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We demonstrate that (n, 2n) reactions are induced by a high-flux pulse of fast neutrons (~1010 neutrons in ~1 ns) 

provided from a Laser-driven Neutron Source (LDNS). The maximum energy of the broadband neutrons reaches a 
few tens MeV. Several kinds of metal targets are exposed to the fast neutrons. As a result, unstable isotopes such as 
54Mn, 58Co, 175Hf, and 196Au are produced by (n, 2n) reactions and 180Hfm,181Hf, 56Mn, 198Au, and 60Co are produced 
by (n, g) reactions. We evaluate the neutron fluence and energy spectrum using the activation method in conjunction 
with a time-of-flight (TOF) measurement. The neutron fluence is determined to be (4.3±0.5)×108 neutrons/cm2 in the 
energy range from approximately 8 to 20 MeV at 8-mm downstream of the neutron source. The present scheme 
provides a method to evaluate high density neutrons seen in stellar environments, which are expected to be generated 
from future LDNSs. 
 
Ⅰ. INTRODUCTION 

The development of the chirped pulse amplification [1] provided the technology of high power lasers realizing 
the intensity of 1023 Wcm-2 [2][3], which can be used for ion acceleration based upon the interactions of high intense 
laser and plasma  [4] [5] [6] [7] [8] [9] [10]. Nowadays, variable ion species such as proton, deuteron, and carbon are 
accelerated by the laser plasma interactions and their energies are reaching tens of MeV. Using laser-accelerated 
protons and deuterons, neutron pulses could be generated via nuclear reactions on a secondary target at its proximity 
such as the d(p, np)p and d(d, n)3He [11], 9Be(p, n)9B, 9Be(d, xn) [12] [13], 7Li(p, n)7Be, and (g, n) reactions [14] [15]. 
Recently, neutron generation using d + Be reactions with deuterons accelerated from a deuterated plastic [(C2D2)n, 
henceforth referred as CD] target with high intense laser were conducted [12] [13]. These neutron sources, termed 
by a laser-driven neutron sources (LDNSs), have remarkable features of brightness, short pulse width in order of sub-
ns, and small size of a few cm3. The yield of neutrons reaches more than 1010 neutrons/sr in GSI [12] and the Los 
Alamos National Laboratory (LANL) [13]. These laser-accelerated ions and neutrons can be used for applications in 
wide fields of science and industry such as radiography[16][17], biology [18] , and astrophysics [19][20]. Although 
maximum energies of neutrons generated by LDNSs reach a few tens MeV, it is possible to soften the neutron energies 
using a miniature moderator to make the energy spectrum suitable for different applications. Currently, epi-thermal 
neutrons (0.5 eV-100 keV) are demonstrated with a polystyrene moderator at the VULCAN laser facility [21], and 
thermal (around 25 meV) and cold neutrons (lower than 25 meV) were generated with a pure hydrogen moderator at 
the ILE [22]. At present, LDNSs have been expected as one of the next generation of short pulse neutron sources for 
various applications such as Neutron Resonance Absorption (NRA) [23], Boron Neutron Capture Therapy (BNCT) 
[24], and neutron imaging with Bragg edge transmission [25]. 

