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Abstract

Neutron contribution is an important component of the secondary radiation field. For en-
ergies up to 400 MeV encompassing most of the incident spectrum for trapped protons and
solar energetic particle events, energy-angle spectra of secondary neutrons produced from the
proton-induced neutron production reaction are evaluated using the optical model for the di-
rect reactions, Hauser-Feshbach model for the equilibrium emission, and exciton model for the
preeqilibrium emission, based on selected reference measrements. As a result, a good agreement
has been achieved for entire emission energy and angle range, except for slight discrepancies at
preequilibrium emission energies.

I. Introduction

Calculation of space system shielding is complicated due to the production of secondary
products. Among the secondary nucleons, neutron penetration has entirely different nature
compared to that of charged particles. While the secondary proton dose is mainly due to the
large number of low energy protons produced in the shielding immediately adjacent to the dose
point, a large fraction of the neutrons produced through the whole shield may be transported
to the dose point. Thus, neutron contribution is an important component of the secondary
radiation field, especially for astronauts protected by thick shielding on lunar or Martian bases.

Most computer codes for space radiation shielding have an empirical formula for proton-
nucleus non-elastic cross sections and neutron emission spectra based on the Bertini’s intra-
nuclear-cascade (INC) model [1] for the secondary neutron production spectra in the shielding
materials for energies up to a few GeV of incident protons.

Recently, however, more rigorous models have been applied to provide nucleon-nucleus re-
action data for energies below a few hundred MeV where underlying physical assumptions of
the INC model are not well satisfied. As an example of such efforts, Los Alamos evaluation li-
brary (LA150) [2] contains neutron- and proton-induced nuclear reaction data for approximately
30 important isotopes for energies below 150 MeV. For energies up to 400 MeV encompassing
most of the incident spectrum for trapped protons and solar energetic particle events, proton-
nucleus non-elastic cross sections were evaluated [3] using an energy-dependent optical model
with accumulated measurements. On the other hand, the Galactic Cosmic Ray (GCR) pro-
tons spectrum, whose energies are higher than 400 MeV, is also important for the shielding of
secondary neutrons in the thick shields that can be used in Martian or Lunar bases.



The present work extends previous proton-nucleus non-elastic cross sections [3]. Energy-angle
spectra of secondary neutrons produced from the proton-induced neutron production reaction,
symbolized as (p, xn), of 27Al and 208Pb for energies below 400 MeV are evaluated based upon
model calculations guided and benchmarked by existing experimental data. Since nuclear in-
teractions are more sensitive to specific details of nuclear structure along with quantum effects
for energies below few hundred MeV, our theoretical evaluation uses the optical model for the
direct reactions, Hauser-Feshbach model for the equilibrium emission, and exciton model for the
preeqilibrium emission.

Computation time of our model calculation is much shorter than the INC models which use
Monte Carlo methods. Typical computation time varies according to the excitation energy and
target mass; it takes a few minutes for light nuclei such as aluminim, and several hours for heavy
nuclei such as lead on a Pentium-III PC.

II. Reference Measurements

Most of the measurements for energies below 150 MeV referenced in the LA150 library eval-
uation were also adopted in the present evaluation, and details are found in [3, 4]. Additionally,
important measurements of neutron emission spectra above 100 MeV of incident proton energy
are referenced in Meier [5, 6], Scobel [7], and Stamer [8]. These four sets of measurements, listed
in Table 1, provided important guidances in evaluating energy-angle spectra of emitted neutron
for energies above 150 MeV.

For the 27Al case, Meier’s measurements for 113 MeV protons [5], Scobel’s measurements
for 160.3 MeV protons [7], and Stamer’s [8] and Meier’s measurements [6] for 256 MeV were
referenced. It was reported in the references that the INC evaporation calculations using the
High Energy Transport Code (HETC) showed good agreements at 30 and 60 degrees, but the
discrepancies at 7.5 and 150 degrees are as much as a factor of 7.

