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   Consistent calculation and analysis of neutron scattering data of 232Th with optical model, 

semiclassical model includes both the Hauser-Feshbach theory and the exciton model, and the coupled 

channel theory is carried out in the En≤20 MeV energy range based on the experimental data of total, 

nonelastic-scattering, fission, and other reaction cross section and elastic-scattering angular 

distributions. Especially, the analysis includes the elastic and inelastic scattering angular distribution, 

the inelastic scattering cross sections of discrete levels, the prompt fission neutron spectra, the double 

differential cross section and the angle-integrated spectra for neutron emission. Theoretical calculations 

are compared with recent experimental data and other evaluated data from ENDF/B6 and JENDL-3. 

 

 

I.Introduction 
The neutron interactions cross sections and prompt fission neutron spectrum in the energy range 

below 20 MeV are of fundamental importance for fission and accelerator-driven reactors because they 

dominate the neutron transport and neutron regeneration, respectively. Therefore, precise nuclear 

reaction data are required for the nuclear and shielding design of fission reactors and accelerator-based 

system such as accelerator-driven transmutation system. On the other hand, a careful analysis of certain 

nuclear cross section data file reveals either that various kinds of errors (even clerical ones) are indeed 

present in the evaluations for 232Th, or that these evaluations are not fully consistent with the most 

recent and accurate experimental data and results. 

To meet needs, accurate nuclear reaction data of common cross sections, number of neutron per 

fission, the prompt fission neutron spectra, the angle-integrated spectra for neutron emission, 

neutron-induced double differential cross sections, γ-ray production cross sections andγ-ray production 

energy spectra for n+232Th reaction are calculated in this work using recent experimental data, various 

models and methods for the neutron energy region En≤20 MeV. The calculated results are analyzed and 

compared with experimental data and other evaluated data from ENDF/B6 and JENDL-3.  

 

II.Theoretical Model and Parameters 
   The latest version of the UNF code1), which calculates nuclear reaction cross sections at incident 

neutron energies below 20 MeV, is based on the optical model and the semi-classical model of 

multistep nuclear reaction processes, including the introduction of formation factors of composite 

particle in calculations of pick-up type composite particle emissions. Direct inelastic scattering to 

low-lying levels is calculated using the distorted wave Born approximation and it is included as input 

into the UNF calculations. The GNASH2) code does not have angular momentum conservation in the 

exciton component, and it uses a semiempirical method for calculating angular distributions in double 

differential cross sections. 

   The optical model is used to describe measured total, reaction, elastic scattering cross sections and 

elastic scattering angular distributions, and to calculate the transmission coefficient of the compound 

nucleus and the pre-equilibrium emission process. The optical potentials considered here are 
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Woods-Saxon3) form for the real part, Woods-Saxon and derivative Woods-Saxon form for the 

imaginary parts corresponding to the volume and surface absorptions respectively, and the Thomas 

form for the spin-orbit part. In order to obtain a set of neutron optical potential parameters for 232Th, the 

optical model code APOM4) was used in this work. In this code the best neutron optical potential 

parameters are searched automatically to fit with the relevant experimental data of total cross sections, 

nonelastic-scattering cross sections, elastic-scattering cross sections, and elastic-scattering angular 

distributions. The adjustment of optical potential parameters is performed to minimize a quantity called 

χ2, which represents the deviation of the theoretical calculated results from the experimental values.  

   The energy dependencies of potential depths and optimum neutron optical potential parameters of 

Th are expressed as follows: 

   V=51.0445-0.3125En+0.008986En
2-24.0V3(N-Z)/A. 

   Ws=7.2421+0.1119En-12.0(N-Z)/A. 

Uso=6.2 

rr=1.2386, rs =1.2499, rso=1.2386,     

ar=0.5932, as=0.7548, aso=0.5932. 

   Where Z, N and A are charge, neutron and mass numbers of target, respectively, En is incident 

neutron energy. The units of the potential V, Ws, Wv, Uso are in MeV, the lengths rr, rs, rso, ar, as, aso are 

in fermi units and energies En is in MeV.  

 The calculated results of neutron total, nonelastic, elastic scattering cross sections and elastic 

scattering angular distribution are compared with experimental data for n+232Th reaction. The 

calculated results of total cross sections are in good agreement with recent experimental data measured 

at Los Alamos5) in Fig.1, and elastic scattering angular distribution are in agreement with experimental 

data, while the calculated results of nonelastic cross sections and elastic scattering cross sections pass 

through existing experimental data in Fig.2. Based on the above fitting, this set of neutron optical 

potential parameters is determined for n+232Th reaction.  

