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For fragments emitted in the reactions '?*Sn + %*Ni and ''2Sn + °2Ni at
35 AMeV, isotopic composition and velocity correlations have been studied
as a function of the centrality of the collision, using the 47 Chimera mul-
tidetector. We have investigated the time scale for fragments formation,
in order to distinguish between prompt dynamical and sequential statisti-
cal emission. Promptly emitted light fragments (Z <9) produced in the
mid-rapidity domain are characterised by larger N/Z ratio and stronger
angular anisotropies than those produced in sequential statistical emission.
Results are compared with stochastic BNV code simulations obtained for
primary fragments. Valuable information on the symmetry term of the
nuclear equation of state at sub-saturation densities are obtained.

PACS numbers: 25.70.Mn, 25.70.Pq

1. Introduction

The study of isospin degree of freedom in nuclear reactions induced by
stable or radioactive beams is suited to probe the nuclear equation of state
(EOS). In particular, recent investigations have demonstrated a sensitivity
of isospin observables to the symmetry energy [1]. In recent years we have
undertaken several experiments with the CHIMERA multi-detector [2] de-
signed to explore isospin dynamics from central to peripheral reactions. In
this work we illustrate a method, based on fragment—fragment correlations
of the three biggest fragments of the detected events, that can provide infor-
mation upon time-scale and chronology of the emission pattern of nuclear
fragments. The analysis is based essentially on the evaluation of final state
(Coulomb) interaction between fragments produced in the collisions. We
show that the neutron to proton (N/Z) ratio can be correlated with frag-
ment emission time. The correlations between fragment kinematical proper-
ties (relative velocities, degree of alignment, angular distributions) and their
isotopic contents show characteristic shapes that can be reproduced with
a “stiff” behaviour of the symmetry energy. The phenomenon is followed as
a function of the degree of dissipation of the reaction.

The measurements were performed at the INFN-Laboratorio Nazionale
del Sud in Catania using ?*Sn and ''2Sn 35 AMeV energy beams deliv-
ered by the Superconducting Cyclotron, bombarding respectively %4Ni and
%8Ni thin targets placed inside the CHIMERA array. Chimera is constituted
by 1192 telescopes. Each telescope consists of a planar silicon detector fol-
lowed by a CsI(T1) scintillator. 688 detection cells are arranged in nine rings
covering the polar angular range between 1° and 30° in a full 27 azimuthal
symmetry around the beam axis. All the other cells are arranged in a sphere
(40 cm radius) covering the backward angles around the target. Data pre-
sented here refers to a configuration in which the sphere section was not
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present in the experiment. More details of identification techniques can be
found elsewhere [3]. Only data relative to the '?Sn beam will be shown in
this paper.

2. Results

In this analysis we selected events for which the total charge Zror and
the total parallel momentum are respectively about 70% of the total charge of
the colliding system and of the projectile momentum. For this class of events
we have plotted in Fig. 1 the atomic number Z versus parallel velocity of the
three heaviest fragments in the events, for three bins of the total charged
particle multiplicity M. These three bins roughly correspond to different
windows in a impact parameter scale as can be deduced following prescrip-
tions of Ref. [4], going from semi-peripheral reactions (M <6, b/bpax >0.7,
Fig. 1(a)) to the most dissipative collisions (M >12, b/byax <0.1, Fig. 1(c)).
Fig. 1(a) shows clearly that three groups of fragments can be easily sepa-
rated: fragments originated from a projectile (PLF, vpar & vproj = 8 cm/ns)
or target (TLF, vpar &~ 1 cm/ns) remnant, and the class of intermediate ve-
locity fragments at mid-rapidity. By increasing the degree of dissipation of
the reaction the three sources of emission, thought more and more blurred,
remain evident, indicating a clear persistency of the main binary character
of the reaction. In semi-peripheral reactions emissions of intermediate mass
fragments in a short time-scale at midrapidity can be mainly attributed to
the “neck fragmentation mechanism” [5]: a transient neck structure is formed
in a density dilute region at overlapping surfaces of the projectile and target.
In Ref. [6] we have introduced a kinematical analysis based on relative veloc-
ities between fragments giving the possibility to estimate the time-scale and

60T 60T ] 60T

of  7sM<12 4 b) 1} M>12 c) |

Vpar (CTVNS)

Fig.1. In the '2#Sn+54Ni reaction the atomic number Z of the three heaviest
fragments in the event is plotted as a function of the parallel velocity for three
different bins of the total charged particles multiplicity M.
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chronology for fragments emission. In the following we extend this method
in order to found a correlation between emission time-scale, isotopic con-
tents and angular distributions of the fragments as a function of the degree
of dissipation of the reaction.

