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Abstract

Cross-sections of nuclear reactions induced by protons by the irradiation of stable
isotopes of sulfur, vanadium, manganese, cobalt, and niobium were obtained in the
proton energy range from the reaction threshold up to 200 MeV. Obtaining the cross-
sections involved calculations using various nuclear models and codes, analysis and
use of experimental data.

The cross-sections were recorded using two different formats as separate files
and as part of a general-purpose proton library JEFF-4.

The obtained files with only cross-sections can be downloaded from the

https://t1p.de/3vzun website.
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1. Introduction

This work is a continuation of two others [1,2] devoted to the preparation of activation
data files for proton induced reactions. This report describes the evaluation of cross-
sections for stable isotopes of sulfur 323334365 vanadium %051V, 55Mn, %°Co, and %*Nb
irradiated with protons at energies from reaction thresholds up to 200 MeV.

As in Refs. [1,2], the evaluation was performed using results of calculations with
different models and computer codes, and experimental data.

The resulting files contain cross-sections of all observed reactions, provided
and not provided by experimental data. It also concerns the total production cross-
sections of neutrons, protons, deuterons, 3He, a-particles, and heavy fragments.

The files were recorded in two different formats, in one case using the MF=10,
MT=5 numbers [3] as in Refs. [1,2], in the other case the cross-sections were
included in the JEFF-4 general-purpose files for protons, which also contain data
obtained by other authors, as double differential cross-sections and others.

The files recorded with MF=10, MT=5 can be downloaded from Ref. [4] and
data as part of JEFF-4 general-purpose files from Ref. [5].

The following Sections summarize the general principles of the use of
experimental data, the results of calculations using different methods and codes, the

evaluation of the cross-sections, the data file format, and results.

2. Experimental data

As in Refs. [1,2], the EXFOR data [6] recorded in C5 format [7] were used to prepare
data for the subsequent evaluation. The experimental data shown in the Figures in
the report are from Refs. [8-37], cited from the records of EXFOR. References to all
data used in this work can be found in the obtained files [4].

In many cases, the information contained in the EXFOR files has been verified
by analyzing data presented in published original papers describing the
measurements. The most important issues were: is the compiled cross-section
cumulative or independent; was the sum of isomer and ground state formation
measured in the appropriate cases or only the ground state yield; is the observed
deviation in the threshold energy region with the calculation results a possible
consequence of the influence of impurities in the irradiated sample.
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In the case where the measured cross-section is partial (“PAR’), an analysis
was carried out to determine the possibility of using these data as a complete cross-
section in a certain energy range. For this purpose, the results of calculations
performed with the TALYS-2.0 code [38,39] and different models for the nuclear level
density were applied.

All necessary available experimental information was used for the final
evaluation of cross-section: data on individual and cumulative yields of individual
isotopes, as well as independent and cumulative data for natural mixtures of
isotopes. For a single reaction on a single isotope, the measured data for that
specific reaction, if available, and the data extracted from the independent and
cumulative data for the natural mixture of isotopes, if exist, were used. A special
procedure was used for this purpose. In other words, data for natural mixture and/or
cumulative data have never been used for simple comparison after evaluations
performed for separate isotopes, but have always been applied directly as part of the
information on the cross-section for this reaction.

For each reaction, experimental data obtained by different authors were further
analysed for possible inclusion in the final data set used together with the calculation
results for the evaluation of cross-section. In some cases, as for the reactions shown
in Fig. 1, such a choice of data suitable for evaluation is of principal importance for
the quality of the subsequently evaluated cross-section.

It is no secret that published experimental works do not always contain clear
information about the presented results, for example, whether the cumulative or
independent cross-section was measured. For this reason, the analysis of the data
selected for evaluation also contains a certain amount of uncertainty. Fortunately, in
some cases, the interpretation of a given measurement as cumulative does not
change the cross-section value essentially, because the possible contribution of the
precursors is relatively small. However, such a conclusion cannot be drawn solely
from the analysis of a published article and requires verification through calculations,
which, unfortunately, also contain some uncertainty.

Another important question is how much we can trust the measurements made

in the 1950s and 1960s. Comparison with newer measurements, if they exist,

sometimes shows a noticeable difference between the "old" and "new

measurements.



The answer to the question is difficult due to the lack of proper analysis of
possible errors of the old measurement technique. In any case, in this paper, results
of measurements made in the 50-60s are used with caution.
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Fig.1 Examples of scatter of experimental data. See references in the text.



3. Calculation of cross-sections

The calculations were performed using current versions of the codes ALICE/ASH
[40-42], CEM [43,44], PHITS [45,46], TALYS [38,39], and TALYS-G [47-49]. The
calculations using TALYS-2.0 were carried out using various models describing the
level density of excited states and corresponding to the input code parameters
Idmodel equal 1, 2, 3, and 5. The optimal parameters of the models obtained by the
authors [39] were applied by including the value "fit y" for the parameters Idmodel =
1, 2, and 5 in the input data fille.

