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Abstract

The idea of this programme is to extend the investigation on reaction mechanisms at low to moderate
bombarding energies (5-12AMeV), performed up to now with stable ions, to the SPES beams, focusing on
the interplay of the dynamics and the sequential decay of the excited fragments produced in dissipative
collisions.
At this energy regime, reactions proceed via nucleon exchanges which are mainly ruled by the mean-
field, whose details are poorly known expecially in system characterized by exotic isospin contents. Very
selective data are scarce so far, due to both the intrinsic difficulty of disentangling the two main sources
of particle emission at low energies and the limitations of the detectors used till now; we think that new
insights can be gained from experiments with exotic (and stable) beams exploiting highly performing
detectors and analysis techinques.

Motivation

Within the wide bombarding energy range from just above the barrier up to Fermi energies, dissipa-
tive collisions importantly contribute to the reaction cross section between heavy ions. In this type of
collisions, on the lower energy side, the initial kinetic energy is distributed to the nuclear system mainly
via nucleon exchanges during the contact phase. Therefore, as a function of the impact parameter (and
thus of the time duration of the overlap) one can follow the evolution of different relevant observables, in
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particular of the isospin (N/Z) of the two emerging products.
The N/Z asymmetry of the quasi-projectile (QP ) and quasi-target (QT ) has recently re-attracted the
interest of the scientific community [1]. This interest is motivated by the link of isospin drift and diffu-
sion phenomena to the density (ρ) dependence of the symmetry energy, Esym(ρ), in asymmetric nuclear
matter[2, 3]; indeed, the symmetry potential behavior far from g.s. conditions (high temperature and
low/high barion densities) is not well known.

In nuclear reactions between charge asymmetric ions, the symmetry potential favours the restoration
of neutron-proton equilibrium. In the past several studies explored charge/mass equilibration in heavy-
ion reactions (e.g. ref. [4–6]). Qualitatively, the relaxation time of the isospin variable was expected to
be very short (of the order of few 10−22s [6]) thus leading to full N/Z equilibrium (also called “isospin
stopping”) in damped collisions. However, also due to the limited detection capabilities available in those
early studies, a clear and coherent comprehension of the microscopic mechanisms was not unambiguously
and quantitatively reached.

Recent Stochastic Mean Field (SMF) calculations [3, 7, 8] suggested the possibility of experimentally
evidence several effects related to the neutron-proton drift and diffusion between the different regions
of the transient system (the QP , the QT and the intermediate or neck zone) characterized by different
densities. The comparison of the model predictions with the experimental data constrains the model as
far as the isovector details of the nuclear potential are concerned.
As a matter of fact, the recent literature reports on isospin-related effects, measured both in central and
in mid-peripheral collisions, using different probes: from pre-equilibrium gamma-rays and intermediate
mass fragments (IMF) in fusion reactions [9–14], to cluster emission in less central impacts [19–21]. At
Fermi energies [8, 22], for these rather peripheral events, SMF predicts interesting isospin effects even
for stable-beam induced reactions since the fast reaction dynamics produces large isospin and density
gradients among the various subsystems, thus enhancing effects related to the very nature of Esym.
Several interesting experimental findings have been recently published on these subject at intermediate
energies [15–18, 21]

At lower energies, like those of the SPES facility, the possibility that a low-density neck-like region de-
velops for mid-peripheral impact parameters is reduced and no large density gradients of nuclear matter
are expected; still, there exist experimental evidences and theoretical arguments about several observ-
ables [7, 23–26, 28? ] suggesting the presence of neck-like or extended skin effects, which influence the
nucleon exchange during the reaction: for instance, the interesting study of dissipative collisions from
intermediate down to low energies of the Ref. [23, 29]. The authors try to interpre several experimental
data in the frame of the rather well established nucleon transfer model [30]. However, they need to intro-
duce an extended nuclear potential in order to reproduce the measured isotopic distributions in dissipative
collisions between nuclei with different N/Z, even at very low energies (just above the barrier). Effects
ascribable to elongated shapes (similar to neck zones) have been observed in the fusion channel, namely
the presence of low energy alfa particles [24–26], whose emission is compatible with an extended source.

