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A short and high-intensity neutron pulse can be produced efficiently by using photonuclear reactions caused
by Bremsstrahlung hard X-rays in a lase-irradiated high-Z target. The efficient and repetitive neutron generation
was demonstrated with the combination of 1 Hz, 0.5J, 25fs, 5 x 10'° W/cm2 laser pulses and a rotating tungsten
disc targe. Here we applied double laser pulse irradiation scheme to increase the neutron generation efficiency.
The first low-intensity laser pulse produces a lon-scale unde-critical-density plasma on the tungsten target surface
prior to the second pulse irradiatio. High energy electrons above the ponderomotive scaling value are accelerated
by the second hig-intensity pulse in the preformed plasm, this results in the increment of hard X-ray photons and
photonuclear neutron. 3.5 x 10* neutron/pulse was obtained with optimized laser irradiation conditions.
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1. Introduction

High intensity, controllable, and safe neutron source
is required for fundamental science, industry and medical
applications, for example, laboratory experiments to study
S -processes and R-processes occurred in the astronomical
objects [1], a nondestructive inspection of massive struc-
tures [2], and neutron capture therapy [3].

The nuclear fission reactor is one of the neutron source
facilities, however, there are rigorous regulations to con-
struct, operate, maintain, and shut down the reactor safely.
Accelerator based neutron source facility is developed as
an alternative of the reactor. Although this type facility is
more stable, controllable, and safe compared to the reactor,
this facility is still large and expensive for the on-site non-
destructive inspection application. The laser-based neutron
source is receiving much attentions owing to its compact-
ness, high peak intensity, and short pulse duration, despite
the average neutron intensity being significantly lower than
that obtained in the other facilities [4]. Repetitive neutron
generation is essential for some applications that require
not only high peak intensity but also high average flux of
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the neutron beam.

Several authors reported laser-driven neutron genera-
tions [5] based on nuclear fusion reactions by laser-driven
implosion [6, 7], nuclear interactions of light atoms with
protons and/or deuterons accelerated by high-intensity
laser pulse[8, 9], and photonuclear reactions of matters
with high energy photons generated by laser-matter inter-
actions [10, 11]. National Ignition Facility (NIF), which
is the world largest laser facility delivering up to 1.8 MJ
of laser energy, achieved more than 10'® neutron yield per
pulse by deuterium and tritium nuclear fusion reactions [6].
More efficient neutron generation (10'' of neutron yield
per pulse) was demonstrated by using energetic particles
accelerated by a relatively small 80-J single-shot laser sys-
tem [8]. This scheme requires stable operation of ultra-
high pulse contrast (better than 10'!). Continuous target
supply is also a crucial issue for repetitive neutron gener-
ation. Gaseous deuterium clusters were used for this pur-
pose [12], however a gas injection system and an evacua-
tion pumping system for flammable deuterium gas is re-
quired. In this paper, we report the efficient and repetitive
neutron generation owing to enhancement of photonuclear
reactions by irradiating a rotating high-Z solid disc tar-
get with double laser pulses. The photonuclear reaction
based neutron generation does not require high-contrast
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laser pulse, thin foil or gaseous target, this is an advantage
of this scheme for the industrial applications.

2. Method

Figures 1(a) and (b) show a schematic drawing of
the neutron generation and curves of photonuclear reac-
tion cross section of various materials. The curves are
referred from the JENDL database [13]. The neutron
source consists of two parts as shown in Fig. 1 (a), one
is a Bremsstrahlung x-ray generator and the other is a
converter from X rays to neutrons by photonuclear reac-
tions. High-intensity short-pulse laser is tightly focused
on the x-ray generator made of a 1-mm-thick tungsten, in
which laser-accelerated relativistic electrons are converted
to Bremsstrahlung X-rays. The neutron generator is made
of a 5cm-thick lead. Lead has the largest cross sections
among the candidates as shown in Fig. 1 (b) and is a stable
and inexpensive material.

As shown in Fig. 1 (b), the photonuclear reaction of
a lead has the sharp threshold at 12MeV of photon en-
ergy. Increment of photon number in the energy range
above 12MeV is essential to increase neutrons by pho-
tonuclear reactions. The X-ray photons are generated by
Bremsstrahlung process in the x-ray generator, therefore >
12 MeV electrons must be increased to increase > 12 MeV
photons.

A Ti-Sapphire laser system [14], delivering 440-mJ of
laser energy at 800-nm central wavelength was used in this
experiment. The amplified chirped pulse was shortened
with a grating pair to 25 fs of full width at half maximum
(FWHM), and the laser beam was focused on a target with
a F'/2 parabola mirror to 2 - 3 pum of FWHM diameter spot.
Maximum laser intensity was 5x10'® W/cm? on the target.

Mean energy of electrons accelerated by a 5 X
10" W/cm? laser pulse is 1.2MeV according to the pon-
deromotive scaling [15], this is too low to cause the pho-
tonuclear reactions in a lead. The previous studies [16, 17]
indicate that energetic electrons, whose energies are above
the ponderomotive scaling value, are produced in an under-
dense plasma, whose electron density is lower than the crit-
ical density for the incident light. Preproduction of a long-
scale under-dense plasma can increase the number of >
12 MeV electrons and this results in the increment of pho-

(@) (b)
Photo nuclear reaction cross section

| 2 9
10000 —+—Pb208 —v— Aul97
Electron X ray . J
J Neutron 1000
o i
> o 3
Laser 0% g% £ 10
Target  Neutron converter g 1
=
¥ 01
MWW\~ . 0.01 .
[ 10 20 30 40
photo-nuclear Er (MeV)
X-ray neutron

Fig. 1 (a) Schematic drawing of the neutron production scheme.
(b) Cross section curves of photonuclear reaction for var-
ious materials.

tonuclear neutrons. A Nd:YAG laser system having 1064-
nm of wavelength, 25-mJ of pulse energy, 5 ns of FWHM
pulse duration, and 4.5 x 10" W/cm? of intensity was fo-
cused on the tungsten target with 25 um of spot FWHM at
2 ns before the high-intense laser irradiation for producing
a long-scale under-dense plasma.

