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Experimental study of isospin transport with 40,48 Ca+ 40,48 Ca reactions at 35 MeV/nucleon
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We investigate the isospin transport with 40,48 Ca+ 40,48 Ca reactions at 35 MeV/nucleon, measured with the coupling of the VAMOS high acceptance spectrometer and the INDRA charged particle multidetector. Using the fragment measured with VAMOS and carefully selected light-chargedparticles measured in coincidence with INDRA, a reconstruction method is applied to estimate the excited quasi-projectile (QP) on an event-by-event basis. Isospin diffusion is investigated using the isospin transport ratio with the asymmetry δ = (N -Z)/A of the projectile remnant as an isospinsensitive observable and the total transverse energy of Z ≤ 2 nuclei for experimental centrality sorting. The experimental isospin transport ratios present, for both the reconstructed QP and its remnant, a clear evolution towards isospin equilibration with increasing dissipation of the collision while the full equilibration is not reached. A smoother evolution with less discrepancies between the two mixed systems in the case of the reconstructed QP is also observed. Isospin migration is investigated using the average neutron-to-proton ratio of the light-charged-clusters and the velocity of the QP remnant as a sorting parameter. A systematic neutron enrichment is observed and interpreted as a consequence of isospin migration, in particular for the symmetric systems which present no isospin gradient between the projectile and the target. We also noticed that the 2 H and 4 He particles exhibit very close multiplicities independently of the sorting variable for the symmetric systems.

I. INTRODUCTION

The equation of state (NEoS) of bulk nuclear matter over a wide range of densities, temperatures and neutronto-proton asymmetries remains a major issue in modern nuclear physics and astrophysics. Indeed, the NEoS plays a key role in describing nuclear systems probed in laboratory experiments, as well as in modeling neutron stars, core-collapse supernovae (CCSN) and mergers of compact binary stars [1]. Heavy-ion collisions (HIC) are the unique tool to probe the NEoS at finite temperature under laboratory controlled conditions, over a wide range of density and energy, depending on the beam energy, the size of the colliding systems and the impact parameter of the collisions. Such experiments allow one to constrain the isoscalar (same proton, ρ p , and neutron, ρ n , densities) and isovector (ρ p = ρ n ) contributions to the energy density of nuclear matter away from saturation density, ρ 0 0.17 fm -3 [2]. At intermediate beam energies (20 -100 MeV/nucleon), temperatures and densities similar to those reached in the neutrinosphere of CCSN matter are expected, allowing the experimental study of in-medium effects of light clusters at high temperature [3]. At higher beam energies, NEoS constraints for symmetric nuclear matter [4] and symmetry energy [5] are probed at densities in the range of roughly ρ 0 -to-3ρ 0 and ρ 0 -to-2ρ 0 , respectively. In particular, a recent interdisciplinary analysis from Huth et. al demonstrated the ben-efit of combining astrophysical multi-messenger observations from gravitational-wave astronomy [6], electromagnetic observations of neutron stars [7] with HIC results to provide complementary information on the NEoS at intermediate densities [8].

As the NEoS cannot be measured directly, it can only be inferred from comparisons of model predictions with carefully selected collision observables. For example, transport models are used to predict the dynamics of HIC by numerically solving equations based on semi-classical mean-field approximations, including correlations via nucleon-nucleon collisions and a given parametrization of the NEoS via effective interactions. Peripheral and semi-peripheral reactions around Fermi energy (30 -60 MeV/nucleon) are of particular interest to study the transport of nuclear matter and N/Z equilibration effects. Indeed such reactions are dominated by binary-like collisions, where projectile and target nuclei interact by exchanging nucleons before re-separating into a quasiprojectile (QP) and a quasitarget (QT), with kinematic properties respectively close to the projectile and the target, but also by the production of lighter ejectiles like light-charged particles (LCPs, Z = 1, 2) and intermediate-mass fragments (IMFs, 3 ≤ Z ≤ 6 in the present work) [9][10][11]. As QP and QT can be moderately deformed and excited, they are expected to undergo sequential decays by emitting LCPs and gamma rays, leading to a projectile-like (PLF) and a target-like (TLF) fragment as remnants.

