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Neutron beams are unique tools to probe samples in many fields, such as biology medicine and fusion
research. Access to such sources is traditionally limited to large particle accelerators. However, laser-
driven pulsed neutron sources have attracted attention in recent years due to their compactness and cost
savings. Although, in practical applications, the major obstacle is terribly low neutron flux due to the
isotropic scattering. Here we propose a roadmap for laser-driven neutron sources based on “kinematic
focusing,” which is ideal for producing highly collimated neutron beams and leads to the neutron-flux
enhancement by more than 1 order of magnitude. Such a good collimation is conducive to the detection of
samples located several meters from neutron sources, and it becomes feasible to place sensitive detectors
adjacent to the neutron sources without the necessity of heavy shielding. A theoretical model for kinematic
focusing and supporting two-dimensional particle-in-cell simulations are presented. It is shown that a well-
collimated neutron beam, with the maximal divergence angle of about 30°, is generated by bombardment
of a hydrogen target with Li*" beams, which come from a metallic lithium foil irradiated by a short laser
pulse at an intensity of 5.5 x 10 W cm™2. This proposed method can be achieved by present-day petawatt

laser facilities.
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I. INTRODUCTION

Laser-driven compact neutron sources, as an alterna-
tive neutron production method of traditional neutron
sources, have been of great research interest for their
unique advantages in microscale size, short pulse dura-
tion, and low cost. These features are favored by many
applications, such as neutron radiography [1], radiation
medicine [2], fusion-power-plant material testing [3], and
neutron-activation studies. There are two main laser-based
paths for neutron productions, i.e., photonuclear reactions
[4—7] and beam-target reactions [8—15]. Photonuclear reac-
tions occur as the energetic y photons from bremsstrahlung
radiation of the laser-accelerated electron beams interact
with the nucleons. While the beam-target reaction is an
approach in which a beam of high-energy (MeV) ions
slams onto an appropriate converter and causes nuclear
reactions as it slows down inside the material. Neutron
sources from beam-target reactions have attracted more
attention because of its distinct advantages. On the one
hand, neutrons from beam-target reactions usually have
high energy and good directionality. On the other hand, the
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beam-target reaction cross section is usually several orders
of magnitude higher than that of photonuclear. Addition-
ally, schemes of efficient laser-driven ion accelerations,
such as radiation pressure acceleration (RPA) [16,17] and
breakout afterburner acceleration (BOA) [18,19], provide
favorable conditions for the realization of beam-target
reactions.

In the past two decades, a large amount of studies of sim-
ulation [9—12,15] and experiment [8,13,14,20] on laser-
driven neutron production have been conducted based on
beam-target configurations. A neutron beam with maxi-
mal energy of 18 MeV and a flux of 8 x 10% n/sr was
observed by Higginson et al. in an experiment using a
laser with peak intensities of 2 x 10! W cm~2 [13]. Roth
et al. [14] experimentally reported that energetic neutrons
with peak energies up to 70 MeV had also been generated
by the employment of a BOA scheme on the TRIDENT
laser facility at intensities of 10*! W cm~2. However,
the emitted neutrons from previous works where light-ion
projectiles impinge on heavy-ion secondary targets are dis-
tributed at 47 solid angle. Even though the ratio of forward
scattering can be improved with the increase of incident
beam energy, most neutrons are preferential to be scattered
isotropically, which still leads to significant neutron-flux
lowering. However, many applications require to deliver
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a sufficient number of neutrons on targets located several
meters from the neutron source [21,22]. Therefore, the
collimation of the neutron beams plays a key role because
the number of neutrons on targets is determined by the
neutron flux rather than the total number of generated
neutrons.

Recent experimental studies based on traditional accel-
erators show that if the projectile is much heavier than
the target ion, natural collimation of neutron beams can
be achieved [23,24]. Such a collimation is called “kine-
matic focusing,” which refers to the emission of neutrons
at a cone angle here. This is because when a heavy ion is
injected to a light-ion target, the system has a large velocity
of the center-of-mass (c.m.). Since the neutron produc-
tion occurs in the c.m. frame, the neutrons are focused
kinematically to the forward direction. Whereas there is
a drawback of the heavy-ion injection. The beam current
from conventional heavy-ion accelerators is much lower
than proton accelerators. Therefore, even with the kine-
matic focusing, it is still difficult to build a neutron gener-
ator with a flux comparable with proton drivers. However,
the laser-driven ion-acceleration techniques could pro-
vide an excellent heavy-ion source for kinematic focusing
applications. For one thing, since the effective heavy-ion
acceleration using hybrid RPA and target normal sheath
acceleration (TNSA) schemes was achieved in a recent
experiment [25], the optimal heavy-ion energy for kine-
matic focusing can be well reached on current laser-plasma
accelerators, and for another, the beam current intensity
from laser-driven ion sources is extremely high, usually
more than 10 orders of magnitude higher than conventional
ones.

