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Abstract. All cross sections of proton induced reactions, angular distributions, energy spectra and double
differential cross sections of neutron, proton, deuteron, triton, helium and alpha-particle emissions for
p-204206207.208 py 209Bj reactions are consistently calculated and analyzed at incident proton energies below
200 MeV. The optical model, the distorted wave Born approximation theory, the unified Hauser-Feshbach and
exciton model which includes the improved Iwamoto-Harada model are used. Theoretically calculated results

are compared with the existing experimental data.

1. Introduction

New accelerator-driven technology that utilizes spal-
lations, such as the production of tritium and the
transmutation of radioactive waste, is a growing interest
in such type of reactions especially due to the emerging
new ideas concerning the hybrid systems. Such systems
are supposed to use intense high-energy proton beams,
which induce spallation reactions on heavy targets. A
large number of high-energy neutrons along with light
charged particles are produced. The Accelerator-Driven
System (ADS) requires nuclear data of common cross
sections and especially the data of neutron and proton
induced energy-angle correlated spectra of secondary light
particles as well as double differential cross sections to
model the performance of the target/blanket assembly
and to predict neutron production, activation, heating,
shielding requirements, and material damage. Due to
specific experimental difficulties, experimental results
concerning light charged particle production in proton
induced reactions are rather scarce. The development
of high-quality nuclear data for Lead and Bismuth is
particularly important due to their role as an important
target material in many accelerator-driven system designs.

In this work, all cross sections, angular distribu-
tions, and angle-integrated spectra of particles emission
for p4204206.207.208py, - 209Bj reactions are consistently
calculated by wusing the optical model [1], the
distorted wave Born approximation theory [2], the unified
Hauser-Feshbach and exciton model [3]. The improved
Iwamoto-Harada model [4-7] is included in the exciton
model to provide a comprehensive and improved
description of the energy spectra and double differential
cross sections of the light composite particles (d, t, He
and o) emission at incident proton energy up to 200 MeV.
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Section 2 provides a description of the theoretical
models used in this work. Section 3 gives the analysis and
comparisons of the calculated results with the experimental
data. Sect. 4 gives a simple conclusion.

2. Theoretical models and parameters

The optical model is used to describe the measured
proton-induced total reaction cross sections and elastic
scattering angular distributions, and to calculate the
transmission coefficient of the compound nucleus and
the pre-equilibrium emission process for all particles
(neutron, proton, deuteron, triton, helium and alpha-
particle). The optical model potentials considered here
are Woods-Saxon [1] type for the real part, Woods-
Saxon and derivative Woods-Saxon type for the imag-
inary parts corresponding to the volume and surface
absorptions and the Thomas form for the spin-orbit part,
respectively.

The theoretical model code APMN [8] is used to
obtain the optical model potential parameters. The optical
potential parameters for proton are obtained from the
experimental data of total reaction cross section and
elastic scattering angular distributions for p+2%Pb and
29Bj reactions at incident proton energy up to 250 MeV.
A set of neutron optical model potential parameters [9]
for n+2%Pb and 2“Bi reactions are used in incident
neutron energy from 0.1 to 250 MeV. The optical potential
parameters for deuteron, triton, helium and alpha-particle
are taken from the global optical potential parameters
[10-13] with incident energies from threshold up to
200 MeV, based on the experimental data of particle
total reaction cross sections and elastic scattering angular
distributions, respectively.

The direct inelastic scattering angular distributions to
low-lying states are important in nuclear data theoretical
calculations. The code DWUCK4 [2] of the distorted
wave Born approximation theory is used to pre-calculate
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Figure 1. Calculated reaction cross sections compared with the
experimental data of p+2%Pb reaction.

the direct inelastic scattering cross sections and angular
distributions of discrete levels. The experimental data of
inelastic scattering angular distributions for discrete levels
are used to guide theoretical calculations. The deformation
parameters for excited levels are obtained.

The unified Hauser-Feshbach and exciton model are
used to describe the nuclear reaction equilibrium and
preequilibrium decay processes. The Hauser-Feshbach
model with width fluctuation correction is used to describe
the emissions from compound nucleus to the discrete levels
and continuum states of the residual nuclei in equilibrium
processes, and the preequilibrium process is described
by the angular momentum dependent exciton model. The
emissions to the discrete level and continuum states in
the multi-particle emissions for all opened channels are
included. The preequilibrium statistical theory based on
the exciton model, evaporation models and the Hauser-
Feshbach theory with width fluctuation correction, and the
intranuclear cascade model are used to describe the nuclear
reaction preequilibrium and equilibrium decay processes.
The improved Iwamoto-Harada model is used to describe
the composite particle (d, t, 3He and «) emission in
compound nucleus.

The nuclear reaction models code MEND [14], which
can give all kinds of reaction cross sections and energy
spectra for six outgoing light particles (neutron, proton,
alpha, deuteron, triton, and helium) and various residual
nuclei in the energy range up to 250 MeV, is used.

