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Abstract

This thesis focuses on the analysis of the fission experiment performed at the GSI facilities
(Germany) in March 2021 within the international collaboration framework R3B (Reactions with
Relativistic Radioactive beams).

In the research presented in this work, proton-induced knockout reactions are combined for
the first time with the study of fission in inverse kinematics. To do so, ?**U beams are accelerated
to imping on a liquid hydrogen target (LHy) at 540MeV /u. This experimental technique would
provide full kinematics measurements by obtaining the excitation energy for the fissioning nuclei
and identifying the mass, charge, and TKE of the two fission fragments on an event-by-event
basis. Such data can be obtained by combining the SOFIA (Studies Of Flssion with Aladin)
experimental setup with a silicon tracker based on AMS-type detectors [1] and the calorimeter
CALIFA (CALorimeter for In-Flight detection of v rays and high energy charged pArticles) [2]
developed by the R3B collaboration. Proton-induced spallation reactions, and in particular, the
few nucleon-knockout collisions, are very versatile because they cover a wide range of excitation
energies, enabling the study of fission at both low and high excitation energies by selecting
specific reaction channels.

Pre- and post-saddle dynamics were investigated. For the study of the pre-saddle dynamics, the
partial fission yields and the width of the charge distribution were calculated for different fissioning
systems and compared with previous experimental data. Several theoretical de-excitation models
such as ABLA, GEMINI, and SMM were benchmarked. For the study of post-saddle dynamics,
the evolution of the fission yields with the excitation energy was evaluated. Several suppression
functions were tested, and the combination of two exponentials proved to reproduce the data
better. The neutron excess and the even-odd effect were studied for different excitation energies,
as well as the total kinetic energies.
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VINCENT: “Hold my hand, Doctor. Try to see what I see. We are so lucky we are
still alive to see this beautiful world. Look at the sky. It’s not dark and black without
character. The black is in fact deep blue. And over there, lighter blue. And blowing
through the blueness and the blackness, the wind swirling through the air and then,
shining, burning, bursting through, the stars. Can you see how they roar their light?
Everywhere we look, the complex magic of nature blazes before our eyes.”

DOCTOR WHO: “I've seen many things, my friend. But you’re right. Nothing quite
as wonderful as the things you see. ”

Vincent Van Gogh and Doctor Who while looking at the starry night, from the
television series 'Doctor Who’, 10th episode of the 5th season. Dedicated to all those
who when they look up at the night sky see more than white dots, to those for whom
life has many colors through their eyes.

Figure 1: Artistic adaptation by the author of the painting 'The Starry Night’ by Vincent van Gogh,
open access. The two stars colliding at the center correspond to a Neutron Star Merger (NSM), suggested
as one of the astrophysical sites with the highest production of heavy elements.
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Introduction

Once upon a time, the fission

”Nuclear fission is, at the same time,
a rather simple and a rather complex notion.
When a nucleus becomes too heavy it just divides,
but it’s not so easy to parameterize such motion”

If T had to choose a beginning of this story without going back to the discovery
of fire, I would say this story begins in the winter of 1932 at the Cavendish
Laboratory in England, with James Chadwick discovering the neutron [3], already
predicted in 1920 by Ernest Rutherford. The discovery of the neutron not only
allowed a better understanding of the nuclear structure but also enabled a new
world of possibilities in the field of nuclear reactions. Before the discovery of the
neutron, reactions were produced using positively charged particles as protons
or o particles. It was the physicist Enrico Fermi who started using the recently
discovered neutrons to induce reactions. Since neutrons were not electrostatically
repelled by the target, there was no need to accelerate them to high energies
before they could undergo a nuclear reaction. Enrico Fermi and his collaborators
bombarded most of the elements in the periodic table with neutrons since they had
discovered a method to artificially induce atomic transformations just as though
they were alchemists: the target elements captured the neutrons and transformed
into heavier elements through S~ decay. In 1934 the time came for Uranium,
the heaviest element in nature, to be bombarded with neutrons, to see if the
same method could reach beyond the limits of nature and produce heavier nuclei.
Since by irradiating uranium, Fermi verified the presence of artificial atomic
species, he suggested the formation of one or several elements with atomic numbers
higher than 92 [4] that were labeled as 'transuranics’ by the scientific community.
Despite the idea was widely accepted, those elements were not yet identified,
and the presence of lighter nuclei in the samples encouraged the scientist Ida
Noddack to first mention the idea of the nucleus breaking into smaller fragments
[5]. However, Idda Noddack did not have experimental evidence, and around
that time the idea of a neutron having energy enough to break a heavy nucleus
was inconceivable. During those years numerous experiments were performed
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Introduction

bombarding heavy nuclei with neutrons to identify these transuranics, among
whom were the scientists Lise Meitner and Otto Hahn. In 1938 Otto Hahn and
Fritz Strassmann identified Barium in their samples, and Lise Meitner together
with Otto Robert Frisch regarded this as evidence of the nucleus breaking: nuclear
fission had been discovered [6](1939). Although fission was discovered 85 years
ago, still lacks a satisfactory and complete description. In the beginning, it was
parameterized on the basis of the liquid-drop model, but soon the necessity to
include microscopic quantum phenomena as the nuclear shell structure became
evident. Nowadays, it is known that nuclear fission is a complex dynamical
process, whose description involves a time-dependent approach based on the
coupling of the intrinsic and collective excitations of the nuclear constituents.
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Introduction

The introductory chapter has a first section where the objectives of this research
are stated so that the reader has a clear vision from the beginning about the topic
of this study. This section briefly mentions concepts that will be explained in
more detail throughout the thesis. After describing the objectives, the two next
sections are a bibliographic review of fission and the different studies carried out
on it. These two last sections are especially dedicated to most novice readers, so
if a more advanced reader prefers entering directly into the subject matter of this
study, the author recommends continuing through the methodology chapter.

1.1 Objectives

In the last decade, unprecedented fission experiments have been carried out
at the GSI/FAIR facility using the inverse-kinematics technique in combination
with state-of-the-art detectors developed by the R3B (Reactions with Relativistic
Radioactive Beams) collaboration. For the first time in the history of fission,
it was possible to measure and identify both fission fragments simultaneously
in terms of their mass and atomic numbers [7, 8] and to extract correlations
between fission observables sensitive to the dynamics of the fission process [9]
and the nuclear structure at the scission point [10, 11].

The introduction of inverse kinematics was a great advance for fission studies,
by allowing the identification of the fission fragments in charge and mass with
good resolution, until then impossible through direct kinematics [12]. Fission
induced by inverse kinematics through mechanisms such as Coulomb excitation
8], transfer, or fusion-fission [13, 14] is highly useful for studying fission at low
excitation energies, including investigations of fission barriers, neutron excess,
and pairing effects. These reaction mechanisms give rise to fissioning systems
well-defined in energy, charge, and mass. However, they are often limited to
low-energy studies, and in the case of fusion-fission and transfer to nuclei close
to the stability valley. Hence, other phenomena that manifest predominantly at
high excitation energies, such as dissipation or transient times, need to induce

1



Antia Grana Gonzalez

fission at higher energies and with lower angular momentum [15, 16]. Spallation
reactions are very versatile, since they allow a wide range of energies to be covered,
depending on the number of nucleons removed in the reaction. Therefore, by
using this reaction mechanism it is possible to carry out studies on both low
and high-energy fission by selecting specific reaction channels, and they are also
not limited to stable nuclei. Specifically, the quasi-free (p, 2p) collisions have
been proven to be very useful in studying single-particle properties in nuclei by
reconstructing the excitation energy with the missing mass method.

In the research presented in this work, proton-induced knockout reactions are
combined for the first time with the study of fission in inverse kinematics. To do
s0, 38U beams are accelerated to imping on a liquid hydrogen target (LH;) at 540
MeV /u. This experimental technique would provide full kinematics measurements
by obtaining the excitation energy for the fissioning nuclei and identifying the
mass, charge, and TKE of the two fission fragments on an event-by-event basis.
Such data can be obtained by combining the SOFTA (Studies Of Flssion with
Aladin) experimental setup with a silicon tracker based on AMS-type detectors [1]
and the calorimeter CALIFA (CALorimeter for In-Flight detection of v rays and
high energy charged pArticles) [2] developed by the R?B collaboration. Studies for
both high and low excitation energies could be conducted, as well as experiments
with exotic nuclei. With all these ideas in mind, the main objectives of this study
are reunited in the list below.

e This experiment is the first of its kind, so it has been conducted with a stable
beam as a proof of concept for the proton-knockout-induced fission line of
research. Therefore, one of the main objectives is to test its ability to obtain
complete kinematic measurements and its versatility by studying fission at
both low and high energies.

e Study the evolution with the fissioning system of observables sensitive to the
pre-saddle dynamics, such as the partial fission yields and the widths of the
charge distributions.

e Study the evolution of fission yields and fission modes with the excitation
energy. The gradual weakening of the influence of shell structure on the
fission yields with the increase of excitation energy can be quantified with
the so-called suppression function [17], which minimizes the microscopic term
of the energy-dependent effective potential. However, model parameters used
in this approach are still not constrained due to the lack of data at different
excitation energies. Thus, this research line could provide a new dataset very
valuable to constrain the suppression function parameters.
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e Another interesting question is the possible dependence of the energy sorting
of the fission fragments on the excitation energy of the compound nucleus,
since in direct kinematics studies with neutrons, the well-known saw-tooth
shape shows higher neutron multiplicities for higher incident neutron energies
[18]. To do so, observables sensitive to the post-saddle dynamics such as the
neutron excess and the even-odd effect are studied for different excitation
energy ranges.

e The experiment was performed using a stable 2®U beam to test the
experimental setup, but the long-term objective is to perform experiments
with more neutron-rich isotopes, to obtain fission yields and fission barrier
heights to improve the predictions of the r-process calculations in the field of
Astrophysics.

1.2 Introduction to fission

The next section will explain the nuclear fission process and how the
understanding of it has evolved from the traditional liquid drop model to the
complex dynamical models used nowadays.

1.2.1 General overview

Fission is a nuclear reaction that consists of the division of a heavy nucleus
into two lighter nuclei, in addition to some other light particles such as neutrons,
protons, and « particles. It is an exothermic reaction that can release large
amounts of energy in both as v rays and kinetic energy of the reaction products,
for example, a typical uranium fission event releases around 200 MeV. Fission can
happen naturally as a decay of heavy nuclei or can be produced artificially by
inducing some excitation energy in the heavy nucleus through different methods,
such as particle-induced fission [19], electromagnetic-induced fission ('Coulex’)
[20], 5-delayed fission [21], and fusion-fission [22] among others. Historically, the
first used method was particle-induced fission, when the uranium was bombarded
with neutrons. The term ’compound nucleus’ was first introduced by Bohr in his
1936 paper [23] (when fission was still not discovered) to define the intermediate
system formed by the union of the accelerated neutron and the heavy nucleus. He
suggested that the de-excitation process of this nucleus would be independent of
its formation, and the different de-excitation channels such as particle and photon
emission (or as it would be discovered 3 years later, fission) would compete with
each other. Still, there would be a dependence on the initial excitation energy,
angular momentum, and parity. From now on within this manuscript, both terms
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‘compound nucleus’ and 'fissioning system’ will be used indistinctly to refer to the
heavy nucleus that has been excited and that will eventually de-excite via fission
or another channel.

Fission can be divided into two stages. The first stage goes from the formation of
the compound nucleus to the so-called saddle point, where the fission process
becomes irreversible. Before this point, the compound nucleus could choose
another channel rather than fission to de-excite, but if the saddle is reached, fission
is decided. The second stage goes from the saddle to the scission point, where the
neck joining the two nascent fragments breaks and they become separate nuclei
(the so-called fission fragments). After the scission, Coulomb repulsion accelerates
the fragments away from each other, and the excitation energy available at the
scission point is shared by the fission fragments.

At the beginning of the process, the movement of the excited nucleons makes the
compound nucleus deform, evolving from the spherical shape to a more elongated
one. Any deformation away from a sphere will result in a larger surface, directly
increasing the surface energy of the nucleus and therefore decreasing the binding
energy of the system, as it can be seen in the classic liquid drop model (LDM)
formula shown in Eq. (1.1). The binding energy is a form of potential energy,
and it is defined as the minimum energy required to separate a nucleus into its
constituents. Therefore, the lower the binding energy, the less bounded the system
is.

B = EVolume - ESurface - ECoulomb - EAsymmetry + 5(Z7A)pairing (11>

But on the other hand, the increasing elongation makes the average distance
between protons bigger, decreasing the Coulomb energy and increasing the
binding energy of the nucleus, making it more stable. Since the other terms
contributing to the binding energy do not suffer appreciable changes during the
deformation, the evolution of the system will be solely decided by the balance
between surface (Eg) and Coulomb (Ec¢) terms. Eq. 1.2 shows the calculation of
the Q value for the transition between the spherical shape (e = 0) to a nucleus
with a distortion €; from the sphere radius. The first term in brackets in Eq. 1.2
will be negative when moving towards larger deformations, and the second term
will be positive (since the surface increases with deformation and the Coulomb
repulsion decreases). But what will define the potential energy shape will be the
rate of growth /decrease of one to the other.

Q= B(e1) = B(0) = [Es(0) — Es(e1)] + [Ec(0) — Ec(e1)]

1.2
<0 >0 (12)
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In the first stage, the surface energy increases faster than the Coulomb energy
decreases, making the first term in Eq. 1.2 larger than the second one and thus
leading to a Q < 0 value. This corresponds with the potential energy maximum
drawn in Fig. 1.1, known as the ’fission barrier’. This maximum potential energy
corresponds to a minimum binding energy where the compound nucleus is highly
unstable, the so-called ’saddle point’. In order to overcome the saddle point, the
excitation energy of the compound nucleus must exceed the height of the barrier
or pass through it via tunnel effect, as happens in spontaneous fission.

Q = B(e2) — B(e1) = [Es(e1) — Es(e2)] + [Ec(e1) — Ec(ea)]

1.3
<0 >0 (1.3)

For the second stage of fission, the energy balance formula is written in Eq. 1.3,
totally analogous to the previous one but now between the deformation ¢; reached
at the saddle point and a larger deformation €;. Immediately after surpassing the
saddle point, the Coulomb energy starts to decrease much faster than the surface
energy increases, making the first term in Eq. 1.3 smaller than the second one
and thus leading to a Q > 0 value. This implies that the transition to more
deformed states will be energetically favourable, since the binding energy of the
system increases with deformation until the scission point. After the scission
point, the two newborn fragments will have a larger binding energy than the
deformed nucleus.

The resulting fission fragments are emitted with high kinetic and excitation
energies, as a consequence of the energy changes involved in the process and
sketched in Fig. 1.1. The total available energy is defined at the beginning of the
process by the potential energy of the fissioning system in the ground state (Ep©®)
and its initial excitation energy (Ei*). Since surpassing the fission barrier requires
part of this excitation energy, after the saddle the system has an excitation
energy left of Ef = Ei* — Ep®S. Then, in the journey from the saddle towards
the scission, the potential energy that is decreasing transforms into excitation
energy and a small fraction can also be converted into pre-scission kinetic energy
(EY). The excitation energy of the system is classified into two modes according
to the degrees of freedom involved. When the degrees of freedom are small,
such as single-particle excitations, the excitation energy is stored in the so-called

* ). However, when the number of degrees of freedom involved

intrinsic modes (E;
is higher, which implies deformations and rotational or vibrational movements,
the excitation energy is stored in the so-called collective modes (E? ;). Besides,

the energy can be dissipated from the collective modes to the intrinsic excitations.

After the scission, part of the potential energy previously held by the fissioning
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Figure 1.1: Schematic diagram of the potential energy evolution with the deformation parameter e,
indicating the different energies involved. In the upper part, the evolution of the fissioning system is
illustrated according to the different stages.

system will be transferred into kinetic energy (E{°U™P) due to the Coulomb
repulsion between the two fission fragments, and collective excitation modes, as
deformations of the fission fragments. Finally, all the energy stored in intrinsic
and collective excitation modes constitutes the total excitation energy of the
fission fragments (TXE), and the addition of the pre-scission and Coulomb kinetic
energies constitutes the total kinetic energy (TKE).

1.2.2 Liquid drop model

In 1939, a little after the discovery of fission, the scientists Niels Bohr and
John Archibald Wheeler parameterized the fission process on the basis of the
LDM formula, shown in Eq. [19]. This model treats the nucleus macroscopically
as if it behaved as a charged drop of liquid, therefore they considered that in the
ground state, the heavy nucleus would be spherical. Due to the excitation, the
initial radius of the sphere would be deformed up to the value described in Eq.
1.4, where R(0) is the initial radius value, € the angle of the radius respect to the
longitudinal axis, P; Legendre Polinomials and ¢; are small quantities that express
the extent of the deformation.

R(0) =

R(0)[1 + €y + €2P2(cos @) + e3P3(cos ) + ... (1.4)
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Approximating the formula up to the quadrupole term, the change in the
surface and Coulomb energy terms due to the deformation can be described as
shown in Eq. 1.5.

Bs(e) = Fs(0) - (1 + 2)
L (1.5)
Ec(e) = Ec(0) - (1 - 562)

Substituting these terms in the equation 1.2 an expression to estimate
the probability that the nucleus undergoes fission is obtained in 1.6, since if
Ec(0) > 2Eg(0) then Q > 0 and the nucleus evolves towards higher deformations.

Q = Be(0)2 — Es(0)26 (16)

This leads to the definition of the fissility parameter in formula 1.7. Therefore,

if x > 1 the nucleus would undergo fission, while if x < 1, it would be stable against
deformations. The limiting obtained ratio Z?/A is about a 17% greater than the
ratio for the ?»*U. Nuclei as the uranium that are close to this limit are stable
against small deformations. But a larger deformation could lead the nucleus
to surpass the fission barrier and give the long range Coulomb repulsion more
advantage over the short-range attractions responsible for the surface tension,

leading the system to fission.

~ —— (1.7)

The LDM offers a good first interpretation of the fission process and predicts
the appearance of the fission barrier. But it fails to describe several properties
of the process and nuclear structure. It predicts that all nuclei are spherical in
the ground state, which is not in agreement with observations. It also cannot
explain the appearance of the magic numbers, and therefore cannot explain the
asymmetric fission.

1.2.3 Shell model

Already in 1934 W. Elsasser following the ideas of J.H. Bartlett suggested
that certain numbers of neutrons or protons in the nucleus seemed to form
particularly stable configurations [24], similar to the way the electrons close
shells in atoms. In 1948 M.Geoppert-Mayer published a paper [25] summarising
experimental facts that supported this idea for nuclei with 20, 50, 82, or 126
number of neutrons or protons, which would later be coined as 'magic numbers’.
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Among those experimental facts was asymmetric fission, something that had
been observed since the very beginning of the fission studies. Even though the
LDM formula suggests that the most likely partition is the one that leads to two
fission fragments similar in charge and mass, the observations demonstrated that
most of the time the nucleus splits into a heavier and a lighter fragment. The
isotope 23U contains 143 neutrons that could be split as 143 = 82 4+ 50 + 11. The
most probable fission are those in which one fragment has at least 82 neutrons
and the other at least 50, supporting the existence of the closed shells of 50 and
82 neutrons. The calculations to develop this model were conducted by both the
group of Haxel, Jensen, and Suess [26] and M.Geoppert-Mayer [27].
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Figure 1.2: Energy levels in the atomic nucleus. Left: energy levels calculated using the Woods-Sazon
potential. Right: Splitting of the levels due to the introduction of the spin-orbit interaction, which splits
levels with 1 > 0 into two new levels. The numbers to the right of each level show how many nucleons it
can hold and the encircled numbers show the cumulative number of nucleons. Adapted with permission
from Ref. [28]. Copyright (1991) by Wiley.

In the atom, electronic energy levels appear when solving Schrodinger’s
equation for the Coulomb potential between the electron and the nucleus. It
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depends inversely on the distance between the electron and the nucleus and
does not depend on any angles. Such a potential is called a ’'central potential’.
In the case of the nucleus, the shell model assumes the nucleons are also
under the influence of a central potential, but in this case, the potential is
created by the nucleons themselves. This can be described by a potential that
has a shape between that of a square well potential and a three-dimensional
harmonic oscillator, which would be improved later and named by the authors
as Woods-Saxon potential [29]. Still, the eigenvalues obtained did not match the
observed magic numbers until M.Geoppert-Mayer and Jansen [26, 27] introduced,
independently from each other, the spin-orbit coupling in the potential. Since
neutrons and protons are both fermions, they have a magnetic momenta
associated with their intrinsic angular momenta (the spin) apart from the
magnetic momenta from their movement inside the nucleus. These two momenta
can interact in a way that reminds the electromagnetic spin-orbit of the coupling
of the crust electrons with the nucleus. Using this mean field potential plus the
spin-orbit effect, the experimental magic numbers are exactly reproduced up to
126. The resulting energy level scheme is illustrated in Fig. 1.2.

Even though this model represents a great improvement, it was observed that
nuclei having a number of protons and neutrons very far from the closed shells
would have deformed shapes in the ground state. This deformed shape would
change the nuclear potential and affect the motion of the nucleons. Therefore,
in 1955 S.G. Nilsson modified the shell model to include deformed nuclei [30].
To do so, he introduced a non-spherical mean field where the nuclear shape
and orientation were considered dynamical variables that were associated with
the collective motion of the nucleons inside the nucleus. Within this model,
he developed diagrams of the single-particle energy levels as a function of the
nuclear deformation (see Fig. 1.3). However, the calculation of the total energy
was less precise than the one obtained with the classic LDM.

In 1966, V.M. Strutinski developed a macroscopic-microscopic method [31]
which consisted of correcting the macroscopic LDM potential (Uppy) by the
microscopic contributions (Upgeo) such as nucleon shells and pairing effects,
as seen in Eq. 1.8. To do so, the microscopic term Upgero Was calculated as

the difference of the single-particle energies between the Nilsson model and the
uniform LDM.

U = ULpm + Unticro; (1.8)
This method was called the "Shell correction method’(SCM). As it can be seen
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Figure 1.3: Energy levels as a function of the deformation. Adapted with permission from Ref. [28].
Copyright (1991) by Wiley.

in Fig. 1.3, some of the single-particle levels increase energy with deformation,
and some of them decrease. The valence nucleon will therefore change from one
state to the other, and modify the total potential by increasing or decreasing the
barrier under or above the LDM. Therefore, the fission barrier calculated with
the SCM has an oscillating behaviour as seen in Fig. 1.4, showing two or more
minimums few MeV’s above the ground state. This explained the observations
of fission isomers (deformed metastable states that decay by spontaneous fission)
done by Polikanov et al 1962 [32], and introduced the idea of deformed magic
numbers. Since the energy levels change with deformation, deformed nuclei will
present different nucleon numbers for which stability is enhanced in comparison
with the spherical shapes.

The shell effects also play a key role in the final mass distribution of the fission
fragments, since the formation of two fragments with a nucleon number close to
a magic number will be enhanced over other configurations. Therefore, the best
way to display the potential energy landscape is as a function of the deformation
(the quadrupole moment) and the mass asymmetry of the two fragments. An
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Figure 1.4: Potential energy comparison between LDM and SCM. Adapted with permission from Ref.
[33]. Copyright (1980) by Elsevier B.V.

example of this dependence in both variables can be seen in Fig. 1.5 for the 20U,
showing several saddle points (which indicates the existence of isomeric states)
and three fission valleys resulting in different possible mass asymmetry of the
fission fragments. The middle one centered at zero, represents the case where the
two fission fragments have similar charge and mass (symmetric fission), and the
two valleys at the edges, correspond to the cases where one fission fragment is
bigger than the other (asymmetric fission).