   The direct inelastic scattering cross sections to low-lying states are important in nuclear data 

theoretical calculations. The code ECIS6) with a distorted wave Born approximation is used. The 

discrete levels of 232Th are taken into account from ground (0.0 0+) up to the twenty-third (1.0787 0+) 

excited state. Levels above 1.0787 MeV are assumed to be overlapping and level density formalism to 

be used. The direct inelastic scattering cross sections and angular distributions of the first four excited 

levels are calculated. The coupled channel optical model parameters and deformation parameters 

(β2=0.1950, β4 = 0.0820) used in ECIS are taken from Ref.7).  

   The semiclassical model of multistep nuclear reaction processes, in which the discrete level effect 

in multiparticle emissions is included as well as the preequilibrium phenomenon combining parity 

conservation and angular momentum conservation, is used to describe the nuclear reaction 

preequilibrium and equilibrium decay processes.  

This semiclassical model8) includes both the Hauser-Feshbach theory and the exciton model9,10), 

and the exact Pauli exclusion effect in the exciton state densities11) is taken into account. The pick-up 

mechanism12) is used to describe the composite particle emission processes. Based on the leading 

particle model, the double differential cross section for all kinds of particles is obtained. In order to 

keep energy conservation for the whole reaction process, the recoil effect is taken into account in the 

UNF code. 

The fission cross section is an important in n+232Th reactions. Fission is included as a decay 

channel in the UNF code, that is, a fission competitive width can be estimated at every step of the 
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cascades. Three uncoupled fission barriers are used to represent the fission system. At each barrier a 

series of transition states characterized by excitation energy above the barrier, spin and parity can be 

constructed. At higher energies the discrete transition states are replaced by a continuum of such states, 

using the Gilbert-Cameron level density prescription and appropriate level density enhancement factors. 

The Bohr-Wheeler theory13) is used in transmission coefficients computed at each barrier. According to 

the experimental data of fission cross sections, the adjustment of the height parameters, Vf, the 

curvature parameters, h ω, of fission barriers, and the saddle level density factors, K1, is performed to 

minimize a quantity called χ2, which represents the deviation of the theoretical calculated fission cross 

sections from the experimental values. The fission parameters obtained, exciton model parameter K 

and level density parameters are given in Ref.14). 

 

III.Theoretical Results and Analysis 
The comparisons of calculated results of (n,γ) reaction cross sections with experimental data are 

given in Fig.3. The calculated results are in good agreement with experimental data taken from 

Refs.15-20) in the entire energy region. The calculated results of (n, γ) reaction cross sections are 

contributions of compound nuclear reaction below 6 MeV, and the direct reaction above 6 MeV.  The 

cross sections of (n, p), (n, d), (n, t) and (n, α) reactions are less than 12 mb, and have no  

experimental data.  

The calculated results of inelastic scattering cross sections and inelastic scattering angular 

distributions for the first and second excited level are compared with experimental data in Figs.4 to 6. 

The figures show the compound nuclear reaction is domination for energy below 1.5 MeV, and the 

direct reaction is domination above 1.5 MeV. The calculated results of inelastic scattering cross 

sections, and inelastic scattering angular distributions of the first excited level are in good agreement 

with experimental data21-23). The calculated results of inelastic scattering angular distributions of the 

second excited level are in basically agreement with experimental data. The calculated results of 

inelastic scattering angular distributions and inelastic scattering cross sections for the first and second 

excited level are lower than the experimental data at energy 3.4 MeV, and since the experimental data 

of inelastic scattering angular distribution are high for small angular, the experimental data of inelastic 

scattering cross section deviates from the tendency of all experimental data.     

Since the first, second and third excited state of 232Th are 0.0492, 0.1621 and 0.3332 MeV, it is 

difficult to distinguish between the elastic scattering and inelastic scattering in experimentally. The 

experimental data of angular distribution inclusion elastic scattering and inelastic scattering of the first, 

second and third excited stated were given in Refs.23,24), respectively. The calculated results of elastic, 

inelastic scattering angular distribution of the first and second excited stated as well as total angular 

distribution at energy 2.4 MeV and 5.7 MeV are given in Fig.7, the results show the contribution of 

inelastic scattering are important in total angular distribution. The calculated results are in good 

agreement with experimental data taken from Ref.23). Fig.8 give the comparisons of calculated results 

with experimental data for elastic, inelastic scattering angular distribution of the first, second and third 

excited states in energy from 4.5 to 10 MeV, the calculated results fit experimental data very well for 

all energy. 

