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Secondary particle predictions in quasifree proton scattering reactions
in the 100–250 MeV energy range
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Results for observables related to the secondary particle production process in proton-nucleus spallation
reactions at low beam incident energy (100–250 MeV) are shown. The energy and angular distributions of the
residual nucleus are determined in the context of our multicollisional Monte Carlo intranuclear cascade model.
The mechanism of proton-nucleus reactions is conventionally described as a sequence of two stages: the rapid
intranuclear cascade phase and the slow particle evaporation step. In this work we focus on the rapid phase
considering the nucleon effective mass as an effect of the many-body nuclear interactions and the intranuclear
mean field. This procedure represents a more realistic scenario to obtain the particles’ multiplicity generated
in spallation reactions with light-mass target nuclei in a low-energy range. We focused our attention on target
nuclei of macro elements, such as carbon, oxygen, phosphorus, sulfur, sodium, potassium, chlorine, and calcium,
and trace elements such as iron, copper, zinc, bromine and selenium, which are the most frequent compounds
of the organic material. The choice of these target nuclei is due to our expectancy that our results can work as
a preliminary insight for further theoretical approaches, specially taking into account nuclear effects due to the
interaction of the particles of the beam with the organic tissue.
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I. INTRODUCTION

In the present work, we focus on the proton-nucleus spal-
lation reactions [1,2] to discuss intranuclear multicollisional
processes. The nuclear spallation reaction induced by protons
has been well described as a two-step process [3]. In the first
stage, the high-energy incident proton interacts with the target
nucleus, transferring part of or the whole beam energy to the
nuclear system by multicollisional processes in a rapid phase,
namely, the cascade phase [4–8]. During the intranuclear dy-
namics, nucleons can be ejected from the nuclear environment
and these escaping particles carry part of the energy initially
deposited in the target nucleus. As a result the remaining en-
ergy of the system is redistributed in a pre-equilibrium phase,
leading the residual nucleus to a final thermal equilibrium
state [9]. The pion formation process [10,11] may also play an
important role in the cooling mechanism of the target nucleus,
since part of the beam energy may be converted internally in
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pion mass and rendered to the nuclear environment only in the
final stage of the cascade phase.

Although the evaporation phase could be important for
the determination of low-energy emitted particles, the main
goal of the present calculation is to investigate the nuclear
effects on the proton interaction with the atomic nucleus in
terms of an effective baryonic mass. We anticipate that only
a small number of energetic particles of few tens of MeV
are emitted in the cascade phase (energy value � 20 MeV).
However, they are quite important to the determination of the
final spectra and angular distribution of high-energy emitted
particles, of practical interest for other fields of investigation
such as particle therapy and waste renewal by accelerators
[12,13].

In previous works [4,5,14], we demonstrated that the char-
acteristics of the residual cascade nuclei (atomic number,
mass number, and excitation energy) are remarkably sensi-
tive to the value attributed to the nucleon effective mass.
A fundamental aspect of nucleons’ behavior in the nuclear
environment is the change in their kinematic properties due
to the nuclear in-medium interactions. The concept of baryon
effective mass is introduced to determine the propagation of
nucleons inside the nuclear environment. This concept comes
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from a mean-field approximation and other more fundamen-
tal approaches to describe nuclear matter and finite nucleus
structure [15]. In this context, we have introduced a nucleon
effective mass in the ground state to mimic the effects of the
nuclear mean field. During p − A reactions, the effective mass
is redefined in order to strictly preserve the energy-momentum
conservation principle. The inclusion of mean-field properties
in the intranuclear reactions dynamics has already been per-
formed in earlier works by Boudard et al. [16], Aoust and
Cugnon [17], Jaminon and Mahaux [18,19], David [20], and
Filges et al. [21], among others. The effective mass prescrip-
tion described in the present work is an alternative for these
earlier calculations in a manner that nuclear effects can be
properly controlled in the cascade mechanism as an initial free
parameter that changes during the intranuclear dynamics.