5 10

Porential Energy (Mel)
4

Q

Figure 1.5: Potential energy landscape as a function of deformation and mass asymmetry. Two red
crosses show the saddle points. Adapted with permission from Ref. [34]. Copyright (2012) by the
American Physical Society.
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1.2.4 Fission dynamics

Until now, fission has been discussed within the framework of the potential
energy landscape. However, this only accounts for the static properties of
the fission, while the process also presents important dynamic features such as
the energy release in the coupling between degrees of freedom and the typical
timescales along the process. This section will present a review of the evolution of
the models used to estimate the fission probability, which competes with different
particle evaporation channels. Decay probability is calculated based on statistical
models as displayed in Eq. 1.9, where I'j is the decay width of a specific channel
j (fission in this work) divided by the addition of all the possible decay widths,

2 T

I'i(N,Z,E)

P;(N,Z,E) = S TS (NZE) (1.9)
The first description of the fission decay width was purely statistical, performed
by Bohr and Wheeler [19]. Following the Weisskopf-Ewing formalism [35], the
Bohr and Wheeler decay width is described as shown in Eq. 1.10. It is directly
proportional to the temperature (T) and the ratio between the nuclear level
densities at the saddle point psq and the ground state p,s. Level densities are
dependent on the excitation energy (E) and angular momentum (J). In the case
of the level density at the saddle point, its energy would be the difference between
the initial energy and the fission barrier height (Bf). The level densities were

parametrized based on the Fermi gas model [36].

FfBW _ EPsd(E — By,J)

21 pes(E,J)
The Bohr-Wheeler approach worked rather well for excitation energies close to
the fission barrier. However, at higher excitation energies, the statistical method

(1.10)

overestimated fission rates. In 1940 Kramers [37] published a paper suggesting
that the movement of the nucleons inside the nucleus follows a Brownian motion.
Within this context, the self-generated nuclear potential is regarded as an external
field of force. The nucleons constitute a heat bath with thermal fluctuations
that introduce a random component regarded as a viscosity parameter that
opposes deformation. Therefore, when the fissioning system evolves towards the
saddle point, even though there is a net energy transfer from the intrinsic modes
(excitation) to the collective modes (deformation), this frictional force dissipates
energy the other way around. This phenomenon is known as ’coupling between
collective and intrinsic modes’ and causes the slowing down in the motion towards
the saddle point, enhancing other de-excitation channels, and therefore, decreasing
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the overestimated LDM fission rates. To parameterize this phenomenon, Kramers
employed the Fokker-Planck equations (FPE) [38] used in transport theories
and reached a stationary solution (assuming density does not change with time)
dependent on a dissipation parameter. Therefore, the fission decay width can
be described as the Bohr-Wheeler decay width corrected by a factor that takes
dissipation into account, as can be seen in Eq. 1.11. In the formula, 5 is the
dissipation coefficient and wy is the frequency of an harmonic oscillator describing
the potential at the saddle point deformation.

K B\ B | mw
S L)

In 1981 Gavron and collaborators [39] measured a large number of pre-scission
neutrons that they were not able to interpret within the framework of standard

statistical-model calculations, implying a transition time of the order of 107’ s or
longer. This pointed out the necessity to take into account the temporal evolution
of the fissioning system. Following the previous work performed by Kramers,
Weidenmiiller [40], Grangé [41], and Bhatt [42] developed a time-dependent
approach using transport models based on the Langevin or FPE. They found that
the fissioning system needs a certain time before it reached Kramer’s stationary
flux, and even some time before it starts to deform. This time becomes noticeable
only at high excitation energies, which is why the statistical and stationary
approaches worked rather well for low-energy fission. The reason why it appears
at high energies is that if the available excitation energy is greater than the barrier
but the time needed to deform to the saddle is longer than for particle evaporation,
this channel will be favoured and fission rates will decrease. To take into account
this new feature, the fission decay width can be parameterized as the stationary
fission width from Kramer’s but corrected by a time-dependent factor. The work
performed by Jurado and collaborators [43, 44, 45] obtained an analytical solution
of the FPE and the resulting time-dependent fission decay width can be expressed
as shown in Eq. 1.12.

Wn(X - Xsd;taﬁ) FK
fo

Fr(t) = Wi (x = Xgq;t — 00, 5)

(1.12)

The factor W, (x;t,5) is the normalized probability distribution at the
saddle-point deformation x,;. For a nuclear potential described by a parabola, the
Fokker-Planck equation has a Gaussian solution for the probability distribution
at the saddle point which has a time-dependent width o(t), as shown in Eq.1.13
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—x2
Wn(X - Xsd;tuﬁ) - #(t)exp < - ) (113)

Fig. 1.6 shows the comparison of different approaches to calculate the escape
rate functions, which are related to the fission decay width as A\¢(t) = I'¢(t)/h. In
the plot, it can be seen that the FPE-like escape rate functions do not start to
grow immediately. This time before the rate starts to increase is the so-called
'relaxation time’. When they start to grow, they do it in an exponential-like
manner during a certain time, the so-called ’transient time’ until the stationary
flux described by Kramers is reached.
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Figure 1.6: The solution of the Fokker-Planck equation (full line) or the time-dependent escape rate for
the case of a fissioning **3C'm nucleus, using the potential introduced in Ref. [42] at temperature T = 5
MeV and with a reduced dissipation coefficient 8 = 5-10>'s~L. Different approzimations are compared:
the step function (thick dotted line), the exponential-like function(thin dotted line), the approximate
formulation from Ref. [42]: (dash-dotted line), the approximate formulation from Ref. [43](thin dashed
line), and the improved expression proposed from Ref. [}4](thick dashed line). Adapted with permission
from Ref. [44]. Copyright (2004) by Elsevier B.V.

Other theories introduce the dynamical aspects of fission by parameterizing
the potential energy as a dynamical variable, using microscopic models based on
Hartree-Fock [46] and Hartree-Fock-Bogoliubov methods [47, 48]. However, such
approaches are limited by the complexity of the many-body calculations and huge
computing times.
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1.3 Fission yields: a key observable

The yield of a fission fragment is the percentage of that nuclear species
produced per fission event. It can be displayed as yields of nuclear charge, neutron
number, or nuclear mass. This observable is of great value for nuclear theory,
astrophysics, and also for applications in nuclear reactors.

1.3.1 Fision yields in nuclear theory

In the nuclear theory domain, fission yields are very important to develop
nuclear structure models, since the produced amount of a nuclear species reveals
nuclear configurations that make nuclei more stable and therefore likely to be
produced in fission. In this sense, fission yields were decisive in confirming the
existence of both neutron and proton magic numbers and introducing the current
shell model [25]. Fig. 1.7 shows an overview of the fissioning systems investigated
up to 2023 in low-energy fission for different reaction channels.
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Figure 1.7: Fissioning systems investigated up to 2023 in low-energy fission with excitation energies up
to 15 MeV above the fission barrier. Blue circles: particle-induced and spontaneous fission [49, 50]. Green
crosses: Coulomb-induced fission by Schmidt and collaborators in 1996 [51] and in the recent SOFIA/R3B
[52, 53] experiments in inverse kinematics at GSI. Red diamonds: fissioning daughter nuclei studied in
B-delayed fission [12, 10]. Plus symbols: transfer-induced fission reactions [54, 22]. The primordial stable
isotopes are indicated by black open squares. The limits of known nuclei correspond to AME 2020 [55].
Adapted with permission from Ref. [56]. Copyright (2024) by the Royal Society.

According to the fission yields and total fragment kinetic energy (TKE), fission
was classified into 4 major modes [57]:
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e Mass-symmetric super-long (SL): symmetric partition of mass and charge,
long elongation at scission, and little shell model influence. The fission
fragment neutron distribution on the left side of Fig. 1.8 is a good example
of SLL with certain contributions of the asymmetric modes.

e Mass-asymmetric Standard I (St1): asymmetric partition, but it is the closest
mode to the symmetry of the asymmetric ones. The fissioning system
presents a compact shape at scission and quasi-spherical heavy fragment.
It is the mode with the highest TKE. The distribution on the right side of
Fig. 1.8 is asymmetric and it probably has a major contribution of StI, since
the mean neutron number of the heavy fragment is Ny ~ 82.

e Mass-asymmetric Standard II (StIl): asymmetric partition, very far from
symmetry and a deformed heavy fragment with a neutron number typically
around Ny ~ 88. For low-energy and spontaneous fission of most heavy
actinides, yields show an asymmetric partition [58], as seen in Fig. 1.7
evidencing the microscopic effect of the magic numbers.

e Super-asymmetric: the most asymmetric fission case, present in the heavier
actinides, such as Cf [59].
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Figure 1.8: Isotonic yields after prompt-neutron emission for thorium isotopes fitted by a 3-Gaussian
function. The total fit (full red lines) is decomposed into one symmetric (dotted green lines) and two
asymmetric (dashed blue lines) components. Left: Larger symmetrical contribution. Right: Larger
asymmetrical contribution. Adapted with permission from Ref. [54]. Copyright (2022) by the American
Physical Society.

In the majority of actinides, the average mass of the heavier fragment remains
nearly constant at A=140, regardless of the mass of the fissioning nucleus. This
indicates that the shell effects of the nascent heavy fragment play a key role in
the fission evolution. At the beginning, St1 was associated with the formation of
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Figure 1.9: Proton-shell (left) and neutron-shell corrections (right) calculated as a function of
deformation (B) and respectively proton and neutron number. The contours are plotted at 1 MeV intervals.
Black regions represent the strongest shell corrections containing all values lower than -4 MeV and the
inner red region (representing the weakest shell corrections) containing all values greater than +2 MeV.
These figures have been modified by adding colour and adapted with permission from Ref. [60]. Copyright
(1976) by the American Physical Society.

the doubly spherical 32Sn heavy fragment, with Zg = 50 and Ny = 82, and the
StII with the Ny = 88 quadrupole deformed shape (5 ~ 0.6), since this points
represent the strongest shell corrections, as seen in Fig. 1.9. However, systematic
measurements of the proton and neutron number distributions [12, 61] reveal that
the neutron number can vary up to 7 units with the compound nucleus mass, as
can be seen in Fig. 1.10 bottom pannel. On the contrary, the atomic number
remains rather constant at values between Z=>52 and Z=56. Recently, it has been
suggested [62] that the strong shell effects in ¥2Sn might not be the only factor
affecting, but they could be also associated with some extra stability provided
by the octupole-deformed (pear-like shaped) shell gaps at Z=>52 and Z=>56 [63, 64].

The transition from symmetric to asymmetric fission modes also shows how
the microscopic effects introduced by the shell model can be of lower or greater
importance over the LDM depending on the excitation energy of the system
because fission yields are a mirror of the potential energy. Looking at the
potential energy landscape shown in Fig. 1.5, the fissioning systems with low
excitation energy would mostly fission through the asymmetric valleys, and
with the increasing of the excitation energy, some systems would be able to
overcome the higher potential barrier for symmetric fission. Finally, at very
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Figure 1.10: Mean positions of the standard fission channels in atomic number (upper part) and neutron
number (lower part) as a function of the fissioning system mass. The values of standard I (standard II)
for the isotopes of a given element are connected by dashed (full) lines and marked by red (blue) symbols.
Adapted with permission from Ref. [61]. Copyright (2008) by Elsevier B.V.

high excitation energies, it would not be possible to appreciate the contribution
from the asymmetric valleys caused by shell effects, eclipsed by the symmetric
contribution. Several studies have been performed in the last years [17, 65, 13, 53]
to parameterize the dependence of the yields on the excitation energy. To do so, an
effective potential dependent on the excitation energy E and a shape coordinate X
(Ug(X)) is introduced, as seen in Eq. 1.14, by adding to the macroscopic potential
(Unaero(X)) the microscopic correction (Ugpenpair(X)) multiplied by a suppression
factor dependent on the energy (S[E*(X)]).

UE(X) = UmacrO(X) + S[E* (X)]USheH<X) + Upair(X) (1.14)

This suppression function damps the shell and pairing effects with the increase
of excitation energy. Therefore, the value of this function would tend to S(0) =1
for zero excitation energy and would tend to zero for higher excitation energies
where microscopic effects vanish. The functional form of the suppression term
is usually an inverse exponential of the energy divided by a constant factor that
would mark the slope of the function. An example is displayed in Fig. 1.11
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Figure 1.11: Comparison of suppression functions. The dashed blue and green lines represent
respectively S(E*) = exp(E*/60MeV) and S(E*) = exp(—E*/15MeV'), while the solid red line represents
the Woods-Sazon function described in Eq.1.15. Adapted with permission from Ref. [17]. Copyright
(2013) by the American Physical Society

for different energy parameters of the exponential and a Woods-Saxon function
introduced by [17] and described in Eq. 1.15 with two adjustable parameters to
reproduce better the change of slope when changing from the low energy to the
high energy range.

. 14 e B/Fo
S(E ) — 1 + o(B—E1)/Eqg

(1.15)

1.3.2 Neutron fission yields and energy sorting

Neutron yields were essential to investigate the so-called ’energy-sorting’
mechanism [18], which explains the energy transfer between the two nascent
fragments right before scission at low excitation energies. Within this theory, the
nascent fragments are regarded as mostly independent nuclei that have developed
their own shell effects [66] and their own temperatures and are in thermal contact
through a neck. It has been demonstrated that for medium-mass nuclei the
temperature stays constant with increasing E* up to 20MeV [67], in a similar
way as it happens in nature with first-order phase transitions such as melting
or freezing. Therefore, in the asymmetric fission, each fragment would have a
different energy-independent temperature. And since the temperature decreases
as the surface increases following the formula 1.16 from Ref. [68] (where S are
shell and pairing corrections and p; are parameters for different models), the
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lighter fragment should be hotter and the heavier colder.

T p1 + p2S + p3S?) (1.16)

_ 1 (
T A2/3

Since the nascent fragments are in thermal contact through the neck, they
have a constant and shared excitation energy that can be passed from one to the
other through nucleon transfer. Following the premises of constant total energy
and constant temperature for each, the compound nucleus could be regarded as
a momentarily isolated system that evolves in the direction of increasing entropy,
which means maximizing the number of occupied states. Then, energy would
flow from the hotter lighter fragment to the colder heavier one, since the light
closed-shell nucleus has fewer available states than the heavy or non-closed-shell
nucleus [18]. The effect of this energy sorting can be seen in Fig. 1.12; which
displays the neutron emission as a function of the mass and has been coined as a
'saw-tooth shape’.

Figure 1.12: Average number of prompt neutrons as a function of the primary fragment mass for the
neutron-induced fission of >3"Np at two incident neutron energies. Adapted with permission from Ref.
[18]. Copyright (2010) by the American Physical Society. Data from [69)].

Prompt neutron emission is an important indicator of the excitation energy
since the higher the energy is, the higher should be the emission. After passing
the fission barrier the energy in the center of mass reference system (CM) will have
only a few MeV’s in total kinetic energy (TKE) and the total excitation energy
(TXE) is distributed among excitation energy (both collective and intrinsic) and
deformation energy, caused by both Coulomb repulsion and shell effects. Right
before scission, the lighter fission fragment is more deformed than its partner,
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leading to a greater deformation energy, and therefore to a greater neutron
emission. It can be seen in Fig. 1.12 for the low energy dataset how most of the
lighter fragments show higher neutron emission than their heavier counterparts.
The energy sorting mechanism manifests when the projectiles are accelerated to
higher kinetic energies, which translates into higher available excitation energy
of the compound nucleus. This extra excitation energy only raises the neutron
emission on the heavier fragments’ side, leaving the complementary lighter one
invariant, which is evidence of how the lighter fragment is sending all its energy
to the heavier one. In the case of heavy fragments close to reaching the '%2Sn
shell closures, the shell corrections on T (see Eq. 1.16) would reverse the energy
flow direction, transferring the nucleons towards the light fragment so the heavy
fragment stays at the doubly magic number. This feature is what would produce
the dip around the A = 130 and the peak of its complementary around A = 105,
given the plot its characteristic jagged appearance. However, the energy-sorting
mechanism cannot explain the insensitivity of the prompt-neutron yield for the
light fragments at higher excitation energies [70]. With the increasing excitation
energy, the microscopic features, such as shell effects and pairing, vanish. The level
density transitions from the superfluid regime to the Fermi regime at the critical
energy (supposed between 10 MeV and 20 MeV [68, 71, 67]), and the temperature
is not constant with excitation energy anymore, which was the requisite for the
energy sorting theory.

1.3.3 Even-odd effect

Yield/%

Figure 1.13: Fission yields observed in the electromagnetic-induced fission of ***Th. Figure from [72]
with open access rights.
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Another important piece of information obtained from the study of the fission
yields is the amplitudes of the even-odd staggering, an effect extensively observed
in low-energy fission [73, 74]. The effect consists of the higher production of
even-7Z fragments and manifests as a staggering appearance like the one displayed
in Fig. 1.13 of the fission atomic yields, showing higher amplitudes for the even-Z
fragments and lower for the odd-Z ones. In the case of the even-Z fissioning
systems, this feature could be easily understood, since the system would have
to spend some energy on breaking proton pairs. However, whereas this effect
was expected to fully vanish for odd-Z fissioning systems, an increase in the even
yields for the lighter fragment and an increase of the odd yields in the heavy one
has been observed instead. This means that the unpaired proton from the odd-Z
fissioning systems systematically ends up in the heavy fission fragment. Several
studies have been performed in the last few years [75, 76, 77, 78] to explain the
nature of this feature, and it has been suggested as a consequence of the energy
sorting mechanism in low-energy fission, which leads the unpaired protons to the
heavy fragment since it has larger phase space [72].

1.3.4 Fission yields in astrophysics
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Figure 1.14: Left: Neutron capture and S~ decay along the chart of nuclide. Right: Difference between
s-process and r-process path. Figure from [79] with open access rights.

Most of the elements heavier than iron present in the Universe are produced by
two nucleosynthesis [80] processes: the slow neutron capture process (s-process)
and the rapid neutron capture process (r-process). Both processes consist of
consecutive neutron captures followed by S~ decays, as can be seen on the left
side of Fig. 1.14. This causes the production of nuclei to move diagonally upwards
on the nuclei chart. The difference between the two processes is the difference in
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the time neutron capture takes, due to the environmental conditions in which it is
found. The s-process happens in regular stars, most commonly in asymptotic giant
branch (AGB) stars [81], but the r-process happens in violent astrophysical sites
with high neutron flux, such as supernova [82], highly magnetized protoneutron
star winds [83] or most likely, as it has been strongly suggested after the discovery
of the gravitational wave event GW170817 [84], neutron star mergers [85, 86].
Under this high neutron flux, neutrons are captured on timescales faster than
the 8~ decay timescales. As a result, the r-process follows a less steep diagonal
in the nuclide chart, as can be seen on the right side of Fig. 1.14, proceeding
further away from the valley of stability than the s-process and producing nuclei
much more neutron-rich. The r-process nucleosynthesis keeps moving diagonally
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Figure 1.15: Example of the r-process abundance sensitivity to the excitation energy. Blue, red, and
purple lines were calculated with GEF 2016 fragment yields for respectively the cases of pre-neutron
emission, post-meutron emission, and no excitation energy. Black lines are from FREYA considering
pre-neutron yields. The upper panel shows abundances at 1 Gyr while the lower panel shows the percent
of the difference between the different excitation energy considerations. Adapted with permission from
Ref. [87]. Copyright (2019) by IOP Publishing Ltd.

across the chart until the formed nuclei become too heavy and fission occurs.
Therefore, fission limits the mass range of the r-process path, directly impacting
the nuclide abundance. However, the fission products can be used as seed nuclei
to start the r-process again [88]. To constrain theoretical models for the r-process
and calculate abundances, accurate measurements of both fission barrier heights
and fission yields are required. In addition, it has been recently demonstrated
[87] that the effect of the primary fission fragments yield dependence on initial
excitation energy should not be neglected since it has a strong influence on the
final abundances of heavy elements (up to a 50% difference) as seen in Fig. 1.15.
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CHAPTER 2

Methodology

This chapter will first introduce the experimental methodology, concerning the
employed experimental techniques and the setup at GSI facilities. Then, it will
give an insight into the software tools used for analyzing the experimental data
and the theoretical models used to perform simulations.

2.1 Experimental methodology

In the experiment described in this work, two well-known experimental
techniques usually used separately were merged to investigate the fission process:
inverse kinematics and proton-induced knockout reactions. A specific reaction
channel of interest is the knockout reaction in which a single proton is ripped
from the nucleus, known as a quasi-free scattering reaction (p, 2p). The
following subsections will review both techniques and the experimental R*B setup
configured to use them together.

2.1.1 The inverse kinematics technique

After the discovery of fission in 1938 and up to the late nineties, the main way
to induce fission was through the technique known nowadays as direct kinematics,
which consists of bombarding a target made of fissile material with light particles,
originally neutrons. During those years, different experimental procedures were
used to identify fission fragments. The first attempts consisted of radiochemical
methods, where the target was dissolved and the fragments were chemically
separated and analyzed using gamma spectroscopy. Among other problems, fission
yields could not be accurately measured due to the difficulty of counting the
total number of produced fissions [89]. After the sixties, ion beams substituted
the conventional ion sources, and fission fragments were detected in-flight using
ionization chambers, allowing to measure yields of the fragments before beta
decay. During the seventies, several fission experiments were performed at
the mass recoil spectrometer Lohengrin at the Institut Laue-Langevin using
thermal-neutron induced reactions [90, 91]. The mass recoil spectrometers method
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relies on the use of magnetic dipoles to deflect the ions according to their magnetic
rigidity, providing a way to identify the ions in mass, according to the relation
described in Eq. 2.1.

A

Bp = Z—-euﬁ*yc (2.1)

The variables described in Eq. 2.1 correspond to:

B = Dipole magnetic field [T]

p = Curvature radius of the ion inside the magnet [m)]

A = Mass number of the ion [A]

Z = Atomic number of the ion [Z]

e = Elementary charge, 1.6021773 x 1071 [C]

u = Atomic mass unit [kg]

= v/c, ratio of the ion’s velocity and the speed of light in vacuum
~v = Relativistic Lorentz factor

¢ = Speed of light in vacuum, 299792458 [m/s]

Since the atomic number can be obtained from the energy loss in an ionization
chamber (because the energy loss is proportional to the square root of the ionic
charge of the ion), the bending radius from the tracking, and the velocity from
both the time of flight and the path length, the mass identification could be
obtained solving Eq. 2.1 for the mass number (A). Nevertheless, performing
the experiments in direct kinematics only allowed for identifying the light fission
fragments, because the heavy ones had such a small velocity they were decelerated
inside the target, reaching the Bragg peak. Therefore, if any energy was deposited
in the gas, it did not correlate with the square of the nuclear charge.

