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Abstract.  A survey is given about efforts undertaken during the HINDAS project to investigate the energy dependence 
of residual nuclide production by proton-induced reactions from thresholds up to 2.6 GeV. For proton-induced reactions, 
our experiments aimed to further developing and completing the cross section database which was established by our 
collaboration in recent years. It was extended to the heavy target elements Ta, W, Pb, and Bi for energies up to 2.6 GeV. 
In addition, new measurements for the target element iron were performed up to 2.6 GeV and for natural uranium for en-
ergies from 21 MeV to 69 MeV. For the target element lead, a comprehensive set of excitation functions published re-
cently was completed by AMS-measurements of cross sections for the production of the long-lived radionuclides Be-10, 
Al-26, Cl-36, and I-129 and by mass spectrometric measurements for stable and radioactive rare gas isotopes of He, Ne, 
Ar, Kr, and Xe. Comprehensive tests of the nuclear reaction codes TALYS and INCL4+ABLA, which were developed 
within the HINDAS project, were performed with the new experimental results over the entire energy range.  

 

INTRODUCTION 

For accelerator technologies, production of residual 
nuclides has to be described to model the radioactive 
inventories of the spallation targets, the activation of 
accelerating structures, of the beam pipes and windows 
and of shielding materials, cooling materials and am-
bient air. Radionuclide inventories will determine the 
final disposal costs of spallation targets and will decide 
whether the burn-up of nuclear waste can be counter-
weighted or not by the creation of other activation 
products. Moreover, intermediate energy cross sec-
tions of fission products and actinides are needed. Fi-
nally, the production of residual nuclides will cause 
chemical alteration of the irradiated components and, 
in particular, production of light complex particles 
such as 2H, 3H, 3He, and 4He will cause considerable 
material damage.  

Integral excitation functions for the production of 
residual nuclides are basic quantities for the calcula-
tion of radioactive inventories of spallation targets in 
spallation neutron sources and in accelerator-driven 
devices for energy amplification or for transmutation 
of nuclear waste. Due to the large range of relevant 
target elements and the vast amount of product nu-
clides it will not be possible to measure all the cross 
sections needed. Consequently, one will have to rely 
widely on models and codes to calculate the required 
cross sections and validation of such calculations will 
be a high priority issue. Since previous experiences 
with predictions of such excitation functions were not 
satisfying [1], two new code systems were developed 
within the HINDAS (High and Intermediate Energy 
Nuclear Data for Accelerator-Driven Systems) project 
[2]. Experimental investigations of the HINDAS pro-
ject provided consistent sets of nuclear data of all 
types to allow for comprehensive tests of these mod-



els; see ref. [3] for details. Here, we report the respec-
tive work for the production of residual nuclides by 
proton-induced reactions up to 2.6 GeV. 

EXPERIMENTAL DATA BASE 

For proton-induced reactions, the efforts of the 
HINDAS project aimed to further developing and 
completing the cross section database which was es-
tablished by our collaboration in recent years; [4] and 
references therein. During the HINDAS project the 
data base was extended to the heavy target elements 
Ta, W, Pb, and Bi [5-8]. Further, about 560 new cross 
sections for the production of 19 radionuclides from 
the target element iron have been measured from 
thresholds up to 2.6 GeV. For the target element lead a 
comprehensive set of excitation functions published 
recently was completed by AMS-measurements of 
cross sections for the production of the long-lived ra-
dionuclides 10Be, 36Cl, and 129I, (Schumann et al., these 
proceedings). For natural uranium, cross sections for 
the production of residual nuclides are available for p-
energies from 21 MeV to 69 MeV (Uosif et al., these 
proceedings) and at 600 MeV are available (Adam et 
al., these proceedings) and evaluations of past irradia-
tion experiments of thorium and uranium at Saturne 
for energies between 200 MeV and 2.6 GeV are un-
derway. Further spin-offs of the HINDAS project were 
mass spectrometric measurements of cross sections for 
the production of stable and radioactive isotopes of 
He, Ne, Ar, Kr, and Xe from natural lead [9]. 

Together with not yet published cross sections for 
the target elements Rb, Mo, Rh, Ag, In, Te, and La, 
our entire consistent data base now covers the target 
elements C, N, O, Mg, Al, Si, Ca, Ti, V, Mn, Fe, Co, 
Ni, Cu, Rb, Sr, Y, Zr, Nb, Mo, Rh, Ag, In, Te, Ba, La, 
Ta, W, Au, Pb, Bi, and U. It contains data for nearly 
1 500 nuclear reactions and more than 25 000 cross 
sections Most of the data are available in EXFOR.  

