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The search for cluster structure effects in nuclei have been studied look-
ing to the pre-equilibrium particles emitted in two different reactions at the
same beam velocity (16 AMeV): 16O + 65Cu and 19F + 62Ni, leading to the
same 81Rb∗ compound nucleus. The GARFIELD + RCo multi-detection
system operating at LNL has been used. The preliminary data analysis
results and the first theoretical model calculations are presented.
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1. Introduction

Nuclear clustering has been studied since a long time. It was originally
proposed by Hafstad and Teller in 1938 [1] for light α-conjugate nuclei, which
are observed as excited states close to the decay threshold into clusters, as
summarized in the Ikeda diagram [2]. In neutron-rich systems, neutrons
may act as valence particles which can be exchanged between the α-particle
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cores, as suggested in the extended Ikeda diagram. Recently, nuclear clus-
tering has gained large interest due to the study of weakly bound nuclei at
the drip lines, where clustering might be the preferred structural mode es-
pecially in the case of light nuclei [3]. Presently, these structures are mainly
described by theory since the low intensity of the exotic beams available
prevents the experimental accessibility to such exotic structures. In this re-
gards, waiting for the availability of the new generation of radioactive beam
facilities like SPES, HIE-ISOLDE and SPIRAL2 [4], it is of particular inter-
est to search for α-clustering effects looking to non-traditional observables,
like those deriving from pre-equilibrium process studies, which may bring
new information on the cluster formation process.

2. Previous studies
In the past, the system 16O + 116Sn at different bombarding energies

has been studied with the aim to identify the amount of pre-equilibrium
emission in asymmetric entrance channel reactions, comparing protons and
α-particles experimental spectra with the Hybrid Exciton Model predic-
tions [5]. The model uses a modified PACE2 code and the relaxation pro-
cess is accounted for by the exciton model, based on the Griffin model [6].
The main parameter to be set is the initial number of excitation (n0 =
nparticles+nholes), mainly related to the projectile properties, that can be es-
timated from the empirical trend described in the work of Cindro et al. [7].
The model described quite well the protons spectra at all the incident en-
ergies measured. On the contrary, an enhanced fast α-particle production
was observed at forward angles. A possible explanation of this increase of
α particles might be related to the α-cluster structure of the 16O projec-
tile [8]. To take into account this effect, a pre-formation cluster probability
has been introduced in the model, considering a second starting configura-
tion in which the 16O projectile is supposed to be divided into a 12C core
plus an α particle. The probability of occurrence of this configuration is
the free parameter to be determined from the comparison with the experi-
ment. While the shape of the energy spectra have been better reproduced
with a quite sizeable probability (up to 50%) of α-cluster probability, still
there are problems to reproduce the multiplicity of light charged particles.
This fact has to be understood and may be studied changing the parameters
of the statistical-model, like it was performed in the past works on similar
subject [9, 10].

3. Experimental details and preliminary results
In order to obtain, in a model independent way, a confirmation of possi-

ble effects of α-cluster structure in the projectile, two fusion reactions 16O
+ 65Cu and 19F + 62Ni have been studied at 16 AMeV incident energy. The



Pre-equilibrium Particles Emission and Its Possible Relation . . . 449

same projectile velocity was chosen since the pre-equilibrium emission is ex-
pected to be mostly dependent on this parameter [11], as a consequence, the
fast emission process is predicted to be almost the same for both systems.
The experiment has been performed at the Laboratori Nazionali di Leg-
naro, with the beams provided by the TANDEM-ALPI acceleration system.
The experimental setup used is the GARFIELD array implemented with the
Ring Counter (RCo), at forward angles, fully equipped with digital electron-
ics [12]. Fully identified light charged particles, detected in GARFIELD and
RCo, have been measured in coincidence with Evaporation Residues (ER)
detected in RCo in an angular range θ = 8.6◦–17◦. The first comparison
between the two reactions shows very similar experimental proton spectra
on the whole angular range. On the contrary, a much larger difference is ob-
served in the α-particle spectra at the most forward angles. The predictions
of the evaporative code PACE4, which takes into account the difference in
the compound nucleus excitation energies, confirm that the purely statistical
emission spectra should be very similar for the two systems, supporting the
idea that a second fast emission source for both systems is needed.

Fig. 1. Comparison of laboratory energy spectra (black dots) of a particles and
protons for the systems 16O + 65Cu (left panels) and 19F + 62Ni (right panels)
with preliminary calculations from Hybrid Exciton Model (black line). Evapora-
tive (dashed line) and pre-equilibrium (dot-dashed line) Model contributions are
shown together with PACE4 calculations (dotted line). The distributions have been
normalized to the total area.

Waiting for the data sorting and calibration procedure to be completed,
for a first estimate of the expected fast emission in the two cases, the data
have been compared with the predictions of the Hybrid Exciton Model, as
shown in Fig. 1. For the system 16O + 65Cu, with an initial exciton number
of n0 = 17 (16p+1h), the calculations reasonably describe the shape of the
α-particle spectra, except for an underestimation at the forward angles in
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GARFIELD. On the contrary, with the same initial n0, the model strongly
overestimates the proton pre-equilibrium emission. In the case of 19F + 62Ni,
with an initial n0 = 20 (19p+ 1h), the overproduction of fast α particles is
even larger than in the previous reaction, while even in this case the protons
are largely overestimated. A possible explanation for the larger production
of fast α particles may be the lower energy needed to break up the 19F
nucleus into α + 15N (4.01 MeV) with respect to the 16O to be divided into
α + 12C (7.2 MeV).

4. Conclusions

We have studied the secondary particle emission from the reactions
265 MeV 16O + 65Cu and 304 MeV 19F + 62Ni in order to probe α-clustering
effects in nuclei. From the preliminary comparison between the two systems,
a difference in the fast α-decay channel has been evidenced, which can be
related to the difference in the projectile structure. In the meanwhile the
data sorting will be completed, the first comparison with the Hybrid Exci-
ton Model has shown that the shape of the α-particle spectra are reasonably
reproduced. On the contrary, using the same initial parameters, the fast
emitted protons are largely overestimated. The fact that the model is not
able to reproduce protons and α particles, with the same starting param-
eters, was already seen in our study of the system 16O + 116Sn. In that
case, introducing some pre-formation probability in the projectile a better
description of the α spectra was obtained, even if there were still problems
to reproduce the particles multiplicities. As a consequence, a more complete
analysis is needed to understand the process, looking to all different light
charged particles and taking advantage of the large angular range in which
the particles have been identified. This will permit to better disentangle the
pre-equilibrium emission. For this purpose, a complete analysis, like the one
reported in previous paper on similar systems [13, 14], will be performed,
able to correlate the velocity and angular ranges of the heavy fragments and
light charged particles. From the theoretical point of view, on the one hand,
the Hybrid Exciton Model needs to be upgraded including all possible decay
channels. On the other hand, it is under study the use of other theoretical
approaches like the Antisymmetrized Molecular Dynamics (AMD) code [15].
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