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Abstract Laser-driven neutron source (LDNS) is attract-
ing interest for several reasons including (i) compactness of
the source, (ii) neutron pulse shortness and (iii) transporta-
bility of laser beam. Through reviewing recent activities, we
discuss the characteristics of LDNS in a comparison with
accelerator-based neutron facilities (ABNF). Especially, we
discuss the potential and limit of LDNS by showing that neu-
trons ranging from meV to MeV in energy were generated
by LDNS and applied to neutron analysis and fundamental
science.

1 Introduction

The evolution of laser and accelerator technologies have
taken a new turn, giving rise to a new trans-disciplinary field
termed by Nuclear Photonics. The advances in high-intensity
laser technologies have also made it possible to accelerate
GeV-class electrons [1] and near-100-MeV protons [2] from
an area of less than 1 mm. Most importantly, secondary radia-
tions such as laser-driven neutron sources (LDNS) are attract-
ing a lot of interests as a promising application of the laser
particle acceleration.

LDNS is defined as the neutron source that is driven or trig-
gered by laser-plasma interactions. Figure 1 shows the reac-
tions [3] used to generate neutrons in LDNS and accelerator-
based neutron facilities (ABNF) where one may find a few
analogical points between LDNS and ABNF. The spallation
nuclear reaction (a) is employed in ABNF generating high
flux neutrons, including SNS: Spallation Neutron Source,
ISIS neutron and muon source, and J-PARC: Japan Proton
Accelerator Research Complex, where GeV-class protons are
injected into heavy metal targets. The photo-nuclear reac-
tions (b) and low-energy nuclear reactions (c) are employed
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by relatively compact accelerators of electrons and ions,
respectively.

The developments of LDNS was started by studies in
nuclear fusion reactions (d) [4–6], and later expanded to uti-
lize the laser-accelerated particles (ion [7–25] or electron
[26–28]) as the primary beam to generate neutrons via reac-
tions (b) and (c). The physical background of the laser parti-
cle acceleration is discussed elsewhere in this special issue.
The spallation (a) is not yet applied to LDNS because of the
requirement of GeV protons.

The characteristics of LDNS have been demonstrated in
several works: (i) the compactness of the source size (∼
1 cm), (ii) generating pulsed neutrons shorter than 1 ns at the
source, and (iii) high transportability of laser light expanding
the usable area of neutrons. However, it is still challenging to
clarify the outstanding features that distinguish LDNS from
ABNF. From the viewpoint of applications lower-energy neu-
trons are preferable, as discussed later, although the processes
shown in Fig. 1 generates MeV neutrons. Accordingly, the
method of decelerating the neutrons (moderation) is critical.
However, the characteristics of LDNS, the compactness and
the pulse shortness, are often canceled during the moderation
process; hence, smart moderation techniques are required.

Neutrons exhibit very different properties depending on
their kinetic energy. Neutrons produced in fusion and fission
reactions ranges around MeV in energy and are termed by
fast neutrons. Neutrons are statistically slowed down by the
collisions with surrounding nuclei, and finally reach thermal
equilibrium, having a continuous Boltzmann-like energy dis-
tribution. For example, thermalized neutrons with an average
energy of keV predominantly govern the elemental synthesis
reactions in the interiors of stars.

Fast neutrons are efficiently moderated by the scatter-
ing with the nuclei of light elements. Especially, the kinetic
energy loss is maximized when the neutron scatters with a
hydrogen nucleus. Lower energy neutrons, discussed in the
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Fig. 1 Neutron generation processes driven by accelerators and high-
power lasers. a Spallation nuclear reaction, b photo-nuclear reaction, c
low-energy nuclear reaction, d thermo-nuclear fusion. The figure was
adopted from Ref. [3]

followings, are widely utilized for science and industry by
moderating the fast neutrons with hydrogen-rich materials,
including water and polymers.

The neutrons of typically 0.1–100 eV energies are termed
epi-thermal neutrons. In this energy region, one of the
most characteristic reactions is neutron resonance absorp-
tion. When the kinetic energy of a neutron coincides with an
excited level of a nucleus, the neutron is resonantly absorbed
by the nucleus, and the absorption occurs selectively in a very
narrow energy range. After the reaction, the nucleus becomes
unstable, and immediately emits γ -rays (prompt γ ) and de-
excited. By analyzing the energies of absorbed neutrons or
prompt γ -rays, elemental and isotopic species can be identi-
fied.

