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Abstract : In order to improve the predictive power of codes used to design ADS or spall ation neutron source, a new intra-
nuclea cascade model, INCL4, has been developed recently which, couped to the evaporation-fisson model ABLA of GSI,
gives very encouraging results. These models have been already implemented into LAHET3 and delivered to the MCNPX
and GEANT4 developers. In this contribution, a summary of comparisons of the model with a wide set of experimental data
covering various decay channels (neutrons, light charged particles and residues production) for different energies and
systems will be shown. An emphasis will be put on recent confrontations with experimental results concerning isotope
production excitation functions and composite particle emisson. Improvements of the model still under progresswill aso be

discussd.

I.INTRODUCTION

The potential use of spallation in various appli cations
has reinforced the need for a good moddisation of this
broad range of nuclea phenomena. On the one hand, a
comprehensive and coordinated experimental program is
adive in various courtries to cover more spedficdly the
new domain of interest. On the other hand, models are
improved to beame as predictive as passble, and are
compared to an increasing number of data. A large part of
thiswork isdorein the framework of HINDAS.

Spallationis currently described by a brief time phase
of intra-nuclea cascades governed by nucleon-nucleon
collisions, and lealing to a distribution of hat nuclel after
gedion of a few energetic particles. The second longer
phase is the decay by evaporation with a possble
competition with fisson (and Fermi bre&up, and pre-
equili brium...).

The ned for a spall ation model can be understood at
two levels. It provides first a comprehensive link between
various types of data generaly obtained with thin targets
(production of light particles, production of residud
nuclei, incident energy and target mass dependence...),
and consequently it shodd avoid phenomendogicd
parameters. It is also needed for design and optimizaion
of pradicd spall ation targets, which are thick. In that case,
the transport of particles is esential as well as the energy
dependence of the model. It is also important to know
which predsion can be expeded from the cdculation in
the various sedors of observables.

We will report here on improvements brought to the
Intra-Nuclea-Cascade-Liege® model leading to the
versioncdled INCLA4.

Here, for comparison with data, this code has been
couded with the fisson-evaporation code ABLA 2

developed at GSI, but it can also be couped with other de-
excitation descriptions like DRESNER, GEM, SMM ...
and this is useful to disentange the part coming
spedficdly from the cascade.

For transport of particlesin thick targets, the code has
been recetly included in LAHET3 and HERMES.
Inclusionin MCNPX and GEANT4 isin progress

II. PRESENT STATUSOF INCL4

Based on a redistic parameterizaion of the nucleon-
nucleon interadion (elastic and inelastic channels) in the
20 MeV to [2 GeV range, the model uses Monte-Carlo
techniques and a semi-classcd multiple scatering of
particles moving fredy in an average nuclea potential.
Main quantum effeds taken into acourt are the Pauli
blocking, the transmisson at the surfaceof the nucleus and
the Az; resonance.

Main improvements lealing to the version 4 of INCL
are the redistic shape of the patential (Saxon-Wood for A
larger than 19, and Modified Harmonic Oscill ator or
Gausdan below, which parameters are taken from charge
densities measured by eledron-scéttering), a long range
correlation due to a dynamicd minima energy of the
nucleus, a cdculation of the intrinsic spin of the remnant
nucleus (the nucleus prodwed by the cascade step),
further improvements in the pion sedor and the posshilit y
to trea light composite projediles (up to the *He). The
detail ed description and an extensive comparison with data
have been recently pubished V.

Due to the surface diffuseness the stoppng time of
the cascade is now a simple and stable parameter, which
has been adjusted from the cascade physics itself (time
evolution of the nucleus excitation and of the mean energy
of emitted particles).



This leals to a parameter freecode in the 200 MeV -
2 GeV range with its own absolute normalizaion (the
computed total readion crosssedionisright). The neutron
and proton energy spedra are well reproduced for a set of
target nuclel andincident energies (Fig 1, Fig 2 and V). We
remind that above [20 MeV these spedra are entirely fed
by the cascade. Below, the evaporation step, corredly fed
by the cascade gives aso convincing results (Fig 1). For
nucleon prodwction, locd disagreements on the
experimental spedra are of the order of 20% but
frequently smaller.