Around the nineties, the construction of heavy ion accelerators permitted the
development of the inverse kinematics technique, which consists of accelerating the
fissile material as a beam instead of using it as a target. Since fission takes place
in flight, the two fission fragments are emitted in a narrow cone flying forward at
very high velocities. This feature allows to overcome many drawbacks from the
previous techniques, like the impossibility of measuring the too-slow heavy ions
and the difficulty of detecting both fragments at the same time, since in direct
kinematics they are emitted back-to-back in all directions. Also, it expanded
the range of suitable isotopes to study fission, since in direct kinematics isotopes
are constrained to be long-lived for being used as targets. As it was already
mentioned in Sec. 1.1, the use of the inverse kinematics technique in combination
with the R®B setup, allowed for the first time to simultancously identify both
fission fragments in terms of their mass and atomic numbers event by event [7, 8.
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2.1.2 Quasi-free (p, 2p) scattering

Quasi-free (p, 2p) scattering reactions were first introduced by Chamberlain

and Segre in 1952 [92]. While performing scattering experiments they observed
that when lithium was bombarded with high-energy protons, pairs of protons
were emitted in coincidence at approximately 90° to each other. They suggested
that light nuclei could be ’transparent’ enough to high-energy incident protons to
allow observation of an almost free proton-proton scattering within the nucleus,
which is why these reactions were coined as ’quasi-free’. What was happening,
from a more microscopic point of view, was that the wavelength of the projectile
proton is much smaller than the typical distances between nucleons inside the
nucleus, and therefore, the reaction is very localized, not affecting the other
nucleons. In addition to the two scattered protons, there is the recoiling nucleus,
which is the original nucleus with a hole in the energy level previously occupied
by the knocked-out proton. If the proton was bound to an energy level below
the Fermi surface, the recoil would gain excitation energy corresponding to the
energy of this state relative to the Fermi level. The two emitted protons contain
information on the kinematics of the reaction, which gives access to the nuclear
excitation spectrum of the recoil using the so-called 'missing mass method’, which
will be explained further down in this section.
The (p, 2p) reactions were widely used in direct kinematics to study the
single-nucleon states of light nuclei [93]. Even though heavier nuclei have a
larger nuclear density, and therefore the quasi-free cross sections are lower, (p,
2p) reactions have been proven to be a useful tool to study the single-particle
structure of heavy nuclei too [94], as well as they have demonstrated effectiveness
with light nuclear beams in inverse kinematics [95].

Fission
Proton 1 | , fragment 1

238U b
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proton Proton 2. 237p4 fissioning

system
Figure 2.1: Schematic representation of a quasi-free (p, 2p) reaction in inverse kinematics for a *%U

beam impinging onto a LHo target.
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The experiment performed in this work was the first of a proposed investigation
line that would use (p, 2p) reactions to induce fission in inverse kinematics
with radioactive-ion beams. In the experiment, the projectile was ?**U and
impinged onto a LH, target. In quasi-free reactions, a proton is knocked
out from the uranium nucleus, producing a heavy recoil nucleus (**"Pa) with
sufficient excitation energy to eventually undergo fission (see Fig. 2.1). The
goal of combining (p, 2p) and inverse kinematics is to achieve an almost
complete characterization of the fission process, providing the excitation energy
of the fissioning system using missing mass spectroscopy, and providing complete
isotopic identification and TKE for the two fission fragments using state-of-the-art
detectors of R3B in inverse kinematics.

The missing mass method used to obtain the energy spectrum of the recoil
starts by applying the conservation of the momentum in the reaction, as seen in
Eq. 2.2. There, the four-momenta described are, from left to right, the one of the
heavy-ion projectile (Pa), the one of the target proton (P,), the momentum of
the emitted protons 1 and 2 (Pp;, Pp2), and the momentum of the recoil nucleus
(Pa_1).

Pi + Py = Pp1 + Ppr + Pay (2.2)

Since the goal is to obtain the excitation energy of the recoil, Eq. 2.2 is solved
for Pp_1 and the other momenta are expressed in 4-vector formalism, as it can
be seen in Eq. 2.3. It has been considered that the projectile moves only in the
forward direction (Z) with energy E5 and the proton target is at rest.

|

— o = =
P,—P

Pa—1=Pa+ pl — Pp2
EA HlpC2 Ep1 Epg
PT) _ 0 n 0 B Pxic B Pxsc (23)
a 0 0 PYlC PYQC
PZAC 0 PZ10 PZQC

Calculating the Minkowski norm squared of a 4-vector gives a quantity
invariant under Lorentz transformations, which in the case of a 4-momentum
is called ’'invariant mass’, Eq. 2.4.

nsse =/ Pact - Pay = 1/ (Ba + mye? — By — Epa)? — (Pxic + Pxac)?

—(Py1c + Pysc)? — (Pgzic + Pyac — \/E% — mgc‘l) = \/Eil o

(2.4)
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As seen in Eq. 2.4, the invariant mass is the total energy of the recoil minus
the energy from the momentum, leaving only the excitation energy and the rest
mass. Therefore, the excitation energy can be obtained by subtracting the mass
at rest, Eq. 2.5.

E* = Tass — M€ (2.5)

Two key observables are needed for Eq. 2.4: the energies and momenta of
the two outgoing protons (apart from the beam energy and the masses at rest).
It is important to notice that not only quasi-free reactions will occur. After the
knock-out, the outgoing protons could interact with the other nucleons inside
the nucleus, which is known as re-scattering, and more than one nucleon could
be knocked out from the nucleus. Consequently, to select quasi-free reactions,
conditions should be applied on the opening angle between the two protons. In a
non-relativistic frame, the opening angle between two particles of the same mass
is always € = 90°, and the momentum vector lays in a plane. For a relativistic
reaction, the Lorentz-boost shrinks the opening angle to approximately 6 = 80°.
During the analysis, different conditions on the opening angle will be applied to
study the dependence of the data with this observable.

2.1.3 Experimental setup at GSI Facilities

New experimental
_ area: FAIR
~ under construction

Figure 2.2: Schematic view of the GSI-FAIR facility. Currently, two acceleration stages exist (UNILAC
and SIS-18). Enclosed by the blue square, is the future accelerator (SIS-100) at FAIR.
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The experiment was performed at GSI in March 2021 (experiment ID:
s455) using the aforementioned inverse kinematics technique together with the
quasi-free (p, 2p) reactions. Primary beams of ?®U were delivered by the SIS18
synchrotron and guided to the Cave C experimental area (see Fig. 2.2) to impinge
on a LH, target at 540 MeV /u to produce (p, 2p) reactions.

Beam of U
O GLAD dipole magnet NeulLAND

: 2)
Si-tracker &0 & &4
@] ¥ M L
G} & @ & $ Neutrons
LI u : —— = :_:..:____: \\\
47%0 \F’\ﬁrotons 14° \iragment?
(& CALIFA S
.
X & N
Z & <<$’°’
Y PR

Figure 2.3: Schematic view of the experimental setup installed at GSI.

A schematic view of the entire setup is displayed in Fig. 2.3, and pictures
of the real setup upstream and downstream of the magnet are displayed
in Figs. 2.4 and 2.5, respectively. All the detectors named 'MWPCs’ in
this scheme are Multi-Wire-Proportional-Chambers that serve to track the
trajectories of the particles along the setup. The 'MUSIC’ detectors are
MUIti-Sampling-Ionization-Chambers, used to obtain the charge of the ions by
measuring their energy losses when they pass through the gas filling the chambers.
The time of flight is measured by a plastic scintillator detector located before the
target named ’Start’ and a ToF-Wall composed of 28 plastic scintillators at the
end of the setup.

Following the beam path, the first detectors when the beam enters the
experimental area are a MWCP and a MUSIC (Triple Music) that serve to
measure, respectively, the position and the charge of the primary beam. After the
Triple MUSIC, the 23®U beam passes through the Start scintillator and enters the
vacuum chamber, impinging onto the LH, target, where the (p, 2p) reaction takes
place. To reconstruct the trajectory of the two protons, a silicon tracker is located
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inside the chamber right after the target. The tracker includes two arms, each of
them consisting of an array of three AMS-type [1] 0.3 mm thick double-sided
silicon-strip detectors. To measure the energy of the protons, the CALIFA
calorimeter [2] is placed surrounding the vacuum chamber. CALIFA consists
of 1504 CsI(T1) crystal scintillators covering a polar angular range between 22
and 90 degrees. After fission, the two fission fragments continue moving forward
passing through the rest of the setup. The Twin MUSIC ionization chamber is
designed with two independent ionization chambers, and those two are divided
into two sections, each segmented into 16 anodes. This design allows to measure
the atomic number of both fission fragments in coincidence. The two MWPCs,
located upstream and downstream from the Twin MUSIC, serve to determine the
horizontal angle of the fission fragments inside the Twin. Once inside the GLAD
dipole, the fragments follow different trajectories according to their magnetic
rigidities. After GLAD, another MWPC measures the final positions of the
fragments and the ToF-Wall detector composed of 28 plastic scintillators provides
the time of flight with respect to the start signal. Neutrons emitted from the
fission fragments are detected in NeuLAND (New Large-Area Neutron Detector)
[96], located 15m downstream from the target. Using the measurements of charge,
time of flight and trajectory, the mass of the fission fragments can be obtained
employing the AE — Bp — ToF technique, allowing full isotopic identification.

(LH2 targetand |
Si-tracker inside) |

Callfa Califa,
Messel side Wixhausen side ﬁ

Figure 2.4: Picture of the setup upstream of the magnet.
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Figure 2.5: Picture of the setup downstream the magnet.

2.2 Analysis methodology

2.2.1 Data analysis software: R3BRoot

All the detector calibrations and data analysis explained in the following
chapter were performed using the R3BRoot software [97]. The R3BRoot software
is based on the FairRoot framework, written in the Root programming language.
It has been specifically designed for the data analysis of the R3B (Reactions with
Relativistic Radioactive Beams) nuclear physics experiments at the GSI-FAIR
research center (Facility for Antiproton and Ion Research). R3BRoot has several
classes for each detector in the collaboration designed to convert the raw data
of that detector into calibrated data. The detector calibration passes through
different stages until it is ready for analysis. Even though some detectors have
intermediate levels, there exist 3 main levels of data:

e Pre-stage, the LMD data file: The DAQ stores the data into LMD files. This
data must be converted into a root file to be read by the R3BRoot software.
This task is not performed by R3BRoot but by the UCESB unpacker [98].

e Raw data: This is the root file produced by the unpacker. The detector’s
data is not in physical units yet, so the numbers associated with the measured
physical magnitudes only indicate the amount of voltage read out by the
electronics modules, known as ’channel’ units. The R3BRoot class of each
detector is designed to compare the obtained values in channels with the
corresponding measure of a reference standard.

e Calibrated data: In this root file, the physical magnitudes have been
associated with their corresponding physical units. Still, they usually need
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an extra step that depends on each detector to be ready for the analysis.
This step usually involves developing a final value of the physical magnitude
by aligning, adding, or clustering different sectors of the detector

e Hit data: This is the last data level, ready for analysis.

The detector’s calibration explained in the next chapter was performed
following this data level scheme. A great part of the work performed in
this thesis work consisted of developing, improving, or adapting the existing
code for this experiment.

2.2.2 Simulations software

All the simulations performed for this work were done with the Liege
Intranuclear Cascade model (INCL) [99], used to simulate reactions of nucleons,
pions, and light ions on nuclei, for incident energies ranging from a few tens
of MeV to a few GeV. Intranuclear cascade models describe the reaction as a
sequence or 'cascade’ of independent binary collisions between the hadrons in the
nucleus, which follow straight trajectories until they collide with another hadron
or escape the nucleus surface. Typically, the INCL simulations are accompanied
by another model used to simulate the de-excitation channels of the reaction
products. A list of the theoretical models used in this work and their main
features are presented:

o ABLA++

— Fission decay width: described using the time-dependent solution of the
Fokker-Planck equations shown in Eq. 1.12.

— Particle evaporation: described by the Weisskopf-Ewing formalism [35]
but modified with an approximation to calculate the distribution of
orbital angular momentum during the emission of particles.

— Level densities: The intrinsic level densities py(E) are corrected by
vibrational Ky;,(E) and rotational K. (E) factors, as seen in Eq. 2.6,
since collective excitations can appear as bands built on the intrinsic
single-particle levels.

P(E) = piug(E) Koo (B) Koo (E) (2.6)

At low energies pit(E) is the constant temperature formula, while for
high energies, it is described using the Fermi-gas model [36], which
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depends on the excitation energy E* and the angular momentum J as
seen in Eq. 2.7

_J+ 1/2
\V2mo3

The term o2 is the spin cut-off factor, related to the moment of inertia
of the nucleus, S is the entropy and a = E*/T? is the asymptotic
level-density parameter in units of MeV~!. It can be parameterized as
shown in Eq. 2.8 as a function of the nucleus mass number A.

S
J(J+1 7T (§]

pint(E7.J) 12 F1/4F*5/4

(&

(2.7)

A= a, A + aB, - A%3 (2.8)

The parameters «, and «g are the coefficients that correspond
respectively to the volume and surface components of the single-particle
level densities and were proposed by Ignatyuk [100]. B is the ratio
between the surface of the deformed and a spherical nucleus [101].

— Multifragmentation treatment: if the temperature of the fissioning
system exceeds a mass-dependent threshold suggested in Ref. [102] the
multifragmentation is triggered.

— Shell and pairing effects are taken into account in both the level densities
calculation and the potential energy description.

— See Ref. [103] for further details about the ABLA model.
o GEMINT ++

— Fission decay width: for the symmetric fission it is described by the
Bohr-Wheeler formula, Eq. 1.10 and for asymmetric fission with the
Moretto’s formalism [104], which depends on the Z, A of the fission
fragments as seen in Eq. 2.9.

wt E* = Bya(Jus) —
FZA:/p d allg) =€ (2.9)
Pgs 2

— Particle evaporation: described by Hauser-Feshbach [105] formalism,
which strictly conserves angular momentum but requires higher
computational time than Weisskopf-Ewing.

— Energy level densities are described using the Fermi-gas model [36]
following the Bethe formula shown in Eq. 2.10, which depends on the
excitation energy E* and the angular momentum J. U is the thermal
excitation energy, and as shown in Eq. 2.11 it is defined as the
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total excitation energy minus the energy component due to angular
momentum Ev;,q as well as the pairing 0P and shell 0W corrections.

p(E*,0) ~ (2] + 1)exp (2\/a(U(E*),J)U) (2.10)
U =E* - Eyiai(J) — 0P — 6W (2.11)
a(U) o< a(U) (2.12)

The term a(U) in Eq. 2.12 is the so-called shell-smoothed level-density
parameter. Since the fission decay width is I't o< pgq/pgs, the saddle-point
level-density parameter asq was scaled by a constant factor to the
corresponding ground-state level-density parameter agyq as shown in
Eq. 2.13 to account for the increased surface area of the saddle-point
configuration.

Bed/Ags = 1.036 (2.13)

— Multifragmentation treatment: nuclear de-excitation is treated uniquely
in terms of binary decays, therefore, multifragmentation is not allowed
on a single step. However, it can be produced by sequences of binary
breakups .

— Shell and pairing effects are taken into account in the level densities
calculation but not in the potential energy description.

— See [106] for further details about the GEMINI 4+ model
e SMM

— Fission decay width: described by the Bohr-Wheeler formula, Eq. 1.10.
— Particle evaporation: described by the Weisskopf-Ewing formalism [35].

— Level densities are described using the Fermi-gas model [36] following
the Bethe formula shown in Eq. 2.10.

— Multifragmentation treatment: SMM always enters a multifragmentation
submodule and then it samples the resulting configuration according
to its thermodynamical weight in a given freeze-out volume. This

typically results in a multifragmentation threshold several MeVs lower
than ABLA, see [107].

— SMM does not take into account shell effects, since this model was
developed to describe multifragmentation, which happens at high
excitation energies where shell effects are expected to be washed out

[108].
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Data Analysis

This chapter will explain the operating principle of each detector in the
setup and the steps followed to calibrate them. Calibration is the process of
comparing the values obtained by a measuring instrument with the corresponding
measurement of a reference standard. The data provided by the detectors is
not in physical units as it comes from the electronic modules, so the numbers
associated with the measured physical magnitudes only indicate the amount of
voltage read out by the electronics, known as 'channel units’. These channel
units need to be converted into physical magnitudes as charge, position, or
time-of-flight, and each detector requires a different procedure.

This thesis work only concerns the analysis of the detectors involved in the
fission fragment identification (MWPCs, ToF Wall, and Twin MUSIC). Therefore,
the detectors involved in the (p, 2p) identification (CALIFA and AMS) will be
only briefly introduced, further details on their calibration can be consulted in Ref.
[109]. The chapter will start with the calibration description of each detector, and
then it will go through the procedures followed to obtain the vertex of the reaction,
the masses, and the cross sections.

3.1 MWPCs

The Multi Wire Proportional Chambers (MWPCs) are position detectors used
to track the trajectories of charged particles. A picture of a MWPC detector
without its cover can be seen in Fig. 3.1(left). In this experiment, 4 MWPCs
were used in total along the setup, as shown in Fig. 2.3. The MWPCj is located
at the entrance of Cave C to measure the beam position. The MWPCs 1 and 2
are placed, respectively, before and after the Twin MUSIC, since they have their
vertical strips segmented in two sections, up and down, improving the position
measurement. These two positions allow to calibrate the X position of the fission
fragment inside the Twin and obtain the horizontal angle. The MWPCj is the
largest MWPC of them all and is located behind GLAD. It serves to identify the
fission fragments’ position downstream from GLAD and also to calibrate the Y
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position of the ToF Wall which is right behind it.

Anode
wires A

: e
=

pd Cathode plane, X strips

Cathode plane, Y strips

Figure 3.1: Left: MWPC' schematic drawing. Right: MWPC without its cover.

These detectors are composed of two segmented planes facing each other and
enclosing a thin volume of gas. Submerged in this gas, there is a third parallel
plane made up of thin equally spaced wires, see Fig. 3.1(right). The inner
wires are set to a high voltage, acting as anodes, while the two outer planes are
grounded, serving as cathodes. Therefore, an electric field is created inside the
active volume, between the planes and the central wires. When a charged particle
traverses the detector it ionizes the gas and the produced electrons drift towards
the wires, ionizing the counting gas in their path and provoking an avalanche.
Finally, electrons are absorbed by the wires, leaving behind an amount of positive
ions that induce a charge in the cathodes. These cathode planes are segmented
into strips, one vertically and another horizontally, and the closer the avalanche
region is to the strip, the higher the charge induced there. Consequently, the
position of the strip from the vertical plane with the higher signal will be used
to calculate the X coordinate of the fragment’s position, and the one with the
higher signal in the horizontal plane, the Y. Further technical information on the
4 MWPCs can be found in table 3.1.

3.1.1 Calibration

The calibration of the MWPCs starts by subtracting the average noise level,
the so-called pedestal’, from the data read out by each strip. The pedestals can
be seen in Fig. 3.2(left), which shows the correlation of the measured charge
(in channels) with the strip number for plane 1 of MWPCI1. Each strip of the
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MWPCs has a different pedestal due to the different lengths of the cables and the
passage of the signal through the electronics.

—240 5 90F
—220 Gé_, 80?
—200 &
g0 © 7O
160  60F

Charge [ch]

10 20 30
Pad number Pad number

T R o b b by
0 10 20 30 40 50 60

Figure 3.2: MWPCI plane 1. Left: Charge in channels per strip number before pedestal subtraction.
Right: Charge in channels per strip number after pedestal subtraction.

This noise signal has a Gaussian-like distribution, so a Gaussian fit can be
performed for each strip to obtain the mean value < Qpedestal > and the width
Opedestal. 1hen, this pedestal is subtracted from the data as described in Eq. 3.1.
In Fig. 3.2(right) the final result can be seen after the pedestals subtraction.

Q[Ch] - (Q_ < Qpedestal > _3Upedestal)[0h] (3.1)

The fission fragment position calculation starts by calculating the position of
the center of the Pady,x ( the strip that measured the maximum charge on its
plane) from the center of the detector. This is shown in Eq. 3.2, where nPad .«
corresponds to the number of the strip which measured the maximum charge, 'w’
is the width of the strip and ’size’ is the length of the whole plane. Fig. 3.3 shows
a schematic representation of the variables in the MWPC scheme. Note that in
Eq. 3.2 the sign is negative because in the laboratory system of reference (looking
downstream), the left side is positive, and the right side is negative.

XSripmax[Mm] = —nStripy.w — w/2 + size/2 (3.2)

To obtain the precise position of the fragment, the centroid of the charge
distribution is calculated and added to the position of the center of the Pad,ay,
as it can be seen in Eq. 3.3, where ay is the position of the centroid. The most
accurate function to represent this charge distribution is the "hyperbolic squared
secant’ function, shown in Eq. 3.4, where x is the strip position and a; is the
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Figure 3.3: MWPC position reconstruction illustration (note that the number of paddles in the figure is
not the real number of paddles).

amplitude of the distribution. Parameter az stands for the quotient shown in Eq.
3.5, which takes into account the contribution of neighboring strips to the Pad,ax.
In the case of the X plane, these will be those on the right and left, and in the
y plane those above and below. Once ag is known, the centroid position can be
obtained as seen in Eq. 3.6.

x[mm] = xStripyax — a9 (3.3)
Q) = cosh? (7(x — ay) /a3) (3.4)
a3 = o (3.5)

COSh_1 <05 (\/Qmax/Qlef‘u + \/Qmax/Qrigh‘u))
ay = % ta,nh_l (\/Qmax/Qleft - \/Qmax/Qright) (36)

T 2 sinh (7w /ag3)

Figure 3.4 shows the calibrated Y vs X positions correlation for the MWPC; in
mm. Both MWPCs show a statistics accumulation in the centre due to the beam
events, while the MWPC3 has a couple of noisy channels. Another important
detail is that the electronic cards of MWPC3 were not well configured in the DAQ
(Data Acquisition System) and therefore the distribution ends sharply at -300
and 300 mm.
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Figure 3.4: Left: Y[/mm] vs X[mm] for MW PCy. Right: Y[mm] vs X[mm] for MW PCs.

Dimensions Number of | Horizontal strips | Vertical strips
MWPCs Gas [mm? strips width [mm] width [mm]
MWPC, 200x200 624}123;;?;1 3.125 3.125
Ar [84%] 2x64 vertical
MWPCH a0, 6% | 2°2%2%0 | 40 horizontal o 3.125
MWPC, 200x200 ig‘ii;’lezﬁizll 5 3.125
MWPC, 900x600 1338}12?2;;11 3.125 3.125

Table 3.1: MWPCs technical information.

3.2 ToF Wall

The ToF Wall is a time-of-flight measurement detector consisting of 28 plastic
scintillators ("paddles’) placed vertically next to each other. They are made of
a polymer in which a luminescent substance has been dissolved, so when an
ionizing particle passes through the luminescent material, it absorbs the ion’s
energy and de-excites by emitting light. Each paddle has two photomultiplier
tubes (PMTs) attached, one at the top and another at the bottom edge, as
seen in the schematic drawing of Fig. 3.5(left). When the light emitted by
the scintillator reaches the PMTs, electrons are ejected from its photocathode
due to the photoelectric effect. The PMT tubes consist of a series of dynodes
that accelerate and multiply these primary electrons and induce a significative
current pulse in the electronics. The ToF Wall is placed at the end of the setup
and works with another 'Start’ plastic scintillator at the beginning, so the time
difference between them can be measured. A picture of the ToF Wall at the end
of the setup is displayed in Fig. 3.5(right).

- 39 -



Antia Grana Gonzalez
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Figure 3.5: Left: Tof Wall detector scheme. Right: ToF Wall detector in the setup.

The VFTX modules measure the time of each PMT using an external clock
signal as a reference (see Refs. [110, 111] for further details). Then, the
raw time-of-flight for each plastic ToF ., (i) is calculated as shown in Eq. 3.7,
calculating the average time of the top and bottom PMTS of the "ToFWall’ and
subtracting the average time of the left and right PMTS of the "Start’.

ToFWall /: ToFWall : Start Start
tTop Pmt (1) + tBottom Pmt (1) tLeft Pmt + 1t

ToF,.(i) = B Right Pmt 37
OF () 5 ) (3.7)

However, the different lengths of the cables used for each plastic and the time
it takes signals to pass through the electronics produce delays between signals,
causing a misalignment between the plastics. To estimate this offset, 28 sweep
runs were performed displacing the ToF Wall, so that the 33°U primary beam
impinged on the center of each plastic and a raw time-of-flight was obtained for
each, as seen in Fig. 3.6(left).

