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Abstract

Beams of Kr isotopes will be accelerated by the Spiral2 facility under 10 AMeV. The idea of the present
proposal is to employ these isotopes, together with some stable beams, to investigate several aspects of
the reaction mechanisms which are expected to depend on the N/Z ratio. In particular we will focus on
the interplay of the dynamics and the sequential decay of the excited fragments produced in dissipative
collisions.
In this energy regime, not much above the Coulomb barrier, reactions proceed via nucleon exchanges
which are mainly ruled by the mean-field. The main exit channels are fusion (complete or incomplete)
and deep-inelastic interaction, the latter dominating for heavier systems. The details of the mean-field, the
role of neutron-rich surfaces and their fluctuations during the formation of final products are poorly known
especially in systems characterized by exotic isospin values where very selective data are scarce so far.
The thresholds and the limitations imposed by the detectors are severe at low energies; our collaboration
intends to pursue this investigation at GANIL by means of the FAZIA [1] array, a new modular apparatus
where the mass and charge identification capabilities of silicon and CsI detectors are pushed to their limits
thanks to detector improvement and extensive use digital electronics. The proposed activity is strongly
connected to other initiatives of the FAZIA collaboration, which mainly operates at GANIL and at the
INFN Laboratori in Legnaro and Catania.

Motivation

The mean-field which controls the one-body dissipation mechanism rules the way by which reacting
nuclei exchange mass, charge, energy, spin; this type of dissipation, with the associated nucleon exchange
between the two nuclei, prevails at energy lower than 10-15AMeV. However, its contribution has been
demonstrated to be important also in the Fermi energy regime. In these collisions two main reaction
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channels are observed. In the first one an unique big nucleus is produced (by complete or incomplete
fusion), while the second channel is characterized by the presence of two main objects, with phase-space
features revealing their origin from either the projectile (quasi-projectile, QP) or the target (quasi-target,
QT). In both cases the products can be strongly excited and undergo evaporative decay (or even fission)
before reaching the final configuration. The decay characteristics strongly depend on the preceeding
interaction.

Calculations based on the mean-field approach started many years ago [2, 3], providing in many cases
an average good description of the phenomena; in general, these studies described the behavior of the
dissipation mechanisms as a function of the impact parameter, so that the evolution of the reactions
from quasi-elastic collisions (small mass and charge exchanges, weak excitation) to the most central ones
(many exchanges, large excitations) could be put into evidence. This evolution can also be experimentally
investigated using the various order parameters that have been proposed to classify the events as a function
of the violence of collision.

However, not all the aspects have been clarified. For the binary channel, the models could satisfactorily
reproduce the observed average mass and charge trend towards equilibrium, but the fluctuations remained
more problematic. Moreover, problems arose when describing very mass asymmetric collisions, where the
heavy partner was necessarily a neutron-rich isotope (e.g. ref. [4–6]). About the question of how fast the
N/Z equilibration is starting from charge-asymmetric nuclei, the relaxation time of the isospin variable
was predicted to be very short (of the order of few 10−22s [7]). Accordingly, in damped collisions full
N/Z equilibrium (also called “isospin stopping”) was expected to be quickly reached even starting from
strongly N/Z-asymmetric systems. Experimental evidence points to longer time scales [6].
Apparently, a coherent comprehension of the microscopic mechanisms has not been reached, also due to
the limited detection capabilities available in those early studies.

