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Introduction

Since the discovery of nuclear fission by Hahn, Strassmann and Meitner in
1939 [1], the progress in the understanding of the fission process has not
ceased to be stimulated by new experimental results. Although the expla-
nation of nuclear fission on the basis of the liquid-drop model was provided
very soon by Bohr and Wheeler [2], new experimental observations revealed
more and more the complexity of nuclear fission and created new challenges
for theory. The investigation of different experimental observables such as
pre- and postscission neutron multiplicities [3], giant dipole resonance (GDR)
v-ray emission [4, 5], multiplicities of charged particles [6], fission and evapo-
ration cross sections [7, 8, 9] established that the dynamical evolution of the
fissioning system cannot be explained just in terms of the statistical model of
Bohr and Wheeler [2], suggesting that the fission process requires a dynam-
ical approach based on the coupling of intrinsic and collective excitations of
the nuclear constituents. Here, transport theories [10] based on Fokker-Plank
or Langevin equations have proven to be a suitable tool for the description
of the collective evolution of nuclei.

However, the fission process is still far from being fully understood and
our theoretical and experimental knowledge is not yet complete. Several
works provided evidence that the nuclear friction parameter or the viscosity
of the medium could change with the nuclear deformation or with the nuclear
temperature [11]. These ideas are still under debate because they could be
biased by experimental conditions. The measurement of different observables
with high precision and accuracy, such as fission probabilities, masses and
atomic numbers of the fission fragments, as well as their total kinetic ener-
gies, and ~-rays and light particles emitted during the fission process, is still
limited by the available technology. Some examples are fission cross sections
and isotopic distributions of fission fragments. Currently, the measurements
of fission cross sections using different techniques or setups are not consistent
[12].

On the other hand, information on full isotopic distributions of fission
fragments is scarce. First experiments, yielding isotopic distributions, were
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performed at the mass spectrometer Lohengrin [13] at the Institut Laue-
Langevin based on thermal-neutron induced reactions [14, 15]. This tech-
nique only allowed one for the identification of the light fission fragments
because the velocities of the heavy ones are too small to correlate any mea-
surable energy loss with their atomic number. In some cases, some isotopic
yields of the heavy fragments could be obtained with radio-chemical tech-
niques [16, 17] or S-delayed v spectroscopy [18], but with limited precision.
Therefore, a significant improvement is needed to address the existing dis-
crepancies in some observables, but also to measure complete isotopic dis-
tributions of fission fragments, which may extend the present limits of our
understanding of the fission process.

In the late 1990s, with the advance of heavy ion accelerators a new gener-
ation of experimental approaches for fission studies was developed, where the
use of the inverse kinematics technique permits one a correct identification
of the fission fragments in-flight. The first measurements based on this tech-
nique were performed at the GSI facilities in Darmstadt (Germany) using the
FRS spectrometer [19], where only one of the two fragments was detected
and identified in mass and charge by the FRS. However, these measurements
provided relevant information on the fission process [20, 21, 22]. To go a
step further, an effort has been made recently by the SOFIA collaboration
at GSI [23, 24, 25, 26] to overcome the restrictions of conventional fission ex-
periments in order to obtain complete isotopic measurements of both fission
fragments.

In the present work, we have investigated the fission of 2°8Pb at relativistic
energies. The experiment was conducted at GSI by using a novel setup
especially designed for the investigation of fission in inverse kinematics. This
setup allowed us to separate fission from other reaction channels and to
facilitate the unambiguous identification of both fission fragments in atomic
and mass numbers. The two fission fragments were detected simultaneously
with high efficiency and acceptance. These measurements permitted us to
obtain the total fission cross sections for the reaction 2°*Pb(370A, 5004,
and 6504 MeV) + p and for the reaction 2Ph(5004 MeV) + 27Al with
high precision. These results are very important for the characterization of
spallation targets used as neutron sources.

The total and partial fission cross sections, the width of the charge dis-
tributions of the fission fragments and light-charged particle multiplicities
are used to investigate dissipative effects at small deformations, between the
ground-state and saddle-point configurations. The charge identification of
both fission fragments allowed us to reconstruct the atomic number of the
fissioning system. This observable is strongly related to the excitation en-
ergy gained by the compound nuclei and to the impact parameter [27, 28].
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The correlations of the fission cross sections and width of the charge distri-
butions with the atomic number of the fissioning system are used to explore
the influence of the excitation energy, where the use of different targets and
different beam energies favors this study. We also use the total and partial
fission cross sections and width of the charge distributions of the fission frag-
ments to investigate the role of the level densities in fission, in particular the
description of the level-density parameter.

The mass and atomic-number identification of the two fission fragments
together with their velocities also permitted us to investigate dissipative ef-
fects at large deformations, between the saddle-point and scission configura-
tions. Up to now this kind of study has been only performed with fusion-
fission reactions using a limited number of observables, such as the mass
distribution of the fission fragments or the neutron multiplicities. However,
the large angular momentum gained by the compound nucleus could affect
the conclusions drawn from such experiments. In the present work the use
of spallation reactions, where the fissioning systems are produced with low
angular momentum, small deformations and large excitation energies, favors
the study of dissipation and also allowed us to define new observables, such
as the pre- and postscission neutron multiplicities and the neutron excess of
the final fission fragments as a function of the atomic number of the fissioning
system. These new observables are used to investigate the value of the dissi-
pation parameter at large deformations. In addition, we also use the isotopic
distributions of the final fission fragments and their velocities to study the
impact of postscission neutron evaporation and to obtain information on the
scission configuration.

The present dissertation is organized as follows: In chapter 1, a review
of the basic ideas concerning the dynamics of the fission process at high ex-
citation energies, and different experimental approaches to measure them,
are discussed. Chapter 2 includes a detailed description of the experimental
setup employed to measure the two fission fragments and the light-charged
particles of the reactions described above. Chapters 3 and 4 are dedicated to
the experimental results, including both discussions about the physics related
with each observable, as well as the sensitivity of each of them to the param-
eters that affect to the fission process. In particular, chapter 3 is dedicated
to investigate the dynamics of the fission process at small deformations, be-
tween the ground-state and saddle-point configurations, using the total and
partial fission cross sections, the width of the charge distributions of the
fission fragments and light-charged particle multiplicities. The objective of
chapter 4 is to investigate dissipative effects at large deformations, between
the saddle-point and scission configurations, using new observables such as
the pre- and postscission neutron multiplicities and the neutron excess of the
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final fission fragments as a function of the atomic number of the fissioning
system. In addition, the isotopic distributions of the final fission fragments
and their velocities are used to assess the scission configuration. Finally,
chapter 4.5 is dedicated to the conclusions of this work and to forthcoming
measurements at the FAIR facilities [29] using knockout reactions like (p, 2p).



Chapter 1

The fission process at high
excitation energies

Fission constitutes the most glaring case of a large-scale collective motion in
nuclei, where the production of two fission fragments allows a clear identifi-
cation of this deexcitation mechanism univocally. During the last years, this
fact has permitted to introduce a large variety of experimental observables
sensitive to the dynamical evolution of the fission process as a result of the
development of the experimental techniques. In the following chapter, the
most important theoretical and experimental features to study the fission
process at high excitation energies are explained together with some related
results. The first part of this chapter, section 1.1, is devoted to the current
understanding of the nuclear fission process. The most important ingredi-
ents of the fission mechanism are introduced, such as the dissipation concept
and the nuclear level density, as well as their observed effects. Section 1.2
provides a view of the most used observables for the investigation of the
dynamics of the fission process. Finally, in section 1.3, an overview of the
reaction mechanism, experimental technique and model calculations used in
this work are described.

1.1 Current understanding of fission

During fission a heavy nucleus evolves towards large deformations before
splitting into two fragments with comparable mass, as a consequence of the
large-scale collective motion of the nucleus constituents. The evolution of the
process depends on the initial conditions of the fissioning compound nuclei,
such as its mass and atomic numbers, excitation energy and angular momen-
tum, and on the form of its potential-energy landscape that is usually a func-
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tion of the deformation and mass asymmetry. Historically, several distinctive
types of fission were identified, such as particle-induced fission [1, 30], spon-
taneous fission [31], spontaneously fissioning isomers [32], S-delayed fission
[33, 34], electromagnetical-induced fission (Coulomb excitation or Coulex)
of radioactive nuclei at relativistic energies [23, 35|, photofission [36], and a
surrogate type of fission [37, 38|.

The experimental techniques used to measure fission can be divided into
direct and inverse kinematics. The first experiments were performed using
the direct kinematics technique. Among the most outstanding ones, we can
mention studies at the mass spectrometer Lohengrin [13] at the Institut Laue-
Langevin using thermal-neutron induced reactions [14, 15|, where only the
light fission fragments were identified in mass and atomic number. The Neu-
tron Time-of-Flight (n_T'oF’) facility at CERN, which has a long flight path
and an intense spallation neutron source [39] that covers a continuous energy
range from thermal energies up to 1 GeV, with great accuracy. In this case
the fission measurements were carried out with several detectors, such as the
Parallel Plate Avalanche Counters (PPACs) [40], Fast Ionization Chambers
(FIC) [41] and MicroMegas [42]. This setup, together with a high-intensity
neutron flux, made it possible to measure cross sections of neutron-induced
reactions in highly radioactive materials. However, these detectors limited
the study of fission to the angular distribution of the fission fragments and the
cross section of the reaction [40, 43, 44]. Other facilities, such as Los Alamos
National Laboratory [45, 46], the Svedberg Laboratory at Uppsala Univer-
sity [47], the Joint Research Center Institute for Reference Materials and
Measurements at Geel [48], and the Cyclotron Research Center at Louvain-
la-Neuve [49] also investigated fission using neutron-induced reactions. In
these cases, the fission products and their cross sections were determined by
using ionization chambers [50, 51]. With respect to proton-induced fission,
we can mention the CERN Isotope mass Separator On-Line (ISOLDE) facil-
ity [52] that allows one the selection of nuclei with a specific mass number
A produced in proton-induced fission reactions, although usually no Z selec-
tion is obtained. Recently, the coupling of a resonance ionization laser ion
source [53] to ISOLDE allows for unique isomer separation, which provides
the fission yields for the selected element [54, 55, 56]. Furthermore, we can
mention the Ion Guide Isotope Separator On-Line (IGISOL) facility [57] at
Jyvaskyla, whose technique was also utilized to determine fission yields at the
Louvain-la-Neuve cyclotron facility [58], at the Cyclotron and Radioisotope
Center in Tohoku University [59], and at the SARA facility [60] in Grenoble.

In the late 1990s, the inverse kinematics technique allowed one for a cor-
rect identification of the fission fragments in-flight. The first measurements
based on this technique were performed at the GSI facilities in Darmstadt
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using electromagnetic-, fragmentation- and spallation-induced fission reac-
tions, where the FRS spectrometer [19] was used to detect and to identify
one of the two fragments in terms of its mass and charge. Recently, new ex-
periments at GANIL also take advantage of the inverse kinematics technique
together with transfer- and fusion-induced fission reactions [61, 62, 63, 64].
One of the fission fragments is identified in mass and atomic number using
the spectrometer VAMOS [65], while the second fragment is only identified
in atomic number by energy-loss measurements. To go a step further, an ef-
fort was made by the SOFIA collaboration at GSI [23, 24, 25, 26] in 2012 to
overcome the restrictions of conventional fission experiments. A novel setup,
especially designed for the investigation of fission in inverse kinematics, was
used to separate fission from other reaction channels and to facilitate the
identification of the two fission fragments in atomic and mass number using
the spectrometer ALADIN [66], as will be discussed in chapter 2.
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Figure 1.1: (Color online). Potential-energy landscape for 39U as a function
of the dimensionless quadrupole deformation and the mass-asymmetry coordinate.
Figure adapted from Ref. [67].

Fission is the unique tool to probe the nuclear potential-energy landscape
and its evolution, as a complex function of elongation, mass asymmetry, spin,
and excitation energy, from a single compound system beyond the fission bar-
rier and further to the scission point, culminating in the formation of fission
fragments. This evolution involves a subtle interplay of collective (macro-
scopic) and single-particle (microscopic) effects, such as pairing and shell
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effects. The latter are responsible for the observed asymmetric-mass distri-
butions for some fissioning isotopes. As shown in Fig. 1.1, the evolution of
the process is guided by the potential-energy landscape of the corresponding
nucleus, which is a function of the quadrupole deformation and the mass-
asymmetry coordinate. The population of the different valleys represented
in the potential landscape depends on the initial excitacion energy gained
by the compound nucleus with respect to the ground state. As can be seen,
lower excitation energies correspond to asymmetric fission modes while high
excitation energies result in symmetric contributions. Therefore, fission en-
ables the study of nuclear-structure effects in the heaviest nuclei [68] and in
isotopes relevant for the astrophysical r-process [69]. Moreover, fission is a
very powerful mechanism to produce nuclei far from the stability line [52].
Apart from its importance for fundamental studies, fission also has many
practical applications in medicine.

On the other hand, fission at high excitation energies is extremely impor-
tant for the development of spallation neutron sources in Accelerator Driven
System (ADS) technologies [70]. These neutron sources use spallation reac-
tions of high-energy protons on a heavy target (made of lead, bismuth or
tantalum) to produce the amount of neutrons needed to maintain a nuclear
chain reaction [71]. Therefore, a good knowledge of the interaction of pro-
tons with these materials is mandatory for their characterization. Reactions
leading to fission are of interest because they contribute to the production
of hazardous remnants, in particular gaseous ones, such as the isotopes of
Kr and Xe. The production of these isotopes could be also obtained with
fission model calculations, however, one needs to validate these models with
accurate data to improve their reliability.

1.1.1 Fission models

The availability of heavy-ion beams in different energy ranges and the emer-
gence of exclusive measurements motivated the development of different mi-
croscopic and macroscopic theoretical approaches.

Microscopic theories for large amplitude motion of many body systems are
usually based on a mean field description known as time-dependent Hartee-
Fock method [72] developed in the 1970s. Application of the time-dependent
Hartee-Fock equation requires a large mean free path and hence is a good
approximation for low-energy heavy-ion collisions. Recently, this kind of
calculation has been improved with pairing effects [73, 74, 75] to provide a
more realistic description of fission, however, shell effects are also required
[20]. On the other hand, at high collision energies, the mean free path is
strongly reduced due to the large excitation energies involved in the process.
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Thus the inclusion of residual two-body collisions in a self-consistent mean-
field theory is essential for a more realistic description of heavy-ion collisions
at high excitation energies [76]. However, because of numerical difficulties
to solve the equations, realistic applications of these approaches seem to be
difficult even with the fastest available computers.

On the other hand, macroscopic theories based on transport equations
[10, 77] were also developed in the 1970s to describe the fission process using
a small number of variables. In these theories one distinguishes between col-
lective or macroscopic and intrinsic or microscopic degrees of freedom, where
the latter are considered as a heat bath. The collective degrees of freedom of
the nucleus correspond to the coordinate motion of part or all the nucleons,
for example vibrations, rotations and all kind of deformations. The intrinsic
degrees of freedom are the individual states of the nucleons. Here, one is
faced with a self-consistency problem since the collective degrees of freedom
are made up of the individual nucleons. The fundamental idea underlying
the concept of dissipation is that the collective degrees of freedom and the
heat bath are coupled, and thus excitation energy can be transferred be-
tween them. The process of transfer of energy between the collective degrees
of freedom and the heat bath is named dissipation, which is quantified by a
reduced dissipation coefficient (.

The most-widely used transport theories are based on the Langevin and
Fokker-Planck equations [78]. The Fokker-Planck equation is a partial dif-
ferential equation which can be solved analytically. On the other hand,
the Langevin equations are stochastic differential equations and cannot be
treated with analytic methods. This is possibly the reason why the Langevin
approach was not used in nuclear physics for a long time. The study of the
fission process using these two approaches lead to the investigation of dis-
sipative effects and their dependences on temperature and deformation. In
1940, Kramers [79] developed the first transport theory, derived from the
quasi-stationary solution of the Fokker-Planck equation, to describe nuclear
fission. For decades, the Kramers’ solution was used in most of the statistical
fission models to calculate the fission decay width.

1.1.2 Nuclear potential and fission barriers

The nuclear potential energy is one of the most important ingredients for
the description of nuclear fission. The potential energy was first described in
terms of a liquid-drop model as the sum of a shape-dependent surface and
Coulomb energy terms. This description was first invoked by Meitner and
Frisch [80]. In this model the Coulomb and surface energies are expressed
as an expansion of the reflection- and axially-symmetric shape in Legendre
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polynomials, where up to the fourth power in the lowest order polynomial
was retained. Using this approximation, it was possible to determine the
macroscopic part of the fission-barrier heights.

In the late 1960s, new developments in the liquid-drop model were per-
formed by Cohen and collaborators [81] to include rotational effects. This
model, the so-called rotating liquid-drop model, provided a simplified calcu-
lation of the potential energies of rotating nuclei. However, the comparison
of the results of this model with experimental data from heavy-ion induced
fission, such as fission and evaporation-residue cross sections, showed that
the model overestimates the fission-barrier heights [82, 83]. This discrepancy
was attributed to the finite range of the nuclear force and the diffuseness of
the nuclear surface, which leads to a reduction of the potential energy [84].
For this reason the liquid-drop model was improved to take these facts into
account. The surface energy was replaced by the Yukawa-plus-exponential
nuclear energy, which models the effects of the finite range of the nuclear
force, the nuclear saturation, and the finite surface thickness. The Coulomb
energy was calculated for a charge distribution with a realistic surface diffuse-
ness, and the moment of inertia was calculated for rigidly rotating nuclei with
a realistic surface density profile. These changes provided a new version of
the liquid-drop model, the so-called finite-range liquid-drop model [85]. The
fission barriers calculated from this model of potential energy were found to
be less than 1 MeV of those which reproduce fission and evaporation-residue
cross sections most accurately for a variety of nuclei with masses ranging
from 150 to above 200 [85].

Earlier in 1955, Swiatecki [86] suggested that a more realistic fission bar-
rier could be obtained by adding a correction energy, so-called shell cor-
rection, to the fission barrier calculated with the liquid-drop model. This
correction, which is responsible for the observed asymmetric mass distri-
butions [87], was calculated as the difference between the experimentally
observed nuclear ground-state mass and the mass given by the liquid-drop
model. These effects are especially strong in low energy fission and are not
expected to be significant at large excitation energies [88]. In 1967, Strutin-
sky [87] developed a macroscopic-microscopic method to calculate these shell
corrections theoretically, and currently, the fission barriers calculated with
the finite-range liquid-drop model [85] together with the shell corrections are
most-widely used in model calculations at high excitation energies.

The potential-energy landscape can also be described using fully dynami-
cal microscopic models based on Hartree-Fock and Hartree-Fock-Bogoliubov
methods [74, 89, 90, 91] using reasonable effective nucleon-nucleon interac-
tions [92, 93]. However, the precision of these theoretical models in the pre-
diction of some key observables, such as the mass-yield curve of the fission
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fragments, is limited due to the complexity of the many-body calculations
involved. Furthermore, a complete microscopic calculation demands tremen-
dous computing time, even with the most powerful computers.

1.1.3 Nuclear level density

The nuclear level density also plays a key role in the theoretical modeling
of fission and more generally in the decay of compound nuclei. At present,
the most abundant information on level densities comes from the counting
of low-lying levels and from neutron resonances [94, 95]. These techniques
have also been extensively exploited to obtain the level-density parameter
(a), which relates the nuclear temperature (7") with the excitation energy
(E*) according to E* = aT?, and to investigate the evolution of @ with the
excitation energy [96].

Different sophisticated models have been developed to calculate the nu-
clear level density. These models employ various techniques ranging from
microscopic combinatorial methods [97] and Hartree-Fock approaches [98] to
phenomenological analytical expressions [99]. It is desirable to model the
nuclear density of states using a microscopic approach since it contains de-
tailled information of nuclear levels. However, the amount of computing time
needed for microscopic calculations limits the applicability of this approach.
On the other hand, most of the studies related to nuclear reaction calcula-
tions prefer the analytical level density descriptions because they allow one
to describe the experimental data very well for hundreds of different iso-
topes. Presently, two phenomenological models, the constant temperature
model of Gilbert-Cameron [100] and the Fermi gas model [101] based on the
Bethe formula, are used in the level-density calculations. In these models
the excitation energy can be shifted to take the shell and pairing corrections
according to Refs. [102, 103] into account.

According to the Fermi gas model [101], the level density can be calculated
as a funtion of the excitation energy E* and the angular momentum J, and
is expressed as:

J+ 1/2
v 2o

where o2 is the spin cut-off factor given by o2 = (‘;—QT with & as the moment
of inertia of the nucleus and T the nuclear temperture, E* is the excitacion
energy of the system, S is the entropy and a is the level-density parameter in

units of MeV~!. Generally, this last parameter can be written as [104, 105]:

S
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where A is the mass of the nucleus and «,, o, and «; are the coefficients
that correspond to the volume, surface and curvature components of the
single-particle level densities, respectively. The values of these coefficients
were calculated by Ignatyuk [105] (a,=0.095, a;=0.073, and a;=0 in units
of MeV™!) and are the most-frequently used in model calculations. In the
equation, By represents the ratio between the surface of the deformed nu-
cleus and a spherical nucleus while Bj corresponds to the ratio between the
integrated curvature of the deformed nucleus and a spherical nucleus.

In order to account for the role of collective excitations in the decay of
excited compound nuclei, the level density of Eq. 1.1 is corrected using the
vibrational and rotational enhancement factors according to:

P(E, J) y KvimetP(Ea J)znt (13)

where p(E, J)n is given by Eq. 1.1, K, represents the vibrational enhance-
ment factor and K,,; corresponds to the rotational factor. For nuclei with
highly deformed saddle point or with a large ground-state deformation the
collective enhancement factor arises from the appearance of rotational bands
above the intrinsic single-particle levels. In this case, the vibrational fac-
tor K, can be thus considered negligible while the rotational enhancement
factor is calculated according to Refs. [106, 107] in terms of the rigid-body
moment of inertia. By contrast, for spherical nuclei the collective motion is
calculated on the basis of low-frequency vibrational modes. At present, the
factor K,;, can be calculated from the statistical sum of harmonic vibrational
modes [106] or by using phenomenological approaches [108].

1.1.4 Dynamical effects at high excitation energy

For a long time, the quasi-stationary solution of the Fokker-Planck equation
proposed by Kramers [79] was coupled to the statistical evaporation model
developed by Weisskopf [109] to explain experimental fission data. In this
kind of model, the deexcitation of the compound nucleus depends on the de-
cay width for each channel and the process follows a sequence of deexcitation
steps until a minimum excitation energy is reached. However, in the 1980s,
Weidenmiiller and collaborators [10] followed the line of Kramers’ approach
and adopted the diffusion model to investigate how the quasi-stationary flow
over the fission barrier is attained. Their study was motivated by exper-
imental findings where the predictions based on the approach of Kramers
overestimated particle multiplicities [3]. They succeeded in obtaining a time-
dependent solution of the two-dimensional Fokker-Planck equation after con-
sidering an initial system at ground-state deformation with high excitation
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energy and low angular momentum. Based on these assumptions, they found
a time-dependent fission decay width I';(¢) by calculating the probability
flux across the saddle point. Their work showed that for finite values of the
dissipation coefficient [, there is a delay or "transient time* which elapses
between the start of the induced fission process and the attainment of the
stationarity fission flux across the barrier. This transient time manifests itself
only at high excitation energies where the average decay time of the fissioning
system is comparable to the relaxation time of its degrees of freedom, lead-
ing to a reduction of the fission probability. Further, experimental evidence
for fission as a slow process came from measurements of prescission neutron
multiplicities [110, 111, 112, 113, 114], charged particles [115], Giant Dipole
Resonance (GDR) ~-rays [116, 117], fission fragment mass and kinetic energy
distributions [113, 114], and evaporation residue cross sections [118].

On the other hand, the dynamics of the fission process does not end at
the saddle point. As soon as the fissioning system passes the fission barrier,
it evolves up to the scission point where the fission fragments are produced.
Along this path, the fissioning system could still evaporate a few neutrons
that will then contribute to the total and prescission neutron multiplicities.
According to this idea, Grangé and collaborators [119, 120] considered that
the emission of prescission neutrons should be related to the total fission
time, which can be obtained as the sum of the fission lifetime calculated
with the fission decay width and the average time needed by the fissioning
system to descend from the saddle point to the scission point. The latter
was calculated by Hofmann and Nix [121] by integrating the Fokker-Planck
equation from the saddle point to the scission point. This model has been
used in some works to investigate the value of the dissipation parameter at
large deformations and the fission time scales [114, 120, 122, 123].

It is now well known that the gross features of the fissioning system
can be described in terms of a small number of parameters, the so-called
collective degrees of freedom. Dissipation represents the average effect of
the interactions between the collective and intrinsic degrees of freedom. In
this picture, the interaction between these degrees of freedom results in a
fluctuating force influencing the collective dynamics, which in effect causes
the diffusion of the dynamical coordinates (elongation, mass asymmetry, ...).
Therefore, dissipation and diffusion are not independent of each other and, in
fact, they are related through the Einstein’s fluctuation-dissipation theorem
[124].

Therefore, dynamical effects can be atributed to the dissipation mecha-
nism. In this description, two kinds of dissipation mechanisms are generally
considered in the dynamical models of nuclear reactions. One is the one-body
dissipation and the other is the hydrodynamical two-body dissipation. The
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concept of the one-body dissipation mechanism was first introduced by Gross
[125], who deduced a classical equation of motion including frictional forces
from the general many-body Schrodinger equation for two colliding heavy
ions. The interactions between the nucleons are approximated by using a
mean-field potential and the collective dynamics is described by the shape
evolution of this potential. On the other hand, hydrodynamical two-body
dissipation models [126] are based on the assumption that nuclear dissipa-
tion arises from individual two-body collisions of nucleons. It was, however
concluded, based on the analysis of extensive experimental data, that the hy-
drodynamical two-body viscosity cannot provide a consistent explanation of
both neutron multiplicities and fission fragment kinetic energy distributions
[127]. A strong two-body viscosity is required to reproduce the observed
neutron multiplicities. Whereas, the total kinetic energy calculated with this
value of two-body viscosity is far smaller than given by the Viola systematics
[128]. A consistent explanation of neutron multiplicities and fragment kinetic
energies rather supports one-body friction [129].

