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Neutrons are powerful tools for investigating the structure and properties of materials used in science
and technology. Recently, laser-driven neutron sources (LDNS) have attracted the attention of different
communities, from science to industry, in a variety of applications, including radiography, spectroscopy,
security, and medicine. However, the laser-driven ion acceleration mechanism for neutron generation and
for establishing the scaling law on the neutron yield is essential to improve the feasibility of LDNS. In this
paper, we report the mechanism that accelerates ions with spectra suitable for neutron generation. We show
that the neutron yield increases with the fourth power of the laser intensity, resulting in the neutron
generation of 3 × 1011 in 4π at a maximum, with 1.1 × 1019 Wcm−2, 900 J, 1.5 ps lasers. By installing a
“hand-size” moderator, which is specially designed for the LDNS, it is demonstrated that the efficient
generation of epithermal (0.1–100 eV) neutrons enables the single-shot analysis of composite materials by
neutron resonance transmission analysis (NRTA). We achieve the energy resolution of 2.3% for 5.19-eV
neutrons 1.8 m downstream of the LDNS. This leads to the analysis of elements and isotopes within sub-μs
times and allows for high-speed nondestructive inspection.

DOI: 10.1103/PhysRevX.13.011011 Subject Areas: Interdisciplinary Physics,
Nonlinear Dynamics, Plasma Physics

I. INTRODUCTION

Light has become an indispensable tool for science and
industry to explore and control the structure and properties
of matter. Some game-changing works [1–3] paved the
way for a novel scheme enabling laser acceleration of ions
up to mega-electron volt (MeV) energies from a region
of micrometers. Recently, laser-driven neutron sources
(LDNS) [4–15] have been attracting interest for a number
of reasons, including (i) the compactness in the range of
millimeters, (ii) the capability to generate short bursts of
pulses with time durations shorter than ns at the source,
(iii) multiple-beam generation such as x rays, electrons, and

neutrons [16], and (iv) high transportability of laser light
expanding the usable area of neutrons.
LDNS research using high-intensity lasers was pio-

neered by studies using D-D fusion [4–6] and was
expanded by works utilizing secondary nuclear reactions
of MeV-energy ions [7–15] or electrons [17] accelerated by
lasers. Alejo et al. [13] enhanced the neutron yield with
deuteron acceleration from a layer of solid heavy water.
Kleinschmidt et al. [14] reported 1.4 × 1010 neutron gen-
eration per steradian (sr) via efficient ion acceleration with
a laser of 1020 Wcm−2. Hence, elucidation of the laser-
driven ion acceleration mechanism is essential to control
and enhance neutron generation.
The LDNS predominantly generate fast neutrons in

the energy range of MeV. However, the neutron reaction
cross sections on atomic nuclei increase with decreasing
neutron energy. For instance, nuclear resonance absorp-
tions are induced in the energy region of 1–1000 eV
depending on nuclear species, which provides a tool for
nondestructive analysis of isotopes. The low-energy neu-
trons are required for broader applications. Recently,
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epithermal (0.1 eV–100 keV) [18], thermal (around
25 meV) [19], and cold (around 1 meV) [20] neutrons
were generated by LDNS. Radiography imaging with laser-
driven thermal neutrons was also reported [16]. In these
studies, moderators were used to decelerate fast neutrons
from the source. However, this scheme inevitably expands
the duration of neutrons and causes reduction in energy
resolution. Thus, one of the key techniques for LDNS
applications is to develop an appropriate moderator to
effectively generate the low-energy neutrons with a rela-
tively short pulse duration.
In this paper, we report the acceleration mechanism of

ions (protons and deuterons) with a ps pulse of a high-
intensity laser, which enables sufficient generation of fast
neutrons. We find the scaling model on the neutron yield,
using the experimental measurements and the analytical
prediction. By developing a miniature moderator to decel-
erate the fast neutrons, our LDNS provides epithermal
neutrons with a short pulse duration and high fluence to
perform a neutron spectroscopy with a beamline of a few
meters. We demonstrate a single-shot detection of isotopes
by using neutron resonance transmission analysis (NRTA)
with a sufficient resolution.

II. ION ACCELERATION MECHANISM

The laser pulsewith an intensity (IL) of1018–1019 Wcm−2

from the LFEX laser system [21] is focused onto a foil of
deuterated polystyrene (CD) with a thickness of 1.5 or 5 μm.
(See Appendix A for the details of the laser parameters.)
The plasma induced on the rear sideof theCD foil serves as an
ion source and simultaneously accelerates ions up to MeV
energies. The accelerated ions then bombard a beryllium (Be)
block (ϕ5-mm and 10-mm cylinder) that acts as a neutron
source. Figure 1(a) shows the ion spectra analyzed in the
target rear side, when the Be block is removed. (See
Appendix B for the details of the ion analysis.) Here,
protons (p), originating from the contaminant layer of oil
and water on the CD surface, are accelerated up to 30 MeV
at maximum. The deuterons (d), originating from the target
material, are accelerated up to 7 MeV=u (14 MeV in total)
at maximum. This feature is advantageous for neutron (n)
generation. The 9Beðp; nÞ9B reaction, which is the dom-
inant proton-induced reaction on Be in the MeV energy
region, is endothermic, with a threshold energy of approx-
imately 2 MeV; hence, the low-energy protons do not
contribute to neutron generation. In contrast, the 9Beðd; xnÞ
reaction (x ¼ 1; 2;…) allows us to produce a softer
spectrum of neutrons by using the low-energy deuterons,
thanks to the reaction starting at a lower threshold energy
compared to the 9Beðp; nÞ9B reaction [Fig. 2(d)].
Figures 1(b) and 1(c) show the results of the two-