In this paper, a method of laser-driven highly collimated
neutron sources based on kinematic focusing is proposed.
We show, through a theoretical model and supporting
two-dimensional (2D) particle-in-cell (PIC) simulations,
that a well-collimated neutron beam with the maximal
divergence angle of about 30° can be generated by bom-
bardment of a hydrogen target with Li*" beams. Such
kinematic focusing neutron beams can offer many distinct
advantages over the isotropic neutron sources:

(1) Such a good collimation is conducive to the detec-
tion of samples located several centimeters or meters from
neutron sources.

(2) Itbecomes feasible to place sensitive detectors adja-
cent to the neutron sources without the necessity of heavy
shielding, meaning a reduced irradiation of the experimen-
tal devices.

II. THEORETICAL MODEL OF KINEMATIC
FOCUSING

In order to well understand the proposed scheme, let
us begin with the classical kinematics of a neutron pro-
duction, which comes from the binary collision between a
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FIG. 1. The diagram of beam-target nuclear reaction where a
heavy projectile impinges on a light target nucleus. Angles 6,
and 6. are the directions of a neutron in the laboratory frame
and c.m. frame relative to the direction of the projectile, respec-
tively. (b),(c) Cases of v, < vy and v, > v}, where v, and v, are,
respectively, the neutron velocities in the laboratory frame and
c.m. frame, and v, = v, — vj.

projectile particle a with energy of MeV and a static target
particle 4. In the laboratory frame, as shown in Fig. 1(a),
two reactant particles a and 4 with rest masses m, and my,
have a probability to undergo nuclear reaction and create
two products, b (here specifically refers to neutrons with
rest mass mj) and B, with an energy gain, Q. For simplic-
ity, we assume particle 4 is at rest and the momentum of
particle a is m,v,. In the c.m. frame, the total kinetic energy
of these two reactant particles is

E = —m,v;, (1)

where m, = m,my4/(m, + my) is the reduced mass. The
velocities of the emitted neutron is v, and v} in the labora-
tory frame and c.m. frame, respectively. The relative veloc-
ity between them is v. = v, — v;, where the magnitude of
Ve is

m,

Ve = — Vg 2
my

In the c.m. frame, the Q value of the reaction can be
written as

1 ” 1 2 /
0= 5V + 5MBVg — E, (3)

where v} and mp are the velocity and rest mass of resultant
nucleus, respectively. It is easy to prove

Mpv), = mpvp. “4)
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Combing Egs. (3) and (4), one can get

1/2
(E'+ Q)} , (5)

v, = [—mB
b my,(my + mp)

where £’ > |Q|. For simplicity, we here define a focusing
factor

<

=
IS Y

(6)

ll
=

Substitute Egs. (1)+5) into Eq. (6), we have

B [mamb (m;,+m3> E' }1/2 o
Y= s \mo + my E+0|
According to the conservation of masses in nuclear reac-
tions, Eq. (7) can therefore be rewritten as

_ | Malp E 7" ®)
V= myqmpg E + Q '
Furthermore, according to both energy and momentum

conservations of reactants and products, the energy of
emitted neutrons is strictly given by [26]

mqmyp 2
E, = ———— cos 0 £+ | cos“6,
(mp + my)
mpmp mp 122
+ <m3 — my + —Q)} } E,, (9
mghiy Ea

where 6;, is the angle between the neutron velocity and c.m.
velocity in the laboratory frame.

According to Eq. (8), for the vast majority of nuclear
reactions where the light projectile bombards a heavy tar-
get nucleus, one can get y < 1. It is found the emitted
neutrons gain maximal energy in the direction of incident
ion beam, i.e., 6, = 0, and the minimal energy for the
angle of 0, = . The experiment and simulation results
of Refs. [9—15] and references therein are consistent with
this theoretical analysis. In the limit of y — 0, the energy
of emitted neutrons remain nearly constant as ; varies,
which leads to an isotropic emission of neutrons. As shown
in Fig. 1(b), one also finds that a divergence angle 6; is cor-
responding to only one neutron energy Fj, which means
the second term on the right hand of Eq. (9) can only be a
positive value.