The laser-driven beams are also suitable for the study of stellar nucleosyntheses in astrophysics [26] [27]. Most 
elements heavier than iron are synthesized by major stellar nuclear reactions of slow neutron capture reactions (s 
process)  [28], rapid neutron capture reaction (r process)  [29], and successive photodisintegration reactions 
(g process)  [30]. To study the r process, Habs et al. have proposed to generate neutron-rich isotopes using nuclear 
fusion-fission reactions with heavy ions accelerated by interactions between high intense laser and heavy element 
materials such as 232Th  [31]. Nuclear experiments using high intense neutrons generated by laser D+T nuclear fusion 
reactions at the National Ignition Facility (NIF) has been proposed to study the s process and the g process  [32]. The 
cross-sections of the 3He(d, p)4He reaction, which are important for understanding the Big-bang nucleosynthesis, was 
measured using the Texas Petawatt Laser  [33]. In previous studies, the nuclear reaction cross sections have been 
measured mainly using beams provided from accelerators or nuclear reactors. While the conventional methods are 
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beneficial to obtain the nuclear reaction cross section, it lacks the ability to measure directly stellar nuclear reaction 
cross section, in particular, on the middle-heavy nuclei. This is because stellar nucleosyntheses proceed in high 
temperature environments such as T ~ 108-9 K [28,29,30] where nuclei are partly excited. However, in the previous 
conventional methods, nuclear reaction cross sections on the ground state of a nuclide of interest have been measured 
and stellar nuclear reaction cross sections on excited nuclei have been calculated theoretically. Hayakawa et al.  [27] 
have proposed a method that nuclei in the primary target are excited in plasma generated by the first laser pulse and 
subsequently a laser-driven beam generated from the second target with another laser pulse is irradiated on the 
primary target to measure directly stellar nuclear reaction cross sections in hot plasma. In addition, although particles 
such as neutron or photon in stellar environments has a wide energy spread described by Planck or Fermi-Dirac 
distributions, it was presented that it is possible to generate a laser driven-beam having an energy spectrum similar 
to that in stellar environment  [27]. These methods can be applied to the study of other nucleosynthesis processes 
such as the s and r processes. Furthermore, Hill and Wu have proposed a novel method that neutron-rich isotopes 
heavier than the initial isotopes by four neutrons are produced by successive neutron capture reactions with 
LDNSs  [34]. These proposals and experimental demonstrations show that LDNSs have a large potential for the 
study of stellar nucleosyntheses, in particular, neutron capture reactions. 
 One of the key techniques for studying the nucleosynthesis is the measurement of the neutron energy 
spectrum. It can be performed via different methods such as the stacked CR-39 solid-state nuclear track 
detector  [35] [36] and the neutron time-of-flight (TOF) with a scintillation detector [37]. The CR-39 detector is 
sensitive to neutrons in the energy region of 1-10 MeV. In the TOF method, it is possible to measure the energy 
spectrum of each laser shot and sensitive to more wide energy region. However, in both method the calibration to 
evaluate the absolute flux is required. We thus investigate a new method to evaluate the absolute neutron flux using 
a (n, 2n) reaction activation method in conjunction with the TOF measurement for LDNSs. The activation method 
has been known as a tool to measure precisely the number of unstable isotopes inside a target, used in nuclear physics 
and nuclear astrophysics  [38] [39] [40] [41]. The activation method with (n, 2n) reactions is also useful for 
measurement of fast neutrons in an energy region of typically 10-20 MeV  [42] [43] [44]. For example, the 197Au(n, 
2n)198Au reaction is used to determine the ratio of down scattered neutrons relative to the primary neutron yield at 
the NIF  [45] [46]. In the present work, we perform an activation experiment using (n, 2n) and (n, g) reactions and a 
TOF measurement to evaluate neutron energy spectra for our LDNS. Metal targets of hafnium (Hf), manganese (Mn), 
gold (Au), cobalt (Co) are exposed to high energy neutrons generated from the LDNS. The g-rays emitted following 
b-decay (or isomeric decay) of the unstable isotopes (or isomers) were measured. We evaluate the absolute neutron 
flux from the effective cross section obtained from the known cross sections and the neutron energy distribution 
obtained from the TOF measurement.  
 