dimensional (2D) particle-in-cell (PIC) simulation using
the PICLS code [22]. (See Appendix C for details.) In the
earlier time stage [Fig. 1(b), t ¼ 0.3 ps], the charge
separation is induced by the hot electrons, and an electric

field is formed. The electric field accelerates the protons,
which have the largest charge-to-mass ratio, q=M ¼ 1.
This mechanism is well known as target normal sheath
acceleration (TNSA) [25], where the sheath at the expand-
ing ion front plays an important role [26–28]. We call this
the “first sheath.” However, the deuterons (q=M ¼ 1=2)
are not accelerated by the first sheath. In the later stage
[Fig. 1(c), t ¼ 0.833 ps], the first sheath depletes protons
from the rear surface. Consequently, the charge neutrality is
broken around the proton tail (seen around x ¼ 35 μm),
and additional charge separation and an electric field
are induced between the proton tail and the bulk plasma.
This electric field, hence termed “second sheath,” accel-
erates deuterons that were initially covered by the con-
taminant layer.

FIG. 1. (a) Energy distribution of protons (p) and deuterons (d)
measured with the Thomson parabola ion spectrometer (TP) for
two different laser intensities: 1.5 × 1019 and 8.1 × 1018 Wcm−2.
The laser shot number is also displayed. The inset shows the raw
data of parabolic curves for the shot L3651. (b) and (c) Results of
the 2D PIC simulation with the PICLS code [22], showing the
electric fields induced on the rear side of the foil at 0.3 ps (b) and
0.833 ps (c) after the laser incidence. The initial position of the
foil rear surface is at x ¼ 30 μm, and the center axis of the laser is
at y ¼ 10 μm in the upper figures. The lower figures show the
electric fields integrated over the y axis as the black line, together
with the densities of protons, deuterons, and electrons.
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The acceleration of multi-ion species from the expanding
plasma [29–32] reveals that the distinct rates of expansion
of the different ion species play a role in the formation of
the ion acceleration field. We find that the encounter
between the ion clouds of different species affects the
energy spectra of the ions. In Fig. 1(c), one can see a hump
of deuteron density at x ¼ 35 μm, attributed to the kick-
back by the lowest-energy protons. This leads to the
quasimonoenergetic peak at the high-energy region of
the deuteron spectra shown in Fig. 1(a).
We find that the maximum energy of ions (Emax;i)

[Fig. 2(a)] and the energy conversion efficiency (CE) from
the laser into ions [Fig. 2(b)] are scaled by the laser
intensity according to IL and I2L, respectively. The survey
of data [33–36] demonstrates that the maximum energy of
accelerated protons increases as IL for relatively short laser
pulses (40–150 fs) and as I1=2L for longer pulse durations
(0.3–1 ps). Recently, a multivariate scaling model [37]
developed with Bayesian influence reported that the proton
energy increases as IL, attributed to the increase of
the temperature and the density of hot electrons. In the
region of a ps timescale, it was theoretically found [38]
that the laser-induced plasma laterally confined around
the laser focal spot enhanced the hot electron temperature
and density, and these enhancements can result in an
increase of the proton energy steeper than I1=2L . The present
study experimentally demonstrates the IL dependency
[Fig. 2(a)] of the ion energies for the long pulse dura-
tion (1.5 ps) due to the effect of the hot electron con-
finement, which is the benefit of the large focal spot [27].
In the previous study [34], it was experimentally found
that the CE of protons increases as I2L in the range of
IL ¼ 0.7–6 × 1019 Wcm−2, being consistent with the
present experimental result. For higher intensities, the
CE shows a weaker dependency: CE ∝ IL [39] for

IL ∼ 1020 Wcm−2. These findings determine the validity
and limitations of the I4L dependency of the neutron yield
discussed in the next section.