The offset for each plastic (the value to have it aligned with the other paddles)
must be subtracted from the raw time-of-flight to have all the plastic signals
aligned, as shown in Eq. 3.8. Still, this value must be converted into time units.
To do so, the expected time-of-flight is obtained from a simulation and added at
the end of Eq. 3.8. The final result of the time-of-flight calibration for each plastic
is shown in Fig. 3.6(right).

ToF (i) = ToF . (i) — offset(i) + ToFgsim (3.8)
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Figure 3.6: ToF Wall calibration. Left: time-of-flight [ns] vs paddles, misaligned. Right:time-of-flight
[ns] vs paddles, aligned.

Another value derived from the ToF Wall is the vertical position of the fission
fragments, since there is a time difference between the 2 signals reaching the
PMTs, according to the height at which the plastic was hit. Then, a vertical
position can be derived as Yo wan [ch] = t1on V! — tE2FVAL This difference is in
time units, but it can be converted into mm by correlating it with the Y MWPCs
position (since it is placed right in front of the ToF Wall) and performing a linear
fit, as shown in Fig.3.7(left). The fit is performed within the selected region, to
avoid the statistics accumulation a little above Y=0 due to the noise from the
paddles where the beam hits. The final result is shown in Fig. 3.7(right), with

the Y ToF Wall position in mm.
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Figure 3.7: Y MWPC3 and ToF Wall position correlation. Left: before calibration. Right: after
calibration.
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In the same way, the X position in MWPC3 must be correlated to the paddle
number in Tof Wall, as it can be seen in Fig. 3.8, where the X MWPC3 position
distribution per paddle in the ToF Wall is displayed. The distribution covers a
range between -300 to 300 mm since the outer MWPCj electronics cards were not
well configured in the DAQ. Therefore, the paddles with data well correlated with

MWPCj; range from 7 to 28.
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Figure 3.8: Distribution of X coordinate from MW PC'3 per paddle of ToF Wall.

The last but not least important function of the ToF Wall is to work as a
fission trigger provider: when two signals from different plastics are read out
by the electronics, it means that two fission fragments were produced. Further
specifications of the ToF Wall are presented in Tab. 3.2.

Plastic scintillator type | EJ228

Number of plastic slats | 28

Plastics dimensions (30x600x5) mm®

Active surface (5x900x600)mm?

PMTs 19 pairs of Hamamatsu 6533 in the center
9 pairs of Hamamatsu 10580 at the edges

Table 3.2: ToF Wall detector technical information.
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3.3 Twin Music

The Twin MUSIC is a specific kind of the standard MUSIC (Multi-Sampling
Ionization Chamber) detector used at GSI to measure the charge of ionized
particles. A picture of this detector mounted in the setup is shown in Fig. 3.9.

Figure 3.9: Twin Music detector mounted in the beamline of the fission setup.

The MUSICs operating principle is based on gas-filled volumes enclosed by
parallel planes set to different voltages, one acting as a cathode and the other
as an anode. When a charged particle passes through the chamber, the gas
in its path is ionized. The electrons are attracted to the anode plane, and
therefore they drift towards it. When they reach the anode plane, they induce
a signal read out by the electronic modules whose amplitude is proportional to
the number of electrons that arrive. Two observables can be extracted from the
signals: the energy the ion transferred to the gas and the drift time it took for
the electrons to reach the plane from where they were produced. The first one
serves to deduce the atomic number of the fission fragments since the energy loss
of the ion is proportional to the square root of its ionic charge. The drift time
allows for a measurement of the X position of the ion inside the T'win, which can
be used afterwards to extract the horizontal angle of the fragment’s trajectory.
This particular MUSIC, the Twin, differs from the others of its type in that it
is a double ionization chamber, meaning that two ionization chambers are put
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together sharing a central cathode plane, as it can be seen in Fig. 3.10(left).
Therefore, the anode planes are located close to the external right and left edges
of the detector and separate each one 113 mm from the central cathode, with a
frisch grid placed very close to the anode. The advantage of this configuration
is that it allows the measurement of two charged particles independently at the
same time, which is exactly what is needed for fission reactions. Due to the
kinematics of the fission, the two particles will pass through different sections of
the Twin and the charge can be measured for both of them simultaneously but
independently.

Anodes
Frisch grid |

Section 2 Section 3

—

Cathode /

.le: .l.e : l?'. Iele .l.’. l"f ......................... o 1 e 4

________________ =

Figure 3.10: Twin MUSIC schematic representations. Left: Top view. Right: Perspective view.

node 2

Anode 1

Another interesting feature is that each anode plane is also segmented in two
parts, up and down relative to the beam line (see Fig. 3.10(right)). Hence, it is
as if the Twin MUSIC consisted of four ionization chambers, allowing to better
identify the fission fragment. Each part of the anode plane counts with 16 effective
anodes to collect the electrons. All the technical information of the detector is
provided in table 3.3.

Gas composition CH, [79%], Ar [20%] and CO4 [1%)]
Gas pressure 1 atm

Distance between cathode and frisch grid | 110 mm

Distance between anode and frisch grid 3 mm

Active volume 2x(110x220x400) mm?

Outbox dimension 430x480x550 mm?

Table 3.3: Twin MUSIC detector technical information.
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3.3.1 Position calibration

The Twin calibration process starts with the position calibration from channel
units to mm. This information is used to reconstruct the horizontal angle of the
fission fragment inside the Twin and to correct the dependence of the energy loss
in this observable.

(Zl’ xl) I Anode 8 (22’ xz)

y
Dt J X

g
,\ X

X

b

MWPC, Twin MWPC,

Figure 3.11: Scheme of the Twin Music and MW PC1 5.

The calibration process can be performed thanks to the MWPCs 1 and 2, which
are located right before and after the entrance and exit windows of the Twin
Music. In this way, a linear fit between the position of the fission fragment in the
MWPC; (z1,x1) and the MWPCy (z2,x9) shown in Fig. 3.11 can be performed to
obtain a linear equation for the trajectory of the fragment inside the chamber.

Once the trajectory is known, a first approach for the X position of the fission
fragment in the Twin is obtained by evaluating the equation of the trajectory for
the Z position of each anode. Fig. 3.12(left) shows the correlation between this X
position in mm calculated using the fit from the MWPCs and the drift time from
the Twin in channels.

A linear fit is performed in Fig. 3.12(left) to obtain an equation to transform
the drift time given by the Twin into mm for each anode. Fit residuals for
every anode in each section are aligned and centered at zero, as shown in Fig.
3.12(right). Results for the X positions of the fragments inside the Twin for the
anode 8 of each section are portrayed in Fig. 3.13(left). The distribution extends
approximately from -60 to 80 mm. It is slightly shifted to the left side (negative
side) since the unreacted beam was hitting the left side.

Finally, once the X positions inside the T'win are known, the horizontal angle
can be calculated as shown in Eq. 3.9, where Zi,et is the position in Z of the
target in the setup.
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Figure 3.12: Drift time calibration. Left: Correlation between X position in mm from fit and drift time,
Section 1, anode 8. Right: Fit residuals for all section 1 anodes.

[2) E [2)
S3000F — Section 1 S 3500; — Section 1
@] ~ @] L
(©] r O C
C _ ' 3000— — Section 2
2500( Section 2 C
B — Section 3 2500~ — Section 3
2000/ - — Section 4
E — Section 4 2000;
15001 B
- 1500
1000}~ 1000F-
500F 5000
O:\H‘l”\”‘\”‘H‘\H‘\H‘\ [ FH‘\H H\\\‘\\L\\\\H\\ M
-80 60 40 -20 0 20 40 60 80 —8.08—0.06—0.04—0.02 0 0.02 0.04 0.06 0.08
Twin X position [mm] Twin horizontal angle [rad]

Figure 3.13: Left:Twin Music X position distribution for the anode 8 of each section. Right: Twin
Music horizontal angle distribution for the anode 8 of each section.
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Ztarget
The distribution of the horizontal angle measured by the Twin can be seen in Fig.
3.13(right), extending from approximately -40 to 50 mrad and peaking around 4
5 mrad, slightly shifted to the left because of the beam position.
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3.3.2 Atomic number calibration

The atomic number calibration process of the Twin MUSIC has been divided
into 4 steps within this section. The first corresponds to the alignment of the
energy signals of the anodes for each Twin section, to have all the anodes at
the same energy level. The second corresponds to the fission fragments sorting,
where the fission fragments measured downstream from the magnet are identified
with those upstream. The following step consists of correcting dependencies
of the Twin energy loss on two variables (ToF and drift time). The last step
corresponds to the final atomic charge identification.

Anodes charge alignment

Since the Twin pre-amplifiers have different gains to convert the number of
electrons into voltage, the amplitude of the signals obtained for each are not
absolute values. To have absolute values, the calibration starts with the anode
signal alignment. This is accomplished by correlating the energy spectra of each
anode with a reference anode on its section and performing a linear fit, as shown
in Fig. 3.14. In this analysis, the anodes number 8 of each section were chosen
as reference, since they are located in the middle of the section and thus free of
edge effects. For the same reason, the three first and last anodes of each section
were discarded from the analysis.
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2 60000
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2 Fe
£ 50000
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< r
40000F
30000 *
20000 X2/ ndf6.613e+11 /1777
- po 664.6 + 831.2
F 1 1.044 +0.0313
100001 P =
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10000 20000 30000 40000 50000 60000
AE Anode 5 [ch]

Figure 3.14: FEnergy loss correlation of the anodes 8 and 5.
Using the linear fit from Fig. 3.14 the energy signal of each anode is aligned
to the energy signal of the reference anode. The results of the alignment process

are displayed in Fig. 3.15. In this example, it can be seen in Fig. 3.15 (left) how
before the energy alignment the anode 6 peaked at a different energy than the
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rest of the anodes. In 3.15 (right) all energies are well-aligned. This alignment
procedure and also the following corrections have been applied independently on
the 4 different sections of the T'win Music.
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Figure 3.15: Energy loss distributions for each anode in section 3 of the Twin Music, before (left) and
after (right) the energy alignment.

Once all anodes are aligned, the total energy loss of each fission fragment in
a Twin section is computed as the sum of all the energy losses measured in each
anode that provides a signal and divided by the number of those anodes. This is
shown in Eq. 3.10, where AE; is the energy loss measured per anode j, n is the
number of anodes with signal and AFE; is the total energy of section i.

_ Zjn:1 AEj

n

AE; (3.10)

Fig 3.16 shows the energy correlation for the fission fragments inside the
Twin. It shows 4 different accumulations of statistics marked in the figure.
The events enclosed in the red triangle correspond to the fission fragments,
therefore this triangle will be selected for studying the fission. The events
on the diagonal enclosed with a green rectangle correspond to events where
the beam went through two sections up and down on the same side of the
Twin. While studying beam events, the Twin MUSIC must be calibrated
differently, calculating the AE; for 2 sides of the Twin instead of 4 sections
(adding the energy of the anodes up and down). The events enclosed within
violet rectangles correspond to beam events mixed with fission fragments or
fragmentation products (pile-up events). Finally, the orange circle corresponds to
beam events passing through the two sides of the Twin MUSIC. To perform the

- 48 -



Chapter 3 - Data Analysis

5. 60000f —190
ud’
—80
50000 20
40000 60
30000
20000f
10000
A 5o I:.-._I | | -‘l.

10000 20000 30000 40000 50000 ?g?oﬂ
.[ch

Figure 3.16: Energy loss correlation for two fission fragments in the Twin MUSIC.

following calibration steps, only the events within the red triangle will be selected.

Fission fragments sorting

A crucial part of the analysis is to correctly assign the downstream variables
(time-of-flight from Tof Wall and the (X, Y) positions from MWPCj;) to each
fission fragment detected upstream in the Twin MUSIC. The fission fragments
sorting is also needed to obtain the masses later since for applying Eq. 2.1 the
tracking of each fission fragment along the setup is required. The assignment of
the downstream variables will be done differently depending on which was the
situation upstream in the Twin MUSIC, distinguishing between the 6 possible
cases displayed in Fig. 3.17.

Because of the kinematics of the reaction, 2 fission fragments will not pass
through the same Twin section, therefore that case is not considered. What
could happen though, is that an ion traverses two sections of the Twin during
its trajectory along the detector (more likely up and down rather than left and
right since those are separated by the cathode). This case must be treated when
selecting beam events, but not when selecting fission fragments, since they are
difficult to differentiate from events where two uranium ions reacted in the target
and produced pile-up. Therefore, those cases are discarded, and only the 6 cases
previously mentioned will be analyzed. The assignment will be as follows:
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Case l Case 2 Case 3

e |®|e [, ]| .

Figure 3.17: Schematic representation of the front view of the Twin MUSIC, displaying the 6 possible
cases for fission fragments distribution between the 4 sections.

e Cases 1,2,3 and 4: the assignment of the downstream variables to the
upstream fragments will be done depending on the Y coordinate. This is
the ideal situation since ions are deflected inside the magnet in the X7 plane.

— Fragments that were in the lower sections of the Twin will be assigned
to those that were lower downstream.

— Fragments that were in the upper sections of the Twin will be assigned
to those that were higher downstream.

e Cases b and 6: here it is not possible to assignate according to Y position,
since both fragments are up or down. Therefore, the assignment is done
depending on the X coordinate.

— Fragments that were in the left sections of the Twin will be assigned to
those that were more to the left downstream.

— Fragments that were in the right sections of the Twin will be assigned
to those that were more to the right downstream.

Despite all of the 6 displayed cases being considered, cases 1 and 2 are the most
likely. Cases 3 and 4 represent 18% of the fission events and cases 5 and 6 only a
6%. Fig. 3.18 shows 6 reconstruction examples, one for each possible combination.
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Figure 3.18: Assignation example for each case. Since Twin MUSIC does not measure the Y position,
it has been located at -15c¢cm for lower sections and at 15c¢cm for upper sections only for this illustration.

Energy loss corrections

The energy must be corrected

resolution.
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Figure 3.19: Energy loss in section 1 of the Twin Music vs. the time-of-flight of the fission fragments,
before (left) and after (right) the dependency correction.

The amount of energy an ion deposits in a certain material has a strong
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quadratic inverse dependence on its velocity, as seen in the Bethe-Bloch formula.
Thus, the higher the velocity of the ion, the lower the energy deposition in the
Twin gas. This effect is revealed when correlating the energy loss in the Twin
with the ion’s velocity. However, the calculation of the velocity requires the
reconstruction of the length of the trajectory of the fission fragment and this will
be done later in the analysis. Therefore, the correction is done by correlating the
energy loss with the time-of-flight, as shown in Fig. 3.19(left).
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Figure 3.20: Stages of the ToF dependency correction. (a) Cut selecting a charge. (b) Profile in xz for
the selected cut. (c) Spline function evaluated in the data within the cut.

Each of the horizontal lines in Fig. 3.19(left) corresponds to a different fission
fragment atomic number, and it can be seen for each line how energy increases
with the increase in time-of-flight: the higher the time-of-flight, the lower the
velocity, and thus, the higher the amount of energy deposited by the ion. To
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correct this dependence, polynomials of a higher order than a straight line are
required to reproduce the behaviour better. In this analysis, another kind of
function has been used to correct these dependencies: a spline function. A spline
is a piecewise-defined function, where each piece is defined by a polynomial. At
the joints (usually referred to as 'knots’) the functions must have the same value
of the first and second derivatives, which can only be achieved if the polynomials
are of third order or higher.

The first step to start correcting is to define a cut in Fig. 3.19(left) for one of
the charges, see Fig. 3.20(a). Then, a profile in x is performed within the cut. The
profile function calculates the mean value of the y variable (charge in channels)
for each bin in x (ToF), as displayed in Fig. 3.20(b). This profile function is used
as input to calculate the spline, which is shown in Fig. 3.20(c). Then, the data
is corrected using Eq. 3.11, where AE,,can is the average deposited energy for the
selected charge, and Spline(ToF) is the evaluation of the spline function for the
ToF values within the cut. The result of the correction can be seen in Fig. 3.19
(right).

AE
AEcorr = AEnean - A1
Spline(ToF) (3.11)

AE [ch]
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Figure 3.21: Energy loss in section 1 of the Twin Music vs. the drift time of the electrons, before (left)
and after (right) the dependency correction.

The energy loss also has a dependence on the drift time of the electrons
towards the anodes. When a fission fragment passes close to the central cathode
of the Twin, some of the produced ionization electrons might be absorbed by the
cathode or traverse it to the opposite section. Since these electrons do not arrive
at their correspondent anodes in the section they were generated, the anodes
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measure a smaller amount of electrons. The result is a drop in the measured
energy close to the position of the central cathode, X=0, as can be seen in Fig.
3.21(left). This dependence has been corrected following the same procedure
used for the ToF with the spline function. The corrected correlation is shown in
Fig. 3.21(right), where all the lines look straight at X=0.

Atomic number identification

Once all the dependences of the energy loss have been corrected, the
atomic number of the fission fragments can be deduced, as the ionic charge is
proportional to the square root of the energy loss. However, the energy is given
in channel units by the electronics, and a calibration must be performed to pass
from the arbitrary units to the physical magnitude. The calibration carried out
in this analysis consists of two main steps. The first step starts by identifying
the peaks of the charge spectra, as shown in Fig. 3.22(left). Then, the mean
values of the peaks are correlated with consecutive integer numbers, since the
atomic numbers of the ions have to be integers. Performing a polynomial fit like
the one displayed in Fig. 3.22(right) gives the method to convert from arbitrary
units to atomic number units. Nevertheless, as the integers have been randomly
assigned, the actual values of the atomic number are yet unknown, which leads
to the discussion of the second step of the calibration.
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Figure 3.22: Charge spectrum in arbitrary units (left) and its correlation with an integer index and
posterior polynomial fit (right).

The second step of the calibration begins with an alignment because it is likely
that the resulting spectra of the different Twin sections are misaligned, as seen in
figure 3.23. The four spectra are plotted together and they are aligned by adding
or subtracting integer numbers so they have the same mean value and reach the
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maximum possible overlap, see in figure 3.23. The final resolution achieved is
AZ = 0.38 FWHM in charge units [Z] for the central charges. For the lightest

distinguishable peaks is about AZ = 0.6 FWHM and about AZ = 0.8 FWHM for
the heaviest ones.
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Figure 3.23: Comparison of the charge spectra of the four sections of the Twin Music, misaligned (left)
and aligned (right).
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Figure 3.24: Fission fragments charge identification results. Left: Fissioning system spectrum. Right:
Fission fragments charge correlation.

The fissioning system charge spectra must be computed to deduce the atomic
number of the fission fragments. The atomic number of the fissioning system that
gave rise to the fission fragments is obtained by simply adding the atomic numbers
of both fragments. Hence, the charge of the different Twin sections is added pair
by pair over the 6 possible combinations for the two fission fragment’s trajectories
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inside the Twin. However, due to the kinematics of the fission reaction, most of
the fission fragments will go through opposite sections of the Twin. Finally, the
way to know if the alignment works, is to check that the peak with the highest
statistics in the spectrum is the one with the highest expected cross section for
the reaction. In this work, this is the case for Z; + Zs = 91, corresponding to Pa.
The resulting fissioning system spectrum is displayed on Fig. 3.24(left). Since the
beam is 23°U, when the desired quasi-free (p,2p) reaction takes place the produced
nucleus is an excited 33'Pa. However, it is important to notice that this peak for
Zy + Z5 = 91 will not have only § 237Pa systems it will have the contribution for
other lighter ¢;Pa isotopes as well, since the 2 o1 37Pa can also de-excite via neutron
emission and undergo fission after. It is also possible to obtain different excited
91Pa isotopes when the reaction is not quasi-free. A selection in the opening angle
between the protons serves to select the quasi-free reactions in which there is no
evaporation of neutrons before fission. The 92 charge peak contributions come
from reactions in which one or more neutrons were removed from the projectile
but none of its protons interacted. For the following peak, the charge 93 can occur
due to charge exchange reactions with the target. Such reaction would involve
that a proton from the target turned into a neutron by emitting a 7", and that a
neutron from the projectile picked it up converting it into a proton.
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1001~
50—
O:'?‘ ::11111111111111111111111111111111111.
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Atomic number [Z]

Figure 3.25: Atomic charge distribution from this experiment compared with previous data from Ref.
[112].

The correlation of the derived charge for both fission fragments Z; and Z,
is shown in Fig. 3.24(right) in a two-dimensional cluster plot. Each diagonal
of clusters in this Fig. corresponds to a different fissioning system produced in
the reaction, and each cluster on the diagonal corresponds to a different pair of
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resulting fission fragments.

Finally, the obtained atomic charge distribution from this work is compared
in Fig. 3.25 with previous data of *®U impinging on a ?*®*U target but at 1 GeV
from Bernas et al. [112]. The two distributions overlap rather well, serving as a
validation for the calibration result. To compare it with Bernas, the total fission
cross-section was calculated to normalize the spectrum. The calculation of the
fission cross-section was not introduced yet, but it is discussed in Sec. 3.8.

3.3.3 Vertex reconstruction

The knowledge of the positions of the fission fragments inside the Twin MUSIC
(XTwin 1, XTwin 2) together with the horizontal angles (61, 6,) allows to reconstruct
the fission fragments trajectories in Eq. 3.12 and find their intersection point as
shown in Eq. 3.13, which is where fission took place.

X = XTwin 1 T tan(@l)z, X = XTwin 2 + tan(eg)z (312)

XTwin 1 — XTwi
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Figure 3.26: Reconstructed fission vertex position. Left: Vertex Z position [mm]. Right: Vertex (Z, X)
position [mm].

The vertex position along the Z axis is displayed in Fig. 3.26(left), where the
peak with the highest statistics in the plot corresponds to the fissions inside the
LH, target. The other peaks correspond to fission reactions with other material
along the beam line along the setup, like the start scintillator before the target
or the exit window of the vacuum chamber, after the target. This represents very
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valuable information because it enables to select the fission events that occured
in the target and to discard the others. In Fig. 3.26(right) the correlation of the
(7Z,X) vertex positions is presented. As it can be seen, the beam entered with a
certain angle, which is why the beam events appear always on the right side of the
Twin and MWPCs. Still, most of the beam events hitting the target are centered
around -2mm with a dispersion of AX = 2mm.

3.4 Neuland

NeuLAND, the New Large Area Neutron Detector, is a neutron detector
composed of several planes of plastic scintillator bars with a thickness of 5 cm
and a length of 2.7 m. It currently consists of 12 double planes, each containing
100 bars, 50 in vertical and 50 in horizontal orientation, creating a surface of
2.5x2.5 m. At the ends of each bar, photomultipliers are attached to detect
the light created in the scintillator. Counting with several planes increases the
likelihood of interaction. Omnce the neutron interacts with a nucleus, it can
scatter a proton, an alfa particle, or other light ions which are detected by the
scintillators. By reconstructing the tracks of the charged particles the neutron
multiplicity can be calculated. The GLAD magnet deflects the charged particles

Figure 3.27: NeuLAND detector in the setup.

from the original beam path to identify them by their magnetic rigidity. However,
neutrons are unaffected by the magnetic field and can be detected by NeuLAND
located downstream at zero degrees with respect to the beam path. A picture
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of NeuLAND in the setup can be seen in Fig.3.27. Neuland data was calibrated
for this experiment, but due to the high neutron multiplicities produced in fission
(around 10), and the lack of algorithms to reconstruct more than 4 neutrons, it
was not used for the work.

3.5 Califa

CALIFA (CALorimeter for the In Flight detection of 4 rays and light charged
pAr-ticles) is a highly segmented scintillator calorimeter designed to surround
the R3B target area. It works as a high-resolution y—ray spectrometer and
high-energy charged particles calorimeter, since it has been specifically designed
to study quasi-free scattering reactions, such as (p,2p) or (p,pn). For that channel,
both highly energetic light-charged particles (protons about 300 MeV) and 7 ray
from the de-excitation of the residual fragment must be detected.

