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Abstract 

A bright collimated neutron source is an essential tool for global security missions and 

fundamental scientific research. In this paper, we study a compact high-yield and high-angular-

fluence neutron source particularly suitable for high-energy neutron applications utilizing the 

break-up reaction of laser-driven deuterons in a 9Be converter. The neutron generation scaling 

from such a reaction is used to guide the choice and optimization of the acceleration process for 

the bulk ions in a low density CD2 foam. In particular, the collisionless shock acceleration 

mechanism is exploited with proper choice in the laser and target parameter space to accelerate 

these ions towards energies above the temperature of the distribution. Particle-In-Cell and Monte 

Carlo simulations are coupled here to investigate this concept and possible adverse effects, as well 

as the contribution from the surface ions accelerated and the optimal converter design. The 

simulation results indicated that our design can be a practical approach to increase both the neutron 

yield and angular fluence of laser-driven neutron sources, reaching >1011 neutron/pulse (or >108 

neutron/J) and >1011 neutron/sr (or >108 neutron/sr/J) with present-day kJ-class high-power lasers. 

Such developments will advance fundamental neutron science, high precision radiography and 

other global security applications with the laser-driven sources.
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The development of high intensity neutron sources is opening a wide range of 

opportunities, such as characterizing static objects and diagnosing dynamic experiments using 

neutron radiography, detection of special nuclear materials for global security applications, and 

other fundamental and applied applications [1-5]. In recent years, intense laser-driven neutron 

sources have attracted significant interest thanks to the advance of ion acceleration by short-pulse 

high-intensity lasers [6-14]. For example, neutrons with high angular fluence (1010 neutrons/sr) in 

a short-duration (~ns) generated by laser-accelerated ions have demonstrated for the first time the 

active interrogation of nuclear material in a single laser-driven neutron shot [5, 10].  

However, many applications for basic science and global security require the development 

of high energy and collimated neutrons with a higher angular fluence (e.g., greater than 1011 

neutrons per sr per shot [14]), to provide a sufficiently high penetrability in shielding materials. 

Radiography of thick objects using such MeV-range neutrons can be considered as an promising 

research area since the required detectors, electronics and computers have become widely available 

relatively recently [15], with systems and analysis methods in the demonstration phase over the 

past few decades [16-19]. Through development of a source meeting the requirements described 

above, applications may become increasingly practical. Global security applications include, but 

are not limited to, neutron radiography of nuclear materials through heavy shielding, e.g., for 

monitoring dry storage casks for diversion of plutonium in spent nuclear fuel; assay of spent 

nuclear fuel in a storage facility to estimate plutonium mass; and verification technology for 

nuclear disarmament treaties both via active interrogation and/or neutron resonance analysis [5, 

10, 20, 21]. In this paper we introduce the design considerations that enable such neutron sources 

using the deuteron breakup neutron production and the collisionless shock acceleration (CSA) 

mechanism. These sources require short pulse lasers with high energy (10s to kilo-Joules) and 

relativistic intensity (⪆ 1018 W/cm2), with the 131 operational ultrahigh intensity laser facilities 

globally and more expected in the future [22, 23]. Results of the simulation study and optimization 

are presented and discussed, where the VPIC code [24] was used for modeling the ion acceleration 

and coupled with the Monte Carlo N-Particle (MCNP) version 6.2 [25] for the simulation of 

neutron production and transport. 

Designing a laser ion acceleration process with good efficiency, together with a suitable 

neutron-producing reaction and optimized converter design, is promising for achieving a 

collimated, high energy and high intensity neutron pulse [26, 27]. The deuteron breakup reaction 
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is favored over D-D fusion reaction for this purpose due to its larger cross-section and the highly 

directional neutron fluence generated [28, 29]. Specifically, the thick target neutron yield per 

incident deuteron of kinetic energy 𝐸𝑑  and the forward neutron fluence per steradian scale as  𝐸𝑑2 

and 𝐸𝑑2.5, respectively (see Supplementary Material A for MCNP simulation verification) [30-

33]. One challenge with the currently realized laser-driven deuteron acceleration mechanisms [34, 

35], such as Target Normal Sheath Acceleration (TNSA) and Relativistic Transparency (RT), is 

the production of a broad exponential energy spectrum with a low bulk deuteron energy that is less 

efficient for the generation of an energetic and collimated neutron beam. In particular, the record-

setting neutron experiments in the RT regime generated deuteron beams with an average energy 

of ~4 MeV and 100% energy spread [12]. Similarly, for TNSA-based neutron sources, while both 

neutron yield and forward angular fluence increase with the ion temperature 𝑇 as ~𝑇2 and ~𝑇2.5 

(Supplementary Material A), much of the laser energy is converted into the low energy ions below 

the temperature of the distribution. Besides the consideration of the distribution of the accelerated 

deuterons, achieving high yield from the acceleration process is another key optimization strategy. 