III. NEUTRON GENERATION
AND SCALING MODEL

The neutron generation is examined by putting the Be
block back on the downstream of the CD foil [seen in
Fig. 3(a)]. The neutrons are measured by stacks of CR-39
solid-state nuclear track detectors (sensitive for 1–10 MeV
neutrons) surrounding the Be target. (See Appendix D for
the calibration of the CR-39.) The neutron energy spectrum
[Fig. 3(c)] measured by a time-of-flight (TOF) detector
for fast neutrons [15] shows that more than 90% of the
neutrons have energies below 10 MeV. Note that the TOF
detector was calibrated by a bubble detector spectroscopy
[40] and an activation method with (n, 2n) nuclear reactions
[15]. Although the angular distributions of the neutrons
[Fig. 3(b)] are close to isotropy, it shows a greater tendency
toward the forward direction (0°). Figure 4 shows the yield
of the fast neutrons (triangles) measured by the CR-39
detectors in the forward (close to 0°) and perpendicular
(close to 90°) directions as a function of the laser intensity IL.
The neutron yield Y ¼ 2.3 × 1010 sr−1, corresponding to
2 − 3 × 1011 neutrons of 1–10MeV in 4π, is experimentally
obtained with IL ¼ 1.1 × 1019 Wcm−2. Here, we find that
the neutron yield rapidly increases according to I4L.
The neutron yield Y [sr−1] is written as

Y ¼ 1

4π

X
i¼p;d

Z
Emax;i

0

dNi

dE
RiðEÞdE: ð1Þ

Here, ðdNi=dEÞ ¼ ðdNi=dEdΩÞΩðE=Emax;iÞ is the energy
distribution for the protons (i ¼ p) or the deuterons (i ¼ d).

FIG. 2. (a) and (b) Experimental results of the maximum energy of ions (Emax;i) (a) and the energy conversion efficiencies (CE)
from the laser to ions (b) as a function of the laser intensity for protons (red) and deuterons (blue). The results are measured with
target foils of 1 and 5 μm (triangles) and 5 μm (rhombus) in thickness, respectively. The total CE for the protons and deuterons are
shown as black circles in panel (b). The CE values are evaluated by using the total kinetic energy of the ions K [Eq. (5)] divided by
the laser energy. (c) Divergence angle of ions measured as a function of the energy normalized by the maximum ion energy. The
black symbols show results of previous works [23]. (d) Number of neutrons generated per one ion incident to sufficiently thick,
solid Be blocks [24].
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Note that dNi=dEdΩ is the differential energy distribution
of the ions in the direction of the ion analyzer [Fig. 1(a)],
and ΩðE=Emax;iÞ is the function of angular divergence
depending on the ion energy [Fig. 2(c)]. Additionally,
RiðEÞ [Fig. 2(d)] is the neutron generation rate [24]
when one ion is incident to a sufficiently thick Be
target [Fig. 2(d)].
We predict the neutron yield from Eq. (1) by using our

experimental data on ions: Emax;i [Fig. 2(a)]; dNi=dEdΩ
[Fig. 1(b)], measured by the ion analyzer; and ΩðE=Emax;iÞ
[Fig. 2(c)]. The results displayed as the open triangles in
Fig. 4 demonstrate good agreement with the trend of
experimentally measured neutron yields. This calculation
supports the idea that our model [Eq. (1)] can predict the
neutron yields from the spectra of the primary ions. The
neutron yields calculated from the protons and deuterons

are shown separately in the inset, where the contribution of
the deuterons roughly reaches 50% of the total.
We aim to elucidate the theoretical background of the I4L

dependency of the neutron yield. In Eq. (1), RiðEÞ increases
with the square of the ion energy E2 in the higher energy
range. Hence, we can write

Y ∝
X
i¼p;d

Z
Emax;i

0

dNi

dE
E2dE ð2Þ

and

dY
dEmax;i

∝
X
i¼p;d

dNi

dE
E2

����
E¼Emax;i

: ð3Þ

Assuming that the maximum ion energy Emax;i increases
as IkL, we obtain dEmax;i=dIL ∝ Ik−1L , where k is a scaling
parameter discussed later. Then, we obtain

dY
dIL

¼ dY
dEmax;i

dEmax;i

dIL
∝ Ik−1L

X
i¼p;d

dNi

dE
E2

����
E¼Emax;i

: ð4Þ

The conversion efficiency from the laser energy to the total
ion energy is written as CE ¼ K=EL, where K is the total
kinetic energy of the ions, and EL is the incident laser

FIG. 4. Neutron yield Y per steradian as a function of the
laser intensity IL. The present results are shown as the colored
triangles: dark blue by the CR39-A close to 0°, sky blue by the
CR39-A close to 90°, and green by the CR39-B. The open
triangles show the yields evaluated from the data of the ions in
Figs. 1 and 2. The inset shows the contribution to the neutron
generation by protons (red) and deuterons (blue) evaluated from
the ion data by using the scaling model [Eq. (3)].

