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In this study, the neutron multiplicity per incident proton in the collision of 1.0 and 1.2
GeV energetic proton beams with Bi, Au, Pb, W, Th, Hg, U, Fe, and Cu thin targets has
been estimated using the cascade exciton model (CEM), the intranuclear cascade (INC)
model, and the evaporation model. The calculations have been compared with the available
data. Results obtained using ISABEL-PACE2 come mostly from the evaporation process.
The CEM model used in this study does not give results in good agreement with the data.

PACS numbers: 24.10.-1, 25.40.Sc, 25.60.Dz

I. INTRODUCTION

An important ingredient in the performance of accelerator-driven systems for nuclear
waste transmutation and other applications is the number of spallation neutrons produced
per incident proton. Neutron multiplicities and angular and energy distributions are usually
calculated using simulation codes [1-3] based on specific models, which describe the ele-
mentary production of particles in nuclear reactions [4]. Taking advantage of the progress
in accelerator technology in recent years, the old idea of an intense neutron generator has
been revived to be exploited for high-flux pulsed or continuous neutron sources of slow
neutrons [5-7], transmutation of radioactive waste [8], and an energy amplifier (EA) based
on the 2%2Th- 233U cycle [9, 10].

The Accelerator Driven System (ADS) is an innovative reactor which is being devel-
oped as a dedicated burner in a double strata fuel cycle to incinerate nuclear waste [11].
The ADS systems consist of a sub-critical assembly driven by an accelerator delivering a
proton beam on a target to produce neutrons by a spallation reaction. The spallation target
constitutes a functional interface, physically between the accelerator and the sub-critical
reactor. For this reason it is probably the most innovative component of the ADS. The
target design is a key issue to be investigated when designing an ADS, and its performance
is characterized by the number of neutrons emitted per incident proton, the mean energy
deposited in the target per neutron produced, the neutron spectrum, and the spallation
product distribution [12].

For some years now, spallation reactions have attracted considerable interest due
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to their importance in technical applications. They can, for example, be used for the
production of neutrons in a spallation neutron source [13], and they can act as an intense
neutron source in accelerator-driven subcritical reactors [14], capable of incinerating nuclear
waste [15,16] and of producing energy [17,18]. Spallation is a nuclear reaction in which a
relativistic light particle 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.
In a first approximation this interaction process can be divided into two steps. In the first
stage, usually known as the intranuclear cascade, the incoming nucleon makes a few, mainly
incoherent scatterings 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 its reduced wavelength. This fast stage of the 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 afterwards in the second stage [12]. The de-excitation of the
residual nucleus can proceed in two main ways: evaporation and fission. Evaporation is a
dedicated de-excitation channel where the excited nucleus emits nucleons or light nuclei.
The second important de-excitation mode is fission. The nucleus emits particles until its
excitation energy goes below the binding energy of the last nucleon. The de-excitation
process does not end with the ending of v ray emission. In fact the nucleus resulting after
a v decay is often radioactive, which will continue to decay until a corresponding stable
nucleus is reached [12].

II. THE MODELS

II-1. Intranuclear Cascade Model

The concept of an intranuclear cascade (INC) model is quite old and intuitively
simple. A incident particle on a nucleus will interact with individual nucleons, with the
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 the Fermi motion of the nucleons is taken into account
in modeling the interactions. When the ISABEL intranuclear cascade model is invoked, it is
possible to determine 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 [19].

I1-2. Evaporation Model

ISABEL is an intra-nucleon cascade program. The output cascades are used directly
as input files for the two evaporation programs PACE-2 and EVA. PACE-2 takes full account
of angular momentum effect, including ~ emission at all stages of the evaporation chain.
After the INC stage, the residual nuclei are in highly excited states, and energy is dissipated
by the evaporation of n, p, d, t, *He, and « particles. The probability p(e) that an excited
nucleus will emit a particle x with kinetic energy e is proportional to

(283+) mypeoes (6) w (E) (1)
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where S, and m, are the spin and mass of particle x, o, is the cross section for the 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(FE) is the density
of levels of the residual nucleus at excitation FE.

U—Qu—5
R, = (25, +1)m, / €0z (E)w (U —Qyp — 6 —e)de. (2)
ke Vi

Q). is the binding energy of the particle in the nucleus, and the k, are taken from inverse
cross section parameterizations for each particle. ¢ is the pairing energy, V,, is the Coulomb
barrier, and U is the initial excitation energy. These integrals can be solved analytically
for different particles [19].

