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We propose a new scheme to generate a neutron source with a short duration,

and the scheme is validated in two-dimensional radiation hydrodynamic

simulations. When a laser beam irradiates a deuterated polystyrene cone

with a half-opening angle of 60°, high energy density plasma jets are

produced due to the converging effect. As two laser-driven counter-

propagating jets collide in a head-on configuration, the kinetic energy

converts into internal energy efficiently, inducing a significant increase in

density and temperature. Then, deuteron–deuteron thermonuclear reactions

are triggered, and plenty of neutrons are released. The simulation results show

that the total neutron yield is as high as 6.6 × 108 with a duration of 103 ps,

providing a new way to achieve ultrafast diagnosis with high resolution in

experiments.

KEYWORDS

high energy density jets, head-on collision, neutron source, short duration, energy
conversion, thermonuclear reaction

Introduction

Neutron sources have been utilized across a wide range, such as material probing,

nuclear waste treatment, material science [1, 2], and fast neutron imaging [3, 4].

Compared to X-ray radiographs, neutron radiographs are more sensitive to low-Z

material and could provide complementary information, allowing robust

measurement of interior temperature [5–7]. Although conventional neutron sources,

for example, nuclear reactors and accelerator-based spallation, have abilities to provide

high-flux neutrons, they are restricted in use due to enormous facilities and expensive

costs. The advent of high-intensity lasers, providing a new access to pulsed neutron

sources, has the potential to bring a further increase in neutron flux and brightness [8, 9].

When a PW-class intensity laser irradiates a solid target, the ions are accelerated to MeV

energy by target normal sheath acceleration [10, 11]. Then the energetic ion beams are

dumped into secondary low-Z converter targets to emit directional neutron beams

[12–14]. Moreover, the cluster target also creates a dense fusion environment under

laser irradiation and produces neutrons by Coulomb explosion [15–18]. The schemes of

inertial confinement fusion (ICF) could also produce high-flux neutrons with narrow-
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band energy distribution, usually achieved by stagnation of

ablated plasma [19–21]. However, the arrangement of

multiple laser beams and elaborating target fabrication

increases the difficulties of experimental operation [22–24].

As a new kind of target structure, the conical target is widely

employed in experiments [25–27]. The uniquely converging

configuration contributes to generating plasma jets with wide

parameter range, which is considered an alternative tool to study

astrophysical jets [28, 29]. Based on our previous work about

high energy density jets, we propose a scheme of the compact

source from the collision of high energy density jets [30]. When a

laser beam irradiates the hollow cone which is made of

deuterated polystyrene, high energy density plasma jets driven

by ablation pressure are produced. Then the collision of counter-

propagating jets takes place in a head-on configuration, converts

kinetic energy into internal energy efficiently, and induces a

significant increase in temperature and density. Eventually, the

stagnation layer forms near the middle plane, and plenty of

neutrons are released during the confinement period. Two-

dimensional simulations show that the neutron yield can

reach 6.6 × 108 with a duration of 103 ps, providing a robust

way to achieve ultrafast diagnosis with high resolution in

laboratory experiments.

Numerical model

The numerical code used is briefly outlined here. FLASH is

an open-source radiation hydrodynamic code and has the

capabilities to simulate the laser-driven high energy density

physics experiments, such as nanosecond laser-plasma

interaction, inertial confinement fusion, and laboratory

astrophysics [31–33]. In FLASH, Euler’s governing equations

are evolved by using a directionally unsplit solver and coupled

with laser energy deposition, multigroup radiation transport, and

electron thermal conduction. In view of the multi-temperature

treatment of plasma, where ion temperature, electron

temperature, and radiation temperature are not necessarily

equal, the governing equations are given as

zρ

zt
+ ∇ · (ρv) � 0 (1)

z

zt
(ρv) + ∇ · (ρvv) + ∇P � 0 (2)

z

zt
(ρE) + ∇ · [(ρE + P)v] � Qlaser − ∇ · q, (3)

where ρ is the mass density, v is the fluid velocity, and Qlaser

represents the energy source due to laser heating. Moreover, P is

the total pressure defined as the sum of the ion, electron, and

radiation pressure. E is the total specific energy which includes

the specific internal energy of the electrons, ions, and radiation

field along with the specific kinetic energy. q is the total heat flux
including radiation and electron conductivity components.

