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Multiplicities of neutron and other particles per incident proton in collision of 1500 MeV energetic proton
beam with Bi, Au, Pb, W, Th, Hg, U, Fe and Cu thin targets have been estimated with the Cascade-Exciton
Model (CEM), intranuclear cascade (INC) and Evaporation model. The calculations have been made using
simulation codes based on specific models which describe elementary production of particles in nuclear
reactions. The obtained results have been compared with the available data.
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1. Introduction et al., 1997). Taking advantage of the progress in accelerator tech-
Spallation is a nuclear reaction in which a relativistic light par-
ticle like a proton or a neutron hits a heavy nucleus. The energy of
the incoming particle usually varies between a few hundreds of
MeV and a few GeV per nucleon. Spallation is thought to take place
in two stages. In the first stage (the intranuclear cascade phase),
the incident proton creates a high-energy particle cascade inside
the nucleus. During this intranuclear cascade, some high-energy
(>20 MeV) ‘‘secondary’’ particles and low-energy (<20 MeV) ‘‘cas-
cade’’ particles escape from the nucleus. After the intranuclear cas-
cade the nucleus is typically left in a highly excited state. In the
second stage (the evaporation phase) (Buccafurni and Landetro,
1994), the excited nucleus relaxes, primarily by emitting low-en-
ergy (<20 MeV) ‘‘evaporation’’ neutrons.

An important ingredient in the performance of Accelerator-
Driven Systems (ADS) for nuclear waste transmutation and other
applications is the number of spallation neutrons produced per
incident proton. In ADS, the most interesting quantity for neutron
source designers is the number of neutrons generated per inci-
dent particle. Gaining a better knowledge on the neutron econ-
omy may have important consequences on the design of a
high-intensity neutron facility. Neutron multiplicities, angular
and energy distributions are usually calculated using simulation
codes (Bertini, 1969, 1976; Andriamonje et al., 1995; OECD
Publications, 1994), based on specific models which describe ele-
mentary production of particles in nuclear reactions (Menard
ll rights reserved.
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nology in recent years the old idea of an intense neutron genera-
tor has been revived to be exploited for high-flux pulsed or
continuous neutron sources of slow neutrons (Bartholomew,
1965; Carpenter, 1977; Report ESS-96-53M, 1997), transmutation
of radioactive waste (Bowman et al., 1992a), and the Energy
Amplifier (EA) based on the 232Th–233U cycle (Carminati et al.,
1993; Hilscher et al., 1998).

The ADS is an innovative reactor which is being developed as a
dedicated burner in a Double Strata Fuel Cycle to incinerate nucle-
ar waste (Rumjantsev and Kheifets, 1975; Gudowsky, 1991). The
ADS systems consist of a sub-critical assembly driven by accelera-
tor delivering a proton beam on a target to produce neutrons by a
spallation reaction. Spallation target constitutes a functional inter-
face, as physical, between the accelerator and the sub-critical reac-
tor. For this reason it is probably the most innovative component of
the ADS. The target design is a key issue to investigate in designing
an ADS and its performances are characterized by the number of
neutrons emitted for incident proton, the mean energy deposited
in the target for neutron produced, the neutron spectrum and the
spallation product distribution (Mongelli et al., 2005; Tel et al.,
2004a,b, 2006, 2008). Since some years, spallation reactions have
gained considerable interest due to their importance in technical
applications. They can, for example, be used for production of neu-
trons in spallation neutron source (Report ESS-96-53-M, 1996; Ay-
din et al., 2008) and they can act as an intense neutron source in
accelerator-driven sub-critical reactors (Demirkol et al., 2004)
capable of incinerating nuclear waste (Bowman et al., 1992b; Tak-
izuka et al., 1994) and of producing energy (Rubbia et al., 1996;
Demirkol, 2006).
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The spallation target is one of the most important components
of ADS. Since a large amount of neutrons is produced by spallation
reaction, the important conditions in selecting the target material
are the neutron production rate, heat removal, radiation damage
stability. In this study, the ISABEL-PACE2, CEM95 and MECC7 code
system packages have been used to calculate the mean number of
particles (n, p, a, c) produced in each thin target, Bi, Au, Pb, W, Th,
Hg, U, Fe and Cu in range of energy 1500 MeV. The obtained results
have been compared with the available data.
2. Theoretical calculations made with different models