Even the fusion channel well above the Coulomb barrier presents several open aspects that can be
considered. Among those the pre-equilibrium emission influences the final size of the compound nucleus
(CN) and its excitation (thermal and rotational). Of course, the knowledge of how much the path to
fusion is affected by very early gamma or particle emission is important in experiments using fusion to
select specific conditions for nuclei far from stability. For instance, studies on giant resonances, both of
thermal and dynamical nature, compare the behavior of CN formed in different ways; the knowledge of
pre-equilibrium losses is therefore essential to make the comparison safe.
The reaction dynamics leading to fusion also plays a role in the competition between fusion-evaporation
and fission, with aspects still to be clarified [8, 10–12]; we think that the important issue of nuclear decay
deserves more investigation. Indeed, it is well known that the statistical model, implemented in different
codes with somewhat different recipes, does in general a good work in describing the observed quantities,
such as particle multiplicities and fragment (IMF) yields; however, evidences exist that variables like
isotopic IMF yield, fission yields, odd-even effects (see Ref. [10, 11]) are not well reproduced. Moreover,
the deformations of the CN induced by the entrance channel dynamics can be important [8, 9] and the
pertinent aspects are not easily implemented in the codes especially at high excitation energies We also
note that the statistical description and most experimental results usually refer to the average properties
of excited nuclei, neglecting correlation effects along the evaporation chains which, instead, can signal
the occurrence of some pre-formed clustered systems or exotic shapes. In this respect, a more detailed
investigation aiming at studying particle correlations in order to go beyond the usual Weisskopf formalism
is welcome [10, 11, 13].

The above subjects can gain much from experiments with exotic beams. In fact, all the variables
which are more sensitive to isospin have not been finely investigated so far and their role in affecting the
dynamics or the decay of nuclei is also scarcely known. Therefore, the use of neutron-rich beams, like
those accelerated by SPIRAL2, can help in this investigation. On the theoretical ground, the N/Z-related
physics has recently re-attracted the interest of the nuclear scientific community [14]. This interest is
motivated by the link of isospin drift and diffusion phenomena with the density (ρ) dependence of the
symmetry energy, Esym(ρ), in asymmetric nuclear matter [15, 16].
Important and extensive work on the interplay between isospin and dynamics has been made in the
framework of the Stochastic Mean Field (SMF) model, particularly apt at investigating reactions
populating complex phase-space configurations (see e.g. [16, 17, 25, 31]). The key-issue of such studies is
the capability in predicting N/Z effects directly related, in the model, to Esym(ρ) and its dependence on
the density. For example, SMF calculations can be used to study the trend of ”rise and fall” with energy
of the dynamical dipole resonance [18, 19], its dependence on the “asy-stifness” of the Equation of State
(EOS) and on the dynamics of the colliding system; also, SMF fairly well predicts the neck formation
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and decay for semiperipheral collisions at the Fermi regime, as observed in many experiments [20–23].
The comparison of the model predictions with the experimental data constrains the EOS as far as the
isovector contribute of the nuclear potential is concerned.

Isospin effects are stronger at Fermi energies because the fast reaction dynamics produces large isospin
and density gradients among the various subsystems, thus enhancing effects related to the very nature of
Esym [24–29].

At the rather low energies of SPIRAL2, no strong effects due to steep density gradients in large portions
of transient systems (i.e. no formation of sizable neck-like regions) can be expected. However, there
exist evidences and theoretical arguments about several observables [17, 30–36] speaking in favour of
surface effects (extended neutron-rich skin, elongated metastable systems, surface instabilities) which
might influence the nucleon exchange and energy dissipation, thus affecting both the competition between
reaction channels (fusion vs. binary reaction) and the system decay (evaporation vs. fission). In a recent
work on dissipative collisions from intermediate down to low energies, see Ref. [30, 37], the authors analyse
several experimental data in the frame of the rather well established nucleon transfer model [3]. They
claim that only the introduction of an extended nuclear potential (related to n-rich surfaces) allows to
reproduce the QP-isotopic distributions in dissipative collisions between nuclei with different N/Z, even at
energies just above the barrier. Effects ascribable to elongated shapes (similar to neck zones) are known
since long time in the fusion channel, namely the presence of low energy alfa particles [32–34], whose
emission is compatible with an extended source.
In this respect, the use of beams with neutron excess and with possibly diffused surfaces could better
enlighten, even during the reaction dynamics, effects related to the exotic ground-state structure of the
participants [11, 30, 38]. The weaker neck-like effects at the low SPIRAL2 energies can be partly balanced
by the stronger N/Z disparities between colliding ions attainable with n-rich/n-poor beams. We believe
that we can learn more about isospin physics comparing couples of systems (one with a strong N/Z
asymmetry and one N/Z symmetric) since isospin effects are indeed expected to increase with the square
of the isospin asymmetry parameter, δ2 = [(N − Z)/A]2.