FIG. 3. (a) Setup of the LDNS and neutron detectors placed
in the horizontal plane (CR39-A) and the vertical direction
(CR39-B) of the LDNS. (b) Angular distributions of the neutrons
measured by the CR39-A detectors for three different laser shots.
The neutron yields of around 0° and 90° are used for the scaling in
Fig. 4. (c) Energy distribution of the fast neutrons in the MeV
range measured by the TOF detector [15].
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energy proportional to IL. Assuming CE ∝ ImL , the total ion
energy can be expressed by

K ¼ CEEL ¼
X
i¼p;d

Z
Emax;i

0

dNi

dE
EdE ∝ Imþ1

L ; ð5Þ

where m is the scaling parameter for CE discussed later.
Therefore, we obtain

dK
dIL

¼ dK
dEmax;i

dEmax;i

dIL

∝ Ik−1L

X
i¼p;d

dNi

dE
E

����
E¼Emax;i

∝ ImL : ð6Þ

Considering the ratio between Eqs. (4) and (6), we obtain

dY
dIL

=
dK
dIL

∝ Emax;i ∝ IkL: ð7Þ

Then, dY=dIL ∝ Ikþm
L . Therefore, we reach the scaling law

on the neutron yield as follows:

Y ∝ Ikþmþ1
L : ð8Þ

The I4L increase in the present study is consistently
explained by k ¼ 1 (Emax;i ∝ IL) and m ¼ 2 (CE ∝ I2L),
as demonstrated in Figs. 2(a) and 2(b).
As discussed in the previous section, the parameters k

and m depend on the laser-plasma interactions, varying in
the ranges of k ¼ 0.5–1 and m ¼ 1–2 within the scheme
of TNSA. The ion scaling [33–36] indicates Emax;p ∝ I1=2L
for longer pulse durations (0.3–1 ps), when the efficient
confinement of the electrons found in this study is not
involved. The CE increases as CE ∝ I2L for IL ¼ 0.7–6 ×
1019 Wcm−2 with 320-fs pulses [34] and CE ∝ IL [39] for
IL ∼ 1020 Wcm−2 with 1-ps pulses. Then, the neutron
scaling shows Y ∝ I3.5L for the lower intensity region,
and Y ∝ I2.5L for IL ∼ 1020 Wcm−2. On the other hand,
for fs pulse lasers, one can find Emax;p ∝ IL [33–36].
However, the scaling on the CE is not yet clarified for
the fs pulses. A further comprehensive survey is required.

IV. NEUTRON RESONANCE ABSORPTION
SPECTROSCOPY

Epi-thermal and thermal neutrons are used for broader
applications rather than fast neutrons. Here, we demon-
strate that a single-shot NRTA is realized by the LDNS.
NRTA is based on the nuclear resonance absorption
process, where a neutron is efficiently captured at the
resonance energy of a nucleus in the energy region of eV.
The resonance energy depends on the nuclear species. The
resonance structure is often analyzed by a TOF method.
In a simple expression, the neutron energy En is given by

En ¼ mðD=τÞ2=2 for a time of flight τ, a flight distance D,
and neutron mass m. Then, the energy resolution ΔEn is
determined by

ΔEn=En ¼ 2Δτ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2En=m

p
=D; ð9Þ

where reducing the temporal spread Δτ linearly shortens
the distance D.
A promising way to obtain lower-energy neutrons is

by installing moderation mediums [18–20] close to the
LDNSs. However, it causes an issue that the pulse
(0.1–1 ns) of fast neutrons is broadened during the
moderation process. To solve this issue, we develop a
miniature moderator directly surrounding the LDNS.
In general, the temporal duration of moderated neutrons
becomes shorter as the moderator thickness is reduced;
consequently, the neutron number decreases unfavorably
for applications. This is because the neutron moderation is a
statistical process involving multiple elastic collisions. We
calculate the duration and fluence (neutron number per unit
area) of 10-eV energy neutrons at the exit of a moderator
having a simplified structure with a thickness of L, shown
in Fig. 5(c) by the PHITS Monte Carlo code [41]. Here,
the fluence decreases rapidly for L < 3 cm, although the
duration is reduced linearly. This result is reasonable
considering that the mean free path for 1-MeV energy
neutrons is around 2 cm. Hence, a balance point between
the duration and fluence can be found around L ¼ 3 cm.
We examine this approach by using the experimental setup
as shown in Fig. 5(a).
The fast neutrons from the Be block are moderated by a

3-cm-thick high-density polyethylene (HDP) [Fig. 5(b)].
The energy spectrum is measured by the TOF method
with a 6Li-doped scintillator (1 cm in thickness, 5 cm
in diameter) connected to a time-gated photomultiplier
tube (PMT) [43] to remove the x-ray flash induced by the
laser-plasma interaction. The detector is attached with a
cadmium collimator and shielded by walls of boron-doped
polyethylene and lead. We place samples of silver (Ag),
tantalum (Ta), and indium (In) with a thickness of 0.1 mm
in the front of the detector. These materials exhibit many
resonant peaks on the neutron absorption cross sections in
the energy range of 1–100 eV [Fig. 5(d)]. Especially in the
energy range of 3–5 eV, the peaks of 115In, 181Ta, and
109Ag are adjacent to each other. We demonstrate the
performance of our NRTA beamline by identifying these
resonant peaks.
Figure 6(a) shows the TOF signal of the epithermal

neutrons transmitted through the sample. The transmission
ratio converted from the TOF signal is shown in Fig. 6(b).
Three dips around 3–5 eV are identified on the neutron
spectrum, attributed to the resonance absorptions of 115In
(3.81 eV), 181Ta (4.28 eV), and 109Ag (5.19 eV), which
corresponds well to the cross sections for neutron capture
processes shown in Fig. 5(d). The simulated result is
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obtained by the PHITS code when we use the experimental
results on the fast neutrons [Figs. 3(b) and 3(c)] as input
data and assume the geometries of the experimental setup.
The three dips due to the resonant absorptions of 115In,
181Ta, and 109Ag are clearly reproduced. Figure 6(c) shows
the NRTA result for a thicker sample, a Ta foil with 0.5-mm
thickness, where the resonances of 181Ta are measured
at 4.28, 10.36, and 13.95 eV, in agreement with the
simulation.
The estimated energy resolution is ΔEn=En ¼ 2.3% at

