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1. Introduction

A compilation of the elastic scattering data for deuterons on the stable isotopes of Fe, Cu and Nb, for D-energies up to 50 MeV, proves the existence of angular distributions for deuterons on 54Fe at 8 energies between 10 and 56 MeV, 56Fe at 7 energies between 5 and        56 MeV, 58Fe at the energy of 12.3 MeV, natFe at 3 energies between 11.8 and 26 MeV, 63,65,natCu at 9 energies between 11.8 and 34.4 MeV, and 93Nb at 4 energies between 11.8 and   52 MeV, as well as total reaction cross sections for 12.3 and 25.1 MeV deuterons on 54,56,58Fe and natFe, respectively, and between 11 and 25 MeV on nat,63,65Cu. The description of     deuteron-nucleus interaction represents an important test for both the quality of                   semi-microscopic optical models and evaluation of nuclear data requested for fusion reactor technology. However, the difficulties to interpret the data in terms of the usual optical-model potential (OMP) hampered such a comprehensive analysis [1]. The deuteron weak binding results in significant contributions of the breakup channel and enhances a variety of reactions at low bombarding energy. Nevertheless, a semi-microscopic analysis (e.g., [2]) appears as the most suitable basis for the evaluation of the deuteron-induced activation cross sections necessary for fusion applications.

2. Semi-microscopic analysis of deuteron elastic scattering on 54,56Fe at low incident energy

This work is based on the previous IFIN-HH study of the realistic effective        nucleon-nucleon (NN) interactions by using the double-folding model (DFM) for the microscopic optical potential calculation [3,4]. The calculated microscopic real potential have been obtained by using the M3Y, BDM3Y, and DDM3Y Paris effective NN interactions,       and a sensitivity analysis of calculated cross sections with respect to effective NN interactions is planned in order to establish the proper use of DF nuclear potential for complex particles [1,3,5] including deuterons. The elastic scattering of deuterons has been calculated for energies up to 50 MeV by using a modified version of the OMP computer code SCAT2 [6] (NEA Data Bank). 
The deuteron elastic-scattering experiments also on the Fe, Cu and Nb stable isotopes at incident energies lower than 20 MeV are not satisfactory described by any of the phenomenological global OMPs of either Daehnick et al [7], Lohr and Haeberli [8] or Perey and Perey [9]. Moreover, results from analysis of the low-energy elastic scattering data suffer from discrete and continuous ambiguities in the OMP parameters, whose uncertainties vary for various target nuclei and for different incident energies due to the precision of data analyzed. Thus, in order to avoid too much phenomenology in these data description,                              the phenomenological real potential of Woods-Saxon (WS) type is replaced by the DFM microscopic potential while phenomenological parameters corresponding to imaginary and  spin-orbit terms are obtained by fit of the experimental double-differential cross sections.          It should be emphasized that for the real part no adjustable parameter or normalization constant was involved in this analysis in order to couple the imaginary and spin-orbit part of the OMP so that the predictive power of this semi-microscopic potential is preserved. As a first result,      this approach may reduce the number of the OMP parameters and the corresponding uncertainties.

Therefore we looked for imaginary volume and surface potential parameters necessary for description of the whole body of elastic-scattering double differential cross sections [10] for 54Fe at 8 energies between 10 and 56 MeV, 56Fe at 7 energies between 5 and 56 MeV, 58Fe at the energy of 12.3 MeV, and natFe at 3 energies between 11.8 and 26 MeV. Comparison of the experimental elastic-scattering angular distributions for 54,56Fe with OMP calculations based on the DF approach obtained by using finally the M3Y-Paris effective NN interactions and the deuteron density distribution obtained from measured charge form factors of Abbot et al. [11] and the phenomenological imaginary potential parameters obtained by fit, is shown in Fig. 1.
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Figure 1. Comparison of the experimental [10] and calculated elastic-scattering differential cross sections of deuterons on 54,56Fe by using the microscopic DF real potential and local (dotted curves) as well as average imaginary part of the OMP (solid curves).