Ⅱ. EXPERIMENTAL METHODS 

The experiment was carried out using the petawatt laser for Fast Ignition Experiments (LFEX) laser 
system at the ILE, Osaka University. In LFEX experiments  [47], four laser pulse with an intensity of 1×1019 W/cm2 
and 1.5 ×1019 W/cm2 with a width of 1.5 ps in half width at half maximum (FWHM) were focused on a CD target 
with a thickness of 1.5 μm. On the laser focus spot, a strong quasi-static electric field up to 1 MV/µm was generated 
on the rear side of the foil plasma  [48], leading to ion acceleration. We used two shots (L3651 and L3658) for this 
study, the shot L3651 was used for the diagnostics of laser accelerated ions and the shot L3658 for the activation 
experiment with neutrons. The energy spectra of the protons and deuterons accelerated by the laser plasma interaction 
were measured by a Thomson parabola ion spectrometer [49] in the short L3651. In the present LFEX experiment, 
protons and deuterons were accelerated up to 30 MeV/u and 10 MeV/u, respectively, with continuous energy 
distributions via the Boosted-Target Normal Sheath Acceleration (B-TNSA) mechanism [50]. After the energy 
measurements of the protons and deuterons, the experimental setup was changed to produce neutrons and measure 
neutron-induced reactions on activation targets. A 9Be block (φ5 mm×10mmt) was placed at 2-mm distance behind 
the CD foil. The neutrons were produced primarily by (d, n) and (p, n) reactions on Be and the energies of the neutrons 
were in the range from sub-MeV to a few tens MeV. Figure 1 (a) shows a schematic view of the experimental layout. 
The activation targets were placed behind the Be neutron generator. As the activation targets, Hf (≧97%) and Au 
(99.95%) discs (φ9 mm×1mmt) and Mn (99.999%, about 125 mm3) and Co (99.98%, about 125 mm3) shots were 
used. Figure 1 (b) shows the cross-sectional view of the activation targets. Au, Co and Mn are known as neutron flux 
monitor for both (n, g) and (n, 2n) reactions. The Au target is suitable for neutron diagnostics because 197Au(n, g)198Au 
could be used to record the number of thermal neutrons and the 197Au(n, 2n)196Au reaction could be used for the 
measurement of fast neutron flux. Measurements of the 55Mn(n, g)56Mn reaction is suitable for LFEX experiments 
because the half-life of 56Mn is 2.6 hour. Hf has many stable isotopes and isomers and has been used as a sample for 
the study of nuclear astrophysics  [51] [52]. Table Ⅰ shows the mass, size, and shape of the neutron-irradiated 
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targets and the natural isotopic abundances of the target nuclides.  
To conduct TOF measurements of neutrons, a benzophenon-doped BBQ liquid scintillator (f 60 mm×60 

mmt) with a Photomultiplier tube (Thron EMI 9902KBT) (PMT)  [53] was placed at a position with a direction of 
15 deg away from the laser axis and a 8.3-m distance from the target. The TOF detector was used to obtain the energy 
distribution of the neutrons. The wave signals from the PMT were recorded using an oscilloscope by shot by shot. 
The neutron energy spectrum for each laser shot was evaluated from each recorded wave using the procedure based 
upon the previous study [37]. After a cooling time of 15 minutes from the neutron generation laser shot L3658, the 
activated targets were moved to a position to measure g-rays from the targets. The g-rays were measured with high-
purity germanium (HPGe) detectors. Natural background radiations were shielded by Pb blocks with a thickness of 
10 cm and Cu plates with a thickness of 5 mm. We used three HPGe detectors, named Ge1, Ge2, and Ge3. The 
detection efficiencies of the HPGe detectors are approximately 30%, 50%, and 70% relative to a f 3 inch×3 inch 
NaI(Tl) scintillation detector. The signals from these detectors were recorded with a multichannel analyzer (APG 
7400A USB-MCA 4, TechnoAP). Typical dead time is lower than 0.02%. The energy resolutions and detection 
efficiencies of the HPGe detectors were calibrated using standard sources of 60Co, 133Ba, and 152Eu. The energy 
resolutions of Ge1, Ge2, and Ge3 were 2.2, 2.5, and 2.4 keV in FWHM at 1.33 MeV, respectively.  
 