FLASH has been carefully compared with the published

results from the HYDRA code, and both codes yield results

that are in excellent agreement with the experimental data [32,

34]. Based on the original FLASH code, the thermonuclear

reaction module has been extended. It is known that the

neutron generation rate per volume for D–D thermonuclear

reaction is expressed as dYn/dt � 1
2n

2
D〈σv〉, where 〈σv〉 is an

averaged reactivity based on Maxwellian velocity distribution

[35]. In thermal equilibrium, the reactivity can be written as

〈σv〉 � 4π

(2πmr)1/2
1

(kBT)3/2 ∫
∞

0
σ(ϵ)ϵexp (−ϵ/kBT)dϵ, (4)

where σ(ϵ) is the cross-section. In the range of temperature

1 ~ 100 keV, the reactivity is accurately fitted by the functional

form 〈σv〉 � C1ζ
−5/6ξ2 exp (−3ζ−1/3ξ) with ζ � 1 −

C2T+C4T2+C6T3

1+C3T+C5T2+C7T3 and ξ � C0/T1/3, where the coefficients for

D–D thermonuclear reactions are referred [36]. The error of

approximation is less than 0.35% when the ion temperature

ranges from 0.2 to 100 keV. It is mentioned that the reactivity

would be slightly overestimated if the corrected S factor is

implemented [37, 38]. In the extended module, the total

neutron yield is calculated as Yn � ∫ 1
2n

2
D〈σv〉dVdt, where dt

is the simulation time step. The thermonuclear reaction module

is benchmarked with the laser-driven spherically convergent

plasma fusion (SCPF) experiments [39]. In experiments, the

total neutron yield is 1.7 × 109 with a maximum ion

temperature of 6.4 keV.

To validate the newly extended thermonuclear reaction

module, a two-dimensional radiation hydrodynamic

simulation is carried out to simulate the SCPF experiments.

According to the experiment setup, the gold spherical

hohlraum has an inner diameter of Rh � 1, 700 μm with a

shell thickness of 25 μm. The fuel layer, composed of

deuterated polystyrene, is lined in the inner wall with a

thickness of 40 μm. There are two laser entrance holes with a

diameter of 1, 000 μm located at the top and bottom poles.

Multiple laser beams, operating at a wavelength of 0.35 μm,

energy of 5.8 kJ, and pulse duration of 1 ns, irradiate the

equatorial plane of the spherical hohlraum at an angle of 45°

with respect to the symmetry axis. Figure 1 shows the spatial

distribution of mass density and ion temperature at 0.5 and

1.5 ns, respectively. Under laser irradiation, the plasma expands

with an average velocity of 128 km/s and maximum ion

temperature of 1.1 keV at 0.5 ns. Then, the counter-

propagating ablated fuel plasma converges and collides near

the central axis. The collision region is cylindrical with a peak

ion temperature of 6.1 keV and a number density of more than

1021 cm−3. The thermonuclear reaction is triggered and plenty of

neutrons are released. Finally, the neutron yield calculated by

FLASH code is Yn � 2.01 × 109 for the uniform grid and Yn �
1.93 × 109 for adaptive refinement grids that are both in good

agreement with experimental results of 1.7 × 109. Throughout

the aforementioned simulation, it is believed that the
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thermonuclear module is accurate and could support our future

work. The yield discrepancy may come from the initial condition

setting, such as fuel layer density, input laser energy, and

duration that are not accurately given in the reference. It is

mentioned that the extended thermonuclear module only

accesses the temporal evolution of neutron yield. The other

quantities, for example, energy spread and angular

distribution, rely on precise cross section, velocity distribution,

and neutron transport in plasma, which is currently beyond the

ability of the FLASH code.

Simulation results and discussions

Based on the extended thermonuclear reaction module, we

propose a new scheme of compact neutron sources from the

head-on collision of plasma jets. The schematic diagram is

depicted in Figure 2. The gray part denotes deuterated

polystyrene (CD) cone with a density of ρ � 0.9 g/cm3, an

opening radius of 250 μm, half-opening angle of θ � 60°, and

a thickness along the Z-axis of d0 � 15 μm. Under the mirrored

configuration, the separation distance between two cone tips is

set as L � 800 μm. Two laser beams, operating at a wavelength of

λ � 0.35 μm, normally irradiate the cone outer surface separately.