In the present work, Cascade-Exciton Model (CEM) calculations
have been made by using CEM95 (extended version of the previ-
ous version named CEM92M) (Mashnik and Toneev, 1974;
Gudima et al., 1983; Barashenkov and Toneev, 1972) computer
code with the level density parameter by using the systematic
of Iljinov et al. (1992). In the Cascade-Exciton Model (CEM) it is
assumed that the reactions occur in three stages. The first stage
is the intranuclear cascade in which primary particles can be res-
cattered several times prior to absorption by, or escape from the
nucleus. The excited residual nucleus remaining after the
emission of the cascade particles determines the particle-hole
configuration, that is, the starting point for the second, pre-
equilibrium stage of the reaction. The subsequent relaxation of
the nuclear excitation is treated in terms of the exciton model
of pre-equilibrium decay, which includes the description equilib-
rium evaporative third stage of the reaction (Mashnik and Toneev,
1974). The CEM combines essential features of the intranuclear
cascade model (INC) with the exciton model. Generally, these
three components may contribute to any experimentally mea-
sured quantity.

rðpÞdp ¼ rin NcasðpÞ þ NprqðpÞ þ NeqðpÞ
� �

dp ð1Þ

The inelastic cross section rin (in the Eq. (1)) is not taken from
the experimental data or independent optical model calculations,
but it is calculated within the cascade model itself. Hence the
CEM predicts the absolute values for calculated characteristics
and does not require any additional data or special normalization
of its results. The code CEM95 is intended for the Monte Carlo cal-
culation of nuclear reactions in the framework of the Cascade-
Exciton Model. Iljinov et al. (1992) performed new systematics
of all known existing data on level densities. They used again
the functional form of the level density parameter of a(Z, N, E�)
with the asymptotic Fermi-gas value of the level density parame-
ter at a high-energy in the form suggested by Ignatyuk et al.
(1979, 1998). Iljinov et al. (1992) used two sets of ’’empirical’’
shell corrections in their fitting procedure; they performed the fits
with and without taking into account the collective effects
explicitly.

Intra-nucleon cascade model calculations have been made by
using PACE2 and EVA computer codes (ISABEL). Spallation is a nu-
clear reaction and in a first approximation this interaction process
can be divided in two steps. In the first stage, usually known as
intranuclear cascade, the incoming nucleon makes a few, mainly
incoherent scattering with nucleons of the target, depositing in this
way some fraction of its energy. The incoming nucleon sees the
substructure of the nucleus, i.e. a bundle of nucleons, due to re-
duced wavelength. This fast stage of nucleon–nucleon scattering
interaction leads to the ejection of some of the nucleons and to
the excitation of the residual nucleus which will cool itself after-
wards, in the second stage (Mongelli et al., 2005). The de-excitation
of the residual nucleus can proceed in two main ways: evaporation
and fission. The evaporation is the dedicated de-excitation channel
and the excited nucleus emits nucleons or light nuclei. The second
important de-excitation mode is fission. The nucleus emits parti-
cles until its excitation energy goes below the binding energy of
the last nucleon. The de-excitation process does not end with the
ending of the c emission. In fact the nucleus resulting after c decay
is often radioactive which will decay until the corresponding stable
nucleus is reached (Mongelli et al., 2005).

ISABEL is an intra-nucleon cascade program. The output cas-
cades are used as directly as input files to the two evaporation pro-
grams PACE2 and EVA. PACE2 takes full account of angular
momentum effect including c emission at all stages of the evapora-
tion chain. After the INC stage (intranuclear cascade), residual nu-
clei are in highly excited states, and energy is dissipated by
evaporation of n, p, d, t, 3He and a particles. The probability p(e)
that an excited nucleus will emit a particle x with kinetic energy
e is proportional to:

PðeÞ ¼ ð2Sx þ 1ÞmxercxðeÞ-ðEÞ ð2Þ

where Sx and mx are the spin and mass of particle x, rcx is the
cross section for formation of the compound nucleus in the inverse
reaction (bombarding the residual nucleus with particles of energy
e), E is the excitation of the residual nucleus, and w(E) is the den-
sity of levels of the residual nucleus at excitation E.