For the 208Pb case, we referred to Scobel’s measurements for 120 and 160.3 MeV protons [7]
and Stamer’s [8] and Meier’s measurements [6] for 256 MeV protons. In the cases of 120 and
160.3 MeV, it was reported that the measurements are well reproduced by the phenomenolog-
ical parameterization of Kalbach [9]. However, for the 256 MeV cases, the Meier [6] showed
poor agreements between the data and the HETC calculation especially for very forward and
backward angles, and Stamer et al. [8] reported that the INC model of Bertini underestimated
the magnitudes of neutron production at 120 and 150 deg.

Electronic versions of all the measured data were retrieved from the Exchange File Format
(EXFOR) database at Nuclear Energy Agency (NEA) [10] and their integrities were checked. It
is found that the Stamer’s EXFOR data for 256 MeV protons (EXFOR entries C0511.004 and
C0511.008) contain neutron emission data of energies below 20 MeV, which were not presented
in the publication [8]. Since the paper noted that the experimental spectra obtained are almost
exclusively attributable to a preequilibrium emission mechanism, and the energy resolution of
the detectors are from 16 to 29 MeV in the experiments, the data below 20 MeV from the
EXFOR were excluded from our reference measurements.

III. Theoretical Models

1. Optical Models

The optical model supplies not only the non-elastic cross section and the angular distri-
bution of elastic scattering, but also the particle transmission coefficients for emission model



Table 1: Reference measurements of neutron double-differential emission spectra for incident
proton energy above 100 MeV

Reaction Principal Author Ep [MeV] Emission Angles [deg] EXFOR entry
27Al(p, xn) Meier [5] 113.0 7.5, 30, 60, 150 O0100

Scobel [7] 160.3 0 - 145 (14 angles) O0181
Stamer [8] 256.0 7.5, 30, 60, 150 C0511
Meier [6] 256.0 7.5, 30, 60, 150 C0168

208Pb(p, xn) Scobel [7] 120.0 0 - 145 (14 angles) O0181
Scobel [7] 160.3 0 - 145 (14 angles) O0181
Stamer [8] 256.0 7.5, 30, 60, 150 C0511

natPb(p, xn) Meier [6] 256.0 7.5, 30, 60, 150 C0168

calculations, such as equilibrium and preequilibrium decay models. In this work, the energy
dependent potential wells for neutrons and protons were adopted from the previous work of
Korea Atomic Energy Research Institute (KAERI) high energy library evaluation task [3, 4] for
particle energies up to 400 MeV. Figure 1 shows proton-nucleus non-elastic cross sections and
angular distribution of elastic scattering for both 27Al and 208Pb, resulting from the optical
model analysis. The proton-nucleus non-elatic cross section σr(E) is directly related to the
energy-angle spectra of secondary neutrons (σxn(µ,E,E′) as:

σxn(µ,E,E′) = σr(E)yn(E)fn(E,E′, µ)/2π (1)

where E is the incident energy, E′ is the energy of the neutron emitted with cosine µ, yn(E) is
the neutron yield, and fn(E,E′, µ) is the normalized energy-angle distribtion of emitted neutron.

2. Emission Models

For the emission reaction the latest version of the GNASH code [11] has been used. The
GNASH treats a nuclear reaction as proceeding through an initial preequlibrium phase, from
which high-energy ejectiles can be emitted, followed by a process of sequential particle emission
from decaying compound nuclei, until the final residual nucleus attains its ground state via
particle or gamma-ray emission. The Hauser-Feshbach theory is used to calculate emission from
the compound nucleus, with a full conservation of spin and parity. Production cross sections
and emission spectra of secondary light particles, gamma-rays, and recoil nuclides are obtained
from the calculations.

