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ABSTRACT 

Calculations of nuclide yields from spallation reactions usually assume that the products are 
formed in their ground states. We are performing calculations of product yields from proton 
reactions on tungsten isotopes that explicitly account for formation of the residual nuclei in 
excited states. The Hauser-Feshbach statistical/preequilibrium code GNASH, with full 
accounting for angular momentum conservation and electromagnetic transitions, is utilized in 
the calculations. We present preliminary results for isomer branching ratios for proton 
reactions to 200 MeV for several products including the 31-y, 16+ state in 1 7 8 H f and the 25-d, 
25/2- state in 1 7 9 Hf. Knowledge of such branching ratios might be important for concepts 
such as accelerator production of tritium that utilize intermediate-energy proton reactions on 
tungsten. 

INTRODUCTION 

The use of particle accelerators for the production of tritium (APT) is a promising idea that is 
receiving serious consideration at several laboratories. Such concepts typically involve use of 
an intermediate energy proton beam (-1000 MeV) on a heavy target, usually tungsten or lead, 
to produce large numbers of neutrons. The spallation reactions that lead to die large neutron 
yield also result in production of many product nuclei, some of which are radioactive. 
Knowledge of the yields of these radioactive product nuclides is obviously important for the 
APT concept. Calculations of nuclide yields from spallation reactions are usually performed 
with intranuclear cascade/evaporation models without explicitly accounting for angular 
momentum effects. Such calculations often assume that all products are formed in their 
ground states, thus ignoring the possibility of direct formation of isomeric excited states. In 
order to investigate such reactions, we have begun a theoretical analysis of p + 
180,182,183,184,186\\r reactions with the Hauser-Feshbach statistical/preequilibrium code 
GNASH [1] up to an incident proton energy of 200 MeV. Our analysis includes full 
accounting for angular momentum conservation and electromagnetic transitions and therefore 
permits calculation of branching fractions to the various isomeric states formed in the 
reactions. 
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ANALYSIS 

We are developing a coupled-channel optical model potential with the goal of describing the 
available tungsten data up to about 200 MeV. We begin from the potential described by 
Young et al. [2], which is similar to the neutron potential used for ENDF/B-V below 20 MeV. 
Through application of the Lane model, we use the same coupled-channel potential to obtain 
transmission coefficients for both neutrons and protons. Above 20 MeV the potential was 
modified to better account for measurements of the Ta neutron total cross section [3] and for 
proton reaction cross sections on Ta and W in the 20 to 100 MeV range [4]. Optimization of 
the coupled-channels potential is not yet complete and at present it is regarded as preliminary. 
For alpha particles, we incorporate a spherical potential from McFadden and Satchler [5]. 

We utilize a semiclassical exciton model to calculate preequilibrium reactions [6] but, because 
preequilibrium effects are so important in this energy range, we plan to also use the quantum 
mechanical theory of Feshbach, Kerman, and Koonin [7]. Multiple preequilibrium effects are 
included using an early version of a model by Chadwick et al. [8] To account for gamma-ray 
competition, we incorporate gamma-ray strength functions from the model of Kopecky and 
Uhl [9]. All relevant nuclear structure information is included for all residual nuclei in the 
calculation, based mainly on the evaluated nuclear structure file ENSDF but supplemented by 
theoretical calculations for key nuclei such as I78,179fjf [JQ]. At excitation energies above the 
range where experimental data are complete for discrete levels, we utilize the level density 
formulation of Ignatyuk et al. [11] which includes energy-dependent level density parameters 
and allowance for the washing out of shell effects at higher energies. 

We performed calculations at proton energies from the effective threshold for (p,n) reactions 
to 200 MeV for 180,182,183,184,186^ targets. Essentially all possible product nuclei are 
covered in the calculations, including isomeric states. Our results are comprised of energy-
dependent formation cross sections for all significant stable and radioactive rhenium, 
tungsten, tantalum, and hafnium isotopes, including isomers, from proton reactions to 200 
MeV with the various tungsten isotopes. 

