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Abstract

We use the tools of hybrid intranuclear-cascade/nuclear-de-
excitation models to evaluate the sensitivity of several physical ob-
servables to the inclusion of a multifragmentation stage in the de-
excitation chain and assess the need for a multifragmentation model in
the quantitative description of p-+°%Fe and p+'36Xe reactions at 1-GeV
incident energy. We seek clear signatures of multifragmentation by
comparing different state-of-the-art de-excitation models coupled with
intranuclear-cascade models and by focusing on discriminating observ-
ables such as correlations and fragment longitudinal-velocity distribu-
tions. None of the considered observables can be unambiguously inter-
preted as a multifragmentation footprint. The experimental data are
best described as originating from sequential binary decays. However,
no de-excitation model can reproduce the experimental longitudinal-
velocity distributions from 1-GeV p+'3%Xe.

1 Introduction

Multifragmentation is generally considered as the quasi-simultaneous break-
up of highly-excited nuclear matter into clusters and unbound nucleons. Its
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Figure 1: (Colour online) Inclusive residue-production cross sections for 1-GeV
p+59Fe (a) and p+135Xe (b), as a function of the nuclide charge. Experimental
data from Refs. [2-5].

importance in nucleon-induced reactions is the subject of a long-standing
discussion. While it is generally accepted that multifragmentation will even-
tually set in at high projectile energy, due to the increasing energy transfer
from the projectile to the target nucleus, it is not yet clear whether and to
what extent multifragmentation needs to be postulated for a reliable quan-
titative description of reactions around 1 GeV, a region which is most inter-
esting for technical applications such as Accelerator-Driven Systems [1].

The goal of the present work is to identify possible signatures of multi-
fragmentation by studying proton-induced reactions with the tools of cou-
pled intranuclear-cascade/de-excitation models. We shall focus on the 1-GeV
p+°0Fe and p+!35Xe reactions, which have been the object of recent stud-
ies [2-6].

All the calculations presented in this paper were performed using the
Liege Intranuclear Cascade model (INCL4.5 [7,8]), coupled with three differ-
ent de-excitation models: ABLAO7, [9], GEMINI++ [10,11]| and SMM |12,13]. We
limit ourselves to directing the reader to the relevant publications for details
about the physics of the models. A more comprehensive discussion of the
results of this study can be found in Ref. [14].

2 Residue-production cross sections

Figure 1 shows the predicted residue-production cross sections as a function
of the nuclide charge, compared with the measurements obtained with the
SPALADIN apparatus [3] or at the FRagment Separator (FRS) [2,4,5]. The
experimental acceptance cuts have been taken into account.

We can observe that the three de-excitation models produce similar
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charge distributions, at least for charges Z 2 Ziarget/2. In this sense, we
observe that residue-production cross sections are rather insensitive to the
de-excitation mechanism. However, we remark that de-excitation models
present free parameters that can be adjusted to help reproduce the residue-
production cross sections. The GEMINI++ parameters connected with asym-
metric fission were simultaneously fitted to the p+°Fe and p+136Xe residue-
production cross sections, among other data-sets [11|. Thus, fig. 1 can de-
ceptively lead to underestimate the sensitivity of residue-production cross
sections to the de-excitation model.

3 SPALADIN correlations

We now turn to the analysis of the model predictions for the SPALADIN
p+9Fe data-set [3]. The goal of the SPALADIN experiment was to mea-
sure observables in coincidence for the 1-GeV p+°%Fe reaction in inverse
kinematics. These semi-exclusive measurements were obtained at the price
of a more sophisticated setup and experimental analysis than typical inclu-
sive experiments. Motivation for such measurements stems from the hope
that more exclusive observables should help discriminating among different
de-excitation models.

In this work, events generated by cascade/de-excitation models were fil-
tered through a Geant4 transport calculation and analysed like the experi-
mental data. A similar analysis, using older versions of the models, exists in
the literature [3].

We analyse the decomposition of the residue-production cross sections
(fig. 2). Experimental events were subdivided into five classes, according
to the number of fragments (Z > 3) and helium nuclei that were detected.
Clearly INCL4.5/GEMINI++ and INCL4.5/ABLAO7 yield the best description
of the experimental data. Since GEMINI++ is a pure binary-decay model,
and since ABLAO7 predicts a very small multifragmentation cross section for
this system, we conclude that it is possible to explain the event partitioning
without invoking a multifragmentation model (such as SMM). This conclusion
is consistent with Le Gentil et al.’s result [3]. However, the appraisal of SMM’s
results in the intermediate-mass-fragment region (IMF, defined as 3 < Z <
10 for the purpose of this paper) might be biased by its slight overestimation
of the residue-production cross sections (see fig. 1).
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Figure 2: (Colour online) Cumulative partitioning of the 1-GeV p+°%Fe cross sec-
tion according to the number of observed helium nuclei and fragments (Z > 3).
Solid lines represent the experimental data and histograms represent the model
predictions. Experimental data from Ref. [3].

