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CEA, IRFU, SPhN, CEA/Saclay, F-91191, Gif-sur-Yvette Cedex, France
INFN, LNL, I-35020 Legnaro (Padova) Italy
INFN, Sezione di Bologna, I-40127 Bologna, Italy
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Abstract. Decay modes of excited nuclei are studied in 78,82 Kr + 40 Ca reactions at 5.5 MeV/nucleon by means
of light-charged particles measured in coincidence with intermediate mass fragments and fission-like fragments.
Inclusive cross-section distributions of fragments with charge 3 ≤ Z ≤ 28 are bell-shaped and a strong oddeven-staggering (o-e-s) is observed for 3 ≤ Z ≤ 12. Coincidence measurements suggest that the light partners
in very asymmetric fission are emitted at excitation energies below the particle emission thresholds. Data were
confronted to the predictions of statistical models describing the decay of compound nuclei by emission of light
particles and fragments. Comparison with models suggests that the o-e-s of the light-fragment yields is mainly
due to the successive steps of compound nucleus disintegration.

1 Introduction
Evaporation of light particles and fission processes have
been studied for many decades to understand thermal and
collective properties of excited compound nuclei and to extract fundamental nuclear quantities like level density and
fission barriers. As an example of macroscopic ingredient
needed to describe the decay modes of nuclei, the mass
(charge)-asymmetry degree of freedom plays a crucial role
in the emission of the so-called intermediate mass fragments leading to the population of the whole mass (charge)
range from evaporated particles to symmetric fission [1–3].
In a recent experiment performed at the GANIL facility,
we have observed such a distribution in 78,82 Kr + 40 Ca reactions at 5.5 MeV/nucleon [4]. The kinetic-energy spectra and the angular distributions of fragments 3 ≤ Z ≤ 28
a
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indicate a high degree of relaxation. The inclusive crosssections σZ of fragments with charge 3 ≤ Z ≤ 28 are
shown in Fig. 1 for the 78 Kr + 40 Ca (solid squares) and
82
Kr + 40 Ca (open squares) reactions. The σZ distributions
for both systems exhibit a maximum around Z = 26. Such
a shape shows that these elements come either from the
symmetric fission of CN or from dissipative collisions in
which the initial mass-asymmetry has been strongly relaxed. Moreover, except for 3 ≤ Z ≤ 5, σZ measured in
the 82 Kr + 40 Ca system is systematically lower and the
yields around the symmetric fragmentation are about 25%
smaller for the system having the highest neutron-to-proton
ratio. Interestingly, we observe a strong odd-even-staggering
(o-e-s) of the cross-sections for fragments with atomic number Z ≤ 10. This o-e-s is also present for Z ≥ 12 with a
smaller amplitude. As shown in Fig. 1, the staggering of
the yields of light fragments is very similar to the one ob-
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Fig. 1. Experimental cross-sections for fragments emitted in the
78
Kr + 40 Ca (full squares) reaction at 5.5 MeV/nucleon [4],
82
Kr + 40 Ca (open squares) reactions at 5.5 MeV/nucleon [4],
86
Kr + 63 Cu (full circles) reaction at 5.65 MeV/nucleon [6], and
differential cross-section for 45 Sc + 65 Cu (open circles) reaction
at 4.5 MeV/nucleon [5].

2 Experimental results
Data were collected on an even-by-event basis thanks to
the high capabilities of the 4π INDRA apparatus. In a typical event associated to a binary fission, one of the partner is generally detected as well as the LCPs emitted by
both partners and possibly by the composite fissioning system. Due to the low excitation energy available in the reaction, we expect a small amount of emitted particles. Consequently, the kick induced by these particles on residual
fragment should be small and it is reasonable to assume
that final fragments left after the secondary stage are flying back-to-back in the center-of-mass. Thus, the emission
direction of one detected fragment defines the recoil di-
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served for neighbouring systems as for example 86 Kr + 63 Cu
(full circles) reaction at 5.65 MeV/nucleon or 45 Sc + 65 Cu
(open circles) reaction at 4.5 MeV/nucleon [5,6]. Indeed
the charge distributions for all reactions develop an half
bell-like shape with a change of behaviour around Z = 10.
This common feature would indicate that the o-e-s is not
driven by some microscopic properties of the complementary partners of the observed light fragments since they are
different in each studied reaction. A possible explanation
of the staggering of the cross-sections would be that the
fragments are ejected with excitation energies below the
emission thresholds, otherwise the subsequent decay by
light-particle emission would have blurred the fluctuations
of σZ . Investigation of this scenario requires to study the
characteristics of the emitted light particles. Indeed, coincidence measurements between light-charged particles and
fragments have played a crucial role in understanding important aspects of the fragmentation process as the sharing
of the excitation energies between both partners or viscosity phenomenon. In this contribution we present an eventby-event analysis of the light-charged particles (LCPs) in
coincidence with fragments in order to get more insights
on the emission of intermediate mass fragment in 78,82 Kr +
40
Ca reactions at 5.5 MeV/nucleon.
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Fig. 2. Experimental and theoretical Vk -V⊥ diagrams of αparticles in coincidence with Ne (first and third row) and Fe
(second and fourth row) fragments. The velocities are calculated
in the reference frames of the light fragment (left panels) and
of the complementary fragment (right panels). Data (results of
calculations) are reported in first and second (third and fourth)
row, respectively. Calculations were performed with the statistical model GEMINI.