For such calculations in the GNASH code, several models and parameters are needed such
as optical model transmission coefficients, gamma-ray transmission coefficients, level density
models, preequilibrium components, and direct reaction effects. The transmission coefficients
were provided by the optical model analysis. The file of discrete level information and ground-
state masses, spin and parities was provided [12]. The mass values were based upon the 1995
Audi compilation [13], and in the case of unmeasured masses, the values from the Moeller and
Nix calculations [14] were supplemented. The Ignatyuk [15] nuclear level densities were used
for describing the statistical level density properties of excited nuclei. It utilizes an energy
dependent level density parameter to wash out the effects of shell closures for nuclei near closed
shells at higher energies.

Since many different residual nuclei can be produced in nuclear reactions up to 400 MeV,
a limited number of low-lying discrete levels were used and the statistical level densities were
matched continuously onto the density of known low-lying levels.
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Figure 1: Reaction cross sections (Left) and elastic scattering angular distributions (right) for
27Al and 208Pb obtained from the optical model analysis for proton energies up to 400 MeV.
The elastic scattering data of p+27Al for 17.0 MeV, 28.8 MeV . . . , were shifted by a factor of
104, 103, . . . , espectively. The elastic scattering data of p+208Pb for 21.0 MeV, 24.1 MeV . . . ,
were shifted by a factor of 107, 106, . . . , respectively.



The GNASH code has the exciton model in combination with the Kalbach angular-distribution
systematics [9] to describe the processes of preequilibrium emission, and damping to equilibrium,
during the evolution of the reaction. In the GNASH code, a simplified preequilibrium expres-
sion based upon the exciton model has been used to correct reaction and level-excitation cross
sections as well as spectra for preequilibrium effects :(

dσ

dε

)
preq
∝ σinv(ε)mεσR
|M |2g4E3

n̄∑
n=3

(U/E)n−2(n+ 1)2(n− 1), (2)

where E and U are the excitation energies of the compound and residual nuclei, respectively;
σR is the incident particle non-elastic cross section; m, ε, and σinv(ε) are the mass, kinetic
energy, and inverse cross section for the outgoing particle; g is the average single-particle level
spacing from the Fermi-gas model; and n is the number of particles and holes (n = p + h) in
the compound nucleus. The sum extends from the initial exciton number 3 to (̄n), the limiting
value attained when equilibrium is reached. To achieve a global agreement with the emission
spectra measurements, the absolute square of the damping matrix |M |2 has been tuned as a
phenenological fudge factor.

The pion production channel opens at its production threshold energy (around 150 MeV),
but the present model calculation deos not include the pion channel, because its emission fraction
to that of neutrons is at most 1 % at the higher emission energies for the energy range of our
interest (see [16]).

IV. Results and Comparisons

In order to give an overview of our evaluation results, Figure 2 provides 3-dimensional plots of
the angle-integrated emission spectra information of neutrons. These plots, for protons incident
on 27Al and 208Pb, are products of non-elastic cross sections, multiplicities (yields), and angle-
integrated energy distributions that were evaluated in the present work expressed as an angle-
integral of equation (1):

σxn(E,E′) = σr(E)yn(E)
∫
dµfn(E,E′, µ)/2π (3)

It shows the trends of increasing high-energy preequilibrium emission with increasing incident
proton energy.

1. 27Al

Figure 3 shows a comparison of our evaluation, the LA150 library, and the measurements
of Meier [5] for double-differential neutron emission spectra at 7.4, 30, 60 and 150 degrees for
incident protons of 113 MeV. Agreement is fairly good over the whole range of emission energies
and angles except for slight overestimations for neutron energies below 20 MeV.

For incident proton energies above 150 MeV, our evaluations are compared in Figure 4
with the measurements of Scobel [7] for 160.3 MeV and in Figure 5 with the measurements of
Stamer [8] for 256 MeV. Good agreements are shown in Figure 4 for the 160.3 MeV case except at
145 degree, where our model calculations underestimate the measured neutron spectra. However,
this descrepancies do not appear to be systematic in our model calculations since we have good
agreements at 150 degree of 113 MeV and 256 MeV protons (see Figs. 3 and 5).