Equation (8) also implies that for the nuclear reaction of
y > 1, it must be an endothermic nuclear reaction with a
negative Q value. To generate energetic neutrons, the con-
dition that projectiles are heavier than target particles (i.e.,
m, > my4) usually needs to be satisfied. Compared with the
case of y < 1, a divergence angle 6; is corresponding to
two values of neutron energy Ej [see Fig. 1(c)]. Here, one

needs to note that the angle 6; is now confined to a value
with an upper bound of

1
O, = arcsin <—> .
Y

According to Eq. (10), the emitted neutrons can only be
confined in the cone angle of 26; ,, which becomes pro-
gressively narrower with the increasing of y. This model
of kinematic focusing points to a useful path for produc-
ing collimated neutron beams and therefore achieving high
flux.

(10)

I11. PIC SIMULATION RESULTS

In the following, the 2D PIC simulations are performed
to investigate the kinematic focusing of neutrons by using
the LAPINS code [27-30], which is based on a high-
order implicit numerical scheme and takes advantage of
recently developed ionization and collision dynamics mod-
els. Recently, a pairwise nuclear-fusion algorithm that fits
with pairwise Coulomb scattering was developed in the
LAPINS code [30]. Therefore, this code turns out to be an
ideal tool for the “first-principles” simulation studies. The
whole simulation box is 15 um (z) x 40 um (y) with the
longitudinal grid resolution of 0.01 um and transverse grid
resolution of 0.02 um, and each cell is filled with 200
superparticles for both lithium foil and secondary target. A
circularly polarized (CP) laser pulse with Gaussian inten-
sity profile exp(—72/r3) is set to propagate along the z axis,
where 7y = 10X is the waist radius with A = 1 um being
the laser wavelength. Here, the dimensionless laser ampli-
tude ayp = eEy/m.wc = 20 is chosen as a typical example,
where Ey, w, m,, e, and ¢ are the electric field amplitude,
laser frequency, electron rest mass, electron static charge,
and light speed in vacuum, respectively. The laser pulse
duration is T = 107}, consisting of a plateau time of 67
and sin’ rising and falling times of 27}, where Ty = A /c is
laser period. The pure lithium and chemical compound of
lithium materials such as metallic Li, LiOH, and LiNbO3
have been successfully applied in the experiment [24], thus
in this simulation case the lithium foil is chosen as primary
target, which is initially located in the region of 6.0\ <
z < 6.1 with the mass density of 0.534 gcm™>. The initial
ionization degree of lithium is Z = 1, corresponding to an
electron density n, = 41n., where n, = eym.w?*/e’ is the
critical density. Then the ionization is fully determined by
field ionization and collision ionization.

The "Li(p,n) "Be reaction as a common endothermic
one with O = —1.644 MeV is naturally considered, in
which the condition of ¥ > 1 can be well satisfied accord-
ing to Eq. (8). In this case, the secondary target, hydrogen
plasma, with initial density of 80n. and temperature of 5
eV, is located at 6.3A <z < 9.3A. Figures 2(a) and 2(b)
show the distributions of particle density and electric field.
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FIG. 2. (a) Spatial distributions of Li** density (nr;) and transverse electric field (£, ) at t = 40 fs. (b), (c) Densities of Li** (nw),
protons (n,), and neutrons (7,) at t = 60 fs. Here, the ion density and electric field are normalized to n. and m.wc/e, respectively.

Phase-space distribution (d) and energy spectrum (e) of Li** in Fig.

2(b). Here, the black dashed line indicates the longitudinal position

of hydrogen target, the pink shaded area corresponds to Li** whose energy is greater than the threshold value of "Li(p, n) "Be reaction.
(f) Energy angular distribution of neutrons at = 60 fs, where the radius represents the neutron energy in units of MeV.