When neutrons are slowed down by a material at room
temperature (∼ 300 K or 25 meV), they will be known as
thermal neutrons. In general, the reaction probability of neu-
trons is inversely proportional to their velocity (1/v law),
so that thermal neutrons are absorbed by specific materials
or scattered by light elements such as hydrogen with higher
probabilities. This property is appropriate for radiographic
analysis.

When neutrons are moderated down to < 5 meV, they
are termed by cold neutrons. In this case, the neutrons reveal
their properties as waves. For example, the wavelength of a 1
meV neutron is about 9 Å, and can be used for the diffraction
analysis of crystal structures of metals and proteins, when
the sensitivity of neutrons to hydrogen are useful especially
in the fields of life science, biology and medicine.

Nowadays, several groups [18,20–25] developed modera-
tion systems for LDNS, and generated lower energy neutrons
ranging from meV to MeV. The aim of this review is to share
the activities of LDNS studies in the community and clar-
ify the potentials and limits of them for applications. The
overview of LDNS studies will be made in Sect. 2. In Sect.
3, we review recent results oriented to applications, focusing

on fast (3.1), epi-thermal (3.2), thermal (3.3) and cold (3.4)
neutrons. The review is concluded in Sect. 4.

2 Overview of LDNS studies

Neutrons are regularly generated in laser-induced plasmas
by large-scale laser facilities in the framework of inertial
confinement fusion (ICF) research. At the National Ignition
Facility about 200 laser beams of a few megajoule in total
energy are employed for imploding the fuel target in nanosec-
ond (ns) duration, leading to production of 1018 neutrons
[29] as the yield of D-T fusion reaction. After the advent
of the Chirped Pulse Amplification (CPA) technique [30],
high-intensity short-pulse lasers also were introduced to the
ICF researches. For instance, in 1988 photo nuclear neutrons
were detected from the plasma induced by 1020 W cm−2,
0.45 ps laser [5]. The neutron generation by relatively com-
pact laser systems was reported in 1999 by Ditmire et al.
[6], where a femtosecond (fs), sub-joule high intensity laser
pulse was focused onto sub-mm-size deuterium cluster gas,
and generated D-D fusion neutrons up to 104.

In 2000, several game-changing works [31–33] reported
the acceleration of protons up to 10 s mega-electron volt
(MeV) energies by lasers having the intensity exceeding
1018 W cm−2. The mechanism is well known as target nor-
mal sheath acceleration (TNSA) [34]. When a high-intensity
laser is focused onto a solid foil of a few micron thickness,
plasma is induced by the rising foot of the laser pulse, Then,
the electrons interact with the laser peak are accelerated up
to relativistic energies (> 0.511 MeV) via electro-magnetic
processes, and swept out from the laser-irradiated (front) sur-
face. The major part of the electrons are captured by the field
on the backside of the target and pulled back, orbiting in the
vicinity of the target. Accordingly, a charge separation field,
termed by sheath, is generated on the target rear side. This
sheath electric field is maintained during picosecond (ps)
time scale and accelerates pulsed ions to the rear direction of
the target.

The characteristic features of the ions by TNSA can be
summarized as follows: (i) The acceleration is more pre-
dominant for ions having lower charge-to-mass ratio (q/M).
In many cases, protons (q/M = 1) are accelerated most
efficiently. (ii) The energy of accelerated ions exhibits a con-
tinuous distribution up to a cutoff (maximum) energy. The
slope temperature and the cutoff energy are determined by
the temperature of the plasma hot electrons. (iii) The ions
are accelerated toward the normal direction of the rear sur-
face with divergence angles inversely proportional to the ion
energies. Typically, the half cone angle for protons having
50% energy of the cutoff is about 20◦ [35].

The LDNS utilizing the TNSA protons as the primary
beam was reported in 2004 [7], where a block of lithium
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fluoride (LiF) was located as a secondary target to generate
neutrons via 7Li(p, n) reaction. Recently, the LDNS research
has been performed in several laser facilities all over the
world, using proton or deuteron as primary beams combined
with Li, beryllium (Be), or deuterated plastics. Table 1 shows
the configurations of LDNS, the combination of targets, laser
parameters and the resulting yield of neutrons generated per
a laser shot.