En ¼ 5.19� 0.05 eV with the flight distance D ¼ 1.78 m,
according to Eq. (9). Here, the time spread is given by

Δτ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δτ2m þ Δτ2d

q
, where Δτm ¼ 581 ns (FWHM) and

Δτd ¼ 312 ns (FWHM) are the spread due to the moder-
ation of neutrons [Fig. 6(d)] and the time fluctuation
of the detector, respectively. The obtained resolution

enables the analysis of multilayer samples, where the
resonance energies are adjacent to each other. The
NRTA analysis is performed with a single laser shot.
Using the I4L law, we estimate the yield of fast neutrons to
be approximately 5×109 sr−1 with IL¼8×1018Wcm−2.
Using the PHITS code, we evaluate the epithermal neu-
tron fluence for 1 ≤ En ≤ 20 eV to be approximately
1 × 102 cm−2 on the TOF detector surface. This fact sug-
gests that the single-shot analysis can be performed at
several facilities [11–14] that achieved the neutron yield
of about 109 sr−1 (about 1010 in the 4π direction) at the
secondary target.

FIG. 6. (a) Signal measured by the TOF detector for the
multilayer sample of 0.1-mm-thick Ag, Ta, and In. (b,c) Com-
parisons between experimental and simulated transmittances as a
function of the neutron energy for the Ag-Ta-In multilayer (b) and
the 0.5-mm-thick Ta (c). (d,e) Pulse duration calculated at the
exit of the moderator [Fig. 5(b)] for the neutrons having �1%
energy spread.

FIG. 5. (a,b) Schematic pictures of the NRTA beamline (a) and
the miniature moderator (b) installed on the LDNS. (c) Simulated
results of pulse duration and fluence of 10-eV neutrons at the
exit of the moderator as a function of the moderator thickness.
(d) Cross sections for neutron capture processes of 115In, 181Ta,
and 109Ag [42]. The marked peaks are analyzed in the experiment.
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V. DISCUSSION AND FUTURE PROSPECTS

The neutron resonance spectroscopy has been widely
performed at accelerator-based neutron facilities, including
n_TOF at CERN [44], NOBORU at J-PARC [45],
GELINA at EC-JRC Geel [46], KENS [47] at KEK, and
HUNS at Hokkaido University [48]. In GELINA, the flux
of 1–20 eV neutrons at a sample position 10–20 m from
the neutron source is typically about 103 cm−2 s−1 [46]
with 800 Hz. The acquisition of the neutron resonance
spectrum is preformed by time integration typically over
0.5–5 hours [49] at the accelerators. Even though the
accelerator-based neutron sources are stable for several
hours, the time acquisition increases systematic errors. On
the other hand, the LDNS delivers 102–103 cm−2 neutrons
of 1–20 eV (see Sec. IV) on the sample within the sub-μs
duration, allowing the NRTA measurement without time
acquisition. This is the predominant factor that distin-
guishes the LDNS from accelerator-based neutron
facilities.
The short acquisition time (sub-μs) brings temporal

resolution to the neutron resonance spectroscopy for the
first time. In general, the resonance absorption dips
measured on the spectrum are broadened by the Doppler
effect caused by the thermal vibration of the sample nuclei.
The Doppler broadening is utilized for a remote thermom-
etry in accelerator facilities [50,51], where the data acquis-
ition is performed by time integration over a few hours.
LDNS may allow one to complicate the remote thermom-
etry by a single shot. In particular, we have succeeded in
identifying In, which is one of the indispensable materials
for modern devices, including blue-light-emitting diodes
and semiconductor power devices. This fact implies the
possibility of real-time temperature monitoring for these
devices in operation.
We discuss the possible improvements and conceptual

limitations of the present laser-driven NRTA. We demon-
strate the energy resolution ΔEn=En ¼ 2.3% for En ¼
5.19 eV with the flight distance D ¼ 1.78 m, as discussed
in the previous section. Here, the energy resolution is
comparable to that of accelerator facilities, for instance,
ΔEn=En ¼ 1% for 1 eV, which is deduced by Eq. (9) using
the temporal spread at the moderator Δτm ¼ 2.9 μs
(FWHM) and the flight distance D ¼ 14 m reported in
Ref. [45]. The energy resolution can, in principle, be
improved linearly by expanding the flight path length D.
Figure 7 shows the ΔEn=En at En ¼ 5.2 eV as a function
of D with the present configuration of the moderator. On
the other hand, as a zero-order approximation, the neutron
density on a detector decreases as D−2. This indicates that
the neutron yield from the source Y required for the single-
shot NRTA increases as D2. In Fig. 7, we plot the D2

dependency of the required neutron yield with the red line,
which crosses the present experiment length of D ¼ 1.8 m
at the point Y ¼ 5 × 109 sr−1. By expanding the flight
path to D ¼ 18 m, the energy resolution is improved to