The analysis of the behavior of particle production in low-
energy proton-nucleus spallation reactions faced with changes
in nucleon effective mass, energy beam, and target nucleus
mass is performed throughout the present work. We focus
our attention on target nuclei which mainly compose organic
tissue, i.e., the majority elements (C, N, O, Na, P, S, Cl, K,
and Ca) and the trace elements (Fe, Cu, Zn, and Se), as well
as prosthesis elements such as W and Pt. This information
can be very important to medical applications in the determi-
nation of doses in proton-therapy treatment plans as well as to
the physics of particle driven accelerators (ADS) [14,22–24],
where Pb is the main target nucleus. We leave the dose de-
termination for other authors who deal with particle transport
calculations such as GEANT or MCNP, among others, and we
expect our results will help these investigations toward a more
precise determination of the absorbed dose from secondary
particles emitted during the interaction with the particles of a
beam with organic tissue [25,26].

The paper is organized as follows. In Sec. II, we give brief
lines and some relevant details of the multicollisional Monte
Carlo (MCMC) model, focused only on the cascade phase
of the reaction. The energy and angular distribution of the
secondary particles are presented and discussed in Sec. III.
The conclusions and final remarks are presented in Sec. IV.

II. MCMC: MULTICOLLISIONAL MONTE CARLO
MODEL

A. Particle interactions and transport

Proton-nucleus interactions in the energy range of 100–250
MeV can be described by a series of nucleon-nucleon binary
interactions. The pion production takes place mostly near the
direct pion production threshold. The collisional processes
taken into account in the model are listed in Table I.

After the interaction of the beam with targeg nucles
takes place, the so called primary interaction, the calculation
scheme follows the time evolution of sequential binary colli-
sions between particles of the overall system [3,27–29], and
some quantities of interest, such as the number of ejected
particles, their kinetic energy values and their angular distribu-
tions, are determined. More details about the numerical code
and model parametrization can be found in Refs. [5,28,30].
Although there are a few numerical codes and models which

TABLE I. Collisional processes considered in the MCMC
description.

Interaction Description

B1B2 → B1B2 Baryon-baryon elastic collision
NN → N� �-resonance formation
N� → NN �-resonance recombination
NN → NN∗ N∗-resonance formation
NN∗ → NN N∗-resonance recombination
� → Nπ Pion production
N∗ → Nπ

Nπ → � Pion absorption
Nπ → N∗

perform the energy transport through matter, such as GEANT

[31], FLUKA [32], and MCNP [33], we emphasize that these
models do not deal with mean-field effects, disregarding their
importance on the mechanism of secondary particle produc-
tion.

The present calculation, performed with the MCMC code,
does not consider particle or energy transport in material,
since we focus our attention on the most significant in-
gredients of the beam-nucleus interaction, bringing light to
intranuclear phenomena and to effects on the particle produc-
tion and differential cross sections. The task of propagating
the secondary particles in tissue should be performed in the
context of one of the abovementioned numerical algorithms
on a subsequent phase of the dynamics.

In our semiclassical prediction, the Pauli exclusion prin-
ciple has been prohibiting collisions for which nucleons’
final states are within a Fermi sphere of radius around
270 MeV/c. Differently from conventional cascade calcu-
lations, we contemplate the many-body evolution of all
nucleons in the system, considering all possible baryon-
baryon and meson-baryon interactions. Because we are
dealing with the complete time evolution of a many-particle
system, this approach allows us to treat the rapid phase and
also the transient pre-equilibrium phase within a single theo-
retical framework.

The MCMC description also traps nucleons within a poten-
tial well where surface reflection and refraction processes can
take place. We evaluate dynamically the population of emitted
particles in the cascade phase, which ends when the following
conditions are simultaneously satisfied:

(i) all elastic collisions are Pauli blocked,
(ii) no particle has enough energy to escape from the

nucleus, and
(iii) all resonances have decayed.

When all these conditions are simultaneously satisfied, we
consider that a hot residual nucleus is formed and its excita-
tion energy value is obtained.

B. Effective mass in intranuclear cascade phase

The cascade time evolution and the kinematics of colli-
sional processes involving bound baryons are treated in terms
of an effective mass, m∗, for these particles. The initial mass
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TABLE II. Nuclear spherical potential well depth, V0, determined
for different initial values of the effective mass m∗

0 in units of the
nucleon free mass, m0.

m∗
0 (m0) V0 (MeV)

0.60 62.13
0.70 54.95
0.80 49.41
0.90 45.01
1.00 41.44

value, m∗
0, for each nucleon in the nucleus ground state can be

estimated from mean-field theories for the nuclear matter in
equilibrium [34]. Different microscopic theories have given
insights for these values in the range 0.6m0 to 1.0m0 (m0 is
the free nucleon mass); then we introduced the m∗

0 value as a
free parameter to discuss the effect of this quantity on particle
emission distributions.