If the initial neutron-to-proton ratios N/Z of the reaction partners are different, isospin equilibration is expected to occur which will be reflected in the N/Z of the outgoing nuclei. This phenomenon, called isospin diffusion, is driven by the isospin gradient between the two colliding participants, which is proportional to the symmetry energy term of the NEoS. In addition, various transport model calculations suggest a neutron enrichment of the neck region developing between the QP and the QT and characterized by sub-saturation densities (ρ < ρ 0 ) [2,[12][13][14][15][16][17]. This phenomenon, called isospin migration (or drift), is driven by the density gradient between this neck region and the QP-QT remnants, which is proportional to the derivative of the symmetry energy term: a larger neutron enrichment of the neck is expected for a stiffer symmetry energy [17]. One can thus expect the degree of charge and mass equilibration occurring during the collision mainly to depend on the strength of the symmetry energy and the interaction time between the two reaction participants. Exploiting large-angularacceptance detector arrays with different projectile and target combinations, it is possible to study the competition between isospin diffusion and migration while characterizing the dissipation of the collision. Of course, the time-scales for each collision cannot be measured experimentally but only be inferred from measured final state observables. To draw conclusions, it is also necessary to consider the role of evaporation and promptly emitted particles that possibly modify the experimental observ-ables.

This work presents the experimental investigation of the isospin transport in 48,40 Ca+ 48,40 Ca reactions at 35 MeV/nucleon measured with the coupled INDRA-VAMOS detectors and follows our previous study reported in [18] where a method to reconstruct the primary QP fragments was presented. Event by event, the PLF detected and identified by VAMOS was associated with coincident LCP detected in INDRA, taking care to exclude pre-equilibrium and neck emissions by exploiting velocity correlations of the LCPs with both PLF and TLF. As evaporated neutrons were not measured, mean neutron multiplicities extracted from AMD followed by GEMINI++ calculations were used instead. More details can be found in [18].

The experimental setup is described in Sec. II. Section III presents the results on isospin diffusion and isospin migration, along with a comparison between the PLF measured in VAMOS and the reconstructed QP. A summary and conclusions are finally presented in Sec. IV.

II. EXPERIMENTAL SETUP

The experiment was performed at the GANIL facility, where beams of 40,48 Ca at 35 MeV/nucleon impinged on self-supporting 1.0 mg/cm 2 40 Ca or 1.5 mg/cm 2 48 Ca targets placed inside the INDRA vacuum chamber. The typical beam intensity was around 5.10 7 pps. The detection system consisted of the coupling of the 4π charged particle array INDRA [19,20] and the VAMOS spectrometer [21]. Table I gives a summary of the characteristics of the studied systems. Concerning the charged particle multidetector array INDRA, the detection telescopes are arranged in rings centered around the beam axis. In this experiment, IN-DRA covered polar angles from 7 • to 176 • . Rings 1 to 3 were removed to allow the mechanical coupling with VAMOS in the forward direction. Rings 4 to 9 (7 • -45 • ) consisted each of 24 three-layer detection telescopes : a gas-ionization chamber operated with C 3 F 8 gas at low pressure, a 300 or 150 µm silicon wafer, and a CsI(Tl) scintillator (14 to 10 cm thick) read by a photomultiplier tube. Rings 10 to 17 (45 • -176 • ) included 24, 16, or 8 two-layer telescopes: a gas-ionization chamber and a CsI(Tl) scintillator of 8, 6, or 5 cm thickness. Fragment identification thresholds are about 0.5 and 1.5 MeV per nucleon for the lightest (Z 10) and the heaviest fragments, respectively. INDRA allows charge and isotope identification up to Be-B and only charge identification for heavier fragments. A detailed description of the IN-DRA detector and its electronics can be found in [19,20].