Furthermore, neutron source size is an important factor for practical applications and for laser-

driven neutron source using a conventional pitcher-catcher setup it is typically on the order of mm 

[5], partly because the catcher needs to be placed at a sufficient distance from the pitcher to avoid 

interruption of the acceleration process at the back side of the target.  

  

In light of above considerations, an alternative way to exploit the deuteron breakup reaction 

is to combine the Hole-Boring Radiation Pressure Acceleration (HB-RPA) or CSA ions in a near-

critical target (e.g., using foam targets or a frequency-doubled laser) with an attached or minimally 

separated converter (Fig. 1). This design offers both high conversion efficiency and small source 

size as the HB-RPA or CSA mechanism can accelerate a large fraction of the target ions within 

the laser spot area to energies beyond the temperature of the distribution, simultaneously 

improving the useful neutron yield and forward angular fluence (see details in Supplementary 

Material B). As the majority of the acceleration process happens inside the target, a converter may 

be optimized separately for use immediately behind the target to yield a compact design. 
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Figure 1 (Left) The schematic of a pitcher-catcher neutron source using ions accelerated 

in a low-density deuterium-rich target by a laser driven piston or collisionless shock. The 9Be 
converter (not to scale) is optimized based on the accelerated deuterons.  (Right) The shock regime 
of ion acoustic wave by a laser-driven piston in a deuteron target is illustrated in the parameter 
space of electron number density 𝑛 = 𝑛𝑒/𝑛𝑐  and normalized laser field strength 𝑎0, assuming the 
Haines hot electron temperature scaling [36] and a linearly-polarized laser. The boundaries of the 
shock regime are denoted by nominal critical Mach numbers 𝑀 = 𝑀1 = 1.6 and 𝑀 = 𝑀2 = 3.0 
[37, 38]. A typical target reflectivity 𝑅 = 0.4 [41] is used. Our PIC simulation designs are shown 
by the red dots.    

 

 

When a laser with intensity 𝐼 drives a piston at velocity 𝑣𝑏 = 𝛽𝑐 and bores a hole into the 

target with ion density 𝑛𝑖 and mass 𝑚𝑖, a collisionless shock can be formed from the steepening 

of the nonlinear ion acoustic wave when the piston Mach number 𝑀 = 𝑣𝑏/𝑢𝑠 (𝑢𝑠 and 𝑐 are the 

local ion sound speed and speed of the light, respectively) falls between two critical Mach 

numbers, 𝑀1 < 𝑀 < 𝑀2 [37, 38]. Bulk ions in the target can be reflected by the shock electric 

field to twice its speed, thus collisionless shock acceleration of deuterons is particularly attractive 

for our purpose. As 𝛽 ≈ √(1 + 𝑅)𝛱/2 (see Supplementary Material C, here 𝛱 = 𝐼/𝑚𝑖𝑛𝑖𝑐3 and 𝑅 is the target reflectivity measured in the lab frame), the piston Mach number 𝑀 depends on the 

laser intensity and target density. Therefore, the regime of CSA can be characterized in the 

parameter space of (𝑎0, 𝑛) as shown in Fig. 3 right, where 𝑎0 ≈ 8.6 × 10−10𝜆𝐿[μm]𝐼1/2[W/cm2] 
and 𝑛 = 𝑛𝑒/𝑛𝑐 are the normalized peak laser electric field and target electron density respectively. 𝑛𝑐 is the critical plasma density for the laser of wavelength 𝜆𝐿. For the CSA, high 𝑎0 and low 𝑛 

are needed to achieve a faster shock thus higher deuteron energy. However, at high 𝑎0 (i.e., closer 

to the upper boundary in Fig. 1 right), highly nonlinear laser plasma interactions can interrupt the 
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shock reflection of ions. Particularly, relativistic transparency can lead to laser penetration in the 

piston, while laser filamentation/self-focusing can occur when a wide laser spot size is used in 

conjunction with high 𝑎0 [39]. Therefore, we choose 𝑎0 and 𝑛 near the lower boundary of the 

shock regime [40] where the reflected ions can still reach reasonably high energies. In order to 

selectively transfer shock energy to the deuteron ions, ideally other ions in the region the shock 

traverses should have a lower charge-to-mass ratio, hence high ionization charge states from 

tightly-focused lasers should be avoided. Another parameter that is implicitly included in the hole-

boring velocity and the regimes shown in Fig. 1 right is the laser pulse length, where the 

assumption is that the ions upstream will have sufficient time to respond and reach the reflection 

speed. In fact, the inertia of the ions, in conjunction with the actual laser pulse shape, sets a limit 

of how long a laser pulse needs to be in order to have the piston moving at the expected speed. 