A typical setup of the LDNS is shown in Fig. 2, where the
energy spectra of accelerated ions and neutrons are simul-
taneously monitored in a single laser shot experiment. The
energy of neutrons (Fig. 2c) shows a spectrum with the max-
imum value of 20 MeV, which is consistent with the cutoff
energy of the protons (Fig. 2b). In addition, the slope temper-
atures are in agreement between the neutrons and the protons.
These results are related to the breakup reaction as well as
Q value which depends on the kinetic energy transfer from a
proton to a neutron in the (p, n) reactions.

Figure 3 shows the neutron generation rate [36] for several
kinds of secondary targets that are sufficiently thicker than
the stopping range of incident ions. For Be target, the neutron
generation rate is ∼ 4×109 n/µC and ∼ 2×1010 n/µC typi-
cally for the beam of 5 MeV/u protons and deuterons, respec-
tively. To enhance the neutron yield, Alejo et al. [17] devel-
oped a D2O ice layer target system and succeeded in accel-
erating pure deuterons. Roth et al. [12] focused an ultrahigh-
intensity laser (1021 W cm−2) onto a thin (300 nm) deuter-
ated plastic foil, resulting in pure deuteron acceleration up
to 30 MeV/u via break-out afterburner (BOA), as a mecha-
nism other than TNSA. The neutron yield obtained was 1010

with the (d, n) reactions. It was also reported [37] that lasers
having longer pule duration 1–10 ps are favorable for the
acceleration of heavier ions including deuterons.

Laser-accelerated electrons were also utilized to the
LDNSs [26–28], where the fast electrons were converted into
high energy γ -rays in order to generate neutrons via photo-
nuclear reactions shown in Fig. 1b. Pomerantz et al. [26]
accelerated MeV electrons by focusing a laser pulse onto
an expanding plasma plume induced by low-level laser light
arriving ∼ 100 ns before the main laser pulse. The electrons
were converted into γ -rays by a copper plate (18 mm in thick-
ness) and generate neutrons by the 63Cu(γ, n)62Cu reaction.
Günther et al. [27] enhanced the electron acceleration by
using a plastic foam target, the plasma electron density of
which is close to the critical density (∼ 1021 cm−3) for the
20 J, 1019 W cm−2 laser used in their experiment. The high
energy electrons were injected into a high-Z thick metal and
converted into neutrons of ∼ 1010 per a laser shot. Arikawa et
al. [28] employed repetitive shots of a pair of high-intensity
laser pulse. The first pulse dug a crater on a metal target, and
consequently the second pulse was focused into the crater.
The laser was reflected several times inside the crater, result-
ing in efficient electron generation.

The neutron yield per a unit energy of the laser was found
to be ∼ 108−9 neutrons/J for the LDNSs employing the low
energy nuclear reaction (Fig. 1c). However, it is challenging
to establish a universal scaling law on the neutron yields for
a variety combination of primary and secondary targets, and
laser parameters (energy, pulse duration, intensity, contrast
ratio, and so on) which govern the ion acceleration mecha-
nisms beside the nuclear reactions to generate neutrons. As a
milestone, it was experimentally found that the neutron yield
Yn is proportional to the forth power of the laser intensity IL
[25]. In Fig. 4, the neutron yields observed by CR39 detec-
tors (solid triangles) are in accordance with the yields (open
triangles) predicted by the equation below:

Yn = 1

4π

∑

i

∫ Emax,i

0

dNi

dE
Ri (E)dE . (1)

Here, dNi
dE = dNi

dEd�
�(E/Emax,i ) is the energy spectra of

primary ion beams. dNi/dEd� is the differential energy
distribution of the ions and �(E/Emax,i ) is the universal
equation of ion divergence angle depending on the ion energy
[35]. Ri (E) is the neutron generation rate [36] when one ion is
incident into a sufficiently thick secondary target. The yield is
integrated over all ion species (i) injected into the secondary
target. Under the condition that Ri (E) ∝ E2, the Eq. (1) is
converted into