The time profile comprises an increase of 0.05 ns, followed by a

plateau of 0.95 ns, and a decrease of 0.05 ns. The laser intensity is

I � 1015 W/cm2 with a focal waist of 250 μm, equal to the cone

radius. The size of the computational domain (R-Z plane) is set to

be 400 μm × 1,000 µm, and the minimum grid size is 0.52 µm ×

0.52 µm. The equation of state (EOS) in a tabular form is given by

the FEOS code, which is based on the Helmholtz free energy

function and tested against different types of experiments [40].

The mean opacity coefficients are generated by the SNOP code,

tabulated as a function of density and temperature [41].

Figure 3 shows the neutron yield (red line) and generation

rate (blue line) in our radiation hydrodynamic simulation. Before

t � 0.9 ns, the neutron generation rate integrated over the whole

simulation domain rises from dYn/dt � 105 s−1 to 1016 s−1, and
the yield rises slowly to Yn � 2.7 × 106, less than 0.5% of the total

yield. Since t � 0.9 ns, plenty of neutrons are released and the

FIGURE 1
Spatial distribution in simulating the SCPF experiments of mass density distribution with color bar of decimal logarithmic scale at 0.5 ns (A) and
1.5 ns (B). The lower panel (C,D) corresponds to the ion temperature at the same moment.
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generation rate reaches a peak value of 5.4 × 1018 s−1 at

t � 1.2 ns, subsequently decreasing to 1012 s−1 until t � 2.0 ns.

Finally, the total neutron yield is Yn � 6.6 × 108, and the

duration of the released neutron is τ ≈ 103 ps at the full width

of half maximum.

If the ion kinetic energy is much larger than the internal

energy, they are not in thermal equilibrium with the background

plasma. The approximate reactivity is no longer suitable, which

means that the beam–target reaction should be employed rather

than the thermonuclear reaction. Although the beam–target

reaction is not involved in the extended module, we can still

analyze the proportion of beam–target neutrons theoretically.

There are two channels for D–D thermonuclear reactions with

almost the same cross-section

D + D → p (3.02MeV) + T (1.01MeV), (5)
D + D → 3

2He (0.82eV) + n (2.45MeV), (6)

where T, p, and n denote tritium nucleus, protons, and neutrons,

respectively [35]. The 2.45 MeV neutrons at a velocity of

2.16 × 104 km s−1 are produced through channel D (d,n) 3
2He,

along with additional T ions generated with the kinetic energy of

1.01MeV. The velocity of T ions is about

vT � 						
2E/mT

√
≈ 8.0 × 103 km/s, far greater than the thermal

velocity of the D nucleus in collision areas. During the

confinement time, it is difficult for the T nucleus to slow

down and reach thermal equilibrium with D. At that time, the

beam–target reaction model is more suitable for the secondary

D-T nuclear reaction. The generation rate of D-T neutrons per

unit volume could be expressed as dYDT/dt � nDnTσDTvT, where

σ � 0.3715 × 10−24 cm2 is the beam–target cross-section. The

number density of T ions is approximately

nT � 1
2n

2
D < σv> DDτ. One can see that the number density nT

is equal to the number of 2.45eV neutrons. Because Eqs 5, 6 occur

simultaneously with almost the same probability, the ratio of D-T

beam–target neutrons to 2.45 MeV D–D thermonuclear

neutrons is

dYDT/dt
dYDD/dt � nDσDTvTτ. (7)

The aforementioned parameters are substituted into the Eq. 7,

and the ratio is as low as 0.5%.

The formation of plasma jets is of vital importance in our

proposed scheme. When a laser normally irradiates the cone, the

outer surface vaporizes rapidly to form blow-out corona plasma.

The laser energy is only deposited near the critical surface where

the laser frequency is equal to the plasma frequency, and then the

laser energy is transferred to the electrons by the inverse

bremsstrahlung mechanism. Then, the deposited energy is

transported inward to the unablated region by the electron

thermal conduction. The ablation pressure drives the shock

wave, and promotes the cone movement. Figure 4 shows the

spatial distribution of plasma mass density and ion temperature

at different moments. Benefiting from the converging effect of

FIGURE 2
Schematic of neutron source from head-on collision of
counter-propagating plasma jets.

