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Abstract. We study primary and secondary reactions induced by 600 MeV proton beams
in monolithic cylindrical targets made of natural tungsten and uranium by using Monte
Carlo simulations with the Geant4 toolkit [1-3]. Bertini intranuclear cascade model, Bi-
nary cascade model and IntraNuclear Cascade Liege (INCL) with ABLA model [4] were
used as calculational options to describe nuclear reactions. Fission cross sections, neu-
tron multiplicity and mass distributions of fragments for >*¥U fission induced by 25.6 and
62.9 MeV protons are calculated and compared to recent experimental data [5]. Time
distributions of neutron leakage from the targets and heat depositions are calculated.

1 Motivation

One of the most important applications of high-energy accelerators is to produce neutrons in proton-
induced spallation reactions on extended targets made of heavy materials. In this way neutron spal-
lation sources operate, see, e.g., [6] and [7], providing neutrons for neutron scattering experiments
and material research. Neutrons produced by energetic protons can be also used to maintain a chain
of nuclear fission reactions in a subcritical assembly of an accelerator-driven system (ADS) for nu-
clear waste incineration [8,9]. In all such cases the neutron flux around the spallation target has to
be thoroughly quantified. In particular, the time dependence of the neutron flux on the surface of the
spallation target is of a special concern.

2 Simulations

Neutron production by 600 MeV proton beam in monolithic non-fissile and fissile cylindrical targets
are studied my Monte Carlo Simulations. A dedicated software called MCADS (Monte Carlo for
Accelerated Driven Systems) was created in FIAS. It is based on the Geant4 toolkit, which is widely
used nowadays in nuclear and particle physics.

We consider spallation targets made of natural tungsten, uranium and also of 2*U. The latter
material was used in validating Geant4 fission models. The radius of these cylindrical targets was
taken as 10 cm and the length as (1) 1 cm for the fission studies making multiple interactions of beam
protons improbable, and (2) 20 cm for the neutron yields and energy deposition calculations ensuring
that all beam protons are absorbed inside the target.

Visualization of a history of one proton and all secondary particles is shown on Fig. 1.
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Fig. 1. Visualization of a history of a single proton which hits the uranium target. Green lines — neutron tracks,
yellow lines — gamma tracks.

3 Main physical processes

Beam protons entering a spallation target lose their energy due to (1) ionization of target atoms with
emission of d-electrons; (2) inelastic nuclear reactions with target atomic nuclei. It is quite common to
consider inelastic interactions of fast nucleons with atomic nuclei as consisting of three stages:

— initial fast stage of reaction when a projectile initiates a cascade of collisions with nucleons of the
target nucleus;

— preequilibrium process when fast particles leave a highly excited nuclear system;

— deexcitation process of an equilibrated nuclear residue by evaporation of nucleons or by fission.

It is assumed that at the end of the initial stage after the escape of all fast particles the evolution of
the remaining nuclear system changes its character. Because of intensive interaction between nucleons,
the residual nuclei evolve toward statistical equilibrium. After that at the last stage of the reaction an
excited compound nucleus undergoes deexcitation by evaporating nucleons or by fission.

3.1 Models used in simulations

The Geant4 toolkit provides several sets of physics models (the so-called Physics Lists [10]) which
simulate interactions of protons and neutrons with atomic nuclei. In the considered proton beam energy
range below 1 GeV the following Physics Lists are available:

— QGSP_BERT_HP — includes Bertini intranuclear cascade model. The development of Bertini cas-
cade model followed the main ideas of the INUCL Fortran code, which was build as an all-inclusive
model, with its own precompound and deexcitation models. An interface to the native Geant4 pree-
quilibrium and deexcitation is foreseen to be developed in the near future, but currently it is not
available.

— QGSP_BIC_HP — includes Binary cascade model. This model simulates a time-dependent devel-
opment of intranuclear cascades induced by projectile nucleons in target nuclei. The model has
been created inside the Geant4 collaboration, and it is an in house development. It includes native
preequilibruim and deexcitation models of the Geant4.
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Fig. 2. Mass distribution of nuclear fragments produced in inelastic interactions (a) and only in fission reactions (b)
of 26.5 MeV protons with the uranium (***U) target. Results of simulation using different models and experimental
data [5] are presented.

— QGSP_INCL_ABLA — Intra-Nuclear Cascade Liege (INCL) which was developed in Liege. It
uses the deexcitation fission-evaporation model for spallation reactions (ABLA), which was de-
veloped at GSI, Darmstadt. INCL does not include any preequilibrium model, and therefore may
be less accurate for the nucleon-induced reactions below 50-100 MeV.

QGSP_BERT_HP and QGSP_BIC_HP include high-precision methods for transporting neutrons
with energies below 20 MeV (NeutronHP). These physics lists were used in MCADS simulations
without any modifications. The physics list QGSP_INCL_ABLA was extended by adding NeutronHP
methods. The resulting physics list was used in simulations and it is referred in the following as
QGSP_INCL_ABLA_HP.

The standard electromagnetic physics package of Geant4 which accounts for the stochastic nature
of the energy loss (energy and range straggling) was used in simulations together with each option of
nuclear reaction models.