Yn ∝ IL
∑

i

Emax,iCEi , (2)

where CEi is the conversion efficiency from the laser energy
(E L ) into the total kinetic energies of ions, obtained by

CEi = 1

EL
∑

i

∫ Emax,i

0

dNi

dE
EdE . (3)

Detailed discussed was made in Ref. [25]. Note EL ∝ IL
when the pulse duration and the focal condition are fixed. As
shown in Fig. 5a, b, it was experimentally found that Emax,i ∝
IL and CEi ∝ I 2

L for i = proton and deuteron, justifying the
Yn ∝ I 4

L dependency in Fig. 4. In more general form, the
neutron yield was scaled by

Yn ∝ I k+m+1
L , (4)

where k and m are the scaling parameters involved in
Emax,i ∝ I kL and CEi ∝ ImL , respectively.

3 Applications

3.1 Fast neutron

As discussed in Sect. 2, fast neutrons in the range of MeV
energies are directly generated from LDNS. High energy
neutrons can penetrate from several centimeters to meters
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Fig. 2 a A schematic picture of the laser-driven neutron source
(LDNS) utilizing protons and deuterons accelerated from a foil of
deuterated polystyrene as a primary target. b The energy spectrum of
ions measured through a pinhole on the secondary target (a block of
Be). c The neutron spectrum simultaneously measured with a time of
flight method. The figures are adopted from Ref. [22]

materials or structures in thickness, potentially leading to
an alternative probing tool than x-rays. The fast neutrons
were applied for the analysis of materials in several works
[12,38]. Roth et al. [12] demonstrated the first radiographic
images of high-Z metal blocks by MeV neutrons. The radio-
graphic image of water in a PET bottle was obtained by a
large aperture avalanche intensifier [38]. Dual-energy fast
neutron imaging [39] was demonstrated for the identifica-
tion of multi-material objects. Abe et al. [40] performed a
fast neutron activation analysis using time-resolved prompt
γ -rays induced by the short-pulse neutrons from the LDNS.

The high-flux pulse of neutrons in the range of keV -
MeV generated form LDNSs can be a novel tool to inves-
tigate nucleosynthesis in astrophysics. The elements heavier
than iron are predominantly synthesized by stellar nuclear

Fig. 3 The neutron number generated per a charge of the incident ion
for the secondary target sufficiently thicker than the stopping range of
the incident ions [36]. The figure is adopted from Ref. [3]

Fig. 4 The neutron yield as a function of the laser intensity. The inten-
sity was surveyed by changing the laser energy from 400 to 930 J and
fixing the pulse duration on 1.5 ps. The secondary target was Be. The
laser shot number is ascribed to the each data point. The figure is adopted
from Ref. [25]

reactions of rapid neutron capture (the r process) [41], slow
neutron capture (the s process) [42], and successive photo-
disintegration reactions (the γ process) [43]. To study the r
process, Habs et al. [44] theoretically proposed a method pos-
sibly leading to generate neutron-rich isotopes using nuclear
fusion-fission reactions between laser-accelerated heavy ions
and heavy element materials, such as 232Th. Hayakawa et al.
[43] proposed a method to measure the reaction cross sections
in inner-stellar environments by the interactions between
laser-induced high-flux γ ray and the hot plasma induced by
the other high-intensity laser. Hill and Wu [45] theoretically
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Fig. 5 The experimental results of the maximum energies of ions
(Emax,i ) (a) and the energy conversion efficiencies (CE) from laser to
ions (b) as a function of the laser intensity for proton (red) and deuteron
(blue). The figure is adopted from Ref. [25]

Fig. 6 The experimental setup to evaluate the high flux neutron at the
vicinity of LDNS by Mori et al. [46] (a) and Günther et al. [27] (b).
The figures are adopted from Ref. [27,46]

showed that neutron-rich isotopes heavier than the initial iso-
topes can be produced by successive capture of four neutrons,
which might be achievable with the LDNS delivering 1012

neutrons per pulse at 1 Hz during 104 s for sufficiently long-
lived (T1/2 > 1 h) isotopes. The 1012 neutrons/pulse can soon
be available even with the present LDNS at lower repetition
rate.