3. Modelling of the Experiment
One-dimensional Particle-in-Cell (1D-PIC) simula-
tion code (FISCOF 1D [18] was used for evaluating den-
sity scale length required for > 12 MeV electron produc-
tion. Figure 2 (a) shows initial density profiles used in the
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Fig.2 (a) Initial density profiles for 1D-PIC simulation,
(b) Electron energy distribution for various density scale
length of the under-dense plasma, (c) Electron density
profile of a long-scale under-dense plasma calculated by
a 1D hydrodynamic simulation code (ILESTA-1D). A
peak is corresponding a critical density for 1064 nm laser
where laser is absorbed.
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calculations, under-dense plasmas having exponential den-
sity profiles, whose scale length are 1, 5, 10 and 30 wm, are
put on the surface of the solid density plasma. Figure 2 (b)
shows the electron energy distribution calculated for 1, 5,
10 and 30 um of density scale lengths. The laser field ac-
celerates energetic electrons in the density range from 1/10
to 1 of the critical density. The calculations reveal that
more than 5um of scale-length is necessary to produce
> 12MeV electrons. Figure 2 (c) shows a density profile
produced by the first low-intensity laser pulse at 2ns af-
ter the first pulse irradiation. This density profile was cal-
culated by a 1D radiation-hydrodynamic simulation code
(ILESTA-1D) with the experimental parameters. The cal-
culation shows that the 0.1 critical density position moved
about 80 um away from the initial target surface. Focal po-
sition of the second high-intense laser pulse must be offset
about 80 um to obtain high intensity enough to accelerate
energetic electrons in the under-dense plasma because the
Rayleigh length of the second laser pulse is 8 pm.

4. Experiment

Figures 3 (a) and (b) show experimental setup for the
electron energy distribution measurement and the neutron
production.

A 10-um thick tungsten target was irradiated by the
double laser pulses. Energy distributions of the acceler-
ated electrons were measured by an electron spectrometer
(ESM) placed behind the target along the second laser axis.
The electron energy distributions were measured by chang-
ing the target positions along the second laser axis from 0
to 200 um to the second laser incident direction as shown
in Fig. 4 (a). The significant increment of the high energy
electrons was observed by irradiating the first low-intensity
laser pulse on the target. Number of the electrons increases
by enlarging the offset distance up to 80 um and drops with
larger than 100 wm. The number of electrons in higher en-
ergy part (over 8 MeV to 12 MeV which is detection limit)
was also plotted in Fig. 4 (b).

A rotating 1-mm thick tungsten disc target was used
to generate repetitively neutrons. Every laser pulse is il-
luminated on a pristine surface of the rotating disc target.
A lead block with a size of 5cm X 5cm X 10cm was put
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Fig. 3 Experimental set up for (a) electron measurement and
(b) neutron production.

behind the disc target with a distance of 3 mm as a neu-
tron convertor (Fig.4 (b)). Absolutely calibrated neutron
bubble detectors (BDS 1000), which are sensitive to
> 1 MeV neutrons, were placed around the neutron con-
vertor to measure the neutron yield. One of the bubble de-
tectors was placed behind a 9-cm paraffin block to confirm
that the neutron was generated at the neutron convertor by
attenuating neutrons come from the convertor. The detec-
tors were exposed to 1000 laser shots. Neutron yield was
obtained from number of bubbles generated in the detec-
tors with the assumption of isotropic neutron emanation.
Neutron yields per shot were plotted for several offset po-
sitions (Fig. 5). 18 bubbles were observed at the maximum.
The neutron signal of the bubble detector behind the paraf-
fin was 1/9 of the others which is consistent with the cal-
culated neutron attenuation rate (11% for 1 MeV neutrons),
this indicates the neutrons were generated from the neutron
convertor. The plots of neutron yield with a function of off-
set was consistent with the trend of the high energy elec-
tron generation as shown in Fig.4 (b). The double pulse
technique enhances the efficiency of the neutron genera-
tion. This scheme can be applied to higher repetitive laser,
this work successfully demonstrates a promising method
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Fig. 4 (a) Electron energy distribution detected from the laser

incident axis direction with the function of the offset of
the target position from the laser focal one. The ESM
with an aperture size 1 mm diameter was placed 100 mm
from the target. (b) The number of electrons from 8 MeV
to 12 MeV with the function of the offset.
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Fig. 5 Neutron yield with the function of the offset of the target
position from the laser focal one.

of a repetitive laser-driven neutron source.

S. Summary

Repetitive generation of laser-driven neutron was
demonstrated by using the combination of a 0.44-J table-
top high-intense laser and a rotating tungsten disc tar-
get. The rotating tungsten disc target was irradiated by
a 25mlJ 5-ns laser pulse to produce a long-scale under-
dense plasma prior to the high intensity laser pulse irradi-
ation. Energetic electrons above the ponderomotive scal-
ing value were accelerated by the high intensity pulse in
the preformed plasma. Energetic electrons are converted
to x-rays by Bremsstrahlung process, which in turn are
converted to neutrons via photonuclear reactions. 3.5 X
10* neutron/pulse were achieved with this scheme. Based
on this experimental result, we will be able to demon-
strate > 107 neutrons per second, which is high enough
for the neutron radiography applications, with 10J/10 Hz
Ti:Sapphire laser system in the near future.
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