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1. Introduction

As part of a general investigation [1-4] of the reaction mechanisms of fast neutrons at low and medium energies, we have analyzed the activation cross sections of the odd-mass isotopes 55Mn and 63,65Cu in the excitation-energy range up to 60 MeV. Although our primary aim was to comply with the needs of a sound, complete and reliable neutron-induced cross section data library to address safety and environmental issues of the fusion programme [5],   the analysis results also enabled a stringent test of models for the above-mentioned nuclear processes. Thus, in order to gain insight into this problem, we have analyzed the activation cross sections of 55Mn and 63,65Cu isotopes using the parameter databases obtained previously by global optimization within the computer codes TALYS [6] and EMPIRE-II [7], as well as a local parameter set within the STAPRE-H code [8]. No fine tuning was done to optimize the description of the nucleon emission for all the cases, but for STAPRE-H a consistent set of local parameters has previously been established or validated on the basis of independent experimental information of, e.g., neutron total cross sections, proton reaction cross sections, low-lying level and resonance data, and gamma-ray strength functions based on neutron-capture data. The comparison of various calculations, including their sensitivity to model approaches and parameters, has concerned all the activation channels for which there are measured data.    It was thus avoided the use of model parameters which have been improperly adjusted to take into account properties peculiar to specific nuclei in the decay cascade, considered to be the case for discrepancies observed around the closures of both the f7/2 proton and neutron shells.

2. Local approach
A closer look on each class of important model parameters has been essential for this approach. The neutron optical model potential (OMP) has obviously been the first subject of the local parameter analysis. A basic point in this respect was the highlighting by Koning and Delaroche [9] that their global potential, used by default in both TALYS and EMPIRE codes, does not reproduce the minimum around the neutron energy of 1-2 MeV for the total neutron cross sections of the mass A~60 nuclei. Following also their comment of the constant geometry parameters, which may be responsible for this aspect, we used the recent RIPL-2 data [10]       for low-energy neutron scattering properties (S0, S1, R’) and measured [11] neutron total cross sections (Figs. 1,2) for comparison with the corresponding calculated values and final selection of OMP parameters. A larger change was necessary for Cu isotopes, where only an energy dependence of both the radius and diffuseness of OMP real part provides the appropriate neutron total cross sections below the incident energy of 1 MeV (Figs. 1,2). Next, this potential has been involved for the calculation of the collective inelastic scattering cross sections        (e.g. Fig. 1, right) by means of the direct-interaction distorted-wave Born approximation (DWBA) method and the local version [12] of the computer code DWUCK4. The weak coupling model was adopted in this respect for odd nuclei using the collective state parameters of Kalbach [13].
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Figure 1. Comparison of calculated and experimental [11] neutron total cross sections (left), and the corresponding collective inelastic scattering cross sections obtained by DWBA method for 55Mn nucleus.
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Figure 2. Comparison of calculated and experimental [11] neutron total cross sections for 63,65,natCu.
The proton optical potential [9] has been also modified on the basis of a comparison of calculated and measured cross sections of (p,n) reaction on 52,53,54Cr target nuclei as well as the (p,) reaction on 50Cr (Fig. 3). At the same time, the electric dipole -ray strength functions fE1(E) which are used for the calculation of the -ray transmission coefficients, have been obtained by means of a modified energy-dependent Breit-Wigner (EDBW) model [14]. Moreover, systematic EDBW correction factors FSR were obtained by using the experimental average radiative widths 0exp of the s-wave neutron resonances, and assuming that FSR=0exp/0EDBW. Next, the fE1(E) thus obtained were checked by calculation of capture data.


Effects of the neutron and proton OMPs on the calculated reaction cross sections are shown in Fig. 4 for the (n,2n) and (n,p) reactions on 65Cu. The modified neutron OMP is leading to a change of -5% of the calculated 65Cu(n,2n)64Cu reaction cross section. At the same time,  the modified proton potential led to a change of -20% of the calculated 65Cu (n,p) 65Ni reaction cross sections, while the two changes together lead to a compensation of the latter one and a final change of ~+10% for the calculated (n,p) reaction cross sections. Finally, the additional OMP analysis improved the accuracy of the calculated cross sections from ~20% to around 5%.
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Figure 3. Comparison of calculated and measured (n,), (p,) and (p,n) reaction cross-sections on 55Mn and, respectively 50,52,53,54Cr target nuclei.
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Figure 4. Comparison of experimental and calculated (n,p) and (n,2n) reaction cross-sections of the 65Cu nucleus, showing the effects of neutron and proton modified OMPs.
These reaction model calculations made use of the pre-equilibrium emission            (PE) model Geometry-Dependent Hybrid (GDH) within the code STAPRE-H, along with DWBA method and statistical Hauser-Feshbach model. No free parameter was involved in the GDH calculations while the same common parameters of OMP and nuclear level density was used in the DWBA, GDH and HF model calculations. Thus, a proper description of a large body of data without free parameters validated both the adopted nuclear model assumptions and parameter set. Finally, it was obtained a suitable description of all activation cross sections for 55Mn and 63,65Cu isotopes up to 60 MeV (Figs. 5-7). Actually it resulted to be of rather equal importance the agreement with both the large body of data for, e.g., the (n,2n) reactions around the neutron energy of 14 MeV, and the (n,p) and (n,xn) data above 20 MeV. The former           is critical for the check of the partial level densities that trigger the PE calculated data,    while the latter makes possible the analysis of the basic assumptions of the PE model within an enlarged energy range.
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Figure 5. Comparison of experimental, calculated, and evaluated reaction cross-sections of the 55Mn nucleus for incident energies up to 60 MeV.
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Figure 6. Comparison of experimental and calculated reaction cross-sections of the 63Cu nucleus for incident energies up to 60 MeV.
3. Global approach
The global predictions provided by the computer codes TALYS-0.64 and        EMPIRE-II v.2.19 up to 60 MeV are shown in Figs. 5-7, in comparison with the experimental data at lower energies. On the other hand there are shown in Figs. 5,8 the corresponding evaluated data within the libraries ENDF/B-VII.0 [15], JEFF-3.1 [16], JENDL-3.3 [17], and ACSELAM [18], the fourth being the only one including non-zero evaluated data for energies above 20 MeV. The calculated cross sections were obtained by using for the PE calculation the corresponding default single-particle level density values, i.e. g=A/13 MeV-1 by EMPIRE-II and A/15 MeV-1 by TALYS, respectively. The Hybrid Monte-Carlo model for multiple PE was taken into account within EMPIRE-II calculations since the interest for neutron energies higher than 20 MeV, beyond the use of the exciton PE model for cluster emission in the last code version [7].
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Figure 7. Comparison of experimental and calculated reaction cross-sections of the 65Cu nucleus for incident energies up to 60 MeV.
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Figure 8. Comparison of experimental and evaluated reaction cross-sections of the 63,65Cu nuclei for incident energies up to 60 MeV.
4. Conclusions

Finally one may note some large differences between the experimental and global calculated cross sections especially above 20 MeV, e.g. for the (n,p) and (n,2n) reactions on 63,65Cu, which were not really changed even by using the most recent version of the code TALYS-0.72 [19]. Thus, the overview of the calculated activation cross sections shows that an analysis based on a consistent local parameter set is necessary in order to explain the differences between the experimental, calculated and evaluated cross sections.
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