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Abstract

A model is proposed to describe emission of light charged clusters during the cascade s
nucleon-induced spallation reactions. It consists in implementing a surface percolation pro
into the Liège intranuclear cascade (INCL4) model: when a nucleon is ready to leave the n
surface, it is allowed to drag along a cluster ofnucleons, under some conditions of closenes
phase space. This possibility relies on the instantaneous dynamical phase space occupancy
nuclear surface. The following clusters are considered:d, t,3 He,4 He. Good agreement is obtaine
with experimental data relative to heavy and medium-heavy targets at two different energie
shown that the implementation of light cluster emission in the cascade stage also improv
previous results for residue mass spectra.
 2004 Elsevier B.V. All rights reserved.

PACS: 25.40.-h; 25.40.Sc; 25.45.-z; 24.10.Lx; 25.10.+s
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1. Introduction

There is a renewed interest in nucleon-induced spallation reactions in the GeV
motivated especially, but not only, by variousprojects of spallation sources for accelerat
driven systems (ADS) or other applications (see for instance Ref. [1]). Most noticeab
spallation reactions lead to a copious emissionof neutrons, accompanied by fewer proto
* Corresponding author.
E-mail address: cugnon@plasma.theo.phys.ulg.ac.be (J. Cugnon).
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and light nucleon clusters. Roughly speaking, the reaction process can be divided into tw
stages. The first one is dominated by fast particle emission and in the second o
remnant of the target releases its remaining excitation energy by ordinary evapora
slow particles (and/or by fission for heavy targets). Light charged clusters are emit
the two stages, as suggested by the observation of their spectra [2–7]

The most successful model used to describe spallation reactions is the intran
cascade (INC) plus evaporation model. Recently we proposed an advanced versio
Liège intranuclear cascade model (INCL4) [8], which, coupled whith the K.-H. Sch
evaporation-fission (ABLA) model [9,10], gives a very accurate description of a large
of data (of different kinds) for proton and deuteron-induced reactions in the 200 M
2 GeV range of incident energy per nucleon. The INCL4 model is basically a mul
scattering semi-classical model, which handles nucleon degrees of freedom exp
Therefore the model of Ref. [8] can accommodate emission of light clusters i
evaporation stage only. This deficiency is not a serious problem as far as global p
multiplicities are concerned. Tofix the ideas, rough analyses ofexperimental data indicat
that in a proton-induced reaction on a heavy target in the GeV range, the ratio of the n
of nucleons appearing in the form of clusters emitted during the cascade stage to th
number of emitted nucleons, whatever their origin, lies between 5 and 10%. How
the lack of cascade light cluster emission appears more serious in view of techno
applications. Indeed light clusters correspond to gaseous elements (H,He), which are
liable to create voids or other damages in materials. Therefore it is of utmost intere
for the designers of (solid) spallation sources to have at their disposal a good mo
the production of these elements. This motivates the present work in which we exte
INCL4 model in order to incorporate light cluster emission in the cascade stage.

We have however another even stronger motivation. For spallation reactions in th
energy range under consideration, it is veryhard to couple nucleon degrees of freed
and cluster degrees of freedom on a microscopic basis, i.e., to handle the forma
clusters from nucleons (and their possible destruction) via a microscopic and dyn
model involving the explicit effects of nuclear forces. Emission of light charged clu
prior to the eventual evaporation is generally described on a phenomenological
either by the standard coalescence model [11,12] (in momentum space) or by percolati
models appliedat the end of the cascade stage [13]. When a pre-equilibrium modu
introduced between the cascade and evaporation stages [14,15], cluster production
this stage can be accounted for as follows: the nucleus is continuously described
excited Fermi gas, but a parametrized probability for light cluster emission is attach
each “exciton” configuration. The parameters are usually determined by the study of
cluster cross-sections in low energy reactions, basically below∼100 MeV. In heavy-ion
physics, where more sophisticated models, such as QMD [16], BUU [17] and BNV
models are used, only nucleon degrees of freedom are taken into account in the c
stage (before the freeze-out), although aggregation of nucleons may be observed during t
stage. In practically all models, cluster emission is introduced through a local chem
equilibrated model [19,20], or through a percolation procedure at the freeze-out follow
by an after-burner (evaporation) step. Letus notice however that there exist even m

sophisticated methods, such as those introduced by Feldmeier [21] and Horiuchi [22],
which attempt to describe the effects of collisions on Slater determinants, modeling the
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state of the colliding system. In such approaches, clusters naturally arise at the end
process, although some simplifying assumptions (regarding the wave function) hav
introduced. All models used in the heavy-ion case, giving moderate to good agre
for high energy cluster fragments, are however very time-consuming and have rarel
modified for nucleon-induced reactions. In the latter case the rapidity of the num
models is crucial for applications.

