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Recent extensions of the Liege Intranuclear Cascade model, INCL, at energies below 100 MeV and
for light-ion (up to oxygen) induced reactions are reported. Comparisons with relevant experimental
data are shown. The model has been implemented into several high-energy transport codes allowing

simulations in a wide domain of applications.

Examples of simulations performed for spallation

targets with the model implemented into MCNPX and in the domain of medical applications with

GEANT4 are presented.

I. INTRODUCTION

The Liege Intranuclear Cascade model, INCL4 [1], has
originally been developed to describe spallation reactions,
i.e. nucleon-induced collisions in the 100 MeV - 3 GeV
energy range. Coupled to the ABLA de-excitation code
from GSI [2], INCL4 has been extensively compared with
experimental data covering a wide range of reaction chan-
nels and continuously improved during the last years. In
the benchmark of spallation models organized recently
under the auspices of IAEA [3], the combination of the
INCL4.5 and ABLAOQ7 [4] versions was found [5] to be
one of the models giving the best overall agreement with
the experimental data.

A new version, INCL4.6, very similar to INCL4.5 for
nucleon-induced reaction above 100 MeV but significantly
improved for composite projectiles and energies below
100 MeV, has recently been released [6]. It is now
implemented into PHITS [7] and in a version of MC-
NPX [8], coupled respectively to the GEM and ABLAO7
de-excitation models. A version fully re-written in C++4,
INCL++, extended to light-ion beams up to #O has also
been developed and is included into GEANT4 [9)].

II. NEW POTENTIALITIES OF THE MODEL

A. Low-energy Composite-particle Induced
Reactions

Although from the origin, the INCL4 model was de-
signed to handle reactions with composite particles up
to alpha, little attention had been paid to those up to
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recently. However, when the model is used in transport
codes to simulate for instance a complex spallation tar-
get, secondary reactions induced by composite particles
generated in primary collisions can occur. Since the data
libraries available to the public transport codes do not
consider yet reactions induced by complex particles, mod-
els are used instead. It is therefore necessary to ensure
that they correctly predict at least the gross features of
these interactions, although this falls well beyond the al-
leged theoretical limit of validity of INC models. This is
why the treatment of low-energy composite particle in-
duced reactions has been improved in [6].

Let us summarize the main modifications: i) the com-
posite projectile is described as a collection of off-shell
nucleons with Fermi motion, ensuring full energy and
momentum conservation; ii) geometrical spectators, i.e.
nucleons not passing through the target volume, are put
on-shell and the energy needed to preserve a correct bal-
ance is taken from the participant nucleons; iii) if one
nucleon tries to enter the target below the Fermi level,
all geometrical participants are assumed to fuse with the
target nucleus and produce a compound nucleus, which is
subsequently passed over to the de-excitation model; iv)
the projectile Coulomb deviation is now explicitly taken
into account; v) experimental mass tables are used to
ensure correct Q-values for all the reaction channels.

The model is now able to rather well predict helium-
induced total reaction cross sections [6]. It also reason-
ably reproduces the different reaction channels that open
with increasing incident energy. This is illustrated in
Fig. 1, which shows experimental 209Bi(o¢,xn) Cross sec-
tions as a function of the incident particle kinetic en-
ergy, from the EXFOR experimental nuclear reaction
database [10], compared with the model.
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FIG. 1. ?°°Bi(a,xn) cross sections for x=1 to 6 as functions of
the helium kinetic energy compared to the INCL4.6+ABLAO7
model. Experimental data come from the experimental nu-
clear reaction database EXFOR. From [6].

B. Light-ion Induced Reactions

A first attempt to extend INCL to light-ion induced
reactions was done in [11]. Recently, the model has been
revisited on the basis of the INCL4.6 version and totally
rewritten in C++. This version, denoted as INCL++,
has been included in the last GEANT4 release.