The probability of emission of a particle is given by

Rx ¼ ð2Sx þ 1Þmx

Z U�Qx�d

kxVx

ercxðeÞxðU � Qx � d� eÞde ð3Þ

Qx is the binding energy of the particle in the nucleus, and kx are ta-
ken from inverse cross section parameterizations for each particle. d
is the pairing energy, Vx is the Coulomb barrier, and U is the initial
excitation energy. These integrals can be solved analytically for dif-
ferent particles (MCNPX User’s Manual, 2002).

The intranuclear cascade (INC) model calculations have been
made by using ISABEL computer code. The concept of an intranu-
clear cascade (INC) model is quite old and intuitively simple. An
incident particle on a nucleus will interact with individual nucle-
ons, with final states defined by a set of fundamental particle–
particle cross sections. The nucleons are considered to be a cold,
free gas confined within a potential that describes the nuclear
density as a function of radius, and Fermi motion of the nucleons
is taken into account in modeling the interactions. When the ISA-
BEL intranuclear cascade model is invoked, it is possible to deter-
mine explicitly the particle-hole state of the residual nucleus
since a count of the valid excitations from the Fermi sea (and
the filling of existing holes) is provided (MCNPX User’s Manual,
2002).In the present work also medium-energy intranuclear cas-
cade model calculations have been made by using MECC7 com-
puter code. A powerful method for calculating nonelastic
reactions of nucleons with complex nuclei was evolved over the
years. This is the method of intranuclear cascade followed by
evaporation. In this approach, the continual-state transitions of
high-energy particles (E P 100 MeV) on nuclei are treated as a
two step process. The first step is the fast cascade where the reac-
tion is described by a series of individual particle–particle reac-
tions that occur within the nucleus, and the second is the
evaporation of particles from the excited nucleus remaining after
the cascade. In this method the Monte Carlo calculation tech-
niques are generally employed (Bertini, 1972). The MECC7 is med-
ium-energy intranuclear cascade code system. This code
calculates the results of nuclear reactions caused by a medium-
high-energy particle colliding with a nucleus. The code system
is based on the assumption that nuclear reactions involving
high-energy particles can be described in terms of particle–parti-
cle collisions, the type of collision and the scattering angles for
each collision are determined by statistical sampling techniques
(Sümmerer and Blank, 2000).
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3. Results and discussion

In this study, the ISABEL-PACE2, CEM95 and MECC7 code
system packages have been used to calculate the mean number
of particles (n, p, a, c) produced in each thin target, Bi, Au, Pb,
W, Th, Hg, U, Fe and Cu in range of energy 1500 MeV. In
Fig. 1, the neutron multiplicities calculated in reactions induced
by protons on Bi, Au, Pb, W, Th, Hg and U thin targets are com-
pared with experimental data in range of energy 1500 MeV. The
calculations have been made by using different the models,
intranuclear cascade, cascade exciton and evaporation models.
Theoretically calculated values, especially MECC7 code calcula-
tions, are consistent with experimental values. The experimental
data has been taken from references (Hilscher et al., 1998;
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Fig. 1. Total neutron multiplicities per primary reaction at 1500 MeV for different
thin targets. Experimental data has been taken from references (Hilscher et al.,
1998; Letourneau et al., 2000).
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Fig. 2. Total particle multiplicities (p, a, c) per primary reaction at 1500 MeV for
different thin targets.
Letourneau et al., 2000). The obtained results with ISABEL-
PACE2 come mostly from evaporation process. In Fig. 1, gener-
ally the total neutron multiplicities increase as the mass num-
ber-A increases.

The results obtained from MECC7 Code are the nearest values
to experimental values as seen in Fig. 1. Medium-energy intra-
nuclear cascade code (MECC7) calculations are based on the
assumption that nuclear reactions involving high-energy parti-
cles can be described in terms of particle–particle collisions.
And also in this method the Monte Carlo calculation techniques
are employed. We concluded that particle–particle interactions
are dominant in the high-energy particle induced nuclear reac-
tion. And also statistical calculations are more effective for his
reactions.
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Fig. 3. Total neutron multiplicity of different elements for 1000, 1200 and
1500 MeV energetic protons.
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Fig. 4. Average neutron multiplicities per primary reaction for Bi, Au, Pb, W, Th, Hg,
U, Fe, and Cu as a function of incident energy for 0–2 MeV energetic emitted
neutron multiplicities.
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Fig. 5. Average neutron multiplicities per primary reaction for Bi, Au, Pb, W, Th, Hg,
U, Fe, and Cu as a function of incident energy for 2–20 MeV energetic emitted
neutron multiplicities.

