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40Caþ 40;48Ca; 46Ti reactions at 25 MeV=nucleon have been studied using the 4� CHIMERA detector.

An isospin effect on the competition between fusionlike and binarylike reaction mechanisms has been

observed. The probability of producing a heavy residue is lower in the case of N � Z colliding systems as

compared to the case of reactions induced on the neutron rich 48Ca target. Predictions based on

constrained molecular dynamics II calculations show that the competition between fusionlike and binary

reactions in the selected centrality bins can constrain the parametrization of the symmetry energy and its

density dependence in the nuclear equation of state.
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Collisions between heavy ions with different neutron-
proton asymmetries offer a unique opportunity to study the
equation of state of asymmetric nuclear matter [1–4].
Because of its impact on nuclear structure and on important
properties of neutron stars, the density dependence of the
symmetry energy has largely attracted the interest of the
research community [2,5,6]. In this respect the isotopic
composition of fragments produced in multifragmentation
phenomena at intermediate beam energies (E=A ¼
20–100 MeV) provides important information on the sym-
metry energy [7]. One aspect not yet fully investigated is
represented by the effect of the isospin asymmetry on the
fate of hot nuclear systems. The combined effects of the
symmetry energy and of the repulsive Coulomb interaction
can significantly affect the rate of production of hot com-
pound nuclei in heavy-ion reactions [8,9]. Once these hot
nuclei are produced, their neutron-proton (N-Z) asymme-
try is expected to play an important role in opening differ-
ent decay channels affecting their limiting temperature
[10–12]. Recent temperature measurements in the decay
of projectile spectators at relativistic energies did not con-
firm the expected isotopic effects on limiting temperatures
[13]. At lower beam energies, a small difference in the
limiting giant dipole resonance excitation energy has been
observed comparing a symmetric N � Z system to a neu-
tron rich system [14,15]. These findings stimulate further
attempts to search forN-Z effects on nuclear dynamics and

their important links to the density dependence of the
nuclear symmetry energy.
In this work we explore isospin effects in the competi-

tion between two classes of reaction mechanisms. The first
class produces one massive heavy residue (HR) and rela-
tively small fragments in the final stage; the second class
produces at least two heavy fragments with similar masses
and lighter fragments. At the beam energy explored in the
present work, incomplete fusion or massive transfer [16]
mostly contribute to the first class of reaction mechanisms.
In the second class one can have contributions from all
kinds of binary collisions together with fusion-fission re-
actions. The results observed on the competition between
these classes of reaction mechanisms are compared to
simulations performed with a microscopic model with
the aim of constraining the density dependence of the
symmetry energy.
The experiment was performed at the INFN Laboratori

Nazionali del Sud (LNS) with 40Ca beams at
25 MeV=nucleon delivered by the LNS Superconducting
Cyclotron. Reactions on self-supporting, metallic form,
48;40Ca and 46Ti isotopically enriched targets have been
studied. The thicknesses of the targets were, respectively,
2.87, 1.24, and 1:06 mg=cm2. Produced fragments were
detected by the CHIMERA [17] 4� multidetector, consist-
ing of 1192 silicon-CsI(Tl) telescopes, arranged in 26 rings
covering 95% of 4� from 1� to 176�. The most forward
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rings, up to 4.5�, were covered. The event trigger condi-
tions of the experiment required at least three silicon
detectors fired by fragments, with charge Z > 1, in order
to remove the most peripheral collisions. The charge and
mass of detected particles were determined by means of
standard �E-E and fast-slow identification techniques
[18]. Particle velocities were determined by time-of-flight
(TOF) measurements performed using the cyclotron radio
frequency as a reference time and the silicon detectors as
stop signals [19]. The resulting TOF resolution is of the
order of 1 ns, mostly due to beam time characteristics.
Combining the TOF and energy measurements, the mass of
particles stopped in silicon detectors was also evaluated.
An overall mass resolution �M=M of the order of 5% [20]
has been estimated for masses A� 50, i.e., the typical
mass of HR fragments relevant to the analysis presented
in this work. Because of handling difficulties, oxidation
occurred in 40Ca and 48Ca targets. However, uninteresting
reactions induced by the beam on oxygen contaminants in
the targets have been isolated and removed from the data
analysis by studying only complete events. These events
were defined by requiring the sum of the charges of all
detected fragments,