The VAMOS spectrometer is composed of two large magnetic quadrupoles focusing the incoming ions in the vertical and horizontal planes and a large magnetic dipole, which bends the trajectory of the ions.

A representation of the VAMOS optical line is given in Fig. 1(a). In the present setup, the spectrometer was rotated at 4.5 • with respect to the beam axis, so as to cover the forward polar angles from 2.56 • to 6.50 • , thus favoring the detection of a fragment emitted slightly above the grazing angles of the studied reactions. The momentum acceptance was about ±5%, and the focal plane was located 9 m downstream, giving a large enough time of flight (ToF) base to allow a mass resolution of about ∆A/A ≈ 1/165 for the isotopes produced in the collisions.

A three-dimensional view of the spectrometer detection chamber, located upstream and downstream of the focal plane (FP), is presented in Fig. 1(b). The VAMOS detection setup of the experiment included two positionsensitive drift chambers used to determine the trajectories of the reaction products at the focal plane, followed by a sandwich of detectors : a seven-module ionization chamber, a 500 µm thick Si wall (18 independent modules), and a 1 cm thick CsI(Tl) wall (80 independent modules), allowing the measurements of the ToF, energy loss (∆E), and energy (E) parameters. Around 12 magnetic rigidity (Bρ 0 ) settings, from 0.661 to 2.220 T m, were used for each system to cover the full velocity range of the fragments.

A description of the identification, reconstruction and event normalization procedures are given in [18].

At least one hit on the VAMOS silicon wall was required for each event to be acquired. Other trigger configurations, allowing one to select more central collisions, were also set but will not be discussed in the present work. It should be noted that only multiplicity "1" events in the VAMOS Si wall are considered. This offline selection was applied to make sure that the positions measured in the drift chambers are correct and to avoid events with ambiguous trajectory reconstruction. The elastic-like events (corresponding to events with no hit in INDRA and a fragment identical to the projectile in VAMOS) were also removed offline.

III. ISOSPIN TRANSPORT

The stochastic, differential exchange of nucleons between two colliding nuclei with different N/Z, usually referred to as isospin transport, is expected to depend mainly on the difference in composition of the two nuclei, the interaction time of the collision, and the symmetry energy term of the NEoS. In a hydrodynamic approximation, the isospin transport can be described by means of the local neutron and proton currents j n and j p , as [10,17]:

j n,p = D ρ n,p ∇ρ -D δ n,p ∇δ (1) 
where ρ = ρ n + ρ p is the local density of nuclear matter, δ = (ρ n -ρ p ) /ρ the neutron-to-proton asymmetry (isospin), and D ρ,δ n,p are the density and isospin-dependent transport coefficients for neutrons and protons [10].

According to Eq.1:

j n -j p = D ρ n -D ρ p ∇ρ Isospin Migration -D δ n -D δ p ∇δ Isospin Diffusion (2) 
The first term of Eq.2, called isospin migration (or isospin drift) can be related to the density dependence of the symmetry energy as:

D ρ n -D ρ p ∝ 4δ ∂ sym ∂ρ (3) 
The second term of Eq.2, called isospin diffusion can be related to the value of the symmetry energy (at a given local density), as:

D δ n -D δ p ∝ 4ρ sym (4) 
During a collision, a rearrangement of the neutron-toproton ratio of the colliding nuclei is expected to take place under the combined effect of (i) isospin migration (drift) leading to an increase in neutron richness of lowdensity regions and (ii) isospin diffusion leading to a balance in neutron-richness of different isospin (δ) regions. Equations 3 and 4 hence suggest that one can use the measurements of N/Z-sensitive observables to probe the derivative and strength of sym , respectively.

A. Isospin diffusion

Quantitative signals of the isospin diffusion phenomenon can be deduced from the isospin transport ratio (also known as imbalance ratio) introduced by Rami et. al [22]. This technique is based on combining isospinsensitive observables measured with four systems differing in their initial neutron-to-proton ratio. Two symmetric neutron-rich (NR) and neutron-deficient (ND) reactions are used as reference values, while the two mixed reactions (M) reach a neutron content in between these two references.