ΔEn=En ¼ 0.23% for 5.2 eV, when the single-shot analysis
can be performed with Y ¼ 1011 sr−1, which is the upper
achievable limit of this study (Fig. 4).
Another possible direction of study is exploring

extremely short flight paths. In the case of D ¼ 0.5 m,
the resolution is given by ΔEn=En ¼ 8%, which is close to
the resonance width of 181Ta [Fig. 5(d)], implying the limit
for identifying elements or isotopes. Realizing the short
flight path allows the NRTA beamline to be installed in
places where it has not been possible before, such as
factories and nuclear fuel storage facilities.
Finally, we discuss the possibility of extending the NRTA

configuration to more compact and higher repetition-rate
laser systems. By using the scaling model, we can predict the
yield of fast neutrons from the experimental energy spectrum
of ions. In a recent study [52], the laser pulse of 18 J,
5 × 1021 Wcm−2 accelerated about 1010 MeV−1 sr−1 pro-
tons up to 60 MeV. By locating a 2-cm-thick Be block
behind the primary target, we stop all the protons inside the
Be, and the neutron generation rate RiðEÞ shown in Fig. 2(d)
is available. According to Eq. (3), we can obtain the fast
neutron yield of 108 n/sr/shot [53], approaching 1 order of
magnitude below the yield used for the present NRTA
(109 n/sr/shot on the Be). The generated neutrons, expected
to have a broad energy up to the maximum energy of the
protons (60 MeV), are moderated down to the epithermal
region with sufficient fluence by a 3-cm-thick moderator (see
Appendix E). The neutron yield can be enhanced by the
emerging laser system at the ELI-NP facility [54], which
delivers 200 J pulses with 0.017 Hz, enabling the single-shot
NRTA with high-repetition rate. The upcoming lasers
operating with 10–100 Hz [55–57] will further improve
the repetition rate of the LDNS systems.

FIG. 7. Blue: energy resolution of NRTA ΔEn=En at En ¼
5.2 eV estimated by Eq. (9) as a function of the flight path length
D for the configuration of the present moderator. Red: fast
neutron yield at the source to achieve the single-shot analysis.
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VI. CONCLUSION

We have demonstrated the single-shot NRTA with the
LDNS. Based on the comprehensive studies on laser-driven
ion acceleration and neutron generation, we discovered the
novel scaling model that predicts the fast neutron yield
from the ion spectrum, indicating the fourth power depend-
ency on the laser intensity. Installing the adequate neutron
moderator on the LDNS, we developed the 1.8-m beamline
for NRTA with an energy resolution of 2.3% for
5.19� 0.05 eV, which is sufficient to analyze elements
or isotopes. One NRTA spectrum was obtained with a
single pulse of neutrons generated by a single laser shot.
We discussed the possibilities of the laser-driven NRTA and
the direction of future developments based on the exper-
imental findings to achieve the single-shot analysis. The
key to realize the laser-driven NRTA system is to explore
the ultimate possibilities of LDNS that offer an advantage
over conventional neutron sources for their high brilliance,
compactness, and cost effectiveness. Through this activity,
the LDNS will give us a wide range of opportunities that
bring the high-temporal resolution beam of neutrons into
fields that have never benefited from the technology of
neutron science.
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APPENDIX A: LASER PARAMETERS

We performed the experiment at the LFEX laser
facility [21,58] of Osaka University. LFEX simultaneously
delivers four laser beams (H1–H4). The maximum laser
energy in total was up to 1 kJ (250 J for each beam) on
the target. The laser wavelength was λ ¼ 1.053 μm. The
laser pulses were focused by an F=10 off-axis parabolic
mirror (OAP). The focal spot diameter was rf ¼ ϕ50 μm
(FWHM) for H1, H3, and H4 beams and rf ¼ ϕ30 μm
(FWHM) for H2. We performed the laser intensity survey
by varying the laser energy, when we set the pulse duration
around 1.5 ps. We monitored the shot-by-shot energy and
pulse duration of the laser. We measured the laser energy by
detecting the leaked light of the laser behind the mirror at
the position between the main amplifier of the LFEX
system and the compressor and evaluated the on-target
energy from the throughput ratio of the beams. The pulse
duration was measured by a streak camera located behind
the mirror just downstream of the compressor. The results
are shown in Table I for each beam of the LFEX, H1–H4.
For the lower intensity cases, we used only two (H2 and
H4) of the four beams. The error bars on the laser intensity
(Figs. 2 and 4) are predominantly attributed to the fluc-
tuation of the laser focusing, which was not monitored for
the high-power shots used for the experiment. We estimated
the focusing fluctuation from the data of encircled energy

TABLE I. Results of shot-by-shot monitoring of the laser energy and pulse duration.