P
Zi, to be larger than 80% of the total

charge of the entrance channel, i.e.,
P

Zi > 32. Moreover,
we required also the sum of all fragment momenta,

P
Pi, to

be larger than 70% of the total momentum P of the
projectile. Furthermore, events produced by a possible
pileup of two or more reactions were excluded by requiring

P
Zi to be smaller than 40, for Ca targets, and smaller than

42, for Ti targets requiring also
P

Pi to be not larger than
P. Charged particle multiplicity distributions are shown in
Fig. 1(e) for the 40Caþ 48Ca (full dots) and for 40Caþ
46Ti (shaded area histogram) reactions. The distribution
obtained with N-Z symmetric 40Ca targets, being very
similar to that observed with 46Ti targets, is not shown.
The maximum in the multiplicity distributions is shifted
back by one unit in the case of 48Ca targets, probably due to
a larger neutron emission probability. Taking into account
this observation, in order to minimize contributions from
very peripheral reactions, only events with a multiplicity of
at least five charged particles, in the case of 48Ca target, and
six charged particles, in the case of 46Ti and 40Ca targets,
have been selected. In order to isolate events where in-
complete fusion occurs, we required the velocity of the
second or third heaviest detected fragment to be larger than
0:13c. In fact, in such kind of reactions, the portion of the
projectile that does not fuse with the target is expected to
move with a velocity close to that of the projectile. This
selections strongly suppress events in which only a part of
the target fuses while the remnant behaves like a spectator
[16]; target spectators are in fact not detected and do not
contribute to the

P
Zi.

Figures 1(a)–1(c) show the correlations between the
mass m1 and the velocity v1 of the largest detected
fragment in the reactions 40Caþ 48Ca, 40Caþ 46Ti and
40Caþ 40Ca, respectively. The distribution in Fig. 1(a) is
peaked at velocities v1 � 0:09c, close to the center of mass
velocity of the 40Caþ 48Ca reaction (Vc:m: ¼ 0:105c), and
at masses m1 � 50 amu. These large fragments are the
HR remnants of incomplete fusion reactions. The distri-
butions obtained for the other two reactions [Figs. 1(b) and
1(c)] regardless of their similarities, display some marked
differences. Targetlike nuclei, with a velocity smaller
than 0:04c, are detected more copiously in the case of a
46Ti target [Fig. 1(b)] than in the case of a 40Ca target
[Fig. 1(c)]. These heavy and slow targetlike fragments are
mostly stopped in the thicker 48Ca target and therefore they
are not observed in Fig. 1(a). The fragment mass distribu-
tions of the three reactions are rather different. This can be
better seen in Fig. 1(d) where the projections of the scatter
plots (top panels) on their mass axis are shown (a cut at
0:04< v1=c < 0:15 was used to exclude targetlike and
projectilelike fragments). These distributions are peaked
at smaller masses in the case of 46Ti, 40Ca targets (dashed
line and dotted line, respectively) than in the case of a 48Ca
target (continuous line). A bump around mass m1 � 50 is
seen in reactions on a 48Ca target, and gradually disappears
when moving towards more symmetric 46Ti to 40Ca tar-
gets. In order to further explore mass correlations, and to
give an operative definition of the two classes of reaction
mechanisms that we want to investigate, we plot on the
left-hand panels of Fig. 2, as dot histograms, the difference
between the masses of the two largest fragments,m1 �m2,
normalized to the mass mtot of the entrance channels,