Due to the inclusion of the initial effective mass value
(m∗

0) on the nucleon dispersion relation, the possibility of
particles escaping from the nuclear system in its ground state
introduces a dependence of the potential well depth V0 of the
target nucleus on this m∗

0. In Table II, we show the results for
the depth of the spherical well employed to restrict particles
to the nuclear volume. This procedure ensures that there is no
spurious escape of particles from the nucleus in the dynamical
simulation.

During the time evolution of the effective mass of bound
nucleons, the conservation of the total momentum and energy
of the system is imposed for all baryonic processes. Also,
in the cascade phase when the i nucleon leaves the nuclear
environment its effective mass must be replaced by the free
mass value, i.e.,

m∗
i → m0.

In order to strictly conserve the total energy and momen-
tum of the system, we have imposed that all remaining
j-bound-baryons should have their effective mass recalculated
as ∀ j �=i(m∗

j → αm∗
j ). With this prescription, bound particles’

effective mass evolves by a multiplicative factor α whenever a
baryon leaves the system. This multiplicative factor is given in
terms of the energy-momentum conservation for all particles
in the nuclear system, being explicitly determined as

α = E ′E + [
(E ′E )2 − (

E ′2 − p2
i

)(
E2 − m2

0

)]1/2

(
E ′2 − p2

i

) , (1)

where E is the total energy of all baryons before the nucleon
escape and E ′ is the total energy of the remaining particles.

The MCMC model has been confronted in the last decades
against experimental results in order to validate obtained re-
sults. In the next section, we validate the model against some
experimental results.

C. Model validation

For the sake of validation of the current model we com-
pare the calculations with the experimental cross section of

(a)

(b)

FIG. 1. Pion multiplicity as a function of target nucleus mass
number for different m∗

0 values in the intranuclear cascade phase
compared with the experimental production of charged pions by
730-MeV protons (taken from Cochran et al. [35]).

produced pions by 730-MeV protons, measured by Cochran
et al. [35]. We chose pion production results due to the high
emitted particle yield because it could provide a more precise
determination of the initial effective mass value for nucleons
(m∗

0). In Fig. 1(a) we display the pion multiplicity calculated
with MCMC for five different values of m∗

0 (0.6m0, 0.7m0,
0.8m0, 0.9m0, and 1.0m0) and we compare the results with
data for π− and π+ production. The curve that presents the
smallest σ value (not shown) is that for m∗

0 = 0.9m0 and we
use this value as a fixed parameter for all other calculations
[35].

We decided to center our results in the p-Ag reaction,
which by its turn, is roughly the center of the target nucleus
mass number range considered in the present work. Results
are displayed in arbitrary units because our goal is to infer the
best m∗

0 value from the experimental cross section, disregard-
ing specific experiment characteristics such as foil thickness,
particle flux or current, impact parameter, and so forth.

Besides pion production, secondary proton and neutron
emissions can also work as delimiters of the model. In Fig. 2,
we contrast results of the MCMC model with experimental
data for 12C(p, p′) reactions at 200-MeV incident energy. The
residual energy ωe is defined in Ref. [36] and, as one can
see, there is a reasonable coincidence between theoretical and
experimental results for scattered protons after the interaction
of the proton beam with the target nucleus.

A similarly good agreement is observed when MCMC
results are compared to the experimental correlated (n, p)
pair observed by Carman in the same experiment. Figure 3
compares our results with data, showing a especially good
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FIG. 2. Scattered protons in 12C(p, p′) reactions at 200-MeV
incident energy. The agreement with data from Carman et al. [36]
is remarkable for the entire range of kinetic energy of the emitted
nucleon.

agreement for high-energy emitted nucleons. Also, the present
cascade calculation enhances low-energy particle emission
due to the internal nucleon-nucleon interactions, which ther-
malize the nucleus faster than expected. However, because
the focus of the present calculation is the high-energy parti-
cle emission, this deviation of theoretical from experimental
results is considered to not affect our final results.