On the other hand, other questions such as the onset of dissipation and
the temperature or deformation dependences of the dissipation parameter are
still under debate [11]. A systematic study was carried out by Thoennessen
et al. [4] to find the threshold excitation energy where the pure statistical
model starts losing its validity. Their work opened up the problem of un-
derstanding the properties of nuclear dissipation and its dependence on the
excitation energy. It was found that the ratio of the threshold temperature
and the temperature-dependent fission barrier was independent of the mass
of the fissioning nucleus and equal to 0.26. The authors suggested that this
could reflect an onset of dissipation with increasing temperature. According
to this conclusion, Hofman and collaborators [5] found an analytical expres-
sion for the temperature dependence of dissipation based on the study of
~v-ray multiplicities associated with fusion-fission and quasifission reactions.
According to this dependence, a dissipative parameter proportional to T or
to T? could reproduce the experimental data rather well. However, the au-
thors of Ref. [130] showed that this systematic behaviour could be explained
without any assumption of an onset of dissipation effects or temperature de-
pendence. This work also demonstrated that the reason why the statistical
model fails to reproduce the experimental data for Tipresnoia/Br > 0.26 is
because at that point the dynamical delay time starts to be larger than the
decay time predicted by the statistical model. These same conclusions were
also found by Lestone and McCalla [8], who were able to describe evapora-
tion and fission cross sections as well as light-charged particle multiplicities
of fusion reactions without considering any temperature dependence of dis-
sipation.
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In contrast to this, the most recent works concerning the study of y-ray
multiplicities in fusion-fission reactions were interpreted assuming a deforma-
tion dependence of dissipation instead of a temperature dependence. Under
this hypothesis, Shaw and collaborators [131] were able to reproduce the -
ray multiplicity emitted in the fission of 24°Cf at different energies by using a
value of Yy, ound—sadadie = 2 inside the saddle point and of vsaddie—scission = 9—10
beyond the saddle point. Note that 7; (where the subscript ¢ denotes ground-
saddle or saddle-scission) is related with the reduced dissipation parameter
according to v; = (;/2w, being w the frequency of the inverted oscillator po-
tential at the saddle point. Didszegi and co-workers [132] were able to investi-
gate dissipation at small and large deformations by separating the presaddle
and the saddle-to-scission ~-ray components. They used the evaporation-
residue cross sections of the reaction °F + ¥ Ta at 161 and 181 MeV to de-
termine the dissipative parameter up to the saddle point, Yground—saddie = 3-
Fixing this value of the dissipation coefficient at the saddle deformation,
they varied the dissipation coefficient from saddle to scission to reproduce
the y-ray multiplicities obtaining vsqddgie—seission = 10. Such a deformation
dependence with very low values of dissipation for the compact shapes up
to saddle seems to be compatible with the results obtained by Frobrich and
collaborators [133]. These authors analyzed the prescission neutron multi-
plicities and fission probabilities with one-dimensional Langevin calculations
coupled to a statistical evaporation code. They found that the experimental
observables could only be described with a deformation-dependent dissipa-
tive parameter by considering a constant value Byround—sadde = 2 x 10* s
at small deformation, and a linear increase with the deformation when the
fissioning system descends from the saddle to the scission point.

1.2 Experimental observables

The aim of this section is to introduce the most-widely used observables for
investigating the dynamics of the fission process. As will be discussed, most
of these observables are sensitive to dissipation and transient effects such as
fission and evaporation-residue probabilities, post- and prescission particle
multiplicities, v-ray emission and fission fragment properties.

1.2.1 Fission and evaporation-residue cross sections

Fission and evaporation-residue cross sections are the most proposed observ-
ables suggested for the investigation of the effects of the nuclear dissipation
during the evolution of the fissioning system from the ground state to the
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saddle point. Nuclear dissipation reduces the asymptotic value of the fission
width predicted by the transition-state approach, that led to a reduction of
the fission cross section and an increase of the complementary evaporation-
residue cross section with respect to the statistical calculations. At high
excitation energies (E* >100 MeV), the manifestation of the transient time
also affects fission and evaporation-residue cross sections, increasing the ef-
fects mentioned above.

Benlliure and collaborators [134] investigated dissipation effects in spal-
lation induced fission reactions using the inverse kinematics technique. The
compound nuclei were produced in collisions of a " Au beam impinging on
a proton target at relativistic energies. Evaporation and fission cross sec-
tions were investigated to extract information about the presaddle dynam-
ics. However, the interpretation of dissipative effects by using fission and
evaporation-residue cross sections needs the support of model calculations,
where the initial conditions (excitation energy, angular momentum and de-
formation), the ratio of level-density parameter asq/ays (asq and ag4s denote
the level-density parameter at the saddle-point and ground-state configura-
tions, respectively) and the fission barriers play an important role. Therefore,
Benlliure and co-workers [134] compared the data with different model calcu-
lations and inferred a dissipation strength of 8 = 2 x 10?'s~! and a transient
time of tirqns = (3 £ 1) x 1072!s by considering a step function to evaluate
the time-dependent fission decay width. The effects of the level densities on
the cross section were also investigated considering different ratios of level-
density parameters at ground-state and saddle deformations (asq/ays). The
authors found that the best description of the data was provided by the
parametrization of the level-density parameter proposed by Ignatyuk et al.
[105] coupled to the dissipative calculation mentioned above.

Based on these results, the model calculations were improved by Jurado
and collaborators [135] including an analytical solution of the Fokker-Planck
equation in order to extract realistic conclusions on dissipative and transient
effects. In that case, a dissipation parameter of 8 = 2 x 10?'s™! and a
transient time of ty.qns = (1.7 £ 0.4) x 1072's were obtained [135]. A few
years later, Schmitt and collaborators [136] showed that the quantitative
values of the dissipation parameter and transient time obtained by Jurado
and collaborators were affected by the initial deformation of the fissioning
nuclei that were investigated, leading to new values of 8 = 4.5 x 10*'s™! and
tirans = (3.3 £0.7) x 1072!s [137]. Recently, these results were confirmed by
Ayyad and collaborators [138] using proton-induced fission cross sections of
181y,

The value of the transient time was also investigate by Jing and collab-
orators [7] but using light-ion induced fusion-fission of pre-actinides, where
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the comparison of their fusion-fission cross sections with different model cal-
culations led to a transient time of tqns = 10 X 107%!s.

witha = A/12 ® Exp. data
witha = A/8

==

50 7|5 160 1125 1|50
Excitation Energy (MeV)

Figure 1.2: (Color online). Fits to measured excitation function data of fission
cross sections (denoted by red circles with error bars) in the 3He + 7 Au system
[189]. Curves represent various theoretical calculations: case (i) statistical model
without friction but with asq/ags = 1, ags = A/12 (dashed dotted blue line) and
ags = A/8 (solid blue line); case (ii) statistical model without friction but with
asi/ags # 1 (green line) and case (iii) Langevin model with asq/ags # 1 at friction
strengths B = 3 x 102! s71 (dashed black line), 4 x 10*! s~ (solid black line), and
6 x 102! s71 (dashed-double dot black line). Figure taken from Ref. [9].

These dissipative effects have also been investigate in a very recent work
performed by Ye and Wang [9] using fusion-fission cross sections of pre-
actinides [139], as shown in Fig. 1.2. The authors combined the Langevin
approach with a statistical decay model to investigate the dissipative effects
and the impact of the level-density parameter. They showed that a sta-
tistical calculation coupled to different parametrizations of the level-density
parameter cannot reproduce the data; cases (i) and (ii) in the figure. How-
ever, a dynamical calculation considering a reduced dissipative parameter
of B =4 x 10?'s7! together with a description of the level-density parame-
ter based on the parametrization given by Ignatyuk et al. [105] provides a
satisfactory description of the data. Similar results for the dissipation param-
eter were also found by Lestone and McCalla [8] by using fusion-fission and
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fusion-evaporation cross sections of pre-actinides from Z = 74 to Z = 84.
They compared the data with calculations performed with the statistical
code JOANNEA4 [140], extracting a dissipation parameter of 3 = 3 x 10?'s™!.

1.2.2 Post- and prescission particle multiplicities and
v-ray emission

Fission of a compound nuclei formed in heavy-ion induced fusion reactions at
energies above the Coulomb barrier has been investigated quite extensively,
both experimentally and theoretically, during the last two decades. The
multiplicities of prescission neutrons, light charged particles and ~-rays have
been measured [110, 111, 112, 113, 114, 115, 116, 117] and compared with
the predictions of statistical models [3, 6, 142]. These investigations have
revealed that the statistical model of nuclear fission based on the transition-
state method [2], where effects due to nuclear dissipation are not considered,
is inadequate to describe fission of a highly excited heavy nuclei, and conse-
quently dissipative dynamical models [127, 135, 141] are found to be essential
to account for the experimental data.

The measurement of prescission particle and ~-ray multiplicities provides
suitable clocks to probe the fission time scale and nuclear dissipation. Neu-
tron and ~y-ray clocks have been extensively described in the review articles
of Hilscher and Rossner [3] and Paul and Thoennessen [142], respectively.
Both authors compared the data with statistical and dynamical calculations
and showed the need of considering nuclear dissipation in the fission process.
Frobrich and collaborators [133] also performed detailed studies about the
influence of dissipation on prescission neutron, charged particle and ~-ray
multiplicities, on the energy spectra of these particles, and on fission time
distributions combining a Langevin approach with a statistical evaporation
model. The authors also showed that a dynamical calculation considering
dissipation provides a better description of the data. A very recent work
performed by Vardaci and collaborators [143] also pointed out the same con-
clusion when combining the multiplicities of the light-charged particles with
fission and evaporation residue cross sections.

On the other hand, Hinde and collaborators [144] investigated the sensi-
vility of the prescission neutron multiplicities to the ratio of the level-density
parameter at the ground-state and saddle-point deformations (asq/a4s). The
authors compared the prescission neutron multiplicities measured in fusion-
fission reactions with statistical calculations varying the ratio asq/ags, show-
ing that the prescission neutron multiplicities can change in a factor 2 varying
the ratio asq/a,s from 1 to 1.06.
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1.2.3 Width of the fission fragment distributions

The temperature at the saddle point (Ty.q) is a key parameter for understand-
ing the fission dynamics because the modification of the fission probability
during the transient time also alters the excitation energy (temperature) at
the saddle point. However, one cannot directly measure T,,s and thus other
observables are needed.

According to the statistical model [145], the widths of the mass and
atomic-number distributions of the fission fragments (o4 and oz respectively)
are related to the temperature at the saddle point, following the equations:

2
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(1.4)

where d*V/dv? is the second derivative of the potential with respect to the
mass-asymmetry degree of freedom at the saddle point v = (4/Ays) /(M —
Apiss/2). Apiss and Zyp;ss correspond to the mass and atomic numbers of
the fissioning nucleus, respectively, and M represents the mass number of
the corresponding fragment. Due to the high probability of neutron evapo-
ration compared to proton emission beyond the saddle-point configuration,
the width of the atomic-number distribution of the fission fragments (o) is
more suitable to constrain the temperature at the saddle point.

Based on these ideas, Benlliure and collaborators [134] used this observ-
able to investigate dissipative effects in spallation reactions of '%7Au, but
also to study the influence of the ratio of the level-density parameter at the
ground-state and saddle-point deformations (asq/a,s). They showed that the
ratio of the level-density parameter calculated with the parametrization of
Ignatyuk [105], together with a dynamical calculation considering dissipative
effects, provide the best description of this observable. Based on this idea,
Jurado et al. [27, 135] and Schmitt et al. [137] also investigated the dissi-
pative and transient time effects but using peripheral relativistic heavy-ion
collisions. In these works both fission fragments were measured with a novel
experimental setup [35], similar to the one used in this work, which allowed to
investigate this observable as a function of the atomic number of the fission-
ing system as shown in Fig. 1.3. The authors of these works demonstrated
that dissipative and transient time effects are needed to reproduce the data
(dashed lines). Recently, Ayyad and collaborators [28] also measured this
observable for spallation reactions of 2°*Pb on proton and deuterium targets
at H500A MeV, showing that this observable is independent of the entrance
channel. Therefore, this conclusion suggests that this observable could be
used to constrain model calculations.
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Figure 1.3: Width oz plotted as a function of Z1 + Zs for a set of radioactive
beams. The data (large black dots) are compared to Kramers- (dotted line) and
transient- (dashed line) type calculations, both assuming 8 = 4.5 x 102! s~1. For
the 223 Ac secondary projectiles, additional Kramers-type calculations are shown
with B =7 x 102t 57! (dash-dotted line), B = 10 x 10! s (solid thin line) and
B =20 x 10?2t 571 (solid thick line). The staggering that can be observed in the
calculations is attributable to statistical fluctuations only. FExperimental error bars
smaller than the symbols are not shown. Figure taken from Ref. [1537].

1.3 Proposed investigation

1.3.1 Spallation and fragmentation reactions at rela-
tivistic energies

There exist several reaction mechanisms to excite nuclei and to induce fission.
According to the work of Grangé and collaborators [146], the ideal conditions
to investigate dissipative and transient time effects are high excitation en-
ergies (E* > 100 MeV), low angular momentum and compound nuclei with
small deformations. These same conditions could also be a good approach
to investigate the role of the level-density parameter because the influence of
the rotational and vibrational excitations on the level densities washes out
at excitation energies around ~40 MeV [108, 147].
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These initial conditions are determined by the reaction mechanism. The
most used mechanism to probe dissipative effects is the called fusion-fission
reaction. The fissioning systems formed in this kind of reaction have a well-
defined excitation energy, mass and atomic number and a broad angular
momentum distribution. However, due to the characteristics of this reaction
mechanism, the excitation energies are generally below 140 MeV. These con-
ditions could prevent the manifestation of the effects of the transient time.
If the fissioning system is produced by nucleon-transfer reactions the situ-
ation is similar to that of the fusion-fission reactions, although with lower
excitation energies (below 80 MeV).

Spallation and fragmentation reactions at relativistic energies fulfill the
conditions established by Grangé et al. [146] for the manifestation of dis-
sipative and transient times effects. These reactions can be described as
two-stage processes [148]. Initially, due to the fast interaction between the
projectile and the target, a highly excited compound nucleus is well formed
with a narrow shape distribution and with collective degrees in the ground
state deformation. During the second stage, the thermalization and deexcita-
tion of the system occur by evaporation of neutrons, light-charged particles,
intermediate-mass fragments (IMFs), y-ray emission and eventually by fis-
sion.

1.3.2 Complete kinematic measurements

In the present work, we have used a new experimental approach to perform
complete kinematic measurements of the two fission fragments in coincidence
with the emitted light particles. Different targets and beam energies were
used to investigate the fission of 2°*Pb, which allowed us to cover a wide
range of excitation energy. These measurements are used to investigate the
observables discussed above and to validate previous results on dissipation
at small deformations. The new data are also used to investigate dissipative
effects beyond the saddle point, at large deformations, and the impact of the
postscission neutron evaporation on the isotopic distributions. Moreover, the
measurement, of the isotopic distributions of the fission fragments together
with their velocities permits us to obtain relevant information on fission at
the scission-point configuration.

1.3.3 Model calculations

The observables measured in this work allow us to characterize the fissioning
nuclei at the saddle point (by measuring the fission cross sections and the
width of the charge distribution of the fission fragments) and at the scission
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point (by investigating the isotopic composition and the velocities of the
fission fragments). However, the initial conditions of the fissioning nuclei
have to be based on reliable model calculations. These calculations are also
used to interpret the measured observables in terms of dynamical variables
such as the dissipation parameter and the transient time. Therefore, in this
section we briefly describe the model calculations used in this work.

Spallation reactions are generally modeled as a two-stage process. In the
first stage, nucleon-nucleon collisions inside the nucleus induce the loss of a
few nucleons, which acquire kinetic energies that exceed their binding energy,
resulting in the formation of excited prefragments [149, 150]. There are
numerous models to calculate the distribution of excited prefragments before
the decay process starts. The main differences among them are the accuracy
of predicting the prefragments and the computing time. Some examples
are pre-equilibrium models [151], intranuclear cascade models [149, 150, 152,
153, 154], abrasion models [155, 156], and models based on the Boltzmann-
Uehling-Uhlenbeck (BUU) and Vlasov-Uehling-Uhlenbeck (VUU) transport
equations [157, 158].

In this work we will use the Liege intranuclear cascade code INCL4.6 [159]
because it represents a good compromise among accuracy, computing time
and facility to be coupled to deexcitation models. This model describes the
reaction between the proton and the lead nucleus as a series of independent
nucleon-nucleon collisions, which leave an excited remnant nucleus at the
end of the process. This nucleus usually deexcites by emitting particles or
by fission. This process is described by the deexcitation code ABLA07 [160].

In the first stage, the interaction between the nucleons of the projectile
and those of the target nucleus is described as a succession of binary collisions
(and decays) between the nucleons along a complete cascade event. Parti-
cles are moving along straight-line trajectories between collisions inside the
working sphere considering relativistic kinematics. The nucleons are divided
into participants and spectators. When the participants leave the working
sphere, they are considered as ejectiles and do not interact any more. Pi-
ons and A-resonances are produced during the nucleon-nucleon interactions,
following the reactions NN = NA and A = 7N. For the nucleons and pi-
ons an average isospin-dependent potential well considering the reflection
and/or transmission at the border of this potential is used. Pauli block-
ing is implemented to avoid the population of occupied final states and to
reject unphysical situations. The code uses experimental threshold values
for the emission of particles and separation energies, based on mass tables.
Moreover, the model also considers the possibility of fusion reactions at low
excitation energies.

The final excitation energy and angular momentum induced in the sys-
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tem at the end of the intranuclear cascade is determined by particle-hole
excitations and holes produced in the initial Fermi distribution of the target.
The evolution of every particle in the system is followed as time evolves and,
at the end of the cascade process, the velocities of all emitted particles and
the characteristics of the remnant nucleus are calculated. The cascade ends
at a certain time named stopping time [150] determined in the code by a
systematic investigation for different systems, incident energies and impact
parameters. However, this time is modified at low excitation energies if the
time of passage of the incident particle through the working sphere along a
diameter exceeds the usual stopping time, by using the larger time.

In the deexcitation stage, described by the code ABLAO7 [160], the emis-
sion of y-rays, neutrons, light-charged particles and intermediate-mass frag-
ments (IMFs) are calculated according to the Weisskopf formalism [109],
which provides a good description of the evaporation residues produced
in spallation and fragmentation reactions of nuclei from iron to uranium
(134, 150, 161, 162, 163, 164]. The fission decay width is described by the
Bohr-Wheeler transition-state model [2] following the formulation given by
Moretto [165]:

BW _ ZPsp(E — By, J)
d 2 pgs(E, J)

where p,,(E — By, J) and p,s(E, J) are the level densities at the saddle-point
and ground-state configurations, respectively, and By is the fission-barrier
height obtained from the finite-range liquid-drop model of Sierk [85] taking
into account the influence of angular momentum and considering the ground-
state shell effects [103]. The diffussion process above the fission barrier is de-
scribed by the Fokker-Planck equation, where the quasi- stationary solution
of this equation was introduced by Kramers [79] and provides a reduction of
the fission decay width due to dissipation:

(1.5)
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Here 3 is the reduced dissipation coefficient and wq is the frecuency of the
harmonic oscillator describing the inverted potential at the fission barrier.
This equation provides the asymptotic value of the fission decay width.

The analytical approximation to the solution of the one-dimensional Fokker-
Planck equation [166] for the time-dependent fission-decay width was devel-
oped by Jurado and collaborators in Refs. [135, 167|, using a Gaussian distri-
bution centred at the spherical shape as initial condition. The mean values
and the widths of the initial Gaussian distributions in space and momentum
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are given by the entrance channel. In this approximation, the time-dependent
fission-decay width is defined as:

Wn(xszatvﬂ) FK

Wale —ant = 009! (.7

I'p(t) =

where W(x; t, ) is the normalized probability distribution at the saddle-
point deformation x,. The saddle-point deformations are calculated accord-
ing to Ref. [168].

The level density is described as a function of the excitation energy and
angular momentum, according to Eq. 1.1. The main parameter of that de-
scription is the level-density parameter that is modeled according to Eq. 1.2.
The values for the coefficients «,, a,, and a4 are taken from Ref. [105].
Moreover, vibrational and rotational enhancement factors are also consid-
ered, according to Eq. 1.3. These factors are calculated based on the phe-
nomenological description proposed by Junghans et al. [108].

The description of the properties of the fission fragments is based on
a semi-empirical model developed by Benlliure and collaborators [169]. In
this work we will only comment on the most important features related to
the super-long fission channel, which dominates at high excitation energies.
This fission channel can be explained by the macroscopic properties of the
potential-energy landscape that is determined by the characteristics of the
fissioning nucleus at the saddle point. In particular, the stiffness of the
macroscopic potential along the mass-asymmetry degree of freedom is ob-
tained from the systematics of the width of mass distributions measured in
Ref. [170]. The neutron-to-proton ratio (N/Z) of the fission fragments is
assumed to be given by the unchanged-charge distribution (UCD). This N/Z
ratio is modified by the charge polarization effect calculated in terms of the
liquid-drop model (LDM) by assuming a two touching spheres configuration
at the scission point [171], and by the evaporation of particles during the de-
scent from saddle to scission [160]. Finally, at the scission point, the two fis-
sion fragments are characterized by their atomic numbers Z; o, mass numbers
Aj 5, kinetic energies B>, and excitation energies EL2. After the formation
of the two fission fragments, their corresponding deexcitation chains are fol-
lowed until their excitation energies fall below the lowest particle-emission
threshold.

The kinetic energies of the fission fragments are calculated according to
the semi-statistical scission point model of Wilkins and collaborators [172].
The main contribution to the total kinetic energies released in the fission
process comes from the Coulomb repulsion of the two fission fragments at
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the scission point and, therefore, this total kinetic energy is given by:

TKE ~ 2122

(1.8)

where Z; and Z, refer to the atomic number of the two fission fragments, and
D is the distance between the two uniformly-charged spheroids representing
the fission fragments. This distance is parametrized as:

D = roA? (1 + %) + g A3 <1 + %) +d (1.9)

where A} and A3 refer to the mass number of the two fission fragments at the
scission point, (7 and [y are their quadrupole deformations at the scission
point, ry is the fermi radius, and d is the distance between the tips of the
two fission fragments.






Chapter 2

New experimental approach

Despite decades of fission studies, information on full isotopic distributions
of fission fragments is scarce. First experiments were performed at the mass
spectrometer Lohengrin [13] at the Institut Laue-Langevin using thermal-
neutron induced reactions [14, 15, 173, 174, 175, 176]. This technique only
allowed one for the identification of the light fission fragments because the
velocities of the heavy ones are too small to correlate any measurable energy
loss with their atomic number. In some cases, the isotopic yields of some
heavy fragments could be obtained with radio-chemical techniques [16, 17]
or (-delayed «y spectroscopy [18], but with limited precision.

In the late 1990s, different experiments were performed at GSI using
the FRS spectrometer [19] to investigate spallation-induced fission in inverse
kinematics, accelerating heavy projectiles that impinged on liquid targets of
hydrogen and deuterium. In these experiments only one of the two fragments
was detected and identified in mass and charge by the FRS. This technique
was improved using a novel setup to measure the atomic number of both fis-
sion fragments [35], while the FRS spectrometer [19] was used to produce and
select secondary beams of fissile nuclei produced in fragmentation reactions
of 8U. This experiment allowed to investigate the role of shell effects in the
charge distributions of the final fission fragments by Coulomb excitation of
the incoming projectiles [20, 35, 177].

Recently, new experiments at GANIL also took advantage of the inverse
kinematics technique together with transfer- and fusion-induced fission reac-
tions [61, 62, 63, 64]. In these experiments transfer reactions were identified
and reconstructed with an annular segmented silicon detector [63]. One of
the fission fragments was identified in mass and atomic number using the
spectrometer VAMOS [65], while the second fragment was only identified
in atomic number by energy-loss measurements using an ionization chamber
and silicon detectors. These experiments provided for the first time com-
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plete mass- and atomic-number distributions of the fission fragments and
their corresponding kinematics for several actinides such as ?*°Pu and 2°°Cf
[62].

To go a step further, an effort has been made recently by the SOFIA
collaboration at GSI [23, 24, 25, 26] to overcome the restrictions of conven-
tional fission experiments in order to obtain complete isotopic measurements
of both fission fragments. This chapter is dedicated to the description of the
experimental setup specially designed for the investigation of fission in inverse
kinematics, which allowed us to separate fission from other reaction channels
and to facilitate the identification of both fission fragments in atomic and
mass numbers. Then we will explain the procedure to identify and select
the fission events in order to reconstruct the fission fragments in atomic and
mass numbers. Finally, we will describe the corrections and reconstruction
method utilized in this work to determine the isotopic distribution of the
fission fragments.

2.1 Description of the experimental setup

The experiment was performed at the GSI facilities in Darmstadt (Germany),
where the SIS18 synchrotron was used to accelerate ions of 2*Pb up to 6504
MeV with an intensity around 10° ions/s. The primary beam was then guided
to Cave C where fission reactions were induced in a cylindrical target filled
with liquid-hydrogen produced in a cryostat.

Figure 2.1 shows a top-view schematic representation of the detector setup
[24, 25, 178] 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) [179] used to measure the time-of-flight (ToF) of
the fragments, a multisampling ionization chamber (MUSIC) [180] and a
time projection chamber (TPC) [181]. These last two detectors provided the
beam identification and its position on the target, respectively.

The second part consists of a double multisampling ionization chamber
(Twin MUSIC) [182], two multiwire proportional counters (MWPCs) [178,
183], a large acceptance dipole magnet (ALADIN) [66] and a ToF Wall [179].
The Twin MUSIC chamber has a central vertical cathode that divides its
volume into two active parts, segmented in ten anodes each. These anodes
provided ten independent energy-loss and drift-time measurements, which
allowed us to obtain the atomic numbers and the angles on the plane X-
Z. MWPCs, situated in front and behind the dipole magnet, provided the
horizontal (X) and vertical (V') positions of the fission fragments. Finally, a
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ToF Wall made of 28 plastic scintillators allowed us 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) [179]. The ALADIN magnet was set to a magnetic
field of 1.6 T and its gap (200 cm long, 50 cm high and 100 cm wide) 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. The pipes were sealed by windows made of aluminized-
mylar foils with a thickness of 35 ym and 50 pum, respectively. In all the cases,
the helium gas was employed to reduce the energy and angular straggling of
the fission fragments.
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Figure 2.1: (Color online) Top schematic view of the used experimental setup.
Sizes are not to scale.

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

2.1.1 Twin MUSIC

The Twin MUSIC detector [182] (see the left pad of Fig. 2.2) is a double
multisampling ionization chamber that was filled with P25 (74.5% of Argon,
25% of CHy, and 0.5% of COs) gas during the experiment. The chamber was
sealed by two windows made of aluminized-mylar foils with a thickness of 25
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pm. This detector has a central vertical cathode with a thickness of 12 ym
that divides its volume (60 cm long, 20 cm high and 20 cm wide) into two
active parts, segmented in twelve anodes each as shown in the right pad of
Fig. 2.2. The ten internal anodes were used for the read out of the induced
signals, while the external anodes were used to preserve the homogeneity of
the electric field inside the chamber. A Frisch-grid placed 0.5 cm in front
of the anodes and connected to ground was used to reduce the position
dependence of the primary ionization. The induced signal in each anode
is read out by a preamplifier, which sends the signal to a fast spectroscopic
amplifier (Mesytec MSCF-16). This amplifier divides the signal in two: one
signal is integrated and sent to a MC32 Analog to Digital Converter (ADC)
module while the other is sent to a Time to Digital Converter (TDC).

10 anodes

1 10 cm
' E

0.5cm
A

10x5 cm
5cm 5cm

Figure 2.2: (Color online) Left pad: Picture of the Twin MUSIC detector. Right
pad: Schematic view of a multiwire chamber. The wires are connected to a positive
voltage while the cathodes of the planes X and Y are connected to the preamplifiers
to process the signals.

The internal anodes provide ten independent energy-loss and drift-time
measurements, which allowed us to obtain the atomic numbers with a reso-
lution around 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).