Fig.9 gives the comparisons of calculated results with experimental data for (n, n’) reaction. The 

calculated curves pass through the experimental data within error bars. The calculated results for (n, 2n) 

reaction cross sections are in good agreement with the experimental data taken from Refs.25-29). There 

is a single experimental datum30) for the (n, 3n) reaction at En=14 MeV, the calculated results are 
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basically in agreement with the experimental data as shown in Fig.10. The fission cross section 

obtained from theoretical calculations as shown in Fig.11 and the number of neutrons per fission 

obtained from the systematic formulism which is obtained according to the experimental data of fission 

cross sections are modified slightly to better agree with the experimental data. The present results of 

fission cross section are in good agreement with experimental data31).  

The present calculated results and our earlier data14) of reaction cross sections for all channels 

are similar to the evaluated results in ENDF/B6 and JENDL-3 in curve shapes, but fit the new 

experimental data much better, especially the total cross sections, (n, n’), (n, f) and (n, 2n) reaction 

cross sections. Based on the agreement of calculated results with experimental data for all reaction 

cross section, the energy spectrum, double differential cross section, γ-ray production cross sections 

andγ-ray production energy spectrum are calculated. 

The fission neutron spectra are compared with experimental data at 1.5, 2.0, 2.9, 4.1 and 14.7 

MeV, the Fig12. shows the theoretical calculated results are in good agreement with experimental 

data32-35) for all energy point.  

The neutron-induced double differential emission spectra measurement is that of Baba et al.36) 

for 1.2, 2.03, 4.25, 6.1, 14.05 MeV incident neutrons. Additionally, Matsuyama et al.37) gave 

measurement results at 18.0 MeV. Calculated results and experimental data for neutron double 

differential emission spectra at 1.2 MeV are shown in Fig.13. Agreement is good over the whole 

emission energy range. Figure 13 shows some fluctuations in the calculated results, which are from 

discrete level contribution in the region of 0.15 to 1.1 MeV. The calculated results are the contribution 

of the fission channel above neutron emission energy 1.35 MeV. 

The calculated results have been analyzed and compared to the double differential experiment 

data in energy 2.03, 4.25, 6.1, 14.05 and 18.0 MeV at Ref.14). 

The experimental data and calculated results of angle-integrated neutron emission spectra are 

compared for incident energy En=2.03, 2.6, 4.25, 6.1, 14.05 and 18.0 MeV, respectively. Our results are 

in excellent agreement with experimental data36) of angle-integrated neutron emission spectra at 2.03, 

4.25 and 14.05 MeV incident energies, and in reasonable agreement with the spectra at 6.1 MeV 

incident energies. The experimental data of the spectra at 2.6 MeV were also given in Ref.38), Fig.14 is 

the comparison of calculated results with experimental data at incident energy 2.03 and 2.6 MeV, the 

calculated results at energy 2.03 MeV are in good agreement with experimental data taken from Ref.36) 

for the position and height of the peak, and at energy 2.6 MeV, there are some difference between the 

calculated results and the experimental data taken from Ref.38) for the peak position. The comparison 

of calculated results with experimental data for energy En=4.25 and 6.1 MeV are given in Fig.15. 

Figs.13 to 15 also show the calculated results are from the contribution of fission spectra above 

emission neutron energy 2.2, 3.0, 4.5 and 6.4 MeV, the experimental data taken from Ref.36) are in 

good agreement with calculated results. The comparison of calculated results with experimental data is 

given in Fig.16 at incident energy 14.05 and 18 MeV. The calculated results are not in agreement with 

experimental data for En’>5 MeV and En’<14 MeV, where the calculated results are from the 

contribution of inelastic scattering and (n, 2n) reaction cross sections. Fig.17 gives the contribution of 

inelastic scattering, (n, 2n), (n, 3n), (n, f) reaction cross sections to spectra, and the values of reaction 

cross sections are given in table 1 at energy 18 MeV, the cross sections of (n, n’), (n, 3n) and (n, f) 

reactions are larger than these of (n, 2n) reaction. The calculated spectra for energy 5.0 to 11.0 MeV is 

reasonable. Figs. 15 and 16 show experimental data of double differential cross sections is inconsistent 

with those of angle-integrated neutron emission spectra around the elastic peak.  
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Because emission spectra experimental data of Baba et al. included prompt fission and scattering 

neutrons, Figs.13 to 16 also demonstrate that calculated results of fission neutron spectra are 

reasonable. 