Ⅲ. EXPERIMENTAL RESULTS 
  We used the two laser shots of L3651 and L3658 for measuring of the energy spectra of laser accelerated 
ions and for the neutron induced reaction experiment, respectively. Figure 2 shows proton and deuteron signals 
recorded on an image plate (IP) placed behind the Thomson parabola ion spectrometer (a) and their energy spectra 
evaluated from the signals on the IP (b). The two ions are clearly separated as shown in Fig. 2(a). The proton and 
deuteron beam spectra exhibit the absolute number of these ions [49]. The energies of the deuterons are in the range 
from 2 MeV to 8 MeV, whereas the energies of the protons are in the range from 6 MeV to 30 MeV. Using the present 
Thomson parabola spectrometer, the detection lower limits for protons and deuterons are 2 MeV and 6 MeV, 
respectively. Because the threshold energy of the 9Be(p, n)9B reaction is 1.88 MeV, most protons could contribute to 
generation of neutrons. In the case of d + 9Be reactions, neutrons are predominantly generated by the 9Be(d, n)10B 
reaction and the break-up reactions. The average energy of the deuterons is lower than that of the protons and thus 
the deuterons more effectively contribute to generation of relatively low energy neutrons. Figure 3(a) shows the 
output signals from the scintillation detector. The signals of the neutrons are clearly separated from that of the prompt 
x-rays. We obtained the neutron energy spectrum from the scintillator output using the previously developed 
method [37]. In the previous study [37], the neutron fluence obtained from the TOF method was calibrated using 
bubble detectors. To obtain the neutron energy spectrum at the target position we corrected the transmission of the 
neutrons with the chamber wall with a thickness of 8 cm. Figure 3(b) shows the neutron energy spectrum obtained 
from the scintillator output in Fig. 3(a). The flux of the neutrons decreases with increasing neutron energy. In the 
TOF method, although the absolute value may not be well calibrated, it is considered that the energy distribution of 
neutrons is expected to be proportional to the voltage of the scintillator signal. This energy distribution was used to 
estimate effective (n, 2n) reaction cross sections on nuclides in the activation targets. 

Figure 4 shows the spectra of the g-ray radiated from the activated targets, which were measured by the 
HPGe detectors. These spectra show that the radioactive isotopes and the isomer of 175,181Hf, 196,198Au, 54,56Mn, 58,60Co 
and 180Hfm were generated by laser-driven neutron irradiation. The unstable isotopes of 181Hf, 198Au, 56Mn, and 60Co 
and the isomer of 180Hfm were produced by neutron capture reactions, whereas 175Hf, 196Au, 58Co, and 54Mn were 
synthesized by (n, 2n) reactions with fast neutrons. 175Hf may be also produced by the neutron capture reaction on a 
stable isotope 174Hf but 175Hf is expected to be produced predominantly by the (n, 2n) reaction on a stable isotope 
176Hf because the isotopic abundance of 176Hf is 5.26% higher than the 174Hf abundance of 0.16% by a factor of 32. 
Table Ⅱ shows the energies of the measured g-rays and their emission probability per decay. For some unstable 
isotopes (isomers) such as 196Au and 180Hfm, several g-rays are radiated. In such cases, the weighted average of the 
measured g-rays was adopted for the estimation of its reaction rate. As shown in Fig. 4, there are many g-rays emitted 
from natural background radiation sources [54]. We summarized them in Table III. For 180Hfm, 196,198Au, and 56Mn, 
the g-rays of each nuclide were measured for about twice time of the half-life of the nuclide, whereas for 175,181Hf, 
54Mn, and 58,60Co with half-lives longer than 70 d, the g-ray measurements were performed for about three months. 
Figure 5 (a) and (b) shows the decay curves of the 333-keV and 355-keV g-rays from 196Au and the 412-keV g-ray 
from 198Au, respectively. These decay curves are consistent with their half-lives within their uncertainties. The peak 
areas of g-rays were counted for the evaluation of the numbers of the generated unstable nuclei and the nuclear 
reaction rate per nucleus. Figure 6 shows the efficiency carves of the HPGe detectors. Table Ⅳ shows the nuclear 
reaction rate per nucleus, which corresponds to the unstable isotope (or isomer) production rate per nucleus. The 
number of the neutrons produced by the laser shot can be obtained by dividing the nuclear reaction rate on a nuclide 
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by the effective (n, 2n) reaction cross section of the nuclide. 
 