We had also a third motivation. It was important for us to check whether the
agreement obtained in Ref. [8] is not too much modified when cluster emission
cascade stage is taken into account.

In this paper, we want to present a model for light charged cluster producti
nucleon-induced reactions. The model relies on the microscopic phase space occupa
at the nuclear surface. In our opinion, this isa reasonable physical hypothesis. Inde
during nucleon–nucleus reactions the densityof the target nucleus is only moderate
perturbed [23] and theoretical investigations seem to indicate that deuterons do no
exist in ordinary nuclear matter at normal density [24–26]. A similar model has
proposed by Letourneau in Ref. [27] and embodies surface emission in the cascad
targets with a sharp surface. Other differencespertain to the construction of the cluste
Both this model and ours also have the advantage of allowing emission of clusters
time during the cascade stage.

The paper is divided as follows. Section 2 contains a short reminder of the IN
model and presents the implemented cluster formation model. Section 3 shows
results concerning cluster double differential cross-sections, cluster multiplicities and t
effect of cluster formation on other observables. Finally our conclusion can be fou
Section 4.

2. The model

The INCL4 model is described in detailin Ref. [8]. We just recall here the mo
relevant features for our purpose. It is a time-like INC model, which follows the fa
all particles as time develops. The particles travel in straight-line trajectories until tw
them reach their minimum relative distance, in which case they can scatter, or until on
them reaches the surface, where it can be transmitted or reflected. At the beginni
target nucleus is prepared according a Saxon–Woods density distributionρ(r) of radius
R0 and diffuseness parametera, cut atRmax = R0 + 8a, and to a uniform Fermi spher
momentum distribution with Fermi momentumpF . However, position and momentu
cannot generated independently, if the fact that fast nucleons can travel farther o
slow ones is to be taken into account. Actually, we take the momentum�p of a nucleon at
random in a sphere of radiuspF and its position at random in a sphere of radiusR(p). The
functionR(p), increasing with momentump, is determined by requiring that the numb
of nucleons with momentum betweenp andp + dp is the same as the number of nucleo
contributing to the slice of the density profile defined by
δρ(r) = (
ρ(R(p)

) − ρ
(
R(p + dp)

)
θH

(
R(p) − r

)
, (1)
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whereθH is the Heaviside function. In other words, the density profile can be viewe
divided in “horizontal” slices, defined by successive values ofR(p), and containing the
same number of nucleons as the successive shells in the Fermi sphere, correspo
equal intervals inp. Furthermore, nucleons are moving in a nuclear square potentia
of constant depthV0 and of radiusR(p). Forp > pF , the radius is taken asR(pF ) = Rmax.
As shown in Ref. [8], this procedure ensures the stability of the target. More precis
allows us to conserve, on the average, the spatial and momentum distributions, if pa
are propagated in the absence of collisions. The parameterV0 can be chosen as to obta
a correct Fermi level energy. Finally, an improved statistical implementation of the
blocking is applied and inelasticity is taken care of by introducing∆ and pion degrees o
freedom.

Clusters can be emitted according to the following procedure:

(1) When a nucleon hits the surface and satisfies successfully the test for em
i.e., has sufficient energy and escapes reflection (after the usual test of compa
random number with the calculated transmission probability through the appropriat
barrier including Coulomb potential for the protons), it is tested to see whether it be
to a possible cluster. Such a cluster is defined as a set of nucleons which are suffi
close to each other in phase space. Actually, thecandidate cluster is constructed, start
from the considered nucleon, by finding a second, then a third, etc, nucleon fulfilling th
following condition

ri,[i−1]pi,[i−1] � h0, (2)

whereri,[i−1] andpi,[i−1] are the Jacobian coordinates of theith nucleon, i.e., the relativ
spatial and momentum coordinates of this nucleon with respect to the subgroup constit
of the first [i − 1] nucleons. The test on Jacobian coordinates has been preferre
similar test on the relative coordinatesrij , pij for any pair (i, j ) of particles, because
precludes the appearance of clusters with exotic shapes (such as spaghetti’s). In th
the following light clusters are considered:d, t,3 He,4 He.

