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Abstract. The Liege intranuclear cascade model has been shown by tHBAS8 collaboration to successfully describe
spallation reaction data in the 200 MeV to 2 GeV range. Wentdpae on the recent progress obtained afterwards. They bea
on the behaviour of the model at low energy, on the introdnctif an energy and isospin dependence of the mean field, on
the improvement of pion production mechanism and on theisieh of composite production in the cascade.

INTRODUCTION also if the original Fermi sphere (below the Fermi level)
is excited (3) spectators are moving but do not collide
The Liege Intranuclear Cascade (INCL) model has re-with each other (4) pion dynamics is improved (5) exten-
cently evolved, during the HINDAS collaboration, to a sion to light clusters as incident particles (6) prediction
numerical code INCL4, which, without any parameter of the angular momentum of the target remnant.
tuning, is able to give good results for an impressive set The success of the INCL4 code comes from the intro-
of data concerning spallation reactions in th200 MeV  duction of a diffuse surface and from an improved treat-
to 2 GeV range of incident energies [1, 2]. These datament of the Pauli principle, as has been shown within
includes total reaction cross-sections, neutron and prathe HINDAS collaboration, and especially, in our opin-
ton double differential cross-sections, particle muitipl ion, from the self-consistent determination of the stop-
ities, residue mass and charge spectra, isotopic distribysing time, i.e. the time at which the cascade is stopped
tions and residue recoil energy distributions, for proton-and the evaporation code is started. This feature seems to
induced as well as deuteron-induced reactions. free the model from the introduction of a so-called pre-
Here, we shortly describe the INCL4 model and reportequilibrium module.

on the progress obtained since the end of the HINDAS
collaboration.

THE LOW-ENERGY BEHAVIOUR

THE INCL4 MODEL The condition for the validity of the independent colli-
sion picture is, roughly speaking, expressed by

The INCL4 model provides with a time-like picture of
the collision mechanism, made of a succession of binary Ap << ro<~d, 1)
collisions, particle decays or refraction/reflexion on the , )
surface, well separated in space-time. Elementary colVNeréAs is the de Broglie wavelength for the nucleon-
lisions are decided on closest distance of approach bdUcleon relative motiorry is the range of nuclear force
sis and final states are determined at random according?d d the average distance between neighbouring tar-
to experimental data, subject possibly to statistical Pauld®t Nucleons. The second inequality is (barely) fulfilled
blockers. in the nuclear case. The first inequality is certainly not

Typical features of INCL4 (compared to previous ver- fulfilled,.even for the first collision, when the incident
sions) are: (1) a smooth nuclear surface (2) a consister@"€rgy is less than 100 MeV. It is the reason why so-
implementation of the Pauli blocking: collisions are al- ¢@lled pre-equilibrium models are generally used in this

lowed if they passed the test for the Pauli blockers bu€N€rdy range, although it was pointed out from time to

time that INC models does not generate crazy results.
But, the validity of the INC model, as far as results are
concerned, had never been truly investigated, before the
work of Ref. [3]. In this work, the validity of the INCL
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model is tested by boldly comparing its predictions with
experimental data. However, a little bit more flexibil-
ity is introduced compared to Ref. [1]: first the reaction
cross-section is not normalised on the model itself, but
on the experimental data, and second, the Pauli principle S
is made more strict. In ref. [3], it is shown that results are ;o 'L
better with a strict Pauli blocking instead of the usual sta-3 [
tistical implementation. Even better results are obtained§ ’
by combining a strict Pauli blocking for the first colli- Ewoﬂ_
sion with a statistical blocking for the subsequent colli- €

sions. A typical result is shown in Fig.1. Two important o

results come out of the work of Ref. [3]. First, above 40 €10 L
MeV, there is little dependence of the cross-sections uporie
the detailed properties (structure) of the target. Theyvar . f
smoothly with target mass and incident energy. As a re- 0
sult, the agreement displayed in Fig.1 is indicative of the L