After the calibration of our model for the initial effective
mass of the target nuclei, as well as for the depth of nuclear
well and the agreement with experimental data, we follow
with the presentation of our results for other proton-nuclei
reactions and incident beam energies. In the next section we
describe these results.

III. RESULTS

Current results are an average over the final states of a
large number of Monte Carlo samples. These final-state con-

FIG. 3. Scattered correlated pair (n, p) in 12C(p, np) reactions at
200-MeV incident energy. The agreement with data from Carman
et al. [36] is observed mainly for the high-energy region of the
spectra.

(a)

(b)

FIG. 4. Proton (a) and neutron (b) yields during the cascade
phase at the initial effective mass. Solid, dashed, dotted, and dash-
dotted lines stand for incident proton energies of 100, 150, 200,
and 250 MeV, respectively. The horizontal axis represents the target
nuclei atomic numbers of Table III. All angles labeled in the figure
refer to the middle of a 15◦ window.

TABLE III. Proton and neutron yields after beam interaction
with atomic nuclei. All data are presented for the incident proton
energies Ep = 100, 150, 200, and 250 MeV.

100 MeV 150 MeV 200 MeV 250 MeV

El 〈p〉 〈n〉 〈p〉 〈n〉 〈p〉 〈n〉 〈p〉 〈n〉
12C 1.274 0.475 1.540 0.627 1.670 0.719 1.764 0.798
14N 1.299 0.510 1.568 0.664 1.706 0.760 1.809 0.843
16O 1.319 0.535 1.607 0.695 1.744 0.799 1.854 0.886
23Na 1.369 0.652 1.663 0.837 1.812 0.966 1.926 1.054
31P 1.459 0.740 1.765 0.949 1.924 1.075 2.061 1.190
32S 1.489 0.735 1.812 0.926 1.973 1.054 2.108 1.161
36Cl 1.490 0.842 1.800 1.037 1.976 1.163 2.097 1.299
39K 1.545 0.844 1.868 1.038 2.026 1.180 2.167 1.298
40Ca 1.412 0.670 1.900 1.045 2.073 1.165 2.215 1.281
56Fe 1.652 1.097 1.983 1.323 2.154 1.476 2.312 1.620
64Cu 1.698 1.218 2.025 1.446 2.213 1.607 2.364 1.771
65Zn 1.743 1.213 2.058 1.448 2.243 1.625 2.390 1.739
79Se 1.767 1.439 2.096 1.697 2.271 1.882 2.416 2.065
184W 2.283 2.829 2.562 3.130 2.737 3.442 2.970 3.638
195Pt 2.327 3.052 2.637 3.361 2.821 3.539 2.966 3.739
208Pb 2.500 3.200 2.800 3.500 3.000 3.700 3.200 3.900
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FIG. 5. Proton spectra for monoenergetic p − A reactions with 100-MeV incident energy. Panels correspond to the emitted proton detection
in different 15◦ windows, varying from frontal emission (0 � θ � 15), transversal emission (75 � θ � 90), and backward emission (165 �
θ � 180). Solid lines show results for p-C reactions, dashed lines display results for p-O reactions, dotted lines display results for p-Ca
reactions, dash-dotted lines stand for p-Se, and dot-dot-dashed lines stand for p-Pb.

figurations are achieved after the computational simulation
of the time evolution of the whole nuclear system in terms
of a sequence of intranuclear interactions. Yield, energy, and
angular distributions of produced particles are displayed only
after having statistical convergence assured in the simulation
run. As main observables of our calculation, the particle yield
and differential cross sections as emitted particle spectra and
angular distribution at the end of the cascade phase of the
spallation reaction are displayed.

Once determined the value of the free parameter of the
model corresponding to the initial effective mass value, m∗

0 =
0.9m0, where m0 is the nucleon free mass value, in Fig. 4 we
present the multiplicity of emitted nucleons at the end of the
cascade phase as a function of the target nucleus atomic num-
ber, for the entire range of the incident beam energy studied.
Solid, dashed, dotted, and dash-dotted lines stand for Ebeam =
100, 150, 200, and 250 MeV, respectively. The behaviors for
emitted protons and neutrons during the cascade are quite
similar, as shown in Figs. 4(a) and 4(b). However, we observe
an accentuated slope for the neutron yield corresponding to
isospin asymmetry for heavier target nuclei. The separation
between lines indicates that, for lower incident proton energy,
the nucleon emission is still limited by the nuclear potential

well, demonstrating that nuclear effects are dominant for these
energy ranges. Results for pion and neutron multiplicity are
also displayed in Table III.