With these considerations in mind, we conducted a series of PIC simulations (shown as red dots 

in Fig. 1 right that are discussed below) to identify CSA deuteron acceleration favorable for 

neutron generation without adverse effects.  

 

In our 2D VPIC simulations, low density deuterated plastic (CD2) foam targets [42] with 𝑛 = 8,9,10 are chosen for a circularly-polarized driving laser focused to a spot size of 𝑟0 = 10 μm 

and a peak intensity of 𝐼0 = 3.6 × 1020
 W/cm2. The laser has a central wavelength of 𝜆𝐿 = 1 μm, 𝑎0 = 11.5 ≈ 12, total duration of 𝜏 = 1 ps with an intensity profile 𝐼(𝑡) = 𝐼0 𝑠𝑖𝑛2 (𝜋𝑡/𝜏) for 0 <𝑡 < 𝜏, and energy 𝐸𝐿 = 𝜋𝑟02𝐼0𝜏/2 = 565.5 J. The simulation box is 150 μm × 80 μm with 

28274×6480 cells. 100 particles-per-cell are used for each species and the simulation time step is 

1.58×10-2 fs. All targets simulated have 20 μm thickness designed to match the piston travel 

distance during the laser pulse. The first 18 μm layer at the laser facing side is referred to as the 

“bulk” where the internal fields provide the dominant acceleration, while the last 2 μm layer is 

referred to as “surface” where the ions are mostly accelerated by the backside target normal sheath 

field from the escaped hot electrons. We assume that the Carbon ion is ionized to C4+ which is 

justified by the large ionization energies of the inner shell electrons.  

 

Among the 3 different targets simulated, we found that the 𝑛 = 9 target provides the most 

stable acceleration and the highest neutron yield. For the 𝑛 = 8 target, laser filamentation is 

observed, while for the 𝑛 = 10 target the deuteron energy is relatively low and leads to less 
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efficient neutron generation. We further conducted the simulations for the 𝑛 = 9 target using two 

types of transverse laser intensity profiles, i.e., 𝐼(𝑟) = 𝐼0𝑒−(𝑟/𝑟0)𝑚
 with 𝑚 = 2 (standard Gaussian,  𝐸𝐿𝑚=2 = 565.5 J) or 𝑚 = 4 (super-Gaussian, 𝐸𝐿𝑚=4 = 591.5 J). The former has a less uniform 

transverse laser intensity profile, hence a pronounced multi-dimensional effect that makes the 

deuterons more divergent and degrades the deuteron spectral shape (hence the neutron yield and 

forward fluence per deuteron) from the ideal 1D scenario. Fig. 2 summarizes the results from our 

simulations with 𝑛 = 9 CD2 target for the bulk and surface deuterons and for the cases with 𝑚 =2,4. In the bulk deuteron spectrum collected within ±20∘ (green and red curves), a plateau formed 

by ion reflection within the target and a high energy tail from (both internal and backside) sheath 

field acceleration can be clearly identified. The exponential tail of the distribution has a 

temperature of about 20 MeV. The plateau is around 20-60 MeV (or 1-3 times the tail temperature) 

for the 𝑚 = 4 super-Gaussian laser profile, while it is at about 20-35 MeV for the case with the 𝑚 = 2 Gaussian profile. When collecting all deuterons in the forward direction, the plateau (blue 

curve for 𝑚 = 4) in the bulk deuteron spectrum is still visible although less pronounced, again due 

to the multi-dimensional effect in acceleration. Compared to the surface deuteron distribution, the 

bulk distribution is nearly one order of magnitude higher because of the higher number of ions in 

the larger target volume. However, this deuteron beam has a larger divergence angle as shown in 

the energy-angle plot in Fig. 2, while the surface deuterons accelerated are more collimated.  
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Figure 2 PIC simulation results for the 𝑛 = 9 CD2 target. Number density of bulk 
deuterons accelerated from inside the target is shown at time 𝑡 = 972.84 fs when the piston breaks 
through the target (top left). The laser impacts the target initially located between 20 μm< 𝑋 < 40 
μm from the left side. (Top right) The distributions at later time 𝑡 = 1665.34 fs for the bulk 
deuterons within ±20∘ (red/green curves for 𝑚 = 2,4 respectively) and ±90∘ (blue curve, 𝑚 = 4) 
are shown for comparison. The orange dashed curve is the surface deuteron distribution within ±90∘. (Bottom) The energy-angle distributions of the bulk (left) and surface (right) deuterons for 
the 𝑚 = 4 (super-Gaussian) case at 𝑡 = 1665.34 fs.   

