EPJ Web of Conferences 146, 04053 (2017)
ND2016

DOI: 10.1051/epjconf/201714604053

Dissipative effects in fission investigated in complete kinematics
measurements

J.L. Rodriguez-Sanchez"#, J. Benlliure!, J. Taieb?, D. Ramos', H. Alvarez-Pol!, L. Audouin’, Y. Ayyad', G. Bélier?,
G. Boutoux?, E. Casarejos4, A. Chatillon?, D. Cortina-Gil', T. Gorbinet?, A. Heinz’, A. Keli¢-Heil®, B. Laurent?,
J.-F. Martin2, C. Paradela', E. Pellerecau?, B. Pietras!, C. Rodrl’guez-Tajes7, D.M. Rossi®, H. Simon®, J. Vargasl,
and B. Voss®

BT Y T o

Universidad de Santiago de Compostela, 15782 Santiago de Compostela, Spain

CEA, DAM, DIF, 91297 Arpajon, France

Institut de Physique Nucléaire d’Orsay, 91406 Orsay, France
Universidad de Vigo, 36200 Vigo, Spain

Chalmers University of Technology, 412 96 Gothenburg, Sweden

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291 Darmstadt, Germany

Grand Accélérateur National d’Tons Lourds, 14076 Caen, France

Abstract. The study of dissipative effects in fission has been carried out with fusion-fission reactions by
using a limited number of observables, such as the fission probabilities, the mass distribution of the fission
fragments, or the neutron multiplicities. However, the large angular momenta gained by the compound nucleus
in this kind of reaction could affect the conclusions drawn from such experiments. In this work, we propose to
investigate the fission dynamics by the use of spallation reactions on 2®Pb because the fissioning systems
are produced with low angular momentum, small deformations, and high excitation energies, enhancing
the dissipative effects. The complete kinematics measurements of the fission fragments and light-charged
particles were performed by the use of the SOFIA setup combined with the inverse kinematics technique,
allowing us for the first time a full indentification in atomic and mass number of the two fission fragments.
These measurements permit us to define new fission observables for the investigation of the temperature and

deformation dependencies of the dissipation parameter.

1. Introduction

Fission is the clearest example of large-scale collective
excitations in nuclei. Since its discovery, the progress in
the understanding of the fission process has been driven by
new experimental results. In particular, the investigation
of pre- and postscission neutron multiplicities [1], giant
dipole resonance (GDR) y-ray emission [2], multiplicities
of charged particles [3], fission and evaporation cross
sections [4,5] established that the dynamical evolution of
the fissioning system cannot be explained just in terms
of the statistical model of Bohr and Wheeler [6]. These
results suggested that the understanding of the fission
process requires a dynamical approach, describing the
coupling of intrinsic and collective excitations of the
nuclear constituents. Here, the transfer of energy between
the intrinsic and collective excitations is governed by
dissipation due to fluctuating forces. In this context,
transport models based on the Fokker-Planck [7] or the
Langevin equations [8] have proven to be a suitable tool
for the description of the collective evolution of nuclei.

However, the dynamics of fission is still far from being

fully understood because our theoretical and experimental
knowledge is not yet complete. Several works claim that
the reduced dissipation parameter (8), defined according
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to Ref. [7], could change with the nuclear deformation
or with the nuclear temperature [8]. These ideas are still
under debate because they could be biased by experimental
conditions [9].

The ground-to-saddle dynamics and more particularly
the presence of transient time, which corresponds to
the time required to reach 90% of the stationary
fission flux across the barrier, has been actively debated
during the last decade [3,5,9,10]. Experiments taking
advantage of spallation and fragmentation induced fission
reactions brought some light into the problem [9,11]. The
combined use of the inverse kinematics technique and
an efficient detection setup made it possible to identify
fission reactions and determine the atomic number of
the final fission fragments very accurately. The sum
of the charges of both fission fragments was used as
a measurement of the initial excitation energy, while
partial fission cross sections and the width of the charge
distribution of the fission fragments were shown to be
sensitive to presaddle dynamical effects [9,10,12,13].
The measurements obtained for many different fissioning
systems over a broad range in fissility and temperature
were compatible with a constant value of the reduced
dissipation parameter at small deformations of g = 4.5 x
10?!' s71, corresponding to transient times between 1.0 and
3.3 x 1072!'s. These results are compatible with the ones
obtained from the investigation of some fusion reactions
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Figure 1. Top schematic view of the experimental setup used in this work. Sizes are not to scale.

[9,14]. Moreover, the overall good description of the data
over a broad range of excitation energies also validated
previous conclusions on the temperature independence
of the dissipation parameter [4,9,10,15] and references
therein.