Ⅳ.DISCUSSION 
The focus of our research was to develop an evaluation method of the flux of fast neutrons with energies more than 
approximately 8 MeV provided from LDNSs. We investigated the use of the activation method with (n, 2n) reactions 
because the activation method has been known as one of the methods to evaluate precisely the number of radioactive 
nuclides of interest. Using LDNSs, it is possible to place activation targets close to a neutron source with a distance 
of a few cm and thus a large number of neutrons could be incident on the targets. The decay rate of an unstable isotope 
(or isomer) of interest, which is correlated with the isotope (isomer) generation rate per target nucleus, was measured 
by the HPGe detectors after the neutron generation shot L3658. The isotope generation rate per target nucleus r can 
be calculated from the peak area of a g-ray radiated from an unstable isotope 𝐴 using the following relation: 
 

𝑟 = !
"#!

$
%"&'

#𝑒()*# − 𝑒()*$&(+  , (1) 

 
where 𝜀 is the detection efficiency including the geometric factor related to the sample position, 𝐼! is the g-ray 
emission probability, 𝑀 is the atomic mass of the target isotope, 𝑁" is the Avogadro number,  𝜃 is the isotopic 
abundance of the target isotope, 𝑚 is the weight of the sample, 	𝜆 is the decay constant in unit of s−1, 𝑡# is the 
measurement started time, and 𝑡$ is the measurement finished time.  

To evaluate the (n, 2n) reaction cross section, we used the neutron energy distribution measured by the TOF 
method on the shot L3658. It was reported that the neutron spectrum f(E) provided from LDNSs could be reproduced 
using the two-temperature distribution as  
 

∅(𝐸) = 𝐴𝐸0.5𝑒−𝐸/𝑇1 + 𝐵𝐸0.5𝑒−𝐸/𝑇2 		,   (2) 
 

where A and B are the coefficients for normalization, E is the neutron energy, T1 and T2 are the neutron average 
temperatures. We obtained the two temperature of T1=0.39 MeV and T2=2.54 MeV. We should note that we used the 
measured neutron energy distribution obtained directly from the scintillator output in Fig. 3(b) in the following 
analysis. In the activation method with an incident beam with wide spread energy, the number of the incident particles 
can be evaluated using the total number of unstable isotopes generated by a nuclear reaction and its effective nuclear 
reaction cross section. The effective (n, 2n) reaction cross section on a nuclide of interest was used for the estimation 
of the total number of the (n, 2n) reactions on the target. The effective (n, 2n) reaction cross section S was calculated 
with following relation: 
 

𝑆 = ∑ 𝛷(𝐸3) × 𝜎(𝐸3)4
356  ,  (3) 

 
where 𝛷(𝐸3)is the dn in an energy region from Ei to Ei+𝛥𝐸 obtained from the neutron energy spectrum measured 
by the TOF method, which is not the same as f(E) corresponding to dn/dE, 𝜎(𝐸%) is the (n, 2n) reaction cross section 
at the neutron energy 𝐸%, of which the energy width corresponds to the energy bin used in the JENDL-4.0  [48], 𝐸& 
is the threshold energy of the (n, 2n) reaction, and 𝐸' is 20 MeV which is the upper limit energy of the nuclear 
database. Using Eq. (3), we obtain the effective (n, 2n) cross sections from the neutron energy distribution in the 
energy range from 𝐸& to 20 MeV and the (n, 2n) reaction cross section 𝜎(𝐸3). Figure 7 shows the (n, 2n) reaction 
cross sections on 176Hf, 197Au, 55Mn, and 59Co taken from the JENDL 4.0 nuclear data library  [55], the measured 
neutron energy spectrum, and their products corresponding to the effective reaction rates. The fast neutron fluence n 
can be given by n = (r/S)/D in unit of neutrons/cm2, where D is the coefficient for the correction for scattering inside 
the target. The coefficient D was estimated by the PHITS simulation code  [56]. According to the Eq. (3), the error 
of Φ(Ei) directly affects to the error of S. In the present study, we only take the errors originating from Φ(Ei) but the 
errors of the cross sections taken from the JENDL-4.0 was not in the calculation because it is expected that the shifts 
of the cross sections at different energies are canceled out. Using the total error of Φ(Ei), the relative error of S were 
estimated ±1.9 %, ±0.7 %, ±1.5 %, and ±1.2 % for the 55Mn(n, 2n)54Mn, 59Co(n, 2n)58Co, 176Hf(n, 2n)175Hf, and 
197Au(n, 2n)196Au reactions, respectively. Note that the statistic errors of the peak areas of the g-rays of 196Au were 
smaller than those of 175Hf, 54Mn, and 58Co.  
 From the results of the activation method, we obtained the neutron fluence n in unit of neutrons/cm2. The 
decreases of the solid angle of the target from the neutron generation point and the measured neutron fluences are in 
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good agreement as shown in Fig. 8(a). To compere the neutron yield for different nuclides we convert the unit from 
neutron fluence n neutrons/cm2 to neutron yield nsr neutrons/sr using the following formula: 
 