(2) Fast nucleons are checked for emission atR(pF ), in the outer fringes of the nucleu
where the density is very small and where they have little chance of being in a clust
are, however, forced to check particles for emission so far away, since they may un
collisions before reaching this place. To correct for this, we move back the candida
emission along its trajectory until it is at a distanceD outside the sphere of radiusR0,
before building the possible clusters.

(3) We establish a hierarchy between clusters for testing their possible emission. It
evident, from the way clusters are constructed, that if the candidate nucleon belon
given cluster, say to anα-particle, it also belongs to a lighter cluster. Clusters are che
for emission in the following priority list:4He> (3He ort) > d . In other words, the larges
candidate cluster is first tested for emission. The total energy of the cluster, includi
potential energy, and corrected by the binding energy of the cluster, should be pos
such a way that a composite with positive kinetic energy can be emitted. Furthermo
check whether the cluster can tunnel through the appropriate Coulomb barrier, comp

random number with the relevant transmissionprobability. If these conditions are met, the
cluster is emitted in the direction of its c.m. momentum. Energy conservation is fulfilled in
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this process. If the test for emission fails, then the next cluster candidate in the prior
is checked for emission on the same criteria, and so on. If the test for emission fails for a
clusters, the original candidate nucleon is emitted (∆-resonances are not considered in
cluster formation).

This simple model appears as a kind of “surface-coalescence” model, compatible with
two rather well established features: the small probability of having pre-existing clu
inside nuclei, at least in medium-heavy and heavy ones, and the necessary dyn
generation of correlated clusters of nucleons near the surface before emission. This
constrasted with the composite emission in pre-equilibrium models, in which a clust
be emitted from an uncorrelated target with a suitable probability. Our approach pr
also another appealing feature: clusters can be emitted at any time during the cascad
The present model presents some similarity with model proposed in Ref. [27]. Alth
the spirit is the same, they differ in the description of the surface (a sharp surface i
in Ref. [27]), in the construction of the clusters and in the hierarchy criterion for emis

Our cluster production model utilizes the microscopic phase space distributio
as generated dynamically by the INC. It however contains some limited amou
phenomenology, since, as mentioned in the introduction, explicit coupling of individua
nucleon and composite degrees of freedom isavoided and replaced by a geometri
construction, involving the introduction of the two parametersh0 andD, whose values
are given below.

3. Results

3.1. Introduction

We report here on our calculations and compare them with well documented dat
We used our cascade code coupled with the evaporation code GEM [28] or wi
KHSv3p version of the ABLA code [9,10], as in our previous work [8]. Although
are primarily interested in cascade emission, wenevertheless present the full spectra
light clusters. In KHSv3p, only evaporation of nucleons and alpha particles is consid
whereas GEM accommodates the evaporation of all light clusters.

In this first approach, aiming at demonstrating the potentialities of the model, w
not play with the parametersh0 andD. Only a rough fit has been done with a single se
values, namelyh0 = 387 MeV fm/c (= pF × 1.4 fm) andD = 1.75 fm. The value ofh0
roughly corresponds to selecting a unit volume of phase space. The value ofD is such that
the cluster is formed in a region of relatively low density on the average. Neglectin
improbable re-interaction (by strong interaction) with other nucleons on its way out, a
implicitly assumed in our model, is therefore reasonable. The possibility of varying
parameters with excitation energy or other variables will be examined in a later work