Postsaddle dissipative effects have been mostly
investigated by measuring prescission particles and
y-rays emitted in fusion-fission reactions [8,16,17]. In
some cases, fission or evaporation-residue cross sections
were also measured, constraining presaddle -effects.
Because of the different saddle-to-scission deformations
lengths reached in these reactions, pre- and postsaddle
dissipative effects were enhanced by investigating low
and high fissility systems, respectively. Most of the
results obtained in these works seem compatible with
presaddle reduced dissipation parameters between 2 and
6 x 10?' s7!, while the saddle-to-scission dynamics is
better described by using larger values around 30 x
102" s~!. However, these conclusions contradict recent
results obtained with sophisticated Langevin calculations
[14], where the value of the dissipation parameter slightly
decreases with deformation.

In order to contribute to this discussion, we
take advantage of the SOFIA setup [18] together
with the inverse kinematics technique to obtain a
complete characterization of both fission fragments. These
measurements allow us for the first time to obtain the
atomic and mass numbers of both fission fragments
and their velocities simultaneously, defining new fission
observables and correlations between them. In this work,
these observables are used to investigate the magnitude
and the temperature and deformation dependencies of the
dissipation parameter.

2. Experiment

The experiment was carried out at the GSI facilities
in Darmstadt (Germany), where the SIS18-synchrotron
was utilized to accelerate heavy ions of 2®Pb at
relativistic energies around 500A MeV. The ions were
then guided to the experimental area Cave C to
produce the fission reactions. Fig. 1 shows a top-view
schematic representation of the detector setup used in
this experiment. The experimental setup is divided in two
parts, one used to characterize the incoming beam ions
and another dedicated to measure the fission fragments.
The first part consists of a plastic scintillator detector
(start) used to measure the time-of-flight (ToF) of the
fragments, a multi-sampling ionization chamber (MUSIC)
and a time projection chamber (TPC). These last two

detectors provide the beam identification and its position
on the target, respectively.

The second part consists of a double multi-sampling
ionization chamber (Twin MUSIC), two multiwire
proportional counters (MWPCs), a large acceptance dipole
magnet (ALADIN) and a ToF Wall. The Twin MUSIC
chamber has a central vertical cathode that divides its
volume into two active parts, segmented in ten anodes
each. These anodes provide ten independent energy-loss
and drift-time measurements, which allow to obtain the
atomic numbers with a resolution below 0.43 charge units
full width at half maximum (FWHM) and the angles on
the plane X-Z with a resolution below 0.6 mrad (FWHM).
MWPCs, situated in front and behind the dipole magnet,
provide the horizontal (X) and vertical (Y) positions
of the fission fragments. The MWPC situated in front
of the dipole magnet provides the X and Y positions
with a resolution around 200 um and 1.5 mm (FWHM),
respectively, while the MWPC situated behind the dipole
magnet provides those positions with a resolution around
300 um and 2mm (FWHM), respectively. A ToF Wall
made of 28 plastic scintillators allows to measure the ToF
of the fission fragments with respect to the start signal
provided by the plastic scintillator located at the entrance
of the experimental setup with a resolution around 40 ps
(FWHM) [19]. The ALADIN magnet was set to a magnetic
field of 1.6 T and its gap was filled with helium gas at
atmospheric pressure. In addition, two pipes, also filled
with helium gas at atmospheric pressure, were mounted
in front of the Twin MUSIC chamber and behind the
dipole magnet ALADIN. In all the cases, the helium gas
was employed to reduce the energy and angular straggling
of the fission fragments. The magnetic rigidity, velocity
and atomic number of each fission fragment were used to
obtain its corresponding mass number (A) with an average
resolution of AA/A ~ 0.63% (FWHM).

Finally, light-charged particles (LCPs) emitted in
coincidence with fission fragments were identified using a
ToF wall detector (ToF of LCPs), placed in front the Twin
MUSIC chamber. This detector consists of two detection
planes of segmented plastic-scintillators, one with six
horizontal paddles and another with six vertical paddles,
which leave a square hole (12.5 x 12.5cm?) in the center
for the transmission of the fission fragments.

3. Results

These high-quality data allow us to obtain fission
observables sensitive to the ground-to-saddle and
saddle-to-scission dynamics, which are compared with
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state-of-the-art model calculations to obtain information
on dissipation. The code INCL4.6 [20] was used to
describe the first stage of the reaction between the proton
and the lead nucleus as a series of independent nucleon-
nucleon collisions, which leave an excited prefragment or
compound nucleus. The formed compound nucleus usually
deexcites by emitting particles, and eventually fissioning.
This last process is described by the deexcitation code
ABLAO7 which uses the Weisskopf formalism for the
evaporation of particles, while the fission probability
is determined by an analytical solution of the Fokker-
Planck equation that provides a time-dependent fission-
decay width. For the description of the saddle-to-scission
dynamics we use the Hofmann-Nix formalism according
to Ref. [21]. Other details can be found in Ref. [22].