𝑛78 =
9
:

 ,   (4) 

 
where Ω is the coefficient for the correction of the solid angle of the target. Table Ⅴ shows the neutron fluence 
obtained by the (n, 2n) activation method and the parameters for the calculations. The neutron yields evaluated from 
different targets are in good agreement within their uncertainties as shown in Fig. 8(b). The average neutron yield 
was obtained from the neutron yields of the four targets. The neutron yields obtained by the activation method was 
corrected with the geometric factors. The neutron yield obtained from the present activation method is (5.4±0.5)×108 

neutrons/sr in the energy range of approximately 8 to 20 MeV, whereas that evaluated only from the TOF method is 
(6.1±1.2)×108 neutrons/sr. These yields are in good agreement with each other within their uncertainties. This result 
reveals that the TOF method is reliable on evaluating the absolute fluence of neutrons in the energy range of 
approximately 8-20 MeV.  
 We measured g-rays from the unstable isotopes produce by the (n, g) reactions. As mentioned previously, 
we were not able to measure the neutron energy spectrum lower than 1 MeV in the present experiment. Thus, it is 
difficult to evaluate the low-energy neutron flux using the presently developed method. To estimate the neutron flux, 
we first assume that all the unstable isotopes were produced by (n, g) reactions with thermal neutrons, but the obtained 
neutron fluxes are inconsistent. They are (6.6±0.9)×106 neutrons/sr, (1.65±0.25)×107 neutrons/sr, (9.4±1.1)×105 
neutrons/sr, and (6.6±1.3)×107 neutrons/sr for 198Au, 181Hf, 56Mn, and 60Co, respectively. This can be explained by 
the fact that we did not use a moderator to soften neutron energies. Next, with the assumption that these nuclides 
were generated by 1-MeV energy neutrons, we obtained the fluxes of (8.4±1.2)×108 neutrons/sr, (5.3±0.8)×108 
neutrons/sr, (5.5±0.7)×108 neutrons/sr , and (2.1±0.4)×1010 neutrons/sr for 198Au, 181Hf, 56Mn, and 60Co, respectively. 
In this case, the fluxes except that of 60Co have relatively similar values. These results suggest that these nuclides 
were probably produced by high energy neutrons up to a few MeV rather than thermal neutrons. To evaluate neutron 
fluxes using (n, g) reactions, we should decrease the detection lower limit in the TOF detector. 

Although we measured the (n, 2n) reactions in the present study, it is possible to measure the fluences of 
neutrons higher than 20 MeV with the activation method using (n, 3n) and (n, 4n) nuclear reactions. Furthermore, 
when the energy spectrum of neutrons provided from LDNSs is more precisely measured with the TOF method, the 
activation method can be used for measuring the integrated neutron capture cross sections in the energy range of 
MeV. As presented previously, novel laser experiments to study nucleosynthesis under high-dense neutron 
environments such as the r-process have been proposed [27][31][33][34] and it is expected to preform them in future. 
One of the key parameters for these studies is the measurement of the neutron energy spectrum. The present method 
of the activation method in conjunction with the TOF spectrum contributes to them. 
 