In this model, the projectile is described as a collection
of nucleons whose positions and momenta are drawn from
realistic distributions and satisfy the centre-of-mass con-
straint of zero total momentum. For each configuration,
the depth of a binding potential is determined so that the
sum of the nucleon energies is equal to the mass of the
projectile nucleus. The projectile is then boosted with the
nominal beam velocity. The nucleons that do not interact
with this sphere are combined together in the ”projectile
spectator”. The nucleons entering the calculation sphere
move globally (with the beam velocity) until one of them
interacts with a target nucleon. The NN interaction is
then computed with the individual momenta, and Pauli
blocking is tested. Nucleons crossing the sphere of calcu-
lation without any NV interaction are also combined in
the ”projectile spectator” at the end of the cascade. A
fusion mechanism, as above described is also included.

The excitation energy of the projectile spectator nu-
cleus is obtained by an empirical particle-hole model.
This nucleus is then given to the de-excitation model. In
this model, this ”projectile spectator” has not received
any explicit contribution from the zone of interaction
which is entirely contained in the target. Therefore, the
calculation is not symmetric and the residue of the target
is a priori more realistic than the ”projectile spectator”.
This means that to compare with experimental data, if
emanating from projectile fragmentation, the results of
the calculation should be done in ”inverse kinematics”
with the target fragments from the calculation Lorentz-

=y

o
N
I

d%c/dQ dE [mb/sr/MeV]

(with G4ExcitationHandler)
INCL++ (accurate projectile)

INCL4.2 (accurate projectile)

BIC
. Sato‘ etal.

200

250 300
Energy [MeV]

FIG. 2. Neutron production double differential cross sections
in the '2C 4 '2C system at 135 MeV/u [13] compared to
INCL++, INCL4.2, both in inverse kinematics, and BIC, all
INC coupled to the GEANT4 de-excitation handler.

boosted to become projectile fragments. Comparisons
of 12C+!'2C experimental data to both ”direct” and ”in-
verse kinematics” simulations confirmed that the latter
provides a better agreement [12].

Fig. 2 shows neutron production cross-sections mea-
sured in the 2C+'2C system at 135 MeV by Sato et
al. [13] compared with the present model, the former ver-
sion INCL4.2, both in inverse kinematics, and the bi-
nary cascade (BIC) [14], all models being coupled to the
GEANT4 de-excitation handler [15]. It can be observed
that the present model better reproduces the data than
the former version and that BIC is definitely less good.

III. EXAMPLES OF APPLICATIONS

A. Radioactive Inventory of the ESS Target

We have used INCL4.6-ABLA07 implemented into
MCNPX to simulate the helium-cooled rotating tung-
sten target foreseen for the ESS facility, in which the
radioactive inventory has been determined [16]. The ma-
jor contributors to the radiotoxicity and their production
channel have been identified. In order to estimate the re-
liability of the simulation, the model has been compared,
when possible, with elementary experimental production
cross-sections (excitation functions).

Examples of such excitation functions are displayed in
Fig. 3 for two nuclides that pose issues for radioprotec-
tion: '*8Gd, which is an alpha emitter, and tritium. In
most of the cases where elementary experimental data are
available, the model reproduces them generally within a
factor smaller than 2, implying a similar degree of confi-
dence for the estimation of the radioactive inventory.
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FIG. 3. Experimental production cross sections of *#Gd
(lower panel) and tritium (upper panel) in p+W reactions
compared with INCL4.6-Abla07. From [16].

B. Astatine Production in the ISOLDE Target

Recently, the IS419 experiment at the ISOLDE facil-
ity at CERN measured the production of astatine iso-
topes from a liquid lead-bismuth eutectic (LBE) target
irradiated by a proton beam of 1 and 1.4 GeV [17].
These isotopes are produced through the following mech-
anisms: either 209Bi(p,m~2n)?19=%At, i.e. double charge-
exchange in primary reactions, or secondary reactions in-
duced by helium nuclei produced in primary collisions,
209Bi(3He,xn)?12=2At and 209Bi(*He,xn)?!3-%At. The
simulation of the ISOLDE experiment with MCNPX [18]
has actually revealed that isotopes with mass larger than
209 are produced only through secondary helium-induced
reactions, He playing a larger role and leading to higher
masses, while the lightest isotopes are populated mostly
by double charge-exchange reactions.

