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First preliminary results of fragments distribution as a function of the
excitation energy for different fissioning systems from U to Cm and 250Cf
are presented. A new method based on inverse kinematics to study transfer-
induced fission of minor actinides was carried out in GANIL in 2008, and
again in 2011. In these experiments, a 238U beam at 6.1 AMeV impinged
on a carbon target to produce fissioning systems by multi-nucleon transfer
reactions, resulting in the first experiments accessing the full identification
of a collection of fissioning systems and their corresponding fission frag-
ments distribution. The excitation energy is deduced from the detection of
the recoil nucleus in an angular DE-E stripped silicon telescope, and the
identification of the fragments is made possible by the VAMOS spectrom-
eter.
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1. Introduction

Fission is the largest scale collective motion of the nucleons inside the
nucleus while, at the same time, at low excitation energies, it is strongly
influenced by the microscopic structure of the nucleus [1–3]. An accurate
description of the fission remains challenging due to the complex nature of
the process.

The present work provides a new ensemble of measurements that relates
the excitation energy of the fissioning system, produced either by fusion or
transfer reactions, with the full fragment distribution. These new measure-
ments for fissioning systems not accesible with other techniques also provide
nuclear data, important for nuclear energy applications, such as the devel-
opment of new generation nuclear reactors.

2. Experimental setup

A 238U beam with an energy of 6.14 AMeV impinged on a 100 µg/cm2

12C target. Transfer reactions produced heavy actinides with a characteristic
excitation-energy distribution. The target-like nucleus was detected and
identified by using a telescope, composed by two double-sided, annular, Si
detectors. The segmentation of the detector provided its scattering angle,
which with the measurement of its energy, allowed the reconstruction of the
transfer reaction and the excitation energy [4]. In the absence of target-like
recoil detection, a fusion reaction is assumed.

The corresponding actinide may decay by fission. In such case, its prod-
ucts are fully identified in atomic and mass number, and in charge state by
a detection set at the focal plane of the spectrometer VAMOS. This detec-
tion set comprises a multiwire chamber for the time-of-flight measurements,
two drift chambers for position and angle determination, and an ionization
chamber and an Si wall to perform energy-loss and residual energy mea-
surements. The angles at the target position and the energy of the fission
fragments are also reconstructed by back-tracing methods [5]. The correction
of the VAMOS acceptance is applied for each (A,Q)-system individually [6].

3. Fission products

Four different fissioning systems are reported in this work: 250Cf with
a well-defined excitation energy of 45 MeV, 240Pu, 239Np and 238U with a
distribution of excitation energy centered in 11 MeV, 7.5 MeV and 8 MeV,
respectively, with a full width at half maximum of approximately 8 MeV in
all the cases [4]. Figure 1 (left) shows the fission yields as a function of the
fission-fragment atomic number for these systems. It can be observed how
the contribution of different fission modes varies. 250Cf mainly presents a
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symmetric fission in contrast to the rest of the systems, where asymmetric
fission is dominant. 238U is affected, in less than 10%, by contamination
of 250Cf due to random coincidences between elastic scattering with fusion-
fission events. In Fig. 1 (right), the fission yields of 240Pu for three ranges of
excitation energy, 7±2, 11±2, and 15±2 MeV, are presented. The fact that
the valley between the two maxima becomes less deep when increasing the
excitation energy reflects the damping of the shell effects that are expected
to be more relevant at lower excitation energies. A calculation with the GEF
code (a GEneral description of Fission observables) [8] is compared with the
data and a good agreement is found.

Fig. 1. Atomic number distribution of the fission fragments. (Left) Different fission-
ing systems are shown. (Right) The case of 240Pu with different ranges of excitation
energy, compared with GEF calculations. (Inset) Excitation energy distribution.

Fig. 2. Neutron excess as a function of the atomic number of the fission fragments.
(Left) Different fissioning systems are shown. (Right) The case of 240Pu with
different ranges of excitation energy, compared with GEF calculations.

Figure 2 shows the neutron excess of the fission fragments, defined as
the ratio of the average neutron number of the fission products post neutron
evaporation over its atomic number. On the left-hand side, this is presented
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for the different fissioning systems. The observed sawtooth behavior in the
neutron excess reveals shell effects that are independent of the fissioning
system. On the right-hand side, three ranges of excitation energy are selected
for 240Pu. It is shown how this sawtooth behavior becomes smoother by
increasing the excitation energy, which is coherent with the damping of shell
effects. The variation of the neutron excess with the excitation energy is
larger in the region of Z ≈ 50. GEF calculations reproduce accurately the
behavior of the neutron excess for the case of 240Pu.

4. Summary and outlook

This experiment allowed the study of four different fissioning systems
238U, 239Np, 240Pu and 250Cf, by identifying the transfer channels and re-
constructing the excitation energy before the fission process, and measuring
the fission products with the VAMOS spectrometer.

An evolution of the valley of the fragment distribution for the systems
with low excitation energy was observed. This valley is deeper for lower
excitation energies. The investigation of the neutron excess of the fragments
reflects nuclear-structure effects that decrease by increasing the excitation
energy.

Finally, more observables such as fragment velocities, total kinetic en-
ergy, and even–odd effect will become available as the analysis progresses,
providing a complete set of observables for a detailed description of the
fission process.

This work was partially supported by the Spanish Ministry of Research
and Innovation under the Grants No. FPA2010-22174-C02-01, RYC-2012-
11585, and BES-2011-045183.
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