FIGURE 3
Neutron yield (red line) and generation rate integrated over
the whole domain (blue line) evolve over time.
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the cone, the plasma jets are formed due to the collision and

extrusion with an average density of ρ ≈ 2.5 g/cm3 and the

maximum density of 5 g/cm3 at t � 0.8 ns, which is shown in

Figure 4A. Figure 4D shows that the ion temperature increases up

to 139 eV due to the preheating of the shock wave. Under the

driving force of the ablation force, the cone gradually converges

to the central axis R � 0. Then, the lateral collision decreases the

width of the jets and promotes further formation of plasma jets.

As the laser is switched off at t � 1.0 ns, the plasma jets have

formed with an aspect ratio of ~ 5. Hereafter, a head-on collision

of counter-propagating jets occurs at t � 1.2 ns near the middle

plane (Z � 500 μm), which is shown in Figures 4B,E. In the

collision area, the density doubles to ρ ≈ 2.1 g/cm3, and the ion

temperature increases to more than 2.0 keV. The D–D

thermonuclear reaction is triggered and plenty of neutrons are

released. In the collision area, the neutron generation rate is as

high as dYn/dt � 1
2n

2
D < σv> DD � 4 × 1025 cm−3 /s. Structurally,

the collision area is similar to a hotspot with ultrahigh pressure of

2.5 Gbar. The plasma cannot maintain the burning state due to

the lack of confinement. As shown in Figures 4C,F, the hotspot-

like plasma expands at a velocity of sound speed. The average

density and temperature decrease to ρ ≈ 0.4 g/cm3 and

T ≈ 0.3 keV, respectively. The neutron generation rate is

1.2 × 1019 cm−3/s, six orders of magnitudes lower than that at

t � 1.2 ns.

The velocity is another important characteristic to describe

the whole hydrodynamic process from jet formation to collision.

Figure 5 shows the velocity distribution near the central axis R �
0 at different moments. At t � 0.8 ns, the plasma jets move

toward the middle plane at a velocity of v ≈ 938 km/s. It is

mentioned that the corona, marked by the arrow “corona,”

has collided at t � 0.8 ns, and they have no effect on the main

part of the jets due to low density. When a head-on collision of

plasma jets occurs at t � 1.2 ns, the axial velocity dramatically

decreases, and the kinetic energy is converted into internal

energy, leading to neutron generation. Then the high pressure

causes the hotspot-like plasma to expand due to the lack of

confinement.

As mentioned previously, the confinement time of the

hotspot-like plasma is of vital importance to neutron yield.

After the head-on collision of plasma jets, the rarefaction

wave propagates outward from the center at acoustic speed

FIGURE 4
Spatial distribution of density at t � 0.8 ns (A), t � 1.2 ns (B), and t � 1.4 ns (C). The low panel (D–F) shows the ion temperature corresponding to
the same moments. The arrow in (A) represents the velocity vector.
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Cs, causing hotspot-like plasma deformation. In the isentropic

model, the acoustic speed could be expressed as Cs �
				
γP/ρ

√
,

where the adiabatic index is γ � 1.67, the thermal pressure is

P ≈ 2.5Gbar, and the mass density is ρ ≈ 2.1 g/cm3. The

aforementioned plasma parameters are substituted, and the

sound speed is calculated to be Cs � 446 km/s. The duration

of the neutron source is approximately equal to the time when the

rarefaction wave arrives at the edge. Assuming that the plasma

jets before collision are cylinder-shaped with a radius of

r ≈ 50 μm and the collision area is spherical with the same

size, the confinement time can be derived as τ � r
Cs
� 0.1 ns,

which is in good agreement with neutron duration in Figure 3.

The D–D thermonuclear reactions generate not only

neutrons but also charged particles. Compared with the

internal and kinetic energy density of CD plasma, the

deposited energy from newly generated particles could be

ignored. Generally, if the areal density is larger than

4.7 g/cm2, the neutron energy could be deposited effectively.