120°(x107%)

whole domain of target mass number abo¥&\() and o, i
of incident energy betweer40 to 200 MeV. Second, ' 020 30 20 50 60 70 80
the results of the INCL model are competing reasonably E, (MeV)

well (in view of the simplicity of the model) with cur-
rent “pre-equilibrium” models, traditionally used in this FIGZL(J)BRE 1. Double differential neutron cross-section for
energy range. Fig.1 illustrates this point. We remind thatP+=" Pb reactions at 80.5 MeV. Data (dots) are taken from

these models try to account for the quantum motion of €™ [4] (coherent excitation peaks to some low-lying state
are not shown). Data are compared with the predictions of the

the nucleons. Obviously, the effects of the latter is ncJtINCL model (histograms) and with the ones of the Multi-Step

evident. Let us stress that our comment appljes to INCOpjrect (MSD) model of ref. [5] (continuous lines, as quoted i
herent nucleon production. Coherent excitation of low-ref. [4]). Adapted from Ref. [3].

lying states as well as production of clusters are more

sensitive to structure details. TABLE 1. Multiplicities per primary reaction obtained
in proton-induced reactions G?%Pb at 800 MeV. Com-
parison of the results for various types of nuclear mean

THE NUCLEAR MEAN FIELD field: standard (2d column), isospin-dependent (3d col-

umn), isopsin- and energy-dependent (4th column). Ex-

. erimental data are from ref. [7].
In INC models, nucleons are supposed to experience a P [

nuclear mean field, that is represented by a potential well Stan- T3

of fixed depth, generally the same for protons and neu- dard T3 &E Exp
trons. This is not consistent with the phenomenology of nE>20MeV 248 228 221 1802
the optical-model potential [6]. The real part of the latter E~ 2 MeVv 930 926 923 104 1.4
depends upon the isospin of the nucleohg and upon p,E>20MeVv  2.07 220 2.18

their energy E). Roughly speaking, the depth of the po-  p. E>2MeV 255 270 265

tential is linearly decreasing with the nucleon energy un-

till the latter reachedfy ~200 MeV, beyond which it
basically vanishes. We introduced both an isospin- an
energy-dependent nuclear potential in INCL. The depth
of the potential®/}(E),i = n, p are given by

Yhe Fermi momenta are determined by the central den-
SSity of the nucleus and thi/Z ratio. Identifying—Eg
as the separation energy for typeucleons totally de-

VIE) = Vi—ai(E—EL), forE < Eg termines the constant§. Parameters; are taken from
— 0, forE > Ep ) Retl6l . . .

’ ’ The effect of introducing these phenomenological po-

whereE is the total energy tentials are shown in Table 1 and Fig.2. The main effect
k2 _ is due to the isospin-dependence: less neutrons and more

E=——+VE). (3)  protons are emitted in the cascade stage. This is due to

_ 2M the average binding energy, which has increased for neu-

The Fermi energieBt. are then given by trons and decreased for protons. The excitation energy at
o i 2 the end of the cascade stage has increased. As a result,
EL = ke VI, (4)  the number of emitted neutrons has increased. The shape

2M



- G(F,xn) p(‘800 MeV?+Pb | m’s?, respectively. Ther yield is only overestimated
INcLs VS T py 10 percent. This gndoubtedly improyes our pre_dic-

12 L 0deg (169 Leray ) tions for pion production [1]. However, pion production
is a complex mechanism and one has to keep in mind
that many other medium effects, that are not taken into

account, can influence the pion yield.
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FIGURE 2. Double differential neutron cross-section for Ly

p+208Pb reactions at 800 MeV. Comparison between stan- 13}
dard INCL4 predictions (full histograms) and after intraelu

tion of an isospin and energy-dependent mean field (dashed
histograms). Data are taken fromrefs. [7, 8]. The data of T¢f 12