The isospin transport ratio is defined as:

R x = 2x M -x N R -x N D x N R -x N D (5) 
where x is an isospin-sensitive observable expected to be univocally related to the N/Z of the systems under study.

In order to follow the evolution of the system towards the N/Z equilibration, the R x ratio is studied as a function of an ordering parameter directly related to the dissipation. By construction, R x = ±1 in the limit of fully non-equilibrated conditions (isospin transparency). Moreover, R x = 0 represents full isospin equilibration conditions of a mixed reaction if x presents a linear dependence on the isospin, whereas more generally equilibration is signalled by both mixed reactions achieving the same value for the ratio [22].

In particular, under identical experimental conditions, this ratio is expected to reduce the sensitivity to dynamical (fast emissions, Coulomb) and sequential decay effects while the associated errors remain statistical. According to the original work of Rami, R x is expected to bypass any perturbation introducing a linear transformation of x. The validity of this assumption was recently studied in the framework of the Antisymmetrized Molecular Dynamics (AMD) transport model [23] coupled to different statistical decay codes [24]. A conclusion of that work was that the statistical de-excitation of the QP introduces a linear transformation of the N/Z of the projectile for an excitation energy E * /A 2 MeV/nucleon, while a non-linearity develops at lower excitation energies.

We also address this issue in the next sections with a comparison of the isospin transport ratio obtained from the PLF directly measured in VAMOS and the reconstructed QPs with the evaporated neutron estimation.

Estimation of experimental centrality

In the present study we will use the total transverse energy of LCPs, E t12 , as a measure of the violence of the collisions in order to estimate their centrality. E t12 is defined as:

E t12 = i:Zi≤2 E i sin 2 θ i (6)
where in the sum i runs over the detected products of each event with Z i ≤ 2, laboratory kinetic energy E i and laboratory polar angle θ i . This global variable has often been used in previous analyses, as it is particularly wellsuited to the performances of the INDRA array for which LCPs are detected with a close-to-geometrical (90%) efficiency [25][26][27][28]. In the context of the present analysis it is also worth noting that the PLF properties are completely independent of this quantity, avoiding possible trivial bias due to auto-correlation with the event sorting for the study of the isospin transport ratio presented in Sec. III A 3.

The inclusive E t12 distributions for the four systems under study are shown in Fig. 2. The distributions are presented with a logarithmic y-axis scale in order to emphasize the differences in the high-E t12 tails, which to a first approximation can be associated with the most central collisions. We observe that for the system 40 Ca+ 40 Ca higher E t12 values are explored in the tail compared to the neutron-rich 48 Ca+ 48 Ca one, while the two "crossed" systems, 40 Ca+ 48 Ca and 48 Ca+ 40 Ca, reach intermediate values. This means that E t12 values for the different systems are not directly comparable, and data for the different systems with similar E t12 values cannot be assumed to have similar centrality.

In order to remove the trivial system-dependence of the E t12 distributions, P (E t12 ), we will sort data according to the experimental centrality, c Et12 , defined as

c Et12 ≡ +∞ Et12 P ( Ẽt12 ) d Ẽt12 (7) 
which is nothing but the complementary cumulative distribution function or tail function of the distribution P (E t12 ). By construction, c Et12 decreases from 1 to 0 as E t12 goes from its minimum (∼ 0) to its (systemdependent) maximum value, therefore in the following we will associate large (∼ 1) c Et12 values with the most peripheral collisions recorded for each system, while smaller values (c Et12 → 0) indicate increasing centrality i.e. smaller average impact parameters. It should be noted that a further advantage of sorting according to centrality as defined in Eq. 7 is that c Et12 bins of fixed width contain the same number of events or fraction of the total recorded cross-section, and therefore have the same statistical significance, whatever the centrality. 