In general, for most reactions there is a fairly noticeable spread in the results
of calculations using different codes and models. The examples are shown in Fig.2.

Sometimes the differences in the calculation results for a specific reaction are
due to the lack of a mechanism for modelling a particular process, for example, the
pre-compound emission of heavy clusters (A > 4), the Fermi break-up [51], and
sometimes due to a simplified description of particle emission, for example, using
the Weiskopf-Ewing model [50].

Such features were taken into account when estimating the reaction cross-
section by assigning appropriate statistical weights to various results, including
zeros weights corresponding to the complete exclusion of certain codes from
consideration.

The assignment of such weights is always associated with uncertainty, except
in certain cases. For example, it seems sensible that at relatively low primary proton
energies, when calculating the yield of products with Z and A close to the target
ones, the preference should be given to calculations using the TALYS code, Fig.3.
It should be noted that even in this case, calculations using different models
describing the nuclear level density sometimes give markedly different cross-
section values. Preference for calculating the cross-sections of the yield of heavy
fragments should probably be given to the ALICE/ASH code, Fig. 4.

At energies of 150-200 MeV, it seems reasonable to use equal weights for all
models, unless of course the correct prediction of the cross-section is impossible
due to the above-mentioned lack of a reaction modelling mechanism or for some

other reason.
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Fig.2 Examples of scatter of results of calculations.
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Examples of the use of the weighted sum of cross-sections are shown in the
Fig.5 and Fig.6. Figure 5 shows that the weighted averaged data are a rather
reasonable preliminary estimate. In contrast, Fig. 6 shows that averaging the cross-
sections does not solve the problem of consistency between the estimated cross-
sections and measured data, at least for the production of K.

In any case, the final evaluation was made using experimental data.

The cumulative cross-sections were calculated using the JEFF-3.3 data [52]
and the SNT code [53].
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Fig.3 Example of calculations performed using TALYS-G, and TALYS-2.0 with the
different models for nuclear level density. In the case of TALYS-G, the value
of Idmodel is equal to 1.

4. Evaluation of cross-sections

Evaluation of cross-sections, in the exact sense of the word, was performed both
for reactions with measured cross-sections and for which experimental data were
not available. In the latter case, the evaluation was carried out using results of
calculations with different models and codes, as discussed in Section 3.
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When experimental data were available in a limited energy region, the cross-
sections were evaluated using these data and an estimate obtained from the
calculation results.

For some reactions, sufficient experimental data were available to evaluate
cross sections using primarily these data.
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Fig.4 Examples of (p,’Be) reaction cross-section calculated using ALICE/ASH
code. Relatively good agreement is achieved by using the models of pre-
equilibrium and equilibrium emission of fragments with A > 4.
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various calculations gives a rather reasonable approximation to experimental
data. The final evaluated data for these reactions are shown in the Appendix,
page A69 and A101.
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The recommended data [54,55] for beam monitor reactions were included in
the new files, as in Refs. [1,2]. In addition, the cross-sections for the
BNb(p,x)*°Nb(cum) reaction were taken up to 100 MeV from Refs. [54,56]. It is
planned to incorporate all recommended data [54] into PADF-2 in the near future.
The progress can be followed in the generated files [4], where detailed information
on the used data of other authors and experimental data is given in section MF=1,
MT=451.

The example of evaluated data is shown in Fig.7.

A comparison of the evaluated and all available experimental data is given in

the Appendix.
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Fig.7 Example of evaluated reaction cross-section.
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5. Format of the data files

The resulting files were written in two different formats using ENDF-6 rules [3]. In
the first case, the files were recorded with MF=10 and MT=5, see Ref.[1] for detalils;
in the second case, the files were integrated into general-purpose JEFF-4 files
using MF=6 and MT=5 section.

6. Results

The cross-sections were obtained for proton induced reactions for stable isotopes of
sulfur 323334365 vanadium %051V, 55Mn, %°Co, and %Nb at energies up to 200 MeV.

The files contain cross-sections of all reactions occurring by emission of
gammas, mT-mesons, neutrons, hydrogen and helium isotopes, and fragments with
A>4.

The data obtained and recorded with MF=10, MT=5, together with the files
prepared in Refs.[1,2], can be downloaded from Ref.[4].

The Appendix presents graphs of reaction cross-sections for which
experimental data are available. First, data for individual isotopes of each element
are presented, then data for the natural mixture, including independent and
cumulative cross-sections. Reference to all measured data used in this work can be
found in the files [4].

7. Conclusion

Proton-induced reaction cross-sections for stable isotopes of sulfur 32:333436g
vanadium 5951V, 55Mn, %°Co, and %Nb at energies up to 200 MeV have been
evaluated.

The work involved calculations using various models and computer codes, as
well as analysis of experimental data.

The resulting files, distributed under the name PADF-2, can be downloaded

from Ref. [4] and the data as part of JEFF-4 general-purpose files from Ref. [5].
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