Considering that the source size is in the order of 1 cm
and the neutron pulse duration is around 1 ns at the source,
the peak neutron flux reaches 1020 neutrons cm−2 s−1 at the
vicinity of the source, which is close to the flux assumed
inside burning stars. In order to evaluate the high flux neu-
tron environments, activation method [27,46] is one of the
promising methods, where the number of unstable isotopes
are precisely measured. The neutron yield is evaluated by
using the isotope that the production cross section is known.
Mori et al. [46] employed (n, 2n) nuclear reaction for the
activation samples directly attached onto the neutron source
(Fig. 6a), and evaluated the neutron yield in the energy range
higher than 8 MeV. Günther et al. [27] evaluated the number
of protons and neutrons by a combination of several activa-
tion channels (Fig. 6b).

3.2 Epi-thermal neutrons

The neutron produced in the converter target is usually born
in the MeV region, and to use them for different applica-
tions they have to be slowed-down, known as moderation.
Two basic effects are taken into account in the process of the
designing a moderator: (1) neutron leakage and (2) the pulse
duration. The purpose of a moderator is to induce a suffi-
cient amount of neutron energy loss which is done via series
of elastic and inelastic collisions where energy exchange
between the medium and the incoming neutrons is a function
of the scattering angle. Therefore many of the facilities use
a compact moderator for this purpose.

The epi-thermal neutron generation was firstly demon-
strated by Mirfayzi et al. [18], when a compact moderator
was located behind the secondary target that generated fast
neutrons. As shown in Fig. 7b, the moderator consists of 4-
cm thick high density polystyrene (HDP), as the main mod-
eration materials for the neutrons, and high Z materials as
neutron reflectors.

Supported by a Monte-Carlo simulation, the fluence
of epithermal neutrons were evaluated to be 105 neu-
trons/sr/pulse in the energy range of 0.5–300 eV.

As discussed in Sect. 1, the cross sections for neutron-
induced reactions exhibit the presence of resonances, which
are related to excited states of the compound nucleus just
above the separation threshold energy. Since these reso-
nances appear at energies that are specific for each nuclide,
they can be used to identify and quantify elements and iso-
topes as the basis of neutron resonance spectroscopy (NRS)
[47]. The resonance structures are analyzed by the time-of-
flight (ToF) technique. The energy resolution �En is deter-
mined for the neutron energy En by

�En/En = 2�τ
√

2En/m/D, (5)

where �τ is the temporal spread by the moderator, and D is
the flight distance. Hence, if LDNS can provide extremely
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Fig. 7 a Schematic of the experimental setup. Epithermal neutrons
produced by the moderator were diagnosed by the 3He proportional
counters employed in the ToF mode, placed behind a B4C collimator. b
The design of the moderator superimposed on the neutron (in the range
of 1 eV–1 keV) flux distribution across the mid-plane of the moderator,
obtained from the simulation for 1MeV neutrons entering the moderator
from the left side (shown by red arrow). cTypical spectra of fast neutrons
produced in the experiment. d Epithermal neutron spectra produced by
the moderator, averaged over 16 laser shots. The figures were adopted
from Ref. [18]

short pulses of epi-thermal neutrons, it potentially leads to
higher energy resolution, as discussed in the earlier works [9,
26]. Nowadays, several groups performed proof-of-principle
experiments on the laser-driven NRS [24,25] using the ToF
beamlines of a few meter scale, which are shorter by one
order of magnitude than those at ABNF including GELINA:
the linear electron accelerator facility in Geel [48] or J-PARC
[49].

To evaluate the feasibility of the NRS with LDNS, Zimmer
et al. [24] developed a neutron moderator and analyzed epi-
thermal neutrons transmitted through the samples of tungsten
(W) and tantalum (Ta). They measured the structures on the
neutron spectrum shown in Fig. 8 with 18 accumulated laser
shots. They also showed the feasibility of neutron resonance
imaging (NRI) for the plates of cadmium (Cd) and indium
(In) behind a 2 mm lead.

In Fig. 9, the neutron energy (En) was selected based on
the ToF technique by gating the detector, which is shown
in Fig. 13a. The radiographic images were measured for the
regions of En < 0.05 eV, 0.05 < En < 0.1 eV and En > 0.1
eV, where different attenuations were observed for the same
sample depending on the neutron energy. It was reported that
the large attenuation caused by the resonance absorption by
113Cd allowed to identify the Cd within the field of view.