N/Z asymmetry of the projectile

In this section we present the general features of the experimental observable used to compute the isospin transport ratio from Eq.5.

The asymmetry δ = (N -Z)/A of the PLF or the QP was chosen as an isospin sensitive observable as it has proved to be a suitable tool for investigating the stiffness of the NEoS [17,29]. It should be noted that the results and conclusions presented hereafter can also be drawn using the neutron-to-proton ratio N/Z.

Figure 3 presents the evolution of the average asymmetry of the PLF and of the reconstructed QP as a function of the experimental centrality c Et12 . The PLF distributions, shown in Fig. 3(a), exhibit an ordering according to the neutron-richness of the projectile and to a lesser extent of the target, similarly to the charge distributions reported in our previous work [18]. In addition, we observe an increase (respectively a decrease) of the asymmetry with increasing c Et12 for the 48 Ca (respectively 40 Ca) projectile reactions. We also notice that the initial asymmetries (δ 4040 = 0, δ 4048 = δ 4840 = 0.091 and δ 4848 = 0.167, represented with dotted-dashed lines) of the colliding nuclei is not reached, even for the less central collisions (c Et12 1). It is worth noting that for the most peripheral collisions a mean neutron excess of 4 (δ = 0.091 = δ 4840 ) is measured for Ca isotopes with 48 Ca projectile reactions, while a mean neutron deficit of 1 is obtained for the 40 Ca projectile. The average loss of four neutrons for neutron-rich projectile systems can be prevalently associated with neutron evaporation from the excited projectile residue. An additional contribution from neutron transfer should result in an enhanced shift of the isotopic content towards the residue corridor for the asymmetric systems. Less neutron rich than the β-stability line, the residue corridor, or evaporation attractor line (EAL, represented here in dashed lines for the symmetric systems and extracted from [30]), is a region of the nuclear chart where proton and neutron emissions have equal probability. It is reached when enough excitation energy feeds the decay, rather than other more violent decay mechanisms. For the 48 Ca projectiles, this effect even counterbalances the fact that the asymmetric system should correspond to less excitation energy available for the secondary decay (due to the smaller target) so that, in the absence of diffusion and relying on a simple sequential-decay picture, the residues produced with the 48 Ca+ 48 Ca system should approach the EAL more closely than the 48 Ca+ 40 Ca system. The opposite is observed in the present case, likely due to isospin diffusion contributions. For the 40 Ca projectiles, the two effects should ,on the other hand, act in phase. It is interesting that the opposite effect was observed at relativistic energies in [31,32], where a prevalent contribution from multifragmentation was taking excitation away from the secondary decay process, preventing the system from reaching the EAL. A quantitative description of the distributions of Fig. 3(a) should also involve the emission of light clusters, in particular for the 40 Ca projectile systems and the side related to larger centrality, as more excitation energy would feed cluster emission.

Concerning the reconstructed QP asymmetry presented in Fig. 3(b), the same trend and hierarchy as for the PLF distributions are observed. As expected, the reconstructed δ are further away of the EAL than in the case of the PLF with higher gaps between the distributions. We remark that the 48 Ca projectile reactions present systematically higher values than the initial asymmetry of the asymmetric reactions (δ 4048 = δ 4840 = 0.091) with lower values than the neutron rich system (δ 4848 = 0.167). For the most peripheral collisions a mean neutron excess of 6 (δ = 0.130) is measured for Ca isotopes with 48 Ca projectile reactions, while a mean neutron deficit of 0.5 is obtained for the 40 Ca projectile. Finally, it is worth noting that a tendency to reach the initial asymmetry with decreasing c Et12 (more central collisions) is observed for the asymmetric systems.