Since neutron emission spectra and double differential cross sections provide a complementary 

information on inelastic scattering for discrete and continuum levels, (n, 2n), (n, 3n) reaction and 

neutron fission reaction of target nucleus, the agreement of neutron emission spectra and double 

differential cross sections between calculated results and experimental data also shows present 

calculated results of reaction cross sections are reasonable. 

The double differential cross sections for proton, deuteron, triton and alpha emission, γ-ray 

production cross sections andγ-ray production energy spectrum are also calculated and analyzed at 

incident neutron energies below 20 MeV. The calculated results are given in our evaluation data file. 

All our calculated results have been put into ENDF/B6 format and are saved in the Chinese 

Evaluated Nuclear Data Library, CENDL.  

 

IV. Conclusion 
   Based on experimental data of total, nonelastic, elastic scattering cross sections and elastic 

scattering angular distribution of 232Th, a set of optimal neutron optical potential parameter is obtained 

by code APOM. All cross sections of neutron induced reactions, angular distributions, double 

differential cross sections, the angle-integrated  spectra, the prompt fission neutron spectra, γ-ray 

production cross sections andγ-ray production energy spectra are calculated using theoretical models 

for n+ 232Th at incident neutron energies from 0.05 to 20 MeV, and theoretical calculated results are in 

good agreement with recent experimental data. The calculated results are given in ENDF/B6 format. 

The evaluated data of JENDL-3 are recommended for energy En<0.05 MeV. 
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Table 1  The calculated reaction cross sections at En=18 MeV 

(n, n’) (n,2n) (n, 3n) (n, f) 

0.49035 0.27165 1.72164 0.50407 

 

 
 

Fig.1  Calculated neutron total cross sections compared with experimental data. 

 

 

 

 

Fig.2 Calculated neutron elastic scattering cross section compared with experimental data. 
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Fig.3 Calculated neutron captures cross section compared with experimental data. 

 

 

 

 
 

Fig.4 Calculated neutron inelastic cross section for the first and second excited levels 

compared with experimental data. 
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Fig.5 Calculated neutron inelastic scattering angular distribution for the first excited level 

compared with experimental data. 

 

 
Fig.6 Calculated neutron inelastic scattering angular distribution for the second excited level 

compared with experimental data. 
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Fig.7 Calculated neutron elastic and inelastic scattering angular distribution of the first and 

second excited levels compared with experimental data at energy 2.4 and 5.7 MeV. 

 

 

Fig.8(a)  Calculated neutron elastic and inelastic scattering angular distribution of the first, 

second and third excited levels compared with experimental data. 
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Fig.8(b)  Calculated neutron elastic and inelastic scattering angular distribution of the first, 

second and third excited levels compared with experimental data. 

 

 

 

 
 

Fig.9 Calculated neutron inelastic cross sections compared with experimental data. 
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Fig.10 Calculated (n, 3n) reaction cross sections compared with experimental data. 

 

Fig.11 Calculated neutron fission cross sections compared with experimental data. 

 
Fig.12 Calculated neutron fission spectra compared with experimental data at 1.5, 2.0, 2.9, 4.1 

and 14.7 MeV incident neutron energy. 
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Fig. 13 Calculated double differential neutron emission spectra compared with experimental 

data at 1.2 MeV incident energy. 

 

 
Fig.14 Calculated angle-integrated neutron emission spectra compared with experimental data 

at 2.03 and 2.6 MeV incident energy. 
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Fig.15 Calculated angle-integrated neutron emission spectra compared with experimental data 

at 4.25 and 6.1 MeV incident energy. 

 
Fig.16 Calculated angle-integrated neutron emission spectra compared with experimental data 

at 14.05 and 18.0 MeV incident energy. 

 
Fig.17 Calculated angle-integrated neutron emission spectra at 18.0 MeV incident energy. 