The proposal

To get information on the influence of isospin in the formation and decay of nuclei, we propose to
use the FAZIA telescopes, assuming some reasonable configuration for the starting operation date of
SPIRAL2. For the experiments we plan to couple FAZIA with other detectors, firstly with the INDRA
array (under the responsibility of the french FAZIA group), in order to extend the set-up efficiency for
charged products; considering that most reactions proceed into fusion we will also consider the advantage
of using VAMOS to detect and identify Evaporation Residues at very forward angles. Finally, we are
aware of the particular value of detecting free neutrons, which are abundantly emitted in reactions
with n-rich nuclei. Therefore, although it presents some practical challenges, we will also explore the
possibility to benefit from future developments in the field of neutron spectrometry.

For the SPIRAL2 First Day experiments we asked (march, 2010) Kr-beams which should be produced
with high enough intensities (above 107pps), from 5 AMeV to the maximum CIME energies, around
9 AMeV. To better exploit the identification capability of FAZIA and benefit from the forward focussing
of the ejectiles, we intend to measure reverse kinematics collisions. The systems we would study in a first
campaign are the following:

1. 94Kr+48Ca at E/A=8 MeV (N/ZP =1.61 N/ZT =1.4, (N/Z)sys=1.54 )

2. 80Kr+40Ca at E/A=10.2 MeV (N/ZP =1.222 N/ZT =1.0, (N/Z)sys=1.143 )

3. 94Kr+13C at E/A=8 MeV (N/ZP =1.61 N/ZT =1.167, (N/Z)sys=1.55 )

4. 80Kr+12C at E/A=8.72 MeV (N/ZP =1.222 N/ZT =1.0, (N/Z)sys=1.190 )

The energy of the RIB has been chosen in order to be conservative about the final currents. We will
concentrate on the abundant fusion channel but, in the case of the Ca targets, we would also study the
binary channel, expected to be not negligible. Let us start focussing our attention on the two reactions
94Kr+48Ca at E/A=8 MeV and 80Kr+40Ca at E/A=10.2 MeV; neglecting any pre-equilibrium process
they produce Ba isotopes at the same excitation energy (227 MeV) but with very different N/Z values:
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the n-rich Ba CN has got 22 neutrons more. The chemistry of evaporation in the two cases is expected
to be strongly different and indeed recent results on similar systems show several differences [11]. In
particular, a larger yield of IMF was observed in the decay of 118Ba with respect to 122Ba formed in
two different fusion channels. Moreover, the system with lower N/Z shows a more abundant symmetric
fission probability. Comparisons of the data with statistical models (the authors [11] used GEMINI and
BUSCO to interpret the Ba decay data) are not completely successful. GEMINI can reasonably predict
the cross-section for symmetric fission but it overestimates the IMF production and doesn’t mimic the
even-odd Z oscillations of the IMF yields; this failure is possibly due to the insufficient treatment of
the phase-space (barriers and level densities) and of the pairing strenght. The BUSCO code, instead,
predicts some odd-even staggering for IMF but largely misses their absolute multiplicities and, moreover,
it doesn’t include the fission phase-space at all. Very recently Kumar et al. [39] compared the data on
Ba [11] with the prediction of their dynamical cluster-decay model (DCM). The DCM describes the
(binary) splits of the CN in terms of some collective coordinates (namely the mass and charge asymmetry
and the distance of the two centres); the cross-sections for the various divisions are strongly influenced by
the pre-formation probability and the barrier penetrability. As the others models, also DCM has partial
success in the comparison with the data. DCM evidences the role of pairing effects and, like BUSCO,
it is able to predict the strong fall of the yield for IMF with Z≥8. However, the yield in the region of
fragments with 8≤ Z ≤15 is heavily underestimated. In conclusion, a satisfactory description is lacking
and more exclusive data are needed to describe the decay of these systems. Here it must be noted that
GEMINI, a well aknowledged code for nuclear decay, has been very recently revised [40] and thus new
data, expecially for nuclei with extreme N/Z values, can be very helpful to confirm or correct the adopted
modifications.
For these two reactions on Ca-isotopes, the grazing angular momentum is much larger than the fusion
value and the deep-inelastic channel should be sizeably populated. Therefore we could study also binary
reactions. The focus will be put onto possible neck-like or surface instabilities which could more clearly
appear in n-rich systems. The role of these instabilities, where the nuclear density can vary around the
saturation value during the interaction, has been theoretically studied [35] and several aspects have been
put into evidence supposed to be related to surface effects [30]; here we only mention, as an example, the
possible formation of n-rich neck-like structures in semiperipheral reactions, favoured in case of a stiff
isovector nuclear potential (strong decrease of Esym(ρ) with ρ. Dealing with the binary channel, it would
be interesting to study also the strongly N/Z unbalanced reactions:

1. 94Kr+40Ca at E/A=8 MeV (N/ZP =1.61 N/ZT =1.0, (N/Z)sys=1.39 )

2. 80Kr+48Ca at E/A=10.2 MeV (N/ZP =1.222 N/ZT =1.4, (N/Z)sys=1.29 )

in order to follow the N/Z equilibration path versus the impact parameter.
The fusion channel will also be studied in the reactions on carbon targets. The chosen combinations
are such that the n-deficient and n-rich systems have practically the same N/Z of the heavier ones.
Therefore the result changes will be mainly related to the fissility variation, but not to the relative neutron
abundance. In the literature there are data and calculations on the fusion-fission channel of medium-light
nuclei (like the molybdenum formed in Kr on C reactions) which will be useful for a comparison with the
new results [41–43].

We also mention another interesting aspect which will be studied. Recent SMF calculations [35] show
that how the cross-section splits in fusion and deep-inelastic channels somewhat depends on the details
of the isovector part of the EOS. In particular, during the interaction for the most central collisions, a
moderate compression occurs in the overlap region. If the Esym(ρ) is of the soft type the neutrons (in the
interface zone) are less repulsed with respect to the case of a stiff EOS and a greater fusion cross-section
is predicted. The effect is rather small (less than 10%) but we think that the split “fusion vs. break up”
is interesting to be investigated.

Finally, we plan to study the pre-equilibrium neutron emission [44, 45]. While not excluding some
coincidence measurements of neutrons, the present proposal is based on charge product detection. Nev-
ertheless, some indirect indication of fast neutron emission could be accessed. We expect that in systems
with large N/Z values the exceeding neutrons (having lower separation energies) can be emitted easier
than in more charge-symmetric ones; therefore pre-equilibrium neutron emission could manifest itself at
lower energies than for stable nuclei. With increasing bombarding energies, the growing presence of such a
fast emission can be signaled by some “saturation” behavior the of isospin-sensitive variables: for example,
d/p or t/p yield ratios, which are larger in case of collisions induced by n-rich beams (with respect to
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stable beams) can get progressively reduced when going from barrier to the maximum SPIRAL2 energies
(from 5 to 9 AMeV); indeed, prompt emission of free neutrons would reduce the N/Z of the remaining
system and the subsequent decay could show this fact. Preequilibrium neutron emission from the more
n-rich projectile can also manifest itself in a systematic shift of the average CM -velocity distribution, and
this can be another interesting variable to be studied; for example, if fast (neutron) emission prevails from
the n-rich Kr projectiles, this would lead on average to a smaller CM-velocity of the fission-fragments
(or of the CN) than in the case of full momentum transfer; otherwise, if preequilibrium particles mainly
escape from the lighter nucleus (in particular with Carbon targets) as shown in some experiments [46],
the CM-velocity would result higher than for complete fusion.