Figure 3.28: Califa detector picture, Messel side.

The detector design is composed of 2560 scintillator crystals, most of them
CsI(T1). The Califa’s crystals operation mode is similar to that of any other
scintillator: when a gamma or a charged particle passes through the crystal, the
material absorbs the energy and de-excites emitting light. This light is collected
at the end of the crystal by an APD (Avalanche PhotoDiode), the semiconductor
equivalence of a PMT. The crystals are disposed surrounding the target area, and
the detector is divided into two halves, named Messel and Wixhausen. Each one
of the halves is composed of 2 parts: the barrel and the Endcap, and can be seen
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in Fig. 3.28. The Endcap is composed of two parts, Iphos and Cepa (this last
one was still not mounnted at the moment of the experiment). To see further
specifications of each section of Califa, see Tab. 3.4.
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Figure 3.29: Left: v ray spectrum of a °Co source measured with Califa. Right: Opening angle between
two protons emitted in a knockout reaction. Figures from Ref. [109].

The calibration of this detector has been done by the other Ph.D. student
analyzing this experiment, Gabriel Garcia Jiménez [109]. To calibrate the
detector, a %°Co source has been used, which undergoes 3~ decay, resulting in
%ONi which de-excites by emitting two characteristic v rays with energies of 1.17
and 1.33 MeV and can be seen in Fig. 3.29(left). These peaks are used to convert,
the electronic channel units into energy units. Fig. 3.29(right) shows the resulting
opening angle distribution, which is around 80° for the pure quasi-free (p, 2p) but
in the distribution it is mixed with events where the protons suffered re-scattering
with the other nucleons in the projectile.

3.6 Si-tracker and LH, target

The Si-tracker is a detector developed for tracking (in x and y) protons and
heavy ions produced in high-energy reactions. In this experiment, it is used to
track the trajectories of the two protons emitted in the (p, 2p) reaction. Together
with the protons energy measurement performed by Califa, the momenta can be
reconstructed and used to calculate the excitation energy of the recoiling nucleus.

Specifically, the Si-tracker used for this experiment is a double-sided Si
microstrip detector (uDSSD) developed to track high-energy cosmic rays at the
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rav Ener Energy range
. Crystal | Crystal type ey Lhergy for protons in
Section . Coverage angle | resolution for
number and size Lab system and
1 MeV ~ rays .
energy resolution
o 320 MeV
Barrel 1952 | CsI(T1), 22cm | (43.2-140.3) <6 % AE/E 1% AR/E
Endcap o 700 MeV
Iphos 512 CsI(T1), 22cm (19-43.2) <6 % AE/E 1% AE/E
Phoswhich:
Eggczp 96 LaBrs, Tem <19° <6 % AE/E 17;0 Al\%e/\jg
P LaCls, 8cm ¢

Table 3.4: Califa detector technical information from Ref. [113].

Figure 3.30: Left: Picture of an AMS detector. From the left to the right the components are: the
sensor, the capton cable, the coupling capacitors, the VA chips and the front-end electronics board. Right:
Operating principle of a Double-sided microstrip detector.

Alpha Magnet Spectrometer (AMS) at the International Space Station (ISS). A
picture of one of the 6 Si-trackers employed in this experiment can be seen in
Fig. 3.30(left).

The basic principle of operation of these detectors is the same as that of
any other n-type semiconductor detector, but with the two sides segmented in
perpendicular directions to track in both x and y coordinates. Fig 3.30(right)
shows a scheme of the operating principle. The junction side (called S-side or
p-side) of the detector is composed of strips of Si material doped positively (p*
Si) and connected to a negative voltage. The bulk or depletion area is negatively
doped (n Si), and the ohmic side (K- or n- side) is more negatively doped (n™
Si) than the bulk and segmented in strips connected to a positive voltage. When
a charged ion passes through the depletion area, the electrons in the material
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are excited and pass from the valence to the conduction band, creating pairs of
electrons and holes. The electrons drift toward the p* Si strips and the holes
toward the n* Si strips, inducing a signal that is read by the front-end electronics.
Further technical specifications are shown in table 3.5.

Dimensions 72 mm x 40 mm x 0.3 mm
640 strips in P side
384 strips in N side

Number of strips

Bias voltage DV
Front end electronics | VA_hdr9a from IDEAS
and read out Sllicon Strip DEtector REadout Module (SIDEREM)

Table 3.5: AMS detectors technical information.

In the experiment 6 AMS detectors were used to track the protons coming out
from the target. The disposition of the sensors surrounding the LHs target can be
seen in Fig. 3.31(left), with the P-side of the sensors pointing towards the target.
Each AMS detector had a 10 gm thin gold layer in front of it to stop the delta
electrons produced in the reaction. Fig. 3.31(right) shows a better view of the
LH, target, which is 15 cm thick and has a diameter of 42mm. The target cell
is made of Mylar and composed of an entrance window and an exit window of
respectively 120 pm and 180um. During the experiment, the target was further
wrapped in 10 insulation foils 5 pum thick to reduce heat flux via radiation. The
hydrogen is liquefied in a cryostat and kept at a temperature of 20K.

Figure 3.31: Pictures of the 6 AMS detectors surrounding the LHy target.
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3.7 Mass reconstruction

To obtain mass identification of the fission fragments, 4 observables are needed:
the atomic number, the trajectory length, the time-of-flight, and the magnetic
rigidity (Bp) of the ion inside the dipole. At this point of the analysis, both
atomic number and time-of-flight are known. The trajectory length can be
reconstructed using the position information from the MWPCs and following fully
geometrical methods, which have been employed for many experiments that used
the previous magnet ALADIN, see Ref. [114]. However, this approach is based
on the assumption that the dipole is a perfect dipole and the field is perfectly
homogeneous in only one direction. This approximation might work not so well
for GLAD since the dipole is considerably larger. To obtain the best possible
resolution, another method based on a simulation has been used to reconstruct
the masses.

Input: (x

TWIN' BTWIN)

Output: several Bp and x .
for each (x_ . 6,,,,) P&Ir

ToF-Wall

Figure 3.32: Schematic representation of the simulation method to reconstruct the masses.

The method uses as input an experimental data file. For each one of the events
in the file, which follows a trajectory determined by 01y, and Xrpyin, several
trajectories will be simulated inside the magnet, typically around 15. An initial
Bp value is given for the first trajectory and then the value is increased in steps
of 0.2 Tm for each trajectory. The method is illustrated in Fig. 3.32. For each
Bp value, the momentum of the ion is calculated as shown in Eq. 3.14, and the
values projected onto the ZX plane coordinates as shown in Eq. 3.15 using the
information on the angle by the Twin MUSIC.
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BpZ
— 314
P= 373356 (3.14)
px = p18in(frwin), Pz = P1€0s(OTwin) (3.15)

The simulation needs several things as inputs: the initial momenta (defined
in Eq. 3.15), the (Z, X) coordinates of the reconstructed reaction vertex, the
magnet current, GLAD’s magnetic field map and the positions information from
all detectors. The simulation propagates the initial trajectories from the reaction
vertex to the ToF Wall.

12

E = [%@7ndi 6.478e—08 /9 E 754} [ %2/ ndf 2.712e-07/9
= 11.5 po 38.27 £0.1748 - t | pO 778.3 £0.3577
a E | P 0.6618 + 0.006675 75350 | P 0.4387 +0.01366
11| p2 0.005935 + 9.507e-05 k| p2 0.001588 + 0.0001945
1055 | P8 2.703e-05 + 5.986e-07 - | p3  -1.888e-06 + 1.225¢-06
T | p4 4.965e-08 + 1.4062-09 753 | P4 -3.282e-09 +2.876e-09
10 ——
C = ZX sim
o 752F
8.5— -
E 751.5—
8- B
7.50 751
Co v b b e C e
-140 —130 -120 -110 —-100 90 80 -140 -130 -120 -110 —-100 90  -80
X waca [em] X wac3 [em]

Figure 3.33: Left: Bp correlation with the X position in MW PCs The red points correspond to the
simulated Bp and the blue point the reconstructed Bp using the fit. Right: Length correlation with the X
position in MW PC3. The red points correspond to the simulated length in the ZX plane and the blue
point to the reconstructed length in the ZX plane using the fit. The blue star corresponds to the total
reconstructed length.

For each event in the input file, the output has a collection of several simulated
Bp with their respective simulated X positions in the MWPCj3 and the fragment
path length in the ZX plane. Then, event by event, the simulated Bp can be
correlated with the X of the MWPC3, as shown in Fig. 3.33 (left) and a polynomial
fit like the one shown in Eq. 3.16 can be performed. This fit is used to calculate
the experimental Bp from the measured X position in the MWPC3. The same
can be done for the path length in ZX, as shown in Fig. 3.33 (right) and Eq.
3.17. However, this length has been calculated in the ZX plane without taking
into account the Y coordinate. To obtain the whole length of the trajectory, the Y
coordinate measured in the ToF Wall is added quadratically to the reconstructed
length in the ZX plane, as shown in Eq. 3.18.

Bp = Bpy + BplXMWPC3 + Bp2X12\/prc3 + Bp3X1?</prc3 + Bp4Xi4\/prCS (316)
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Lzx = Lzxo + LzxaiXamwpes + LzxeXitwpes + LzxsLitwpes + LzxaXatwpes  (3:17)

L=4/L% +Y2 (3.18)

Once the Bp and the total length of the fission fragment path are reconstructed,
the mass number of the fragment can be calculated using Eq. 3.19, already
presented in the previous chapter.

_ Bp-Ze

A=
upgyc

(3.19)

The mass reconstruction method was validated using simulated data as input,
as seen in Appendix R.8. The simulation was performed using the expected
resolution of the detectors, which means AT = 40 ps FWHM for the ToF Wall,
AX = 300 gm FWHM for the MW3 and AX = 70 um for the Twin MUSIC.
However, for the real data the ToF resolution could be larger than 100 ps FWHM
as seen in Sec. A.2, which is larger than the AT = 40 ps FWHM used in the
simulation and results in worse mass resolution too. Since the mass resolution
worsens with the increase of the fission fragment charge, it was only possible to
differentiate masses for fission fragments with atomic number Z=36 and 37. The
origin of the ToF resolution issue is still under debate, but a likely option could
be the closeness of the ToF Wall to GLAD since its magnetic field could affect
the signals from the PMTs.

60—
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Figure 3.34: Left: Mass number distribution of the fission fragments with atomic charge Z = 36 and
ToF Wall paddle number 22. Right: Same as left but displacing the time-of-flight original distribution an
offset of 6T = -1.7ns.
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However, it has been found that some scintillator paddles have a considerably
better mass resolution when adding a certain time offset to their time-of-flight.
An example is shown in Fig. 3.34 for the paddle number 22. The left plot shows
the mass distribution without adding any offset to the time-of-flight, and the
mass peaks are barely distinguishable. The right plot shows the resulting mass
distribution for the same plastic when adding a time offset of 6T = -1.7 ns to
the time-of-flight. It can be seen how the central masses peaks are much better
resolved in comparison with the previous case.

Paddle number = 13 Paddle number = 14

£ £ 70F
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76 78 80 82 84 86 88 90 92 94 96 76 78 80 82 84 86 88 90 92 94 96
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Figure 3.35: Mass distribution for 4 different Tof Wall paddles.

However, this approach does not work for all paddles, and for the ones that do,
there is no clear any tendency, that is, each paddle needs a different time offset
unrelated to the others. This was not expected in principle, since an alignment
was performed using the sweep runs, as described in Sec. 3.2. However, the
sweep runs were performed at the beginning of the experiment, and conditions
could have changed since those runs. The best mass resolution results were found
for paddles numbers 13,14,19 and 22, as shown in Fig. 3.35, with a resolution
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around AA = 0.8 FWHM for the central peaks of the distributions.

After applying the necessary offsets in time for each paddle to obtain a better
mass resolution, the mass distributions become displaced from their original values
and misaligned between paddles. This can be seen in Fig. 3.36 (left), where the
resulting mass number distribution is plotted against the paddle number. The
red dots correspond to the original mean values of the mass distributions when
the mass was calculated without any offset in the time-of-flight.

e r —2200 r -
. 180~ | —— <A> without 8T —12000 w180 <A>without 3T —2000
8 r 8 o <A> simulated
€ 160F —1800 £ 160 —|1800
A ~1600 ¢ ~1600
g 140? 1400 g 140k:: 11400
120F 1200 120~ 1200
- 1000 C 1000
100 100
800
80 600 80
400
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40 5 10 15 20 25 40 5 10 15 20 25
ToF Wall paddle number ToF Wall paddle number

Figure 3.36: Left: Mass distribution calculated with the time offset against the Tof Wall paddle number.
Right: Same as left, but after adding an offset to displace the mass distributions to their original values.

To correct this misalignment, a mass offset d, is calculated as seen in Eq. 3.20
by subtracting the mean value of the mass distribution calculated with the time
offset < Agsr > from the mean of the original distribution < A >. The resulting
offset is added to the mass calculated with the time offset to get the final mass
value. It can be seen in Fig. 3.36 (right), how after applying this offset the
masses are aligned with the original values and also follow the same tendency of
the simulated mean masses, represented by the black dots.

or=<A>—<AsT>—>A=As7+0a (3.20)

The next step to improve the resolution would be correcting the mass
dependence on the vertical position, as it was done for the simulated input data.
However, no well-defined lines were observed when plotting the mass against the
Y position, as seen in Fig. 3.37. Therefore, the Y dependence was not corrected
for the experimental data.

The total mass resolution is calibrated using previous experimental data for the
same reaction of U impinging on a hydrogen target but at 1 GeV from Bernas

- 67 -



Antia Grana Gonzalez

< 96: L T —3
g 94—
@ 90
8 F -2
= 88
o l."' ’
84r , Jn ,an j
- [ \
d -.w.-"wr L !
80— S
- oy b,
785 ”,u,, A 05
76:_ 'Inll' II\ I|
| | 1 [ | | L 0
-30 -20 -10 0 10 20 30
Y [ecm]

Figure 3.37: Mass dependence on the Y coordinate measured by the Tof Wall.
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Figure 3.38: Mass distribution from this experiment compared with previous data from [112].

et al. [112], as seen in Fig. 3.38. The mass distribution presents a characteristic
shape defined by a dominating peak in the center, originating from the symmetric
fission, and two peaks at the sides from asymmetric fission. However, due to
neutron evaporation of the fission fragments from the symmetric peak, the central
peak is shifted to the left, eclipsing the light asymmetric peak. The criteria to align
the mass spectrum was to center the heavy asymmetric peak with the data from
Ref. [112]. The mass distribution was also compared with the ?8U data induced
via Coulex from Pellereau et al. [8]. To do so, Z; + Zo = 92 was selected and the
isobaric yields were systematically compared with the Coulex yields for different
mass addition conditions looking for the lowest residue. The mass addition cut
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with the lowest residue was found to be Ay + Ay = 236, which is displayed in Fig.
3.39 and is in good agreement with the Coulex yields. The Results section will
provide more details about the selection in mass addition as an indicator of the
excitation energy.
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Figure 3.39: Comparison of the isobaric yields normalized to 200% from the experiment of this work
and Pellereau et al. [8].

3.8 Total and partial fission cross-section

A cross-section is a measure of the effective surface area seen by a beam
impinging on a target and therefore it is measured in units of an area, usually
mb. Since this effective area is proportional to the probability that an interaction
between the projectile and the target takes place, cross-sections are the typical
experimental observable to measure reaction probabilities. The cross-section can
be extracted using the attenuation law displayed in Eq. 3.21, which describes how
an initial amount of beam particles Nj,ia decreases exponentially to Ngn. when
it passes through a layer of material of thickness x.

1

Nfinal = Ninitiaze™ *7 (3.21)

Solving this equation for ¢ and substituting the number of final particles by
the number of particles that reacted (Nyeaction = Ninitial - Nfinal), the total reaction
cross section can be calculated as shown in Eq. 3.22.

Nreaction
reac ion = — ].n 1 - - 3 . 2 2
Oreact B < Ninitial ) (3:22)
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For the calculation of the cross-section of a specific reaction channel, such as
fission, the number of particles that reacted in the formula must be substituted
by the number of particles that reacted in that specific channel. To calculate the
total fission cross-section for the ?**U beam in the LH, target, the final expression
can be seen in Eq. 3.23. There, N u arrived at target COITesponds to the number of
uranium particles that reached the target and N y fgsions in target the number of those
which underwent fission.

Ofission = —X In (1 . N U fissions in target) (323)
N U arrived at target

Once the total fission cross-section is obtained, the partial fission cross-sections
can be calculated, which correspond to the fission probability for the different
possible fissioning systems, the ones displayed in Fig. 3.24 (left). These can be
calculated as shown in Eq. 3.24, multiplying the total fission cross-section by the
production yield of each fissioning system. The production yield is the fraction of
every fissioning system produced in the reaction over the total number of fission
events. It is calculated by integrating the number of counts under each fissioning
system peak (Nj) in Fig. 3.24 (left) and dividing it by the integral of the whole
spectrum (Z?ﬁl N;). The number of counts per fissioning system is corrected by
a factor (F;) based on a simulation which takes into account the counts that were
lost because of the interaction of the fission fragments with matter.

NFj
Z?il N;
To calculate the number of uranium nuclei that reached the target and the ones
that also fissioned, to be used in Eq. 3.23, a combination of the information given
by the data acquisition system (DAQ) and the detector information will be done.
The following subsection will briefly introduce how the DAQ stores the data to
understand the DAQ-related correction factors applied to the fission cross-section

calculation. The last subsection will explain the correction factor associated with
the detectors and the final formula.

(3.24)

Ofission j — Ofission

3.8.1 DAQ Trigger system: How to count events

The DAQ is the software that controls the read-out of the electronic modules
that digitize the data measured by the detectors. It is the system in charge of
synchronizing the signals coming from different detectors and deciding which ones
are saved for later analysis. Since not every event in the experiment is of interest
for the studied physics case, the DAQ works with something called ’triggers’ to
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reduce the amount of recorded data. A trigger is a logical signal that commands
the DAQ to store the data of an event only if a specific detector or group of
detectors that measure the reaction channel of interest has provided a signal. The
trigger information for each event is stored as a 16-digit number called a TPat
bit-mask or simply 'mask’. Each one of the digits in the mask is named one logic
'bit’, and they are turned on (turn from 0 to 1) if the condition of having a signal
in the desired detector/s is fulfilled. An index number named "TPat’ is given to
every condition in the detectors that activates one bit in the mask. An example
of a mask can be seen in Eq. 3.25 for the TPat; and TPat,.

0000000000000001 — TPat; : Start
0000000000000011 — TPat; and TPats : Start and fission (3.25)

TPat; corresponds to events where the start scintillator at the entrance of the
setup has given a signal (meaning that the beam has arrived at the beginning
of the setup), and it activates only the rightmost bit in the mask. The TPat,
activates the second bit in the mask (starting from the right), and it happens
when both the start and the ’fission’ condition are fulfilled. The fission condition
is that at least 2 different paddles in the ToF Wall must have provided a signal
since that implies that most likely two fission fragments have arrived at the end
of the setup. The whole list of TPats used in this experiment is listed in Table
3.6. The first 12 TPats correspond to on-spill trigger patterns, which means that
they were recorded when the beam was going through the setup. The last two
TPats correspond to the off-spill (no beam) trigger and serve to collect cosmics
data to calibrate either Califa (13th TPat) or Neuland (14th TPat). Among the
on-spill, there were 2 different blocks of TPats. The first block (first six TPats)
corresponds to events where the AMS detectors were available to record data,
which was useful for the (p, 2p) reaction channel. The second block has the same
trigger conditions as the first, but they were recording data while AMS was busy,
meaning that they will not contain AMS data.

To calculate cross-sections, the number of events in the TPat of interest for the
reaction channel should be counted over the number of total events. For example,
in the case of a fission cross-section, one should count how many times a fission
TPat happened over the times an incoming beam TPat happened, as described
at the beginning of the section. In an ideal situation, this could be done just by
replacing the number of counts from TPaty as N v fissions in tareet and the number
of counts from TPat; as Ny amived at tareet 0 Eq.  3.22. However, those counts
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On-spill
nEriliter or ilz/[ilf;;e Condition DS DT
Oft-spill
1 On Free Start 1024 | 0.999
2 On Free Start and fission 128 | 0.999
3 On Free Start and Califa 2 halves 32 0.99
4 On Free Start, fission, and Califa 2 halves 1 0.96
5) On Free Start and Califa 1 half 128 | 0.99
6 On Free Start, fission, and Califa 1 half 32 0.99
7 On Busy Start 1024 | 0.44
8 On Busy Start and fission 32 0.49
9 On Busy Start and Califa 2 halves 16 | 0.53
10 On Busy Start, fission, and Califa 2 halves 1 0.65
11 On Busy Start and Califa 1 half 32 0.51
12 On Busy Start, fission, and Califa 1 half 8 0.53
13 Oft Califa 1 half
14 Off Neuland

Table 3.6: TPats matriz. The downscaling (DS) and dead time (DT) factors are given as an example
from an arbitrary run. Note that these numbers change for different runs in the experiment.

should be corrected for several factors such as dead times, efficiencies, secondary
reactions, etc. The first corrections that ought to be applied originates from the
proper DAQ modules: the dead time and the downscaling corrections. The dead
time is the time during which the DAQ cannot accept new TPat requests because
it is busy recording the previous one. This dead time is different for every TPat
since it also depends on the dead time of the slowest detector used to create the
TPat. The dead time factor for each TPat can be defined as shown in Eq. 3.26.
Note that even though it is given the name of ’dead time’ factor, the calculation
corresponds to the fraction of accepted events because the DAQ was ’alive’ (not
in dead time).

N ccepted events
DTfactor - Accepted ! (326)

N Requested events

In this experiment, a special correction factor must be introduced due to the
existence of two symmetric blocks with only the difference of whether AMS was
free or not to take data. As an example, every time an event with a Start and
Fission signal was recorded, the DAQ should decide if sending it to the AMS busy
or AMS free block. Since the number of events sent to each block can vary with
the TPat, this effect is also corrected by the factor defined in Eq. 3.27.

N Event AMS busy bl
v block
AMSfactor —

(3.27)
Event AMS busy block +N Event AMS free block
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The last DAQ correction that should be applied comes from the so-called
downscaling factors. Usually, some TPats are less important than others for the
physic case, and then, a downscaling factor can be applied for those to reduce
the amount of recorded data. For example, the biggest downscaling factor in this
experiment is applied to TPat;, because it only corresponds to Start events. This
factor is 1024, meaning that only 1 out of 1024 events from this TPat will be
recorded. The downscaling factor for each TPat can be defined as shown in Eq.
3.28. It is important to point out that the downscaling factors are chosen by the
user for each TPat depending on its physical interest.

N ccepted events
Dsfactor - Accepted ! (328)

N Stored events
The 3 aforementioned corrections should be applied for the final number of
counts of each TPat, resulting in a final correction factor as shown in Eq. 3.29.
The fission cross-section will be calculated using only TPat; and TPat, for the
sake of simplicity, even though it would be also possible to calculate it using other
combinations of fission TPats.

DSfactor
DTfactor ( 1— AMSfactor)

Up to here the discussion focused on corrections regarding how the data is
stored in the TPats. In the following subsection, the counts coming from each
TPat will be rearranged and corrected according to the information gathered from
the detector’s analysis.