The weaker neck-like effects at the lower SPES energies can be partly balanced by the stronger N/Z
disparities between colliding ions attainable with n-rich/n-poor beams. This is the basis of the present
Letter of Intent. We believe that we can learn more about isospin equilibration mechanisms in nuclear
matter using strongly N/Z asymmetric reactions, since isospin effects are indeed expected to increase with
the square of the isospin asymmetry parameter, δ2 = [(N −Z)/A]2. In particular, as explained hereafter,
we would like to study the charge/mass exchange processes and their relation to the sequential decay of
the excited QP and QT . Special focus is put onto the sequential fission of the heavier excited reaction
partner in dissipative collisions. In order to perform this investigation we plan to use modern and powerful
detectors and techniques; for instance those developed in our recent FAZIA [32] and Nucl-ex activities.

The proposal

The reaction mechanism via mass and charge exchange depends on the interfaces (the neck-like struc-
tures and nuclear surfaces) which develop during the collision and it affects the futher decay of the various
species. We think that dissipative collisions, at semi-peripheral impact parameters, can help the study
of these interfaces, as the nuclear overlap is less dramatic and the most “external” nuclear regions are
involved. In this respect, the use of beams with neutron excess and with more diffused nuclear potential
could better enlight, even during the reaction dynamics, effects related to the exotic ground-state structure
of the participants [11, 23, 31].

We also note that at the SPES energies, interaction time are rather long and the corresponding rather
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slow dynamics allows a partial decoupling of the excitation of the sources from their decay. This gives the
opportunity to study not only, as already said, the dynamics of exotic systems but also their “statistical”
decay in the framework of some well aknowledged statistical models. Statistical codes have been success-
fully [40] used since years in describing evaporation and fission of nuclei not too far from the β-stability
valley. It is important to refine these codes also for the decay of more charge-asymmetric species as some
disagreement between predictions and results recently appeared [12, 13], possibly due to the insufficient
treatment of phase-space (barriers and level densities) and of the pairing strenght in these models.

To be specific, we propose the study of the following subjects and systems.

• Binary reaction channel

We want to measure deep-inelastic collisions as a function of impact parameter, as it is important
to follow the process of isospin equilibration from very peripheral to almost central collisions. Of
course, QP and QT remnants can be measured with different accuracy, but the main point about
detecting also the QT is the safe establishment of the binarity of the detected events. By means
of kinematics, one can estimate the degree of inelasticity (e.g. measured by TKEL [15, 19, 38]),
thus ordering the events in classes as a function of the impact parameter. The QP fragments and
their emission will be efficiently measured with high performance low-threshold arrays like FAZIA.
The light charged particles and the IMF will be to a large extent isotopically identified; therefore
we can reconstruct isospin-related variables to control the charge-mass balance during the collision.
Although, in several cases, the low kinetic energies of the heavier fragments will not permit their
full A,Z characterization, we expect to get partial however robust indicators of isospin fluxes, by
means of suitable N/Z-related variables, constructed form the observables of particles and QP , as
far as possible (similarly to e.g. Ref. [15]).

Another aspect to be studied is the preequilibrium neutron emission [27? ]. While not excluding
some coincidence measurements of neutrons, the present LOI is based on charge product detection.
Nevertheless, some indirect indication of fast neutron emission could appear. We expect that the
exceeding neutrons (with lower separation energies) in neutron rich systems can be emitted easier
than in more N/Z-symmetric ones; therefore preequilibrium neutron effects can show up at lower
energies than in case of exotic nuclei. With increasing bombarding energies, the increasing occurence
of such a preferential fast neutron cooling can be signaled by the saturation behavior 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 stable beams) can get progressively reduced when going from barrier
to the maximum SPES-ALPI energies (from 5 to about 12 AMeV); indeed, prompt emission of free
neutrons, would reduce the N/Z of the remaining system and the subsequent decay could signal this
process (see also the 3-body channel part). 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.