Depending on the application, a converter may be closely positioned next to the CD2 foam 

to utilize the bulk deuterons, e.g., for the demonstration of the bulk acceleration process (with the 

TNSA field suppressed) or for the trade-off with a more compact source. Here, the resulting energy 

and angular distributions of both the accelerated bulk and surface deuterons from PIC simulations 

at 𝑡 = 1665.34 fs, when they have moved away from the target, were representative of the final 

deuteron beam spectrum and used as the source input into the MCNP simulations. Specifically, 

each PIC deuteron distribution was divided into 16 angular bins in the forward direction (from 0° 

to |90°|) and these energy and angular distributions were used in MCNP. For each case 9Be 

converters were simulated as cylinders where the thickness was defined by range, including 

longitudinal straggling, for deuterons with a range of energies (10, 20, 30, 40, 50, 60, 70, 80, 90, 

100, 110, 120 MeV), and the radii was simulated both as being equal to the thickness and based 

on the Serber angle calculation (discussed in Supplementary Material A). 

Results summarized in Table 1 demonstrate the directionality of all sources and also the 

high neutron yields using the optimized deuteron acceleration schemes. For a quantitative measure 

of the neutron directionality, consider that for all cases the normalized angular fluence [n/sr/J] is 
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at least three times higher within the 5° cone relative to the forward directed neutron yield 

normalized by 2π sr. The most highly collimated case is for surface accelerated deuterons (𝑛 =10), 𝐷𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑛=10, where the normalized neutron angular fluence [n/sr/J] within a 5° cone is over 

fivefold that in all forward directions, a consequence of the high collimation and high energy of 

the initial deuteron distribution driving neutron production. The highest neutron yields are seen 

using the bulk accelerated deuterons with the target of 𝑛 = 9, and the flat super-Gaussian laser 

profile (last row) further increases the yield by a factor >2 relative to the standard bulk deuteron 

acceleration case (first row), for a maximum normalized yield of ~1.2×109 n/J. These high neutron 

yields are a result of the deuteron yield being an order of magnitude greater for bulk relative to 

surface acceleration because the bulk volume is nearly an order of magnitude (~9×) higher than 

the volume which the surface acceleration acts upon. Results for 𝐷𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑛=10 are shown in Fig. 

3 alongside results using the bulk deuterons produced using a super-Gaussian beam profile, 𝐷𝑏𝑢𝑙𝑘,𝑛=9, which also has the highest (2π) forward directed neutron yield. All of the neutron spectra 

are relatively high energy with plateaus in the range of one to tens of MeV, supporting applications 

in need of high penetrability due to thick shielding. As the production of neutrons in the forward 

direction is most probable for high energy deuterons, there is a strong negative correlation between 

the most probable fast neutron energy (Fig. 3 left) and the degree to which the neutron distribution 

is forward peaking (Fig. 3 right).  

The angular neutron fluence within the 5° forward cone is greater for all cases using the 

9Be catcher with equal height and radius (denoted H=R), while the total forward directed neutron 

yield is greater using a catcher of narrower radius based on the Serber angle. This is likely a 

consequence of the primarily forward directed high energy deuterons contributing to the forward 

fluence within 5°, while lower energy deuterons incident on the converter at higher angles 

contributing mainly to the 2π forward directed neutron emissions. As results were reported only 

for the ideal converter designs, yields for the full sets of 𝐷𝑏𝑢𝑙𝑘,𝑆𝐺,𝑛=9 and 𝐷𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑛=10 converters 

are shown in Fig. 4 to demonstrate the importance of converter optimization.  

Deuteron 

acceleration 
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9Be converter 
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Collimated within 5° cone (0.006 sr) Forward directed (2π sr) 
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Dbulk,n=9 Serber 1.597 2.893×108 2.529 6.011×108 

H=R 1.597 3.098×108 1.597 5.788×108 

Dbulk,n=10 Serber 0.8692 1.735×108 1.209 3.487×108 

H=R 0.8692 1.797×108 0.8692 3.408×108 

Dsuface,n=9 Serber 1.209 1.735×108 2.042 2.207×108 

H=R 1.209 1.770×108 1.597 2.120×108 

 

Dsuface,n=10 

Serber 1.209 1.382×108 2.042 1.654×108 

H=R 1.209 1.405×108 1.597 1.590×108 

Dsuface, SG, n=9 Serber 1.209 2.431×108 2.529 3.045×108 

H=R 1.209 2.492×108 1.597 2.925×108 

Dbulk, SG, n=9 Serber 1.597 7.434×108 3.059 1.226×109 

H=R 2.042 7.910×108 2.042 1.186×109 

Table 1 Summary of simulated maximum neutron yields using bulk deuteron acceleration, Dbulk, 
and surface deuteron acceleration, Dsurface, with standard and super-Gaussian (SG) beam profiles 
for target density 𝑛 = 9,10. The highest neutron yield and angular fluence are obtained from the 
bulk deuterons in 𝑛 = 9 target accelerated with a SG laser beam (last row).   
 