One can see that, at the time # =40 fs, when a circu-
larly polarized laser normally irradiates the front surface
of lithium foil, almost all lithium ions are fully ionized
and pushed forward. Subsequently, at r = 60 fs, the Li**
beam is accelerated by light pressure stably, which is a
typical light-sail acceleration (LSA) process [17]. By this
moment the lithium foil is compressed reaching the den-
sity of ny; >~ 51n., meaning a high beam current intensity.
Such a high-density beam bombarding hydrogen plasma
is extremely useful to improve the reactivity. It should be
remarked that laser pulse has been reflected away by the
thick hydrogen target by this time (¢ = 60 fs), which there-
fore avoids the instability of the laser-foil interactions in
the later stage of LSA [17,31]. Therefore, it is relatively
easy to achieve a LSA in this scenario due to the short
interaction time (1020 fs) and low ion energy requirement
(13-50 MeV).

From the phase-space (z — p.) map and energy spectrum
of Li** beam in Figs. 2(d) and 2(e), we can observe that
the lithium ions have collided with the hydrogen plasma at
t = 60 fs. The fastest ions have already transported into
a depth of about 0.2A with energies of about 20 MeV,
which is larger than the threshold value Ey, of "Li(p, n) 'Be
reaction. Here, Eq, = —Q(my; + m,)/m, = 13.152 MeV.
As Li** particles slow down in the hydrogen plasma,
the nuclear reactions are triggered, the possible reactions
for neutron productions are summarized in Table I [23].
Since the energy of lithium ions in our simulations is

always lower than 49.7 MeV, the last exit channel is
negligible.

The simulated neutron density map and their energy
angular distributions are shown in Figs. 2(c) and 2(f),
respectively. From Fig. 2(c), one can see that, at the
moment ¢ = 60 fs, a compact neutron beam is generated
with maximal energy of about 5.24 MeV, which can be
predicted by Eq. (9). Though the pulse duration of neutrons
inevitably becomes larger over time, the neutron beam still
moves forwards as a whole. Compared with the results of
most of the previous literature [9—15], the neutron beam in
our work is highly collimated. For the scenario considered
in Fig. 2, the maximal divergence angle defined by Eq. (10)
is 0, » = 35.7°, which is in good agreement with the value
36.6° obtained in the simulation, as shown in Fig. 2(f). It
is found that the vast majority of neutrons are concentrated
in a divergence angle between about —30° and 30°, and

TABLE 1. The main nuclear reaction channels of "Li(p, n) "Be
[23]. Here, Ey, and o), represent the threshold value and peak
cross section of reactions, respectively.

Q value
Type of exit channel MeV) Ey (MeV) o), (mb)
n+'Be —1.644 13.152 580
n+’ Be * (0.429 MeV) —2.073 16.584 60
n+' Be x (4.57 MeV) —6.214 49.712 —
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FIG. 3. (a) Temporal evolution of rms emittance €,y for neu-
tron beam in the "Li(p, n) "Be reaction case. (b) The relationship
between 6,, and Ep; ,,. The red diamonds represent the simulation
results by the LAPINS code. The blue solid line is obtained from
Eq. (10).

the corresponding solid angle is 2 = 0.268m, which leads
to the neutron-flux enhancement by more than 1 order of
magnitude compared with the conventional reactions with
a proton beam bombarding a lithium target.

Furthermore, we also calculate the normalized trans-
verse rms emittance of this neutron beam, which is defined
as €ms = ((Vzﬂpf) - (ypy)z)l/z/mbc [32]7 where (-) rep-
resents averaging over beam distributions. The evolution
of the emittance is shown in Fig. 3(a). One can see that the
€rms Increases sharply at an early stage and then a saturation
stage is followed. At the end of simulation, the emittance
of this neutron beam is only 0.0154 mm mrad, which indi-
cates a good directionality. The rms emittance from the
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FIG. 4. Simulations results of the d("Li, n) *Be reaction. Snap-
shots of neutron density at two times of = 60 fs (a) and t = 90
fs (b). (¢) Energy angular distribution of neutrons at t = 60 fs.
Here, the radius gives the neutron energy in MeV. (d) Temporal
evolution of €., for neutrons.

conventional case of proton-beam impinging on lithium
target is also computed, and we find it is about 1 order of
magnitude higher than that in the kinematic focusing case.

Besides this typical example, we also scan in a wide
range of maximal energy of Li*" beam (i.e., correspond-
ing to different laser intensities) to show the validity of
this theoretical model. Figure 3(b) plots the relationship
between maximal divergence angle 6,, and the maximal
energy Ep;,, obtained from PIC simulations by fixing other
parameters. We see that the results from simulations are
always in agreement with those predicted by Eq. (10). It
is noted that to produce lithium ions with optimal ener-
gies is key to generate high flux neutron sources with small
divergence angle.