2.1.2 MWPCs

MultiWire Proportional Counters (MWPCs) (see the left pad of Fig. 2.3),
situated in front and behind the dipole magnet (see Fig. 2.1), provide the hor-
izontal (X) and vertical (V) positions of the fission fragments. The MWPC
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situated in front of the dipole magnet is 20 cm high and 20 cm wide while the
MWPC situated behind the dipole magnet is 60 cm high and 90 cm wide,
both detectors were designed to cover the angular acceptance of the fission
fragments. During the experiment both MWPCs were filled with a mixture
of Argon (80%) and CO, (20%) sealed by two windows made of aluminized-
mylar foils with a thickness of 20 ym. The wires for obtaining the horizontal
and vertical positions were separated a distance of 3.125 mm and 5 mm, in
the horizontal and vertical planes respectively.

Figure 2.3: (Color online) Left pad: Picture of the MWPC placed behind the
dipole magnet. Right pad: Schematic view of a multiwire chamber. The wires
were connected to a positive voltage while the cathodes of the planes X and Y were
connected to the preamplifiers to process the signals.

When the ions (fission fragments or primary beam) pass through the gas
(see the right pad of Fig. 2.3), where there is an electric field imposed by a
cathode plane (paths) and a plan anode (wires), different primary ionization
electrons are created. These electrons are accelerated by the electric field
around the wire, causing a localised avalanche. This avalanche induces a sig-
nal in the paths of the cathode whose amplitude decreases with the distance
between the paths and the ion position. Using these signals, the ion trajec-
tory can be found by computing the amplitudes from all the paths [184, 185].
For this work we have used the hyperbolic secant method described in Ref.
[186].

2.1.3 ToF Wall for the fission fragments

The ToF Wall detector (see the left pad of Fig. 2.4) for the fission fragments
was made of 28 ELJEN-232 plastic scintillators of 3.2 cm wide, 60 cm long
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and 0.5 cm thick disposed vertically in one plane covering an are of 60 cm
(high) x 90 cm (wide), as shown in the right pad of Fig. 2.4. The scintillators
were coupled to HAMAMATSU H6533 (9 paddles) and H10580 (19 paddles)
fast photomultipliers in both extremes. The signal of the photomultipliers
was read out by special TDCs (VFTX modules) built at GSI with a time
resolution around 20 ps. These features allowed us 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 (see Fig. 2.1)
with a resolution around 40 ps (FWHM) [179] and the vertical position with
a resolution of 3 mm (FWHM).

Figure 2.4: (Color online) Left pad: Picture of the ToF Wall detector for the
fission fragments. Right pad: Schematic view of the ToF Wall.

2.1.4 ToF Wall detector for the light-charged particles

The ToF Wall detector (see Fig. 2.5) for the light-charged particles was
placed in front of the Twin MUSIC chamber (see Fig. 2.1). This detec-
tor consists of two detection planes of segmented plastic-scintillators (50 cm
long, 6 cm wide and 1 cm thick), one with six horizontal paddles and another
with six vertical paddles, which leave a square hole (12.5 x 12.5 cm?) in the
center for the transmission of the fission fragments. Because of the reaction
kinematics, most of the fission fragments go through the Twin MUSIC, while
a large fraction of the light-charged particles escape the target to reach this
ToF Wall. The scintillators were coupled to HAMAMATSU R8619 photo-
multipliers in both extremes to process their signals. The time and charge
signals of the scintillators were registered by using a TDC (V795) and a QDC
(V785), respectively.
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Figure 2.5: (Color online) Picture of the ToF Wall detector used to detect the
light-charged particles.

2.2 Identification of the fission events

A good identification of the projectiles is needed to exclude contaminants
and to determine the number of projectiles impinging on the target. For this
purpose, the ionization chamber MUSIC, placed in front of the target, was
used to register the projectiles event by event, while recording also their en-
ergy loss. This additional information is needed because the incoming 2*Pb
projectiles may also react in the different layers of matter placed upstream
of the liquid-hydrogen target, in particular the plastic scintillator. For those
events the lead ions may lose protons or neutrons thus resulting in a cock-
tail beam reaching the target. Projectiles with atomic numbers different to
Z = 82 could be identified based on their energy-loss signal measured in the
MUSIC chamber in front of the target. Unfortunately, reaction channels in
which only neutrons are removed could not be disentangled. However, their
nuclear reaction probability in the matter placed before the target was eval-
uated to be less than 0.5% of the total events, rendering their contribution
negligible.

Fig. 2.6 shows the atomic-number histogram deduced from the energy-
loss signals registered by the MUSIC chamber. Only the ions with an atomic
number inside the window defined by the two vertical lines in Fig. 2.6 are
considered as 2*Pb projectiles. By fitting the different peaks in the histogram
to Gaussian functions one can determine the contribution of each nuclear
charge.
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Figure 2.6: (Color online) Atomic-number histogram of the ions detected with
the ionization chamber placed before the target for the reaction 2°8 Pb(500A MeV)
+ p.

As can be seen in the figure, the window contains three nuclear charges
leaving the contamination of ions with Z # 82 to be less than 1.6%, 1.1% for
Z = 81 and 0.5% for Z = 83. Z = 81 projectiles are produced in knock-out
reactions upstream from the target while Z = 83 is attributable to nuclear
charge-exchange reactions. Moreover, a TPC chamber, calibrated with a
mask, was used to check the impinging position of the projectile ions at the
target. Both position distributions are shown in Fig. 2.7. The widths of
both distributions are less than 4.5 mm (FWHM). Similar distributions are
obtained for the three beam energies used in this work.

Fission fragments can be identified in atomic number using the Twin
MUSIC ionization chamber. This detector provides the identification by
measuring the energy-loss signals registered by the ten anodes parallel to
the common cathode. These anodes provide also the angle and the posi-
tion of both fission fragments due to their drift time measurements, in the
two gas volumes, right and left of the common cathode. Fig. 2.8 shows the
two-dimensional spectrum of the energy lost by the fragments (in channels)
registered in the two parts of the Twin MUSIC chamber. This spectrum is
collected under the condition defined by the window in Fig. 2.6. Fission
events are selected by the triangular window indicated in Fig. 2.8. Frag-
mentation reaction residues and direct beam ions populate the edges of the
spectrum. We can also observe beam pileup that is registered in both sides
of the chamber and populates the upper right corner of the figure. As can



New experimental approach 36

be seen in the figure, fission fragments are well separated from other reaction
channels.
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Figure 2.7: Position distributions of the beam ions in horizontal (solid histogram)
and vertical direction (dotted histogram) as determined by the TPC for our mea-
surement at 500A MeV.
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Figure 2.8: (Color online) Scatter plot of the energy-loss signals register by the
two gas volumes of the Twin MUSIC chamber for the reaction 2° Pb(500A MeV)
+ p. Fission fragments are located inside the triangular window.

However, fission events can also be induced in other layers of matter
traversed by the beam. Luckily, the contribution to fission of each layer of
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matter can be tracked back by using the Twin MUSIC, which provides the
angle on the plane X-Z and the horizontal position of both fission fragments.
The reconstruction is made taking into account that fission fragments follow
straight trajectories inside the Twin MUSIC. These trajectories are obtained
from linear fits of the drift time signals registered by the ten anodes. The
position where fission took place is defined as the intersection point, reaction
vertex, between the left and right trajectories. The reconstruction of fission
reaction vertex is shown in Fig. 2.9. This spectrum is collected under the
conditions defined by the window in Fig. 2.6 and the triangular window in
Fig. 2.8. It is clear from the figure that the Twin MUSIC tracking makes it
possible to separate between the fission events produced at the target position
and fissions originating from other layers of matter, such as the helium gas
inside of the pipe or the air between the windows of the target and the helium
pipe. However, we can not separate the contribution from the aluminized-
mylar windows because these windows have a thickness of 35 pm and their
reaction probabilities are negligible. Only events inside the window, defined
by the two long-dashed lines in Fig. 2.9, are counted as fission.
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Figure 2.9: (Color online) Reconstruction of the fission reaction vertex along

the Z-coordinate using the tracking capabilities, taking the position of the multi-

wire proportional chamber as reference point. The long-dashed lines define the

window of fission events taking place inside the hydrogen volume for the reaction
208 pp(500A MeV) + p.

In Fig. 2.10 we present a cluster plot of the energy loss signals registered
by the two sections of the Twin MUSIC taking the conditions indicated
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in figures 2.6, 2.8 and 2.9 into account. In this figure, we can see a clear
identification of fission events.

However, as will be shown in chapter 3, the detection probability of the
experimental setup does not fully reach 100% and thus not all fission events
are contained inside the window of Fig. 2.9, but this can be easily corrected.
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Figure 2.10: (Color online) Energy loss of the two fission fragments measured
independently in the two parts of the Twin MUSIC plotted versus each other under
the conditions shown in figures 2.6, 2.8, and 2.9.

2.3 Isotopic identification of the fission frag-
ments

2.3.1 Atomic-number identification

The atomic number of the fission fragments could be deduced based on the
fact that the energy loss is proportional to the atomic number squared. In
Fig. 2.11(a) we show the measured atomic-number histogram in the left part
of the Twin MUSIC detector (dotted histogram), corrected by the corre-
sponding ToF measurements as shown in Fig. 2.11(b). The final achieved
resolution (solid histogram in Fig. 2.11(a)) was better than 0.43 charge units
(FWHM). The peaks were then calibrated using a previous measurement of
the isotopic distribution of the fission fragments produced in this reaction
as a reference [187]. Similar results were obtained for the right part of the
detector.
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Figure 2.11: (Color online) (a) Atomic-number histograms of fission fragments
detected in the left part of the Twin MUSIC chamber for the reaction 2% Pb(500A
MeV) + p. The dotted histogram corresponds to the measured distribution, while
the solid histogram represents the same distribution after ToF corrections. (b)
Atomic number measured in the left side of the Twin MUSIC detector as a function
of the time-of-flight. The dashed line shows an example of the ToF correction
needed to improve the resolution of the atomic number.

The sum of the atomic numbers of the two fission fragments corresponds
to the atomic number of the fissioning system (Z; + Z») assuming no proton
evaporation after scission. As shown in Ref. [28], the distribution obtained
with the sum of the two atomic numbers provides an absolute calibration of
the atomic number of the fissioning system. Taking this fact into account,
in Fig. 2.12 we show a scatter plot of the atomic numbers registered in
both sides of the Twin MUSIC chamber after ToF corrections and based
on independent calibrations. As can be seen in the figure, the dashed line
corresponds to the atomic number Z; + Z, = 83, which is produced by single
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charge-exchange processes between projectile and target nuclei [188, 189].
Beyond the dashed line one can also observe spots due to the production
of double charge-exchange reactions. These results are in agreement with
previous measurements [28].

[¢)]
()]

%
Zi*Z,783 iy

&

N
5.3
=N

1 \\HHI__

Left si
S
[¢)]

(

1

N
R 10

N
o
/
|

Atomic number
w
4]

w
o

I

S TS T TS T I T T T [ i

30 35 40 45 50
Atomic number (Right side)

Figure 2.12: (Color online) Atomic numbers registered in coincidence by the
Twin MUSIC in the reaction **® Pb(500A MeV) + p. The dashed line represents
the fissioning systems with atomic number Zy + Zs = 83.

2.3.2 Mass-number identification

The horizontal positions obtained from the MWPCs and the angles from
the Twin MUSIC chamber give access to the curvatures of the trajectories
of the fragments inside the dipole magnet ALADIN, providing their mag-
netic rigidity by taking into account the value of the magnetic field (1.6
T). The entrance angles on the plane X-Z were obtained from linear fits of
the positions recorded by the ten anodes of the Twin MUSIC chamber. In
Fig. 2.13 we present the position resolution (FWHM) of the anodes, ob-
tained as the difference between the linear fit and the positions registered by
the corresponding anode, as a function of the atomic number of the fission
fragments. The position at each anode was obtained by using its drift-time
signal and the velocity of the electrons in the gas. The resolution is shown
for the left (solid squares) and right (solid circles) side. As can be seen in
the figure, the resolution depends on the atomic number, as expected be-
cause the deposited energy in the anodes increases with the atomic number
of the fission fragments. Therefore, the signal-to-noise ratio increases with
the atomic number, improving the position resolution. In the figure, one
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can observe that both sections of the Twin MUSIC chamber have similar
position resolutions, evolving from 85 pm to 35 pm with the atomic number.
These resolutions correspond to angular resolutions between 0.4 mrad and
0.1 mrad, respectively.
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Figure 2.13: (Color online) Mean position resolution provided by the Twin MU-
SIC for the anodes used in the tracking as a function of the atomic number of the
fission fragments.

Full identification of the fission fragments is made using a ray-tracing
method [190] coupled to GEANT4 simulations [191, 192, 193] to reconstruct
their mass numbers. In the simulation, we took into account the composition,
dimensions, and positions of the detectors, as well as the magnetic field and
helium gas inside the dipole magnet ALADIN. Outside of the magnet we
assume that fission fragments follow straight-line trajectories.

The reconstruction of the trajectories is performed using the measured
atomic numbers, positions and angles of the fission fragments before the
dipole magnet ALADIN, as well as the positions on the target given by the
TPC and tracking capabilities of the setup as an input for the simulation.
First, different trajectories are simulated for each fission fragment covering
the expected range of Bp, between 6—10 Tm. The simulated trajectories are
then used to parametrize the experimental Bp and flight path length of each
fission fragment as a function of the position of the MWPC situated behind
the dipole magnet, as shown in Figs. 2.14(b) and 2.14(c) respectively. Then,
these parametrizations together with the experimental position recorded by
the MWPC are used to obtain the experimental flight path length and Bp
of each fission fragment. Finally, the measured ToF together with the recon-
structed flight path length are used to deduce the velocity of the fragments
with a resolution of Av/v ~ 0.11% (FWHM).
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(a) Picture in the plane X-Z of our method applied to reconstruct
trajectories inside the magnet. Different trajectories are simu-
lated for the measured polar (6y) and azimuthal (®y) angles at
the entrance of the magnet.
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Figure 2.14: (Color online) Bp and flight path length correlations found with the
reconstruction method.

Consequently, the mass number (A) is obtained for each fission fragment
from its magnetic rigidity, velocity and atomic number, according to the
equation:
eZ Bp
u Pye
where Z is the atomic number provided by the Twin MUSIC detector (see
Fig. 2.11(a)), B is the magnetic field inside the magnet, p is the radius
of the trajectory, u is the atomic mass unit, e is the electron charge, v =
1/4/1 —0v2%/c?, v is the velocity of the ion and c is the velocity of light.

A= (2.1)
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Figure 2.15: (Color online) Cluster plot of the detected fission fragments display-
ing the correlations between the atomic number, obtained from energy-loss measure-
ments in the Twin MUSIC detector, and the mass-over-charge ratio (A/Z) deter-
mined from magnetic rigidity and time-of-flight measurements. This plot provides
a full and unambiguous identification in mass and atomic number of all fission
fragments produced in the reaction 28 Pb(500A MeV) + p.
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Using this procedure, the mass number of each fission fragment is ob-
tained. The absolute calibration in mass number was obtained using previ-
ous measurements [187] as reference. Figure 2.15 shows a scatter plot of the
atomic number as a function of the mass-over-charge ratio (4/7) obtained
in this experiment. As can be seen in the figure, a clear identification of
fission fragments is achieved with an average resolution of AA/A ~ 0.63%
(FWHM).






Chapter 3

Presaddle fission dynamics

As discussed in section 1.2, different experimental observables have been
proposed in previous works to investigate the dynamics of the fission process
at small deformations, such as the total and partial fission cross sections,
width of the charge distribution of the fission fragments and emission of
particles. However, all these observables were measured separately using
different techniques. Therefore, in this chapter we investigate the ground-to-
saddle dynamics of the fission process revisiting many of these observables
but using a experimental setup that allowed us to measure all of them in the
same experiment.

Moreover, we use optimal experimental conditions for the investigation of
the fission dynamics by investigating the fission of almost spherical nuclei at
high excitation energies and low angular momentum produced in collisions
of 2%Pb projectiles accelerated at relativistic energies. Fortunately, these
conditions also represent a good approach to study the effect of the level
densities on the experimental observables, such as the fission cross sections,
partial fission cross sections and width of the atomic-number distribution
of the fission fragments, because the effect of the rotational and vibrational
excitations on the level densities washes out at excitation energies around 40
MeV [108, 147].

In this work the reactions 2®*Pb(3704, 5004, and 6504 MeV) + p and
28Ph(5004 MeV) + 27Al were selected to investigate the evolution with
the energy and entrance channel of different observables characterized to be
sensitive to the presaddle fission dynamics, such as the total and partial
fission cross sections [27, 28, 135, 194], the width of the charge distribution
of the fission fragments (investigated by Jurado et al. [27], Ayyad et al. [28],
and Schmitt et al. [137]), and the emission of light-charged particles [6].
In sections 3.1, 3.2, and 3.3 we will analyse and discuss these observables.
Finally, in section 3.4 the total fission cross sections, width of the charge
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distribution of the fission fragments and emission of light-charged particles
will be compared with different model calculations to extract information
on dissipative effects at small deformation in fission. Moreover, the total
and partial fission cross sections and the width of the charge distribution
will be used to investigate the level densities, in particular the level-density
parameter.

3.1 Total fission cross sections

The complete inventory of residual fragments produced in spallation reac-
tions induced by protons on lead at 500 and 1000 A MeV has been already
determined [21, 187]. These measurements were performed in inverse kine-
matics by employing a high-resolving power magnetic spectrometer. Despite
the accuracy of the spectrometer, which was sufficient to identify the reaction
products in terms of their mass and atomic number, the measurement of fis-
sion residues was affected by the limited angular and momentum acceptance
[19]. This could explain the unexpected high fission cross section obtained
at 5004 MeV (232 mb) [187]. Indeed, a later measurement of this cross sec-
tion performed by Schmidt and collaborators [195], based also on the inverse
kinematics technique but detecting both fission fragments in coincidence,
provided a lower fission cross section (146 mb).

Proton induced fission cross sections on lead have also been measured
in direct kinematics experiments covering a large range in energy [12]. In
this case limitations associated with the absorption of the fragments in the
target and the techniques used for the identification of the fission channel,
could also explain the discrepancies, up to 50%, observed in these measure-
ments. Therefore, the systematic of the proton on lead fission cross section
established by Prokofiev some time ago [12] could be questioned.

To clarify these discrepancies, in this work the total fission cross sections
of the reactions 2°Pb+ p at 3704, 5004, and 6504 MeV and 2°%Pb + 27Al
500A MeV were measured with high precision. The SIS18 synchrotron was
used to accelerate ions of 2%Pb up to kinematic energies of 6504 MeV with
an intensity around 10° ions/s. The primary beam was then guided to the
experimental setup where fission reactions were induced in different targets.
A cylindrical target filled with liquid-hydrogen (~ 85 mg/cm?) was used
to investigate spallation-induced fission, while fragmentation-induced fission
was investigated using an aluminium target (~ 1080 mg/cm?).

The use of the inverse kinematics technique allowed us to separate fis-
sion from other reaction channels and also facilitates the identification of
both fission fragments (see section 2.2). Fission events were identified using
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energy-loss measurements performed with a double multisampling ionization
chamber (Twin MUSIC). In addition, the tracking capabilities of this detec-
tor permitted us to select fissions produced at the target position (see section
2.2).

The number of projectiles (N,) was determined by using a multisampling
ionization chamber (MUSIC) (see section 2.2) while the number of fission
events (Ny) was obtained from a double multisampling ionization chamber
(Twin MUSIC) whose tracking capabilities permitted us to count fissions
produced at the target position (see Fig. 2.9). Their statistical uncertainties
are given by Poisson statistics according to the observed number of counts,
and for the three measurements they were below 1%.
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Figure 3.1: (Color online) Horizontal (z-coordinate) position of the fission frag-
ments recorded by the MWPC chamber for the reaction 2°® Pb (500A MeV) + p.
The two dashed vertical lines indicate the shadow due to the cathode in the center
of the Twin MUSIC chamber. The full line is the result of a fit to the histogram.

An important factor to obtain an accurate value of the cross sections is to
determine the efficiency of the experimental setup. The main contributions to
the detection efficiency are the finite transversal size of the primary beam and
its alignment with respect to the cathode placed in the middle of the Twin
MUSIC chamber. Fission fragments emitted close to the vertical plane may
hit the cathode or pass through the same part of the Twin MUSIC chamber
and without being registered as fission events. Moreover, fission fragments
with a very large angular aperture could hit the aluminium pipe placed in
front of the Twin MUSIC chamber reducing thereby the fission detection
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efficiency. To evaluate the losses on the cathode of the Twin MUSIC we
use the MWPC chamber, which allows us to evaluate the shadow induced
by the cathode plane. Fig. 3.1 shows the horizontal position of the fission
fragments recorded by the MWPC chamber. This spectrum is collected under
the condition defined by the window in Fig. 2.9, i.e., fission events induced
by the hydrogen target. In the figure, the shadow due to the cathode is
indicated with two vertical lines. The full line shows the result of fitting the
distribution with a function defined as the sum of a fourth-order polynomial
and a Gaussian. The loss of fission events is estimated based on the difference
between the fit and the measured spectrum, obtaining a value around 4.5%
for the reaction 2*Pb (5004 MeV) + p.

Fission events lost because both fragments passed through the same part
of the Twin MUSIC chamber, are estimated by using a simulation. In this
simulation, based on the GEANT4 code [191, 192, 193], fission events were
generated with the reaction models INCL4.6 [159] and ABLAO7 [160] and
then propagated through the experimental setup taking electromagnetic and
nuclear interactions in all layers of matter into account. Fission fragments
originating from fissions in the target were simulated based on the target
thickness (11.24 mm) and the beam profile (4 mm FWHM).
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Figure 3.2: (Color online) (a) Simulated efficiency for the detection of both fis-
sion fragments in the same section of the Twin MUSIC detector as a function of
the misalignment distance between the beam and the central cathode of the detector
for the three energies investigated in this work. The vertical lines represent the
mean value of the measured misalignment for each energy. (b) Simulated geomet-
rical efficiency due to the finite size of the helium pipe located between the target
and the Twin MUSIC detector. The vertical line represents the pipe radius.
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Table 3.1: Fission reaction with its corresponding corrections due to Twin MU-
SIC efficiency, fission events lost on the helium pipe, beam attenuation in the target
and secondary reactions of the beam.

Twin MUSIC Pipe Beam Secondary
Reaction efficiency correction attenuation reactions

Erwinmusic [%] & [%] foeam %] for [0]
28Ph (3704 MeV) + p 86 £ 2 66 £ 2 3.6 £ 2 20£1
208Ph(5004 MeV) + p 88 £ 2 94 £+ 2 3.8 2 21+£1
208Ph(6504 MeV) + p 87 £ 2 99 +£ 1 4.0 £ 2 22+1
208Ph(5004 MeV) + 27Al 88 £ 2 100 £ 1 4.0 £ 2 22+1

This simulation provides the probability that both fission fragments pass
through the same part of the Twin MUSIC chamber, which depends on
the misalignment between the cathode and the horizontal position of the
beam ions. The results of the simulation are shown in Fig. 3.2(a). This
figure represents the average efficiency (lines) with its associated uncertainty
(dashed area) as a function of the distance between the beam and the cathode
of the Twin MUSIC for the three energies used in the experiment. The
vertical lines represent the mean position of the beam ions for each energy
obtained with the MWPC detector placed behind of the Twin MUSIC. One
can see that, as expected, the efficiency decreases with the misalignment
between the beam ions and the cathode of the Twin MUSIC detector and
increases with the energy of the beam.

The simulation is also used to obtain the efficiency loss due to the limited
size of the aluminium pipe placed in front of the Twin MUSIC chamber. In
this case, the efficiency depends on the radius of the pipe and the energy of
the beam. The results of the simulation are shown in Fig. 3.2(b) with their
associated uncertainty.

As can be seen in Table 3.1, all applied corrections are rather small, the
largest being those corresponding to the attenuation of the beam intensity
in the target, the lost fission events in the helium pipe and the detection
efficiency of the Twin MUSIC chamber. The correction of the beam attenu-
ation in the target is obtained from the reaction probability of the incoming
projectiles in half of the target thickness calculated with the code INCL4.6
[159]. The obtained corrections for the three energies, 3704, 5004, and 650 A
MeV, were 3.6%, 3.8% and 4.0%, respectively. This correction for the reac-
tion 2%Pbh(500A4 MeV) + 27Al was obtained using the reaction probability
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calculated with the code Karol [196], obtaining a correction factor of 4.0%.
Secondary reactions of the beam ions in the target are also evaluated based on
the nuclear reaction rate in half of the target thickness. The obtained correc-
tions are below 2.2% for all the cases. Moreover, the fission fragments could
also undergo secondary reactions between the target and the Twin MUSIC
chamber and not be counted as fission events. The corresponding probability
for the different layers of matter is below 0.4% for the three experimental en-
ergies. The systematic uncertainties associated to these corrections are also
listed in Table 3.1. A background correction (fy.) from the reconstruction
of the fission reaction vertex along the Z coordinate (see Fig. 2.9) was also
taken into account. This correction was estimated to be below (2.1 + 1)%
for all the investigated reactions.

Table 3.2: Measured fission yields (ny = N¢/N,) for each reaction. The
total fission yield nﬁf’t represents corrected fission yield, n?"t = Ing-(1-fsr)-(1-

v )/ [ETwinmusic - €pc (1-fream)]- The fission cross section is given by o = -
p

ln(]—n’}Ot)/Nt, where Ny represents the number of nuclei in the target per unit
area.
Fission Total Total fission
Reaction yield fission yield cross section
ng n'’ [mb)]

28Ph(3704 MeV) + p 0.00359 0.00629 £ 0.00031 123 £ 7
28Ph(5004 MeV) + p 0.00630 0.00762 £ 0.00031 149 £ 8
28Ph (6504 MeV) + p 0.00716 0.00838 4= 0.00030 164 + 8
28Ph(5004 MeV) + 27Al 0.00493  0.00558 + 0.00031 233 + 15

The results obtained for the total fission cross section are listed in Table
3.2 and displayed in Fig. 3.3 (solid circles) as function of the kinetic energy of
the proton and compared to previous measurements reported in literature for
the reactions p + "*Pb and 2°Pb + p. Fission cross sections of "®Pb(p,f)
are expected to be above the ones of 2®*Pb(p,f) because of the lower fis-
sion barriers of the naturally abundant lead, with more proton-rich isotopes.
The expected difference between the fission cross sections of 2%Ph(p,f) and
natPh(p,f) is less than 10% [197].