3. Average energy-dependent phenomenological OMP of deuterons on+54,56Fe, 63,65Cu, 93Nb

The second step of the present analysis has concerned the determination of an OMP real part by keeping fixed the imaginary and spin-orbit potential parameters obtained within the semi-microscopic analysis, in order to obtain the full phenomenological OMP needed for application calculations. The advantage of having well settled already at least half of the usual OMP parameters increases obviously the accuracy of fitting the data. The calculated elastic scattering cross sections by using the real, imaginary and spin-orbit potential parameters obtained by fit of the experimental data at various incident energies are shown in Figs. 2,3.
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Figure 2. . Comparison of the experimental [10] and calculated angular distributions of the elastic scattering of deuterons on 54,56Fe by using the present phenomenological OMP (solid curves), the OMP parameters of Daehnick et al. [7] (dotted curves) and the default potential for deuterons within      TALYS-0.64 (dashed curves).
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Figure 3. Comparison of the experimental [10] and calculated angular distributions of elastic scattering of deuterons on 58Fe using the present phenomenological OMP (solid curves), the OMP parameters        of Daehnick et al. [7] (dotted curves) and default potential for deuteron sin TALYS-0.64 (dashed curves).
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Figure 4. Comparison of experimental [10], ACSELAM data [12] (dot-dashed curves), and calculated non-elastic cross sections for d+54,56,58,natFe using the average potential (OMP-A) in TALYS (solid) and EMPIRE (dotted), and the default options of these codes (dashed and dash-dot-dotted, respectively).

On the basis of the corresponding local OMP parameters, average OMP parameters, energy dependent have been obtained and the corresponding average angular distributions are also shown in Figs. 2,3 by solid curves. Finally an improved description of the experimental data is proved with respect to the predictions of Daehnick et al. [7], Lohr-Haeberl [8],            and Perey-Perey [9] global OMPs, which can be considered a suitable validation of the actual both semi-microscopic and phenomenological optical potentials. The measured reaction cross sections [10] are shown in Fig. 4 in comparison with the calculated values by using the present average OMP within the codes TALYS and EMPIRE-2.19 (next section), and the corresponding default options of these codes as well as the evaluated data of the library ACSELAM [12].


A similar analysis of the experimental elastic-scattering differential cross sections [10] for deuterons incident on the target nuclei 63,65Cu and 93Nb has led also to an average OMP for these isotopes. The comparison of experimental elastic-scattering angular distributions for 63,65Cu, 93Nb and the calculated values obtained by using these OMPs and Daehnick et al. [7]   as well as default TALYS code global potentials are shown in Figs. 5-7. On the other hand,   also the experimental total reaction cross sections [10] for d+63,65Cu are compared in Fig. 5 with the results obtained by using the present average OMP, Daehnick et al. [7] potential, as well as both default options of TALYS code, and the evaluated ACSELAM library data. In the same way have been compared in Fig. 6 the corresponding calculated and experimental             elastic-scattering differential cross sections and total reaction cross sections for deuterons interacting with the natural Copper, while the same comparison for 93Nb is shown in Fig. 7.
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Figure 5. Comparison of experimental [10] and calculated elastic-scattering angular distributions (top) and experimental [10] and calculated total reaction cross sections (bottom) for d+63,65Cu.