FIG. 1 (color online). Massm1 versus velocity v1 of the largest
fragment detected in the 40Caþ 48Ca (a), 40Caþ 46Ti (b), and
40Caþ 40Ca (c) reactions. (d) Projections on the mass axis for
48Ca target (full line) 46Ti target (dashed line), and 40Ca target
(dotted line). (e) Charged particle multiplicity in the reactions
40Caþ 48Ca (dotted histogram) and 40Caþ 46Ti (shaded area
histogram).
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�Mnor ¼ ðm1 �m2Þ=mtot. In order to exclude targetlike
contributions biased by differences in target thickness,
only fragments having velocities greater than 0:04c have
been taken into account. �Mnor minimizes the effects due
to the mass difference between the three targets and en-
hances the effects due to their isotopic content. In these
spectra one observes a local minimum around �Mnor �
0:4. We then use this value as an operative threshold
between the two classes of investigated reaction mecha-
nisms and assume that events with �Mnor > 0:4 (m2 < 16
if m1 ¼ 50 with 48Ca targets) belong to the first class
mainly producing one HR. Comparing the three left-hand
panels in Fig. 2 a clear enhancement at �Mnor � 0:5 in the
case of reactions induced on 48Ca targets is observed. On
the other hand, in the case of N � Z symmetric reactions
40Caþ 40Ca and 40Caþ 46Ti, the distribution is clearly
pushed to low �Mnor values. A difference can be observed
also in the mass distribution m1=mtot of the heavy residues
shown in the right-hand panels of Fig. 2 for events selected
with the condition m2 < 10. A wider m1=mtot distribution
is obtained with the N � Z targets. This can be induced by
the presence of larger fluctuations on the mass of the
primary incomplete fused system or by a larger probability
for this system to decay emitting complex fragments and
thus displaying large variations in its final mass. The
observed larger probability of producing heavy residues
observed in 40Caþ 48Ca reactions and the smallerm1 mass
fluctuations may be connected to the larger neutron content
of 48Ca.

In fact, the neutron excess of the 40Caþ 48Ca system
pushes the formed hot compound nucleus closer to the
stability valley. On the contrary, the intermediate systems
formed with the other two N � Z targets are much closer
to the proton drip line.
In order to go beyond this qualitative observation, and

better investigate the mechanisms responsible for the ob-
served effects and their links to the symmetry interaction,
we compare experimental results to calculations performed
with the CoMD-II (constrained molecular dynamics II)
model [21]. In this model, the dependence of the isospin
dependent interaction on the total overlap integral s be-
tween the wave packets is characterized by a form factor
Fðs=sg:s:Þ (the label g.s. corresponds to the ground state

configuration) [22]. This form factor can be expressed, for
compact configurations, as Fðs=sg:s:Þ ¼ s=sg:s:F

0ðs=sg:s:Þ.
Depending on the specific choice of F0ðs=sg:s:Þ, one can

select a different stiffness of the density dependence of
the symmetry energy. Specifically, we have used the fol-
lowing functional forms: F0ðs=sg:s:Þ ¼ 2ðs=sg:s:Þ=ð1þ
s=sg:s:Þ (Stiff1), F0ðs=sg:s:Þ ¼ 1 (Stiff2). F0ðs=sg:s:Þ ¼
ðs=sg:s:Þ�1=2 (Soft) suggested from equation of state static

calculations and widely used in Boltzmann-Uehling-
Uhlenberg mean-field calculations [1,2]. The strength fac-
tor used for the symmetry interaction is 27 MeV [22]. In
order to compare CoMD-II calculations with mean-field
approaches that use as a fundamental quantity the one-
body density �, we underline that the ratios s=sg:s: and

�=�g:s: are equivalent within 1%. Another kind of func-

tional for the form factor, which is widely used in the
literature, is �ð�; s=sg:s:Þ ¼ ðs=sg:s:Þ� where � can be as-

sumed as a measure of the degree of stiffness. We note that
for the Stiff2 option the functional F and � are identical
(with � ¼ 1). To compare with the functional � the other
two options used in this Letter we can reasonably assume
that the dynamical evolution of the system strongly de-
pends on the value of the maximum density overlap, smax,
achieved during the first 100 fm=c. At this stage of the
dynamical evolution of the system, at the investigated
energy, the quantity ðs� sg:s:Þ=sg:s: is relatively small

(�10%–15%), so that one can approximate F0ðs=sg:s:Þ �
1þ �ðs� sg:s:Þ=sg:s:. The form factors used in the case of

Stiff1, Stiff2, and Soft isovector potentials correspond,
respectively, to � ¼ 0:5, � ¼ 0, and � ¼ �0:5. In the
same limit it is easy to verify that F0ðs=sg:s:Þ ¼
�ð�� 1; s=sg:s:Þ with � ¼ �þ 1.