Notably, this condition is hardly satisfied in the collision area and

almost all neutrons eventually escape without elastic collision due

to a long mean free path. The important characteristic of our

simulation is the conversion between kinetic energy and internal

energy. Figure 6 shows the distribution of energy density per

volume along the central axis R � 0 at different moments. At

t � 0.8 ns, the maximum internal energy density is

Eint � 1.3 × 1015 erg/cm3, and the average one is

0.33 × 1015 erg/cm3 with a temperature of T ≈ 210 eV. The

kinetic energy density is Ekin � 3.9 × 1015 erg /cm3. which is

shown by red line in Figure 6A. When two counter-

propagating plasma jets collide at the middle plane, the axial

velocity dramatically decreases to 53 km/s. The conversion

efficiency between kinetic energy to internal energy is about

55%. Figure 6B shows that the maximum internal energy density

increases significantly up to 4.3 × 1015 erg/cm3, and the kinetic

energy density decreases to 0.31 × 1015 erg/cm3 at t � 1.2ns.

Then, the hotspot-like plasma expands freely due to lack of

confinement. At t � 1.4 ns, the kinetic and inertial energy density

is 0.11 × 1015 erg/cm3 and 0.37 × 1015 erg/cm3, respectively.

Figure 7 shows the ion temperature and maximum density

evolve as the half-opening angle θ and the distance between cone

tips L. The diagnosis moment is chosen when the maximum

FIGURE 5
Velocity distribution along R � 0 at t � 0.8 ns (blue-line), t �
1.2 ns (red-line), and t � 1.4 ns (orange-line). The dashed square
denotes the collision area and the arrows denote the jet and
corona plasma at t � 0.8 ns.

FIGURE 6
Distribution of kinetic energy density (A) and inertial energy density (B) at t � 0.8 ns (red line), t � 1.2 ns (blue line), and t � 1.4 ns (black line).
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density occurs in the collision area. The boundary of hotspot-like

plasma is chosen as the isothermal contour of Tion � 1 keV. Here,

two kinds of plasma size are defined, which are along the Z-axis

rz and R-axis rZ, respectively, from the central point (0, 500 μm).
The acceleration distance is mainly related to the distance

between cone tips, but not to the opening angle. Notably, the

kinetic energy of plasma jets increases as the distance increases.

When the distance of cone tips is fixed as L � 800 μm, whose

results are shown in Figures 7A,C, the plasma has an equal

acceleration distance along the Z-axis under the laser irradiation,

and then subsequent collisions cause almost equal kinetic energy

to be converted into internal energy. Therefore, the ion

temperature, Tion ~ 2 keV, hardly changes with the opening

angle with Tion ~ 2 keV. Moreover, the temperature

distribution along the Z-axis, peaked at 2 keV, is almost the

same, meaning that the same Z-size if the isothermal contour of

1 keV is considered as the boundary. However, the opening angle

has an important influence on jet formation and collision. After

convergence near the symmetry axis, the plasma begins to

expand along the R-axis due to high thermal pressure. If the

angle is small (e.g., 50° and 60°), plasma convergence takes place

earlier than collision, which means that convergence and

collision do not occur at the same time. When the angle

increases to 80° or 90°, the cone is shaped like a plane target

and the convergence effect is not evident. In the two

aforementioned cases, the collision is more likely to occur

between two planes rather than the jets. In other words, the

plasma convergence and jet collision do not match each other,

resulting in a decrease in density and an increase in size along the

R-axis. The simulation results show that the density reaches a

peak value at an angle of 70°, with the smallest R-size of 49 μm.

When the half-opening angle is fixed at 60°, as shown in Figures

7B,D, the plasma has an insufficient acceleration if the distance is

short, for example, 600 μm or 700 μm. However, if the distance is

overlong, the excessive internal energy is converted into radiation

energy. Two aforementioned cases would decrease the ion

FIGURE 7
Maximum density and ion temperature evolve as the opening angle (A) and the distance of cone tips (B). (C,D) correspond to the hotspot-like
plasma along the R-axis and Z-axis under the same condition.
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temperature. The low temperature also narrows the hotspot size

along the Z-axis. Moreover, the short or long distance also causes

a mismatch between convergence and collision, which increases

R-size and decreases density. In conclusion, one can see that the

Z-size has a similar tendency with the ion temperature, and the

R-size has a contrary evolution with the collision density.

The angle and distance would influence neutron yield.

Figure 8 shows the neutron yield and duration evolve as the

half-opening angle θ and the distance of separated cone tips L. In

the case of a large angle, the cone is prone to the planar target.