The greater value for proton yield as compared to neutron
yield for low-Z nuclei illustrates that, due to the nucleus
transparency, the incident proton is emitted promptly after
a few intranuclear collisions (sometimes right after the pri-
mary interaction). Another aspect of our calculation is the
importance of peripheral interactions, i.e., for large impact
parameter beam interactions with atomic nuclei, the emitted
secondary particles number is incremented with respect to
lighter, and more transparent, target nuclei.

The secondary proton spectra are shown in Figs. 5 and
6, displaying respectively results for p − A reactions with
100- and 250-MeV incident energy for p-C (solid lines), p-O
(dashed lines), p-Ca (dotted lines), p-Se (dash-dotted lines),
and p-Pb (dot-dot-dashed lines) reactions (m∗

0 = 0.9m0). We
have focused on this energy range because it comprises typical
proton incident energy values attained in the specific themes
stated earlier. A general behavior where the high energy of
the spectra is enhanced for small values of the emitted par-
ticle angle is observed. This can be interpreted as the effect
of peripheral interactions with the proton of the beam with
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FIG. 6. Proton spectra for the p-A reaction with 250-MeV incident energy and emissions in different directions. Lines and panels are the
same as those in Fig. 5.

nucleons of the target nucleus, delivering beam energy only
partially as a ricochet effect or in a few interactions so that the
emitted proton leaves the environment carrying most of the
beam energy.

In this scenario, we can expect a tail in the distribution
for large impact parameter interactions in which the incident
proton suffers only a few (or just one) interaction, leaving
the nuclear system with its initial kinetic energy value mostly
unchanged. This effect is enhanced for low incident beam
energy, where a slight slope of the spectra can be seen at
frontal emitted proton angle values, mainly for the 0 � θ �
15◦ window.

Another aspect observed from these figures is the de-
generescency among the curves, in agreement with the
particle yield shown in Fig. 4. The quasifree component of the
present calculation allows us to infer that, once heavier target
nuclei provide a larger number of emitted protons, larger
values for the spectra will be obtained from these nuclei. This
behavior is seen in all beam energy and proton emitted angle
values. Also, although heavier target nuclei provide larger
proton counts, the pattern of all curves are independent from
the nucleus mass. This can be interpreted as, for transverse
and even backward directions, the proton emission decreasing

for high momentum being mostly affected by a large number
of intranuclear reactions of the incident proton delivering a
large part of its energy to the nuclear environment.

In the present approach, we take into account both the
Coulomb barrier and the nuclear surface to keep the target
nucleus stable in its ground state. Thus, besides tunneling
effects, to escape from the nuclear potential, any bound par-
ticles travels with kinetic energy high enough to classically
overcome the potential well and restore its effective mass to
the free nucleon mass value. Note that the potential well depth
is adjusted to conform to the Fermi distribution (see Table II).

Because target nuclei employed in our study present
isospin symmetry (light nuclei) and asymmetric (heavier nu-
clei), and once the beam is composed solely by protons,
one can expect different behavior for protons and neutrons
in terms of the energy of emitted particles in the frontal
direction as the mass of the target nuclei increases. This can
be noticed by comparing Figs. 5 and 6 with Figs. 7 and 8,
respectively.

Similarly to Figs. 5 and 6, in Figs. 7 and 8 we display neu-
tron spectra for p-Ca, p-O, p-Ca, and p-Se reactions. Results
assert that heavier target nuclei again provide larger emitted
neutron counts, as expected. However, differently from what
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FIG. 7. Neutron spectra for the p-A reaction with 100-MeV incident energy. Lines and panels are the same as those in Fig. 5.

was observed for emitted protons, the behavior of emitted
neutrons with respect to the momentum is less independent
from the angle of the emitted neutron. Even so, it is possible to
observe a small decrease in the neutron spectra for transversal
angles (roughly a factor 2) with respect to the frontal and
backward directions. This indicates that the first interaction
of the proton of the beam with an environment neutron can
cause its prompt emission instead of a sequence of several
intranuclear interactions.