rection of its complementary partner. In the present analysis, we calculated for each fragment the relative velocity between that fragment and each detected LCP of the
event. Then we consider a new frame built as follows: one
axis is the direction of the fragment velocity in the c.m.
frame; the plane perpendicular to this axis complete the
reference frame. The relative velocities previously calculated are projected onto this new frame. Finally, we obtained the component parallel (Vk ) and perpendicular (V⊥ )
with respect to the direction of the fragment velocity in the
c.m. frame. In doing so, for fragments of a given Z emitted at different angles in the c.m., the procedure enables to
define a common frame for the LCPs in coincidence with
these fragments. With such a procedure applied to an ensemble of reactions, the particles emitted by one fragment
of a given Z with a constant velocity value will draw one
circle centered at the origin of the reference frame in a Vk V⊥ plot.
In the following we report the results on the coincidences between α-particles and fragments. The analysis
with proton (not shown here) leads to similar conclusions.
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3 Discussion
In this section, we compared the previous experimental
features with the predictions of theoretical approaches. A
global understanding of the many aspects of the compound
nuclei decay modes is very challenging and calculations
depends on various parameters which could be fixed by
confrontation to a variety of experimental observables. Our
basic strategy for the present work is to use the predictions of the model as guideline and we adopted standard
values of the parameters. A fine tuning of the ingredients
would not have a strong impact on our conclusions. The
statistical-model code GEMINI describes the light particles and fragment emission by combining the transitionstate and Hauser-Feschbach formalisms [3]. The barriers
for fragment emission (Z ≥ 3) are calculated in the framework of the finite-range liquid-drop model [8].
The thin line in Fig. 3 represents the predictions of
GEMINI for the disintegration of 118 Ba nucleus assuming
a sharp cut-off distribution of the angular momentum with
Jmax = 69 which is the angular momentum for which the
fission barrier disappears. We assume a level-density parameter a = A/8 MeV−1 . The shape of the Z-distribution
for 12 ≤ Z ≤ 28 is reasonably reproduced, although σZ for
18 ≤ Z ≤ 26 are underestimated by roughly 20%. More
dramatically, the model overestimates by about a factor 10
the integral of the σZ cross-sections for 3 ≤ Z ≤ 11,
the difference coming mainly from the very high Li crosssection, while C and O yields are larger by about a factor

102
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101

σZ (mb)

Fig. 2 presents typical examples of Vk − V⊥ diagrams for
α-Ne (first row) and α-Fe (second row) coincidences measured in the 78 Kr + 40 Ca reaction. The black circles represent the average velocities of emitted α-particles taken
from [7]. In case of asymmetric fragmentation, as α-Ne,
the relative velocities of the particles fill-in a region akin
of a Coulomb ring which is centered at the origin when
they are projected into the frame (termed as Compl-frame)
of the complementary partner of the Ne nuclei (top right
panel). On the contrary, no such a pattern can be seen when
the relative velocities are plotted in the frame (termed as Zframe) of the light partner (top left panel). For almost symmetric fragmentation, as α-Fe, both fragments emit lightparticles as illustrated by the two circles centered at both
reference frames. A change of behaviour is observed in the
light-particle emission from asymmetric (Z = 10) to almost symmetric (Z = 26) fragmentation. The Vk − V⊥ diagrams for coincidences between α and Z ≤ 10 show the
same feature as the one observed from the α-Ne coincidences. Thus, in 78 Kr + 40 Ca reactions at 5.5 MeV/nucleon,
in the case of symmetric fragmentation both fragments emit
LCPs, while for a asymmetric fragmentation, only the heavy
fragment emits particles. Obviously, the neutron channel
should be considered but it could not be measured by our
apparatus. Nevertheless, we have checked that for light
fragments the energy thresholds for neutron emission are
higher than for LCPs. Consequently, from this analysis, we
conclude that the light fragments are produced at excitation
energies below the proton or alpha emission thresholds.
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Fig. 3. Experimental cross-sections for final products emitted in
the 78 Kr + 40 Ca reaction (full squares), compared to the predictions of the GEMINI code for final products (thin line) and
primary fragments before the secondary decay by light-particle
emissions (dashed line). Calculations were performed assuming a sharp cut-off distribution with Jmax = 69, and a leveldensity parameter a=A/8 MeV−1 . Thick line represents calculations performed with the GEMINI++ code taking standard values: k0 = 7.3 MeV, k∞ = 12 MeV, aκ = 0.00517, cκ = 0.0345,
a f /an = 1.036, w = 1 fm, the Bohr-Wheeler decay width and
including IMF emissions. We used the same notations as in [10].