The weak convergence decreases the mass density in the collision

area. It is known that the reactivity is proportional to the square

of number density. Although the hotspot-like plasma becomes

larger along the R-axis, the neutron yield would decrease. As

shown in Figure 8A, the maximum yield is 12.3 × 108 in the case

of θ � 70°, corresponding to the optimized angle for energy a

point conversion efficiency and jet formation in our previous

work [30]. Additionally, the neutron source with an overlarge

R-size cannot be seen as, perhaps reducing the diagnosis

resolution. Figure 8B shows the relationship between the

neutron qualities and the distance of cone tips. The longer

distance between the cone tips increases the accelerating time

and axial velocity, and the neutron yield is enhanced as the

separation distances increase. When the distance is larger than

800 μm, the long-time radiation reduces ion temperature in the

collision area, inducing a decrease in the yield. The parameter

scanning shows that the neutron duration for different angles

and tip distance is still as short as 100 ps

There is no essential difference between the hot but underdense

plasma colliding approach and our proposed scheme. They increase

neutron production rate and yield in different ways. Generally,

higher intensity laser is required to increase plasma temperature. As

for the stationary ablation model, the temperature in corona plasma

is only in correctionwith the laser parameters, for example, intensity,

energy absorption rate, and wavelength. However, by optimizing the

target structure, high density can be achieved although the laser

intensity is fixed. A scheme of overdense but cold plasma colliding is

easier to implement in experiments.

Table 1 shows the comparison of the laser-driven neutron

source. The neutron yield in our scheme is close to the

beam–target interaction. Assuming that neutrons are

emitted isotropically throughout the whole solid angle, the

FIGURE 8
Yield (red-circle lines) and duration (blue-triangle lines) evolve as the cone angle (A) and the distance of separate cone tips (B). The distance of
cone tips is fixed as L � 800 μm in (A), and the half-opening angle is fixed as θ � 60° in (B).

TABLE 1 The comparison of the laser-driven neutron sources.

Scheme Yield Energy spread Angular distribution Laser condition

Laser–cluster interaction 106 ~ 107 Widely distributed Directional ps duration, energy of J

Beam–target interaction 107 ~ 1010 Widely distributed Directional ps or fs duration, energy of J

ICF scheme 1013 ~ 1015 Mono-energetic Isotropic ns duration, energy of MJ

Our proposed scheme 108 ~ 109 Mono-energetic Isotropic ns duration, energy of kJ
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flux is estimated as Yn/4π � 107/sr ~ 108/sr. From the

perspective of laser energy, our scheme is not cost-effective

at present. Our proposed scheme could be seen as a simplified

model of inertial confinement fusion. The kinetic energy of D

ions is on the order of keV in the collision area and the cross-

section of the D–D nuclear reaction is much lower than that in

the beam–target reaction. Fortunately, high ion number

density overcomes the disadvantages of the low cross-

section. After a fusion reaction, the product energy, for

example, neutron or other ions, is on the order of MeV.

According to the laws of conservation of energy and

conservation of momentum, the keV ion energy hardly

affects the MeV neutron energy generated. This is the

reason that thermonuclear neutrons can be regarded as

monoenergetic. The monoenergetic characteristic of

neutron beams is the important advantage of the proposed

scheme compared with the scheme of MeV ions dumped on

low-Z converter targets with widely distributed energy

spectrum. In addition, the implementation of a nanosecond

laser, which allows easier enhancement of output energy, has

the potential to achieve a higher yield in the future. Finally,

our scheme is easily employed in experiments although the

yield would be degraded. In the future, we hope to enhance

neutron yield by mainly optimizing target structure.

Conclusion

In this study, we propose a new scheme of the compact

neutron source. The laser-driven plasma jets are generated

due to the convergence effect of the cone target. Under the

mirrored geometric structure, two counter-propagating jets

collide near the middle plane and form hotspot-like plasma.

The conversion from kinetic to internal energy increases the

ion temperature, and the D–D thermonuclear reaction is

triggered. Plenty of neutrons are released and the neutron

yield is as high as 6.6 × 108. Further simulation results show

that the maximum yield is achieved in the case of half-opening

angle of 70° and the distance between separated cone tips of

800 μm. Our work not only reveals the temporal and spatial

evolution of collision plasma, but also serves as a reference for

the future study of fast ignition.
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