Isospin transport ratio

For each bin of experimental centrality c Et12 , the isospin transport ratio R δ was computed from Eq.5 using the average asymmetry δ = (N -Z)/A as the isospinsensitive observable, with 40 Ca+ 48 Ca or 48 Ca+ 40 Ca as mixed systems (M), 48 Ca+ 48 Ca as neutron-rich system (NR), and 40 Ca+ 40 Ca as neutron-deficient system (ND). The results are presented in Fig. 4 for the PLF (open symbols) and the reconstructed QP (full symbols). For both, an evolution of the isospin transport ratio is observed, with decreasing values from about R δ = ±0.75 to about R δ = ±0.3 when moving from the most pe- The data thus suggest a continuous evolution towards an N/Z equilibration condition, while a full equilibration condition is not reached even in the most central collisions. It is worth noting that indirect indications, obtained from mirror nuclei yield ratios, of such an evolution of the isospin transport ratio with centrality were already reported in [33]. However, the results reported in the present article are a direct estimate of the N/Z of both the PLF and the QP performed with the coupled It should be also highlighted that the reconstructed QP presents a smoother evolution, with less disparities and a slower evolution to the full equilibration, compared to the case of the PLF. As demonstrated in [29,34], for a given sorting parameter, the experimental isospin transport ratio can present variations in its absolute values depending on the isospin-sensitive probe, while the trend towards isospin equilibration was nonetheless observed.

In order to study the effect of the QP reconstruction on the experimental isospin transport ratio, we present in Fig. 5 the average PLF asymmetry, δ P LF , as a function of the QP asymmetry, δ QP , for three ranges of c Et12 values, namely 0.05 < c Et12 < 0.1 (central collisions, left panel), 0.45 < c Et12 < 0.5 (mid-central collisions, central panel), and 0.85 < c Et12 < 0.9 (peripheral collisions, right panel). In particular, δ P LF was computed for each bin of δ QP for the most abundant nuclei (those which contribute the most to the computation of the isospin transport ratio). The corresponding average excitation energy for each domain of c Et12 is also reported on the figure.

Concerning the 48 Ca+ 40 Ca system (blue open triangles), we observe a behavior similar to the one reported in [24]: the higher the average excitation energy of the QP, the closer the final QP remnant is to the EAL (dashed horizontal line). Futhermore, we observe that the reduced chi-squared χ 2 obtained from a linear fit to the 48 Ca+ 40 Ca data (continuous line) increases with decreasing average excitation energy, showing more particularly that the correlation is not linear for the less dissipative collisions where E * /A = 1.3 MeV/nucleon.

Concerning the 40 Ca+ 48 Ca system (red open dots), the interpretation is not straightforward, as a clear linearity of the correlation between δ P LF and δ QP is not verified. We observe nonetheless a general evolution of the asymmetry to higher values for both the QP and the PLF with increasing average excitation energy, so that the values increasingly cross the EAL.

According to the aforementioned observations, we believe the reconstructed QP asymmetry to be more relevant in order to directly estimate the transport coefficients [10].

B. Isospin migration

As previously discussed, a possible indication of the isospin migration is a neutron enrichment in the neck region induced by a local density gradient in the portion of nuclear matter formed during the collision.

To study this phenomenon experimentally, we focus on the average neutron-to-proton ratio N/Z CP of the clusters isotopically identified with INDRA and defined as:

N/Z CP = ν M ν Nν Zν ν M ν (8) 
where M ν , N ν , and Z ν are respectively the multiplicity, neutron number, and proton number of each cluster ν, where ν corresponds to 2,3 H, 3,4,6 He, 6,7,8,9 Li, or 7,9,10 Be isotopes (free protons and undetected neutrons are excluded). Thus, by construction, a neutron-richness would be indicated by N/Z CP > 1.

In particular, we studied the clusters emitted (i) forward with respect to the PLF and (ii) in an angular region centered around the mid-rapidity of the reaction. The forward domain of the PLF, corresponding to clusters with a positive parallel velocity in the PLF reference frame (V z ν P LF > 0), is expected to be mostly populated by the decay emissions of the QP, minimizing contamination by the QT and neck (dynamical) emissions. The mid-rapidity domain, corresponding to an angular region centered around mid-rapidity in the reaction center of mass frame (85 • < θ ν CM < 95 • ) is expected to be dominated by neck emissions [35].