As can be seen in the figure, our data have in general better accuracy
than any of the previous ones. Moreover, our measurement at 500 MeV is in
perfect agreement with the recent measurement of Schmidt and collaborators
(solid triangle up) [195] using a similar experimental technique. However, the
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cross section obtained by Ferndndez and collaborators (solid square) [187]
using the magnetic spectrometer FRS at GSI exhibits an important deviation
with respect to our results and the general systematics. This deviation could
be due to the limited acceptance of the spectrometer used in that work [19].
The present results are consistent with the measurements using proton
induced fission on 2Pb between 50 and 200 MeV obtained by Flerov (diag-
onal crosses) [198], Shigaev (crosses) [199] and Duijvestijn (open star) [200].
The same occurs when one compares our data with the measurements of
"t Ph between 50 and 200 MeV, which were performed by Shigaev (open tri-
angles up) [199], Duijvestijn (open triangle down) [200] and Bychenkov (open
squares) [201], as well as with the values reported by Konshin (stars) [202]
between 150 and 400 MeV. Moreover, the results obtained by Enqvist and
collaborators (open circle) [21] with 2°Pb at 1000 MeV using the magnetic
spectrometer FRS, also seems consistent with the extrapolation of our data.
One can observe that the cross section obtained by Gloris (open diamond)
203] with "*Pb at 1000 MeV is consistent with the previous measurement of
Enqvist and collaborators (open circle) because, as already mentioned, the
measurements performed with "™Pb must be above those with 2°Pb.
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300 /A Shigaev O.E.
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Figure 3.3: (Color online) Total fission cross sections measured in the present
work (solid circles) as a function of the proton energy in comparison to previously
measured data for the reactions p + "*Pb and *°°Pb + p. The dashed line is a
guide to the eye.
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Our measurements are also in agreement with the values reported by
Hagebg (open cross) [204] and Brandt (solid star) [205], who measured in
direct kinematics the reaction p + "*Pb at 600 and 590 MeV, respectively.
Finally, the results reported by Kotov (small solid squares) [206] measuring
proton-induced fission on "*Pb covering a large range of kinetic energies
show a systematic underestimation of the cross sections compared to the
other measurements. However, the relative evolution of Kotov’s data with
the proton energy confirms the tendency shown by our data between 300 and
700 MeV and the extrapolation up to 1000 MeV. One can also observe that
the measurement reported by Vaishnene (solid triangle down) [207] at 1000
MeV presents the same underestimation.
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Figure 3.4: (Color online) Comparison between Prokofiev’s systematics for

proton-induced fission on 2°®Pb (dashed line) and different measurements (sym-
bols). The solid line represents a fit of the new data using Prokofiev’s equation.

The new measurements together with the validated data for other ener-
gies were used to benchmark the parametrization of total fission cross sec-
tions for proton-induced reactions on 2*®Pb performed by Prokofiev [12]. The
parametrization shown in Eq. 3.1, was first proposed by Fukahori and Pearl-
stein [208] and later modified by Prokofiev to take into account the reduction
of the fission cross sections at energies above 1000 MeV.

o;(E) = P(1—e PBEP 1 - Pin(E)) (3.1)

Fig. 3.4 shows the measurements obtained in this work (solid circles) to-
gether with the data reported by Schmidt (solid triangle up) [195], Enqvist
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(open circle) [21], Flerov (open squares) [198], Shigaev (crosses) [199] and
Duijvestijn (open star) [200] in comparison to the systematics proposed by
Prokofiev [12] for 2®Pb(p,f) reactions (dashed line). Clearly the systematics
of Prokofiev underestimates the data for energies larger than 300 MeV while
at low energies the systematic seems to reproduce the data fairly well. This
is an expected result because the systematics were obtained by fitting the
low-energy measurements and the one at 1000 MeV reported by Vaishnene
and collaborators [207]. However, we have only taken into account the mea-
surement of Enqvist and collaborators [21] because it is in better agreement
with the tendency of our data.

In order to obtain a better parametrization of the proton on lead total
fission cross sections, we have repeated the fit using the data shown in Fig.
3.4. In this fit we have fixed the parameter P, to the same value given by
Prokofiev to avoid divergences because of the limited number of measure-
ments above 700 MeV. The new values of the parameters are shown in Table
3.3 and are compared with the previous ones obtained by Prokofiev. The
result of this new fit is also shown in Fig. 3.4 as solid line.

Table 3.3: Parameters of the parametrization of the total fission cross sections
for the reaction p + 292 Pb obtained in this work and the ones previously proposed
by Prokofiev.

P, P, P P4 x*/v  Reference

179 52.8 0.00378 0.00203 6.76  This work
142 52.7 0.00665 0.00203 1.26 Prokofiev [12]

3.2 Partial fission cross sections and width of
the charge distribution

Several works have shown that the investigation of other observables, such as
partial fission cross sections and widths of the atomic-number distributions
of the final fission fragments, as a function of the sum of the atomic number
of the two fission fragments also provide relevant information on the evolu-
tion of the fission process, in particular, on the ground-to-saddle dynamics
(27, 28, 134, 137]. In this section, we investigate how these two observables
evolve with the violence of the reaction changing the target mass and the
bombarding energy of the projectile.



55 Presaddle fission dynamics

The partial fission cross sections were obtained normalizing the yields of
the fissioning system, calculated according to the sum of the atomic num-
bers of the two fission fragments measured with the double multisampling
ionization chamber Twin MUSIC (see section 2.2), to the total fission cross
section measured in the present work (see Table 3.2). The sum of the atomic
numbers of the two fission fragments (Z; + Z;) corresponds to the atomic
number of the fissioning system, assuming no proton evaporation beyond
the saddle point. This assumption is justified because the fission fragments
are neutron-rich [187] and they mainly deexcite by neutron emission. This
observable shows a strong correlation with the impact parameter and then
with the excitation energy gained by the fissioning system at saddle [27, 28].
Therefore, it is considered a good tool to constrain model calculations for
fissioning systems with different fissilities and excitation energies.

On the other hand, the width of the atomic-number distribution of the
fission fragments is strongly correlated with the excitation energy of the
compound nuclei along the fission path, and from a statistical interpretation
this observable should be proportional to the temperature at the saddle point
[27, 134, 137] (see section 1.2.3). The investigation of this observable as a
function of the atomic number of the fissioning system (Z; + Z5) allowed
to study its evolution with the excitation energy, because fissions of the
heavier fissioning systems close to the projectile are produced in peripheral
reactions with low excitation energies, while the lighter fissioning systems are
attributed to central collisions where the compound nuclei are produced with
high excitation energies. According to the statistical model [145], the width of
the atomic-number distribution of the fission fragments can be parametrized
as a function of the temperature at the saddle point T, (see equation 1.4).
Tsq is related to the excitation energy at saddle (E%,)) as Tsq = /EZ;/asq,
where agq is the level-density parameter at the saddle point. Therefore, the
width of the atomic-number distribution represents a good tool to investigate
dissipative effects in fission and the description of the level-density parameter
at the saddle-point deformation, providing an important constraint for model
calculations.

In Fig. 3.5 we compare the partial fission cross sections of the reactions
measured in this work: 2°*Pb + p at 3704 (open crosses), 5004 (open circles),
and 6504 MeV (open diamond), and 2*®Pb + 27Al at 500A MeV (open
triangles). Our measurements are also compared to previous ones performed
by Ayyad and collaborators for the reaction 2*Pb + d at 5004 MeV (open
squares) [28].

The maximum value for the partial fission cross sections is always found
close to the projectile atomic number (Z; + Z; = 82). The cross sections
decrease with decreasing Z; + Z, because for the lighter fissioning systems the
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fission barriers become higher and also because smaller impact parameters
are less likely [209]. The partial fission cross sections of the lightest fissioning
systems are expected to increase with the violence of the reaction (either
projectile kinetic energy or mass number of the target nuclei) because more
nucleons are removed from the projectile. This fact is clearly observed in
Fig. 3.5.
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Figure 3.5: (Color online) Partial fission cross sections as a function of the
atomic number of the fissioning system (Z1 + Zs) for the reactions measured in
this work. The measurement of 2°Pb + d at 500A MeV performed by Ayyad et
al. [28] is also displayed.

In the same figure, one can see that fission from single and double charge-
exchange reactions Z; + Z, = 83 and Z; + Z, = 84, respectively, were also
measured in the present experiment. These charge-exchange reactions are
expected to be peripheral reactions that can occur by the exchange of a
virtual pion between the colliding nucleons (quasielastic charge exchange) or
the excitation of a nucleon resonance decaying by pion emission (inelastic
charge exchange). Therefore, the probability of these channels depends on
the absorption of the pion and on the probability of proton emission, either
in the intranuclear cascade or in the deexcitation stage. As can be seen in the
figure, the probabilities of these channels seem to decrease with the energy
of the reaction. These results are consistent with charge-pickup reactions
investigated with a beam of 2°*Pb impinging on proton and deuterium targets
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at 1A GeV [188]. On the other hand, for the reactions ***Pb + d at 5004
MeV (open squares) and 2%Pb + 27Al at 5004 MeV (open triangles) the
partial fission cross sections seem to be very similar for fissioning systems
below Z; + Z, = 81. However, one can see that the reaction 2%Pb + 27Al
at b00A MeV covers a larger range in fissioning systems, indicating that the
abrasion process is more violent.
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Figure 3.6: (Color online) Width of the atomic-number distribution of the final
fission fragments measured in spallation and fragmentation reactions of 2°* Pb as

a function of the atomic number of the fissioning nuclei for different entrance
channels and projectile energies.

In Fig. 3.6 we display the width of the atomic-number distribution of the
fission fragments as a function of the atomic number of the fissioning system
(Z1+ Zy) for the different reactions measured in this work: 2**Pb + p at 3704
(open crosses), 500A (open circles), and 650A MeV (open diamond), and
208Ph + 2TAl at 5004 MeV (open triangles). As can be seen, the width of the
atomic-number distributions increases when decreasing Z; + Z5 as expected
from Eq. 1.4 if one considers that lighter fissioning systems reach the saddle
point with higher temperatures. Moreover, for all the reactions very similar
values of the width for each Z; + Z5 are obtained. This result indicates
that the width of the atomic-number distribution of the fission fragments
depends on neither the entrance channel nor on the bombarding energy of
the projectile, supporting then its statistical interpretation and its corelation
with the temperature of the fissioning systems at saddle [27, 134, 137] (see
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section 1.2.3). We can then conclude that this observable characterizes the
compound fissioning nuclei despite of the used reaction.

On the other hand, the range in Z; + Z5 covered in each reaction is
different because it reflects the initial violence of the reaction, and conse-
quently the evaporation effects due to the increase of excitation energy. The
same conclusions were also pointed out in a recent work performed by Ayyad
and collaborators [28] using proton- and deuteron-induced fission of 2°%Pb.
Therefore, this observable clearly provides an important constraint for model
calculations describing the evolution of the fissioning system from the ground-
state to the saddle-point configuration.

3.3 Light-charged particles

The investigation of the light-charged particles (Z = 1, 2 and 3) emitted in
fission events is also a good tool to study the ground-to-saddle dynamics of
the fission process. In the reactions investigated in this work, spallation and
fragmentation induced fission, the light-charged particles can be emitted from
the first stage of the reaction or through the deexcitation of the compound
nucleus. The measurement of these particles in coincide with fission is a
difficult task in direct kinematics due to the usual problems to detect the
fragments (see chapter 2). For this reason, our novel setup together with
the inverse kinematics technique represent an ideal scenario because all the
particles leave the target with high kinetic energies in the forward direction
facilitating their detection with high efficiency and precision.
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Figure 3.7: (Color online) Identification of particles in the scintillators of the
ToF wall for light-charged particles. The solid elipses indicate the selection of
particles. (a) No fission. (b) Fission.
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Because of the reaction kinematics, while most of the fission fragments
go through the Twin MUSIC, large fractions of the light-charged particles
escape the target to reach the plastic scintillators of the ToF Wall (see chapter
2). The time and charge of the scintillator signals were registered using a
TDC and a QDC, respectively. Figs. 3.7(a) and 3.7(b) show a scatter plot of
the time-of-flight of the detected light-charged particles as a function of their
energy loss deposited in the plastic scintillators, for trigger no fission and
fission respectively. These figures show the identified particles from Z =1
to Z = 3.

Figure 3.8 shows the light-charged particles detection efficiency factor as
a function of the multiplicity of light-charged particles with Z = 1 together
with its associated uncertainties (dashed area). These correction factors
were estimated with GEANT4 simulations [191, 192, 193] by using INCL4.6
[159]+ABLA07 [160] as event generator. Using these models, we estimated
that the major part of the particles emitted come from the cascade process
(~ 75%) being detected with a geometrical efficiency around 30%, while
the particles emitted in the deexcitation process could be detected with a
geometrical efficiency around 80%.

10
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Correction factor

3.
Multiplicity

Figure 3.8: (Color online) Total efficiency correction factor for light-charged
particles with Z =1 as a function of the multiplicity. These correction factors are
calculated for the three kinetic energies investigated in this work.

In the GEANT4 simulations [192], we took into account the dimensions
and positions of the ToF Wall as well as the intrinsic efficiency for each
particle. For light-charged particles with Z > 1 the intrinsic efficiency was
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assumed to be around 100% and for particles with Z = 1 the intrinsic ef-
ficiency was estimated to be: 85%, 80%, and 75% for the projectile kinetic
energies of 3704, 500A and 650A MeV, respectively. For the latter case the
intrinsic efficiency was determined using the total efficiency €, and the
geometrical efficiency €ge, as €t = €rotar/€ge0- The total efficiency was ob-
tained by counting the detected particles with respect to the emitted ones
from the fissioning system under the condition Z; + Z; = 81, where one
light-charged particle with Z = 1 is always emitted in the forward direction,
while the geometrical efficiency was calculated with the simulation under the
same conditions. This intrinsic efficiency was then included in the GEANT4
simulations [192] to obtain realistic total efficiency factors for larger multi-
plicities of light-charged particles with Z = 1. This is required because the
larger multiplicities contaminate the lower ones.
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Figure 3.9: (Color online) Probability of emission of particles with Z =1 as a
function of the multiplicity for the reaction ?°®Pb + p at different kinetic energies.

Figure 3.9 shows the probability of emission of particles with Z = 1 in
fission events as function of the total multiplicity of light-charged particles
per event for the reaction ***Pb + p at 370A (open triangles), 500A (solid
dots), and 650A (open squares) MeV. These distributions were obtained after
appling the correction factors shown in Fig. 3.8 to the measured multiplic-
ity distributions. Due to fact that the maximum multiplicity detected by
the ToF wall is six (maximum number of paddles), the tails of the distribu-
tions were extrapolated, as shown in Fig. 3.10. In this figure, the measured
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yields (solid triangles) were divided by the total efficiency factors of Fig. 3.8,
leading to the corrected yields (open squares). The tails of these corrected
yields were then extrapolated with a gaussian fit (solid line) to determine
the contribution of the multiplicities larger than six. Finally the distribution
of multiplicities was normalized to 100, leading to the results shown in Fig.
3.9.

In Fig. 3.9, the maximum of these distributions is close to lower mul-
tiplicities, as expected because most of the fissioning systems are produced
in peripheral collisions near the projectile. Then the tails observed towards
larger multiplicities can be attributed to the production of lighter fissioning
nuclei or higher excitation energies. As can also be seen in the figure, the
probability of larger multiplicities, as well as the maximum of the distribu-
tion, increase when increasing the bombarding energy. This tendency can
be attributed to the increase of the violence of the reaction (more particles
removed or emitted from the fissioning system).
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Figure 3.10: (Color online) The measured distribution of particles with Z = 1
for the reaction 2°*Pb 4 p at 650A MeV is shown in comparison to the one after
the corrections. The solid line represents the gaussian extrapolation.

The emission of particles in fission can also be studied with respect to
other deexcitation mechanims that end in evaporation residues. For this
purpose, the total number of particles detected in fission for each charge
Z =1,2,3,... was normalized to the one obtained with no fission selection.
These ratios as a function of the charge of the emitted particles are shown
in Fig. 3.11(a) for the reactions measured in this work: 2°Pb + p at 370A



Presaddle fission dynamics 62

(open triangles), 5004 (solid dots), and 650A (open squares) MeV, and 2**Pb
+ 27Al 500A MeV (solid triangles). The ratios seem to be very similar for
charge Z = 1 and Z = 2 and slightly decrease for charge Z = 3. The ratios
also increase with the energy of the reaction, which indicates an increase of
the fission probability with respect to evaporation one.
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Figure 3.11: (Color online) (a) Ratio of particles emitted in fission with respect
to other deexcitation mechanims that mainly end in evaporation residues as a func-
tion of the atomic number of the removed light-charged particle from the projectile.
(b) As (a) but for the width of the atomic-number distribution of the final fission
fragments.
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The measurement of the light-charged particles allowed to investigate
the evolution of the width of the atomic-number distribution of the fission
fragments as a function of the charge of the emitted light particle, as shown in
Fig. 3.11(b). Restrictions in the atomic number of the fissioning system (Z;+
Zs) were also considered to avoid contaminations of higher multiplicities:
1+ Zy >80 for Z =1, Z1+ Zy > 79 for Z = 2, and Z; + Zy > 78 for
Z = 3. It is observed that the width of the charge distribution increases
when increasing the charge of the emitted light particles. This increase of
the width could indicate an increase of excitation energy at saddle [134] from
a statistical point of view.

3.4 Discussion and comparison to model cal-
culations

3.4.1 Dissipative effects

Different experimental observables such as the prescission particle emission
[3, 6, 142] or the fission cross sections [8, 134, 135, 138, 210] indicate that
fission at excitation energies above 100 MeV cannot be explained by purely
statistical approaches like the transition-state method [2]. However, a de-
scription according to a diffusion process across the fission barrier seems
more appropriate [8, 135]. In this picture, a dissipation coefficient couples the
intrinsic and collective degrees of freedom determining how fast excitation
energy is transformed into deformation. This coupling between excitation
energy and deformation together with the stochastic nature of the process
introduces an average time, or transient time, the system needs to reach a
stationary fission flux across the barrier. The natural framework to describe
these processes are transport equations such as the Fokker-Planck [146, 211]
or Langevin [127, 141, 212] equations including the nuclear potential against
deformation, a dissipative and a stochastic term.

Grangé and collaborators [146] established that the optimal conditions
for investigating low-deformation dissipative and transient effects in fission
were the use of spherical fissioning systems with low-angular momentum
and excitation energies well above the fission barrier. Several works have
tried to fulfill these conditions at least partially. A first example are alpha-
induced fusion-fission reactions on tungsten targets at energies up to 140 MeV
[7]. This experiment demonstrated that the measured excitation functions
for the fission cross sections were compatible with a value of the transient
time smaller than Ti,.q,s = 1.2 x 1072! 5 [28]. Spallation reactions have also
been used to induce fission in gold [134], uranium [161] and tantalum [13§]
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targets. In these cases excitation energies up to several hundreds of MeV
were reached and relatively low angular momentum was induced, but for
the tantalum and uranium cases the fissioning systems were deformed. To
describe the measured cross sections, calculations taking into account the
initial deformation required dissipative and transient effects. The value of
the reduced dissipation parameter used to describe the data was around (4.5
+ 0.5) x 10*! s71. Similar results were obtained in peripheral fragmentation
reactions induced by different pre-actinides on a lead target by Schmitt and
collaborators [137].

For the reaction investigated in this work, fission induced by relativis-
tic protons on a lead target fulfills all the optimum requirements for the
investigation of dissipative and transient effects in fission. Moreover, the
combination of our measurements with validated previous ones, as discussed
in section 3.1, will help one to provide a complete excitation function for the
fission cross section of this reaction that will be used to investigate the onset
of transient effects. For the present study, the code ABLA07 was modified in
order to calculate fission rates using the Bohr-Wheeler statistical approach
2] or Kramers approach [79] (see also section 1.3.3).
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Figure 3.12: (Color online) Total fission cross sections measured in this work
(solid circles) and other experiments in comparison with a the dynamical descrip-
tion of fission based on a time-independent fission width given by Kramers (long-
dashed line) and to calculations using INCL4.6+ABLAO7 for different values of
the reduced dissipation parameter.
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In Fig. 3.12 we show different calculations compared with the cross sec-
tions obtained in this work and other data validated in section 3.1. In this
figure, the dashed line represents the result of a calculation taking dissipative
effects with a value of the reduced dissipation parameter 5 = 4.5 x 10%' s!
into account, but not considering transient effects. These calculations cor-
respond to the description of the fission process proposed by Kramers (see
section 1.3) [79]. As can be seen, this calculation clearly overestimate the
fission cross sections at high proton energies. However, the calculations de-
scribe rather well the cross sections for proton energies below 200 MeV. This
result is in agreement with other works [8, 146, 138, 210], where the authors
did not observe transient time effects for excitation energies below 100-150
MeV.

In the same figure, the solid line corresponds to calculations considering
a time-dependent fission width using the same value for the reduced dissipa-
tion parameter, 3 = 4.5 x 10?! s7!, according to the prescription proposed in
[167]. As can be seen, this calculation nicely describes the complete excita-
tion function of fission cross sections. The comparison with the calculations
without transient effects would indicate that these effects appear at exci-
tation energies above 110 MeV. This onset of transient effects at relatively
high excitation energies can be understood if one takes into account that the
average fission delay induced by a reduced dissipation parameter § = 4.5 X
10%* s7! corresponds to Tirans = 1.2 X 1072 s. Therefore, such a short time
delay can only be significant when the statistical time is of the same order.

The dotted-dashed and dotted lines in Fig. 3.12 represent similar calcu-
lations but with different values of the reduced dissipation parameter, = 3
x 10* s71 and 8 = 6 x 10?! s7! respectively. These additional calculations
were used to illustrate that all cross sections can be described with the same
value of the reduced dissipation parameter and consequently, no evidence
for a temperature dependence is observed. These conclusions, the onset of
transient effects at excitation energies above 110 MeV and the temperature
independence of the reduced dissipation parameter coincide with the ones
obtained in other works [8, 137, 146, 138].

To validate these conclusions on dissipation, these calculations are also
confronted with the data obtained for the light-charged particles emitted in
fission events. First, in Fig. 3.13(a) the average values of the multiplicity
distributions of Fig. 3.9 are displayed as a function of the projectile bom-
barding energy. The comparison to model calculations based on the Bohr-
Wheeler transition approach [2] (short-dashed line), Kramers approach [79]
(long-dashed line), and ABLAO7 [160] (solid line) reveals that this observ-

able is very sensitive to transient time effects. The same result is observed
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Figure 3.13: (Color online) (a) Average multiplicity of particles with Z = 1
as a function of the projectile bombarding energy for the reaction 2*Pb + p. (b)
Width of the atomic-number distribution of the final fission fragments measured
in the reaction 2 Pb(500A MeV) + p as a function of the atomic number of the
removed light particle from the projectile. In both figures the data are compared
with different model calculations (lines).

for the widths of the charge distributions of the reaction ***Pb(5004 MeV)
+ p displayed in Fig. 3.13(b). As can be observed in both figures, statis-
tical calculations clearly overestimate the data for both observables. This
same result is obtained for dissipative calculations based on the Kramers
approach. On the other hand, ABLAOQ7 calculations considering dissipative
and transient time effects provide a good description. The same comparison
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is performed in Fig. 3.14 for the ratios of particles emitted in the reaction
208Ph(5004 MeV) + p displayed in Fig. 3.11(a). As can be observed, dissi-
pative and transient time effects are also needed to describe this observable.
However, these observables do not seem to be sensitive to the value of the
reduced dissipation parameter (.
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Figure 3.14: (Color online) Ratio of particles emitted in fission with respect to
other deexcitation mechanims that mainly end in evaporation residues. The lines
represent different model calculations. The data are compared with different model
calculations (lines).

The investigation of the partial fission cross sections and the width of the
atomic-number distribution of the fission fragments are not shown because we
obtain the same results found in other works [27, 28, 137, 136]. Using fission
reactions induced by 23U projectiles impinging on a CH, target, Jurado and
collaborators [27] found that the partial fission cross sections are sensitive
to the dissipation parameter because that observable is strongly correlated
with the total fission cross sections, which depend on dissipative and transient
effects as shown in Fig. 3.12. On the other hand, they found that the width
of the atomic-number distribution of the fission fragments is more sensitive
to transient time effects than the value of the dissipation parameter. The
same observables were also studied by Schmitt and co-workers [137, 136,
213] using spherical radioactive heavy nuclei, obtaining the same results.
Both conclusions were also confirmed by Ayyad and collaborators [28] for
the reactions *Pb(5004 MeV) + p and 2%Pb(5004 MeV) + d. Therefore,

total and partial fission cross sections seem to be more sensitive to the value
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of the dissipation parameter while other observables, such as the width of the
atomic-number distributions of the fission fragments and the light-charged
particle multiplicities, are more sensitive to transient time effects.

3.4.2 Constraining the level-density parameter

Several recent works have proposed empirical modifications of this parameter
in order to describe fission rates [214, 215]. These authors claim that fission
rates can be described, even at high excitation energies, without considering
any transient time for fission. This conclusion contradicts the well-established
role of dissipative effects in the ground-to-saddle fission dynamics to explain
pre- and postscission neutron multiplicities [3], y-ray emission [5], multiplic-
ities of charged particles [6], as well as fission and evaporation residue cross
sections [8, 135, 138, 194].

The origin for such contradictory conclusions could be that an effec-
tive reduction of the level-density parameter at the saddle point with re-
spect to the ground-state value could mimic the fission hindrance induced
by dissipative effects. Therefore many authors claim that conclusions based
only on the use of fission rates to constrain the different parameters con-
tributing to the description of this process may lead to ambiguous results
(7,9, 134, 137, 143, 194].

For the investigation of the dependence on the level density, the fission
cross sections depicted in Fig. 3.12 are also contrasted with model calcula-
tions using several assumptions to describe the level-density parameter. The
results of the different calculations are shown in Fig. 3.15(a). The dot-
short-dashed and double-dot-dashed lines represent statistical calculations
for two different constant values of the level-density parameters, A/8 and
A/12; respectively. These calculations provide a reasonable description of
the measured cross sections at low energy but clearly underestimate the data
for proton energies above 300 MeV. In any case, these parametrizations of
the level density parameter are not too realistic because they do not consider
the deformation correlations at the ground state (a4s) and at the saddle point
(asd).

The same statistical calculation using Ignatyuk’s parametrization (see
section 1.1.3) for the level-density parameter (solid line) shows an overes-
timation of the data that increases with the proton energy. Finally, the
dotted line corresponds to another statistical calculation where the level-
density parameter at ground-state deformation was obtained using Igny-
atyuk’s parametrization while the same parameter at saddle deformation
was obtained as asq/ays = 1.034 following Ref. [214]. One can observe that
this calculation describes rather well the data for proton energies above 400
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MeV, but it overestimates the data at lower energies. This fact could indicate
that the factor between the level-density parameters at the ground state and
saddle is not constant with the energy due to the difference in the fissioning
system with the proton energy.
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Figure 3.15: (Color online) (a) Comparison of the fission cross sections for the
reaction 22 Pb + p as a function of the bombarding energy with different model

calculations (lines). (b) As (a) but for the the reaction " Pb + n. The data are
taken from Refs. [216, 217].

In the same figure, the dot-long-dashed line represents a calculation con-
sidering dissipative and transient time effects with a reduced dissipation pa-
rameter 5 = 4.5 x 10?! s7!, according to the previous conclusion. In these
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calculations the level-density parameter at the ground-state and the saddle-
point deformations was obtained from Ignatyuk’s parametrization. These
calculations provide a satisfactory description of the total fission cross sec-
tions for the complete range in proton energy covered by Fig. 3.15(a). Same
results were also found by Ye and Wang for fusion-fission cross sections of
pre-actinides using the Langevin approach [9] together with different descrip-
tions of the level-density parameter. From the comparison of the calculations
with the data Ye and Wang found that Ignatyuk’s parametrization provides
a better description of the evolution of the fusion-fission cross sections with
the excitation energy, using a value of (4.0 —4.5) x 10*! s7! for the reduced
dissipation parameter.