3.2. Cluster double differential cross-sections
Fig. 1 refers to the NESSI data [7] concerning thep + Au reaction at 2.5 GeV,
compared to our calculations with the ABLA evaporation code. An interesting aspect
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Fig. 1. Comparison of the results of our model, coupled to the ABLA evaporation code, for light charged
production in thep + Au system at 2.5 GeV (histograms, full lines: with clusters, dotted lines: without clus
with the experimental data (symbols) of Ref. [7]. The nature of the emitted particles is indicated in the
The different symbols correspond to different emission angles, which are given in the top panels. The predicti
of the neutron cross-sections are given for the sake of comparison. In each panel, the cross-sections ar

absolute values for the smallest angle. They are multiplied by 10−1, 10−2, etc., for the other angles, in increasing
order. Note the different vertical scales.
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of these measurements is that particles are detected up to a kinetic energy of 20
allowing a meaningful test of cascade emission. As can be seen, the overall agree
satisfactory. There are however some discrepancies. High energy protons (E � 30 MeV)
are underestimated, especially at the most forward and most backward angles.
particle production in the cascade stage is also underestimated. Of course, the low
part of thed , t and3He spectra is missed, since the ABLA code does not accommo
evaporation of these particles. It is evident from Fig. 1 that the cascade production o
particles is not negligible. This will be quantified below when we discuss multiplicites
expected, clusters in the cascade stage are formed at the expense of neutron an
production (see the differences between the full and dashed histograms in the top p
This is particularly noticeable for protons at small anglesin the energy range spannin
from 40 to 100 MeV, whose yield is clearly underestimated.

In Fig. 2, we display the same data and our results with the GEM evaporation
The cascade spectra are the same, within statistical uncertainties (the simulation in
about 150.000 events). The differences bear only on the evaporation spectra. Firs
the GEM code, the evaporation contributions are well described for deuterons and
Second, the3He evaporation yield seems underestimated. Third, the proton evapo
cross-sections are slightly less satisfactory with GEM than with ABLA. In particular
yield at the two largest angles is underestimated with GEM. Fourth, for4He evaporation
the peak height is well reproduced by the GEM model, but the slope of the decreasin
is steeper than in the ABLA model and steeper than the experimental slope.

In Fig. 3, we show the comparison of our predictions, using the same set of para
as before, with the data of Ref. [6] for then + Bi andn + Cu systems at 542 MeV. Th
time, we only show the results for one evaporation code (GEM), since the evaporati
contributions are practically outside the range of the measurements. The agreement is a
quite satisfactory but the trends have reversed, compared to the previous case: the
yield is not underestimated any more and thed andt cluster cross-sections are someh
overestimated. It is nevertheless gratifying to see that with simple ingredients the
features of the cascade spectra as functions ofemission angle and energy are satisfacto
described, more especially they have been tested at two incident energies and fo
targets.

We postpone the discussion of the properties of the formation mechanism
forthcoming publication, but it is worth pointing out that, in the three systems menti
above, light cluster production does not seem to correspond to a simple coalescence
(in momentum space). Indeed, in this picture, and assuming the same shape for neutron
proton spectra, the cross-section for production of clusters of mass numberAc is related to
the proton cross-section by the relation [29]

1√
E

dσ

dΩ dE
(E) = C

(
1√
Ep

dσp

dΩ dEp

(Ep = E/Ac)

)Ac

, (3)

whereC is a constant, independent ofE. The cascade part of the proton cross-section
be approximated by an exponential function:
dσp

dΩ dEp

≈ C′ exp(−Ep/E0), (4)
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Fig. 2. Same as Fig. 1, but with the GEM evaporation code.

whereC′ is another constant independant ofEp . The cascade cluster cross-sections sho
then be approximately given by
dσ

dΩ dE
(E) ≈ C

(
C′√Ac

)Ac
(√

E
)1−Ac exp(−E/E0), (5)
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Fig. 3. Comparison of the results of our model (histograms) for double differential cross-sections in then + Bi
system (left panels) and in then + Cu system (right panels) at 542 MeV, with the experimental data (symbols
The evaporation code GEM is used. The data are from of Ref. [6]. The different symbols correspond to d
emission angles, which are given in the top panels. In each panel, the cross-sections are given in absolu

−1 −2
for the smallest angle. They are multiplied by 10, 10 , etc., for the other angles, in increasing order. Note the
different vertical scales.
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i.e., they should basically display the same exponential decrease (the factor containi
√

E

is numerically unimportant here due to the limited range of energies; it correspond
slight hardening of the exponential decay). Obviously, this is not the case in Figs.
3, both experimentally and in our model, demonstrating a more subtle mechanism
quantityE0 takes a larger value for deuterons and tritons than for protons, for the
emission angle. This situation is to be contrasted with the heavy-ion case where the
coalescence model works rather well [30] inthe same energy range. This was alre
acknowledged in Ref. [6].