3. This result does not depend on the sharp cut-off approximation and no major influence is observed by changing
the level-density parameter. Finally, the magnitude of the
odd-even effect is not at all reproduced for the light fragments. A low barrier for mass-asymmetric fission could
explain these features of the Z-distributions for light fragments. For medium-mass nuclei as 118 Ba, the total kinetic
energy of the fragments is tightly related to the barrier and
from the energy balance, a lower potential energy would
correspond to higher excitation energy in the primary fragments. From the calculations, we extracted the primary Zdistribution before secondary decays (dashed line in Fig. 3)
and we observe a smooth behaviour of the Z-distribution.
Thus, the initial shape of the distribution is modified by
secondary emission of light-charged particles which induces the fluctuations of the yields.
It would be interesting to incorporate into the transition state formalism other potential-energy surfaces which
might have a better behaviour at large mass-asymmetry
than Sierk’s barriers [9]. A new version of the previous
code has been recently developed [10] to cope with this
question of the overestimation of the light-fragment yields
and wide fission-fragment mass distributions. In GEMINI++, the Rusanov’s systematics [11] of fission-fragment
mass distributions has been used. The mass distribution is
assumed to have a Gaussian-shape with a variance linked
to the stiffness of the potential energy around symmetry.
The phenomenological potential energy has a larger curvature at symmetry than Sierk’s predictions. Once implemented in the calculation of the fission decay width it gives
a narrower fission-fragment mass distribution. The result
of the calculations is represented by a thick line in Fig. 3.
The improvement with respect to the predictions of the
GEMINI code is spectacular. More specifically the yields
and the o-e-s of the light-fragments are better reproduced
with GEMINI++. Thus the main conclusion from these
calculations is that the odd-even-staggering would be pre-
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Fig. 4. Vk − V⊥ diagram for α-Ne deduced from the calculations
with GEMINI. The various sources of α are unfolded and represented by different colors: emission correlated to the Ne fragment (red points); emission from complementary partners (blue
points); and successive emission from compound nuclei (black
points).

dominantly associated to the secondary emission of lightparticles, since the primary Z-distribution has a Gaussianlike shape. This scenario could be easily identified by studying the coincidences between light-particles and fragments.
In the following step of the analysis we applied the
coincidence method described above to the results of the
calculations performed with the GEMINI code. Third and
fourth row in Fig. 2 present the Vk − V⊥ diagram for α-Ne
and α-Fe, respectively. The pattern for α-Fe is very similar to the experimental one (second row in Fig. 2) showing
that the two partners emit α-particles. However, in case of
α-Ne coincidences, we observe a strong accumulation of
counts drawing a Coulomb ring which corresponds to the
α-emission from an excited fragment leading to the observed Ne. Such a pattern strongly differs from the experimental one. In the previous calculations, we could tagged
the origin of the particles emitted during a binary fission
leading to a final fragment. Fig. 4 shows the result of such
a tagging procedure in the Vk − V⊥ diagram for α-Ne coincidences obtained with GEMINI code. Here the velocities are computed in the reference of the Ne fragment.
We observe three sources of emission which develop three
Coulomb rings. One ring is located around the origin of the
reference frame (red points in Fig. 4) and corresponds to
the α-emission from a Mg fragment; The second ring (blue
points) is associated to the emission from complementary
partner of the light fragments leading to Ne; The third ring
(black points) is associated to α-emission from compound
nucleus before the fragmentation process. A careful analysis of the calculations shows that Ne fragment (and light
fragments too) is mostly populated by secondary emission.
The analysis performed with the outcome of GEMINI++
gives the same kind of pattern for the Vk − V⊥ diagram.
Indeed, examination of the models indicates that the sharing of the total excitation energy left after fragmentation is
the main source of the excitation energy stored in the light
fragment. Thus we obtain the same pattern (not shown here)
for the velocity diagram since equivalent assumptions for
the sharing of the excitation energy are made in the two
codes.

We have studied the light-charged particles in coincidence
with fragments produced in 78,82 Kr + 40 Ca reactions at 5.5
MeV/nucleon. The experimental results suggest that the
light fragments are emitted at excitation energies below
the emission thresholds. This finding is also supported by
calculations. The first conclusion is that the o-e-s of the
cross-sections of the light fragments is not related to secondary emission. The second conclusion is that the σZ of
the light fragments reflect the primary fragmentation and
thus they provide important constraints on the energetic
balance. The level scheme of the light fragments could also
play a role in the final phase space for the decay. Since
even-even and odd-odd nuclei have completely different
level scheme, one could expect odd-even-staggering for
the yields. Moreover, the collective energy of the configuration governs the phase space left for the disintegration,
this collective energy should include the properties responsible of the staggering of the yields. In a recent investigation [4] we have shown that the dinuclear system model [2]
reproduces very well the observed o-e-s. In this model, the
key quantity is the driving potential that contains some microscopic part which develops an odd-even effect. The amplitude of the staggering depends of the neutron content
of the system and is more pronounced for neutron deficient system. Since a staggering in the driving potential
will conversely correspond to a staggering in the yields,
one expects the influence of the multichance emission to
induce the observed feature. Further analysis within the
dinuclear sytem model is foreseen to check this scenario
with the present data and with new data obtained at higher
bombarding energy [12].
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