With respect to target nuclei, although the lines are very
close in log scale, we observe a difference between the spectra
for p-C and p-Se reactions by a factor near to 10. Again, this
is a consequence of the increasing in the number of emitted
neutrons by heavier nuclei. The difference among the curves
decreases the more energetic the emitted neutrons become,
highlighting that more energetic nucleons are emitted right
after the primary interaction of the proton of the beam with
the nucleons of the target nucleus.

From the overall aspect of all panels in Figs. 7 and 8,
the idea that neutrons are emitted mainly after the nuclear
thermalization is reached emerges, and also one shall expect
that only a few neutrons are emitted right after the primary
interaction. This idea could be important for practical issues
where the precise determination of the energy or momentum
distribution of secondary particles becomes a key ingredient
for the determination of new quantities, such as absorbed dose

profile in tissue or energy delivery for secondary reactions in
ADS.

Together with the particle spectrum, the angular dis-
tribution is another observable capable of elucidating the
importance of nuclear effects on energy transference by pro-
ton beams to material in several applications. Thus, in Figs. 9
and 10 the emitted proton angular differential cross section is
displayed for 100- and 250-MeV proton incident energies for
the same target nuclei of earlier figures.

For low-energy emitted protons, we observe an almost
isotropic proton distribution. However, as the energy in-
creases, such as seen in Figs. 9 and 10 for Ep � 70 MeV,
a clear effect is that energetic protons come mainly from
primary interactions. Transverse and backward directions are
populated mostly by low-energy protons and, as a matter of
fact, the slope of the curves is accentuated as the energy of the
secondary emitted proton increases. In Fig. 9, for instance,
there are only a few protons emitted, even for low scattering
angles. One can also see that, as the emitted energy increases,
the difference among target nuclei is hindered, evidencing
once again that these emitted protons are mainly from the
beam or those taken from the nuclear environment right after
the primary interaction.

Concerning highly incident proton beams, a similar be-
havior is noticed, with the difference that the gross plateau
one can see at 100-MeV incident energy is observed only
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FIG. 8. Neutron spectra for the p-A reaction with 250-MeV incident energy. Lines and panels are the same as those in Fig. 5.

for very-low-energy emitted protons, i.e., Ep � 50 MeV. This
behavior is expected since there is more energy delivered to
the target nucleus, allowing the emission of more energetic
protons at larger scattering angles. Once again, the curves are

practically superposed for the last panel, where particles with
momentum near the proton beam momentum are detected.

The experimental nucleon-nucleon angular distribu-
tion is used to determine the kinematic final state of

FIG. 9. Proton angular distribution for the p-A reaction with 100-MeV incident energy. Lines are the same as those in Fig. 5.

024613-8



SECONDARY PARTICLE PREDICTIONS IN QUASIFREE … PHYSICAL REVIEW C 107, 024613 (2023)

FIG. 10. Proton angular distribution for the p − A reaction with 250-MeV incident energy. Lines are the same as those in Fig. 5.

nucleons involved in the intranuclear collision. We remind
that, for elastic collisions between similar mass particles, the
scattering angle in the laboratory frame is one half of the
center-of-mass scattering angle, which explains the roughly
isotropic pattern for proton emission at low energies.

We stress that, although for light nuclei the angular dis-
tribution is roughly constant at low emitted energy values,
as the nucleus mass number increases there is an indication
that the angular distribution increases for larger angles. This
is a clear consequence of the enhancement in the intranuclear

scattering interactions for high A values. Since the incident
proton beam (and the nucleons from the target nucleus in the
first interactions) interacts with a large ensemble of nucleons,
central angles become favored in the distribution.

Angular distributions for secondary neutrons are displayed
in Figs. 11 and 12 where lines are the same as those in
Fig. 5. The behavior is quite similar to that observed for
emitted protons’ angular distributions, with the slight differ-
ence that, for low incident energy of the proton beam, i.e.,
Ebeam = 100 MeV (Fig. 11), now the splitting in the curves

FIG. 11. Neutron angular distribution for the p − A reaction with 100-MeV incident energy. Lines are the same as those in Fig. 5.
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FIG. 12. Neutron angular distribution for the p − A reaction with 250-MeV incident energy. Lines are the same as those in Fig. 5.

for low energetic neutrons turns more relevant for larger
target nucleus mass. Indeed, for En � 50 MeV, the nuclear
transparency slightly prevents larger angles’ particle emission.
This is finally seen as a thermalization effect of the nucleus
because heavier nuclei provide a larger number of intranuclear
interactions.