3.3. Particle multiplicities

We now turn to particle multiplicities and compare the results with and without clust
formation in the cascade stage. The latter are given in Table 1. Several observation
order. Let us concentrate first on thep(2.5 GeV) + 197Au system. As expected, fewer fre
nucleons are emitted in the cascade stage, by about20 percent. But this is overcompensa
by the emission of nucleons within clusters. In the cascade stage, the total multi
of the emitted nucleons, free or bound, is increased by∼10% for neutrons and∼15%
for protons. With the cluster emission scenario, the emission of nucleons is made
for two reasons. First, removing a bound system costs less energy than removing
its nucleons independently. Second, tunneling through the potential+ Coulomb barrier
favours emission of clusterized nucleons: for instance, the tunneling probability is sm
for an α-particle than for a proton, but the test is applied only once for the latter.
probability of the uncorrelated emission of two protons and two neutrons is equ
the square of the proton emission probability multiplied by the square of the ne
emission probability. There is possibly a third reason, inherent to the scenario itself,
favours emission of a group of nucleons, that otherwise would have somehow div
trajectories. The excitation energy at the end of the cascade is not really changed
the cluster emission is added. As a consequence, the evaporation multiplicities a
really changed either. Altogether, the total yield of emitted neutrons (either free or boun
is increased by∼4% and that of emitted protons by∼7%. We also added in Table
the results for thep + Pb system at 1 GeV, with the GEM evaporation module,
at 1.2 GeV with the KHSv3p evaporation module. The former case allows us to g
hint at the dependence of our results with the incident energy, using the (more com
GEM evaporation model. The latter case provides with a meaningful comparison
our previous results (last column of Table 1 and Ref. [8]). It is interesting to not
reduction of the cascade neutron multiplicityby the introduction of cluster emissio
The multiplicity of fast neutrons, with kinetic energy larger than 20 MeV, changes
3.17 [8] to 2.69 when cluster emission is introduced and comes in slightly better agre
with the experimental value of 2.7 ± 0.3 [31]. Unfortunately, no other direct multiplicit
measurement has been performed for thesystems that we have investigated.

Let us comment on the results for particle multiplicities with cluster emission. Rati
multiplicities are nearly the same for the two systemsp(2.5 GeV) + Au andp(1 GeV) +
Pb. Looking at our results with the GEM evaporation code, which are more complet

finds that〈p〉/〈n〉 ≈ 0.2, 〈d〉/〈p〉 ≈ 0.3, 〈t〉/〈d〉 ≈ 0.4, 〈3He〉/〈t〉 ≈ 0.25 and〈α〉/〈p〉 ≈
0.2. It is interesting to note also that the ratio of the number of nucleons emitted inside
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Table 1
Comparison between particle multiplicities predicted by our model for three systems:p(2.5 GeV) + 197Au,
p(1 GeV) + 208Pb andp(1.2 GeV) + 208Pb. Multiplicities are splitted in INC and evaporation components.
evaporation model used in the calculations is indicated on the second line. The tildes refer to nucleons bo
inside clusters. The excitation energyE� at the end of the cascade stage (in MeV) is also given

p(2.5 GeV) + Au p(2.5 GeV) + Au p(1 GeV) + 208 Pb p(1.2 GeV)+208Pb

ABLA GEM GEM ABLA

without with without with without with without with
clusters clusters clusters clusters clusters clusters clusters cluste

〈n〉 casc 4.97 4.19 5.00 4.19 3.78 3.23 4.13 3.52
〈n〉 evap 10.56 10.68 10.39 10.54 9.66 9.82 10.58 10.7
〈p〉 casc 3.25 2.64 3.34 2.63 2.49 2.00 2.69 2.16
〈p〉 evap 1.09 1.08 0.93 0.91 0.35 0.35 0.54 0.54

〈ñ〉 casc – 1.35 – 1.35 – 0.98 – 1.08
〈ñ〉 evap 1.78 1.74 2.41 2.38 1.41 1.39 1.22 1.21
〈p̃〉 casc – 1.21 – 1.21 – 0.87 – 0.96
〈p̃〉 evap 1.78 1.74 2.25 2.21 1.32 1.30 1.22 1.21