Yogo et al. [25] performed the laser-driven NRS with a
single pulse of neutrons generated by a single laser shot. The
experimental setup is shown in Fig. 10a, where the neutron
detector for the ToF analysis was located 1.8 m downstream
of the LDNS. In general, the neutron pulse is expanded as
the moderator thickness is increased, while the number of
moderated neutrons is enhanced. In order to provide suffi-
cient resolution with the 1.8-m beamline, the moderator was

Fig. 8 aMeasured neutron spectrum after transmission through a tung-
sten sample (red) and a Monte-Carlo simulation (blue). b Measured
neutron flux at the 182W resonance (red) with an increased bin width.
The Breit–Wigner function (black) of the resonance of 182W with the
position of 4.15 eV and the FWHM width of 0.55 eV is in good agree-
ment with the measurement. c All relevant resonances for tungsten and
tantalum in the range of 1–25 eV. The figures are adopted from Ref.
[24]

designed to be on a balance point between the duration and
the number of epi-thermal neutrons. As shown in Fig. 10b, the
Be secondary target (10 mm in thickness, 5 mm in diameter)
was surrounded by the moderator made from HDP having a
thickness of 30 mm. The pulse duration was estimated to be
�τ = 0.6 μs at En = 5 eV by a Monte-Carlo simulation,
where the time dispersion of the ToF detector was taken into
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Fig. 9 Neutron resonance imaging (NRI) with a LDNS [24]. a The
MCP detector signal shows all non-resonant neutron events with arrival
times corresponding to energies > 0.1 eV. b The MCP detector signal
shows events attributed to neutron energies between 0.05 and 0.1 eV.
An increased absorption behind the 2-mm cadmium sheet is visible. c

shows the distribution of neutron events with energies below 0.05 eV.
A strong attenuation is visible behind the cadmium sheet and a small
attenuation is observed behind the indium sample. d Sample distribu-
tion in front of the borated MCP detector. The figures are adopted from
Ref. [24]

Fig. 10 a,bSchematic pictures of the NRS beamline (a) and the minia-
ture moderator (b) installed on the LDNS. c The signal measured by the
TOF detector for the multilayer sample of 0.1 mm thick Ag, Ta and In.
d The comparison between experimental and simulated transmittance
as a function of the neutron energy for the Ag–Ta–In multilayer sample.
The figures are adopted from Ref. [25]

Fig. 11 a Schematic of the experimental setup. Multi-MeV protons
were generated in proximity to the 7Li catcher by irradiating the Vul-
can laser on 20 μm thick Au foils. The 7Li cylinder of 1 cm diameter
and 2 cm length was embedded in the moderator housing to maximize
coupling of fast neutrons with the moderator material. The fast and
moderated neutrons were diagnosed by two scintillator-based (ND-1
and ND-2) and three sets of 3He proportional detectors. b The back-
ground subtracted neutron spectra measured in the experiment for the
H2O moderator compared to those obtained for 4 cm thick HDP and
6 cm thick D2O moderators. The figures are adopted from Ref. [21]

consideration together with the �τ . The NRS was performed
for the multilayer sample of Ta, In and silver (Ag), located
on the neutron path to the detector. Although the sample
exhibits resonance peaks adjacent to each other, the reso-
nance structures were identified for 115In, 181Ta and 109Ag
on the spectrum (Fig. 10d). The energy resolution was esti-
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mated to be 2.3% at 5 eV, which is sufficient to identify the
three resonance dips above.

3.3 Thermal neutrons

Mirfayzi et al. [21] assessed thermal neutron generation by
comparing three kinds of moderator materials, light water
(H2O), heavy water (D2O), and HDP at room temperature.
A solid lithium (Li) as a secondary target was embedded in
the aluminum frame of the moderator materials to enhance
the collection ratio of the fast neutrons generated from the Li
(Fig. 11). They used an endothermic process 7Li(p, n)7Be,
which was expected to efficiently generate sub-MeV neu-
trons by protons having energies near the reaction threshold
(2.373 MeV). The neutron spectra obtained were fitted by
Maxwellian distributions with a temperature of kBT ∼ 25
meV, which corresponds to the room temperature. The yield
of thermal neutrons (< 0.5 eV) was 1.4 × 106 n/sr at maxi-
mum for the H2O moderator, converted from the fast neutrons
of ∼ 1.7 × 109 n/sr.