Same conclusions are found when the calculations are compared to the to-
tal fission cross sections induced by neutrons on "™Pbh over the same range of
energy covered by our data, but investigated in direct kinematics, as shown
in Fig. 3.15(b). The open circles represent a rather complete set of data
up to 200 MeV obtained by Shcherbakov and collaborators [216]. The open
diamonds correspond to the only existing set of data for energies above 200
MeV measured by Tarrio and collaborators [217]. The cross sections above
200 MeV were measured relative to 23°U. Absolute values were obtained
using evaluated total fission cross sections of **°U taken from JENDL/HE-
2007 evaluation [218, 219]. Here we only depict the results of two of the
calculations previously discussed, the statistical calculation with a constant
value of the ratio of the level-density parameter at ground-state and at sad-
dle deformations as4/ags = 1.034 (dotted line), and the calculation based
on the description of the fission dynamics as a dissipative process using
the parametrization of lgnatyuk to calculate the value of the level-density
parameter at ground-state and saddle deformations (dot-long-dashed line).
As observed for proton-induced reactions the statistical calculations with a
fixed ratio for the level-density parameter at ground and at saddle deforma-
tion overestimate the measured cross sections for neutron energies below 400
MeV. The dynamical calculation with a deformation-dependent level-density
parameter provides a satisfactory description of the data in this energy range.
At higher energies both calculations yield similar results.

The ABLAO07 model calculations shown in Fig. 3.15(b) reproduce the
data very well up to 550 MeV and within the error bars up to 750 MeV.
Above that energy value the calculations overestimate the data. Proton-
induced fission reactions have been intensively investigated at GSI at energies
around 10004 MeV with tantalum [138], gold [134], lead [21] and uranium
targets [161]. Total fission cross sections obtained in these measurements
were reasonably well reproduced by the same model calculations and param-
eters [138, 159] we use to describe the neutron-induced fission cross sections
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of Fig. 3.15(b). This validation of ABLAO7 model calculations with reactions
induced by protons around 1000 MeV and the good description of the neu-
tron data at energies below 750 MeV could indicate some problem with the
data shown in Fig. 3.15(b) above 750 MeV, that would be also supported by
the unexpected reduction in the measured cross sections above that energy
value.

The overall good description of the neutron-induced fission cross sections
with the same model calculations that also reproduce the proton-induced
fission allows us to validate two independent sets of data, at least up to
650 MeV, and represents an additional support to the conclusions obtained
with respect to the magnitude and temperature independence of the reduced
dissipation parameter.
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Figure 3.16: (Color online) Fission cross sections at 500 MeV of different nuclei
obtained from Refs. [138, 206] as a function of the fissility. The lines indicate

different model calculations. In the inset we show the ratio asq/ags obtained by
our model calculations as a function of the fissility.

To investigate a possible dependence of the ratio of the level-density pa-
rameter at the ground-state and at the saddle-point deformations with the
fissility, in Fig. 3.16 we compare our model calculations with proton-induced
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fission cross sections obtained for several actinides and pre-actinides between
181Ta and 23"Np at 500 MeV, taken from Refs. [138, 206]. These data al-
low us to cover a large range in fissility. In the figure one can observe that a
statistical model calculation with a deformation-dependent description of the
level-density parameter based on the parametrization of Ignatyuk (solid line)
overestimates the data, while a statistical calculation with a constant value
for the ratio of the level-density parameter at the ground-state and at the
saddle-point deformations aq/ays = 1.034 (dotted line) underestimates the
fission cross sections for nuclei below 2®*Pb. However, the fission cross sec-
tions can be described using the same calculation with a fissility-dependent
ratio asq/ays = fo (triple-dot-dashed line). On the other hand, one can also
describe the data using a dynamical calculation with a reduced dissipation
parameter 3 = 4.5 x 10*! s7! (dot-long-dashed line). In the inset of the
same figure we represent the ratio asq/ays calculated according to Ignatyuk’s
parametrization (dot-long-dashed line) and the variable ratio (f,) used in the
statistical model calculation (triple-dot-dashed line) as a function of the fis-
sility. The observed offset between the displayed ratios could be attributed
to the reduction induced in the stationary fission decay width by dissipation.
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Figure 3.17: (Color online) Fission cross sections of the reaction 2*Pb + p
at 5004 MeV as a function of the atomic number of the fissioning nuclei (open
circles). The lines represent different model calculations.

In Fig. 3.17 the partial fission cross sections of the reaction 2**Pb(500A
MeV) + p (open circles) obtained in section 3.2 are compared with differ-
ent calculations. Calculations based on a statistical description of the fission
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width and using the deformation-dependent parametrization of the level-
density parameter proposed by Ignyatuk et al. [105] overestimate the fission
cross sections except for the heaviest fissioning nuclei with the lowest excita-
tion energies (solid line). All other calculations previously discussed provide
a reasonable description of the data. This benchmark using dynamical and
statistical approaches to describe the fission decay width as well as different
prescriptions for the level-density parameter indicates that this observable
does not show then a clear sensitivity to different descriptions of the level-
density parameter.

From these calculations, we could conclude that the total fission cross
sections can be described by two approaches, a statistical model with a mod-
ified ratio asq/ays and a dissipation model with a deformation-dependent
ratio asq/ays calculated within Ignatyuk’s parametrization. Therefore, total
and partial fission cross sections alone cannot be used to disentangle between
these two approaches and additional observables are needed.

In order to overcome this situation we propose to use the width of the
charge distribution of the fission fragments that was used previously to inves-
tigate ground-to-saddle dissipative effects [27, 28, 137]. According to equa-
tion 1.4, this observable depends on the temperature at the saddle point (7%,)
which is related to the excitation energy at saddle (E7;) as Tsqg = \/E%;/asa-
Therefore, the width of the atomic-number distribution could also represent
a useful probe to investigate the description of the level-density parameter
at the saddle point, providing another important constraint for model calcu-
lations.

In Fig. 3.18 we confront the data shown in Fig. 3.6 to the different
model calculations discussed previously. The calculations for the reaction
28Ph(500A MeV) + 27Al were performed with the code ABRABLAO7 that
consists of the coupling of the abrasion model developed by Gaimard and
Schmidt [156] to the deexcitation code ABLAO7 [160].

The first conclusion is that for the heaviest fissioning nuclei with the
lowest excitation energies there is no sensitivity to the parameters used in
the different calculations. The same conclusion was obtained when this ob-
servable was used to constrain ground-to-saddle disipative effects [28]. The
reason is that at low excitation energies, close to the projectile, dissipative
effects are negligible. For fissioning systems lighter than Z; + Zy < 76 we
observe a sensitivity to the different descriptions of the level-density param-
eter and the fission decay width. Statistical descriptions of the fission decay
width (dot-dashed line for the reaction **Pb(500A MeV) + p and dotted line
for the reaction 2%*Pb(5004 MeV) + 27Al) clearly overestimate the width of
the charge distributions even when using the phenomenological description of
the level-density parameter that reproduces fission cross sections (triple-dot-
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dashed line). Only calculations considering dissipative effects in the fission
decay width and a deformation-dependent level-density parameter following
Ignyatuk’s parametrization provide a satisfactory description of the width of
the charge distributions of the fission fragments (solid line for the reaction
28Ph(5004 MeV) + p and dot-long-dashed line for the reaction *®*Pb(500A
MeV) + 27Al), but also of the fission cross sections.

The same results and conclusions were obtained in other works [28, 137,
167], where the authors compared the widths of the charge distributions of
the fission fragments with statistical and dissipative model calculations using
a dynamical description of the level-density ratio based on the parametriza-
tion of Ignatyuk. Moreover, those works indicated the need of a dissipative
calculation with transient time effects to achieve a complete description of
the data, which is in good agreement with our results.
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Figure 3.18: (Color online) Width of the atomic-number distribution of the fi-
nal fission fragments for the data of the reaction 2°® Pb(500A MeV) + 27 Al (open
triangles) and **Pb(500A MeV) + p (open circles) as a function of the atomic
number of the fissioning nuclei. The lines represent different model calculations.

3.5 Conclusions

In the present chapter, we have investigated spallation- and fragmentation-
induced fission of 2°Pb in inverse kinematics at different bombarding ener-
gies using a highly efficient detection setup that permitted us to measure the
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atomic number of the two fission fragments in coincidence with good resolu-
tion. With these measurements we were able to determine with high accuracy
the total fission cross section, the partial fission cross sections and the width
of the charge distribution of the fission fragments as a function of the sum of
the charges of the two fission fragments as well as the light-charged particles
multiplicities.

The total fission cross sections allowed us to clarify the existing discrepan-
cies in previous measurements of proton-induced fission of 2%Pb at interme-
diate and high energies. These data also helped us to revisit the previously
established systematics by Prokofiev [12] and propose a new parametrization
for proton-induced fission cross sections of 2*Pb. Moreover, we have used
these data to benchmark different model calculations to describe the fission
decay width and the level density at ground-state and at saddle-point defor-
mations. In particular, we have used a purely statistical description of the
fission decay width based on the transition-state method and a dynamical
description of the process in terms of a time-dependent fission decay width
produced by the coupling between the heat bath describing the excited fis-
sioning nucleus and its collective degrees of freedom through a dissipation
parameter. As for the level densities we have used a back-shifted Fermi
gas with different descriptions of the level-density parameter; values propor-
tional to the mass number of the nucleus with a constant ratio between the
level-density parameters at ground-state and at saddle-point deformations as
well as a complete description of this parameter at the saddle and scission
configurations using Ignyatuk’s prescription [105].

The analysis of the reactions proton- and neutron-induced total fission
cross sections of 2°8Pb and "*Pb, respectively, as well as partial fission cross
sections as a function of the sum of the charges of both fission fragments show
that it is possible to combine different models that describe the fission decay
width and parametrizations of the level-density parameter to describe the
data. This can be understood because we try to describe a multi-parametric
problem with a single boundary condition. It is then clear that an unambigu-
ous benchmarking of fission models requires several independent observables.

The width of the charge distribution of the fission fragments was used as
additional constraint for model calculations. Using this observable we show
that fission of 2°8Pb at high excitation energies can only be described properly
using dissipative and transient effects together with a realistic description
of the level-density parameter taking into account the deformations of the
ground-state and saddle-point configurations.

The overall good description of the proton- and neutron-induced fission
cross sections, partial fission cross sections, widths of the charge distributions
and light-charged particles multiplicities with the same dissipative model
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calculations allowed us to validate the conclusions obtained with respect
to the magnitude and temperature independence of the reduced dissipation
parameter at small deformations, leading to a constant value of § = 4.5 X
102t g7t

Finally, it is worthwhile to mention that all the work of this chapter to
study the dynamics of the fission process at small deformations, between
the ground-state and the saddle-point configurations, will make it possible
to investigate fission at large deformations. In particular, we will be able to
study the saddle-to-scission dynamics and the scission point properties, as
will be illustrated in chapter 4.






Chapter 4

Postsaddle fission dynamics

In chapter 3 we have investigated the dissipative effects at small deformations.
We have found that a constant value of the reduced dissipation parameter
can describe all the observables sensitive to dissipation in the deformation
regime from the ground-state to the saddle-point configuration. Moreover,
the same value of the reduced dissipation parameter also reproduces the mea-
surements obtained in other reactions covering a large range in excitation
energy, leading to an independence of this parameter on temperature. The
good description of these observables also provides us an accurate character-
ization of the fissioning nucleus at saddle as the starting point to investigate
the saddle-to-scission dynamics.

Concerning to the observables sensitive to the fission dynamics at large
deformations, different works based on heavy-ion induced fusion-fission reac-
tions have used the analysis of prescission particle [3, 6] and y-ray [142] mul-
tiplicities to extract information on dissipation. However, the large angular
momentum induced in these reactions could affect the conclusions because
elaborated dynamical codes are required to describe the initial conditions
of the compound nucleus. On the other hand, as shown in chapter 3 one
needs several observables for an unambiguous constraining of the reduced
dissipation parameter. To improve this situation, new independent observ-
ables sensitive to dissipation at large deformation should be introduced and
combined with the previous ones to investigate the saddle-to-scission dynam-
ics, which could help us to study the dependence of the reduced dissipation
parameter on deformation.

In this chapter we use the complete kinematic measurement of the two fis-
sion fragments produced in the reaction ?°*Pbh(5004 MeV) + p to investigate
the dissipative effects at large deformation. As discussed in the pioneering
work of Grangé and collaborators [146], the optimal conditions for investigat-
ing small-deformation dissipative and transient effects in fission are the use of
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spherical fissioning systems with low angular momentum and high excitation
energies (E* > 100 MeV). Fortunately, these conditions also represent a good
approach to study dissipation at large deformation because high excitation
energies favor the evaporation of neutrons beyond the saddle point, while the
low angular momentum induced in the compound nucleus and its spherical
configuration favor the comparison of the data with model calculations.

Section 4.1 of this chapter is dedicated to the determination of the cross
sections of the charge distributions of the fission fragments produced in the
reactions 2®Pb(370A4, 5004, and 6504 MeV) + p and 2*Pb(5004 MeV) +
27Al and the isotopic cross sections of the reaction 2*Pb(5004 MeV) + p.
Section 4.2 is devoted to the analysis of the properties of the fission frag-
ments, such as the neutron excess, widths of the isotopic distributions, and
velocities of the fission fragments. These observables are compared with dif-
ferent model calculations to provide an interpretation of them and to extract
information on the fission process beyond the saddle-point configuration. In
particular, the correlations between the two fragments will be used to as-
sess the role of charge polarization and the excitation energy gained by the
nascent fragments using the neutron excess of the final fragments. Moreover,
the analysis of the average velocities of the fission fragments is used to param-
eterize the distance between the two fission fragments at scission as a function
of the size of the fissioning system. Section 4.3 is dedicated to reconstruct the
total and pre- and postscission neutron multiplicities by using the velocities
and the isotopic composition of the two fission fragments. Finally, section
4.4 is devoted to investigate dissipative effects between the saddle-point and
the scission configurations using the neutron multiplicities. Moreover, the
average neutron excess of the final fission fragments as a function of the size
of the fissioning system is presented as a new observable sensitive to dissi-
pation at large deformations, which could provide new constraints for model
calculations.

4.1 Isotopic distribution of the final fission
fragments

The isotopic distributions of the fission fragments are one of the key observ-
ables for the understanding of the fission process and could provide valuable
information about the excitation energy gained by the fissioning nucleus in
the reaction as well as some of its properties at scission, such as polarization
and shell effects [20, 35, 64, 118, 141, 177, 220, 221, 222, 223]. These data are

also used to validate a previous controversial measurement of the isotopic dis-
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tributions of the fission fragments produced in the reaction 2*Pb(500A MeV)
+ p, performed at the FRS spectrometer at GSI [187].

4.1.1 Yields

The SOFIA setup (see chapter 2), used in the present work, allowed us an
unambiguous identification in mass and atomic number of the two fission frag-
ments. The atomic number of the two fission fragments was determined from
energy-loss measurements using a double ionization chamber Twin MUSIC
with atomic-number resolutions around 0.43 charge units (FWHM), while
the mass numbers were obtained by using magnetic rigidity and time-of-flight
measurements with resolutions around AA/A ~ 0.63% (FWHM). Both mea-
surements allowed us to determine the fission yields with high precision. The
efficiency of the detectors under fission condition was always above 98% with
an uncertainty around 2%.

4.1.2 Corrections

In this section we will describe the corrections applied to the measured iso-
topic yields in order to account for the limited detection and geometrical
efficiency of the experimental setup. The most important corrections are due
to secondary reactions, atomic charge states, and transmission of the fission
fragments along the detection setup.

Secondary reactions in the experimental setup can be produced by two
mechanisms: fission of an evaporation residue produced by a first spallation
reaction or spallation of a fission fragment. In the first case, the probabil-
ity to produce a fission event was estimated to be around 2.1% (see Ref.
[197]) and its effect on the identification is negligible, however, the second
mechanism is more important for an accurate identification. In order to de-
scribe the contribution to the measured yields due to spallation reactions of
fission fragments, the INCL4.6 [159]+ABLAO7 [160] code was used. This
code describes rather well the total reaction cross sections and the isotopic
distributions of the residual fragments close in atomic and mass number to
the projectile produced in spallation reactions [159].

Figure 4.1 shows this correction factor (fy.) with its associated uncer-
tainty (dashed area) for several elements as a function of the mass number
of the fission fragments. As can be seen in the figure, the global effect of sec-
ondary reactions is to reduce the yields of neutron-rich fragments in favor of
neutron-deficient ones. The main uncertainty of this correction factor comes
from the total reaction cross sections calculated with the INCL4.6 model
with an uncertainty around 5%.
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Figure 4.1: Correction factor of secondary reactions (fsc) is displayed for three
elements (s0Zn, 4027, and 505n) as a function of the mass number.

The correction factor from atomic charge states (f,) is needed for an
accurate identification in the mass-over-charge ratio and was calculated along
the setup by using the code GLOBAL [224]. This correction is negligible for
nuclei with atomic numbers below 40 and increases exponentially up to 15%
for Z = 55. The uncertainty of this correction varies from 4% to 1% for the
atomic numbers Z = 55 and Z = 40, respectively.

The experimental setup used to measure the fission fragments has also
some geometrical constraints affecting the measured yields. These correc-
tion factors are obtained using GEANT4 simulations [191, 192, 193]. The
transmission corrections are calculated by counting the number of simulated
fission fragments traversing the experimental setup with respect to the total
number of simulated ones. In these calculations, only simulated fission events
where both fission fragments are transmitted along the experimental setup
were counted as fission events.

In Fig. 4.2 we show the different contributions with their associated un-
certainties (dashed areas) to the correction accounting for the transmission
of the fission fragments through the experimental setup. The solid line corre-
sponds to the transmission correction factor due to the dead zone produced
by the central vertical cathode of the Twin MUSIC chamber and to the
probability that both fission fragments pass through the same part of this
detector. The long-dashed line includes the previous correction but also the
one due to the limited size of the helium pipe situated in front of the Twin
MUSIC. Finally, the short-dashed line represents the transmission taking
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into account all geometric constraints along the setup, including the losses
in the ToF Wall. As can be seen in the figure, the transmission corrections
are more important for lighter and heavier fragments because of the angular
aperture of the lighter fragments.
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Figure 4.2: Transmission as a function of the atomic number of the fission
fragments. The lines represent the transmission corrections taking into account
the geometrical constraints indicated in the figure.
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Figure 4.3: Transmission coefficient (fi-) as a function of the mass number for
three elements: soZn (left), s0Zr (center), and 50Sn (right). The lines repre-
sent the transmission corrections taking into account the geometrical constraints
indicated in Fig. 4.2.



83 Postsaddle fission dynamics

Figure 4.3 shows the same corrections but in form of isotopic distributions
for three elements: 30Zn, 4Zr, and 50Sn. As can be seen in the figure, the
evolution of the correction with the neutron excess is similar for the three
elements although, it is more important for the light fragments because of
their larger angular apertures. The uncertainty of this correction is smaller

than 5%.

4.1.3 Cross sections

In order to determine the production cross sections of the fission fragments,
the measured isotopic yields were extracted from Fig. 2.15. The real pro-
duction yields Y(Z,A) were then obtained by correcting the measured yields
N(Z,A) by the factors accounting for the limitations of the experimental
setup according to:

Y(Z’ A) = N(Z7 A)fscfQ/ftr (41)

where f,. is the correction factor due to secondary reactions of the fission
fragments, f, is the correction of the atomic charge states, and f;, is the
detection efficiency of the setup (see section 4.1.2). Finally, the isotopic
cross sections are obtained normalizing the isotopic yields to twice the total
fission cross section measured in the present experiment [197].

In Fig. 4.4 we show the measured isotopic cross section distributions of
fission products (solid circles) for elements between cobalt (Z = 27) and
tellurium (Z = 52). The values of the isotopic cross sections are also listed
in the appendix. There was still some production by fission of fragments
below cobalt and above tellurium, but these isotopic cross sections are not
listed because the geometrical efficiency or mass resolution do not allow us to
extract them with sufficient accuracy. The displayed measurement covers all
the isotopes for each element with a statistical uncertainty below 10%. The
complete isotopic production is compared with INCL4.6 [159]+ABLAO07 [160]
calculations (dashed lines). This comparison shows a very good agreement
between our measurement and the calculations.

The distributions in atomic and mass number of the fission fragments
are shown in Figs. 4.5(a) and 4.5(b), respectively. Figure 4.5(a) shows
the atomic-number distribution of the fission fragments measured in this
work (solid circles) by adding the yields of the fragments with the same
atomic number. These data are compared with the previous measurement
by Fernandez-Dominguez and collaborators (open circles) [187] performed
with the FRS spectrometer at GSI. In Ref. [197], it was shown that the
total fission cross section obtained at the FRS spectrometer (232 £+ 33 mb)
presents a significant deviation from recent measurements by Schmidt and
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collaborators (146 £ 7 mb) [195] and the one determined in the present ex-
periment (149 £ 8 mb) [197] for the same reaction and energy, and also
from the systematic at different energies (see section 3.1). Therefore, for
the comparison of the isotopic distributions the measurement of Fernandez-
Dominguez and collaborators was normalized to twice the total fission cross
section measured in the present experiment.

This normalization was also applied in Fig. 4.5(b), where we compare the
mass distribution of the fission fragments. As can be seen in both figures,
our new measurements are in excellent agreement with the ones reported by
Ferndndez-Dominguez (open circles) after normalization. Therefore, we can
conclude that the problem with the previous measurement was only in the
value of the total fission cross section. The reason for this discrepancy is not
fully clear although the good agreement in the mass and charge distributions
between the normalized FRS data and the present ones help us to exclude
a problem with correction applied to the FRS data because of the limited
angular acceptance. The discrepancy should then be caused by a wrong
absolute normalization of the yields measured at the FRS.

In Fig. 4.6 our atomic-number distribution of 2*Pb + p at 5004 MeV
(solid circles) is compared with the other ones also studied in this work:
370A (open circles) and 6504 MeV (open squares), and with the measure-
ment performed by Enqvist and collaborators (solid triangles) [21] at 1000A
MeV. The measurement of the reaction 2*Pb + 27Al at 5004 MeV is also dis-
played (open triangles). All the measurements seem to be in good agreement
although an increase in the production of light fission fragments is observed
when increasing the bombarding energy or size of target nuclei. This fact
can be explained by the production of lighter fissioning nuclei and the larger
excitation energies.

In order to investigate the energy dependence of the atomic- and mass-
number distributions of the fission fragments, we compare our results with
others obtained at different energies for similar systems. This is done in
Tables 4.1 and 4.2, where the mean values and integral widths of the atomic-
and mass-number distributions are listed respectively. The normalized values
reported by Fernandez-Dominguez and collaborators [187] are in excellent
agreement with our results. The measurement of 2*Pb + p reported by
Ayyad and collaborators [28] is also in agreement with our value taking its
uncertainty bar into account. Our results are also in excellent agreement
with the values reported by Hagebg and Lund [204], measuring the fragments
produced in the fission of natural lead with protons at 600 MeV.
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Figure 4.4:

Mass number

(Color online) Isotopic cross sections measured in the reaction

208 pp(500A MeV) + p corresponding to elements from cobalt to tellurium. Statis-
tical uncertainty bars are shown if they exceed the size of the symbols. The dashed
lines correspond to calculations.
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Figure 4.5: (Color online) Cross sections of the final fission fragments. The solid
circles and the open circles correspond to our new measurement and the data of
Ref. [187] for the reaction 2®® Pb(500A MeV) + p, respectively. The uncertainties
are shown if they exceed the size of the symbols. (a) As a function of the atomic
number. (b) As a function of the mass number.

The reactions 2%Pb + d at 5004 MeV [28] and 14 GeV [225], and 2*Pb
+ p at 1A GeV [21] have also been considered in order to complete the
investigation of the energy dependency. As can be observed in the tables,
the mean values of the mass- and atomic-number distributions decrease when
increasing the bombarding energy. This is expected because the reactions
are more violent and the number of removed nucleons increases, leading to
lighter fissioning nuclei. Conversely, the integral widths increase because of
the larger excitation energy.
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Figure 4.6: (Color online) Cross sections of the final fission fragments for dif-
ferent reactions as a function of the atomic number. The uncertainties are shown
if they exceed the size of the symbols.

Table 4.1: Mean values and integral widths of the atomic-number distributions
of the final fission fragments produced in the reactions *°°Pb + p, "™ Pb + p and
28py + d at different energies.

Reaction <7Z> oy

208Ph (3704 MeV) + 40.51 & 0.30 6.11 + 0.40

2W%®%AMé0+p 40.05 + 0.20 6.27 + 0.30

208Ph (6504 MeV) + p 39.68 & 0.20 6.48 + 0.30

208Ph(5004 MeV) + p [187] 400 £0.1 6.3 + 0.2

208Ph (5004 MeV) + p [28] 400 £ 05 6.6 + 0.7
( )+ d [28

208Ph(5004 MeV 28]  39.1+05  7.0=+05
natph 4 p(600 MeV) [204]  40.0 £ 0.1  6.34 + 0.1
205Ph(14 GeV) + p [21] 39.6+05 6.6+03
208ph(14 GeV) + d [225] 39.0+£07 73405

28Ph(5004 MeV) + 27Al 38.5 £ 0.20 7.05 &= 0.30

This last feature can be explained in the framework of the statistical
model [145] (see section 1.2.3), where the integral width of the distributions
increases with the excitation energy or temperature of the fissioning system
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at the saddle point, which is consistent with the evolution shown in the mea-
surements. Therefore, we can conclude that the integral widths of the atomic-
and mass-number distributions are dominated by the excitation energy of the
fissioning system at saddle because the average mass and atomic-numbers of
the produced fissioning systems decrease with increasing the violence of the
reaction as discussed above. However, as it will be illustrated, the width
of the mass distributions are strongly affected by the postscission neutron
evaporation.

Table 4.2: As Table 4.1, but for the mass-number distributions.

Reaction <A> oA

208Ph(5004 MeV) 4 p 931405 15+ 0.6
208ph (5004 MeV) + p [187] 93.0 £ 0.4 15.1 £ 0.6
natph 4 p(600 MeV) [204] ~ 932404 149 + 0.1
208ph(14 GeV) + p [21] 90.7 £ 0.4 16.1 + 0.8
208ph(14 GeV) + d [225]  89.6+£ 1.1 174+ 1.0

4.2 Complete characterization of the final fis-
sion fragments

In this section, we will take advantage of the complete characterization of
the two fission fragments achieved in this work to obtain additional informa-
tion about the dynamical evolution of the fission process from correlations
between the fragments and the fissioning systems. The neutron excess and
width of the isotopic distribution of the final fission fragments as well as their
velocities are compared to state-of-the-art model calculations that reproduce
the measured observables. Correlations between the two fragments are used
to assess the role of charge polarization and the excitation energy gained
by the nascent fragments using the average neutron excess of the final frag-
ments. The analysis of the average velocities of the fission fragments allows
us to parametrize the distance between the two fission fragments at scission
as a function of the size of the fissioning system.
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4.2.1 Neutron excess

The first observable we propose to use for the characterization of the prop-
erties of the fission fragments is the neutron excess of the final fragments,
defined as the average neutron number < N > of a given isotopic distribution
divided by its corresponding atomic number 7.
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Figure 4.7: (Color online) (a) Average neutron number over atomic number of
the final fission fragments as a function of their atomic number. The solid circles
and the open circles represent our new measurement and the data of Ref. [187] for
the reaction 2°® Pb(500A MeV) + p, respectively. The open squares correspond to
the reaction 2 Pb(1A GeV) + p [21]. The uncertainties are shown if they exceed
the size of the symbols. The solid line indicates the valley of stability (see Ref.
[21]). (b) Comparison of our measurement with different model calculations.
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The measured neutron excess of the final fission fragments (solid circles)
is displayed as a function of the atomic number in Fig. 4.7(a), and also
compared to previous measurements of the reaction 2*Pb + p at 5004 MeV
(open circles) [187] and at 1A GeV (open squares) [21] performed at the FRS.
As can be seen in the figure, our new measurement is in excellent agreement
with the previous one at 5004 MeV. The comparison with the measurement
at 1A GeV (open squares) [21] clearly indicates that the neutron excess of
the final fission fragments decreases with the reaction energy. This fact can
be understood in terms of excitation energy enhancing the evaporation of
neutrons and reducing the neutron excess.

