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Summary 
 We propose to investigate the transport properties of isospin asymmetric nuclear 
matter at near saturation densities by studying charge equilibration in deep inelastic 
reactions. Comparison of the measurements to state-of-the-art transport models will allow 
us to put constraints on the drift and diffusion coefficients and also on the symmetry 
energy around saturation density. The mass and charge distributions (centroids, variances 
and correlation coefficients) will be measured as a function of dissipated energy for the 
reactions  78Kr + 238U and 92Kr + 238U at E/A=8.5 MeV. The experimental setup will 
consist of the VAMOS spectrometer in coincidence with large-area MWPCs for the 
projectile and target-like fragments respectively and the FAZIA array for the light 
charged particles. 
 
Background 

Understanding the nature of bulk strongly interacting matter is a major aim of 
modern nuclear physics. To achieve this, we must develop our knowledge of the 
equilibrium and non-equilibrium properties of nuclear, hadronic and partonic matter as a 
function of density, temperature and isospin asymmetry. Properties of strongly interacting 
matter such as the phase diagram, phase transitions, equation of state and transport 
coefficients are under intense investigation worldwide. One major frontier in such studies 
that has recently emerged is the investigation of the properties of isospin asymmetric 



matter. In this proposal we wish to use the unique opportunities afforded by the new 
SPIRAL2 facility to constrain the transport properties of isospin asymmetric nuclear 
matter at near saturation densities. 
 Deep inelastic collisions of heavy-ions at low energies provide a powerful 
experimental tool which can be used to study transport properties of nuclear matter 
around saturation densities. Such reactions have been extensively studied in the past 
using stable beams, for example demonstrating the hierarchy of relaxation times for the 
various degrees of freedom involved such as mass, energy and isospin [Sch84, Fre84]. By 
comparison of the product mass and charge distributions as a function of dissipated 
energy to transport models [Ran82, Wei80], it was possible to gain valuable insight into 
the bulk transport coefficients and the microscopic mechanisms involved, such as 
nucleon exchange or various collective modes. Nevertheless, serious discrepancies 
between the predictions of the models and the experimental data remained, due to both 
the approximations involved in the transport models and the limitations in the 
experimental measurements. A particularly important case was isospin equilibration. The 
relaxation time of isospin in such reactions was predicted to be very short, around 10-22s, 
thus happening in the very early stages of the reaction. It was therefore expected that in 
deep inelastic reactions full isospin equilibration would be rapidly achieved, even when 
starting from systems with a large degree of isospin asymmetry. However, experimental 
evidence was to the contrary and implied that full isospin equilibration was not always 
reached in the reaction [Pla88, Pla90, Sou89, Sou88]. In the transport models conceived 
to describe these processes, the centroids of the product nuclide distributions define the 
mean drift in the number of nucleons transferred, reflecting the local gradient in the 
potential energy surface; the variances represent the average number of nucleons 
exchanged, and the neutron-proton correlation coefficients arise from effects associated 
with the curvature and alignment of the potential energy surface. Specifically, the 
measured N, Z and A centroids, variances and correlation coefficients were only 
qualitatively described by the transport models. The absolute discrepancies pointed to the 
need for improvements to the models.  
 The availability of intense beams of isospin asymmetric nuclei with energies 
around 10AMeV at SPIRAL2 will open up unique opportunities to study isospin 
equilibration in deep inelastic reactions. The primary reason is that such beams will allow 
a much greater degree of isospin asymmetry to be used in the reaction than was possible 
using stable beams. This will then allow the timescale and degree of isospin equilibration 
to be systematically varied and studied in detail. Comparison to new state-of-the-art 
quantum many-body transport models will allow us to put constraints on the transport 
properties of asymmetric matter at saturation densities, such as the drift and diffusion 
coefficients. These coefficients are also related to the symmetry energy at saturation 
densities. The concept of these measurements is similar to recent studies of isospin 
equilibration in heavy-ion collisions at Fermi energies [Tsa09, Gal09, Sun10]. There the 
idea was to use the higher beam energies to shorten the interaction time of the reaction, 
ensuring that full isospin equilibration could not occur. Then, by comparison of 
observables sensitive to the degree of isospin equilibration to transport models, transport 
coefficients could be extracted and values for the symmetry energy at sub-saturation 
densities deduced. In the present proposal, rather than shorten the interaction time of the 
reaction, we will increase the amount of isospin asymmetry that needs to be equilibrated 



and again compare observables sensitive to the degree of isospin equilibration to 
transport models. 

A particularly strong point of this proposal is that it has the support and direct 
involvement of theoretical groups who are leading the development of the transport 
models that the data will be compared to. This is of paramount importance as the 
complete description of low energy nuclear reactions needs 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 that will deliver 
beams around 10 A.MeV, the interest in quantum dissipative theories has been recently 
renewed [Sim10a]. Several new approaches beyond mean field have been proposed and 
validated as potential candidates for a consistent framework for dissipative reactions 
[Ayi08, Ayi09]. 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 [Sim10b], 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. 
 
Experimental Details 
 We propose to study the deep inelastic reactions 78Kr + 238U and 92Kr + 238U at 
E/A=8.5 MeV. The choice of 238U as a target (N/Z=1.59) ensures maximum mass 
asymmetry in the entrance channel and in addition complements similar existing results 
for 56Fe + 238U, 40,48Ca + 238U and 58,64Ni + 238U at this bombarding energy. The 
projectiles 78Kr (N/Z=1.16) and 92Kr (N/Z=1.56) provide a wide range of neutron-proton 
asymmetry and at the same time ensure that a major fraction of the reaction cross section 
goes into the damped collision channel. The bombarding energy of E/A=8.5 MeV 
provides a wide range of energy dissipation (up to ∼200 MeV), while at the same time 
minimizing the effects of precompound events or projectile splitting, which would 
contaminate the spectra at higher bombarding energies. The intensities expected from 
SPIRAL2 of 107pps for the Kr isotopes will be sufficient for these measurements. 
 We will measure the product mass and charge distributions as a function of 
dissipated energy, in particular the centroids, variances and correlation coefficients. The 
mass, charge, energy and angle of the post-evaporative projectile-like fragments will be 
measured with high resolution in the VAMOS large acceptance magnetic spectrometer. 
Coincident target-like fragments will be measured with large-area x-y position sensitive 
multiwire proportional chambers. FAZIA modules will be used to measure the light-
charged particles emitted in the reaction, for example from evaporation during the 
collision. The large scattering chamber FISH will be used to house the detectors at the 
target region of VAMOS. This scattering chamber has a sliding seal to allow rotation of 
VAMOS under vacuum. It should be noted that the grazing angle for these reactions is 
around 66° in the laboratory. It will therefore be necessary to rotate VAMOS to such 
large angles during the experiment. 
 The measurements proposed here constitute the first step in a more 
comprehensive programme to study deep inelastic reactions with isospin asymmetric 
beams at SPIRAL2. In the longer term we intend to systematically investigate the charge, 
mass and energy equilibration processes by varying both the projectile asymmetry and 



mass, for example using projectiles such as the Sn isotopes. Studies using projectiles 
along isotopic chains will also allow us to isolate Coulomb from other effects in the 
reaction process. In addition, we also intend to eventually make coincident measurements 
of the neutrons emitted during the reaction process using neutron detectors in coincidence 
with the setup. 
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