Yogo et al. [22] demonstrated a dual radiography using
laser-driven thermal neutrons and x-ray, simultaneously. As a
proof of principle, they performed non-destructive inspection
for hazardous substances (Cd) for two kinds of typical batter-
ies: a nickel (Ni)-Cd battery and a nickel-metal hydride (Ni-
MH) battery. As shown in Fig. 12a, the samples were attached
on the 10 cm thick HDP moderator. The fast neutrons from the
LDNS were thermalized by the moderator, while x-ray was
produced from the primary target and penetrate the modera-
tor. The x-ray image (Fig. 12d) was recorded by an Imaging
Plate located just downstream of the samples. The neutron
image was obtained with the activation of a dysprosium (Dy)
plate. 164Dy (28% natural abundance) predominantly absorbs
thermal neutrons via 164Dy(n, γ )165Dy reaction. The unsta-
ble isotope 165Dy β-decays with a half-life of 2.234 h. After
the exposure to the neutrons, the Dy plate was placed on
the other IP for 2 h, when the β image, which corresponds
to the image of thermal neutrons, was recorded (Fig. 12c).
The transmittance of x-ray was similar for Ni-MH (dashed
line around x = 10–20 in Fig. 12e) and Ni-Cd (dashed line
around x = 10–20 in Fig. 12g). On the other hand, the neu-
tron image showed drastically low transmittance (solid line
around x = 10–20 in Fig. 12g) compared with that of Ni-MH
(solid line around x = 10–20 in Fig. 12e). This is attributed
to the presence of a Cd anode, which absorbs thermal neu-
trons. With the support of a Monte-Carlo simulation, the Cd
anode thickness was evaluated from the transmittance to be
0.76 mm, in agreement with the value of the product data
sheet.

Similarly, Zimmer et al. [24] successfully measured a ther-
mal neutron radiography of the sheets of In and cadmium
(Cd) behind a lead plate (Fig. 13). The imaging detector was
gated to measure the neutrons with energies between 10 meV

and 2 eV, base on the ToF technique. In Fig. 13c, the attenua-
tion was stronger for the sheet of Cd, distinguished from the
In sheet. The sample thickness was successfully evaluated by
the neutron attenuation measured on the image and known
cross sections of the reactions.

Wei et al. [23] demonstrated a radiography of water with
thermal neutrons and x-ray (Fig. 14a) at the same laser shot
with the NRS measurement [25] mentioned in the previous
section. The water was filled in a 1 mm thick stainless pipe,
and an empty pipe was put together as a reference. In the
x-ray image (Fig. 14c) shadow of two pipes was monitored
by the IP. The neutron image (Fig. 14b), detected by the Dy
activation method, clearly showed high transmittance for the
empty pipe (Fig. 14e).

3.4 Cold neutrons

Mirfayzi et al. [20] developed a moderator to generate cold
neutrons (< 5 meV) for the first time (Fig. 15a). A copper
cell was cryogenic cooled down to 11 K and filled with solid
hydrogen and located downstream at a 5 cm distance from
the LDNS.

The neutrons were cooled down by the solid hydro-
gen moderator and analyzed by He-3 proportional counters
located on axis at 3.28 m distance, based on the ToF tech-
nique (Fig. 15b). The cold neutron flux of 2×103 n/cm2 was
obtained by a single laser shot at the vicinity of the moderator
surface. The pulse duration of hundreds of ns was evaluated
for neutron energies down to meV with a Monte-Carlo sim-
ulation. The short pulse duration was attributed to the small
size (4 cm) of the solid hydrogen moderator.

4 Discussion and future prospects

Here, we recall the features of LDNS discussed in the
introduction: (i) compactness of the source, (ii) neutron
pulse shortness and (iii) transportability of laser beam. After
reviewing the activities oriented to applications in the previ-
ous section, we additionally find the other features of LDNS:
(iv) capability of single shot analysis, and (v) multi-beam
availability, such as x-ray and electron, simultaneously with
the neutrons.