The first observable used in this work is the sum of
the charges of the final fission fragments Z;+Z,. This
quantity is correlated with the impact parameter and thus
with the initial excitation energy gained by the fissioning
nucleus. The reason is that the excitation energy gained
by the prefragments is strongly correlated with the number
of knockout nucleons during the intranuclear cascade
process. As shown in Ref. [13], the average excitation
energy of the fissioning system increases from 80 up to
350 MeV when decreasing Z;+Z,. The second observable
is the width of the charge distribution of the final fission
fragments (0z), which is expected to strongly depend on
the temperature of the system around the saddle point.
Because the emission of protons after the saddle point
is very improbable, the correlation between these two
observables is used to investigate the fission dynamics at
small deformations. In addition, the width of the charge
distribution depends on neither the entrance channel nor on
the bombarding energy of the projectile [12,13]. This fact
is shown in Fig. 2(a), where this observable is displayed for
the reaction 2%Pb + p at different kinetic energies. As can
be seen, the width of the charge distribution is very similar
for each fissioning system. The third observable used for
the characterization of the fission process is the fission
cross section. At low energies this quantity is strongly
correlated with the height of the fission barrier. But at
higher energies, the fission probability is also affected
by the time needed for the transfer of energy between
intrinsic and collective degrees of freedom. Because the
fission cross sections are defined by the saddle point, this
observable is also used to constrain the fission dynamics at
small deformations.

In Figs. 2(a) and 2(b) we display the widths of the
charge distributions of the fission fragments and the fission
cross section as a function of the atomic number of
the fissioning system Z;+Z,, respectively. On the one
hand, in Ref. [12] was demonstrated that the widths of
the charge distributions are not sensitive to the value of
the dissipation parameter. But assuming that the width
of the charge distribution depends on the temperature
at the saddle point, this observable should be sensitive
to the value of the level-density parameter because it
correlates the excitation energy with the temperature.
In this sense, in Fig. 2(a) we show model calculations
considering different parametrizations of the level-density
parameter. As can be seen, Ignatyuk’s parametrization for
the level-density parameter provides the best description
(solid line), while the other parametrizations underestimate
the data.
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Figure 2. Width of the atomic-number distribution of the fission
fragments (a) and fission cross sections (b) as a function of
the atomic number of the fissioning nuclei. The lines represent
INCL4.6+ABLAO7 calculations for different values of the level-
density parameter and different values of the ground-to-saddle
dissipation parameter Bq, in units of 10?' s,

On the other hand, in Fig. 2(b) the fission cross sections
are used to constrain the value of the ground-to-saddle
dissipation parameter f,,, taking into account that the
level-density parameter was constrained in Fig. 2(a). As
can be seen, a value of 4.5 x 102! s~ provides the best
description of these data (solid line).

Finally, the last observable is the average neutron
excess of the final fission fragments as a function of the
fissioning system Z;+Z, (see Fig. 3). This observable is
affected by the neutron evaporation up to the scission
point, and thus is sensitive to the ground-to-scission
dynamics. However, as the presaddle dynamics was
constrained by the use of the fission cross sections and the
widths of the charge distributions of the fission fragments,
this new observable can be utilized to study the value of the
postsaddle dissipation parameter. The comparison of this
observable with model calculations allows us to determine
the saddle-to-scission dissipation parameter S, resulting
in a value between 4.5 and 6.5 x 10*' s71.

4. Conclusions

Proton-induced fission reactions on 208 Pb at 500A MeV
has been used to investigate the ground-to-scission fission
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Figure 3. Average neutron excess of the final fission fragments as
a function of the atomic number of the fissioning nuclei. The lines
represent model calculations for different values of the saddle-to-
scission dissipation parameter B, in units of 102! s~!.

dynamics. Fission cross sections and widths of the charge
distributions of the fission fragments are utilized to
constrain the ground-to-saddle dissipation parameter and
the level-density parameter. The comparison allows us to
conclude that a dissipation parameter of 4.5 x 10*' s~!
together with the parametrization proposed by Ignatyuk for
the level-density parameter provide the best description of
this set of data. Finally, the average neutron excess of the
final fission fragments is used to constrain the saddle-to-
scission dissipation parameter, obtaining a value between
4.5and 6.5 x 10> s~

The similitude between the values of the dissipation
parameter required to describe the fission dynamics before
and after the saddle point excludes any strong dependence
of this parameter with deformation. Moreover, the large
range in excitation energy covered by the present data and

their description by using a constant value of dissipation
also exclude any strong dependence of this parameter
with temperature. This work also confirms the need of
using different independent observables to constrain the
model parameters used in the description of the fission
dynamics.
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