II-3. Cascade-Exciton Model

Nucleon-nucleus reactions in the medium-energy range still attract much attention
because of the opportunity to investigate pre-equilibrium particle emission [20]. The mech-
anism of particle emission during the attainment of statistical equilibrium in an excited
nuclear system is somewhat intermediate between direct reactions and decays through the
states of a compound nucleus. The development of the pre-equilibrium concept of nuclear
reactions has allowed one to understand the importance of this mechanism and its rela-
tion to the intermediate nuclear structure. The majority of the exciton models claim only
to describe the shape of the angle-integrated energy spectra of the secondaries, mainly of
the nucleons [21, 22]. At higher energies many features of nuclear reactions are fairly well
reproduced within the intranuclear cascade model [23].

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 rescat-
tered 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 reac-
tion. The subsequent relaxation of the nuclear excitation is treated in terms of the exciton
model of pre-equilibrium decay that includes a description of the equilibrium evaporative
third stage of the reaction [24]. In general, the three components may contribute to any
experimentally measured quantity, in particular for the inclusive particle spectrum

o (p)dp = ain [IN“® (p) + NP4 (p) + N (p)] dp. (3)

The inelastic cross section oy, is not taken from the experimental data or independent
optical model calculations, rather it is calculated within the cascade model itself [20]. Hence
the CEM predicts the absolute values for the calculated characteristics and does not require
any additional data or special normalization of its results. The CEM allows neutrons and
protons up to 5 GeV and pions up to 2.5 Gev to initiate nuclear reactions. Valid targets
are nuclei with a charge number greater than 5 and a mass number greater than 11. The
CEM consists of an intranuclear cascade model, followed by a pre-equilibrium model and
an evaporation model.



VOL. 46 ISKENDER DEMIRKOL, ALI ARASOGLU, et al 127

20
18 — Ep=1000 MeV
R )
,é‘ 16 — < ISABEL-PACE2
2 R O M™Meccr
S M A cewes
2 12-| @  Exp.,E=1200 MeV o of
E °qf
c _
9 10 1 o :]A
) A
*
s ° X o
&)
= 47
2+ A
0 I ‘ T ‘ T ‘ T I T ‘ T

40 80 120 160 200 240 280
A, Target

FIG. 1: Total neutron multiplicities per primary reaction at 1000 MeV for different thin targets. The
calculations have been made by using different models: the intranuclear cascade, the cascade exciton
model, and the evaporation model. Results of the ISABEL-PACE2 code are for the calculation only
of evaporation neutrons. Data taken from References [10, 27].
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FIG. 2: The same as Fig. 1, except that the energy is 1200 MeV.
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FIG. 3: Average neutron multiplicities per primary reaction at 1000 MeV for the different targets
for 0-2 MeV energetic emitted neutron multiplicities. Results of the ISABEL-PACE2 code are for
the calculation only of evaporation neutrons.
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FIG. 4: The same as Fig. 3 except for the 2-20 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 0—2 MeV energetic emitted neutron multiplicities. Results
of the ISABEL-PACE2 code are for the calculation only of evaporation neutrons.
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TABLE I: Average particle (n,p,«, ) multiplicities per primary reaction for thin targets in a 1200
MeV proton beam. Calculations have been made by using the ISABEL-PACE2, CEM95, and
MECCT codes.

Energy MISABEL  \fMBECCT ) /CEM% MCEMS MISABEL — \[ISABEL
E.ne =1200 MeV

209 Bi(p,zn) X or=1655 mb

0-2 MeV 3.25 5.47

2-20 MeV 2.97 0.74

20-E;e 2.95

Total 9.17 11.54 8.66 2.59 0.2 7.21
197 Au(p,zn) X or=1601 mb

0-2 MeV 2.92 5.9

2-20 MeV 2.84 1.01

20-Einc 2.88

Total 8.64 10.43 8.66 2.43 0.58 6.91
208 Py (p,zn) X or=1665 mb

0-2 MeV 3.32 6.37

2-20 MeV 3.0 0.83

20-E;e 2.94

Total 9.26 11.62 10 2.63 0.2 7.2
BiW (p,xn) X ocr=1550 mb

0-2 MeV 2.84 5.64

2-20 MeV 2.8 0.96

20-Ejnc 2.77

Total 8.41 10 8.82 2.19 0.63 6.6
22 Th(p,zn)X or=1774 mb

0-2 MeV 4.21 5.72

2-20 MeV 2.73 1.03

20-E;e 2.96

Total 9.9 13.22 9.44 2.15 0.71 6.75
202Hg(p,zn)X ocr=1619 mb

0-2 MeV 3.16 6.28

2-20 MeV 3.0 0.78

20-Ejnc 2.87

Total 9.03 11.19 8.87 2.37 0.54 7.06
B8U(p,zn) X or=1789 mb

0-2 MeV 4.2 5.8

2-20 MeV 2.7 1.0

20-Eipe 3.02

Total 9.92 13.89 8.37 2.12 1.24 6.8
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FIG. 6: The same as Fig. 3 except for the 2-20 MeV energetic emitted neutron multiplicities.