Nrpaicorrected = Nppat (3.29)

3.8.2 Detector corrections

Most of the detector corrections that have to be applied to the fission
cross-section calculation come from the Twin MUSIC. This is because, even
though the ToF Wall is used as the fission trigger, it will be the T'win which takes
the final decision of whether the event is fission or not. This is because it is needed
for both the charge identification and the vertex reconstruction, ensuring that the
two measured particles are fission fragments and that they originate at the target
and not from other material in the setup. Despite being the best detector in the
setup to identify fission, the Twin cannot be used as a fission trigger, since as a
gaseous detector it will always be much slower than a scintillator-detector as the
ToF Wall. Therefore, events from both TPat; and TPaty, will be considered as
fission if they are identified as fission by the T'win, which means that they show at
least 2 signals in different sections of the T'win with an energy correlation enclosed
by the graphical cut represented in Fig. 3.40 by a red triangle. This area coincides
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with the one displayed in Fig. 3.24 (right), which is the same figure but calibrated.
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Figure 3.40: Energy loss correlation for two fission fragments in the Twin MUSIC. The red triangle
encloses the fission fragments area. This graphical cut is used to identify if the event measured in the
Twin MUSIC is fission or not.

Something to take into account is that when looking at TPat; data some fission
events are identified with the Twin, even though TPat; does not include a fission
trigger. The fission events that were recorded in TPat; can be of 2 kinds:

e Hission events that had TPat; and TPats bits active in the mask and suffered
from DS in TPats. These fission events are already taken into account when
TPaty counts are corrected by its DStctor-

e Fission events that had TPat; bit active in the mask but did not have TPat,
because ToF Wall did not have 2 signals from different paddles due to a lack
of efficiency. The way to distinguish these fissions in TPat; from the previous
kind is to select the fissions that left less than 2 paddles signal at the ToF
Wall. These fissions should be added to the fissions calculated from TPat,.

To calculate the fission cross-section, not all the fission events can be counted:
only those that originated in the target. Therefore, the vertex position plot is
used to select fission events from the target peak, which corresponds to the events
enclosed between the two red vertical dashed lines in Fig. 3.41. However, this
selection does not take into account the background generated by the surrounding
peaks. To deal with this, a Breit Wigner fit is performed for the scintillator
and target peaks to estimate the fraction of each one contributing to the other
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Figure 3.41: Fission vertex Z position reconstruction. The numbers in the figure mark where the tails of
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in the scintillator counts. 2: Scintillator background in the target counts. 3: Steel Window background
in the target counts (obtained by subtracting the target’s Breit Wigner fit to the spectrum). 4: Target
background in the steel window region.

peak. Another factor to take into account is that not all fission events from
the target peak have been produced by uranium ions impinging on the target.
There is a percentage that may originate from those uranium nuclei that suffered
from spallation in the scintillator (or another material before the target) and the
spallation residual undergoes fission in the target. The same can happen inside
the target, for example, the uranium ions can suffer a spallation reaction in the
first half of the target and that spallation can result in fission in the second half.
All these reactions that do not correspond to fission of uranium in the target
are referred to as 'secondary reactions’. For this analysis, the cross-section has
been calculated following 2 different methods, which are very similar but differ
in the way secondary reactions before the target are corrected. Method 1 uses
the number of fission events that took place at the scintillator by selecting the
scintillator peak in Fig. 3.41 to estimate the number of events lost in secondary
reactions, while method 2 estimates the secondary reactions by multiplying the
number of incomings by the estimated reaction rates.
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3.8.3 Method 1

The fission cross section is calculated using Eq. 3.30, where the number of
uranium nuclei that fissioned in the target is calculated by Eq. 3.31 and the
number of uranium ions that reached the target by Eq. 3.33. Both equations
are corrected by different fractions of Npy, which is defined in Eq. 3.32 and
corresponds to the number of fission events from the first peak in Fig. 3.41. Most
of these fission events originate at the scintillator. Still, a small fraction might
come from other materials, such as the thin steel entrance window to the vacuum
chamber, or other materials before the scintillator (see the list for materials before
the target in table A.1). These materials before the target cause the left side of
the scintillator peak in Fig. 3.41 to have a slower drop than the ones on the right,
since after the vacuum chamber window there are no layers of matter until the
target.

o 1 N U fissions in target
Ofission — —XIn | 1 —

N U arrived at target

(3.30)

N U fissions in target —
NopigtDSo N Niptgr<2DS1
DTy(1 — AMS9)Effryine  DT1(1 — AMSy)Effrying

OSsci
) tht - NFsciFsci - PRtgt Ptht

OFsci
(3.31)
NFsci -
NopgiDSo n NipscicaDS1

DTy(1 — AMS9)Effryine DT1(1 — AMSy)Effrying

(3.32)
N;DS; O Ssci
N arrived at target — — N sciFSCi 1
U d at target DTl(l — AMSl) ¥ ( + UFsci)

(3.33)

All the variables and factors used in the equations above will be described
in the following list to understand how the corrections are applied (except the
downscaling (DS), dead-time (DT) and AMS factors, which were already defined
in the 3.8.1 section). The numerical values for each factor can be consulted in
table A.3.

Description of the variables used in Eq. 3.31:

- 76 -



Chapter 3 - Data Analysis

® Nopie : Number of counts from TPat, that were

identified as fission using the Twin graphical cut from Fig.3.40 and with a
vertex position at the target using the limits from Fig.3.41

® Niptet<2 : Number of counts from TPat; that were identified as fission using
the Twin graphical cut from Fig.3.40 and with a vertex position at the target
using the limits from Fig.3.41 and had less than 2 paddles firing at ToF Wall.
These fissions were not recorded in TPaty, due to a lack of efficiency of the
ToF Wall, but they must be counted as valid fission events too.

o Eff i = W . Twin efficiency for TPaty, calculated as the ratio
of events measured by the Twin (with at least 8 anodes) and the events

measured by the Start scintillator.

o Effrying = Wl—ziam : Twin efficiency for TPat;.

o For = 1+ 11 /L + Ly /Lige — In /Ty — I3 /Lo — PR%tgtPStgtPR%tgtPtht
—PRrwawPrFwaw : Factor to correct the number of fission events coming
from the target. The I;/Liy ratios correspond to the integral of the counts
for each background contribution marked with a number in Fig.3.41. The
other factors correspond to the reaction probabilities needed to estimate
the counts lost in secondary reactions inside the target and the mylar and
aluminum window wrapping the target:

— Priyy - Probability that a uranium projectile reacts in the first half of
the target.

— Pagigt : Probability that the uranium reaction in the first half of the target
was spallation.

— PRy - Probability that the spallation residue reacts in the second half
of the target.

— Prygt : Probability that the spallation residue reaction was a fission event.

— PRrwaw : Probability that a uranium projectile reacts in the mylar and
aluminum wrapping of the target.

— Ppwaw @ Probability that the uranium reaction in the mylar and aluminum
wrapping of the target was fission.

e Npgi : Number of fissions that happened in the scintillator or the previous
materials.

o Foy =1 —1; /L + Io/L : Factor to correct the number of fission events from
the scintillator. The I; /I ratios correspond to the integral of the counts for
each background contribution marked with a number in Fig.3.41
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e Ratio gi— : this ratio is a proportionality factor between fission and spallation
events, and it is used to convert the obtained number of fissions coming from
the scintillator (NpgiFgei) into the expected number of spallation events. Due
to the lack of data on the reactions, the ratio has been estimated using the
data for the reaction and fission cross sections from Ref. [115] for C and H,
because the scintillator is composed of both (Scintillator BC 400: H[10]C]9]).
Since the steel window of the vacuum chamber was located right in front of
the scintillator, there must be a little contribution coming from there too.
Therefore, this conversion factor has been calculated as a weighted arithmetic
mean between the ratio % and the ratio gi—g‘l, where the weights were
the thickness of each material in the cave. Due to the lack of data on Fe, the
cross sections have been taken from Ref. [115] for Cu as an approximation.
However, since the thickness of the scintillator was much larger than the iron,

the result of the weighted arithmetic mean is closer to the one of the plastic.
® Prig : Probability that a uranium spallation residue reacts in the target.
e Priyt : Probability that a spallation residue undergoes fission.
Description of the variables used in Eq. 3.32:

e Nopsi : Number of counts from TPats that were identified as fission using the
Twin graphical cut from Fig.3.40 and with a vertex position at the scintillator
using the limits from Fig.3.41.

® Nipscico : Number of counts from TPat; that were identified as fission using
the Twin graphical cut from Fig.3.40 and with vertex position at the
scintillator using the limits from Fig.3.41 if less than 2 paddles of the ToF
Wall fired.

Description of the variables used in Eq. 3.33:

e Ni: Number of events in TPat;. This counter, multiplied by its correction
factors, represents the total number of events that passed through the
scintillator.

e Factor (1 + ZE—C) : This factor multiplied by Ngy corresponds to the number
of fissions plus the spallations produced in the materials before the target.
3.8.4 Method 2

The fission cross section is calculated using Eq. 3.34, where the number of
uranium nuclei that fissioned in the target is calculated with Eq. 3.35 and the
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number of uranium ions that reached the target by Eq. 3.37. In this case, the
information from Fig. 3.41 for the fissions before the target is not used. The
secondary reactions are estimated using only the number of incoming projectiles

<$DASMS”> and the reaction probabilities in the layers of matter before the

target (see table A.1),

N U fissions in target
Ofission = —XIn | 1

N U arrived at target

(3.34)

N U fissions in target —

NoptetDS2 n Nirgt<2DS1
DTQ(]_ — AMSQ)EETWiHQ DTl(l — AMSI)EﬂTwinl

) tht - NSsciPRtgt Ptht

(3.35)
Ne. — N1DS1Prutgt Psbigt
597 DT (1 — AMS;)
(3.36)
N;DS;
N arrived at target — 1-P
(3.37)

Since Method 1 and Method 2 have a lot in common except for the secondary
reactions correction, most of the variables were already defined in the previous
sections. Therefore, only the new variables will be explained in the following list.

Description of the variables used in Eq. 3.35:

e Ng.i Number of spallation events that occured in the scintillator or in matter
upstream from it.

e PRyt : Probability that the spallation residue reacts in the target.
e Py 1 Probability that the spallation residue reaction was a fission events.

® Prpigt : Probability that a uranium projectile reacts before the target. It has
been calculated using the entire list of materials between the entrance of the
cave and the target.

o Pgyo : Probability that the uranium reaction was spallation.
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Description of the variables used in Eq. 3.37:

® Prytg : Probability that a uranium projectile reacts before the target. It has
been calculated using the entire list of layers of matter between the entrance
of the cave and the target. This factor is used to correct the number of
incoming ions for all events lost in reactions before the target.
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Results

In this chapter, the main results obtained in the thesis are presented in two
different sections. The first section is dedicated to the pre-saddle dynamics, that
is, the evolution of the fissioning system from the moment of the reaction to the
saddle point, and the second to post-saddle dynamics, that is, the evolution from
the saddle to the final fission fragments. Since spallation reactions cover a wide
range of excitation energies, fission can be studied both at low and high excitation
energies, selecting a specific reaction channel. Therefore, the pre-saddle dynamics
section will study observables sensitive to the dissipative and transient effects
that manifest at high excitation energies before the saddle point, such as the
partial fission yields and the widths of the charge distributions. The post-saddle
dynamics section will focus on the observables sensitive to the physics between
the saddle and the scission configuration, like the fission yields and the total
kinetic energy. Special attention will be paid to the evolution of these observables
with excitation energy to understand phenomena related to energy sorting that
manifest themselves at low excitation energies, such as neutron excess or the
even-odd effect.

4.1 Pre-saddle dynamics

In this section, the total fission cross-section for the 23%U + p reaction at
540Mev/u is presented and compared with previous experimental data. The
partial fission cross sections and the widths of the charge distributions are obtained
for different fissioning systems and compared with previous experimental data
and simulations. To do so, the INCL simulation software was combined with
different de-excitation models such as ABLA, GEMINI, or SMM. In this way, the
importance of taking into account features such as dissipation, transient time, or
shell effects can be tested, as well as the different formalisms the models use to
calculate level densities.
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4.1.1 Total fission cross section

Methods 1 and 2 described in sections 3.8.3 and 3.8.4 have been used to
calculate the fission cross-section from 5 different runs of the experiment. To have
an average value for each run, the fission cross section and the twin efficiencies
were calculated for each group of 12 spills (about 3000 counts for each group). The
measurement of this average value has two types of uncertainty associated. One is
the type A uncertainty, associated with the statistical analysis, and the other is a
type B uncertainty due to the lack of precise knowledge of the different parameters
used during the corrections [116]. Both the mean values and the uncertainties for
the different correction parameters can be consulted in table A.3. For each group
of 12 spills, a random value within the estimated variation range was assigned to
every correction factor. By doing so, the uncertainty of the mean of the fission
cross section for each run corresponds to the combined uncertainty of type A and
type B. Finally, the mean value of the 5 runs is calculated using a weighted mean
(weighted by the statistics of each run) and the uncertainty corresponds to the
variance of the weighted mean corrected for over- or under-dispersion [117]. The
results for each run and the final average and uncertainties are displayed in table

4.1. A more detailed description of the averages and uncertainties treatment can
be found in Sec. A.5.

Run Fission cross-section [mb] | Fission cross-section [mb]
Method 1 Method 2

209 1540 +10 (101) 1542 £10 (103)

216 1513 £14 (53) 1510 £14 (52)

217 1516 £7 (46) 1523 £7 (46)

921 1494 £5 (46) 1500 £5 (47)

223 1478 £8 (59) 1485 +8 (60)
Average 1511 £13 1516 £12

Table 4.1:  Fission cross-section results for 5 experimental runs. The uncertainties of each run
correspond to the uncertainty of the mean, and the value in parenthesis corresponds to the standard
deviation of the distribution.

Both methods result in a very similar value, which is expected because they
have much in common. Still, the fact that they are so close serves to prove that
the corrections by secondary reactions were well evaluated. The final result for
method 1 is displayed in Fig. 4.1. As can be seen, there is a good agreement
with previous experimental results from Ref. [118] in inverse kinematics and Ref.
[119] in direct kinematics. It also agrees with the theoretical calculations from
INCL4+ABLA within the corresponding experimental uncertainties (this can be
better seen in Fig. 4.1 inset).
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Figure 4.1: Fission cross-section dependence on the projectile’s kinetic energy. Ezperimental data from
previous works taken from Ref. [120)].

4.1.2 Partial fission cross sections

The partial fission cross-sections are the cross-sections for the different
fissioning systems that can be produced in the reaction. The fissioning systems
are selected by adding Z; + Zs of the fission fragments since the proton evaporation
probabilities are very low. Then, the partial cross sections were calculated using
Eq. 3.24. To obtain the number of events for each fissioning system, an integral
was performed over the fissioning systems charge distribution plots displayed in
Fig. 4.2. The distributions displayed in Fig. 4.2 range between Z; 4 Zs = 80
and 93, and have a resolution of AZ < 0.4 FWHM for the central charges in all
fissioning systems. It can be seen how the lighter fissioning systems show a more
Gaussian-like shape, while the heavier ones become wider and more flat at the
top. This is the effect of changing from a high to low energy reaction channel when
moving from more to fewer nucleons removed from the projectile, as seen in Fig.
4.3, which shows the excitation energy evolution with the fissioning system charge.

The lighter fissioning systems were generated in more violent reactions where
many nucleons were removed from the projectile and the recoil was left with high
excitation energy. For high-energetic fissioning systems, the symmetric channel
dominates over the asymmetric, and therefore the atomic number distributions
show a Gaussian-like shape as the ones from Z; + Z, = 80 to 90. However, heavier
fissioning systems were produced in reactions closer to single proton knockout,
where fewer nucleons were removed and the recoil had less excitation energy.
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Figure 4.2: Atomic charge distribution for each fissioning system produced in the reaction *3U + p at
540 MeV /u.

These systems mostly fission through the asymmetric valleys. In these graphs,
since no selection for (p, 2p) was applied, asymmetric charge distributions will
not be directly seen, because there is still a lot of contribution from (p, 2pXn)
reactions. Still, the flattening at the top of the distribution is a hint of the two
asymmetric peaks.

Fig. 4.4 shows the resulting partial fission cross for each distribution displayed
in Fig. 4.2 in comparison with previous experimental data and simulations.
The partial fission cross-section for both reactions on carbon (black dots) and
proton (red triangles) targets presents a maximum for Z; + Zs =91. This
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Figure 4.3: FEzxcitation energy dependence on the fissioning system charge. This graph has been obtained
from data simulated with INCL+ABLA [103].

corresponds to the Pa fissioning systems, which originated when only a proton
was removed from the projectile. The second largest cross-section corresponds
to the fission of uranium when the projectile passes through the target without
reacting or only having neutrons removed. For heavier systems produced in
charge exchange reactions, the fission cross-section drops quickly. For all the
fissioning systems, the fission cross-section is greater in the carbon target, since
the reaction cross-section increases with the mass of the target nucleus. This
difference increases when moving towards lighter systems because in the carbon
target fragmentation reaction occurs, where the probability of removing more
nucleons is higher.

The results are compared with several theoretical calculations based on
INCL simulations and different de-excitation models. All de-excitation models
reproduce the data rather well for the heaviest fissioning systems, that is,
the low-energy reaction channels. It is for the lighter fissioning systems, or,
high-energy reaction channels, where some models overestimate or underestimate
the fission-cross section. The ABLA - Bohr Wheeler model (pink short-dashed
line) does not take into account dissipation or transient times, while the ABLA
- Kramers model (violet long-dashed line) takes into account dissipation but no
transient times. As expected, both models overestimate the fission cross sections
for the lighter systems, because at high excitation energies, the transient time
effect becomes more noticeable and causes a reduction of the fission probability
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which is not taken into account in these statistical models. The models in
better agreement with the experimental data are the ones for ABLA when
including a dissipation coefficient (8 = 4.5 x 10?'s7!, from Refs. [121, 122, 15])
and Fokker-Planck time-dependent fission decay widths as the one in Eq. 1.12
(dark-blue solid line) and GEMINTI (blue long-dashed-dotted line). GEMINI does
not take dissipation or transient times into account and still reproduces the data.
This is because the fission probability depends on the ratio between the level
density at the saddle and at the ground state, and as shown in Eq. 2.13, GEMINI
has a parametrization of this ratio dependent on the excitation energy adjusted
with experimental data (while the one used for ABLA was independent of the
excitation energy). The SMM calculation (green short-dashed-dotted line) does
not include dissipation or transient effects, which in principle would overestimate
the fission cross-sections. Instead, SMM underestimates the fission cross-sections.
The reason could be an overestimation of the multifragmentation reactions over
the other channels, since it has been observed in previous studies [107] that SMM
has lower multifragmentation thresholds which lead to higher multifragmentation
cross sections than ABLA and GEMINI and deviations from experimental data.
In conclusion, either taking into account dissipation and transient time effects
as ABLA or parametrizing energy level densities with experimental data like
GEMINI, would correctly reproduce the fission cross sections for high excitation
energies.
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Figure 4.4: Partial fission cross sections for the fissioning systems produced in the p +23% U at 540
MeV /u reaction. Data for the reaction CHy +23 U at 950 MeV/u taken from Ref. [123].
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4.1.3 Widths of the fission fragment charge distributions

Another important observable derived from the atomic charge distributions
of the fission fragments in Fig. 4.2 are the widths of the distributions for each
fissioning system. These are calculated as the width of the Gaussian fit performed
over the charge distributions, as shown in Fig. 4.5 (binning has been changed
with respect to Fig. 4.2).

Z+Z,=93

Z+Z,=83

65

- -
Atomic number [Z]

Figure 4.5: Atomic charge distribution for each fissioning system produced in the reaction 233U + p at
540 MeV/u. Gaussian fits are performed for each fissioning system.

The results for the widths of the charge distributions of the fission fragments
from this experiment are presented in Fig. 4.6 for each fissioning system, and
compared with previous experimental data and simulations. In previous studies
using 2®Pb projectiles, it had been concluded that the width of the charge
distribution was independent of the target choice [122, 15, 124]. However, the
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widths from this experiment show a clear difference from those obtained for the
same reaction but heavier targets, such as CHy and Al from Refs. [123, 125].
This can be explained by the dependence of the width of the distribution on two
observables: the temperature at the saddle and the curvature of the potential.
The width of the atomic charge distributions was demonstrated to be sensitive to

11—

m AU at 650 MeV/u

e  CH,+?%U at 950 MeV/u

10— — — INCL+ABLA

_ A s455 p+>®U at 540 MeV/u

—— INCL+ABLA

— - INCL+GEMINI
INCL+SMM

o [Charge units]
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88 90 92 94

|
86
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Fissioning system (Z 1+Z‘2)

Figure 4.6: Widths of the charge distribution for the fissioning systems produced in p +238 U at 540
MeV/u. Data for the reactions with CHgy and Al taken from Refs. [123, 125] respectively.

the temperature at the saddle point, as shown in Eq. 4.1 [126], where A is the
mass number of the fissioning system, T,qqic the temperature at the saddle and
%—Xj the second derivative of the potential with respect to 7, the mass-asymmetry
deformation parameter. The deformation parameter n indicates the degree of
mass asymmetry of the fissioning system, and it is defined in Eq. 4.1 too, where
Mg is the mass of the fission fragment.

9 _ Aszaddle 4/A

_ YA 4.1
1697 T My — A2 (4.1)

Since the temperature at the saddle point directly relates to the excitation
energy, and this to the number of nucleons removed, the widths of the charge
distribution increase for the lighter fissioning systems, as seen in Fig. 4.7 (left) for
all the reactions. The second derivative ‘21—}7/22 is usually referred to as 'curvature’
or ’stiffness’, and represents the curvature of the macroscopic potential. Large

curvatures in the macroscopic potential translate into narrower symmetric modes
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Figure 4.7: Temperature (left) and curvature (right) at the saddle point for the different fissioning
systems produced in the reactions presented in the legend. Both figures are based on simulations using
INCL+ABLA. ABLA calculates the curvature using the parameterization from Ref. [127].

in the yields, and therefore smaller widths of the charge distribution. The
evolution of the curvature as a function of the fissioning systems exhibits a
maximum for a certain fissioning system, as seen in Fig. 4.7 (right).

Therefore, the difference in the width of the charge distribution between
spallation and fragmentation reactions presented in Fig. 4.6 can be explained
because the fragmentation reaction reaches higher temperatures at the saddle
point and presents lower curvatures, as seen in Fig. 4.7 for CH, +2% U, both
factors contributing to the increase in the width. For both reactions, it can be
seen that the width increases from Z; + Zs =~ 85 towards the lighter systems, since
the temperature increases and the curvature drops. In previous experiments with
Pb [122, 15, 124], the width could have remained constant when changing the
target because the temperature at the saddle and the curvature have very similar
values, as shown in Fig 4.7. Concerning simulations, the violet long-dashed line is
the INCL4+ABLA calculation for the fragmentation reaction and reproduces the
data rather well except for the two lightest systems. For the reaction of this work,
calculations were done with INCL+ABLA (dark blue solid line), INCL+GEMINI
(blue long-dashed-dotted line) and INCL+SMM (green short-dashed-dotted line).
The ABLA calculation is the one that better reproduces the data, especially for
the heaviest fissioning systems, since for Z; + Zo > 89, GEMINI and SMM fail to
reproduce the data tendency. This might happen due to GEMINI and SMM not
taking into account shell effects in the potential energy description, which become
more noticeable for these low-energy channels and contribute to the broadening
of the fission widths.
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4.2 Post-saddle dynamics

In this section, the dependence of several post-saddle observables on the
excitation energy will be analyzed. The section will start with a study on the
observables that are sensitive to the excitation energy of the fissioning system
since as it will be further explained within the section, it was not possible
to directly reconstruct the excitation energy using the Si-tracker. Therefore,
other observables will be evaluated as an indicator of the excitation energy and
calibrated to energy units by comparing them with previous experimental data.
Afterward, several suppression functions will be tested for the fission yields of
this experiment at different excitation energy conditions. Then the even-odd
staggering, neutron excess and total kinetic energy will be studied for different
excitation energy conditions.