Figure 4 shows the result of the MCNPX simulation
with INCL4.6-ABLAO7 compared to the ISOLDE data
at 1.4 GeV for the total production yields of astatine iso-
topes. An average release time from the liquid metal of
10 hours has been assumed during which the radioactive
decay of the different isotopes is taken into account. A
remarkable agreement between the calculation and the
experiment is observed, regarding not only the shape
of the isotopic distribution but also the absolute release
rates. Clearly all the new features discussed in the pre-
ceding sections, in particular the better handling of low
energy helium-induced reactions, have considerably im-
proved the predictive capability of our model compared
to the version used in [17].

In order to emphasize the importance of the secondary
reactions induced by the clusters produced during the
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FIG. 4. Astatine release rates from [17] at 1.4 GeV com-
pared to MCNPX simulations, assuming an average release
time of 10 hours, with INCL4.6-ABLAOQ7 (red line), INCL4.6-
ABLAQT7 without cluster production by coalescence (green
line) and CEMO3 (blue line). From [18].

cascade stage through our coalescence mechanism, a cal-
culation has been performed switching off this mecha-
nism. The result is presented as the green curve and
exhibits a severe deficit of heavy isotopes. Obviously, a
model unable to emit high energy helium nuclei cannot
be expected to correctly predict astatine production in
a LBE target, since only a small fraction of the heliums
produced in the evaporation stage has enough energy to
undergo a reaction before being stopped. This is the case
of the MCNPX default model option, Bertini-Dresner.

In the same figure, the results are also compared with
CEMO03 [19] (blue line). It is interesting to note that this
model is not able to account for the measured yield of
the heavy astatine isotopes. In fact, CEMO03 does have
mechanisms to produce high-energy helium nuclei; how-
ever, helium-induced reactions are handled by the Isabel
INC model, which apparently provides an incorrect de-
scription in the relevant energy range.

C. Fragmentation of Carbon in PMMA Targets

With the INCL++ model implemented into , it is pos-
sible to perform simulations of beam fragmentation ex-
periments in thick targets, which are generally done for
hadrontherapy applications. Fig. 5 presents experimental
data from Braunn et al. [20], concerning nuclear charge
distributions from the fragmentation of a 95 MeV/u '2C
beam in different thicknesses of PMMA (material mim-
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icking the human body) targets, for the 5 mm target,
at two different angles. The data are compared with
our model, BIC and QMD from [21], also available in
GEANT4. All models are coupled to the GEANT4 de-
excitation.
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FIG. 5. Charge distribution of fragments produced by a
95 MeV/u '2C beam in a 5 mm PMMA target, at 10° (left)
and 20° (right), measured by [20] (red triangles), compared
with INCL++ (blue crosses), BIC (blue circles) and QMD
(blue squares).

It can be observed that all model reproduce rather well
the light ion cross-sections (up to Z = 4) but ours tends
to underestimates higher charges at 10° while BIC and
QMD overestimate these elements. INCL+4 and QMD
are better at 20°. In general, QMD seems to provide only
a slightly better agreement with the data, at the expense
of a much longer CPU time.

IV. CONCLUSIONS

We have presented recent extensions of the Liege In-
tranuclear Cascade model, INCL4, which is now included
in several transport codes. They regard first a revisiting
of reactions involving low-energy composite particles
motivated mainly by the need to correctly account for
secondary reactions in spallation targets. Simulations of
the ESS and ISOLDE spallation targets were performed.
The study on astatine isotopes suggests that our model
can be assumed to correctly predict the production
of isotopes due to secondary reactions, thanks to the
attention paid to the emission of high-energy clusters
and to low-energy cluster induced reactions. This is
not the case for some of the models widely used in
transport codes. Second, the model has been extended
to light-ion induced collisions with projectiles up to #0.
Although the treatment of target and projectile is not
fully symmetric, but provided that the model is used
with the kinematics (direct or inverse) most appropriate
to the considered observables, it gives very satisfactory
results when compared to different sets of experimental
data. Being included in GEANT4, it can be used to
simulate thick target problem and gives results generally
better than BIC and comparable or only slightly less
good than QMD, but with a much shorter CPU time.
Further improvements, in particular to make the model
for projectile-target symmetrical, and more systematic
tests are under progress. A version extended to higher
energies has also been developed [22] in which multi-pion
channels have been added. Inclusion of strange particle
production is also foreseen.
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