The reduced velocity of the PLF, defined as V P LF red = V z P LF /V proj where V z P LF and V proj are respectively the parallel velocity of the PLF and the projectile velocity in the laboratory, was chosen as a surrogate for the measure of the degree of dissipation of the collisions. It also presents the advantage of being independent of the N/Z CP computed with the LCPs identified with IN-DRA, avoiding trivial bias due to autocorrelation with the event sorting. It should be noted that the results and conclusions presented hereafter can also be drawn using various N/Z ratios for complex particles described in the literature, such as the one defined in [27,36].

The results are presented in Fig. 6, where the average N/Z CP is plotted as a function of V P LF red . Concerning the forward emission region, we remark that the N/Z CP tends to follow the hierarchy of the asymmetry δ observed in Fig. 3. This suggests that the measured N/Z ratio for complex particles can also be exploited as an alternative probe to evaluate the isospin transport ratio in peripheral collisions with the INDRA-VAMOS coupling. Concerning emissions at mid-rapidity, we observe higher N/Z CP values compared to the forward domain, independently of the dissipation. This suggests a systematic neutron enrichment of the midrapidity region, which is dominated by the density drop at mid-rapidity rather than by the isotopic content of the colliding partners, in particular when they are symmetric [37]. Such observation can be interpreted as a consequence of isospin migration. Furthermore, free protons, most of which originate from prompt out-ofequilibrium emissions, are in fact excluded in the computation of N/Z CP . Finally, an overall smoother increase of N/Z CP is observed with increasing dissipation for the mid-rapidity region compared to the forward region.

In order to further investigate the individual contributions to the mid-rapidity region, we present in Fig. 7 the average multiplicities of the LCPs that contribute the most to the computation of N/Z CP , as a function of the reduced velocity of the PLF. For the sake of concision, the proton multiplicities are also represented here, but we remind that they are not included in Eq.8.

As expected, the multiplicities increase with decreasing V P LF red , reflecting an increase of cluster production with increasing dissipation as more excitation energy is available. We observe that, for the protons and neutronpoor 3 He particles, the multiplicities mostly reflect the total (projectile and target) neutron content of the initial colliding system, leading to close distributions for the mixed 40 Ca+ 48 Ca and 48 Ca+ 40 Ca systems in the case of more dissipative collisions. We would like to highlight that this pattern is very different from the one obtained for the forward domain (see Fig. 8 from [18]), where a hierarchy related, first, to the neutron richness of the projectile and, to a lesser extent, of the target, is observed. Concerning the neutron-rich tritons and 6 He particles, we notice that the distributions mostly depend on the projectile neutron-richness. Finally, in the case of the deuterons and 4 He particles, having the same N/Z, we observe that the multiplicities remain very close and depend much less on the system, similarly to the forward domain, with a noticeable difference for the 48 Ca+ 40 Ca system. Surprisingly, we also remark that the absolute values are close for the symmetric systems independently of the centrality.

As a conclusion, the trends observed in Fig. 7 suggest that the behavior of N/Z CP , thus the neutron enrichment of the mid-rapidity domain, is mainly driven by the A = 3 LCPs isobars. Indeed, contrary to what we observe for the forward velocity domain, the 3 He and 3 H multiplicities mainly depend on the neutron-richness of the total system or the projectile, respectively. Thus, for the symmetric system, the behavior is straightforward and independent of the dissipation as the neutron-richness of the total system and the projectile act in phase, leading to higher values of N/Z CP for the 48 Ca+ 48 Ca reaction. For the asymmetric systems, the effect is more complex as the 3 He multiplicities tend to converge with increasing centrality, leading to values of N/Z CP 1.1 for both systems.