As the beam energy increases, the transparency effects be-
come more significant for low-energetic emitted neutrons. In
Fig. 12 this effect appears more significantly also for En < 90
MeV. Indeed, as already discussed for emitted protons, highly
energetic secondary neutrons populate the angular distribution
mainly for frontal and, at most, transversal angles. We infer
this behavior as a consequence of the primary interaction of
the proton beam with neutrons from the target nucleus.

In the MCMC model, energy and momentum for nucleons
from target nuclei are randomically set accordingly to a Fermi
distribution. In all figures shown, for spectra and angular
distributions we observe a decrease in the secondary particle
population near the beam energy. This is a characteristic of
spallation reactions, which should be dealt with in terms of
a rapid phase, usually theoretically conceived as a cascade
phase, and a slow phase, associated with the evaporation pro-
cess. The results observed here point to an excited residual
nucleus at the end of the cascade phase, which could produce
low-energy secondary particles, known as evaporated parti-
cles, with energy lower than 20 MeV. These low-energetic
secondary particles are very distinct from those from the
cascade phase, so our results are clearly distinguishable and
comparable to data.

Also, when aiming at practical issues such those cited ear-
lier, the frontal dominance is increased with the target nucleus
mass, leading to the conclusion that neutrons are preferably

emitted after the first initial interactions, far from the pre-
equilibrium phase. Also, one can observe from the decrease in
the neutron production at large angles that nuclear effects be-
come significant, emphasizing that the nuclear energy content
is strongly dependent on the nuclear field, here represented in
terms of the nucleon effective mass.

In this section, we have presented several results for
the most important observables in proton beam reactions at
low incident energy: proton and neutron yield, spectra, and
angular distributions. We regard these observables as key
ingredients for the determination of secondary radiation prop-
agation on material.

IV. CONCLUDING REMARKS

In the present work, we have determined the effects of the
inclusion of an effective mass for bound baryons on yield,
spectra, and angular distribution of these secondary particles.
These effects highlight the relevance of nuclear contribution
that could be useful for the determination of quantities of
interest in practical issues such as dose profile calculation
in proton therapy and energy delivered in ADS for nuclear
waste recycling. Thus, we focus our attention on reactions
with target nuclei that could produce results related to these
issues.

Our results showed that a significant number of secondary
particles are produced and scattered in different directions
after proton beam interactions take place. However, the results
showed that high-energy emitted nucleons are more frequent
for frontal angles, i.e., they can be detected mainly in the
beam direction. Also, we observed that peripheral reactions
provide more energetic secondary particles and, consequently,
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a higher-energy delivery in the frontal direction. Not less
important, we also observed that, although with a smaller
contribution, secondary particles in the backward direction
can also be detected.

Thus, as a final conclusion, we presented a group of results
for kinematic observables in spallation reactions asserting
that secondary particles rise in a large number and contribute
significantly to the energy of the momentum of the surround-
ing medium of target nuclei. We noticed that the scattered
secondary particle emission from the beam interaction with
the nuclear environment varies as a function of the baryonic
effective mass, which mimics the effects of the nuclear mean
field in the proton-nucleus reaction. We found m∗

0 = 0.9m0 as
the most suitable value for the initial ground-state effective
mass value and we expect that this alternative for the nuclear
effect mechanism could contribute somehow for new insights
into the many-body interaction process. As the dynamics of
the reaction take place, the effective mass value for all bound
nucleons changes around this initial value.

A perspective of the present work is its extension to
the problems mentioned above. A complete transport of
this secondary radiation in the material should be more
elucidating with respect to the total radiation transport in tis-

sue. Data provided with this new calculation could be applied
to applications of proton beams such as the dose planned in
commercial treatment planning systems. Then, we proposed
that a detailed nuclear calculation becomes important in de-
termining the total radiation transport to the material, a key
ingredient in the investigation of the energy transferred and
the absorbed dose delivered to material or tissue. The coupling
of the present calculation to other Monte Carlo models (such
as MCNPX or GEANT) is being studied and we aim to present
results in future works.
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