  

Figure 3 MCNP results for (left) neutron spectrum within 0-5° forward cone, and (right) neutron 
angular distribution (binwise normalization per sr, i.e., using 2𝜋(cos (𝛩𝑚𝑎𝑥) −cos (𝛩𝑚𝑖𝑛)) with 
angular width (𝛩𝑚𝑎𝑥 − 𝛩𝑚𝑖𝑛) = 5°  for each bin, FWHM estimated by linear interpolation 
between data points). Results shown for the 9Be converters with equal height and radius having 
maximum angular neutron fluence within a 5° cone. The neutron spectrum is relatively flat in the 
5-20 MeV energy range and the SG laser produces the narrowest neutron beam FWHM angular 
width of 11.3°. 
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Figure 4 Angular neutron fluence within a 5° cone (left vertical axis and grey symbols) and neutron 
yield (per pulse) in forward direction (within 2π) (right vertical axis and brown symbols) are 
optimized for converter thicknesses (thickness and radius are equal) matched to different deuteron 
energies. Results using the 𝐷𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑛=10 and 𝐷𝑏𝑢𝑙𝑘,𝑆𝐺,𝑛=9 are shown for comparison, the latter 

produces substantially higher yield and angular fluence. 

  

In summary, the neutron generation scaling from the deuteron break-up reaction suggests 

that choosing and optimizing the ion acceleration process for the bulk ions towards energies above 

the temperature of the distribution can be a practical approach to increase both the yield and 

angular fluence of laser-driven neutron sources. Furthermore, high laser plasma coupling 

efficiency of the ion acceleration scheme and a proper design of the neutron converter also play 

essential roles. In particular, we have demonstrated using VPIC and MCNP simulations the 

optimization of such a laser-driven neutron source where the bulk deuterons from a CD2 low 

density foam are mainly accelerated by a collisionless shock inside the target. Despite the non-

ideal transverse profile of a focused laser beam leading to multi-dimensional effect in the shock 

acceleration, the simulation results indicate that ~3.1×108 n/sr/J (within 5° cone) and ~6.0×108 n/J 

(forward 2π) can be achieved from the bulk ions using a 565.5 J laser (i.e., ~1.8×1011 n/sr and 

~3.4×1011 n per pulse) and an optimized converter. These results are improved to ~7.9×108 n/sr/J 

(within 5° cone) and ~1.2×109 n/J (forward 2π) respectively for a similar laser with a transverse 

super-Gaussian profile of 591.5 J energy (i.e., ~4.7×1011 n/sr and ~7.3×1011 n per pulse). 

Furthermore, with both the super-Gaussian laser profile and taking into account the surface 

deuterons acceleration (e.g., in a sufficient gap between the pitcher and catcher), an additional 

2.5×108 n/sr/J (within 5° cone) and 3.0×108 n/J (forward 2π) (i.e., ~1.5×1011 n/sr and ~1.8×1011 n 
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per pulse) can be produced with a potential trade-off in source size. With neutron pulse duration 

estimated to be on the order of ns the corresponding angular fluence within the 5° cone is 

significantly higher than conventional sources over such a short time scale, making laser-driven 

neutron sources advantageous for imaging fast dynamics in single-shot experiments. These results 

may scale to higher energy lasers using similar intensity but wider spot size if the transverse 

stability of the laser-driven piston demonstrated can be maintained. Extensions of this work may 

also explore further optimization of converter design to reduce source size, which could involve 

alternative geometries, such as a cone or hemisphere. The design optimizations presented here 

offer new development opportunities for such neutron sources for experimental applications 

requiring high-yield and high-angular-fluence.      

   

SUPPLEMENTARY MATERIAL 

See supplementary materials for verification of the neutron generation scaling in MCNP 

simulations, comparison of deuteron distributions for neutron generation, hole-boring velocity of 

the laser-driven piston with reflection, and multidimensional effects in deuteron distribution on the 

normalized neutron yield and forward fluence. 
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The data that support the findings of this study are available from the corresponding authors 
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