4.2.1 Fission yields evolution with the excitation energy

One of the main goals of this experiment was to study the evolution of the
fission yields with the excitation energy of the fissioning system. The excitation
energy reconstruction was thought to be made using the missing energy method,
which requires the momenta reconstruction of the knocked-out protons from the
(p, 2p) reaction. The momenta would be reconstructed using Califa’s energy
loss measurement and the AMS tracking. However, AMS was exposed to high
rates of delta electrons from secondary ionizations along the setup and it was
not possible to reconstruct the proton’s trajectories using this detector. To see a
further detailed explanation of the AMS issue, see Ref. [109]. Therefore, other
observables that were sensitive to the excitation energy of the fissioning system
had to be used: the opening angle between the two knocked-out protons and
the mass of the final fission fragments. The opening angle for the quasi-free (p,
2p) should be centered at 80° as commented in 2.1.2 due to the Lorentz Boost
shrinking the angle.

Fig. 4.8 shows the evolution of both elemental (left) and isobaric (right)
fission yields for the Z=91 fissioning system with the opening angle. The blue
line is a thin cut around 80°, which should have a considerable contribution of
quasi-free (p, 2p) reactions. Since these reactions lead to a fissioning system with
low excitation energies, shell effects become noticeable by the appearance of two
asymmetry peaks. The asymmetry decreases with decreasing opening angle, as
seen in the last cut, which is mostly symmetric. In the isobaric yields, the peak
of the lighter fragments for the asymmetric fission has higher yields than the
heavier and it is partially eclipsed. This is due to the neutron evaporation from
the symmetric fission fragments, which shifts the distribution to the left.
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Figure 4.8: Evolution of the fission yields normalized to 200% for Z=91 fissioning systems at different
opening angle conditions. Left: Elemental fission yields. Right: Isobaric fission yields (2 masses per bin).
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Figure 4.9: FEvolution of the fission yields normalized to 200% for Z=91 fissioning system at different
cuts in mass addition. Left: Elemental fission yields. Right: Isobaric fission yields (2 masses per bin).
The fission yields with their statistical error can be consulted in the tables A.5-A.11 for Y(Z) and in
tables A.5-A.11 for Y(A).

Another observable that is very sensitive to the excitation energy is the mass
of the fissioning system, because the higher the excitation energy of the system,
the more neutrons it will evaporate, and the lighter the system will become. This
observable can be approximated by adding the mass of the two complementary
fission fragments. It is important to notice that this is just an approximation
because the fission fragments can evaporate several neutrons after the scission,
which is not taken into account just by adding the final mass of the fission
fragments. Therefore, from now on, this observable will be referred to as 'mass
addition’. By performing cuts on the mass addition, the evolution of the yields
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with the energy can be inferred. The evolution is shown in Fig. 4.9 for both
elemental (left) and isobaric (right) fission yields for the fissioning system Z=91.
Each line corresponds to a cut of 2 consecutive masses, and it can be seen in both
plots how the yields evolve from symmetric to asymmetric with increasing mass
addition. This observable seems to be more sensitive to the excitation energy than
the opening angle since it allows to reach an almost fully asymmetric distribution
for the last cut in Ay + Ay = (237,238).
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Figure 4.10: FElemental fission yields normalized to 200% for Z=92 fissioning system. Each cut
corresponds to a different mass addition cut. Within each graph, the black full line represents the
experimental data, the blue long-dashed lines are the asymmetric Gaussian fits, the short-dashed red
line is the symmetric Gaussian fit, and the full violet line is the 8 Gaussian fit. The fission yields data
with the errors are listed in tables A.26-A.3/.

In this work, a calibration was performed to infer the excitation energy from
the mass addition of the fission fragments. To do so, the peak-to-valley ratio
was calculated for different fissioning systems as written in Eq. 4.2, where
Y1asym, YHasym and Yo, are, respectively, the amplitudes of the light-asymmetric,
heavy-asymmetric and symmetric peaks. To obtain the amplitude of each peak,
a 3-Gaussian fit was performed for each fissioning system, as seen in Fig. 4.10.
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(YLasym + YHasym) / 2
Ysym

Peak — to — valley ratio = (4.2)

Fig. 4.11(left) shows the correlation between the mass addition and the
peak-to-valley for this experiment. Fig 4.11(right) shows the correlation between
the excitation energy and the peak-to-valley ratio for a reaction in direct
kinematics with neutrons from Zéller et al. [128] and the Coulex reaction from
Pellereau et al. [8]. Regarding the Zoller et al. data, the excitation energy was
calculated using INCL+ABLA for each incident neutron energy. It can be seen
how both plots (left and right) show a similar decreasing exponential tendency,
and the peak-to-valley from Pellereau et al. coincides with the one for this
reaction at A; + Ay = 236, as seen in Fig. 3.39. Therefore, an exponential fit is
performed over the Zoller et al. and Pellereau et al. data to obtain an equation
that enables the conversion from peak-to-valley ratio to excitation energy, which
can be seen in Eq. 4.3. The fit parameters and their uncertainties are displayed
in the plot.
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Figure 4.11: Left: Correlation between mass addition of the fission fragments and the peak-to-valley
ratio. Right: Correlation between excitation energy and the peak to-valley-ratio from Zéller et al [128]
and Pellereau et al. [8].

E[MeV] = exp(p0 + pl(Peak — to — valleyratio)P?) (4.3)

Fig. 4.12 shows the peak-to-valley ratio correlation with the excitation energy
for several data sets. The red triangles correspond to calibrated excitation energies
from this work, based on Eq. 4.3. The data follows a behaviour consistent with
data at lower excitation energies from Vives et al. [129] and Ramos et al. [130],
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and the calibration point at a mass addition of 236 is also in good agreement with
Koning et al. [131]. The horizontal error bars in the figure are not uncertainties,
they correspond to the range in excitation energy associated with 1 unit in mass
addition. As can be seen, this range increases with excitation energy, which means
that for lower mass addition cuts, the range covered in excitation energy is wider.
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Figure 4.12: FEwvolution of the peak-to-valley ratio as a function of both the excitation energy of the
fissioning system and the mass addition. The fissioning system Z=92 has been selected for the red triangles
corresponding to the data from this work. The horizontal error bars in the figure are not uncertainties,
they correspond to the range in excitation energy associated with the range selected in mass addition.
The data from previous experiments was taken from Zéller et al. [128], Vives et al. [129], Koning et al.
[131], Pellereau et al. [8] and Ramos et al. [130].

In addition, a simulation was performed with INCL+ABLA to test the
correspondence between the mass addition and the excitation energy. Fig. 4.13
(left) shows the energy distribution corresponding to each one of the mass addition
cuts between 231 and 237. As can be seen, even though the mean value of the
excitation energy increases with the decrease in mass addition, there is a lot of
contamination in every cut from all the others. This is due to all the possible
combinations of nucleon knock-out and neutron evaporation that could lead to
that mass addition of the final fission fragments. Fig. 4.13 (right) shows the mean
value of the Excitation energy corresponding to each one of the mass addition
cuts. The first 4 points starting from the right in this plot (237,236,235 and 234)
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Figure 4.13: Left: Simulated excitation energy distribution per mass addition. Right: Correlation of
the excitation energy with the mass addition for both experimental calibrated data and simulation.

are in fair agreement with the simulated data, coinciding also with the points
with a reasonable energy range in Fig. 4.12. Below mass addition 234, there is no
agreement anymore between the simulation and the calibration with experimental
data. As a conclusion, one can trust the calibration for these 4 mass addition
cuts above 233, but taking into account that each one covers a certain range in
excitation energy and that they will have contamination from other energies.

4.2.2 Damping of shell effects with the excitation energy

In this section, different suppression functions are compared to check how
well they reproduce the damping of the shell effects with the excitation energy
for the fission yields of this experiment. To do so, the reaction is simulated
with INCL+ABLA for different suppression functions and compared with the
experimental data for several mass addition cuts. These cuts range from almost
complete symmetry at A=229, to almost complete asymmetry at A=237, which
corresponds to around 11 MeV based on the calibration. The employed functions
are the Woods-Saxon function described in Eq. 1.15 proposed by Randrup in Ref.
[17] and the purely exponential form S(E*) = exp(—E*/Eg). The functions were
tested varying the parameters over a wide range and minimizing the residue with
respect to the difference to the experimental data.

In Fig. 4.14 the fission yields for Z; + Zo = 92 and the different mass addition
cuts are displayed together with the results for the different suppression functions
for comparison. The blue line corresponds to the Woods-Saxon function proposed
by Randrup [17], taking the same parameters Ey = 15MeV and E; = 20MeV
used in the article. The green and orange lines correspond, respectively, to the
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Figure 4.14: Atomic fission yields normalized to 200% for Z=92 fissioning systems and different cuts
in mass addition. The experimental data is represented by black dots and the INCL+ABLA simulation
with solid lines. The blue line corresponds to the Woods-Saxon function proposed by Randrup [17] with
Ey =15 MeV and Ey =20 MeV. The other lines correspond to the exponential S(E*) = exp(—E*/Ey),
with Eg = 30 MeV for the green line and Eg = 10 MeV for the orange line. The red line is a combination
of By = 4 MeV for excitation energies lower than 20 MeV and Ey = 13 MeV for higher excitation
energies.

exponential functions S(E*) = exp(—E*/30MeV) and S(E*) = exp(—E*/10MeV).
It was found that the Woods-Saxon function works better for the low energy
range, up to 20MeV. It can be seen in the figure how for the default values Ej
and E; from Randrup’s publication, the function remains rather asymmetric at
Aq + Ay = 229, while the experimental data is mostly symmetric. This also did
not change substantially for other combinations of the Ejy, E; parameters. In the
case of the exponentials, lower E, values performed rather well, as observed in
the plot for the orange line compared to the green line. However, they could not
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fully reproduce the experimental data. In conclusion, even though some of the
chosen parameters for both the exponential and Woods-Saxon functions fitted
rather well for certain energy ranges, none of them reproduced the asymmetry
along the whole range in mass addition. It was finally found that the option that
minimized the residue was a combination of two exponentials, Ey = 4MeV for the
excitation energies below 20MeV and Ej = 13MeV for excitation energies above
20MeV, represented with a red line in the figure. A figure of the residues can be
found in Fig. A.8. This fact can be understood in terms of the transition between
the superfluid and gas phases, as pointed out by Egidy et al. [68], in which the
critical energy is found around 15-20 MeV.

4.2.3 Fission modes

In this section, the fission modes Super-Long (SL), Standard I (StI), and
Standard II (StII) were evaluated for both the atomic number and neutron fission
yields for the fissioning system Z; + Zs = 92 along different cuts in mass addition.
Fig 4.15 shows the fission modes fit of the atomic charge yields, and Fig. 4.16
shows the fit of the neutron yields. The fits displayed in these figures were
performed using a single Gaussian for the SL mode and two Gaussians for each
asymmetric mode, as shown in Eq. 4.4 for the fit of the atomic yields. The fit for
the neutron yields is the same, but substituting Z for N and Zgum for Agum — Zsum-

1 (7— <7 2
Fit(Z) = Agy, - exp [5 ( = Zst >>

1 (7— < Zgq >)> sum — L— < 7y > 2
Agi1 - exp [— < St ) + Agir - exp [ ( il ) +
2 Ostl OStl
1 (7— < Zgr >\ 1 sum — L— < Zsin >
Agir - exp | = < sl ) + Agyr - exp | = < Al >
2 oSt 2 oSt
(4.4)

As it has been done in previous studies for the fit of the neutron yields [54],
a fit for a single Gaussian for the SL mode and a single Gaussian too for the

asymmetric contribution (see Eq. 4.5) was performed and is displayed in Fig.
4.17.
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Figure 4.15: Atomic number fission yields normalized to 200% for Z=92 fissioning system and different
cuts in mass addition. The experimental data is represented by a black solid line. The data is fitted for
different fission modes: Super Long (red long-dashed line), Standard I (orange short-dashed line), and
Standard II (blue dotted line).

1 /[N— < Ng, >\° 1 /N— < Naom >\°
Fit(N) = Ag, - exp | = SL + Apgym - €xXp | = Asy
2 OSL 2 0 Asym

A 1 Asum - Zsum —N-< NAsym > ?
Asym * €XP 5 oA
sym

(4.5)

In all the fits shown within this section, the parameters were not fixed except
for < Z >=46 for SL for the atomic charge yields. For the rest, the parameters
were free to vary within their expected ranges. Fig. 4.18 shows the parameters
derived from the fission modes fit (the amplitudes, widths, and mean positions of
the peaks) for the atomic number yields (left side) and neutron yields (right side).

Figs. 4.15 and 4.16 show a clear evolution from the SL dominating at low mass
additions to a dominance of the asymmetric modes for mass additions larger
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Figure 4.16: Neutron fission yields normalized to 200% for Z=92 fissioning system and different cuts in
mass addition. The experimental data is represented by a black solid line. The data is fitted for different
fission modes: Super Long (red long-dashed line), Standard I (orange short-dashed line), and Standard IT

(blue dotted line).

than ~ A; + A; = 233. This can also be seen in the top panel of Fig. 4.18
that compares the amplitude of the peaks. The amplitude decreases for SL and
increases for StI and StII with the mass addition. In general, a dominance of
the StI mode over the StII is observed. The central panel of Fig 4.18 shows the
correlation between the mean position of the two asymmetric modes in atomic
charge with the mass addition. For the atomic charge yield fit, the mean values
remain rather constant along the whole range. For the heavy fragment, the
position of the Stl remains at < Zy > = 53 and the StIl at < Zy > = 56. This
is in good agreement with previous measurements for the ***U [132] and could
be due to the enhanced stability provided by the octupole-deformed shell gaps
at Z=52 and Z=>56 [63, 64]. However, the mean peak positions for the neutron
number yields show a slightly increasing tendency with the mass addition, ranging
from < Ny >= 81 to 84 in StI and from < Ny >= 87 to 89 for StII. This increase
in the mean position is due to the neutron evaporation. For the lower mass
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addition cuts, that is, higher excitation energies, the systems evaporate more
neutrons, shifting the distribution to the left. The heavier fissioning systems were
produced at lower energies and therefore evaporated fewer neutrons. It has been
observed that the asymmetric modes drop faster with the mass addition for the
light partner (about AN = 8 neutrons difference between 229 and 237) than for
the heavy one (AN ~ 2). However, the fit for the single asymmetric contribution
(black open dots in the figure), shows the same slope for the light and heavy
fragments (AN & 4) and is in fair agreement with the data from Coulex induced
fission of #4#°U from Ref. [54]. Fig. 4.18 lower panel shows the correlation
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Figure 4.17: Neutron number fission yields normalized to 200% for Z=92 fissioning system and different
cuts in mass addition. The experimental data is represented by a black solid line. The data is fitted for
different fission modes: Super Long (red long-dashed line) and one asymmetric mode (blue short-dashed
line).

between the width of the fission modes and the mass addition. For both the
atomic and neutron yields, the StI and StII modes remain rather constant during
the whole mass addition range. The SL mode shows the largest widths. This width
increases with the mass addition at the same time as this component reduces its
amplitude.
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Figure 4.18: In this figure, the amplitudes, mean positions, and widths of the different fission modes
are represented for the atomic and neutron yields against the mass addition. Left side: fission mode
parameters obtained for the atomic number yields. Right side: fission mode parameters obtained for the
neutron number yields. Top pannels: amplitudes. Middle panels: mean position of each peak. Data
marked with black stars is taken from Ref. [54]. Bottom panels: widths.
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4.2.4 Even-odd staggering

The even-odd effect has been studied for the fissioning systems Z=92 and 91
using different mass addition cuts that range from almost complete symmetry at
A=229 to almost complete asymmetry at A=237 (around 11 MeV). The even-odd
effect can be evaluated using 4.6 from [73], which describes the local deviation
from a Gaussian-like distribution.

0(Z +1.5) = (—81)Z (InY(Z) — InY(Z + 3) + 3[InY(Z + 2) —InY(Z + 1)])  (4.6)
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Figure 4.19: Local even-odd effect for the fissioning system Z1 + Zs =92 as a function of the fission
fragment atomic number and comparison with simulations from INCL+ABLA.

In Fig. 4.19 the local even-odd effect is displayed for the fissioning system
Z=92. Since this is an even fissioning system, the plots show a characteristic
parabola-like shape, due to the enhanced production of even fission fragments
for the asymmetric fissions (giving positive even-odd local amplitudes) and the
vanishing of the effect for the symmetric fission. The comparison with simulations
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is pretty reasonable for the asymmetric regions but does not reproduce the results
very well for the symmetric region or the edges in several cases, probably most
noticeable for the case of A; + Ay = 230. The cases 236 and 237 show a strong
negative even-odd amplitude for the symmetric region, but conclusions are not
easy to obtain from here since they correspond with a very low statistics region
and could be affected by statistical fluctuations.
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Figure 4.20: Local even-odd effect for the fissioning system Zi1 + Zs =91 as a function of the fission
fragment atomic number and comparison with simulations from INCL+ABLA.

In Fig. 4.20 the local even-odd effect is displayed for the fissioning system
Z=91. In this case, the fissioning system is odd, and then there is always at least
1 unpaired proton to relocate in one of the fission fragments. As discussed in
section 1.3.3, it has been experimentally observed that the unpaired proton tends
to end in the heavy fragment due to the energy sorting mechanism [72]. This can
be seen in the figure, since for most of the mass addition cuts the even-odd effect
shows a positive amplitude for the light fragment and a negative for the heavy
one.

Eq. 4.7 was used to study the global even-odd effect evolution with energy.
This equation evaluates the difference between the even and odd fission yields
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averaged by the whole production.
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Figure 4.21: Global even-Odd effect for the fissioning systems Zy + Zo =91 and 92 as a function of the
mass addition.

The results for the global even-odd effect are displayed in Fig. 4.21. For
the fissioning system Z=92 the effect shows a general increasing trend with the
mass addition or, which is the same, with the decrease in excitation energy of
the fissioning system. This behaviour is expected, since the higher the excitation
energy, the higher the energy available to break proton pairs, and therefore the
even-odd effect vanishes. Despite the general increasing trend, the effect seems
to decrease for the last two points (236,237) for both fissioning systems. This
was already observed for the local even-odd effect since the symmetric region
shows negative values. For Z=91, the positive amplitudes from the light region
counterbalance the negative amplitudes from the heavy region, leading to a value
of zero for the global even-odd effect, as predicted by the simulation.
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4.2.5 Neutron excess

The neutron excess of the fission fragments is defined as the ratio between
the average number of neutrons and protons. It is a useful variable to study
the energy sharing between the nascent fission fragments since the excitation
energy is transferred from one to the other by passing nucleons through the neck.
Fig. 4.22 (left) shows the total neutron excess of this experiment (without any
selection condition) in comparison with the experimental data of 2*®*U impinging
on hydrogen [112] and deuterium [133] targets at 1 GeV /u. The results from this
experiment show higher neutron excess than the others because the beam was
less energetic, leading to lower excitation energies and consequently less neutron
evaporation. Since the deuterons have more nucleons, the maximum excitation
energy a deuteron can induce is higher, showing the lowest neutron excess. All
the data sets show an increase in the neutron excess with the atomic number,
which is known as 'charge polarization’. This happens because the nucleus needs

to keep more neutrons to counterbalance the Coulomb repulsion increasing with
72.
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Figure 4.22: Left: Neutron excess of the fission fragments as a function of the atomic number. The
data for the wiolet dots and red triangles was taken respectively from Refs. [112] and [133]. Right:
The experimental neutron excess (black crosses) is compared with simulated data with INCL+ABLA
for 3 different cases: asymmetric fission modes (blue long-dashed line), symmetric fission modes (red
short-dashed fission modes) and the total distribution (violet solid line).

However, a peak is observed around Z=55 above the smooth tendency. To
better illustrate this point, Fig. 4.22(right) shows the experimental neutron excess
compared to an INCL4+ABLA calculation for the neutron excess of the different
fission modes. The peak in Z=>55 is the result of the convolution of the symmetric
modes (the blue long-dashed) with high fission yields at Z=46 (see Fig. 4.9(left),
red line), and the asymmetric modes (red short-dashed) with high statistics at
7=52-56 (see Fig. 4.9(left), violet line). As seen in the figure, the resulting violet
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line reproduces the experimental data rather well.

To study the evolution of the neutron excess with excitation energy, a selection
is made for atomic number addition Z=92 and different cuts in mass addition,
as seen in Fig. 4.23. The neutron excess for the lowest cuts in mass addition
(or higher excitation energies) from the red triangles to the blue stars shows
a regular increase with the atomic charge, as expected to counterbalance the
Coulomb repulsion. However, the two last cuts show a characteristic bump around
Z=50 and a dip on its complementary fission fragment Z=42. This is especially
noticeable for the last mass addition cut (237, 238) which using the calibration
from Fig. 4.12 should correspond to excitation energies below 10MeV. This is due
to shell effects becoming noticeable at these low excitation energies, such as the
proton magic number at Z=50 and the neutron magic number at N=82. When the
fissioning system evolves from the saddle towards the scission, a heavy nascent
fragment with Z=50 and a high neutron number will show enhanced stability
when getting close to N=82. Therefore, the neutrons would pass from the light
fragment to the heavy fragment through the neck until the heavy one reaches
N=82 or close. That is also why its complement fragment in Z=42 shows the
lowest ratio: it passed its neutrons to the heavy partner.
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Figure 4.23: Neutron excess as a function of their atomic number for Z=92 and different cuts in mass
addition.

In Fig. 4.24 the neutron excess evolution with the mass addition is displayed
for (p, 2p) reactions. To select the (p, 2p) channel, Z=91 fissioning systems and
an opening angle of 80° between the knocked-out protons are chosen. Since this
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selection is more restrictive, the mass additions were gathered in groups of 4 to
reunite more statistics. The error bars are larger in this plot for the smaller masses
addition since the data file was taken under downscaling conditions that favoured
the storage of (p, 2p) data over other events. In this case, the dip of the fission
fragment complementary to the Z=50 is in Z=41, since the fissioning system is
Z=91. It can be seen that the dependence is similar to that presented in Fig.
4.23, just more dispersed due to lower statistics.
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Figure 4.24: Neutron excess as a function of their atomic number for Z=91 and opening angle 80° at
different cuts in mass addition.

4.2.6 Neutron multiplicities

In this section, the number of evaporated neutrons through the fission process is
reconstructed. The number of neutrons emitted by the fissioning system between
the saddle and scission points is known as 'pre-scission’ neutron multiplicity (Vpre),
and the number of those emitted by the fission fragments as 'post-scission’ (Vpest)-
The total multiplicity (v4oa) is calculated by subtracting the number of neutrons
in the fission fragments from the projectile’s neutron number, as shown in Eq.
4.8, where Ay; and Zp,,; are respectively the mass and atomic number of the
projectile, and A;, Z; (i=1,2) the ones of the two fission fragments.

VTotal = Aproj - Zproj - (Al - Zl - A2 - Z2) (48)

- 107 -



Antia Grana Gonzalez

The post-scission neutron multiplicity can be estimated using the Unchanged
Charge Distribution (UCD) approach, which assumes that the mass-charge
relation of the fissioning system at the saddle point is the same for the fission
fragments at the scission point. Therefore, the mass of the fission fragment at
scission (Ajgi) can be calculated as shown in Eq. 4.9, where Agq and Zgq are
respectively the mass and charge at the saddle. Since the proton evaporation
probabilities are very low, it is assumed that the atomic number of the fission
fragments at the scission is the same as for the final fragments. In the same way,
the atomic number of the fissioning system at the saddle is obtained by adding
the atomic number of the final fission fragments. Due to the impossibility of
measuring the Ag,q, a mean value was estimated for each Zg,q using simulations

with INCL+ABLA.
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Figure 4.25: Average neutron total, pre- and post-scission multiplicities compared with the systematics
proposed by [134]. The error bars do not correspond to the uncertainty of the average but to the width of
each multiplicity distribution.