4 Fission models validating

A set of simulation with thin targets (see Sect.2) made of *U was performed to validate fission
reactions modelling by MCADS. Mass distributions of nuclear fragments (see Fig. 2 and Fig. 3),
fission cross sections and neutron multiplicity (see Table 1) were obtained.

All three physics lists were tested with the data on proton-induced fission of 233U at 26.5 and
62.9 MeV beam energies. All the considered models underestimate fission cross sections at 26.5 MeV.
Both Bertini and Binary cascade models predict mass distributions of fission products which differ
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Fig. 3. Same as in Fig. 2, but for fission induced by 62.9 MeV protons.

Table 1. Cross sections and neutron multiplicities in >**U fission induced by 26.5 MeV and 62.9 MeV protons.

E, =26.5MeV E, = 62.9 MeV
op(mb) v oy (mb) v
MCADS/BERT_HP 1101 13.44 1734 14.97
MCADS/BIC_HP 870 5.16 1601 7.17
MCADS/INCL_ABLA_HP 876 6.13 1723 8.49
Data Iasev et al. [5] 1540+77 4.75+1.42 1980+99  6.47+0.67

from the measured ones [5]. Moreover, depending on the proton energy Bertini cascade model over-
estimates the multiplicity of fission neutrons by a factor of ~2 or 3.

In general, INCL model gives better results in comparison to other considered models. Fission
neutron multiplicity and mass distribution of fission products calculated with this model agree well
with the data [5].

5 Results for extended targets

Secondary neutrons are produced in the target as products of various reactions, namely, primary spal-
lation reactions, fission, secondary (n,2n), (n,3n) and (n,4n) reactions. Some neutrons are absorbed by
radiative capture (n,y).

Simulations with extended target described in Sect. 2 were performed for non-fissile and fissile
targets to investigate the influence of fission ability of a target on neutron production rate.
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Fig. 4. Time distributions of neutron leakage for non-fissile target made of tungsten.

Table 2. Heat deposition E,,., (MeV) calculated per beam particle. Numbers in parenthesis refer to the calculations
neglecting interactions of secondary neutrons.

Tungsten Uranium

target target
MCADS/BERT_HP 441 (396) 1475 (454)
MCADS/BIC_HP 452 (398) 1189 (499)

MCADS/INCL_ABLA_HP 445 (395) 1383 (510)

5.1 Time distributions of produced neutrons

Time distributions of neutron leakage from non-fissile and fissile targets are shown in Fig. 4, 5. The
neutron yields calculated with various cascade models mostly agree with each other for the tungsten
target but diverge for the uranium one. This is due to the differences in the description of nuclear
fission by the considered cascade models. Fission contributes significantly to neutron production: the
total number of leaking neutrons is 2.2 + 3.2 times higher for the fissile target.

The peak in the leakage time distribution for neutrons is twice as broader for the fissile target (see
Fig. 6). This is because of a lower average energy of produced neutrons in the presence of fission
reactions.

5.2 Energy deposition in the target

The total energy deposition in the target is calculated and presented in Table 2. One can see that
absolute value of heat deposition in uranium is generally three times more than in tungsten due to
much larger neutron yields.

Histories of transportation of each individual projectile proton in the target are very different due
to the stochastic nature of energy deposition by particles in extended media. The distribution of the
energy deposited by each single beam proton and divided by the beam energy, Eyep,/ Epeam» 1s shown in
Fig. 7. These results were obtained on event-by-event basis for the tungsten and uranium targets with
QGSP_BERT_HP. The distributions exhibit prominent peaks at Ege,/Epeam ~ 1 due to the protons,
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Fig. 5. Time distributions of neutron leakage for fissile target made of uranium.
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Fig. 6. Same as in Fig. 4 and Fif. 5 but normalized to neutron multiplicity.

which lost their energies only in electromagnetic processes. Such protons do not induce any nuclear
reactions neither in tungsten nor in uranium, and their kinetic energy is fully dissipated and converted
into target heating which amounts to the initial beam energy. In the case a beam proton initiates a
nuclear reaction inside the spallation target, a large part of its energy is converted into kinetic energy
of secondary particles, which may leave the target. This is reflected in a reduced energy deposition in
such events. The distribution of Eg,/Epean for such events is very broad with a maximum close to
0.7 for tungsten. Due to the energy released in fission events, the distribution for the uranium target is
extended beyond E .,/ Epeam = 1.
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Fig. 7. Probability distribution of the fraction of the beam energy deposited by a single beam proton in tungsten
and uranium targets calculated on event-by-event basis.

6 Conclusions

Considered cascade models (Bertini, Binary and INCL/ABLA) predict different mass distribution of
fission fragments and neutron multiplicity. Comparison with latest experimental data [5] shows that
INCL/ABLA gives much better results on proton induced fission of 2**U compared to other models.

The role of fissility of the target material is investigated. It was obtained that three times more
neutrons are produced by 600 MeV protons on the fissile target, according to the MCADS results
using INCL/ABLA model. However, the energy deposition also increases by factor 3 for the uranium
target. Optimization studies regarding the neutron flux and energy deposition are in progress.
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