are not corrected for target thickness. -40 -20 0 20 40 60 80 100
Vi (MeV)
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FIGURE 3. Ratio between calculated and experimental [10]
of the partide Spectra has not Changed very much extOta| n*-produtlztion cross-section .[DH-Z(.)BPbCO”iSiOHS at 730
cept in the vicinity of the quasi-elastic peak (see Fig.2) MeV. Calculations has been done with the INCL model for
Roughly speaking, the neutron peak has shifted toward?"°4s depths of the pion potential.
larger energy loss, by about 20 MeV, coming closer to
the experimental results. Here also, the effect is mainly
due to the isospin dependence and can be explained on PRODUCTION OF CLUSTERS
the basis of average binding energy for neutrons and pro-
tons. This also explains why the proton quasi-elastic pealone nice feature of INC models with a pre-equilibrium
is basically not shifted. module is the fact that they can accomodate the produc-
tion of light clusters with energy larger than in the evap-
oration. We have also implemented a relatively simple
PION DYNAMICS model in INCL4 which allows the production of clusters
in the cascade stage. When a nucleon arrives at the sur-
We also investigated the effect of the average potentialace and is going to be emitted, it is checked whether
for pions (in the standard INCL code, this potential is setit can drag with him one or several nucleons which are
to 0). This is a rather tricky question, as the pion optical-sufficiently close to each other in phase space. The fol-
model potential is dominated by resonant absorption [9]lowing clusters d, t, *He and*He) are considered up to
Causality in quantum mechanics forces the real potentiahow, but the method could be extended to heavier clus-
to be largely dispersive: it assumes large values in theers. If a large cluster has been built, it is emitted if the
nuclear volume, which may vary rapidly with the energy. energy of the cluster is sufficient and if it succeeds the
That is why sometimes even the sign of the potential igest for transmission through the relevant Coulomb bar-
not unambiguously determined by the fits. In the nuclearier. If not, the smaller clusters inside the original one
surface (where absorption is reduced) the real potentiadre tested for emission, and so on. We refer to Ref. [11]
is rather shallow and slightly attractive. For a first simplefor more detail. In simple words, this model is a kind of
investigation of the global effect of pion potential, we in- surface coalescence model based on the dynamic phase
troduced an energy-independent (but isospin-dependengpace distribution in the surface region at any time. It is
square-well potential for the pions. Results are shown irdifferent from the usual coalescence model: as a matter
Fig.3 for production of positive pions ip +2%8Pb col-  of fact, it does violate the scaling laws of this model.
lisions at 730 MeV. Considering also the production of Typical results are shown in Table 2 and Fig.4. The lat-
negative pions (not shown), this analysis indicates thater shows the triton cross-section i+ Au collisions at
the best results are obtained for repulsive pion potentials
with a strength of~60 MeV for irt’s and~25 MeV for

2 Taking the mean value for'’s.
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FIGURE 4. Comparison of the results of INCL4 model ,sup-

CONCLUSION

We reported here on some recent developments of our
INCL4 model. We tried to keep on with our general phi-
losophy: introduce as much as known physics as we can,
in such a way that it can be treated by the semi-classical
INC method without deforming its basic features and
without relying on free parameters. We have so intro-
duced an isospin- and energy-dependent nuclear poten-
tial for nucleons, which is entirely borrowed from known
phenomenology. The effects of this feature affect our re-
sults only slightly, but they do improve them.

We attempted also to introduce an isospin-dependent
potential for pions. In that case, the phenomenology is
less precise than for the nucleon case. However, we have
improved our results for pion production with reasonable
values of the strength of the potential.

We extended our INCL model to low energy, in a
region where the semi-classical approach should fail in
principle. We showed that this is not the case, provided
a so-called strict implementation of the Pauli principle is

plemented with the cluster emission model outlined aboek an |ntroduced The reasons Why the model |S St'” Work|ng

coupled to the GEM evaporation code, for triton production i
the p+ Au system at 2.5 GeV (histograms) with the experi-
mental data (symbols) of Ref. [12]. Cross-sections arengive
absolute values for the smallest angle. They are multigdied
1071, 1072, etc, for the other angles, in increasing order.

TABLE 2. Multiplicities per primary reaction ob-
tained in proton-induced reactions 6RA8Pb at 1.2
GeV. Experimental data are from ref. [7].

without with
clusters clusters Exp
n, (casc) 4.13 3.52
n, (tot) 14.61 14.27
n, (free+bound) 15.93 16.52
n, E> 20 MeV 3.17 2.67 2F0.3

in this domain are not clear. Presumably, quantum effects
in incoherent nucleon emission are cancelling due to the
large number of possible channels.

We built a model for accomodating cluster production
in the cascade stage. This model is well-founded, but
implies two free parameters. We did not attempt to a best
fit, but a good description of the cluster production at
high energy is obtained with reasonable values of these
parameters [11].

All these modifications will be included in the forth-
coming version of the INCL code.
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