Concerning residue production, close to the target
mass where the cascade dominantly influence the final
result, crosssedions are corredly reproduced (Fig 3). The
fisson produwcts (around A egual 80) are aso well
predicted by the evaporation fisson code ABLA, and this
means that the excitation energy and the spin of the
remnant nucleus shoud be rather corred. However light
evaporation nuclei are systematicdly underestimated (Fig
3). This could be due to aladk of high excitation energy in
the cascade stage or to a missng mechanism for these
smdl cross sedions. This part of the cdculation is also
strondy dependent of the evaporation model. Note that the
isotopic cross sedions ¥ 7® are also rather predsely
reproduced, bath for evaporation and fisson residues, and
thisisasuccessof the ABLA code.

Ancther wegnessof the cascade is the overestimation
of the pion production (fador around 1.6) athough
reduced compared with previous versions of INCL. It
shoud be mentioned however that there is rather few
reliable and extensive inclusive pion spedrain the domain
of interest.

The incident energy dependence of the code can be
tested on excitation functions as measured for example by
M. Gloriset al. ¥ by adivation of natural lead samples and
y deca identificaion and courting. Proper corredions to
the cdculation are dore, and the result on a set of nuclei
(Fig 4) having very different evolution with energy, is
rather convincing. The kick observed at 100MeV isdueto
a too crude implementation of a forced absorption in the
code bel ow this energy.

I11.LIGHT COMPOSITE EMISSION

The good success of the cascade observed for the
production of nucleons could be misleading due to the faad
that the model does not consider the emisson of high
energy composite light particles experimentaly observed.
To have a more redistic approach, we have implemented
the prodiction of d, t, *He and “He in INCL4. We have
followed the ideatested by A. Letourneau et a. @ with a
previous version of INCL withou surface diff useness of
the target nucleus. The ideais that when a nucleon fulfill s
the condtions to escgpe the nucleus, it can clusterize with
neighbaing nucleons at the surfaceif they are foundin an
appropriate phase space This makes sense sinceinside the

nucleus, formation and destruction of compasites shoud
occur.

To preserve long tails of r and p space cluster
densities, the closeness criteria is given on the product of
distances in geometricd and momentum space (adually
smaler than 387 fm.MeV/c in our case). The delicae
technicd point was to ensure the formation in the diffuse
surface which leads to a seamndempiricd parameter.

A priority to the heaviest cluster is aso necessry
otherwise for example the “He production almost vanishes
to the benefit of two deuterons. It is gratifying that with
these simple ingedients, and withou adjustments
pertaining to the spedfic nature of the compasites, the
grossfedure of crosssedions as a function of angle and
of energy comes right (Fig 5) onthe NESS data from the
reagion p+Au at 2.5 GeV 9. Note that the evaporation
code ABLA produces only “He, resultingin aladk of other
composites at low energy. At a much smaller incident
energy, we have the same roughsuccess(Fig 6 for n+Bi at
540MeV from *Y).

This shows that the model is a good starting paint,
independently of the incident energy, and that we can
rather safely discuss several conseguences of our acournt
for a reasonable cluster production. First, our production
of cascade p and nis reduced (20% and 15% respedively),
mainly in the range 15 MeV to 140 MeV. Clealy, the
cdculated proton production of the NESS experiment is
now obviously too small, but it was arealy like so before
including the production of composites, and it could be a
consequence of the incident energy (2.5 GeV) which is at
the limit of the modd. At 540 MeV, the picture is not the
same, and the proton produwction is certainly not
uncerestimated. If we compute again the neutron
production from a lead target at 1.2 GeV, as mentioned
abowe, there are small reduction of the crosssedionin the
range 15 MeV-150 MeV. Agreement with datais sightly
worse than it was for anges below 40°, but it is dightly
better for larger angles. It results adually to a net neutron
prodiction of 2.69 (multiplicity of neutrons above 20 MeV
per interadion) which agrees perfedly with experiment
(2.7+0.3 from ®) and which is an improvement compared
to the cdculation withou clusters (3.17). As expeded,
acourting for a reasonable light compasite production
reduces the multi pli city of cascade neutrons by [15% and
the protons by [20%. The multiplicity of evaporated
neutrons or protons remains stable within [11%. In the
overal, including al nucleons (free or in a cluster), this
cluster medhanism incresses the cascade neutron
multi plicity by [110% and the proton one by [15%. It is
due to the faa that a fast nucleon escaping from the
surface can drag away other nucleons which otherwise
would have remained inside the nucleus. And this explains
why the cdculation withou compasites is not so much
aff eded by this missng mechanism.