The best agreement between calculations and the ex-
perimental results is obtained using the Stiff2 option (� ¼
1; � ¼ 0 case). Such calculations are reported in Fig. 2 as
shaded area histograms. The dynamical evolution of the
system has been determined up to 600 fm=c. Secondary
decays of the excited primary fragments produced at the
final stage of the CoMD-II calculations are simulated with
the GEMINI statistical code [23]. The ensemble of the

FIG. 2 (color online). Dot histograms: Probability plots of
m1 �m2 and m1 normalized to the total mass for the studied
reactions. Shaded histogram: CoMD-IIþ GEMINI calculations.
See text for details.
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simulated events has been finally filtered through the an-
gular coverage and detector efficiency of the CHIMERA
array. Moreover, the same event selection criteria as in the
experimental data have been used. Regardless of some
discrepancies at small �Mnor values, the trend of the data
is satisfactorily reproduced. In order to show the sensitivity
of our simulated observables to different choices about the
stiffness of the density dependence of the symmetry en-
ergy, we plot in Fig. 3 the results obtained with 48Ca targets
using the Stiff1, Stiff2 and Soft options.

The disagreement with the data for the Stiff1 and Soft
options is rather clear. In the Stiff1 and Stiff2 cases, the
many-body correlations of CoMD-II generate an attractive
interaction as the nuclear density grows, inducing a higher
yield of HR. The Soft isovectorial potential maintains and
enhances instead the repulsive contribution producing a
fragmentation of the source. In the bottom panels in the
same figure, the dashed line histograms correspond to the
results obtained from CoMD-II simulations performed
without the final GEMINI secondary decays of primary
excited fragments. The comparison with the shaded area
histograms shows that secondary decays shift the peaks in
the mass distributions to slightly lower values. However,
the overall shape of these distributions remains unaltered.

The mentioned many-body correlations [22] affect sig-
nificantly the effective strength of the isovectorial interac-
tion. This explains the large changes observed in the mass
distributions for the three different parametrizations in
Fig. 3. According to the sensitivity shown by the model

calculations to the different options used for the form
factors describing the symmetry interaction, we can esti-
mate that the � ¼ 1 value extracted from the comparison
with the experimental data is affected by an error of the
order of �15%.
As it has been discussed above, the extracted value of the

� parameter can be affected by many-body correlations
characterizing the CoMD-II model. On the other hand,
these correlations are responsible for fragment and cluster
formation processes. The role played by these many-body
correlations in dynamics driven by isospin dependent
forces may be better highlighted by comparing our simu-
lations to results obtained with mean-field model ap-
proaches using the same strength and form factors.
In summary, we have observed, for the first time, an

isotopic effect on the competition between reaction mecha-
nisms producing one or more massive fragments in their
final channels at an incident energy of 25 MeV=nucleon.
We observe that the production of heavy remnants, essen-
tially deriving from an incomplete fusion mechanism, is
enhanced in the case of neutron rich reaction systems,
while binary reactions mechanisms dominate in the case
of isospin symmetric N � Z systems. According to
CoMD-II model calculations, the observed isotopic effect
is attributed to the interplay between Coulomb and iso-
vectorial interactions. A comparison of the measured mass
correlations to CoMD-II model predictions provides a
constraint on the stiffness of the nuclear symmetry poten-
tial that is found to be characterized by a form factor F �
ðs=sg:s:Þ� with � � 1:0� 0:15.
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