• Three-body channel resulting from sequential Fission and/or Ternary breakings of transient systems

Following a deep-inelastic collision, the QP and QT can reach enough excitation energies so that they
can undergo sequential fission. This fission mode, while showing some aspects typical of the light-
particle induced fission process, reveals a sizeable coupling with the previous dynamics, as shown
by different authors [21, 38]. The process appears to be less and less “equilibrated” (and hence
faster and faster) when going from symmetric- to asymmetric-mass splits (the angular distributions
become more and more anistropic). When an IMF is emitted, it can be attributed not to the fission
of an excited rotating nucleus, but rather to the rupture of an elongated and deformed neck. For this
3-body channel, we only propose experiments at the maximum SPES beam energies as the fission
corss-section is expected to strongly decrease under 10 AMeV.
The details of the fission or the ternary-break processe, are expected to be influenced by the charge-
equilibration mechanism acting during the first reaction phase. Moreover, as said before, in case of
very n-rich systems, some weakly-bound neutrons can quickly escape from the interacting systems
thus lowering the N/Z of the entire system and increasing the Coulomb repulsion and thus the
scission probability (for a given excitation energy).

Since the fission probability increases with spin and excitation (i.e. with energy dissipation), it is
expected to occur for the longest reaction times where full charge-mass equilibrium can be assumed
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over the entire system. Suppose that no fast neutron emission occurs. In case of “equilibrated”
sequential fission of the hot QP , one expects fission probability increasing with excitation energies
and larger for n-poorer systems. Considering the list of systems below, for the QP fission proba-
bility (pf ) one should qualitatively find: pf (116Sn) > pf (132Sn), in general. Then, considering the
evolution toward isospin equilibration, a possible expected pf order can be (numbers refer to list
below):
pf (7) > pf (6) > pf (8), since in case of reaching the average N/Z of the system, the order reflects
the increase of the N/Z of QP (decrease of fissility). For the exotic beams, by the same token, one
could find: pf (2) ≈ pf (5) > pf (4) ≈ pf (3).

The idea is to estimate the probability of the “standard” (slower) fission from the yield of scis-
sions corresponding to nearly symmetric splits. Instead, when considering the asymmetric fissions,
corresponding to the production of one IMF, one can better investigate the role of (very neutron
rich) surface or neck effects [21, 27]. In fact, their possible contribution to the reaction mechanisms
should be enhanced in more n-rich systems. For example, ternary break up of the systems could
be favoured for reaction (3) or (4) with respect to (2) or (5) if these processes develop just in the
approaching phase, without or before significant charge-mass drifts (say a “cold emission” of n-rich
species, more related to nuclear structure). Otherwise, if elongated shapes form and develop during
the collision together with several nucleon exchanges (“hot process”), then one can expect larger
ternary break-up yields (with one IMF left in between the two major partners) for larger initial N/Z
disparities [i.e. more for reactions (2),(5) than (3),(4)].

From the theoretical side, detailed predictions are difficult [? ]. However indications exist that isospin
effects contribute to the development of surface (neck-like) instabilities and thus to favour ternary
breakings; dynamical SMF model simulations [3, 41], run for the system 132Sn+64Ni collisions at
E/A=10 MeV and for semiperipheral impact parameters, showed that a more deformed neck develops
and survives using an asy-stiff recipe for the symmetry energy with respect to an asy-soft EOS: the
long-lived neutron-rich neck connecting the two reaction partners can break emitting small (n-rich)
clusters. Although this mechanism appears rather sensitive to the asy-EOS, we are aware that neck
phenomena should be weak at this low bombarding energies. However, possible isospin signals could
emerge cleanly, as the low excitation energy of the neck fragments born from these reactions should
preserve their features against secondary decay effects [27].

• Beams and Energies
For what described above it could be stringent the comparative study of the systems:

1. 132Sn+64Ni at E/A=6, 10.5 MeV (N/ZP =1.64 N/ZT =1.29, (N/Z)sys=1.51 )

2. 132Sn+58Ni at E/A=6, 10.5 MeV (N/ZP =1.64 N/ZT =1.07, (N/Z)sys=1.43 )

3. 132Sn+48Ca at E/A=6, 10.5 MeV (N/ZP =1.64 N/ZT =1.40, (N/Z)sys=1.57 )

4. 132Sn+208Pb at E/A=10.5 MeV (N/ZP =1.64 N/ZT =1.54, (N/Z)sys=1.58 )

5. 132Sn+40Ca at E/A=6, 10.5 MeV (N/ZP =1.64 N/ZT =1.00, (N/Z)sys=1.46 )

6. 116Sn+48Ca at E/A=6, 10.5 MeV (N/ZP =1.32 N/ZT =1.40, (N/Z)sys=1.34 )