Laser energy on target (J) Pulse duration (FWHM) (ps)

Shot no. H1 H2 H3 H4 Total H1 H2 H3 H4

L2565 168 206 180 205 760 1.35 1.24 0.93 1.92
L2810 0 226 0 223 449 � � � 1.06 � � � 1.50
L2804 0 194 0 189 383 � � � 1.72 � � � 1.91
L2820 0 196 0 194 389 � � � 1.35 � � � 1.58
L2831 0 246 0 247 493 � � � 1.13 � � � 1.27
L2843 0 209 0 215 424 � � � 1.07 � � � 1.30
L3216 0 209 0 199 408 � � � 1.22 � � � 1.28
L3217 0 205 0 193 398 � � � 1.30 � � � 1.40
L3651 240 235 223 233 931 1.19 1.39 1.67 1.41
L3652 244 235 226 227 932 2.06 2.06 2.16 2.70
L3654 240 233 216 217 906 1.61 1.75 1.90 1.97
L3658 235 210 205 204 854 1.92 1.74 2.11 2.16
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obtained with low-power laser shots used for the laser
focusing adjustment. As a result, the encircled energy
changed with a standard deviation of σ ¼ 8.2%. We used
the error bar of 2σ ¼ 16.4% for the laser intensity.

APPENDIX B: ANALYSIS OF
LASER-ACCELERATED IONS

The ion energy spectra were observed using a Thomson
parabola (TP) spectrometer, when the Be block was
moved away. The TP employs a permanent dipole magnet
(0.85 T) and a pair of copper electrodes (12.5 kV=cm).
The detailed setup is shown in Ref. [59]. An image
plate (IP), BAS-TR2025/Fuji Film, was used as an ion
detection device in the TP. On the TP analysis, ions
having the same value of charge-to-mass ratio q=M are
measured as the same parabolic curve, as shown in the
inset of Fig. 1(b). Thus, the C6þ and O8þ ions, which can
be accelerated from the target, are not distinguished from
the deuterons. In order to avoid this, we placed aluminum
(Al) foils having appropriate thickness on the IP and
blocked the heavier ions. In the inset of Fig. 1(a), the right
part of the IP is covered with an Al foil of 300 μm
thickness, and the left part is covered with a 100-μm-thick
Al foil. The energy of protons and deuterons after
penetrating the Al covers was evaluated by the
PHITS [41] code. The IP signals were converted into
the energy spectra of deuterons and protons by using the
calibration results in Refs. [60,61]. The lower limits of the
energy detection are 1.4 MeV/u and 5.7 MeV/u for
deuterons and protons, respectively. The spatial diver-
gence of ions [Fig. 2(c)] was measured with a stack of
radiochromic films.
The error bars on the maximum ion energy Emax;i

[Fig. 2(a)] are attributed to the energy resolution of the
TP (2σ ¼ 2.8%) [59,62]. The error for the energy con-
version efficiency from lasers to ions (CE) is attributed
to the ion angular distribution Ω [Fig. 2(c)] obtained
by a fitting using the function ΩðE=Emax;iÞ ¼ 1.87 �
ðE=Emax;iÞ3 − 3.67 � ðE=Emax;iÞ2 þ 1.81 � ðE=Emax;iÞ þ
0.0219 (solid line) with a standard deviation of σΩ ¼ 3.9%.
Considering that CE ∝ ΩE2

max;i, the error for CE is
2σCE ¼ 9.6% as shown in Fig. 2(b).
The errors evaluated for Emax;i and CE affect the errors

for the calculation of the neutron yield Y from Eq. (1)
(open triangles in Fig. 4). Considering that Y ∝ Ikþmþ1

L ∝
Emax;iCEIL, we obtain the error bar of 2σ ¼ 19%.

APPENDIX C: PARTICLE-IN-CELL SIMULATION

Fully relativistic two-dimensional PIC simulations were
performed by the PICLS code [22], which incorporates
the Coulomb collisions among charged particles and the
dynamic ionizations. The size of the simulation box is
200 μm in the x axis and 20 μm in the y axis with a mesh
size of 1=120 μm.We initially located a target of deuterated

polystyrene (CD) at 25 ≤ x ≤ 30 μm having an electron
density of 120nc, where nc ¼ meϵ0ð2πc=eλÞ2 ≃ 1.1 ×
1027λ−2μm ½m−3� is the critical density. Note that c, me, e,
and ϵ0 are the speed of light in vacuum, the mass of the
electron, the elementary charge, and the electric permittiv-
ity in vacuum, respectively. Here, λ ¼ 1.05 μm is the
laser wavelength. On the rear side of the CD target,
we put a layer of hydrogen with a thickness of
1=120 μm as the surface contaminants. On the front side,
we put a preformed plasma [27], the density of which
increases as 120nc expðx − x0Þ=lpre, where x0 ¼ 25 μm
and lpre ¼ 1 μm is the scale length. The initial charge
states of ions are 3þ for carbon, 1þ for deuterons, and 0 for
protons. The initial temperatures of ions and electrons are
Ti0 ¼ Te0 ¼ 0.1 keV. The average numbers of superpar-
ticles per cell in the distribution region of the plasma, i.e.,
in the 1 μm length, are 1 × 102 and 1.4 × 103 for ions and
electrons, respectively.