4 Longitudinal-velocity distributions

Insight about the de-excitation mechanism can also be gained by examin-
ing the kinematics of the decay products. Sequential binary splits should
produce kinematical patterns reminiscent of the decay barriers; multifrag-
mentation, on the other hand, is expected to produce fragments with broad,
structureless velocity distributions. We discuss here the velocity distribu-
tions measured in the context of the FRS experiments [4,6]. The emission
velocities of fragments from the 1-GeV p+5Fe and p+'36Xe reactions were
measured using forward spectrometry techniques. Reactions were studied in
inverse kinematics. Particles that satisfied the acceptance cut were identified
by mass and charge and their longitudinal velocity (the component of the ve-
locity along the beam axis) was measured. Refs. [4] and [6] report measured
longitudinal-velocity distributions (LVDs) for several nuclides with A > 6.
We used our cascade/de-excitation tools to calculate the longitudinal-
velocity distributions for the same nuclides. The acceptance of the exper-
imental setup was approximately accounted for [14]. Figure 3 shows the
calculated LVDs for some selected products of the 56Fe+'H and ?6Xe+'H
reactions. Each distribution is separately normalised to one. Note that the
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Figure 3: (Colour online) Calculated longitudinal-velocity distributions for some
reaction products of the 1-AGeV %6Fe4-'H and '36Xe-+'H reactions, in the beam
rest frame. Red solid line: INCL4.5/GEMINI++; green dashed line: INCL4.5/ABLAOT;
blue dotted line: INCL4.5/SMM.

longitudinal velocities refer to the rest frame of the projectile, with the pro-
ton impinging with negative velocity. This choice was made for consistency
with the experimental data [4, 6].

One observes that all models produce similar distributions for the heav-
iest IMFs. Only for the lightest IMFs and for the 56Fe projectile can we
observe differences in shape among the model predictions, with GEMINI++
and ABLAO7 producing double-peaked distributions, whereas SMM yields flat
distributions. These predictions should be compared with the measured dis-
tributions (fig. 10 in Ref. [4] and fig. 2 in Ref. [6]). In stark contrast with
Napolitani et al.’s claims, we find that binary decay does not imply sharp
Coulomb holes in the velocity distributions. Indeed, the shapes of the *6Fe
distributions seem to be best described by GEMINI++.

As displayed in fig. 3, all the predicted LVDs for 36Xe+!'H show clear
Coulomb holes. Surprisingly, even ABLAO7 and SMM, that account for the
contribution of multifragmentation, predict double-peaked LVDs that are
very similar to GEMINI++’s, even for relatively heavy nuclides such as the
Si isotope. No model seems to be able to account for the single-peaked
component that clearly dominates the experimental LVDs for Z = 6.

This unanticipated result clashes with the widespread belief that mul-
tifragmentation should yield single-peaked velocity distributions, especially
for high fragment multiplicities. SMM accounts for the exact propagation of
the hot multifragmentation products in their mutual Coulomb field, and is
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therefore supposed to yield reasonable predictions of the asymptotic veloc-
ities, if the initial conditions are realistic. Figure 3 demonstrates that this
mechanism does not yield single-peaked LVDs. This suggests that most of
the break-up configurations must be quasi-binary, with one or two large frag-
ments completely dominating the Coulomb dynamics, possibly accompanied
by nucleons and very light charged particles.

5 Conclusions

We have used the tools of coupled intranuclear-cascade and statistical-de-
excitation models to search the 1-GeV p+°Fe and p+!3%Xe reactions for
signatures of multifragmentation. Calculations indicate that the inclusion of
a multifragmentation stage is not crucial for adequate prediction of residue-
production cross sections. We thus confirm the insensitiveness of this observ-
able to the de-excitation mechanism. Comparisons with measured fragment-
helium correlations favour binary de-excitation models. We conclude that
a multifragmentation model is not necessary for the description of inclusive
and semi-exclusive observables. This does not mean that the presence of mul-
tifragmentation is ruled out in these reactions, but rather that binary decay
can generate final states similar to those produced by multifragmentation
models, at least close to the multifragmentation threshold.

Somewhat ambiguous conclusions can be drawn from the qualitative
study of longitudinal-velocity distributions. We find that pure binary de-
cay can well account for the distributions measured in p+°6Fe. On the other
hand, none of the considered de-excitation models can explain the existence
of the observed single-peaked component in p+'36Xe.
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