 
 
Ⅴ. SUMMARY 

We evaluated the yield of neutrons from laser driven neutron sources (LDNS) at the ILE in Osaka 
University using the activation method in conjunction with the time-of-flight (TOF) method. We measured decay 
g-rays following b-decay (isomeric decay) of the unstable isotopes generated with the 55Mn(n, 2n)54Mn, 59Co(n, 
2n)58Co, 176Hf(n, 2n)175Hf, and 197Au(n, 2n)196Au reactions. Nuclear reaction rate per nucleus for each nuclide was 
estimated from the g-ray intensities and the neutron energy distribution obtained from the TOF method. We obtained 
the neutron flux of (5.4±0.5)×108 neutrons/sr in the energy range of approximately 8 to 20 MeV. We also obtained 
that of (6.1±1.2)×108 neutrons/sr only from the TOF method. The result from the activation method is in good 
agreement with the TOF measurement. This result reveals that the activation method using (n, 2n) reactions in 
conjunction with the TOF method is a useful tool to estimate fast neutron flux and energy spectrum. Furthermore, 
the present method can measure integral nuclear reaction cross sections in MeV energy region. 
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FIG. 1. Experimental layout of the fast neutron generation for the short L3658. In this experiment, the 9Be target was 
used as a neutron converter. The neutrons emit almost isotopically. The neutrons were exposure on the activation 
targets on the laser axis, and were measured with a TOF detector located outside of the chamber.  

 

 
FIG. 2. Signals of laser-accelerated protons and deuterons. (a) Image of the IP located behind the Thomson Parabola 
Ion Spectrometer, which was recorded on the shot L3651. The tracks of the protons and the deuterons are clearly 
appeared. (b) Ion energy spectra of the shot L3651 evaluated from the tracks on the IP. The red solid and blue dashed 
lines present the energy spectra of the protons and the deuterons, respectively.  
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FIG. 3. Results of neutron TOF measurements. (a) The output from the scintillation detector located at 15 deg away 
from the laser axis and a distance of 8.3 m on the shot L3658. The output was recorded with an oscilloscope shot 
by shot. Neutron and photon signals were clearly separated. (b) Fast neutron spectrum evaluated from the output of 
the scintillation detector. The neutrons with energies of up to 26 MeV were measured. 
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FIG. 4. g-ray spectra for (a) 180Hfm, (b) 196,198Au, (c) 56Mn, (d) 175,181Hf, (e) 54Mn, and (f) 58,60Co. These spectra were 
measured using the three HPGe detectors with the shields after laser shots.  
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FIG. 5. Results of half-life measurements of 196Au and 198Au. (a) Measured decay curves of 333-keV and 355-keV 
g-rays radiated from 196Au that is generated by the 197Au(n, 2n)196Au reaction. (b) Measured decay curve of 412-
keV g-ray from 198Au produced by 197Au(n, g)198Au reaction. 
 

 
FIG. 6. Efficiency carves of the Ge detectors used to evaluate the nuclear reaction rate per nucleus. (a), (b), and (c) 
shows efficiency carve of Ge1, Ge2, and Ge3, respectively.  
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FIG. 7. The (n, 2n) reaction cross sections on 176Hf, 197Au, 55Mn, and 59Co, the measured neutron energy spectra 
provided from the LDNS, and their product. The blue dotted lines show the normalized neutron energy spectrum. 
The red dashed lines show (n, 2n) cross sections of each nuclides. The black solid lines show the product of the (n, 
2n) cross section multiplied by the normalized neutron spectrum for each nuclide. 

 

 
FIG. 8. Evaluated neutron fluxes from the activation method using (n, 2n) reactions. (a) 8-20 MeV neutron fluence 
measured by the (n, 2n) activation method and solid angles of the targets from neutron generation point in the Be 
converter and (b) the neutron yield for each target. The dashed line shows that the average yield. 
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TABLE Ⅰ. Neutron irradiation targets and its purity, isotopic abundance of each isotope, mass, size, and shape. 
 

Irradiation targets and purity of the element (natural abundance of the isotopes) Target mass (mg) Size and shape 

Hf, 97%  
(174Hf: 0.16%, 176Hf: 5.26%, 177Hf: 18.6%, 178Hf: 27.28%, 179Hf: 13.62%, 180Hf: 35.08%) 

5545.05 φ9 mm×1mmt, 6 discs 

Au, 99.95%  
(197Au: 100%,) 

2423.72 φ9 mm×1mmt, 2 discs 

Mn, 99.999%  
(55Mn: 100% ) 

1034.57 About 300 mm3, 1 shot 

Co, 99.98%  
(59Co: 100% ) 

312.03 About 125 mm3, 1 shot 

 
TABLE Ⅱ. The energy, the half-life of the parent nuclide, and the emission probability per decay of each measured 
g-ray from unstable isotopes generated by the neutron-induced reactions.  