3. Calculation of deuteron activation cross-sections of 54,56Fe, 63,65Cu, 93Nb up to 50 MeV 

A supplementary aim of this work has been the calculation of deuteron-induced activation cross-sections for Fe, Cu and Nb stable isotopes by using (i) the deuteron average energy-dependent phenomenological OMP following the above-mentioned analysis,          within (ii) the direct reaction, pre-equilibrium emission (PE) and Hauser-Feshbach (HF) statistical-model computer codes TALYS [13] and EMPIRE-II [14].
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Figure 6. As for Fig. 5, but for the natural Cu target.
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Figure 7. As for Fig. 4, but for the natural 93Nb target nucleus, while no total reaction data exist.
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Figure 8. Comparison of the experimental [10], ACSELAM data [12] (dot-dashed curves), and calculated deuteron-induced reaction cross sections for the 54,56Fe  target nuclei using the TALYS and EMPIRE-II codes with default input parameters (dashed and dash-dot-dotted curves, respectively) and the deuteron phenomenological OMP-A (solid and dotted curves, respectively).
These cross-section calculations were carried on by using the corresponding global input parameter sets excepting the deuteron OMP. On the other hand, we have also compared the results thus obtained with those provided by the default OMP of TALYS and EMPIRE-II codes, i.e. a simplification of folding approach of Watanabe [15] and the nucleon OMP of Koning and Delaroche [16], for the former, and Perey and Perey [9] for the latter. Other useful comparisons for the effects of various deuteron OMPs took into account the widely used deuteron parameter sets of Daehnick et al. [7] and Lohr and Haeberli [8]. At the same time,     the results shown by notation TALYS in Figs. 8-11 are obtained by means of the keyword ‘spherical’ in order to enforce a spherical OMP calculation, leading to the treatment of the direct inelastic scattering by the DWBA method, while the default option is the opposite one. We used also particularly a changed keyword ‘sysreaction’ with respect to the default option, as the authors [13] recommended for a high-quality for complex particles, since otherwise the reaction cross section for deuterons as complex particles would be taken from systematic        of non-elastic cross sections based on empirical expressions. It is similarly important for deuteron-induced reactions that the EMPIRE-II version 2.19 offers the advantage of using the exciton PE model for cluster emission.
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Figure 9. Comparison of the experimental [10], ACSELAM data [12] (dot-dashed curves), and calculated non-elastic cross sections for the 54,56Fe target nuclei (top) by using the TALYS code with default input parameters (dashed) and the deuteron phenomenological optical potential OMP-A (solid), as well as residual nuclei production due to deuterons on 54,56Fe (middle), and total particle production cross sections (bottom) obtained by using the code TALYS and the optical potential OMP-A.
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Figure 10. As for Fig. 9, but for the 63,65Cu target nuclei.
Firstly, one may note the rather identical non-elastic cross sections of deuterons provided by the both TALYS and EMPIRE-II codes as well as by SCAT2 within the OMP analyses described within the sections 3 and 4, which proves also the correctness of using the present OMP within the two computer codes.
This increased agreement between the experimental data and the model predictions of the computer codes TALYS and EMPIRE-II obtained by using the optical potential developed within the present work, and global assumptions and values for the rest of input parameters,      is able to support the calculated activation cross sections in spite of the actual scarce data basis. New measurements of these reaction cross sections may provide further evidence in this respect. 
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 Figure 11. As for Figs. 8- 9, but for the 93Nb target nucleus.
6. Conclusions

The angular distributions of the elastic-scattered deuterons on 54,56,58Fe target nuclei have been analyzed by using also the double-folding model for the microscopic optical potential calculation, and lastly energy-dependent OPMs up to 50 Mev have been obtained. Next, the comparison between the elastic angular distributions calculated with the deuteron global potentials and those obtained from the present OMPs proved the latter as most reliable. Finally, these OMPs have been involved in calculations of activation cross-section of deuterons incident on 54,56Fe target nuclei, performed by using the well-known computer codes TALYS and EMPIRE-II and replacing their default OMP options for deuterons. Comparison of the corresponding results as well as with those following the use of earlier widely-used global OMP parameter sets is finally proved able to support the calculated activation cross sections in this work, in spite of the actual scarce data basis. As a global result of this analysis one may note differences of about 10% between the present improved results and those obtained by using the default input parameters within the code TALYS. The differences with respect to the evaluated data of the ACSELEM library are about 25%.
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IFMIF, Design integration: (i) Deuteron-induced activation cross section evaluation for the Fe isotopes by means of optical potential analysis, and (ii) Deuteron-induced activation cross section evaluation for accelerator materials: Cu, Al, Nb and others


