The neutron excess of the fission fragments produced in both reactions
(500A MeV and 1A GeV) clearly depends on their atomic number. This
dependence is attributed to the modification of the average neutron-excess
of the fragments at scission with respect to the one of the fissioning system,
referred to as charge polarization, but also to the excitation energy sharing
between the two fragments at scission. The polarization effect is explained by
the exchange of protons and neutrons between the nascent fission fragments
during the descent from the saddle point to scission. The neutron excess of
the fragments at scission corresponds to the one giving a maximum of the
saddle-to-scission released energy. In a quasistatic approximation the charge
polarization can be obtained as the neutron excess of the fragments at the
scission point which minimizes the forces between the nascent fragments.
According to Ref. [171], such a calculation can be done from the intrinsic
binding energies and mutual Coulomb repulsion for the two nascent fragments
represented by two-touching spheroids.

The partition of energy between the two fission fragments and the conse-
quent postscission neutron evaporation also have a significant impact in the
neutron excess of the final fission fragments, as can be seen in Fig. 4.7(b).
For a better understanding, we compare the measured neutron excess (solid
circles) with different model calculations using the code ABLA(07 [160]. The
solid line represents the average neutron excess of the fission fragments at the
scission point calculated according to the UCD hypothesis. This estimation of
the average neutron excess of the fission fragments is compared with a calcu-
lation taking into account the polarization effect (dotted line). The long- and
short-dashed lines represent calculations considering the postscission neutron
evaporation after a symmetric partition of excitation energy (Ef = 1/2FE*)
and a partition as a function of the masses of the fission fragments at scis-
sion (Ef = A;/AraE*), respectively. The difference observed between the
dotted and the two dashed lines can be attributed to the postscission evap-
oration of neutrons. As can be seen, a symmetric partition of excitation
energy describes the neutron excess for symmetric fission fragments Z ~ 40
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(long-dashed line), but presents a deviation for the lighter and heavier frag-
ments. On the other hand, the energy partition as a function of the mass
partition describes rather well the data (short-dashed line). Therefore, we
can conclude that this observable is sensitive to the charge polarization effect
and to the partition of excitation energy between the two fission fragments.
Indeed, the best description of the data is obtained with a statistical picture,
in which the fission fragments share the available excitation energy at scission
according to their masses.

Our new measurement allows us to investigate the evolution of this ob-
servable as a function of the atomic number of the fissioning system (Z; +Z5),
which presents a strong correlation with the excitation energy gained by the
fissioning system at saddle [27, 28, 137]. As can be seen in Fig. 4.8 (solid
circles), the neutron excess of the final fission fragments decreases with the
decrease of the atomic number of the fissioning system. This feature is ex-
pected because, according to the calculations shown in the inset of the figure,
lighter fissioning nuclei are produced in more violent collisions [28] where the
highly excited fission fragments evaporate more neutrons. Therefore, this
observable is also sensitive to the excitation energy gained by the fissioning
system.
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Figure 4.8: (Color online) Final average neutron excess of the fission frag-
ments as a function of the atomic number of the fissioning system for the reaction
208 pp(500A MeV) + p. The uncertainty bars are shown if they exceed the size of
the symbols. The inset shows the excitation energy gained by the fissioning systems
at the ground state as a function of their atomic number.
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4.2.2 Width of the isotopic distribution

Another interesting observable is the standard deviation of the isotopic dis-
tributions of the fission fragments. In Fig. 4.9(a) we depict the evolution of
this observable as a function of the atomic number of the fission fragments
(solid circles). In the figure we also compare our data with the previous
measurement performed at the FRS (open circles) [187]. One can see that
both measurements are in good agreement. As expected from a statistical
picture [145], the widths of the isotopic distributions of the fission fragments
increase with the atomic number (solid line). In the inset of Fig. 4.9(a) we
represent the standard deviation of the isotopic distributions for the fission
fragment Z; (solid circles) and Z (open triangles) as a function of the atomic
number of the first fragment Z;. The widths of the second fission fragment
(Z3) are conditioned by the total atomic number of the fissioning system at
saddle Z; 4+ Z5 = 82, assuming no-evaporation of protons beyond the scission
point. From the data, we can conclude that the evolution of the widths of the
isotopic distributions is symmetric as expected by atomic and mass number
conservation.

In Fig. 4.9(b) the data are also compared with two model calculations
using different prescriptions for the energy sharing between the two fission
fragments. Again, the long- and short-dashed lines represent calculations us-
ing a symmetric partition of excitation energy and a partition as a function of
the masses of the fission fragments at scission, respectively. Both calculations
yield similar results and are in good agreement with the experimental data.
We can then conclude that this observable is not sensitive to the partition of
the excitation energy between the fission fragments at the scission point.

The difference between the measured widths and the ones calculated at
the scission point (solid line) could be due to structural effects affecting the
last steps of the postscission neutron evaporation. Indeed, the slope change
observed between Z = 35 and Z = 43 could be attributed to the neutron
shell N = 50. These isotopic chains cross the N = 50 shell. Isotopes close
to this shell present larger binding energies, preventing neutron evaporation.
The inset in Fig. 4.9(b) illustrates this effect displaying the difference be-
tween the maximum and minimum binding energy in the isotopic chains of
the fission fragments measured in this work as a function of their atomic
number. This effect reduces the widths of the isotopic distribution of the
fission fragments with respect to the calculated ones at scission (solid line).
To validate this interpretation, we also calculated the widths of the isotopic
distribution considering a constant value of the neutron separation energy of
S, = 12 MeV for all the fission fragments (dotted line). One can observe
that this calculation does not present large deviations with respect to the
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one at scission. Therefore, the slope changes observed in the widths of the
isotopic distribution can only be attributed to the larger neutron separation
energies for the fission fragments crossing the neutron shell N = 50.
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Figure 4.9: (Color online) Standard deviation of the isotopic distributions as a
function of the atomic number for the reaction 2°8 Pb(500A MeV) + p. The error
bars are given by the uncertainty of the fit and are shown if they exceed the size of
the symbols. (a) The solid and open circles represent our new measurement and
the data of Ref. [187], respectively. The solid line represents standard deviation
of the isotopic distributions at scission. The inset shows the standard deviation of
both fission fragments (Z1 and Z) measured in coincidence as a function of the
atomic number of the first fission fragment (Z1). (b) Our data are compared with
different calculations (lines). (Inset) Difference between the neutron separation
energy of the lightest and the heaviest fission fragment for a given element as a
function of its atomic number.
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Figure 4.10: (Color online) Standard deviation of the isotopic distributions as a
function of the atomic number of the fission fragments for two fissioning systems:
Z\ + Zy = 82 (solid triangles) and Z1 + Zy = 76 (open triangles). The lines
represent ABLAO7 [160] calculations for the same fissioning systems: Z1+ Zy = 82
(long-dashed line) and Zy + Zy = 76 (dotted line). The inset shows the calculated
excitation energy of the fission fragments at scission as a function of the atomic
number of the final fission fragments for the fissioning systems Zi + Zo = 82
(long-dashed line) and Zy + Za = 76 (dotted line).

In Fig. 4.10 we display again the evolution of the widths of the isotopic
distributions as a function of the atomic number of the fission fragments, but
this time for two different fissioning systems: Z; + Z5 = 82 (solid triangles)
and Z; + Zy = 76 (open triangles). As can be seen in the figure, the widths of
the isotopic distributions of the fissioning system 2,47, = 76 are larger than
the ones measured for the fissioning system Z; + Z5 = 82. The data are also
compared with ABLAO7 [160] calculations. The calculations show similar
evolutions under the same conditions. This tendency would be explained by
the fact that the fissioning systems with smaller atomic number gain more
excitation energy than the ones with larger values of atomic number. To
validate this hypothesis, in the inset of the figure we represent the calculated
mean excitation energy of the fission fragments as a function of their atomic
number. One can observe that the mean excitation energy of the fissioning
systems Z; + Z, = 76 is always larger for all atomic numbers of the fission
fragments. In both cases we observe, however, similar slope changes in the
evolution of the widths of the isotopic distributions as function of the cor-
responding atomic number. Therefore, we can conclude that this observable
is sensitive to the total excitation energy gained by the fissioning system
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and to structural effects in the fission fragments, but not to the share of the
excitation energy between the two fragments.

4.2.3 Velocities

Fission velocities provide information on the Coulomb repulsion experienced
by the fission fragments at the scission point. Therefore, one could use these
velocities to assess the distance between the two fission fragments formed at
the scission point.

The reconstructed path length of the nuclei traversing the experimental
setup together with the ToF measurements were used to obtain the velocity
of the fission fragments in the laboratory frame. These velocities can then be
transformed into the reference frame defined by the velocity of the incoming
projectiles in the middle of the target using the corresponding Lorentz’s
transformation. The experimental setup allows for a precise reconstruction
of the laboratory angles of the fission fragments (better than 0.4 mrad), and
therefore the measurement of the velocity is performed with a good accuracy
(better than 5 %) in the reference frame of the incoming projectiles.

Following the semi-statistical model of Wilkins and collaborators [172]
(see Eq. 1.8), the velocity of the fission fragments can be written as:

1/2
262Z1Z2

A;(Hﬁ—g)p

Vfiss - (42)

Equation 4.2 is included in the fission model of ABLAO7 [160] to calculate
the fission velocities of the fission fragments.

It is well known that one of parameters affecting the velocity gained
by the fission fragments is the tip distance d. In the pioneering work of
Wilkins and collaborators [172] it was proposed a standard tip distance d = 2
fm. Recent works [177] based on measurements of the total kinetic energy,
using constant values for the quadrupole deformation at the scission point
(61 = P2 = 0.625), have also found a similar value for the tip distance.
In other works, the authors have found that the tip distance has an upper
limit around 3 fm [226, 227], where larger values are considered as invalid
configurations. This upper limit is consistent with the values recently found
by the authors of Ref. [228], where a dependence of the tip distance d with
the Coulomb-repulsion term of the LDM was observed.

Figure 4.11 shows the velocity of the fission fragments measured for the
isotopes produced in the reaction 2%*Pb(5004 MeV) + p of the present work
(open circles). As can be seen in the figure, the fission velocities decrease with
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the atomic number of the fission fragments from 1.5 to 0.9 cm/ns, which is
a natural consequence of the momentum conservation between the light and
heavy fission fragment. This is clearly observed when looking at the mean
velocity averaged over the isotopic yield as a function of the corresponding
atomic number of the fragments, as displayed in Fig. 4.12 (open circles).
In both figures, the velocities are compared to ABLAO7 [160] calculations
assuming a tip distance of d = 2 fm (solid lines). Clearly the calculations are
in good agreement with the data.

In Fig. 4.12 our measurement is also compared with different calcula-
tions assuming for the tip distance the found upper limit d = 3 fm [226, 227]
(dotted line) and d = 1 fm (dashed line). One can observe that these calcu-
lations provide similar results with a difference smaller than 7%. Therefore,
one can conclude that the mean fission velocities of the fission fragments as
a function of their atomic numbers present a limited sensitivity to the tip
distance between the two fission fragments at scission. This result confirms
the need of additional observables to further investigate this issue.

Equation 4.2 indicates a clear dependence of the fission velocity with the
total charge of the fissioning system at scission. Therefore, in Fig. 4.13(a)
we display the average fission velocities of the fission fragments as a function
of the atomic number of the fissioning nucleus (solid circles). Surprisingly,
the velocities do not depend very much on the size of the fissioning sys-
tem. To understand this result, we compare our data with different model
calculations, in particular with one using a tip distance between the fission
fragments at scission of d = 2 fm (dotted line). As can be seen in the figure,
this calculation cannot describe the evolution of the data, and shows a clear
deviation for the lighter fissioning nuclei (Z; + Z; < 78).

To understand this discrepancy, we also compare our measurement with
different calculations changing the mass and atomic numbers of the fission
fragments. The calculations performed with A — 1 (dot-dashed line) and
A+ 1 (dot-long-dashed line) do not show any sizable difference with respect
to standard ones, while the calculations supposing Z — 1 (double-dot-dashed
line) and Z + 1 (long-dashed line) present offsets that can be explained with
the decrease and increase of the Coulomb repulsion, respectively, but none of
them provides a satisfactory description of the data. From these calculations
we conclude that the discrepancy observed between the standard calculations
and our data cannot be explained with simple variations of the atomic or mass
number of the fission fragments at scission.



Postsaddle fission dynamics

97

0L 09 0S5 Ov

"SUONDINID LOV TV Juasasdas saur) pyos oYy, d + (A2 V00G)9d gop UOMIDIL oY) 4of spuouibvif
uossy ayy Jo usquinu uounau ayy fo wowounf v sv spuswbv.if uorssy ayy fo fipgoojpa uvapy (duyuo 40j0y)) LIV aunbrg

0L 09 0S oOv

0L 09 0Ss O

SuoJinau JO JaquwinN

0L 09 0S O

0L 09 0S Ov

0L 09 0S Ov

0L 09 0S OF

S

| vr=2

LE=Z

9€=7

ge=Z

ve=Z

€e=7Z

(454

Te=Z

0€=Z




Postsaddle fission dynamics 98

0'620

25 30 35 40 45 50 55 60

Atomic number
Figure 4.12: (Color online) Mean fission velocity of the fission fragments as a
function of the atomic number of the fission fragments for the reaction 2°® Pb(500 A
MeV) + p. The lines represent different calculations.

Following Ref. [228], the tip distance between the two fission fragments
increases with the repulsion term Z2/A'Y3 and then with the atomic number
of the fissioning system. This fact indicates that the tip distance could in-
crease with the atomic number of the fissioning nuclei. Based on this idea,
we performed calculations using a tip distance of 1 fm to try to describe
the mean fission velocities of the lower fissioning system, taking into account
that calculations with d = 2 fm can reproduce the velocities of the heavier
fissioning nuclei (Z; + Zy ~ 82). As can be seen in the figure, this calcu-
lation overestimates our measurement for the heaviest fissioning nuclei, but
seems to be in agreement with the mean fission velocities obtained for the
lightest ones. These calculations seem to point out a dependence of the tip
distance with the size of the fissioning system and, thus, we implemented
such a dependence in our calculations. Equation 4.3 represents the used
parametrization, where d is the tip distance and Z§, the atomic number of
the fissioning system at the scission point.

d=—8.125+0.12525 (4.3)

The result of the calculation using this parametrization is also represented
in Fig. 4.13(a) (solid line), describing rather well the data.

However, the distance between the two fission fragments also depends on
their quadrupole deformations (see Eq. 1.9). This issue is investigated in
Fig. 4.13(b), where the data are compared with different calculations. The
solid line represents a calculation using a constant quadrupole deformation
of f = 0.625 for both fission fragments, while the dashed line represents the
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same calculation but for a constant quadrupole deformation of 5 = 0.4. This
reduction of the deformation could also explain the increase of the average
fission velocities. However, the fission fragments produced for the different
fissioning systems are rather similar in size and therefore in deformation.
This result is displayed in the inset of the figure, where the evolution of

-- d=1

e Data -
1.3 A+land d=2 ------- d=2 (a)
A-1 and d=2 Parametrization of d
| |—— Z+landd=2
------ Z-1 and d=2
EI.ZS*
IS
L,
8
> 12
115~
| | | | | |
74 76 78 80 82 84
z+2,
1.35— 1.1
. . (b)
7% limﬂDDDDDEQ'DD e Data
1324 P BLDM
g0 L.t — B,= B,=0.625
L < ° —-B. =B =04
‘0 Cogk® O BLDM B=FB
< 08 e Repulsion Z2/A™
£1.25— , | | ! ! ! -
O, 74 76 78 80 82 84 ~
2 T
£
1.2~
1.15—
| | | | | |

76 80

78
2+,

Figure 4.13: (Color online) Mean velocity of the fission fragments in the refer-
ence frame of the fissioning system for the reaction 2°® Pb(500A MeV) + p as a
function of the atomic number of the fissioning system. (a) The lines represent
different calculations changing some variables such as the atomic number, mass
number, and the tip distance d. (b) The lines indicate calculations for different
values of the deformation at scission point. The inset shows how the quadrupole
deformation of the fission fragments and Coulomb repulsion evolve with the atomic
number of the fissioning system.
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the average quadrupole deformation as predicted by the LDM for the fission
fragments at scission [172] is represented relative to the value obtained for the
fissioning systems Z; + Z5 = 82 and as a function of the atomic number of the
fissioning system (open squares). As can be seen, the difference in per cent
between the mean deformations as function of Z; + Z, is below 2%. In the
same inset, we also display the evolution of the average Coulomb-repulsion
term Z2 /A3 of the fissioning systems (solid circles), which changes a factor
around 20% between Z; + Zy = 82 and Z; + Zy = 73. This fact, together
with the negligible change on quadrupole deformation, favors the idea of a
variation of the tip distance with the atomic number of the fissioning system.
Therefore, we can conclude that a change of the distance between the two
fission fragments is needed to explain the evolution of the average fission
velocities as a function of the size of the fissioning system.

4.3 Pre- and postscission neutron multiplici-
ties

In order to study postsaddle fission dynamics, first one needs to differentiate
between the neutrons emitted by the two fission fragments and the neu-
trons emitted by the fissioning system before scission, the so-called post- and
prescission neutron multiplicities (see section 1.2.2). In this experiment the
separation of these two contributions was possible by correlating the mea-
sured velocities and atomic numbers of the two fission fragments according
to the Wilkins model [172] (see Egs. 1.8 and 4.2). Taking into account
momentum conservation of the fission fragments at scission:

AV

A=
W

(4.4)

where A} and A3 represent the masses of the two fission fragments at scission,
equation 4.2 can be rewritten as:

* 2714
Al (TOA11/3 142

+d> VRO W)

2 W 2
1+§51+—V1/3 L+ 36 =0 (4.5)

2

where V| and V5 are the velocities of the fission fragments in the reference
frame of the incoming projectiles. Knowing the atomic number of the two
fission fragments and their final velocities, this equation can be used to re-
construct the mass of the fission fragment at scission, although it is necessary
to assume that the velocities of the fission fragments are not affected by the
postscission neutron evaporation and that the quadrupole deformations at
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scission can be estimated with the LDM. For a given atomic and mass num-
ber of the final fission fragments it is assumed that 5;(Af, ZF) ~ B;(Ai, Z).
However, equation 4.5 has no analytical solution, and therefore, for deter-
mining the mass number at scission (A}) equation 4.5 is evaluated for all the
possible values of A} and its minimum is assumed to be the solution. Finally,
the mass number of the second fission fragment at scission can be obtained
by momentum conservation (see Eq. 4.4).

Thus, the number of neutrons evaporated after scission for each fission
fragment (vp0st) can be deduced as:

* Final * Final
Upost1 = Al — Aj and  Vpost2 = A5 — Ay (4.6)

where Af inal are the measured masses.
In addition, the total number of emitted neutrons (vr,) can be calculated
as:

Uop = Aproj _ Zproj _ (A{"mal 4 Ag‘z’nal _ ZlFinal _ ZZFinal) (47)
with A,.,; and Z,,,; as the mass and the atomic number of the projectile.
Note that the total number of emitted neutrons includes the neutrons emitted
in the intranuclear cascade stage. However the results from this equation are
only valid if the emission of other particles like d, ¢, ... is negligible.

Finally, the prescission neutron multiplicities (v,,.) can be deduced using
the difference between the previous neutron multiplicities as:

Vpre = VTot — Vpost,1 — Vpost,2 (48)

The resulting neutron multiplicities are displayed in Fig. 4.14 as a function
of the atomic number of the fissioning system. The postscission neutron mul-
tiplicities (open squares) were reconstructed for the full range of fissioning
systems while the total and the prescission neutron multiplicities (open tri-
angles and solid circles respectively) were only obtained for fissioning systems
with Z; + Z5 > 77 due to the fact that emission of other particles such as d,
t, ... is not negligible for lighter fissioning systems.

As can be seen in Fig. 4.14, the neutron multiplicities increase for de-
creasing atomic numbers of the fissioning nuclei. This tendency is expected
because the neutron emission increases with the excitation energy. The un-
certainties of the total number of neutron are attributed to the uncertainty
of the mass numbers of the fission fragments and the emission of other parti-
cles like deuterium and tritium during the cascade stage which could lead to
a decrease of the neutron multiplicities. The latter was evaluated with the
code INCLA4.6 [159]. The uncertainties associated with the post- and prescis-
sion multiplicities are attributed to the velocity uncertainties of the fission
fragments and to the uncertainties of the total number of emitted neutrons.
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In the same figure, we compare the data with the systematics proposed by
Hilscher and Rossner [3]. This systematics was found by investigating mea-
sured neutron multiplicities from fusion-fission reactions of different nuclei at
excitation energies from 6 to 200 MeV. According to this work the pre- and
postscission neutron multiplicities, dotted and dashed lines respectively, can
be parameterized as a function of the total number of evaporated neutrons
as:

Vpre = 0.8(Vrot — Vo) and  Vpost = Vo + 0.2(Vror — 1y) (4.9)

where v, is an offset that depends on the atomic number of the fissioning
system. In the present work this parameter was set to 2.5, according to Ref.
[3]. As can be observed, the systematics is in excellent agreement with the
data.
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Figure 4.14: (Color online) Average total and pre- and postscission neutron mul-
tiplicities (open triangles, solid circles and open squares respectively) as a function
of the atomic number of the fissioning system. The data are compared with the
predictions of Hilscher’s systematics (lines).

4.4 Postsaddle dissipation effects

In chapter 3 we have studied the dissipative effects in fission at small defor-
mations between the ground-state and saddle-point configurations. However,
dissipation also affects the descend time from the saddle to the scission point.
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For this reason one of the fundamental questions about the dissipation pa-
rameter is its dependence on deformation, which has been investigated in
other works using pre- and postscission neutron multiplicities obtained from
fusion-fission reactions [3, 132, 229]. However, in this kind of reaction the
compound nuclei are produced with large angular momentum values that
could complicate the interpretation of the data.

In this section we investigate the pre- and postscission neutron multi-
plicities using spallation reactions, where the compound nuclei are produced
with low angular momentum as discussed in previous sections. Moreover, the
present data allow us to define a new observable, the neutron excess of the
final fission fragments as a function of the size of the fissioning system, which
is sensitive to dissipation at large deformations. This new observable is used
to constrain the value of the dissipation parameter beyond the saddle-point
configuration.

4.4.1 Model calculations

In order to include the fission dynamics beyond the saddle point in our cal-
culations, the saddle-to-scission time, needed by the fissioning system to
descend from the saddle to the scission point, can be compared with the
statistical evaporation time obtained from the neutron decay width. If the
saddle-to-scission time of the fissioning system is longer than the statisti-
cal evaporation time, the fissioning system could emit neutrons during that
phase, increasing the prescission neutron multiplicities. With the aim of
introducing these dynamical effects in our calculations, we have used the pi-
oneering model proposed by Hofmann and Nix [121], who found an analytical
solution of the average saddle-to-scission time based on the dynamical pic-
ture of Kramers [79]. Following this formalism, the average saddle-to-scission
dissipative time (7s.) can be calculated according to:

1/2

1+ (i)zl - b T, (4.10)

Tsse =
20}0 2(,00

where wy is the frecuency of the inverted oscillator potencial at the saddle
point, 3 is the reduced dissipation parameter, and 72, is the saddle-to-scission
statistical time.

0

This average saddle-to-scission statistical time (75,,) can be described as:

1/2
. = %R (ﬁ}ﬂ ) (4.11)
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where T,4 is the temperature of the fissioning system at the saddle point,
and R(z) is a function introduced by Rosser [230]:

/eydy/ zd:v:O49+—ln()+—+O4 (4.12)

The potential energy difference (AV') between the saddle and scission
points can be obtained by approximating the potential shape around the
saddle point by an inverted oscillator of frecuency wy:

AV = %ngX’Q (4.13)
where M is the mass inertia of the fissioning system and X' represents the
deformation of the fissioning system at the scission point with respect to that
at the saddle point.

The mass inertia can be calculated by assuming an irrotational and in-
compressible flow for the fissioning system as suggest by Lestone [231]:

Apiss 17 128/ r 3
M—T <1+1—5€l‘p|: 51 (E—Z)]) (414)

where Ay is the mass of the fissioning system and /R, represents the
deformation of the fissioning nucleus according to the LDM in terms of its
quadrupole deformation at the saddle point 5f 8

I 4.15
= =1+ 20 (1.15)

The difference between the deformation of the fissioning system at the
saddle point and at the scission point can be determined according to the
difference of the scission-point (X,.) and saddle-point (X,4) deformations as:

X' = X, — X (4.16)

where X,. can be calculated as the distance between the two uniformly-
charged spheroids representing the fission fragments at scission, parametrized
according to equation 1.9.

The deformation of the fissioning system at the saddle point (X4) can be
determined as a function of its quadrupole deformation by assuming again a
uniformly-charged spheroid according to:

X =r,AY? (1 + 5f ) (4.17)
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The results of the comparison of the evaporation statistical time with
the saddle-to-scission time are presented in Fig. 4.15. The dot-short-dashed
line represents the evaporation statistical time with its width (shaded area)
as a function of the atomic number of the fissioning system. This time
was calculated as the inverse of the neutron evaporation decay width. We
can observe that the saddle-to-scission statistical times (long-dashed line),
calculated according to equation 4.11, are below the evaporation statistical
times, except for the lightest fissioning systems where both calculations show
a small overlap. This overlap increases with the value of the dissipation
parameter, as shown by the solid line (8 = 6.5 x 10?! s7!) and the dot-long-
dashed line (3 = 18 x 10%*' s7!). Therefore, these longer saddle-to-scission
times increase the probability of evaporating neutrons, leading then to larger
prescission neutron multiplicities.

|| = Evaporation statistical time
25| =— — Saddle-to-scission statistical time

B Saddle-to-scission dissipative time - = 6.5 x 10*!s
20 — - - Saddle-to-scission dissipative time - =18 x 10%s1
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Figure 4.15: (Color online) The evaporation statistical time (dot-short-dashed
line) and the saddle-to-scission statistical (long-dashed line) and dissipative times,
for different values of the dissipation parameter B = 6.5 x 10°*' s~ (solid line)
and B =18 x 10P* 57! (dot-long-dashed line), are displayed as a function of the
atomic number of the fissioning system.