I1-4. Medium-Energy Intranuclear Cascade

A powerful method for calculating the non-elastic reactions of nucleons with complex
nuclei has been 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 > 100 MeV) on nuclei are treated as a two-step process. The first step is the fast
cascade, where the reaction is described by a series of individual particle-particle reactions
that occur within the nucleus, and the second is the evaporation of particles from the excited
nucleus remaining after the cascade. In this method Monte Carlo calculation techniques
are generally employed [25]. MECC-7 is the Medium-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-
particle collisions; the type of collision and the scattering angles for each collision are
determined by statistical sampling techniques [26].

IITI. RESULT AND DISCUSSION

In an ADS, a high energy proton beam irradiates a heavy element to produce spal-
lation neutrons that initiate transmutation of long lived transuranic and fission products,
keeping the reactor sub-critical. The spallation target is one of the most important compo-
nents of the ADS. Since a large amount of neutrons is produced by the spallation reaction,
the important conditions in selecting the target material are the neutron production rate,
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FIG. 7: Total neutron multiplicities per primary reaction for Bi, Au, Pb, W, Th, Hg, U, Fe, and
Cu thin targets as a function of incident energy.
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FIG. 8: Isotopic distribution of the produced nuclei in the collision of a 1000 MeV proton with Bi,
Pb, Au, W, Th, Hg, and U thin targets. The calculation has been made with the ISABEL-PACE2
code.
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heat removal, and 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, «, 7) produced in each thin
target: Bi, Au, Pb, W, Th, Hg, U, Fe, and Cu. In thin targets where there is a single nuclear
reaction (i.e., an inter-nuclear cascade), the neutron production was shown to depend rather
weakly on both the target material and the beam energy. In a single p-nucleus collision,
only a rather small fraction of the incident energy can be found as excitation energy and a
larger and larger fraction of this energy is removed by charged particles at the expense of
neutrons.

In Figs. 1 and 2 the neutron multiplicities calculated in reactions induced by protons
on Bi, Au, Pb, W, Th, Hg, U, Fe, and Cu thin targets are compared with experimental
data in the energy range 1-1.2 GeV. The calculations have been made by using different
models: the intranuclear cascade, cascade exciton, and evaporation models. The data was
taken from the References [10, 27]. Figs. 3 and 4 show the average neutron multiplicities
per primary reaction at 1000 MeV for the different thin targets as a function of the mass
number for 0-2 MeV and 2-20 MeV energetic emitted neutron multiplicities. Results of
the ISABEL-PACE2 code are for the calculation only of the evaporation neutrons. Figs. 5
and 6 show the average neutron multiplicities per primary 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. The neutrons in the range below 20
MeV are evaporation neutrons. Fig. 7 shows the total neutron multiplicities per primary
reaction for the Bi, Au, Pb, W, Th, Hg, U, Fe, and Cu thin targets as a function of incident
energy. Results of the ISABEL-PACE2 code are for the calculation only of the evaporation
neutrons. The observed larger neutron multiplicity for U compared to Bi, Pb, Au, W,
Th, Cu, Hg, and Fe 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.

In Table I the average particle (n, p, a ;) multiplicities per primary reaction are given
for a collision of the different thin targets with a 1200 MeV proton beam. Three energy
ranges have been considered: 0-2 MeV, 2-20 MeV, and 20 MeV — E;,,.. (beam energy).
The neutrons in the 20 MeV — E;,. energy are cascade neutrons, while below 20 MeV
they come mostly from evaporation. The reaction cross sections for each target have been
calculated by using the ISABEL-PACE2, CEM95, and MECC7 codes. Fig. 8 shows the
isotopic distributions of the produced nuclei in the collision of a 1 GeV proton with Bi, Pb,
Au, W, Th, Hg, and U thin targets. It is also important to study the isotopic distribution
of the produced nuclear fragments from the viewpoint of the study of radioactivity. In
this section, results of the isotopic yield in thin targets Bi, Au, Pb, W, Th, Hg, and U
bombarded by a 1 GeV proton beam are displayed. In the figure one can see the presence
of two distinctly separated groups of nuclear product, i.e., fission product with A=55-160
and residual nuclei after the evaporation processes with mass close to the target mass.

In an ADS, the most interesting quantity for neutron source designers is the number
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of neutrons generated per incident particle. Gaining a better knowledge on the neutron
economy may have important consequences on the design of a high-intensity neutron facility.
Therefore, this type of study has been considered in the design of an ADS.
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