We sorted the three biggest fragments of the event as a function of the
decreasing value of their parallel velocity and we constructed the relative ve-
locities Ve (1,3) and Vrer(2,3) where 1 indicates the velocity of the fastest
fragment, 2 the velocity of the slowest one and 3 the velocity of the interme-
diate one (IVF). The relative velocities were normalised to the velocity corre-
sponding to the Coulomb repulsion energy Vyiora [7]. Fig. 2(a) displays the
correlations between the two relative velocities r1 = Vrgr/Vyiona (1, 3) and
ro = VREL/VWioLa (2, 3) for the lowest bin of selected multiplicity. As shown
in Ref. [6] this plot gives information on the scenario and time-scale of frag-
ments formation. For less dissipative collisions fragments 1 and 2 are mainly
a PLF and a TLF fragments. Intermediate velocity fragments sequentially
emitted from a PLF or TLF populate regions along the axes (r = 1); parti-
cles emitted in a short time-scale and with a r; and ro simultaneously larger
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Fig.2. For the 2*Sn+%4Ni reaction and M < 7 (a) correlations between relative
velocities Vrer /Vviona of the three biggest fragments of the event; (b) distribution
of the cos(fprox) angle (see text); (c¢) as (a) but with the condition cos(fprox) >
0.8; (d) as (a) but with the condition cos(éprox) < 0.8.
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than 1, characterised by a weak correlation with both PLF and TLF reveal
a dynamic origin typical of a neck-fragmentation process [6,8]. The align-
ment between PLF-IVF and TLF-IVF represents a good evidence of dynam-
ical origin of mid-rapidity fragments. In Fig. 2(b) is shown the cos(fprox)
distribution for M < 7 multiplicity bin. #prox is the emission angle between
the break-up vector (relative velocity between PLF and IVF fragment) and
the PLF-TLF separation axis (relative velocity between TLF and PLF-IVF
center of mass subsystem) [9]: thus cos(éprox) = 1 corresponds to a back-
ward emission respect to the PLF direction. We observe that the distribu-
tion of cos(fprox) is anisotropic with a marked peak at 1 corresponding to
a complete alignment. Fig. 2(c) is obtained selecting cos(fprox) > 0.8. As
expected only the zone along the diagonal is populated. On the contrary
cos(fprox) < 0.8 corresponding to a flat distribution in Fig. 2(b) populates
in Fig. 2(d) only the regions along the axis mainly dominated by statisti-
cal evaporation from PLF or TLF with no privileged direction for the IVF
fragment. This pattern is coherent with the picture of neck dynamics where
a collinear neck-like structure is formed between the two main partners of
the reaction.

In Ref. [6,10] it has been shown that it is possible to “calibrate” the
time-scale of fragment emission using the correlations discussed before and
a simple monodimensional Coulomb trajectory calculation. The light mid-
velocity IVFs are produced in a short time (less than 100 fm/c) after the
reseparation of the two main partners of the reaction (PLF and TLF). The
obtained estimates of the emission times have been found consistent with
theoretical calculations describing the IMF emission as the neck fragmen-
tation in stochastic BNV transport model [8]. More recently this prompt
emission mechanism has been reproduced in quantum molecular dynami-
cal calculations with the CoMD-II model [11]. Our evaluation is also in
agreement with previous simulations based on similar three-body Coulomb
trajectory calculations [12].

We now explore the correlations between N/Z contents, alignments prop-
erties and emission time-scale of the intermediate velocity fragments. This
kind of correlations as stated in [13] can contribute to disentangle between
effects due to isospin dynamics and symmetry term of the EOS from effects
that can be merely linked to the accessible phase space in the reaction. Fig. 3
shows the average N/Z distribution for charge Z = 6 for each compacted
bin of the plane Vggr(1,3) and Vrgr(2, 3) relative to the M < 6 multiplicity
bin selection. An interesting correlation is seen: large values of the neutron
to proton ratio (neutron enrichment) are mainly produced at the largest Vi-
ola deviations, corresponding to the prompt-emission of mid-rapidity source
(lowest time-scale emission time) and to the highest degree of alignments.
We show in Fig. 4(a), (b) the evolution of relative velocity correlations for



1204 E. DE FILIPPO ET AL.

<N/zZ>

Fig.3. For the ?4Sn+54Ni reaction: (N/Z) for charge Z = 6 for different bins in
the plane VREL/VVIOLA(L 3)* VREL/VVIOLA(2a 3) Figure refers to M < 7 multi-
plicy bin.

two different bins in charged particle multiplicity: M < 6 (semi-peripheral
reactions) and M > 12 (semi-central reactions). On passing from the least
to the most dissipative collisions we observe a clear depletion of the region
along the axis and an increase of the yield along the first bisector, that
shows a pattern very similar to the one predicted by a statistical multifrag-
mentation scenario: in fact, a good quantitative agreement of the centroid
of the experimental distribution of Fig. 4(b) is obtained [14] with a statis-
tical multifragmentation model SMM [15] simulation performed under the
assumption of a unique source of prompt fragment emission in statistical
equilibrium at a low density freeze-out stage. As discussed above, for semi-
peripheral reactions the largest values of the N/Z ratio of the fragments
are mainly produced in prompt emission of mid-rapidity source (large Vi-
ola deviation in Fig. 3). This is better seen in Fig. 4(c) where the (N/Z)
distribution is displayed as a function of charge Z for the lowest multiplic-
ity bins (M < 6): full square distribution if obtained for each charge Z by
selecting the highest Viola deviation (r >~ 2) in the VreL/Vviora(l,3)—
VreL/Wiora (2, 3) plot, while full circles points correspond to data averaged
over the total distribution. Fig. 4(d) shows the same for the most dissipative
collisions (M > 12).