If we consider cross sedions of residua nuclei after
evaporation, a cdculation including clusters goes also in



the right diredion since it leases in the target nucleus the
binding energy of the emitted cluster, resulting in slightly
larger excitation energy of the remnant. As mentioned
abowe, this slightly improves the predicted cross sedions,
(adudly R0% incresse of the cross sedions around
A=160for p+Pb at 1 GeV, Fig 3).

IV.CONCLUSIONS

We have obtained a redistic modd for the intra-
nuclea cascade stage of the spall ation. This code (INCL4)
gives in asciation with the evaporation-fisson code
(ABLA) areasonable acourt of spall ation observables for
protons projediles in the [1150MeV to [ GeV range on
nuclei heavier than, say aluminum. Technicdly the code
aso works for lighter targets and light compaosite
projediles but has nat yet been extensively tested in this
sedor.

The code is parameter freg and in that sense isredly
predictive. It gives the full correlation between emitted
particles, including their dynamics. We can exped overall
acarades of 15%-20%, but for some peauliar observables
(espeddly for the production of residual evaporative
nuclei far from the target masg it can be (locdly) wrong
by large fadors. The code can be used diredly for thin
targets and is or will be soonavailable in several transport
codes (LAHET, MCNPX, HERMES, GEANT4).

This success proves that the semi-classcd multiple
scatering works satisfadorily well in arather broad range
of incident energies and target masss. Of course,
colledive effeds like giant resonances, elastic scatering

or spedfic nuclea states of residud nuclel are out of its
scope.

In a recent development, we have included the
produwction of light compaosites formed on the nuclea
surface This works surprisingy well to predict the ratio
and the order of magnitude of the various spedes of
compasites on the scarce existing data. However, some
phenomendogy is here included which shodd be
controlled and constrained by more data. But we can
already conclude that this will not spail the quality of the
code on neutron and residues production, and on the
contrary has agoodchanceto improveit.
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Fig. 1. Neutron production doubie differential crosssedions from proton on lead at 1.2 GeV. Datafrom? are the paints,
INCL4+ABLA cdculations are histograms without (continuous li nes) and with (dashed lines) emisson of light clustersin
the cascade. Crosssedions are properly normali zed for the small est andle; for the others they are divided by successve
powers of ten asindicaed.
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Fig. 2. Proton production doule differential cross sedions from various systems: p+Pb at 800 MeV (data points from ),
p+Taat 600 MeV (data points from ¥), and p+Ni at 500 MeV (data paints from ®). The histograms are the INCL4+ABLA
cdculations. Data are displayed with the same convention asin Fig 1.
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Fig 3: Crosssedion of spall ation residues produced by Au + p at 800MeV per nucleon (top) ® andby Pb + p at 1 GeV per
nucleon (bottom) ” as a function of there atomic mass (A). Data paints are compared to the INCL4+ABLA cdculation
withou (continuous lines) and with (dashed lines) emisson of light clustersin the cascade.
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Fig. 4. Crosssedions in mb for the production of residual nuclel for the p+Pb system as a function of the proton incident
energy in MeV. Datapaints are from ref 2. Lines are the INCL4-ABLA restilts.
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Fig 5: Douledifferentia crosssedions of protons and light compasites produced inthe p (2.5 GeV) +Au interadion and
measured by the NESS coll aboration ' are compared with the INCL4+ABLA caculation (histograms) including the
production of compositesin the cascade. Only the “He composite is emitted by the evaporation code ABLA. Data are
displayed with the same convention asin Fig 1.
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Fig 6: Doude differentirg\l cros)sseaions of protons, deuterons and tritons produced in the n (540MeV) +Bi interadion and
measured by Franz et al. ¥ are compared with the INCL4+ABLA caculation (histograms) including the production of
compositesin the cascade. Only the “He compositeis emitted by the evaporation code ABLA. Data are displayed with the
same convention asin Fig 1.