4.4.2 Results and discussion

For investigating the dissipative effects between the saddle-point and the
scission-point configurations, the pre- and postscission neutron multiplicities
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as a function of the atomic number of the fissioning system (see section 4.3)
are compared with several different calculations assuming no evaporation
of particles between the saddle and scission points (dotted lines), calcula-
tions based on the saddle-to-scission statistical time 72,., deduced according
to equation 4.11 (long-dashed line), and assuming dissipation according to
equation 4.10 with a dissipation parameter § = 18 x 10*' s~ (dot-long-
dashed line), as shown in Fig. 4.16. The latter calculation is displayed to

show the sensitivity of these observables to dissipative effects.
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Figure 4.16: (Color online) The data of Fig. 4.14 are compared with different
model calculations (lines). The upper and lower panels correspond to the prescis-
ston and postscission neutron multiplicities, respectively.
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From comparison of the neutron multiplicities with our calculations, one
can see that as expected the saddle-to-scission dissipative effects affect only
the prescission neutron multiplicities while the calculations for the postscis-
sion neutron multiplicities seem to be very similar for all the fissioning
systems. The latter result indicates that the separation between pre- and
postscission neutron multiplicities presented in section 4.3 is correct. How-
ever, the uncertainties in the prescission multiplicities prevent us an accurate
determination of the value for the saddle-to-scission dissipation parameter.
On another hand, the neutron excess of the two final fission fragments could
be as sensitive to dissipation at large deformation as the prescission neutron
multiplicities. Moreover, in our experiment the measurement of the neutron
excess of the final fission fragments is more accurate than the prescission
neutron multiplicities because is a direct measurement, which should result
in an accurate constraint of the dissipation parameter. Therefore, in this
work, we propose using this observable as a function of the atomic number
of the fissioning system. As shown in section 4.2.1, the neutron excess as a
function of the atomic number of the fission fragments provides important
information on the partition of the excitation energy between the two fission
fragments at scission, however, as a function of the atomic number of the
fissioning system, this observable should help us to obtain information on
the saddle-to-scission dynamics.

The average neutron excess of the fission fragments is displayed as a func-
tion of the atomic number of the fissioning nuclei in Fig. 4.17 for the reaction
208Ph + p at 5004 MeV. In the figure, we also compare the neutron excess
with our previous model calculations. First, the average neutron excess is
compared with a calculation assuming the saddle-to-scission statistical time
according to equation 4.11 (long-dashed line). As can be observed, this cal-
culation clearly overestimates the neutron excess for the lightest fissioning
systems. This overestimation indicates the need for dissipation at high ex-
citation energies where the statistical evaporation time is comparable to the
time needed by the fissioning nucleus to descend from the saddle point to scis-
sion. Therefore, we also compare the data with dissipative calculations based
on equation 4.10, assuming a reduced dissipation parameter [s,qdie—scission Of
4.5 x 102! s71 (short-dashed line), 6.5 x 10*' s7! (solid line), and 18 x
10%! (dot-long-dashed line) s™!. As can be seen in the figure, the calculation
considering a reduced dissipation parameter of 4.5 x 10?! s™! (short-dashed
line) or 6.5 x 10?! s7! (solid line) can describe the average neutron excess for
all the fissioning systems. These results could indicate that the dissipation
parameter does not depend on deformation because we determined a dissi-
pation parameter of (4.541.0) x 10%! s7! at small deformations (see chapter
3).
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Our results seem to be in agreement with the values recently found by
Nadotchy and co-workers [232]. They compared neutron and light-charged
particle multiplicities of excited compound nuclei from ytterbium to ruther-
fordium, produced in fusion-fission reactions, with four-dimensional Langevin
calculations by assuming the one-body dissipation mechanism and the chaos-
weighted wall formula. From their calculations they estimated a value for
the reduced dissipation parameter [(sqqdie—scission 10 be between 4 and 8 X
102! s7!, which seems to be in excellent agreement with our results.

On the other hand, our results seem to contradict most of the works
performed with fusion-fission reactions [131, 132, 133, 142, 233, 234], where
a deformation-dependent dissipation parameter was claimed to describe the
prescission particle multiplicities. Although, as already mentioned, that con-
clusion could be affected by the initial conditions of the fusion-fission reac-
tions and by the fact that several independent observables are needed for
constraining the dissipation parameter accurately.
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Figure 4.17: (Color online) The average neutron excess of the final fission frag-
ments produced in the reaction *°* Pb + p at 500A MeV (solid circles) is compared
to different model calculations (lines).
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4.5 Conclusions

In the present chapter, we have investigated the reactions 2*Pb(370A4, 5004,
and 6504 MeV) + p and 2®Pb(5004 MeV) + 2"Al measured in inverse kine-
matics using a highly efficient detection setup. Further, this setup allowed us
for the first time a complete isotopic and kinematic identification of the two
fission fragments produced in proton-induced fission of 2®*Pb at 5004 MeV.

The atomic-number distributions of the fission fragments were obtained
from energy loss measurements in a double multisampling ionization chamber
(Twin MUSIC) with a resolution below 0.43 charge units (FWHM), while the
mass numbers were obtained from the mass-over-charge ratio (A/Z) deter-
mined from magnetic rigidity and time-of-flight measurements with a reso-
lution of 40 ps (FWHM). These measurements provided a complete isotopic
distribution of fission fragments from cobalt to tellurium with an average
mass-number resolution of AA ~ 0.6 mass units (FWHM).

The isotopic distribution of the fission fragments produced in the reaction
28Ph (5004 MeV) + p was used to validate previous controversial measure-
ments of the same isotopic distribution and to study its properties, such as
the mean neutron excess and the widths of the distributions, but also the
velocities of the final fission fragments.

Moreover, our measurement allowed us to investigate the mass and charge
correlations between the two fission fragments. We investigated the average
neutron excess and the width of the isotopic distributions of the fission frag-
ments as a function of their atomic number. Different model calculations
of the neutron excess indicate that this observable is sensitive to the polar-
ization effect, the postscission neutron evaporation, and the partition of the
excitation energy between the two fission fragments at scission. Our calcu-
lations helped us to conclude that a partition of the excitation energy as a
function of the masses of the fission fragments provides a better description
of the data. We also observe that the neutron excess of the fission fragments
decreases with decreasing the atomic number of the fissioning system. This
fact can be explained by an increase of the excitation energy for the lighter
fissioning systems at the saddle point [27, 28, 137].

On the other hand, we show that the widths of the isotopic distributions
are sensitive to the total excitation energy gained by the fissioning system
and to structural effects in the deexcitation of fission fragments crossing the
neutron shell at N = 50. The slope changes observed in the widths of the
isotopic distribution can only be explained by the larger neutron separation
energies for the fission fragments crossing the neutron shell N = 50.

In addition, our data are used to investigate the velocities of the fission
fragments at the scission point as a function of the atomic number of the
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fissioning system. The comparison with different model calculations for the
fissioning nuclei investigated in this work allows us to conclude that the
velocities of the fragments as a function of the size of the fissioning nuclei
are more sensitive to the tip distance between the fission fragments than to
their quadrupole deformations. Finally, we have parametrized the value of
the tip distance as a function of the size of the fissioning nuclei.

Finally, the complete kinematics measurement of the fission fragments
produced in the reaction 2*Pb(5004 MeV) + p was used to reconstruct the
average prescission and postscission neutron multiplicities. These observ-
ables, together with the average neutron excess of the final fission fragments,
were displayed as a function of the atomic number of the fissioning nucleus to
investigate dissipative effects at large deformations. The comparison of sev-
eral model calculations with these two independent observables shows that
both observables are sensitive to dissipation, although the neutron excess
has a higher accuracy, allowing us to determine the value of the dissipa-
tion parameter at large deformations. From our calculations, we deduce a
value of the reduced dissipation parameter Bsqgdie_scission Of (6.5+2.5) x 102!
s~!. Taking its uncertainty into account, this value is in agreement with the
value of the reduced dissipation parameter obtained at small deformations
(4.5 £ 1.0) x 10%* s7! (see chapter 3) and therefore we conclude that no
dependence on deformation is observed.






Conclusions and future
perspectives

In the present work, the reactions proton-induced fission of 2°Pb at 3704,
5004, and 6504 MeV and 2%Pb + 27Al at 5004 MeV have been investigated
in inverse kinematics using a highly efficient detection setup that permitted
us to measure and identify the two fission fragments in terms of their mass
and atomic numbers. We have obtained the fission cross sections, partial
fission cross sections, the width of the charge distributions of the fission
fragments as well as multiplicities of the light-charged particles from H to L¢
for all the reactions with high efficiency and precision. Moreover, the isotopic
distributions and the velocities of the two fission fragments were measured
for the reaction proton-induced fission of 2°Pb at 5004 MeV.

The atomic-number distributions of the fission fragments were obtained
from energy-loss measurements by using a double multisampling ionization
chamber (Twin MUSIC) with a resolution below 0.43 charge units (FWHM),
while the mass numbers were obtained from the mass-over-charge ratio (4,/7)
determined from magnetic rigidity and time-of-flight measurements with a
resolution of 40 ps (FWHM). These measurements provided the complete
isotopic distribution of fission fragments from cobalt to tellurium with an
average mass-number resolution of AA ~ 0.6 mass units (FWHM).

The total fission cross sections allowed us to clarify the existing discrep-
ancies in previous measurements at intermediate and high energies. This
set of data also allows us to revisit the previously-established systematics
by Prokofiev [12] and to propose new values for the parameterization of
proton-induced fission cross sections of 2°®Pb. Moreover, these data were
used to benchmark model calculations, performed with the intranuclear cas-
cade code, INCL4.6 [159], coupled to the deexcitation code ABLAO7 [160].
The large range covered by these data in terms of excitation energy allowed
to investigate dissipative and transient effects in fission. Calculations includ-
ing dissipative but not transient effects are able to describe the measured
cross sections up to a proton energy around 200 MeV. At higher excitation
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energies, only calculations that include a time-dependent description of the
fission decay width describe the data correctly. These results confirm previ-
ous works, pointing to a unique value of the reduced dissipation parameter
around 3 = 4.5 x 10! s71, as well as to a temperature independence of this
parameter. In addition, one can confirm that the onset of transient effects
occurs at excitation energies around 110 MeV [8, 135, 137, 138, 146].

The measurement of the light-charged particles in coincide with the fis-
sion fragments has also been used to investigate dissipative and transient
time effects. The comparison of the data with different model calculations
shows that the average multiplicity of the emitted particles with Z = 1,
and the ratio (fission/evaporation) of the particle yields, are also sensitive
to dissipative effects. Moreover, these data also permitted us to study the
evolution of the width of the charge distribution of the fission fragments as
a function of the particle removed from the projectile for different entrance
channels and bombarding energies. This comparison shows that the width of
the charge distribution depends on the removed particle. However, the width
depends on neither the entrance channel nor on the bombarding energy. In
addition, the comparison with different model calculations indicates that this
observable is also sensitive to dissipative effects.

The total fission cross sections, partial fission cross sections, and the
width of the charge distribution of the fission fragments were also used to
investigate the role of the level-density parameter in fission. The comparison
of these observables with calculations based on different descriptions for this
parameter demonstrate that the parameterization proposed by Ignatyuk et
al. [105] together with a dissipative model provide a better description of the
data, although statistical model calculations based on the Bohr and Wheeler
approach, together with a modified level-density parameter, are also able to
describe the observables separately.

In addition, the isotopic distribution of the fission fragments was used to
validate previous controversial measurements of the same isotopic distribu-
tion and to study its properties, such as the mean neutron excess and the
widths of the distributions. We investigated the evolution of the average
neutron excess and the width of the isotopic distributions of the final fission
fragments as a function of the atomic number of the fissioning nuclei. Dif-
ferent model calculations of the neutron excess indicate that this observable
is sensitive to the polarization effect, the postscission neutron evaporation,
and the sharing of the excitation energy between the two fission fragments at
scission. Our calculations helped us to conclude that a sharing of excitation
energy as a function of the masses of the fission fragments provides a better
description of the data. We also observe that the neutron excess of the fis-
sion fragments decreases with decreasing the atomic number of the fissioning
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system. This fact can be explained by an increase of the excitation energy
for the lighter fissioning systems at the saddle point [27, 28, 137].

On the other hand, we show that the widths of the isotopic distributions
are sensitive to the total excitation energy gained by the fissioning system
and to structural effects in the deexcitation of fission fragments crossing the
neutron shell at N = 50. The slope changes observed in the widths of the
isotopic distribution can only be explained by the larger neutron separation
energies for the fission fragments crossing this shell.

Our data were also used to investigate the velocities of the fission frag-
ments at the scission point as a function of the atomic number of the fis-
sioning system. The comparison with different model calculations for the
fissioning nuclei investigated in this work, allowed us to conclude that the
velocities of the fragments as a function of the size of the fissioning nuclei
are more sensitive to the tip distance between the fission fragments than to
their quadrupole deformations. Finally, the value of the tip distance was
parametrized as a function of the size of the fissioning nuclei.

The velocities and atomic numbers of the two fission fragments were
used to reconstruct the postscission neutron multiplicities using an indirect
method based on the Wilkins model [172]. The total neutron multiplicities
were also deduced by using the difference between the neutron number of
the projectile and the neutron numbers of the two final fission fragments,
while the prescision neutron multiplicities were deduced using the total and
the postscission neutron multiplicities. These data were compared with dif-
ferent calculations based on the formalism proposed by Hofmann and Nix
[121] to describe the dynamics of the evolution from the saddle point to the
scission configuration. The comparison shows that the neutron multiplicities
are more sensitive to dissipative effects at high excitation energies, where
the statistical evaporation time is comparable to the time needed by the fis-
sioning nucleus to descend from the saddle to the scission point. Moreover,
our calculations indicate that the postscission neutron multiplicities are less
sensitive to the saddle-to-scission dynamics, which allows us to define the neu-
tron excess of the final fission fragments as a new observable directly related
to the evaporation of neutrons between the saddle and the scission points.
This fact permitted us to study dissipative effects at large deformations as
a function of the size of the fissioning nuclei by using their atomic numbers.
From the comparison of the data with calculations we have constrained the
value of the dissipation parameter at large deformations, obtaining a value
of (6.5+2.5) x 10*" s7'. Taking the uncertainty into account, this result
is consistent with the value obtained at small deformations, suggesting a
deformation independence of this parameter.

Our understanding of fission could be further improved by better con-
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straining the initial stage of the reaction. Therefore, in these conclusions
we also propose to investigate the fission process by using (p, 2p) reactions.
This type of measurements have also been proposed by Henning at RIKEN
[235]. The key feature of such studies is that (p,2p) reactions allow one for
the determination of the excitation energy gained by the compound nucleus
from the kinematics of the two protons, providing a better control of a key
parameter of the fission process. This fact could be used to constrain model
calculations and to study how fission yields depend on temperature, because
these reactions allow us to cover a large range in level densities and excita-
tion energies, ranging from the fission barriers up to ~60 MeV, for a given
fissioning system.

With the aim of investigating fission using (p, 2p) reactions, the detector
CALIFA (CALorimeter for In-Flight emitted pArticles) [236, 237, 238], cur-
rently being built by the R3B collaboration [239], could be coupled to the
current SOFIA setup as shown in Fig 5.1. Furthermore, the NeuLand de-
tector [240, 241] could be used to measure the neutron multiplicities, which
should help us to investigate the sharing of excitation energy between the
two fission fragments. Because of the low fission cross sections in (p,2p)
reactions (1-10 mb) only the charge distributions of the fission fragments
could be measured with good statistics. However, this would be sufficient to
investigate the interesting structural effects in fission [20, 220, 221].
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Figure 5.1: (Color online) An example of the possible setup to measure fission
induced by (p,2p) reactions. The two protons are detected with the CALIFA detec-
tor while the fission fragments are measured with the SOFIA setup. The detector
NeuLand could be also included to measure neutron multiplicities. Sizes are not to
scale.
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CALIFA has two major parts as shown in Fig. 5.2 (left pad): the Barrel
covering an angle between 43°and 140°and the forward EndCap covering an
angle between 7°and 43°, which allows for a small angular aperture of 7°to
transmit the fission fragments. The large angular acceptance together with
a high granularity (~ 3400 individual crystals) allow to measure the two
protons emerging from a (p, 2p) reaction with a high geometrical efficiency.
The intrinsic efficiency depends on the length of the crystal: 23 cm for crystals
in the Barrel and 40 cm for those in the EndCap.
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Figure 5.2: (Color online) Left pad: Display of a reaction (p,2p) measured with
the CALIFA detector. Right pad: Fxcitation energy of the compound nuclei recon-
structed from the kinematics of the two protons measured with CALIFA. The dis-
tributions are shown for different selections of the sum of the polar angles (61+02).

Several experimental tests and simulations with protons and ions at 500 A
MeV demonstrated that prompt protons emitted in the forward direction
with large kinetic energies (~ 420 MeV) can be detected by the EndCap
with an intrinsic efficiency around 50% [238], while slow protons (~ 80 MeV)
could be detected by the Barrel with an efficiency of about 75% [243, 244].
The angles of the two protons can be determined by using a combination of
the positions measured with a silicon tracker [245] and CALIFA. Both mea-
surements of kinetic energy and position allow to reconstruct the excitation
energy with a resolution of 5-8 MeV (FWHM) [238], using the invariant mass
of the reaction. An example of this excitation energy reconstruction is shown
in Fig. 5.2 (right pad), where we display the excitation energy distribution
for different selections of the sum of the polar angles (6, +6,). These calcula-
tions were done with INCL4.6+ABLAO7 [159, 160] for proton-induced fission
of 28U at 5004 MeV, assuming that the atomic number of the fissioning nu-
clei is (Z; + Z3) = 91, which ensures that no proton was emitted during the
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deexcitation stage. This reaction was chosen because it represents a good
compromise among fission cross section, detection efficiency, and excitation
energies that we want to investigate.



Resumen en castellano

Introducciéon

Desde que Hahn, Strassmann y Meitner descubrieron la fision en 1939 [1]
un gran esfuerzo ha sido hecho para entender este mecanismo. Una de las
primeras interpretaciones tedricas fue dada por Bohr y Wheeler [2] basandose
en un modelo puramente estatistico, donde la probabilidad de los canales de
desexcitaciéon esta dada por la densidad de niveles de energia en el espacio de
fases. Anos mas tarde el andlisis de diferentes observables experimentales,
tales como la emision de particulas cargadas, neutrones, rayos v y secciones
eficaces de fision y de residuos de evaporacion, mostré que esa interpretacion
estatistica no era suficiente. Las discrepancias encontradas entre el mod-
elo estadistico y los datos experimentales fueron atribuidas al hecho de que
el proceso de desexcitacion no ocurre espontaneamente como se asume en el
modelo puramente estadistico, sino que necesita un tiempo extra para encon-
trar el equilibrio termodinamico. Es decir, el proceso necesita una descripcion
dindmica. En este sentido existen algunas teorias microscopicas, sin embargo,
el gran nuimero de grados de libertad que intervienen en el proceso hace que
estos modelos sean muy complejos requiriendo largos periodos de calculo.
Por este motivo los modelos mas usados en la actualidad consisten en ecua-
ciones de transporte, es decir, teorias donde se describe el proceso de fisién
usando un nimero pequeno de variables lo cual reduce consideradamente los
tiempos de calculo. En estos modelos, los grados de libertad se dividen en
dos grupos, intrinsecos y colectivos. Los grados de libertad intrinsecos se
corresponden con los estados individuales de los nucleones y los grados de
libertad colectivos se asocian a movimientos combinados de varios nucleones,
como por ejemplo estados vibracionales, rotacionales o cualquier coordenada
de deformacion. Durante el proceso de desexcitacion estos grados de libertad
se transfieren energia. Esta transferencia de energia esta gobernada por un
proceso denominado disipacién, el cual determina el tiempo que necesita un
grado de libertad colectivo para alcanzar el equilibrio. En los modelos de
transporte este proceso de disipacién es cuantificado por un coeficiente de
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disipacién S. Sin embargo, cabe mencionar que después de siete decadas de
investigacion el valor de este coeficiente asi como sus posibles dependencias
en temperatura o deformacién atn estan bajo debate [11]. La razén prin-
cipal de este debate es que la fisién es un proceso colectivo donde existen
muchos grados de libertad y por tanto se necesitan medir varios observables
simultaneamente para acotar su valor asi como sus posibles dependencias.
Sin embargo, la medida simultanea de observables es muy compleja debido
a las limitaciones tecnologicas existentes.

Uno de los objetivos de este trabajo fue precisamente superar las estas
limitaciones tecnoldgicas. Hasta ahora, sélo se habian medido observables
de forma independiente y usando diferentes dispositivos experimentales que
podrian afectar a los resultados. Para evitar discrepancias en los resultados
entre los anos 50 y 70 se realizaron varios experimentos con el fin de medir
diferentes observables en el instituto Laue-Langevin [13] usando reacciones in-
ducidas por neutrones en cineméatica directa [14, 15, 173, 174, 175, 176], donde
el neutron golpea un nicleo pesado en reposo, a bajas energias cinéticas. Sin
embargo, estas medidas sélo permitieron medir el fragmento de fision més
ligero con buena resolucion. Estas medidas fueron mejoradas en los anos 90,
durante los cuales se realizaron diferentes experimentos en el GSI usando el
espectrometro de masas FRS [19] para investigar la fisién inducida por reac-
ciones de espalacion en cinematica inversa, es decir, el nticleo es acelerado a
altas energias cinéticas y luego se hace incidir sobre un blanco de nucleones
o nucleos ligeros. Debido a la cinematica de la reaccién, los dos fragmentos
de fision son focalizados en la direccion del haz con alta energia cinética lo
cual favorece su identificacién en carga y masa. Sin embargo, por razones de
aceptancia geométrica el espectrometro FRS solo alcanzé a medir uno de los
dos fragmentos de fision. Unos afios mas tarde, ese dispositivo experimental
fue modificado para medir por primera vez la carga de los dos fragmentos
de fisién con gran resolucién, pero sin medir sus masas, lo cual proporcioné
nuevos observables de fision asi como relevante informacién sobre el proceso
de disipacién a pequenas deformaciones [27, 28, 137]. Recientemente esta
técnica ha sido mejorada en GANIL usando reacciones de transferencia y fu-
sion [61, 62, 63], donde un espectrometro de masas fue usado para identificar
en carga y masa uno de los fragmentos de fision mientras que el otro sélo fue
identificado en carga usando un detector de silicios. Estos experimentos pro-
porcionaron por primera vez identificaciones completas de las distribuciones
de carga y masa de algunos nticleos pesados ricos en neutrones, tales como
el 2Pu y el #Cf [62].

Con el fin de mejorar los experimentos anteriores, un nuevo dispositivo
experimental fue desarrollado y montado en el GSI [23]. Este dispositivo
nos permitiéo medir por primera vez los dos fragmentos de fision en carga y
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masa con gran resolucién y alta precision, asi como sus energias cinéticas,
proporcionando una completa medida de la cinematica del proceso. Ademas,
este nuevo dispositivo también nos permitiéo medir las particulas cargadas
ligeras en coincidencia con los fragmentos de fision. Estas medidas nos han
permitido obtener observables sensibles al proceso de disipacién a pequenas
deformaciones, tales como las secciones eficaces totales de fision o las anchuras
de las distribuciones de carga. Estos observables nos permitieron estudiar la
dependencia del coeficiente de disipacion con la temperatura y determinar su
valor. Por tltimo, hemos definido nuevos observables sensibles al proceso de
disipacion cuando el sistema fisionante se encuentra altamente deformado,
lo cual nos ha permitido estudiar la dependencia de la disipaciéon con la
deformacion.

Dispositivo experimental

En este experimento, un haz de iones de 2°Pb se aceleré hasta energias de
650A MeV con una intensidad del orden de 10° iones/s. Estos iones se guiaron
desde el acelerador hasta el blanco de reacciéon. Debido a la cinematica de
la reaccién, los fragmentos de fision son emitidos hacia delante con altas
energias cinéticas permitiendo su deteccién con una buena eficiencia. Un
nuevo dispositivo experimental fue montado depués del blanco de reaccion
para medir los fragmentos de fision en carga y masa y las particulas cargadas
ligeras, como mostrado en la Fig. 6.1.
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Figure 6.1: (Color online) Vista esquemdtica superior del dispositivo experimen-
tal usado en este trabajo. Las dimensiones no estan a escala.

Una doble camara de ionizacién (Twin MUSIC) fue montada después
del blanco para medir el niimero atémico de los dos fragmentos de fision
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con una resolucion de 0.43 unidades de carga (FWHM). Para determinar las
trayectorias de los fragmentos de fision dentro del iman se usaron los angulos
proporcionandos por la Twin MUSIC, medidos con una resolucién entorno a
1 mrad (FWHM), y las posiciones proporcionadas por dos detectores de hilos
(MWPCs), medidas con resoluciones inferiores a 1 mm (FWHM), situados
antes y después del iman. Al final del dispositivo experimental se situé un
detector de tiempo de vuelo con una resoluciéon de 40 ps (FWHM) [179],
lo cual fue esencial para identificar las masas de los fragmentos producidos
en la reaccion. Finalmente, entre el blanco de reaccion y la Twin MUSIC
se montd un detector de plasticos centelladores para medir las particulas
cargadas ligeras emitidas en coincidencia con los fragmentos.
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Figure 6.2: (Color online) Matriz de identificacion de los fragmentos de fision
producidos en la reaccion 2 Pb(500A MeV) + p. En la figura se muestran las
correlaciones entre el nimero atomico, determinado a partir de medidas de per-
dida de energia, y el cociente A/Z, determinado a partir de medidas de rigidez
magnética y tiempo de vuelo. La figura proporciona una completa identificacion de
los fragmentos de fision producidos en la reaccion sin ambigiiedades.
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Las masas de los fragmentos de fisién se midieron usando la técnica de sep-
aracién magnética. Un dipolo magnético (ALADIN) fue usado para curvar
las trayectorias de los fragmentos. Estas curvaturas permitieron determinar
la rigidez magnética de cada fragmento de fisién por separado, que junto con
la velocidad y el niimero atémico, permitieron obtener la masa (A):

A-ZBp (6.18)
u PBrye
donde Z es el nimero atomico, B es el campo magnético dentro del iman, p
es el radio de la trayectoria, u es la unidad atémica de masa, e es la carga
del electréon, v = 1/4/1 —0v2/c?, v es la velocidad del fragmento de fisién
(determinada a partir del tiempo de vuelo) y ¢ es la velocidad de la luz.

En la Fig. 6.2 se muestra la matriz de identificacion de los fragmentos
de fisién producidos en la reaccién 2**Pb(5004 MeV) + p. Cada cluster
o cumulo estadistico de la figura representa un ntucleo. La alta resolucion
obtenida en este experimento, resoluciones en masa entorno a 0.63 unidades
de masa (FWHM), nos perimitié identificar todos los fragmentos de fisién
sin ambigiliedades. Esta excelente identificacion junto con la medida de la
seccion eficaz total de fisién nos permitiéo determinar las secciones eficaces
de produccién para mas de 300 isétopos, desde el cobalto (Z = 27) hasta
el telurio (Z = 52). Estas nuevas medidas también nos permitieron resolver
ciertas discrepacias entre las medidas ya existentes, como sera discutido en
la siguiente seccion.

Dinamica del proceso de fision hasta el punto
de silla

El dispositivo experimental descrito en el apartado anterior nos permitié
medir simulataneamente diferentes observables de fisién sensibles a la dindmica
del proceso entre el estado fundamental del nticleo compuesto, formado de-
spués del proceso de espalacion, y el punto de silla (saddle point). En este
caso nos centraremos en las secciones eficaces totales de fisién y en las an-
churas de la distribucion de carga de los fragmentos (o) como una funcién del
nimero atémico del nicleo fisionante, obtenido con la suma de los niimeros
atémicos de los dos fragmentos Z; + Zs.

Las secciones eficaces totales de fision fueron determinadas usando el
cociente entre el ntimero de sucesos de fisién y el de proyectiles, teniendo
encuenta el espesor del blanco de reaccion. Posteriormente, estos valores
fueron corregidos cuidadosamente por diferentes factores, entre los que pode-
mos destacar la eficiencia geométrica, la atenuacion del haz y las correcciones
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debidas a reacciones secundarias, para obtener resultados con una alta pre-
cision.