 
Energy (keV) Radionuclide identification Emission probability (%) 

57.6 180Hfm 51.0 
93.3 180Hfm 18.2 
215.3 180Hfm 86.4 

332.3 180Hfm 100.0 

333.0 196Au 26.3 

343.4 175Hf 84.0 

355.7 196Au 100.0 

411.8 198Au 100 

443.2 180Hfm 87.0 

482.2 181Hf 80.5 

500.7 180Hfm 15.2 

810.8 58Co 99.0 

834.8 54Mn 99.9 

846.8 56Mn 98.9 

1173 60Co 99.9 

1333 60Co 99.9 

1810 56Mn 27.2 

 
 
TABLE Ⅲ. The energy, the half-life of the parent nuclide, and the emission probability per decay of each measured 
g-ray radiated from the natural radionuclides. 
 

Energy (keV) Radionuclide identification Emission probability (%) 

46.5 210Pb 4.25 



16 
 

186.2 226Ra 3.5 
238.6 212Pd(232Th) 100.0 
351.9 214Pb 37.6 
510.8 208Tl and e-+e+ annihilation 22.6 and 200 or more 
583.2 208Tl 84.5 
609.3 214Bi(226Ra) 46.1 
661.7 137Cs 85.1 
665.5 214Bi(226Ra) 1.29 
727.3 212Bi(232Th) 6.58 
768.4 214Bi(226Ra) 4.94 
785.7 214Pb 1.07 
794.9 228Ac(232Th) 4.25 
860.6 208Tl 12.4 
911.2 228Ac(232Th) 26.6 
934 214Bi(226Ra) 3.0 
968 228Ac(232Th) 16.2 
1001 234Pam 0.837 
1120 214Bi(226Ra) 14.8 
1155 214Bi(226Ra) 1.6 
1238 214Bi(226Ra) 5.8 
1280 214Bi(226Ra) 1.4 
1377 214Bi(226Ra) 4.0 
1385 214Bi(226Ra) 0.76 
1402 214Bi(226Ra) 1.3 
1408 214Bi(226Ra) 2.2 
1460 40K 10.7 
1509 214Bi(226Ra) 2.1 

 
 
 
TABLE Ⅳ. Isotopes and isomer production reaction rate per nucleus measured by Ge detectors. 

 
Nuclide r (nucleus-1) 

175Hf (5.0±0.9)×10-16 
180Hfm (6.2±0.6)×10-17 
181Hf (1.2±0.18)×10-16 
196Au (4.9±0.5)×10-16 
198Au (4.9±0.7)×10-16 
54Mn (4.9±1.2)×10-17 
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56Mn (3.4±0.4)×10-18 
58Co (2.2±0.8)×10-17 
60Co (2.1±0.9)×10-16 

 
 
 
TABLE Ⅴ. 8-20 MeV neutron fluence and parameters for the present analysis. 
  

Reaction r (nucleus-1) S (b) D n (neutrons/cm2) Ω (sr) nsr (neutrons/sr) 

197Au(n, 2n)196Au (4.9±0.5)×10-16 1.53±0.018 0.75  (4.3±0.5)×108 0.75  (5.7±0.7)×108 

176Hf(n, 2n)175Hf (5.0±0.9)×10-16 1.46±0.022 0.72  (3.2±0.6)×108 0.56  (5.7±1.1)×108 

55Mn(n, 2n)54Mn (4.9±1.2)×10-17 (5.30±0.10)×10-1 0.67  (1.4±0.3)×108 0.27  (5.2±1.1)×108 

59Co(n, 2n)58Co (2.2±0.8)×10-17 (5.55±0.04)×10-1 0.54  (7.4±2.7)×107 0.19  (3.9±1.5)×108 

 
 
 