The level density parameters and pair correction para-
meters of the Back-Shifted Fermi gas level density [15]
for low energy are used. The Ignatyuk nuclear level
densities [16] are used, which include the washing-out of
shell effects with increasing excitation energy, collective
excitations as well as single particle ones, departs from
more traditional ones, and are matched continuously onto
low-lying experimental discrete level. The Ignatyuk model
for describing the statistical level density properties of
excited nuclei is particularly appropriate for the relatively
high energies. The parameters of the level densities and
pair correction are taken from RIPL [17], and adjusted
by fitting the experimental data of some channel reaction
cross sections.
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Figure 2. Calculated 2®Pb(p, 2n)**’Bi reaction cross sections
compared with the experimental data.

3. Theoretical results and analysis

The theoretical calculated results of total reaction cross
sections for p+2%®Pb are in good agreement with the
experimental data as shown in Fig. 1. There are no
experimental data of proton total reaction cross sections for
p+2*Bi reaction. The theoretical calculated results also
agree with the experimental data of p+->°Pb reaction. The
comparison of the calculated results of elastic scattering
angular distributions with the experimental data for
p-204206.208pp,  209Bj reactions shows that the calculated
results consist with the experimental data. The calculated
results of proton inelastic scattering angular distributions
for different discrete levels of different targets at different
incident energy are compared with the experimental data.
The calculated results are in good accordance with the
experimental data.

The comparison of the calculated results of proton
induced reaction cross section for different channels of
different targets with the experimental data shown that the
calculated results are in good or reasonable agreement with
the experimental data. The comparison of some calculated
results with the experimental data are only given in Figs. 2
to 4. The disagreements between the calculated results and
the experimental data for some reaction channels need to
be studied theoretically and experimentally in the future.

Based on the agreements of the calculated results with
the experimental data above all reaction cross sections
and angular distributions, the energy spectrum of neutron,
proton, deuteron, triton, helium and alpha emission
for p4-204:206.207.208pp, - 209Bj reactions are calculated by
theoretical models.

The calculated results of the energy spectra of neutron
emission for p+20+206.207.208phy reactions are compared
with the experimental data [18] at incident proton energy
25.5MeV as shown in Fig. 5. The calculated results of
the energy spectra of neutron, proton, deuteron, triton
helium and alpha emission for p+2%®Pb reaction are
compared with the experimental data [19] at incident
proton energy 62.9MeV in Fig. 6. The magnitude
and shape of theoretical calculated curve of energy
spectra for neutron, proton, deuteron, triton and helium
emission is in accordance with the experimental data.
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Figure 3. Calculated ?*Bi (p, 3n + p2n) reaction cross sections
compared with the experimental data.
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Figure 4. Calculated >*Bi (p, 8n)*”Po reaction cross sections
compared with the experimental data.
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Figure 5. Calculated neutron energy spectra compared with the
experimental data for p+204206.207.208pp reactions.

Figure 6. Calculated energy spectra compared with the
experimental data for p-+2**Pb reaction.
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Figure 7. Calculated energy spectra compared with the
experimental data for p+2%Bi reaction.

The theoretical calculated results for alpha emission are
in agreement with the experimental data above alpha
emission energy 25.0MeV, where are the contributions
of the preequilibrium reactions in theoretical calculated
results.

The calculated results of the energy spectra of proton,
alpha, deuteron, triton and helium emission for p+2O9Bi
reaction are compared with the experimental data [20] at
incident proton energy 61.7 MeV in Fig. 7. The magnitude
and shape of theoretical calculated curve of energy spectra
for proton, deuteron, triton and helium emissions are in
agreement with the experimental data. The theoretical
calculated results for alpha emission agree with the
experimental data above alpha emission energy 25.0 MeV,
and are larger than the experimental data below alpha
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Figure 8. Calculated double differential cross sections of
deuteron emission compared with the experimental data for
p-+2%Pb reaction.
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Figure 9. Calculated double differential cross sections of helium
emission compared with the experimental data for p+>%Bi
reaction.

emission energy 25.0 MeV, where are the contributions of
the equilibrium reaction in theoretical calculated results.

The calculated results of the double differential cross
sections for deuteron emission for p+2®Pb reaction are
compared with the experimental data at incident proton
energy 62.9MeV in Fig. 8. The magnitude and shape
of the calculated curve are in good agreement with the
experimental data [19].

The calculated results of the double differential cross
sections for helium emission are compared with the
experimental data at incident proton energy 61.7 MeV as
shown in Fig. 9. The magnitude and shape of the calculated
results curve are in good agreement with the experimental
data [20].

4. Conclusions

All cross sections of proton induced reaction, angular
distributions, energy spectra and double differential cross
sections are consistently calculated by using nuclear theory
models for p4-20+206.207.208py, 209Bj reactions at incident
proton energies from threshold energy to 200 MeV. Good
agreements are generally observed between the calculated
results and the experimental data. Since the improved
Iwamoto-Harada model has been included in the exciton
model for the light composite particle emissions, the
theoretical models provide a good description of the
shapes and magnitude of the energy spectra and double
differential cross section of emission deuteron, triton,
helium and alpha. These data can be effectively used in
different practical applications.

This work was part of National Basic Research Program of China
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