Our investigations made use of classical kinematics 
and, therefore, they are confined to residual nuclides 
with usually at least a few hours’ half-lives which 
mostly reveal a cumulative production due to the de-
cay of short-lived progenitors. These investigations are 
complimentary to those using inverse kinematics 
where the primary residuals can be studied at certain 
energy points, e.g. [10]. The classical kinematics al-
lows studying the energy dependence from thresholds 
up to the highest energies which are 2.6 GeV for pro-
ton-induced reactions of this work. The data obtained 
by this method are the basis to test whether the energy 

dependence of nuclear reaction phenomena are prop-
erly taken into account by nuclear models and codes.  

MODEL VALIDATION 

During the HINDAS project two codes systems 
were developed to satisfy the needs for modelling nu-
clear reaction data at intermediate and high energies. 
The TALYS code includes the optical model, direct, 
pre-equilibrium, fission and statistical models and 
thereby gives a prediction for all the open reaction 
channels for energies up to about 200 MeV (Koning et 
al. in these proceedings). The INCL4+ABLA code 
system is a combination of the codes INCL4 [11] for 
the intra-nuclear cascade and ABLA [12] for the nu-
cleus de-excitation. The experimental data base estab-
lished during the HINDAS project offers an excellent 
chance for the validation of the new codes.  
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FIGURE 1.  Experimental cross sections (squares) for the 
production of 52m+gMn from natural iron by proton-induced 
reactions in comparison with TALYS results (solid line). 

 

To validate these code systems with respect to their 
capabilities to predict cross sections for the production 
of residual nuclides respective “blind” calculations 
were performed for Fe, W, Ta, Pb, Bi, and U and the 
results were compared with the new experimental data.  

Fig 1 gives an example for such a comparison for 
the production of 52m+gMn from natural iron. A more 
systematic survey on the capabilities of the TALYS 
and INCL4+ABLA codes and on still pertaining prob-
lems is given in Fig. 2 for the target element bismuth. 
Generally, the results of these comparisons were quite 
good. For a wide range masses from target-near to 
spallation products, both codes, TALYS and 
INCL4+ABLA, adequately reproduce the experimen-



tal cross sections varying by 5 orders of magnitude 
over the entire range of energies for. In contrast to 

earlier evaluations [4-8], the new codes also give rea-
sonable results for all fission products.  
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FIGURE 2.  Comparison of experimental cross sections [7] with model calculations using the TALYS (solid lines) 
and INCL4+ABLA (broken lines) codes.  

 

There remains, however, a problem with the pro-
duction of light products. Already the production of 
22Na from Bi is underestimated by about an order of 
magnitude. These discrepancies get worse for lighter 

target masses as e.g. 7Be and 10Be. We attribute them 
to the neglect of multi-fragmentation in the existing 
codes.  



The production of noble gas isotopes in lead by 
proton-induced reactions is of special importance for 
design studies of accelerator driven systems and en-
ergy amplifier. Such measurements were performed 
within the HINDAS project by direct measurement of 
light gas isotopes by the NESSI collaboration, e.g. 
[13]. In addition and in order to test the consistency 
with earlier mass spectrometric measurements the pro-
duction of stable and radioactive rare gas isotopes  of 
He-, Ne-, Ar-, Kr-, and Xe from natural lead by pro-
ton-induced reactions was investigated from threshold 
up to 2.6 GeV by rare gas mass spectrometry [9]. 
Apart from some exceptions the database for the pro-
ton-induced production of noble gas isotopes from 
lead is consistent and nearly complete. While for the 
production of He from Al and Fe, where the cross sec-
tions obtained by thin-target irradiation experiments 
are up to a factor of 2 higher than the NESSI data, both 
datasets agree for the He production from lead (Fig. 3). 
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 FIGURE 3.  Production of He (=3He+4He) from Lead 
by proton-induced reactions; data are from [9] (full 
circles) and [13] (open squares). 

CONCLUSIONS 

Cross sections for the production of residual nu-
clides are a key issue for medium energy applications. 
Since it is impossible to measure all cross sections 
needed for accelerator driven technologies, models and 
codes have to be improved to meet the accuracy re-
quirements of the applications. Data bases of experi-
mental cross sections are improving, but do not suffi-
ciently cover all reaction modes and data needs. Ex-
perimental cross sections provide the bench marks for 
models and codes and much can already be done on 
the basis of the now existing experimental data bases. 
But, more remains to be done in the future.  
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