It is noteworthy that, from this theoretical model
[Eq. (8)], the kinematic focusing is not only dependent
on the mass of projectiles and targets but also strongly
related to the O value. Therefore, for the reaction ’Li +
d — %Be +n (Q = 15.03 MeV) [12], even though light
deuterons are bombarded by heavy lithium ions, it is
impossible to realize kinematic focusing due to y < 1,
which is also verified by our 2D PIC simulations. In this
simulation, by keeping the other parameters the same, a

0.0 0.5 1.0 1.5 2.0
(@) — reeee— )
7t ' ' %105 R 4
£ [\
5 I ‘ g M'\"W"A""A‘\’J \
% 10° e .5d 10 15
3 [ Energy (MeV) 7
0 : : : g : i ]
= £ N
é 5 I ) é o ,v/“ \\ |
N g 10°
7r %ms i 1
R N
5h ) @ L\J‘ \\ 1
%1000 - 2 4 6
3 B Energy (MeV) 7
1 2 3 4 5 6 7 8
Z (mm)
(b) T T T T T
25 —e—H target |4
—~ --6--CH target
(o)
3 20t i e S SR e
g
S
151 1
1 2 3 4 5 6 7
Z (mm)
FIG. 5. Transport process of particle beams in large-scale

plasma. (a) Snapshots of Li** density and corresponding energy
spectrum at three times: ¢t = 100 ps, ¢ = 200 ps, and ¢ = 300 ps
(from top to bottom). (b) Spatial evolution of 8, for neutron
beam.
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CP laser with gy = 15 and deuterium plasma with ini-
tial density of n; = 80n. are employed. As shown in
Figs. 4(a) and 4(b), one can see that, during the period of
t € [60 fs, 90 fs], neutrons from this case move in all direc-
tions simultaneously, and they are distributed throughout
the polar angle [see Fig. 4(c)], which shows significant dif-
ferences from the "Li(p, n) 'Be reaction case [Fig. 2(f)].
Similarly, we also display the rms emittance of neutron
beam in Fig. 4(d), and it is found that the €.y is 1 order of
magnitude larger than that in the kinematic focusing case

[Fig. 3(a)].

IV. DISCUSSION AND CONCLUSION

Note that the LAPINS code is based on a high-order
implicit numerical algorithm, which eliminates the numer-
ical cooling found in the standard implicit PIC methods
by using a pseudo-electric-field method [29]. Thus this
method is more time saving and can suppress numerical
instabilities. Based on these advantages, it now has the
ability to study the processes of large-scale beam-plasma
interactions [33], and it can even simulate some plasma
phenomena that are achieved by the hybrid fluid-PIC pro-
gram [34]. Figure 5(a) shows the evolutions of Li** beam
density and the corresponding energy spectrum as it trans-
port in hydrogen plasma of several millimeters. In order
to highlight the influence of target ion scatting on neutron
divergence in large-scale plasma, the electromagnetic field
effects are not taken into account in this example. Here we
analyze the propagation of neutrons in both pure hydro-
gen target and mixed hydrocarbon target (C: H=1:1),
and the evolutions of the neutron divergence angles for
these two cases are shown in Fig. 5(b), it is found that
the 6,, remains around 20°. Compared with the case of the
pure hydrogen target, the divergence angles in the case of
hydrocarbon target increase slightly. But in short, the neu-
tron beam can keep good collimation after propagating a
distance of several millimeters.

It should also be pointed out that in addition to using the
solid plastic targets mentioned above as the secondary tar-
get materials, gas jet plasma can also be employed because
the total yield of neutrons is proportional to the area den-
sity of the target, that is to say, when the length of gas jet
plasma targets is long enough, sufficient neutrons can be
produced even if its density is relatively low.

In conclusion, a method of laser-driven neutron pro-
duction, which is based on kinematic focusing scheme, is
proposed. Supported by theoretical model and 2D PIC sim-
ulations with kinematic nuclear reactions, it is found that
a well-collimated neutron beam with the maximal diver-
gence angle of about 30° and solid angle of 2 = 0.268x
can be generated by bombardment of a hydrogen target
with Li** beams, which come from a metallic lithium foil
irradiated by a short laser pulse at intensities of 5.5 x
10?° W cm~2. This proposed method can be well achieved

by current petawatt laser facilities and, thus, might unblock
the path to high flux neutron sources.
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