Experimental notes

The above addressed points demand high quality detectors and analysis techniques. It is mandatory
to have an efficient measurement and precise identification, on an event basis, of as many particles as
possible. The detection and identification of the biggest products, of the fission fragments, of the IMF
and associated light charged particles will be done with the telescopes of the FAZIA collaboration; the use
of high-graded Si detectors and of sophisticated Pulse Shape Analysis (PSA) methods allow to keep the
identification thresholds at the lowest values [47], that is a major point at the low SPIRAL2 energies. QT
fragments, needed to better constrain the kinematics in case of binary collisions, can be measured with
low-threshold detectors having enough spatial resolution; they can be of the FAZIA type or even simpler
since the identification of most of these (slow) ions appears beyond reach of the available detectors.
As said before, valuable information could be acquired when measuring the nuclear decay chain by chain,
thus putting into evidence phase-space correlations among emitted particles. FAZIA started some tests
(GANIL 2010) to equipe “Fazia-grade” Silicon strip-detectors with the digital electronics, used so far for
single pad telescopes. Preliminary results are quite promising and, for the 1st day SPIRAL2 experiment,
we are open to employ correlator-telescopes for low-relative-momentum particle correlations.
As said, the coupling of FAZIA with VAMOS or other powerful tools for evaporation residue detection
will be considered.
Finally, the possibility to include neutron detectors, at least at some specific angles, will be also considered
in the future.

Theoretical support

This proposal evidences that the excitation and the decay of nuclear systems also at rather low
energies is far from being understood, especially when considering fluctuations and/or isospin values
far from stability. The theoretical support of this initiative is therefore of paramount importance as
the complete description of low energy nuclear reactions passes through the development of quantal
transport theories able to describe both dissipation and fluctuations. Up to now, this has only been
possible in a semi-classical framework due to the complexity of the full quantum approach. However,
with the future facilities like Spiral2 and SPES that will deliver beams around 10 A.MeV, the interest in
quantum dissipative theories has been recently renewed [48]. Several new approaches beyond mean-field
have been proposed and validated as potential candidates for a consistent framework for dissipative
reactions [49, 50]. In the near future, these new approaches will be further developed to provide
versatile tools able to incorporate all low energy reaction mechanisms. As a first step in that direction,
following [51], work is actually in progress to study the N/Z dependence of microscopic transport
coefficients related to dissipation and fluctuation and to connect them with the underlying interaction
properties.

Synergies and links with other LOI and proposals

The proposed study with the first SPIRAL2 beams is part of the physics program of the FAZIA
collaboration, which also comprises stable beams at energies from 5 to 40-45 AMeV. As clearly suggested
here, low-energy experiments with stable and unstable ions could be useful to gain information on the
isospin physics; of course, measurements with the stable, more intense beams are easier to be done and will
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allow to establish and refine the experimental and analysis techniques needed for the very N/Z-asymmetric
exotic beams. In this respect, we think it possible to start the FAZIA+INDRA experiments by 2014 with
80Kr beams, for instance.
This LOI is strongly related to other initiatives proposed by the FAZIA group and inserted in the LEA
project. Since isospin effects should appear in the excitation and the decay of nuclear systems for all impact
parameters, it is important to foresee experimental projects ranging from grazing to central collisions and
including many reaction channels and different probes. In this sense many of us participate to various
proposals touching several arguments of interest about the isospin phyisics, from fusion to dissipative
collisions [52–54], from the break-up of light systems [55] to the dynamical dipole resonance [56].
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