〈n + ñ〉 casc 4.97 5.54 5.00 5.54 3.78 4.21 4.13 4.60
〈n + ñ〉 evap 12.34 12.41 12.80 12.92 11.07 11.21 11.80 11.
〈p + p̃〉 casc 3.25 3.85 3.34 3.84 2.49 2.87 2.69 3.12
〈p + p̃〉 evap 2.87 2.82 3.17 3.12 1.67 1.64 1.76 1.74

〈n + ñ〉 total 17.31 17.95 17.80 18.46 14.85 15.42 15.93 16.5
〈p + p̃〉 total 6.22 6.66 6.51 6.96 4.16 4.51 4.45 4.86

〈d〉 casc – 0.69 – 0.69 – 0.51 – 0.56
〈d〉 evap – – 0.42 0.42 0.16 0.165 – –
〈t〉 casc – 0.23 – 0.23 – 0.165 – 0.18
〈t〉 evap – – 0.19 0.20 0.10 0.10 – –
〈3He〉 casc – 0.085 – 0.084 – 0.052 – 0.06
〈3He〉 evap – – 0.023 0.022 0.005 0.0047 – –
〈α〉 casc – 0.063 – 0.064 – 0.043 – 0.047
〈α〉 evap 0.89 0.87 0.79 0.775 0.53 0.51 0.609 0.60

〈E�〉 (MeV) 179.2 180.2 179.2 180.6 135.9 137.5 148.5 150

clusters to the total number of emitted nucleons (free or bound) amounts to∼1/4 in the two
systems (actually 0.28 and 0.22, respectively). The ratio of the number of nucleons e
inside clusters in the cascade stage to the total number of nucleons emitted inside
lies around 0.4. These figures grossly corroborate what is mentioned in the introdu
Let us however emphasize that the corresponding ratio between cascade yield to tot
varies strongly from cluster to cluster. For thep(2.5 GeV) + Au system, about 60% o
the deuterons, 50% of the tritons and 80% of the3He clusters are emitted in the casca
stage. These values are slightly larger in thep(1 GeV) + Pb system. On the contrar
α-particles are overwhelmingly emitted by evaporation (∼92% for both systems). Let u

finally mention that the theoretical ratios of multiplicities cited above exhibit the same
trend as the experimental values reported in the Table 2 of Ref. [32], forp + Au collisions
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Fig. 4. Comparison of the results of our model (histograms) for neutron double differential cross-sections
p + 208Pb at 1.2 GeV, with (full lines) and without (dashed lines) clusters, with the experimental data (circle
of Ref. [31]. Cross-sections at 0◦ are given in absolute values. For the other angles, they are multiplied b
indicated factors.

at 1.8 GeV. We did not attempt a quantitative comparison, mainly because the experi
cuts are not the same for all kinds of particles.

3.4. Effects on other observables

As indicated in Figs. 1 and 2, free neutronand free proton cross-sections are
diminished uniformly by the introduction of cascade cluster emission. The decrease
more important for moderate energy nucleons (between 20 and 100 MeV roughly)
is corroborated by Fig. 4, which displays the results for neutron double differential c

section inp + 208Pb collisions at 1.2 GeV. Compared to our previous results [8], without
clusters, the predictions are slightly poorer at 10 at 25◦ and slightly better at 85◦ and larger
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Fig. 5. Comparison of the results of our model (histograms) for residue mass production cross-sectio
p + 208Pb system at 1 GeV, with (full line) and without (dashed line) clusters, with the experimental data
of Ref. [33].

angles. Because the neutron yields are especially affected in the 20–50 MeV domain, th
shapes of the spectra are somehowless satisfactory than before.

The introduction of cascade light cluster emission has another interesting and
pected consequence. After the cascade stage, the remnant nucleus contains slig
nucleons than before. Since the evaporation is not changed very much, the resid
slightly lighter (the small reduction of the excitation energy may also contribute to
effect). This is illustrated in Fig. 5, which shows the residue mass spectrum in thep + Pb
system at 1 GeV. The lack of residue production in the low mass side of the fragmen
peak from which our previous calculation suffers [8] is partially reduced.