We observe a “hierarchy” effect in N/Z distribution: the highest values
of (N/Z) are obtained in correspondence of the largest deviation from the
Viola velocity ratio (when the short emission time is enforced); at increas-
ing of the violence of the collision the average N/Z ratio of the fragments
tends to become closer to the value obtained averaging over all distribution
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Fig.4. For the 124Sn+54Ni reaction (top) correlations between relative velocities
VreL/Vwiora of the three biggest fragments in the event for two different bins
of the charged particle multiplicity; (bottom) evolution of (N/Z) distribution of
the light IVFs as a function of the charge Z for two different bins of the charged
particles multiplicity; full square: (N/Z) obtained imposing a cut on the highest
Viola deviations (see text); open circles: (N/Z) averaged on the total distribution.

(full circles), that is relatively independent from the degree of dissipation
selection and closer to the natural abundance value. Certainly the different
fragments and emission source excitation energies involved play a crucial role
in determining this different behaviour. Anyway this is the first attempt to
correlate the dependence of the reaction dynamics and reaction time-scales
to the isospin observables.

The neutron enrichment of the overlapping region between a projectile-
like and target-like fragment at midrapidity has interesting consequences
in the study of the reaction dynamics and the density dependence of the
symmetry energy: in fact, the neck structure is formed, in a short interaction
time, in a dilute region in proximity of the projectile ad target remnants at
normal density. A migration of neutrons against protons from regions at
saturation density to the lower density of the neck zone is expected from
microscopic transport models [8]. Thus neck fragmentation is an important
observable to probe the symmetry energy around saturation density.
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In order to better disentangle this point we have correlated the alignment
between PLF,IVF and TLF for the M< 6 multiplicity bin with the (N/Z)
of the IVFs. We have constructed event-by-event the ¢-plane angle defined
as the angle between the PLF-TLF separation axis and the projection of
the IVF-PLF relative velocity axis onto the reaction plane (see Ref. [16]).
A ¢-plane =~ 0 corresponds to the maximum degree of alignment while se-
quential emission produces a flat ¢-plane distribution. Fig. 5(a) shows the
(N/Z) as a function of the ¢-plane for IVFs with charge 3 < Z < 9. When
dynamical emitted IVFs are selected a relatively narrow distribution with
(N/Z) centered around ¢-plane ~ 0 is obtained (full circles). Averaging over
all events (sequential-+prompt emission) one observes a wider distribution
(histogram). Fig. 5(b) shows a simulation for the same system using the
stochastic transport equation of Ref. [8] for two different choices of the sym-
metry energy [17]. We note that the (N/Z) decreases as a function of the
¢-plane for the asy-stiff case while the correlation becomes flatter for the
asy-soft case. Qualitative comparison with the experimental data shows a
better agreement with the “stiff” behaviour of the symmetry energy. Also if
influence of sequential decay in primary fragments is not taken into account
in the present simulation, comparison between experimental and theoretical
data shows a first evidence of the influence of the symmetry energy term at
a density slightly lower that the saturation one.
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Fig.5. (a) Experimental (for M <= 6 multiplicity bin) (N/Z) as a function of the
¢-plane angle for IVF of charge 3 < Z < 9. Points: prompted emitted particle
selection; histogram: (N/Z) averaged on the total distribution. (b) Stochastic
BNV simulation; square: asy-soft; circles: asy-stiff symmetry term of EOS.
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3. Conclusions

With the Chimera multidetector we have explored fragment formation
processes in a wide “time” range from prompt to sequential emission. An
analysis method, based upon correlations between relative velocities of IMF’s
respect to projectile-like or target-like fragments, gives information on time
sequence and time scale of the emission pattern of fragment production.
Based essentially on final state (Coulomb) interaction, the method can probe
the basic physical assumptions of dynamical models in heavy ions colli-
sions. We have shown that the fragments N/Z ratio can be correlated with
fragments emission time. Indeed correlations between fragments kinemati-
cal properties (velocities, alignments, angular distributions) and their N/Z
show strong sensitivity of the isospin degree of freedom to the chronology
of fragment formation. Large value of N/Z have been measured for those
fragments produced in the early stage of the collisions. With increasing of
the violence of the collision we observe a transition from peripheral collisions
where coexistence of prompt emission and sequential decay is progressively
suppressed towards a scenario dominated by a prompt multifragment decay.
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