APPENDIX D: NEUTRON MEASUREMENTS
AND SENSITIVITY CALIBRATION

OF CR-39 DETECTORS

Stacks of three layers of CR-39 ion track detectors
(10 mm × 20mm, BARYOTRACK, Fukubi) are used to
measure the neutron number. The CR-39 stacks are located
at a distance of 3 cm from the Be block. The solid angle is
18 msr. To prevent contamination by protons or deuterons
accelerated from the target, we put a Pb plate in front of the
CR-39 stack and wrap them with 12.5-μm-thick aluminum
foil. The CR-39 is damaged by protons knocked-on by
neutrons and generates pits that are visualized after chemi-
cal etching by a KOH solution. Here, only the third layer of
the CR-39 is analyzed for the neutron counting. The first
and second layers work as a radiator, where neutrons scatter
protons and some parts of the scattered protons are detected
by the third CR-39. This method enhances the detection
efficiency of neutrons, and at the same time, the efficiency
shows moderate dependence on the neutron energy [63].
The third layers of the CR-39 stack are etched by the KOH
solution (6 mol/L, 70 °C) for 5 hours. For the case of the
highest neutron yield (2.3 × 1010 n=sr), we count 2401 pits
with the microscope on an area of 0.00235 cm2, corre-
sponding to 2.55 × 105 pits=cm2. We arbitrarily choose
four positions on the CR-39 and average the counted
number. The distance between the CR-39 and the LDNS
(Be block) is 3 cm.
We calibrate the detection efficiency by using an Am-Be

neutron source at the Quantum Reaction Engineering
Laboratory of Osaka University. The Am-Be source gen-
erates neutrons having a continuous energy distribution
[64], which is similar to that of our LDNS. The energy of
neutrons from Am-Be sources is in the range of 2–10 MeV,
and the spectral intensity increases with the decreasing
energy [64]. The fast neutron intensity of the Am-Be source
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is 4.5 × 106 n=s. We put CR-39 stacks at a distance of 5 cm
from the source using the same package as those used in the
laser experiment. After 4 hours of exposure, the neutron
fluence reaches 5.3 × 109 n=sr, which is comparable to the
yield of our LDNS (109–1010 n=sr). The CR-39 layers are
etched together with the CR-39 plates used in the LDNS
experiment to avoid any discrepancy from the different
condition of the solution.
We obtain 1.03 × 10−4 pits/n as the detection efficiency

for the MeV-energy neutrons in the calibration experiment.
The CR-39 sensitivity is nearly constant with neutrons for
1–5MeVand rapidly decreases for more than 10 MeV [65],
varying within the range of �30% for 1–10 MeV. In our
study, the error on the neutron yield is predominantly
attributed to the detection sensitivity, depending on the
neutron energy, not to the statistical error on the pit
counting. We use an error of �30% on the neutron yields
measured by the CR-39 detectors.

APPENDIX E: SIMULATION ON THE
NEUTRON MODERATION

To analyze the epithermal neutron spectra, we simulate
the neutron moderation processes using the PHITS

Monte Carlo code [41]. We input the experimental energy
spectrum and angular distributions of fast neutrons
[Figs. 3(b) and 3(c)] at the position of the Be block. We
assume the moderator structure used in the experiment
[Fig. 5(b)] for the simulation of NRTA. Figure 8 shows the
energy spectra (solid line) at the bottom of the moderator
obtained for the present experimental condition, where
the neutron number is normalized by the number of
incident fast neutrons. The pulse duration of the neutrons
[Figs. 6(d) and 6(e)] at this position is also provided.

As described in Sec. IV, we evaluate the number of
epithermal neutrons ranging from 1 to 20 eV to be about
1 × 102 cm−2 on the detector located 1.8 m downstream
from the moderator. This neutron density corresponds to
3 × 106 sr−1 for 1–20 eV. Considering that the fast neutron
number is 5 × 109 sr−1, the moderation efficiency is 0.06%
for the energy range of 1–20 eV.
We also show the energy spectrum (dashed line) pre-

dicted for the use of the high-repetition laser system
discussed in Sec. V. By the simultaneous measurement
of laser-driven ions and neutrons [16], we find that the
maximum energy and the characteristic temperature of
neutrons are in agreement with those of ions, respectively.
Hence, in the PHITS simulation, we use the spectrum of fast
neutrons derived from the proton spectrum of Ref. [52],
having a maximum energy of 60 MeV. We find that
the number of epithermal neutrons is comparable in the
experiment and simulation. Additionally, the pulse
duration of 10-eV neutrons (inset) obtained by the inci-
dence of 60-MeV neutrons is as short as the present
result [Fig. 6(d)].
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