The 256 MeV case in Figure 5 gives reasonable agreements except for slight overestimations at
higher emission energies (preequilibrim emission) at 7.5 degree. The magnitude of the calculated
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Figure 2: Evaluated angle-integrated neutron emission spectra for 27Al and 208Pb reactions



preequilibrium emission spectra is determined by the Kalbach angular-distribution systematics
in the GNASH code, and its accuracy is within that of of the Kalbach systematics.

2. 208Pb

Figure 6 shows a comparison of our evaluation, the LA150 library, and the measurements
of Scobel. [5] for double-differential neutron emission spectra at 11, 45, 95 and 145 degrees for
incident protons of 120 MeV. Agreement is fairly good over the whole emission energies and
angles except at 145 degree, where our model calculations as well as the LA150 library are
smaller than the measured data. Again, this descrepancies do not appear to be systematic in
our model calculations since we have good agreements at 145 degree of 160 MeV and at 150
degree of 256 MeV protons (see Fig. 7 and 8).

For incident proton energies above 150 MeV, our evaluations are compared in Figure 7
with the measurements of Scobel [7] for 160.3 MeV, and in Figure 8 with the measurements of
Meier [6] and Stamer [8] for 256 MeV. While good agreements are shown for the 160.3 MeV case,
the 256 MeV case gives reasonable agreements except for for slight overestimations at emission
energies between 15 and 50 MeV, which is due to the limitation of Kalbach angular-distribution
systematics.

V. Conclusion

Below 150 MeV of incident protons, no significant differences are noticed between our evalu-
ation and the LA150 library, giving a good consistency with the measurements. This is mainly
because the reference measurements, theoretical models, and model parameters are nearly the
same for our evaluation and the LA150 library except the transmissition coefficients of neutrons
and protons, whose effects are minimal in the inclusive emission spectra.

For energies between 150 and 400 MeV, our evaluations are made on the same reaction
models as the LA150 library, but with

• utilization of the optical model parameters of neutrons and protons validated for incident
energies up to 400 MeV,

• benchmark with appropriate reference measurements for energies above 150 MeV, and

• adjustment of absolute square of the damping matrix to have a global agreement with
emission spectra.

As a result, fairly good agreement has been achieved in the neutron double differential
emission spectra for entire emission energy and angle range. Slight discrepancies are observed
at preequilibrium emission energies between 15 and 50 MeV for 256 MeV protons incident on
208Pb, which come from the limitation of Kalbach angular-distribution systematics.
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Figure 3: Evaluated 27Al(p, xn) double-differential neutron emission spectra compared with
experimental data and the LA150 library at 113 MeV incident energy. Note that the data for
7.5, 30 and 60 degrees were multiplied by 1000, 100 and 10 respectively for clarity of presentation.
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Figure 4: Evaluated 27Al(p, xn) double-differential neutron emission spectra compared with
experimental data at 160.3 MeV incident energy. Note that the data for 11, 45 and 95 degrees
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Figure 6: Evaluated 208Pb(p, xn) double-differential neutron emission spectra compared with
experimental data and the LA150 library at 120 MeV incident energy. Note that the data for
11, 45 and 95 degrees were multiplied by 1000, 100 and 10 respectively for clarity of presentation.
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Figure 7: Evaluated 208Pb(p, xn) double-differential neutron emission spectra compared with
experimental data at 160.3 MeV incident energy. Note that the data for 11, 45 and 95 degrees
were multiplied by 1000, 100 and 10 respectively for clarity of presentation.



10-4

10-2

100

102

104

106

50 100 150 200 250

d
σ

2
/d

E
d

Ω
 [
m

b
/M

e
V

/s
tr

]

Emitted Neutron Energy [MeV]

256.0 MeV 208Pb(p,xn)

7.5o x 1000

30o x 100

60o x 10

150o

Stamer (93)
Meier (92)

Present Work

Figure 8: Evaluated 208Pb(p, xn) double-differential neutron emission spectra compared with
experimental data at 256 MeV incident energy. Note that the data for 7.5, 30 and 60 degrees
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