RESULTS 

To validate our calculations, we have made comparisons with several experimental results, 
including neutron total cross sections, proton reaction cross sections, and double-differential 
inclusive neutron spectra measurements for W(p,xn) reactions at 113 MeV by Meier et al 
[12]. The preliminary optical model agrees reasonably with the neutron total and proton 
reaction cross section measurements above 20 MeV, although further optimization of the 
potential will be pursued. Calculated neutron emission spectra are compared with the 
W(p,xn) measurements of Meier et al. in Fig. 1. The agreement is reasonable considering the 
preliminary nature of the analysis. Qualitatively similar consistency with the Meier et al. data 
has been observed with intranuclear cascade/evaporation model calculations by Prael [13], 

We present preliminary calculated production cross sections for 38-d 1 8 4 R e j 7i_ (j 183Re? 121-
d 1 8 1 W , and the 31-y, 16 + isomer of 1 78mfjf j n pjg S 2-5, respectively. In each case 
contributions from proton reactions with the individual isotopes are given. The gross 
structure seen in the production cross sections, particularly in Figs. 4 and 5, results from the 
interplay of the different reaction sequences that lead to the radioactive products. 
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Fig. 1. Comparison of calculated neutron emission spectra from 113-MeV proton reactions 

on tungsten with the measurements of Meier et al. [12]. 
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Fig. 2. Calculated cross sections for formation of 38-d 1 8 4 Re from proton reactions with 
1 8 4 W and 1 8 6 W at energies from threshold to 200 MeV. 
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3. Calculated cross sections for formation of 71-d 1 8 3 Re from proton reactions with 
183w, 184\v, and 1 8 6 W at energies from threshold to 200 MeV. 
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4. Calculated cross sections for formation of 121-d 181w from proton reactions with 
1 8 2 W, ^ W , 1 8 4 W, and 1 8 6 W at energies from threshold to 200 MeV. 
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178. Production Cross Sections for 31-y Hf 16+ Isomer 
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Fig. 5. Calculated cross sections for formation of the 31-y, 16+ 178mHf isomer from proton 
reactions with 1 8 0 W , 1 8 2 W , 1 8 3 W , and 1 8 4 W at energies from threshold to 200 MeV. 

We also present results for isomer branching ratios of 169-d 1 8 4 m R e (J r t = 8 + ) in Fig. 6 and 
31-y 178mHf ( j* = 16+) in Fig. 7. The branching fractions for 184mRe ^ w e n a s 186mRe) are 
large and tend to remain nearly constant over most of the energy range. The branching ratios 
of l^Smjjf aj-g s r n a l l , mainly remaining below 10%, and show significant energy dependence. 
In general, the branching fractions are larger for nuclides near the target masses of the various 
W isotopes. The isomer branching fractions are found to depend not only on the 
characteristics (excitation energy, J71) of the specific isomer states but also on the reaction 
sequences that are followed in producing them. 

CONCLUSIONS 

This preliminary analysis establishes the feasibility of using Hauser-Feshbach, 
statistical/preequilibrium model codes with full angular momentum conservation to calculate 
production cross sections for specific radioactive nuclides and isomers out to incident 
energies of 200 MeV. Reasonable agreement is obtained with experimental information with 
only a modest effort at model optimization. We plan to further optimize parameters used in 
the analysis and to explore other approaches such as the use of FKK theory for improved 
calculation of preequilibrium effects. 

This work was performed under the auspices of the U. S. Department of Energy at Los 
Alamos National Laboratory under Contract No. W-7405-Eng-36 and at Lawrence Livermore 
National Laboratory under Contract No. W-7405-Eng-48. 
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Fig. 6. Calculated branching ratio for the 169-d, 8 + isomer of 1 8 4 Re from proton reactions 
with 1 8 4 W and 1 8 6 W at energies from threshold to 200 MeV. 
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7. Calculated branching ratio for the 31-y, 16+ isomer of 1 7 8 Hf from proton reactions 
with 1 8 0 W, 1 8 2 W, 1 8 3 W, and 1 8 4 W at energies from threshold to 200 MeV. 
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