Table 1
Average multiplicities of (n, p, a, c) particles per primary reaction for thin targets at beam o
and MECC7 codes.

Energy MISABEL
n MMECC7

n MCEM
n

Einc. = 1500 MeV

209Bi(p, xn)X
0–2 MeV 3.52 – –
2–20 MeV 3.70 – –

Total 7.22 12.13 9.38

197Au(p, xn)X
0–2 MeV 3.14 – –
2–20 MeV 3.50 – –

Total 6.64 11.17 9.02

208Pb(p, xn)X
0–2 MeV 3.56 – –
2–20 MeV 3.70 – –

Total 7.26 12.48 11.4

184W(p, xn)X
0–2 MeV 3.10 – –
2–20 MeV 3.43 – –

Total 6.53 10.3 9.44

232Th(p, xn)X
0–2 MeV 4.48 – –
2–20 MeV 3.50 – –

Total 7.98 14.10 10.2

202Hg(p, xn)X
0–2 MeV 3.40 – –
2–20 MeV 3.76 – –

Total 7.16 12.13 9.70

238U(p, xn)X
0–2 MeV 6.07 – –
2–20 MeV 2.12 – –

Total 8.19 14.55 9.62
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Because experimental data of particle multiplicity and neutron
multiplicities do not exist, only theoretical calculations are given in
Figs. 2–4. Fig. 2 show average multiplicities of (p, a, c) particles per
primary reaction for Bi, Au, Pb, W, Th, Hg and U thin targets as a
function of incident energy.

Gamma multiplicity is much more than another particles (pro-
ton, alpha) that are emitted as seen in Fig. 2. It is concluded that
conversion to the stabil (taban durum) state by gamma emitting
of an exciting nuclei at nuclear reactions induced with high-energy
protons is more probable than the conversion to the stabil state by
particle emitting of an exciting nuclei. The average multiplicities of
particles are nearly constant as the mass number-A increases in
Fig. 2. The calculations have been made by using the ISABEL-
PACE2, CEM95 and MECC7 codes.

Fig. 3 show total neutron multiplicities per primary reaction for
Bi, Au, Pb, W, Th, Hg and U thin targets as a function of incident en-
ergy. In Fig. 3, the total neutron multiplicities increase as the inci-
dent energy increases.

Figs. 4 and 5 show the average neutron multiplicities per pri-
mary reaction for Bi, Au, Pb, W, Th, Hg, U, Fe, and Cu thin targets
as a function of the incident energy for 0–2 MeV and 2–20 MeV
energetic emitted neutron multiplicities. The results obtained with
ISABEL-PACE2 come mostly from the evaporation process. Gener-
ally except for U, the total neutron multiplicities for 0–2 MeV are
nearly constant as the incident energy increases in Fig. 4. And also
f proton 1500 MeV. Calculations have been made by using the ISABEL-PACE2, CEM95

95 MCEM95
p MISABEL

a MISABEL
c

rR = 1642 mb
0.25 0.54 –
2.16 0.71 –

2.41 1.25 7.90

rR = 1621 mb
– – 6.24
– – 1.08

2.87 0.75 7.32

rR = 1666 mb
0.21 0.47 6.60
1.88 0.64 1.02

0 2.09 1.11 7.62

rR = 1537 mb
0.16 0.26 5.91
2.10 0.74 1.00

2.26 1.00 6.91

rR = 1767 mb
0.29 0.67 6.55
1.90 0.81 1.07

0 2.19 1.48 7.62

rR = 1615 mb
– — 6.40
– – 1.10

2.76 – 7.50

rR = 1791 mb
0.32 0.48 6.50
1.90 0.84 1.10

2.22 1.32 7.60



Table 2
Average energy of (n, p, a, c) particles per primary reaction for thin targets at beam of
proton 1500 MeV. Calculations have been made by using the ISABEL-PACE2 and
CEM95 codes.