The radiographic images shown in Figs. 12 [22], 13 [24],
and 14 [23] were measured by a single pulse of neutrons gen-
erated by a single shot of the laser. The neutron density was
∼ 105 neutrons/cm2 [wei] on the imaging device at 10 cm
distance from the moderator surface. Considering the mod-
eration process, the duration of thermal neutrons is in the
order of 1–10 µs. This fact indicates that LDNS can provide
“snap shot” images of neutrons for high-speed phenomena
or moving objects. In addition, the ps pulse of x-ray is gener-
ated in synchronization with the neutron pulse automatically,

123



191 Page 10 of 13 Eur. Phys. J. A (2023) 59 :191

Fig. 12 a Schematic of thermal neutron radiography located down-
stream of the LDNS shown in Fig. 2(a). b The picture of samples. c,
d Radiographic images of (i) a nickel–cadmium (Ni–Cd) battery, (ii) a
nickel-metal hydride battery, and (iii) boron carbide (B2C) powder as a
reference obtained with neutrons (c) and x-rays (d). e–g The transmit-

tance of neutrons (solid) and x-rays (dashed) along the horizontal lines
indicated in green, red and blue belts, respectively, seen in (c), (d). The
results c and d were obtained simultaneously with a single laser shot.
The figure is adopted from Ref. [22]

Fig. 13 a Schematic setup of the thermal radiography measurement
(top view) developed by Zimmer et al. [24].bSample distribution across
the detector (front view). One millimeter cadmium (Cd) and In sheets

are placed behind a 2-mm lead plate. c Thermal neutron radiography of
the sample. The figure is adopted from Ref. [24]

allowing to observe high Z materials in synchronization with
hydrogen-rich materials. It was reported [23] that LDNS can
be utilized for the non-destructive inspection of metal pipes
filled with 82 MPa hydrogen gas, which is assumed in future
hydrogen storage or transportation system.

As shown in Fig. 10, elements or isotopes of high Z mate-
rials were identified in NRS with the 1.8 m beamline by
the single laser shot [25]. The neutron density was 102−3

neutrons/cm2 at the detector surface for 1 ≤ En ≤ 20 eV
in the single shot. On the other hand, in GELINA [48], as
a typical ABNF, NRS is preformed with the neutron flux of
∼ 103 neutrons/cm2/s for 1 ≤ En ≤ 20 eV with 800 Hz at a
distance of 20 m from the source. Assuming that the neutron
density reduces as the square of the distance, the single shot
analysis was enabled by the short distance from the source, as

a benefit of the pulse shortness of the moderated neutrons. In
addition, the single neutron pulse reached the detector within
the duration of sub-µs in the laser-driven NRS [25]. This fact
leads to bring high temporal resolution for NRS. Especially,
the Doppler broadening of the resonance structure is utilized
for neutron thermometer [50–52] in ABNF. As discussed in
[25] the short acquisition time of the laser-driven NRS may
enable a real-time neutron thermometer for objects in oper-
ation, including blue-light-emitting diodes (LED), batteries
and semiconductor power devices.

The proton acceleration in the order of 100 MeV is
expected at ELI-NP [53]. It was reported [36] that the num-
ber of neutrons generated until the incident proton is stopped
in the secondary target increases as the square of the proton
energy. The newly commissioned multi-PW facilities will
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Fig. 14 a Radiography
experimental setup by
laser-driven low energy neutron
source. The radiography set is
set at a distance of 10 cm from
the source. The Dy plate and IP
were used to record neutron and
x-ray signals, respectively. b
Measured neutron radiography
image. c X-ray image. d
Transmittance for neutron (red)
and x ray (blue) along the
horizontal position obtained
from the images of (c) and (d).
The figure is adopted from Ref.
[23]

Fig. 15 a The setup for laser-driven cold neutron generation by cryogenic cooled solid hydrogen moderator. b Thermal/cold neutron spectrum
from the cryogenic moderator, where the unit of the vertical axis is n/eV/cm2/pulse. The figure is adopted from Ref. [20]

deliver game-changing results on the laser-driven neutron
generation and its application. Activities to maximize the
potential of LDNS will pave the way for bringing neutrons
to areas that have never benefited from neutron science.
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