The above observations suggest that the experimental isotopic ratios reflect a neutron enrichment in the midrapidity velocity region. This can be interpreted as consequence of isospin migration, confirming that the density at mid-rapidity is lower than the saturation density ρ 0 , resulting in the neutrons being attracted towards this zone. Also, similarly to the study given in [38] for heavier partners 136,124 Xe+ 124,112 Sn reactions, we believe that comparisons of the triton and 3,6 He particles production with filtered transport model calculations, more specifically for peripheral collisions, could lead to a better un-derstanding of isospin-dependence of the NEoS. By means of isospin transport ratios from both PLF and reconstructed QP, we have shown a clear evolution towards isospin equilibration with increasing dissipation of the collision, while a full N/Z equilibration condition is not reached, even for the most dissipative collisions measured. This evolution is even smoother for the reconstructed QP. In this respect, we have also explored quantitatively the correlation between the QP and PLF asymmetries and noticed that the linearity of the correlation disappears for the less dissipative collisions for the 48 Ca+ 40 Ca system. We also observed that the higher the average excitation energy of the QP, the closer the final QP remnant is to the EAL. Isospin migration was studied with the isotopic composition of light clusters (Z ≤ 4) as the violence of the collision increases. An enhanced neutron-enrichment of the mid-rapidity region (neck emissions) with respect to the forward-emitting region (QP emissions) is evidenced. This result is observed in the collisions between systems with the same N/Z asymmetry, thus clearly indicating that it is fully driven by isospin migration along the neck. The observed neutron enrichment in the neck seems to be dominated by A = 3 isobars.

The results presented in this work demonstrate the potential of the INDRA-VAMOS coupling to provide further constraints on the symmetry energy term in the NEoS. Comparisons of this dataset with dynamical and statistical model calculations are foreseen.
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 1 Figure 1: (Color online) (a) VAMOS schematic layout. The spectrometer was rotated at 4.5 • with respect to the beam axis for the present experiment. (b) Global three-dimensional view of the VAMOS detection chamber. The reference frame corresponds to the reference trajectory. Adapted from [21].

Figure 2 :

 2 Figure 2: (Color online) Total transverse energy distributions of light charged particles (normalized to their integral) for 40,48 Ca+ 40,48 Ca collisions at 35 MeV/nucleon. Statistical errors are represented by vertical bars when larger than the symbols.

Figure 3 :

 3 Figure 3: (Color online) Distribution of the average asymmetry δ as a function of the experimental centrality cE t12 for (a) the PLF and (b) the reconstructed QP for the four systems under study. Statistical error bars are smaller than the symbols. The initial asymmetries of the colliding systems and the EAL extracted from [30] (using the average charge of the symmetric systems for each bin of cE t12 ) are represented by dotted-dashed and dashed lines, respectively.

INDRAFigure 4 :

 4 Figure 4: (Color online) Isospin transport ratios computed from the asymmetry δ of the QP remnant (open symbols) and the reconstructed QP (full symbols) as a function of the experimental centrality cE t12 . Statistical error bars are smaller than the symbols. The dashed line corresponds to the mean value (R δ = 0.04) of the 40 Ca+ 48 Ca and 48 Ca+ 40 Ca experimental points in the cE t12 ≤ 0.1 region .
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 56 Figure 5: (Color online) Correlations between the asymmetry obtained from the QP remnant measured with VAMOS and the reconstructed QP for the mixed systems and different domains of cE t12 , for the most abundant nuclei. Statistical error bars are smaller than the symbols. The continuous and dashed lines represents the linear fits and values predicted by the EAL for the 48 Ca+ 40 Ca system, respectively.

  IV. CONCLUSIONIn this work we investigated isospin transport phenomena in 40,48 Ca+ 40,48 Ca reactions at 35 MeV/nucleon measured with the INDRA-VAMOS coupling.

  Figure 7: (Color online) Average LCP multiplicities detected in INDRA as a function of the QP remnant reduced velocity for the mid-rapidity domain (see text).
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