MCEM95
n MISABEL

n MISABEL
p MISABEL

a MISABEL
c

209Bi + p, E = 1500 MeV
Average energy (MeV) 2.75 2.75 23.73 34.3 1.01
197Au + p, E = 1500 MeV
Average energy (MeV) 2.77 2.78 21.33 – 1.04
208Pb + p, E = 1500 MeV
Average energy (MeV) 2.99 2.71 24.11 34.03 1.02
184W + p, E = 1500 MeV
Average energy (MeV) 2.66 2.79 19.04 30.54 1.05
232Th + p, E = 1500 MeV
Average energy (MeV) – 2.51 26.4 36.00 1.03
202Hg + p, E = 1500 MeV
Average energy (MeV) 2.77 2.76 – – 1.01
238U + p, E = 1500 MeV
Average energy (MeV) 2.75 2.52 26.54 36.84 1.04
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generally except for U, the total neutron multiplicities for 2–
20 MeV increase as the incident energy increases. The neutrons
in the range below 20 MeV are evaporation neutrons. To observe
more neutron multiplicity for U compared to Bi, Pb, Au, W, Th,
Hg can be ascribed in the case of thin targets to a higher probability
for energy absorbtion in the bigger target nucleus, to the lower
neutron binding energies of U spallation products, and eventually
to one or more extra neutrons from fission of the residual nucleus.
The neutron multiplicities with 0–2 MeV obtained from different
target nuclei is nearly constant as the incident energy increases
(from 800 MeV to 1600 MeV) in Fig. 4. It can be said that the neu-
trons emitted in the energy gap of 0–2 MeV are originated from the
equilibrium reactions as it is seen at the Fig. 4. However, the neu-
tron multiplicity with 2–20 MeV shows an increasing pattern
(from 0.5 to 4) as the incident energy of the proton increase as it
is seen at the Fig 5. It can be said that the neutrons emitted in
the energy gap of 2–20 MeV are originated from both the equilib-
rium and the pre-equilibrium reactions.

In Table 1, average particle n, p, a, c multiplicities per primary
reaction have been given for collision of the different thin targets
with proton beam that has 1500 MeV energy. Two energy ranges
have been considered: 0–2 MeV and 2–20 MeV. The neutrons in
below 20 MeV come mostly from evaporation. The reaction cross
sections for each target have been calculated by using the ISA-
BEL-PACE2 code. In Table 2, average energies of (n, p, a, c) particles
generated per primary reaction have been given for Bi, Au, Pb, W,
Th, Hg and U thin targets at beam of incident proton 1500 MeV.
Calculations have been made by using the ISABEL-PACE2 and
CEM95 code.

4. Summary and conclusion

In this study, multiplicities of neutron and other particles per
incident proton in collision of 1500 MeV energetic proton beam
with Bi, Au, Pb, W, Th, Hg, U, Fe and Cu thin targets have been esti-
mated with the CEM model, INC model and Evaporation model.
The following conclusions can be summarized as follows:

1. While the total neutron multiplicities increase, the average
particle multiplicities are nearly constant as the mass num-
ber-A increases.

2. The total neutron multiplicities increase as the incident
energy increases for Bi, Au, Pb, W, Th, Hg and U thin targets.

3. Except for U, the total neutron multiplicities for 0–2 MeV are
nearly constant as the incident energy increases.
4. Except for U, the total neutron multiplicities for 2–20 MeV
increase as the incident energy increases.

5. The neutrons in the range below 20 MeV are evaporation
neutrons.

6. The observed larger neutron multiplicity for U compared to
Bi, Pb, Au, W, Th, Hg can be ascribed in the case of thin tar-
gets to a higher probability for energy absorbtion in the big-
ger target nucleus.

7. We can conclude that particle–particle interactions are dom-
inant in the high-energy particles that induce nuclear reac-
tion. And also statistical calculations are more effective for
this reactions.

8. It is concluded that conversion to the stabil state by gamma
emitting of an exciting nuclei at nuclear reactions induced
with high-energy protons is more probable than conversion
to the stabil state by particle emitting of an exciting nuclei.

9. The neutron multiplicities with 0–2 MeV obtained from dif-
ferent target nuclei is nearly constant as the incident energy
increases (from 800 MeV to 1600 MeV).

10. The neutron multiplicity with 2–20 MeV shows an increas-
ing pattern (from 0.5 to 4) as the incident energy of the pro-
ton increase.
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