7. 116Sn+40Ca at E/A=6, 10.5 MeV (N/ZP =1.32 N/ZT =1.00, (N/Z)sys=1.23 )

8. 116Sn+208Pb at E/A=10.5 MeV (N/ZP =1.32 N/ZT =1.54, (N/Z)sys=1.45 )
As it is also interesting to investigate the dependence of the isospin diffusion mechanism on the
mass-asymmetry of the entrance channel, we add the following ones:

9. 132Sn+116Sn at E/A=6, 10.5 MeV (N/ZP =1.64 N/ZT =1.32, (N/Z)sys=1.34 )

10. 92Kr+92Mo at E/A=6, 10.5 MeV (N/ZP =1.55 N/ZT =1.19, (N/Z)sys=1.36 )

The selected SPES beams are expected to have final on-target current larger than 106pps (note:
reactions 6,7,8 are with stable beams).

At the lower beam energies the QP ′s could reach excitation energies of 40-60MeV, while at
10.5AMeV they overcome 150 MeV for full dissipation, neglecting preequilibrium losses. There-
fore, the processes can be investigated from excitation close to the single-state region up to rather
high temperatures.
The presented subjects can be studied also with other combinations projectile-target. Specifically,
other interesting beams from SPES are 143Cs(N/Z=1.6) and 93Kr(N/Z=1.58) for the comparison
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with the corresponding series of stable beams. The heavier Cs-beams and the lower Kr-beams allow
to extend the fissility range (below and beyond Sn) to better study the 3-body channel. Qualita-
tively, if pf is more related to fissility one should observe a decrease of ternary cross-section with
system size reduction, while if surfaces or neck-zones effects prevail, the N/Z values could be more
effective.

Experimental notes

The above addressed points demand high quality detectors and analysis techniques. It is mandatory
to have an efficient measurement, on an event basis, of the QP fragments and associated emissions. The
detection and identification of the QP and its emissions will be done with a modern array of telescopes,
like those developed by the FAZIA collaboration; the use of selected Si-pads and of sophisticated Pulse
Shape Analysis (PSA) methods allow to keep the identification thresholds at the lowest value, that is a
major point at the low SPES energies. QT fragments can be measured with low-threshold detectors having
enough spacial resolution; they can be of the FAZIA type or even simpler since the Z,A identification of
most of these (slow) ions appears presently beyond any practical limit.
Finally, the possibility to include neutron detectors, at least at specific angles, will be considered in the
future as the subscribers are conscious of the scientific weight of their detection.

Synergies and links with other LOI and proposals

The proposed systematic study of charge-equilibration is part of the program of the FAZIA collaboration
and also comprises stable beams at energies from 5 to 40-45 AMeV. Experiments with stable ions can
be considered as a benchmark for those performed with exotic beams and allow us to better establish
the experimental and analysis techniques that can be extended to the case of very N/Z-asymmetric
exotic beams. In this respect, the present project offers a good synergic effort, consisting of experiments
performed with stable beams at the cyclotrons of LNS of Catania and GANIL and with exotic and very
N/Z-asymmetric beams at the SPES and SPIRAL2 facilities.

This LOI is of course strongly related to other initiatives proposed for SPES and other european
facilities. Isospin related effects should indeed manifest in the excitation and the decay of nuclear systems
for all impact parameters, so it is important to start an experimental project which ranges from grazing to
central collisions, investigating all reaction channels with different probes. For fusion reactions we cite the
study proposed on the decay of medium-mass hot nuclei formed with different N/Z ratios [11, 33], or on the
break-up of light n-poor systems [34]. The issues typical of fusion-fission reactions (prescission emission,
viscosity and fission time-delay) are present in our collaborations and are at the basis of some recent
Legnaro activity [36] and of a dedicated SPES LOI, too [35]. The strength, the slope and the curvature of
the symmetry energy around saturation density also affect colletive gamma resonances [14, 28] and some
proposals at SPES are presented on this phenomenon (one of these by most of the authors of this LOI,
too).
Finally, the subject of the present LOI is related to other initiatives which many of the subscribers are
involved in, which include the LOI for the Spiral2 facility [37] and the developments of the France-Italy
LEA initiative.
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