Las secciones eficaces de fisiéon medidas en este trabajo para la reaccién
208Ph + p a 3704, 5004 y 650A MeV son mostradas en la Fig. 6.3 (circulos
rellenos), donde también se comparan con medidas obtenidas en otros exper-
imentos. Nuestros resultados confirman las medidas realizadas por Schmidt,
Hagebg, Brandt y Enqvist, resolviendo la discrepancia existente entre esas
medidas y la realizada por Kotov.
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Figure 6.3: (Color online) Secciones eficaces de fision medidas en este trabajo

para la reaccion 2° Pb + p (circulos rellenos) comparadas con datos de experimen-
tos anteriores. La linea a trazo es para guiar el ojo.

Por otro lado, las anchuras de carga nos permiten investigar los efectos
disipativos con la energia de excitacion del sistema fisionante. Este observ-
able es mostrado en la Fig. 6.4 como una funcién de Z; + Z, para las
reacciones medidas. Uno puede observar que las anchuras de carga son muy
parecidas para un sistema fisionante dado, esto nos indica que este observ-
able is independiente del tipo de reaccion y que esta fuertemente ligado a
la temperatura que alcanza el nicleo fisionante en el punto de silla (saddle
point) porque crece cuando disminuye el nimero atémico del sistema fision-
ante [27, 28, 137].

Este conjunto de datos también se compara con diferentes calculos para
extraer informacién acerca de la dindmica del proceso. En este trabajo hemos
usado dos codigos que nos permiten describir la fisica del proceso a alta en-
ergia de excitacién. Para describir el proceso de espalacion hemos utilizado
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un modelo basado en el concepto de la cascada intranuclear, también cono-
cido como INCL4.6 [159], que describe la interaccién entre el proton y el
ntcleo. Para describir la desexcitacién de los niicleos compuestos producidos
después de la espalacién hemos usando el codigo ABLAO7 [160] que incluye
los efectos disipativos. La comparacién de los datos con estos calculos nos
permitié obtener informacion sobre la densidad nuclear y sobre disipacion
nuclear, la cual regula la transferencia de energia entre grados de libertad
intrinsecos y colectivos durante el proceso de fisién.
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Figure 6.4: (Color online) Anchura de la distribucion de carga de los fragmentos
de fision como una funcion de Z1+ Zy para las reacciones medidas en este trabajo.

En la Fig. 6.5 se comparan las secciones eficaces de fision medidas en este
trabajo, junto con las obtenidas en experimentos anteriores, con diferentes
calculos. La linea a trazos representa un calculo basado en el modelo de
Kramers [79], el cual asume que la probabilidad de fisién es independiente
del tiempo. Claramente este cdlculo describe corectamente las secciones efi-
caces a baja energia donde el tiempo estadistico del proceso es mucho mayor
que el transitorio, pero falla a altas energias donde dominan los efectos tran-
sitorio lo cual indica una dependencia de la probabilidad de fision con el
tiempo. Esta dependencia fue incluida por Jurado y colaboradores [135] en
ABLAO7, basandose en una solucion analitica de las ecuaciones de Fokker-
Planck que describen el proceso. En la figura, los datos también se comparan
con diferentes calculos realizados con ABLAO7 pero para diferentes valores
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del coeficiente de disipacién 5. De esta comparacion, nosotros concluimos que
el valor del coeficiente de disipacién es 3 = 4.5 x 10%! s7!, lo cual confirma
los resultados publicados por otros autores [9, 28, 137].

Fission cross section [mb]
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Figure 6.5: (Color online) Secciones eficaces totales de fision para la reaccion
208 Py + p como una funcién de la energia del proton incidente. Las lineas represen-
tan diferentes cadlculos realizados con el modelo de Kramers y el codigo ABLAO7.

Por otro lado, en algunos trabajos recientes se ha encontrado que un
modelo puramente estadistico pero con una densidad de niveles modificada
también podria describir las secciones eficaces totales [214]. Para discutir
esta posibilidad nosotros hemos usado la anchura de la distribucién de carga
como funcion del sistema fisionante Z;+Z5, como mostrado en la Fig. 6.6. En
este caso, nosotros comparamos los datos con el calculo anterior que describe
las secciones eficaces totales de fision y con uno asumiendo una probabili-
dad de fision puramente estadistica junto con un parametro de densidad de
niveles modificado segiin se describe en la Ref. [214], el cual permite repro-
ducir la secciéon eficaz total de fision. Uno puede observar que los calculos
puramente estadisticos junto con una densidad de niveles modificada sobres-
timan las anchuras para los sistemas fisionantes mas ligeros, mientras que
los calculos que tienen encuenta los efectos disipativos proporcionan una cor-
recta descripcién en todo el rango de sistemas fisionantes medidos. Estos
resultados confirman que una descripcion puramente estadistica, incluso con
una densidad de niveles modificada, no puede describir todos los observables.
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Figure 6.6: (Color online) Anchura de la distribucion de carga de los fragmentos
de fision como una funcion de Zy + Zy. Las lineas representan diferentes cdlculos.

Dinamica del proceso de fision después del punto
de silla

Este trabajo también nos ha permitido investigar la dependencia de la disi-
pacion nuclear con la deformacion del sistema fisionante. Uno de los ob-
servables mas usado es la multiplicidad de neutrones. Diferentes trabajos de
investigacion han encontrado que las multiplicidades de neutrones emitidos
antes y después del punto de fision son sensibles a los efectos disipativos.
Aunque en este trabajo no se ha podido medir las diferentes contribu-
ciones de la emision de neutrones, la completa medida cinematica de los dos
fragmentos de fision junto con un método de reconstrucciéon basado en las
ecuaciones de Wilkins [172] nos ha permitido determinarlas de forma indi-
recta, como se muestra en la Fig. 6.7. En el panel inferior se muestran
las multiplicidades de neutrones emitidos después del punto de fisién como
funcién del nimero atémico del sistema fisionante Z; + Z,, mientras que en
el panel superior se muestran para los neutrones emitidos antes del punto de
fision. Las multiplicidades de neutrones emitidos antes del punto de fision
se obtuvieron a partir de la diferencia entre el niimero total de neutrones
perdidos y los emitidos después del punto de fision. Estas multiplicidades
solo se representan para Z, + Zy > 77 porque los sistemas mas ligeros estan
dominados por la emision de particulas cargadas pesadas que impiden la cor-
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recta determinacién del nimero total de neutrones emitidos durante todo el
proceso.
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Figure 6.7: (Color online) La multiplicidad de neutrones emitidos antes (panel
superior) y después (panel inferior) del punto de fision es representada como una
funcion del nimero atémico del sistema fisionante Z1+ Zs. Las lineas representan
diferentes cdlculos.

Las multiplicidades mostradas en la Fig. 6.7 también son comparadas
con diferentes calculos para extraer informacion sobre la disipacién cuando
el sistema fisionante se encuentra altamente deformado, es decir, entre el
punto de silla (saddle point) y el punto de fisién (scission point). La linea a
puntos representa un calculo asumiendo que no se evaporan particulas entre
esos dos puntos. La linea a trazos representa un calculo asumiendo que el
tiempo necesario por el sistema fisionante para moverse entre esos puntos
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es puramente estadistico. Finalmente, la linea de punto-trazo representa un
calculo considerando efectos disipativos con un coeficiente de disipacion § =
18 x 10%' s~!. Estos calculos nos permitieron concluir que las multiplicidades
de neutrones emitidos depués del punto de fisiéon no son sensibles a los efectos
de disipacién entre el punto de silla y el punto de fision, mientras que los
emitidos antes del punto de fisién si que muestran una ligera sensivilidad,
especialmente para los sistemas fisionantes mas ligeros donde se alcanzan
altas energias de excitacién [28]. Sin embargo, la incertidumbre de estas
medidas no nos permite acotar el valor del coeficiente de disipacion.

14 e Dat
— — Saddle-to-scission statistical time
- =---- Saddle-to-scission dissipative time -~ B=4.5 x 10%!s1
Saddle-to-scission dissipative time -  B=6.5 x 10%s?
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N
Z
V1.3
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o | \ \ \ \ |
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Figure 6.8: (Color online) Promedio del exceso de neutrones de los fragmentos
de fision como una funcion del niumero atémico del sistema fisionante Z1 + Zs.
Las lineas representan diferentes cdlculos.

Por tltimo, este trabajo nos permitio definir un nuevo observable para
estudiar los efectos disipativos entre el punto de silla y el punto de fision. Este
nuevo observable es el promedio del exceso de neutrones de los fragmentos de
fisién como una funcién del nimero atémico del sistema fisionante Z; + Z»,
como se muestra en la Fig. 6.8. Este observable también fue comparado
con diferentes calculos para estudiar su sensivilidad a los efectos disipativos.
La linea a trazos representa un calculo considerando que el tiempo necesario
por el sistema fisionante para deplazarse desde el punto de silla al punto
de fision es puramente estadisitico, el cual claramente sobrestima el exceso
de neutrones para los sistemas fisionantes mas ligeros. Ademas, estos datos
se compararon con un calculo considerando efectos disipativos pero para
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diferentes valores del coeficiente de disipacién, lo cual nos perimitio obtener
y acotar su valor entorno a (6.5 + 2.5) x 10?! s7'. Este resultado podria
indicar que el coeficiente de disipacién no depende de la deformacion ya
que del andlisis de los observables sensibles a efectos disipativos a pequena
deformacién se determiné un valor de § = (4.5 £ 1.0) x 10?! s71.

Conclusiones

Los resultados presentados en este trabajo representan un primer paso de
una nueva generacion de medidas del mecanismo de fisién, las cuales pro-
porcionan una completa medida cinematica de los dos fragmentos de fision
y de las particulas ligeras emitidas en coincidencia, lo que suposo un gran
reto tecnolégico. Estas nuevas medidas nos han permitido definir diferentes
observables independientes para estudiar este proceso, en particular para in-
vestigar los efectos de la disipacion nuclear. Los nuevos observables nos han
permitido cuantificar el valor del coeficiente de disipacion ( y estudiar sus
posibles dependencias con la temperatura y la deformacién, las cuales estan
bajo debate debido a la dificultad de obtener observables sensibles a estos
efectos.

Los datos analizados en este trabajo han sido comparados con diferentes
calculos para extraer informacion sobre la disipaciéon. Para ello hemos di-
vidido los observables en dos grupos, los sensibles a la disipacion entre el
estado fundamental y el punto de silla y los sensibles a la disipacién entre el
punto de silla y el punto de fision. La comparacion de las secciones eficaces
totales de fision y de las anchuras de las distribuciones de carga de los frag-
mentos de fisién con los cédlculos nos ha permitido concluir que el valor del
coeficiente de disipacién es (4.5 4 1.0) x 10*! s7! y que este valor no cambia
con la temperatura del sistema fisionante. Confirmando la independencia en
temperatura.

Para estudiar la dependencia con la deformacién hemos usado las multi-
plicidades de neutrones, que fueron reconstruidas a partir de la cinematica de
los dos fragmentos de fision. Ademads, las nuevas medidas nos han permitido
definir un nuevo observable sensible a la disipacién a alta deformacion. La
comparacion de estos dos observables con diferentes calculos nos ha permitido
obtener y acotar el valor de este coeficiente de disipacion cuando el sistema
fisionante se encuentra altamente deformado, obteniendo un valor entorno
a (6.5 +2.5) x 10?! s7!. Su incertidumbre hace que sea compatible con el
valor obtenido a pequenia deformacién (4.5 4+ 1.0) x 10*' s7!. Por tanto,
nuestros resultados nos permiten confirmar la independencia en deformacion
del coeficiente de disipacion.
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Isotopic cross sections

The isotopic cross sections of the fission fragments measured in the reac-
tion 2%Pb + p at 5004 MeV are listed in Table A.1 with their associated
uncertainties.

Table A.1: Isotopic cross sections of the fission fragments measured in the re-
action 2®Pb(500A MeV) + p with their associated statistical and systematical
uncertainties indicated in parentheses, respectively.

Z A o [mb] Z A o |mb] Z A o [mb]

27 58 0.103(0.025)(0.004) 27 59 0.261(0.024)(0.009) 27 60 0.356(0.025)
27 61 0.480(0.032)(0.017) 27 62 0.443(0.033)(0.016) 27 63 0.367(0.028)
27 64 0.233(0.021)(0.008) 27 65 0.145(0.016)(0.005) 28 60 0.082(0.020)
28 61 0.263(0.035)(0.009) 28 62 0.464(0.035)(0.015) 28 63 0.620(0.040)
28 64 0.577(0.032)(0.019) 28 65 0.501(0.028)(0.016) 28 66 0.394(0.023)
28 67 0.253(0.021)(0.008) 28 68 0.154(0.023)(0.005) 29 63 0.237(0.020)
29 64 0.391(0.024)(0.012) 29 65 0.658(0.033)(0.020) 29 66 0.735(0.036)
( (0.023) (0.033)(0.019) (0.029)
(0.018)(0.007) (0.010)(0.002) (0.013)
( (0.011) (0.032)(0.020) (0.037)
( (0.026) (0.031)(0.020) (0.031)
( (0.010) (0.022)(0.006) (0.016)
( (0.002) )(0.004) )
(0.016)

) 0.012
)
)
)
)
)
)
20 67 0.756(0.037)(0.023) 29 68 0.641(0.033)(0.019) 29 69 0.424(0.029
)
)
)
)
)
)

(0.012)
(0.013)
(0.003)
(0.020)
(0.013)
(0.007)
(0.023)
(0.013)
(0.004)
(0.027)
(0.016)
(0.003)

)

29 70 0.207(0.018)(0.007) 30 64 0.065(0.010)(0.002) 30 65 0.152(0.013
30 66 0.381(0.021
30 69 0.909(0.039
30 72 0.342(0.021)(0.010

0.011
0.026

30 67 0.703(0.032
30 70 0.696(0.031)(0.020
30 73 0.222(0.022)(0.006) 30 74 0.116(0.016)(0.003
31 66 0.073(0.011)(0.002) 31 67 0.158(0.013)(0.004) 31 68 0.334(0.020)(0.009
31 69 0.587(0.023)(0.016) 31 70 1.05(0.04)(0.03) 31 71 1.16(0.04)(0.03)

31 72 1.03(0.04)(0.03) 31 73 0.751(0.028)(0.020) 31 74 0.553(0.024)(0.015)
31 75 0.321(0.019)(0.009) 31 76 0.139(0.012)(0.004) 31 77 0.054(0.009)(0.002)
32 69 0.130(0. 012)( 03) 32 70 0.370(0.021)(0.010) 32 71 0.737(0.031)(0.019)
32 72 1.27(0.04)(0.0 32 73 1.53(0.05)(0.04) 32 74 1.30(0.04)(0.03)

32 75 1.03(0.03)(0.0 32 76 0.815(0.033)(0.020) 32 77 0.511(0.024)(0.013)

0.020) 30 68 0.919(0.037

30 71 0.548(0.031)(0.016

0
0
3)
3)
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A
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TABLE A.1 (Continued.)
Z A o |mb]

Z A o [mb]

32
33
33
33
34
34
34
34
35
35
35
36
36
36
36
37
37
37
37
37
38
38
38
38
39
39
39
39
39
40
40
40
40
40
41
41
41
41

78
73
76
79
74
7
80
83
78
81
84
78
81
84
87
30
83
86
89
92
84
87
90
93
85
88
91
94
97
88
91
94
97

0.273(0.020)(0.007)
0.748(0.031)(0.018)
1.70(0.04)(0.04)
0.962(0.034)(0.023)
0.201(0.013)(0.005)
1.91(0.05)(0.04)
1.69(0.04)(0.04)
0.387(0.026)(0.010)
0.964(0.039)(0.021)
2.43(0.05)(0.05)
1.31(0.04)(0.03)
0.109(0.008)(0.003)
2.09(0.06)(0.04)
2.48(0.05)(0.05)
0.785(0.032)(0.018)
0.052(0.004)(0.001)
1.47(0.04)(0.03)
2.76(0.052)(0.057)
1.04(0.034)(0.022)
0.095(0.010)(0.002)
0.627(0.021)(0.013)
2.63(0.05)(0.05)
2.29(0.05)(0.05)
0.438(0.020)(0.009)
0.109(0.007)(0.002)
2.08(0.04)(0.04)
2.91(0.06)(0.06)
0.937(0.026)(0.019)
0.175(0.012)(0.004)
0.319(0.013)(0.007)
2.48(0.05)(0.05)
2.65(0.05)(0.05)
0.927(0.030)(0.018)

100 0.107(0.012)(0.002)

89

0.112(0.012)(0.002)

92 1.28(0.03)(0.03)
95 2.63(0.05)(0.05)
98 1.66(0.04)(0.03)

32
33
33
33
34
34
34
35
35
35
35
36
36
36
36
37
37
37
37
38
38
38
38
38
39
39
39
39
40
40
40
40
40
40
41
41
41
41

79
74
7
80
75
78
81
76
79
82
85
79
82
85
88
81
84
87
90
82
85
38
91
94
86
89
92
95
86
89
92
95
98

0.109(0.012)(0.003)
1.29(0.04)(0.03)
1.73(0.04)(0.04)
0.545(0.029)(0.013)
0.623(0.031)(0.014)
2.20(0.05)(0.05)
1.11(0.03)(0.03)
0.139(0.011)(0.004)
1.56(0.05)(0.04)
2.36(0.05)(0.05)
0.535(0.024)(0.012)
0.417(0.023)(0.009)
2.40(0.05)(0.05)
2.18(0.05)(0.05)
0.388(0.024)(0.008)
0.315(0.018)(0.007)
2.38(0.052)(0.049)
2.61(0.052)(0.054)
0.525(0.024)(0.011)
0.073(0.009)(0.001)
1.32(0.03)(0.03)
2.89(0.05)(0.06)
1.45(0.04)(0.03)
0.105(0.009)(0.002)
0.449(0.018)(0.009)
2.60(0.04)(0.05)
2.53(0.05)(0.05)
0.877(0.030)(0.018)
0.036(0.008)(0.001)
0.860(0.024)(0.017)
2.71(0.05)(0.05)
2.43(0.05)(0.05)
0.535(0.023)(0.011)

101 0.037(0.006)(0.001)

90

0.374(0.021)(0.008)

93 1.88(0.04)(0.04)
96 2.67(0.05)(0.05)
99 1.13(0.03)(0.02)

33
33
33
33
34
34
34
35
35
35
35
36
36
36
36
37
37
37
37
38
38
38
38
39
39
39
39
39
40
40
40
40
40
41
41
41
41
41

72
75
78
81
76
79
82
77
80
83
86
80
83
86
89
82
85
88
91
83
86
39
92
84
87
90
93
96
87
90
93
96
99
88
91
94
97

0.160(0.011)(0.004)
1.69(0.05)(0.04)
1.34(0.04)(0.03)
0.257(0.017)(0.006)
1.38(0.05)(0.03)
2.00(0.04)(0.05)
0.731(0.029)(0.017)
0.482(0.022)(0.011)
2.01(0.05)(0.04)
1.90(0.05)(0.04)
0.236(0.020)(0.005)
1.13(0.04)(0.02)
2.49(0.05)(0.05)
1.40(0.04)(0.03)
0.109(0.012)(0.002)
0.946(0.035)(0.020)
2.64(0.049)(0.055)
1.78(0.049)(0.037)
0.294(0.018)(0.006)
0.209(0.012)(0.005)
2.13(0.04)(0.04)
2.76(0.06)(0.06)
1.14(0.04)(0.02)
0.033(0.007)(0.001)
1.20(0.03)(0.02)
2.83(0.05)(0.06)
1.87(0.05)(0.04)
0.391(0.020)(0.007)
0.107(0.010)(0.002)
1.59(0.03)(0.03)
2.81(0.05)(0.06)
1.26(0.03)(0.03)
0.246(0.017)(0.005)
0.023(0.009)(0.001)
0.766(0.024)(0.015)
2.96(0.06)(0.06)
2.52(0.05)(0.05)

100 0.632(0.024)(0.013)
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Z
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TABLE A.1 (Continued.)

7

A o [mb]

Z

A o [mb]

41
42
42
42
42
42
42
43
43
43
43
43
44
44
44
44
44
45
45
45
45
45
45
46
46
46
46
46
47
47
47
47
47
48
48
48
48
49

101 0.306(0.015)(0.006)
89 0.011(0.001)(0.001)
92 0.294(0.016)(0.006)
95 1.34(0.03)(0.03)
98 2.52(0.05)(0.05)
101 1.62(0.04)(0.03)
104 0.129(0.009)(0.003)
94 0.174(0.014)(0.004)
97 1.19(0.03)(0.02)
100 2.34(0.05)(0.05)
103 1.79(0.04)(0.04)
106 0.252(0.016)(0.005)
96 0.155(0.015)(0.003)
99 0.962(0.028)(0.020)
102 2.05(0.04)(0.04)
105 1.61(0.04)(0.03)
108 0.318(0.017)(0.007)
97 0.031(0.011)(0.001)
100 0.267(0.014)(0.006)
103 1.52(0.04)(0.03)
106 1.93(0.05)(0.04)
109 0.904(0.036)(0.020)
112 0.051(0.006)(0.001)
102 0.211(0.014)(0.005)
105 1.28(0.04)(0.03)
108 1.60(0.04)(0.04)
111 0.926(0.038)(0.022)
114 0.084(0.008)(0.002)
105 0.311(0.016)(0.008)
108 1.26(0.04)(0.03)
111 1.33(0.04)(0.03)
114 0.522(0.023)(0.013)
117 0.070(0.010)(0.002)
108 0.479(0.027)(0.012)
111 1.10(0.04)(0.03)
114 1.02(0.04)(0.03)
117 0.299(0.018)(0.008)
110 0.324(0.026)(0.009)

41
42
42
42
42
42
42
43
43
43
43
43
44
44
44
44
44
45
45
45
45
45
46
46
46
46
46
46
47
47
47
47
48
48
48
48
48
49

102 0.088(0.007)(0.002)
90 0.028(0.016)(0.001)
93 0.661(0.027)(0.013)
96 2.12(0.05)(0.04)
99 2.53(0.05)(0.05)
102 0.805(0.026)(0.016)
105 0.045(0.006)(0.001)
95 0.317(0.018)(0.007)
98 1.87(0.04)(0.04)
101 2.24(0.05)(0.05)
104 1.14(0.03)(0.02)
107 0.120(0.011)(0.003)
97 0.238(0.016)(0.005)
100 1.63(0.04)(0.04)
103 2.22(0.05)(0.05)
106 1.10(0.03)(0.02)
109 0.105(0.009)(0.002)
98 0.092(0.016)(0.002)
101 0.723(0.027)(0.016)
104 1.64(0.04)(0.04)
107 1.69(0.04)(0.04)
110 0.390(0.021)(0.009)
100 0.053(0.014)(0.001)
103 0.421(0.018)(0.010)
106 1.61(0.04)(0.04)
109 1.40(0.04)(0.03)
112 0.526(0.023)(0.012)
115 0.042(0.007)(0.001)
106 0.613(0.025)(0.015)
109 1.38(0.04)(0.03)
112 1.23(0.04)(0.03)
115 0.231(0.014)(0.006)
106 0.100(0.024)(0.003)
109 0.785(0.036)(0.020)
112 1.11(0.04)(0.03)
115 0.845(0.032)(0.022)
118 0.105(0.009)(0.003)
111 0.505(0.031)(0.014)

41
42
42
42
42
42
43
43
43
43
43
44
44
44
44
44
44
45
45
45
45
45
46
46
46
46
46
47
47
A7
47
47
48
48
48
48
49
49

103 0.012(0.002)(0.001)
91 0.110(0.016)(0.002)
94 1.02(0.03)(0.02)

97 2.26(0.04)(0.05)
100 2.23(0.05)(0.04)
103 0.478(0.021)(0.010)
93 0.066(0.007)(0.001)
96 0.762(0.029)(0.016)
99 2.10(0.04)(0.04)
102 2.13(0.05)(0.04)
105 0.444(0.018)(0.009)
95 0.053(0.008)(0.001)
98 0.580(0.024)(0.012)
101 1.88(0.04)(0.04)
104 2.00(0.04)(0.04)
107 0.735(0.029)(0.016)
110 0.041(0.005)(0.001)
99 0.220(0.020)(0.005)
102 1.10(0.03)(0.02)
105 1.97(0.04)(0.04)
108 1.34(0.04)(0.03)
111 0.175(0.012)(0.0039)
101 0.105(0.015)(0.002)
104 0.865(0.032)(0.020)
107 1.77(0.04)(0.04)
110 1.20(0.04)(0.03)
113 0.211(0.012)(0.005)
104 0.151(0.011)(0.004)
107 0.984(0.031)(0.024)
110 1.39(0.04)(0.03)
113 0.934(0.033)(0.023)
116 0.131(0.011)(0.003)
107 0.212(0.021)(0.005)
110 0.984(0.040)(0.025)
113 1.10(0.03)(0.03)
116 0.669(0.028)(0.017)
109 0.193(0.026)(0.005)
112 0.680(0.035)(0.018)
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Isotopic cross sections

Z A o [mb]

TABLE A.1 (Continued.)
Z A o |mb]

Z A o [mb]

49
49
49
20
50
20
20
o1
o1
o1
ol
o2
02
D2
52

113 0.822(0.033)(0.022)
116 0.891(0.038)(0.024)
119 0.253(0.014)(0.007)
112 0.147(0.017)(0.004)
115 0.632(0.031)(0.018)
118 0.729(0.033)(0.021)
121 0.341(0.024)(0.009)
116 0.284(0.019)(0.090)
119 0.553(0.029)(0.017)
122 0.457(0.027)(0.014)
125 0.078(0.009)(0.002)
118 0.192(0.021)(0.007)
121 0.381(0.024)(0.012)
124 0.327(0.020)(0.011)
127 0.086(0.010)(0.003)

49
49
49
50
50
50
o1
o1
o1
o1
92
52
52
52
52

114 0.951(0.040)(0.026
117 0.755(0.033)(0.021
120 0.133(0.011)(0.004
113 0.291(0.023)(0.008
116 0.668(0.030)(0.019
119 0.662(0.030)(0.019
114 0.107(0.012)(0.003
117 0.392(0.026)(0.012
120 0.568(0.030)(0.018
123 0.340(0.021)(0.010
116 0.084(0.015)(0.003
119 0.266(0.022)(0.008
122 0.464(0.033)(0.015
125 0.226(0.018)(0.007
128 0.034(0.005)(0.001

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

49
49
49
50
50
90
51
51
51
o1
52
52
52
52

115 0.909(0.035
118 0.524(0.026
121 0.084(0.010
114 0.423(0.025
117 0.759(0.035)(0.022
120 0.529(0.028)(0.015

(0.035)(0.025)
(0.026)(0.014)
(0.010)(0.002)
(0.025)(0.012)
(0.035)(0.022)
(0.028)(0.015)
115 0.207(0.020)(0.006)
(0.030)(0.015)
(0.032)(0.017)
(0.016)(0.006)
(0.020)(0.005)
(0.023)(0.011)
(0.026)(0.013)
(0.014)(0.005)

0.014
0.002
0.012

118 0.497(0.030)(0.015
121 0.562(0.032)(0.017
124 0.185(0.016)(0.006
117 0.144(0.020)(0.005
120 0.329(0.023)(0.011
123 0.401(0.026)(0.013
126 0.164(0.014)(0.005
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