3.5. Sizes of the clusters

Let us close this section by discussing briefly the size of the “pre-clusters” appe
in our model, i.e., their extension inr-space and momentum space, at the moment of the
construction, just before emission. In Fig. 6, we plot in the left panels the distributi
the distancer separating the position of the nucleons from the center of mass, fo
deuterons (upper part) and the alphas (lower part) constructed in our model. In th
panels, we display the distribution ofp, the absolute value of the difference between
momentum of the nucleons and the total cluster momentum divided by its mass nu
i.e., the absolute value of the momentum of the nucleons in the rest frame of the c
For deuterons,r is half the relative distance andp is the relative momentum. For larg
clusters, the distributions are just the nuclear densities inr- andp-spaces multiplied byr2

andp2, respectively. The dashed lines in Fig. 6 give the same distributions for free cluste

as calculated with the Paris potential [34] for deuterons and with a Gaussian model with
realistic parameters fitted on the experimental charge distribution forα-particles. The “pre-
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Fig. 6. Distributions (in arbitrary units) of the radial distance separating the position of the nucleons fro
center of mass (left panels) and of the momentum of thenucleons in the rest frame of the cluster (right pane
for the “pre-deuterons” (upper part) and “pre-alphas” (lower part) generated in our model (histograms) for
p + Au system at 2.5 GeV. The dashed lines give the same distributions for free clusters, as given by t
potential for the deuteron and by a Gaussian model for the alpha particle, normalised in the same way.
for detail.

deuterons” are on the average slightly more compact in configurational space tha
deuterons, but are noticeably more extended in momentum space. The trend is reversed
the “pre-α-clusters”. The difference between “pre-clusters” and free clusters arises for tw
reasons: (i) our compactness criterion Eq. (2) slightly differs from compactness in
deuteron, which assumes proximity both in configuration and momentum spaces; (ii) t
INC dynamics can favour some particular regions of the phase space defined by E
Let us finally notice that, in order to form a deuteron, for instance, in reality, a neutro
a proton need primarily to be close to each other in phase space, but also need to exp
some extra soft interaction (from other nucleons or from the mean field) which trans
them into an on-shell deuteron. The relative success of our model justifies a posteriori t
non-obvious possibility of simulating soft interactionsby a simple geometrical model.

4. Conclusion

We have presented a model for the production of light charged clusters in the ca
stage of spallation reactions. This model contains novel features. It assumes that c
are “formed” when a nucleon in the cascade model is candidate for being emitted. It

on the instantaneous microscopic phase space occupancy in the nuclear surface region,
dynamically generated by the INC model itself. It is not an entirely microscopic model,
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as we introduced two parameters, the most important one,h0, describing the closenes
condition for two nucleons belonging to the same cluster, the other one originating fro
technical considerations dictated by our INC code, in which nucleons are check
emission when they are in the outer fringes of the nucleus.

This method opens the possibility of having a unified INC+evaporation model handlin
cluster emission on the same footing as nucleon emission, filling along-standing gap
Non-evaporative light cluster emission has often been handled by introducing a so
pre-equilibrium stage between the cascade and the evaporation stages. In this stag
ordinarily on exciton models, emission of clusters is usually treated on a phenomeno
basis, just by attaching cluster emission probabilities, generally fitted to experi
to exciton configurations. Our method has thus the double advantage of being
microscopically founded and of allowing the emission of composites at any time.

Our aim in this paper was to demonstrate the potentiality of the model. That is wh
did not vary the parameters of the model. We think that these parameters can reason
changed with the target mass and the incident energy (or the excitation energy). A va
with the nature of the cluster is equally acceptable, if not perhaps physically mandato
With the simple choice adopted here, we obtain a promising agreement with the d
three systems at different incident energies, and this for a wide range of cluster k
energy.

We have shown that the inclusion of cluster production enhances the total (free+bound)
nucleon yield in the cascade stage, whereas the evaporation stage remains basic
same. This has however rather unexpected results: the free neutron yield is reduced,
proton yield is diminished slightly more and the fragmentation mass spectrum is br
The first and third effects are improving our previous results without clusters.

Besides the determination of optimal parameters, other points are worth to
investigated, such as the production of heavier composites and the extension of the
to low incident energy. Also, alternative choices for the closeness criterion Eq. (2) a
origin of the “pre-cluster” sizes deserve some further study. We plan to tackle these
in a future work.
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