The post-scission neutron multiplicity for each fission fragment is estimated as
shown in Eq. 4.10, subtracting the final mass of the fission fragment from the
mass at the scission. Then, the pre-scission neutron multiplicity is obtained by
subtracting the post-scission multiplicities of both fragments from the total, see
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Eq. 4.11.

Vipost = Ai,sci - Ai (410)

Vpre = Vtotal — V1,post — V2,post (411)

The results of these estimations are presented in Fig. 4.25 and compared
with the parameterization proposed by Hilscher and Rossner [134] based on
systematics measurements of neutron multiplicities in fusion-fission reactions of
different nuclei. It can be seen that the neutron multiplicities estimated assuming
UCD are in fair agreement with the empirical parameterization within the error
bars. The parameterizations of Hilscher are shown in Eqs. 4.12 and 4.13 for the
pre- and post-multiplicities respectively, where it can be seen that 80% of the
Vtotal COrresponds to the neutrons evaporated before scission and only 20% occurs
afterwards.

Vpre = 0.8(Vtotal — 10) (4.12)

Vpost = Y0 + 0.2(Viotal — 1) (4.13)

The term vy is an offset that takes the fissility of the fissioning system into
account, since for higher fissilities the fission probability becomes stronger
than the neutron evaporation and the pre-scission multiplicity decreases. This
parameter depends on the fissioning system atomic number and ranges from 2.5
neutrons for Zg,q < 86, to 3 neutrons for 86 < Zgq < 90 and 4.5 for Zg,q > 90.

Another way to estimate the neutron multiplicity is by using the neutron excess
shown in Fig. 4.23. To do so, the highest mass addition cut (A; + Ay = 237,238)
is taken as a reference, and using the difference presented in Eq. 4.14 an average
neutron emission multiplicity can be obtained for each mass addition cut relative

to the lowest energy cut.
(<N>> B <<N>> (4.14)
Z 237,238 Z Ar+A,

The results are displayed in Fig. 4.26, providing a clearer view of the energy
sorting mechanism similar to the saw-tooth shape [18], which states that the
energy would flow from the hot light fragment to the cold heavy one via neutron
transfer since it has a bigger availability of states. Fig. 4.26 shows that for the
lighter atomic numbers, the relative neutron multiplicity varies around 3 units

VA, +A, = 2

between the blue dots and the red triangles. However, for the heavier atomic
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numbers, the multiplicity varies around 7 neutrons, meaning that when the
excitation energy increases, this energy is driven towards the heavy partner, since
it evaporates more neutrons.
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Figure 4.26: Average neutron multiplicity relative to the mass addition cut A1 + Ay = 237,238.

4.2.7 Total Kinetic Energy at scission

The total kinetic energy gained by the fission fragments at scission is mostly
due to the Coulomb repulsion between them in addition to a small contribution of
pre-scission velocity. Assuming that the kinetic energy is caused entirely by the
Coulomb repulsion, it can be expressed as seen in Eq. 4.15, where D would be the
center of mass distance of the two fragments [60]. The LDM model parameterizes
this distance D as a function of the masses of the fragments at the scission, their
deformation (5, and (3;), and the separation d between the tips of the spheroids.
Therefore, this observable will be affected by structural effects at scission when
selecting high excitation energies.

AY/ 1.447,7
< TKE >= 14472 = e (4.15)

1/3 1/3
D I’O[Al,/sci(l + %61) + 1A2,/sci(1 + %62)] +d
Since the masses at scission estimated with the UCD approximation brought
reasonable results for the neutron multiplicities, they are used to calculate the
total kinetic energy of the fission fragments, as presented in Eq. 4.16. The
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Lorentz’s factors for the two fission fragments (1, 1) are calculated using the
velocities in the center of mass reference system. The details of the velocities
calculation can be consulted in A.7.

< TKE >= Al,sci(’)/l - 1) + A2,sci(72 - 1) (416)
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Figure 4.27: Upper panel: Average total kinetic energy for the fissioning systems Z=92 (left) and Z=91
(right) as a function of the fission fragment charge for different cuts in mass addition. The markers
represent the experimental data while the lines of the same colour represent the simulated data for each
mass addition cut. Lower panel: TKE ratios described in Eq. 4.17 for the fissioning systems Z=92 (left)
and Z=91 (right) as a function of the fission fragment charge for different mass addition cuts.

The average total kinetic energies for each fission fragment are presented in the
upper panels of Fig. 4.27 for the fissioning system Z=92(left) and Z=91(right),
and compared with simulated data from INCL4+ABLA. The evolution of the
kinetic energy with the excitation energy is visible since the mass cut for the
lowest mass addition cut is mostly flat in the central region, while two humps
emerge for the asymmetric channels when increasing the mass addition. When
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the asymmetry increases, the separation d between the surfaces of the fragments
and the deformation decreases [132], producing an increase in the TKE and
leading to the observed humps. It can be seen that the cut for the lower masses
A1 + Ay < 230 presents the best agreement with the simulation, implying that
some of the deformations in ABLA might need to be adjusted. In the lower
panels of the same figure, the ratio of the TKE for the asymmetric cuts over the
TKE of the symmetric one (the red triangles cut in the upper panel) is presented.
As seen in Eq. 4.17, this ratio only depends on the relation of the deformation
and distance parameters and indicates the effective change in deformation. For

the highest mass addition cut, an effective change of 9% can be observed for Z=92
and of 11% for Z=91.

< TKE >Asymmetric . DAsymmetric
< TKE >Symmetric DSymmetric

(4.17)
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Conclusions

This chapter will provide a review of the main results extracted from
the analysis and evaluate the achievement of the objectives proposed at the
beginning of the work. Simultaneously and based on the results obtained, it will
be evaluated what changes could be introduced in the future to improve this type
of measurement.

In this research work, the fission of ?**U was investigated using proton-induced
knockout collisions at 540 MeV /u in inverse kinematics. The use of the R*B setup
allowed for the full identification of both fission fragments in atomic and mass
number event by event. The atomic number was obtained from the energy loss
measurements in a double ionization chamber (the Twin MUSIC) with an average
resolution of AZ = 0.38 FWHM for the central charges. The mass number of
the fragments was reconstructed employing the well-known AE — Bp — ToF
technique, based on the different magnetic rigidities of the fragment inside the
GLAD dipole. The mass resolution was around AA = 0.8 FWHM for the central
masses of the ToF Wall plastics with distinguishable peaks. The wide range
of excitation energies produced in the proton knockout together with the full
isotopic identification allowed for the study of observables sensitive to pre- and
post-saddle fission dynamics.

One of the main goals of this experiment was to prove the suitability of
the (p, 2p) induced fission in combination with the SOFIA (Studies Of Flssion
with Aladin) setup to give access to the complete characterization of the
fissioning system and the fission fragments. The fissioning system would be
characterized thanks to the integration of the CALIFA calorimeter [2| and the
AMS Silicon tracker [1] developed by the R®B collaboration, which would allow
the reconstruction of the excitation energy using the missing energy method.
However, the large delta-electron multiplicities produced in secondary ionizations
along the setup make it impossible to reconstruct the trajectories of the protons
using this detector. Still, other observables were evaluated as an indicator of
the excitation energy, and the mass addition of the fission fragments proved
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very sensitive. Therefore, the evolution of different observables with the mass
addition was studied, and it was calibrated to excitation energy using previous
experimental data to estimate the energy range covered by each mass addition
cut. In conclusion, the method allowed to perform only a modest characterization
of the fissioning system due to technical issues that should be tackled in the
future. The most appropriate solution to deal with the large delta-electron
multiplicity would be replacing the AMS Silicon tracker with a new technology
based on ultra-thin silicon-based Monolithic Active Pixels Sensors (MAPS),
called ALPIDE sensors [135], developed by the ALICE Collaboration. A pixel
detector would provide enough angular resolution to reconstruct the vertex of
the reaction and differentiate the outgoing protons from the delta electrons.
Regarding the fission fragments characterization part, the atomic number
resolution was more than satisfactory, while the mass resolution was less than
expected. This experiment was the first to use GLAD, the new R3B magnet
that replaced ALADIN. GLAD has a better acceptance and allows for a higher
magnetic rigidity, but its magnetic field is not Gaussian. This should not be
a problem for the reconstruction of the trajectories inside the magnet, since
the mass reconstruction method used the real GLAD field map and the results
were very positive. However, the GLAD magnetic field is larger now than with
ALADIN, and the ToF Wall was placed very close (~1.5m) to the magnet to
maximize the geometrical acceptance. Therefore, the PMTs could be affected by
the residual field of the magnet. To improve the mass resolution in the future, it
would be convenient to test the performance of the ToF-Wall when placed that
close to the magnet and evaluate different possible shieldings.

The experimental technique was useful for studying fission at both low and
high excitation energy ranges by properly selecting the reaction channel. For the
pre-saddle stage, the partial fission yields and fission widths were analyzed as a
function of the atomic number addition of the fission fragments. It was observed
how the fission cross-section dropped quickly towards the lighter fissioning
systems, which is a signature of the dissipation phenomena manifesting at high
excitation energies and favouring neutron evaporation over fission. Several
de-excitation models were coupled to the INCL reaction model and benchmarked
with the experimental data. It was an interesting finding that both ABLA and
GEMINI described rather well the fission cross-section for the whole fissioning
systems range, despite having a very different parameterization. ABLA includes
a Fokker-Planck time-dependent fission decay width, while GEMINI does not
take into account dissipation or transient times, but its energy level densities
are parameterized using experimental data. Regarding the study of the fission
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widths, it was observed that the selection of the target has a non-negligible impact
on the results. Specifically, the results of this experiment were compared with a
fragmentation reaction of 2%*U on a CH, target. Spallation and fragmentation
reactions lead to fissioning system distributions of different fissility ranges. Since
the stiffness of the potential greatly depends on the fissility, the fission widths
are directly affected. The comparison of the models for the fission widths showed
that in this case, ABLA is the one that better reproduces the data, since GEMINI
does not include the shell effects visible for the heaviest fissioning systems.

For the post-saddle stage, the evolution with the excitation energy of several
observables sensitive to the energy sorting and shell effects was studied. Since it
was proven that the mass addition (A; + As) is very sensitive to the excitation
energy, this observable was calibrated to have an estimation of the energy ranges.
By performing several cuts in the mass addition, different suppression functions
were evaluated in the transition from the symmetric to the asymmetric fission.
It was observed that the Woods-Saxon function proposed by Randrup et al. [17]
works rather well for low excitation energies, but it is not enough to describe the
damping at excitation energies higher than ~15MeV. The suppression function
in best agreement with the experimental data was found for a combination of two
exponentials, S(E*) = exp(—E*/4MeV) for the excitation energies below 20MeV
and S(E*) = exp(—E*/13MeV) for excitation energies above 20MeV.

The fission modes were evaluated for different mass addition cuts for both the
atomic and the neutron yields. A general predominance of the StI mode was
observed over the StIl. For the heavy fragment, the position of the StI mode
remains constant through the different mass addition cuts at < Zy >= 53, and
the StII at < Zy >= 56, which is in fair agreement with the predicted enhanced
stability of the octupole-deformed shell gaps at Z=52 and Z=>56 [63, 64]. The mean
positions for the neutron in the fission modes show a slightly increasing tendency
with the mass addition (due to the decreasing of the neutron evaporation), varying
between < Ny >= 81 — 84 for the Stl and between < Ny >= &7 — 89 for the StII.

The global and local even-odd staggering amplitudes were calculated for
different conditions in mass addition. A general increase in the global amplitude
was observed when increasing the mass addition, or in other words, decreasing
the excitation energy. An interesting decrease was observed for the two heaviest
systems, A; + Ay = 236,237 but due to the limited mass resolution it is not
possible to distinguish if this is just a feature introduced by the contamination
of lower fissioning systems. The local even-odd amplitude showed a positive
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parabolic shape for Z; + Zo = 92, as expected for an even fissioning system, and
for 71 4+ 79 =91 a positive amplitude in the light fragments and negative in
the heavy ones. This is also expected for an odd fissioning system since the
unpaired proton tends to drift to the heavy fragment due to the energy sorting
mechanism [78]. For both cases, it was observed that the change of a single
mass addition unit in the condition, resulted in very different appearances of the
even-odd amplitudes, demonstrating the big dependence of this observable on
the excitation energy. The simulation performed with INCL+ABLA reproduced
the local even-odd amplitude for the asymmetric fragments in Z; + Zs = 92, but
failed to reproduce the data for Z; + Zo = 91.

The neutron excess was studied for different mass addition cuts. This

observable showed a clear evolution from the polarization effect at the high
excitation energy cuts to revealing shell effects for the low excitation energy cuts.
The shell effects were observed for the lowest energy cuts, where the neutron
excess peaked at Z=50, reaching the neutron magic number N=82. The dip on
the complementary fragment of Z=50 for both Z; + Zy = 92 and 91 fissioning
systems was also observed.
The neutron pre- and post-scission multiplicities were estimated using the UCD
approximation to calculate the masses at the scission point, and the results are
in good agreement with the parametrization proposed by Hilscher. The TKE was
calculated using the same approximation for the masses, and several cuts in mass
addition were performed. The TKE is also very sensitive to the excitation energy,
which was visible for the lower energy cuts, showing two humps for the asymmetric
atomic numbers. The simulation performed with INCL+ABLA showed a good
agreement for the high-energy mas addition cuts and the symmetric region of the
low-energy cuts but overestimated the height of the asymmetric humps, indicating
the necessity to adjust the deformation parameters in ABLA.
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R.1 Introduccion

Esta tese trata sobre o analise do experimento de fisiéon realizado nas
instalaciéons do GSI (Alemania) en marzo de 2021 pola colaboracién internacional
R?B (Reactions with Relativistic Radioactive beams), que realiza estudos con
feixes exéticos relativistas (entre centos de MeV e 1GeV).

Na dultima década realizdronse experimentos de fision sen precedentes nas
instalacions do GSI utilizando a técnica de cinematica inversa en combinacion
con detectores de ultima xeracién desenrolados pola colaboracién R*B . Por
primeira vez na historia da fisién, foi posible medir e identificar simultaneamente
ambos fragmentos de fisién en termos do seu nimero atémico e mésico [7, 8] e de
extraer correlacions entre observables sensibles & dinamica do proceso de fision
[9] e a estructura nuclear no punto de escisién [10, 11].

Este experimento en particular, estd desenado para combinar as técnicas de
fisién por cinematica inversa e as reacciéns de espalacion e knockout. Se ben
hai numerosos estudios realizados usando estas duas técnicas por separado, este
é o primeiro experimento que combina ambas, polo que se trata dunha proba
de concepto. A nova técnica experimental proporcionard mediciéns cinematicas
completas mediante a obtenciéon da enerxia de excitaciéon do sistema fisionante e
a identificacion en nimero masico, numero atomico e enerxia cinética dos dous
fragmentos de fision evento a evento. Ditas medidas poden realizarse usando
a configuracion experimental de SOFIA (Studies Of Flssion with Aladin) cun
medidor de posicién de silicio baseado en detectores tipo AMS [1] e o calorimetro
CALIFA (CALorimeter for In-Flight detection of v rays and high energy charged
pArticles) [2] desenrolados pola colaboracién R?*B. Dado que as reacciéns de
knockout e espalacion producen sistemas fisionantes nun amplio rango de enerxias
de excitacion, este mecanismo pode utilizarse para estudiar a fisién a altas e baixas
enerxias seleccionando correctamente o canal de reaccion.
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R.2 Obxectivos

Os principais obxectivos desta tese son os seguintes:

e Comprobar a capacidade desta técnica experimental para obter medidas
da cinematica completa, asi como probar a sua versatilidade para realizar
estudos de fisién a altas e baixas enerxias de excitacion, tendo accceso a
observables sensibles a dindmica previa e posterior ao punto de sela da fision.

e Estudar a evolucién co sistema fisionante de observables previos ao punto de
sela sensibles aos efectos de disipacion, tales como as secciéns eficaces parciais
e as anchuras de fision.

e Estudar a evolucion dos rendementos de fisiéon coa enerxia de excitacién e
obter unha parametrizacion dunha funcién de supresion que concorde cos
resultados experimentais.

e Estudar a dependencia coa enerxia de excitacion de diferentes observables
posteriores ao punto de sela, tales como o exceso de neutréns, o efecto
par-impar e as enerxias cinéticas totales dos fragmentos.

R.3 Introducciéon a fision

R.3.1 Marco teodrico

A fisiéon é unha reaccién nuclear que consiste na divisién dun nucleo pesado
en dous nucleos mais lixeiros, ademais doutras particulas mais pequenas como
neutrons, proténs e particulas a. E unha reaccién exotérmica que libera grandes
cantidades de enerxia en forma de raios gamma e de particulas aceleradas a
altas velocidades. A fision foi descuberta en 1939 por Lise Meitner e Otto
Hahn [6] cando bombardeaban nicleos de Uranio con neutréns na bisqueda de
producir elementos transuranicos. Non obstante, no canto de producir elementos
mais pesados ca o uranio, nas sias mostras atoparon Bario, o que signficaba
que a reaccion estaba producindo fragmentos mais lixeiros: o nucleo se estaba
rompendo.

Este proceso de ruptura podese dividir en duas etapas, que en términos
macroscopicos estan definidas polo balance das enerxias de superficie e de
repulsion culombiana no sistema fisionante. A primeira etapa vai dende o
momento da reaccion ata o definido como ’punto de sela’, a partir do cal o
proceso de fisién é irreversible. Durante esta etapa, a enerxia de superficie
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incrementa coa deformacion mais rapido do que a repulsién coulombiana decrece
ao afastarse as cargas. Isto xera unha barreira de potencial que o sistema debe
de superar para poder fisionar, agds no caso de fisiéon espontanea por efecto
tunel. Se o sistema ten suficiente enerxia de excitacion como para sobrepasar
esta barreira, o sistema pasa & segunda etapa da fision, que vai entre o punto
de sela e o punto de escision. Nesta etapa, a enerxia coulombiana decrece mais
rapido que o incremento da enerxia de superficie, resultando nunha caida de
potencial, polo que o sistema evoluciona a estados cada vez mais deformados ata
rematar coa ruptura do sitema en dous fragmentos. Tras a escision, a repulsion
culombiana entre os dous fragmentos actia afastandoos e dotandoos de altas
enerxias cinéticas.

Ainda que a fision foi descuberta hai 85 anos, ainda carece dunha descripcién
completa e satisfactoria debido a sua complexidade. En 1939, os cientificos
Niels Bohr e John Archibald Wheeler [19] parametrizaron o proceso en base
ao modelo da gota liquida (LDM), que trata o ntcleo de forma puramente
macroscopica. En 1948 M.G. Mayer suxeriu que certos nimero de neutréns
ou proténs no nicleo formaban configuraciéns particularmente estables [25], os
denominados 'nimeros maxicos’, que tinan a sua orixe nun fenémeno cuantico,
o acoplamento espin érbita dos nucleéns. Isto deu comezo ao actual modelo de
capas do ntcleo, e fixo evidente a necesidade de parametrizar a fisiéon tendo en
conta tamén os efectos microscopicos coma as capas nucleares ou os efectos de
emparexamento de nucleéns. En 1966, V.M. Strutinski desenvolveu o chamado
método macroscopico-microscdpico [31] que consistia en corrixir o potencial
macroscopico polas contribuciéns microscépicas.

Ademais da influencia dos efectos microscopicos no potencial, tamén se
comprobou que a fisiéon precisa dunha descripcion dindmica. En 1940 Kramers
introduciu que a evolucién do sistema fisionante ata o punto de sela estaba suxeito
a forzas disipativas, e que deberia de ser parametrizado en base a ecuaciéns de
teorfa de transporte coma as de Fokker-Planck (FPE) [37]. A introduccién deste
parametro de disipacién suxeria que a fisién estaba sometida ao acoplamento
dos modos de enerxia colectivos e intrinsecos, un fenémeno que se manifestaba
sobre todo a altas enerxias de excitacién reducindo as probabilidades de fisién
e favorecendo outros canais de desexcitacion coma a evaporacion de neutréns.
Posteriormente, Weidenmiiller [40], Grangé [41] e Bhatt [42] atoparon que o
sistema precisaba dun certo tempo de transito para deformarse ata alcanzar o
estado estacionario definido por Kramers, e fixeron un enfoque dependente do
tempo utilizando modelos de transporte baseados no Langevin ou FPE.
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R.3.2 Observable clave nos estudos de fision nuclear: os rendementos

Un observable clave no estudio da fisién nuclear son os conecidos como
rendementos de fision’, que é a porcentaxe que se produce de cada especie
nuclear na fisiéon. Este observable é de gran valor para a teoria nuclear, para
aplicaciéns en reactores nucleares e para determinar a abundancia dos elementos
pesados no universo debido & relevancia da fisién no 'proceso r’ de nucleosintesis
estelar [87].

En canto a teoria nuclear, os rendementos de fision foron determinantes
para confirmar a existencia de nimeros maxicos de neutréns e proténs, xa que
os diferentes modos de fision punian en evidencia a preferencia dos sistemas
por fisionar dando lugar a determinadas configuraciéns de neutréons e proténs.
Os modos de fisién clasificanse en dous grandes grupos, o simétrico, nos cales
os dous fragmentos tenen similar carga e masa, e os modos asimétricos, nos
cales un dous fragmentos ¢ sustancialmente mas grande cao outro. Os modos
asimétricos aparecen como consecuencia dos efectos microscépicos como as
capas, que favorecen a producciéon dun nicleo madis pesado se este estd preto
de conseguir unha configuracién nuclear mais estable Ao principio, o modo de
fisién asimétrico conecido como ’St1’ estaba asociado coa formacién do fragmento
pesado dobremente méxico de '32Sn, con Z=50 e N=82, e o modo 'StII’ coa
deformacion cuadrupolar asociada a N=88. Porén, mediciéns sistematicas das
distribuciéns do ndmero de proténs e neutréns [12, 61] revelan que o nimero
de neutrons pode variar ata 7 unidades coa masa do nicleo composto, mentres
que o numero atémico permanece bastante constante en valores comprendidos
entre Z=52 e 56. Suxeriuse polo tanto [60] que poderia existir unha estabilidade

adicional proporcionada por os ocos de capa con deformacion octupolar en Z=>52
e Z=56 63, 64].

Os modos de fision tamén dependen da enerxia de excitacion do sistema
fisionante, outro observable clave no proceso de fision. A altas enerxias os
modos de fisién son predominantemente simétricos, debido a que a contribucion
dos efectos microscépicos é pequena en comparaciéon cos macroscopicos. Non
obstante, ao baixar a enerxias de excitacién mais préximas a barreira, o modo
simétrico vai minguando e os asimétricos, eclipsados a altas enerxias, comezan
a ser visibles. Nos tltimos realizdronse numerosos estudios [17, 65, 13, 53]
para parametrizar a dependencia dos rendementos de fision coa enerxia de
excitacion Para facelo, buscase unha funcién de supresién dependente da enerxia
de excitacién que atenie o efecto da correccién microscopica sobre o potencial
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macroscopico co crecemento da enerxia de excitacion.

Os rendementos de fision do nimero de neutrones foron moi importantes para
comprender a reparticion de enerxia que ten lugar entre o fragmento lixeiro e
o pesado na evolucion do sistema fisionante dende o punto de sela ata o de
escisiéon. Segundo esta teoria, o fragmento pequeno e altamente excitado transfire
a enerxia cara o fragmento pesado e de baixa enerxia, xa que este ten unha
maior disponibilidade de estados [18]. Este mecanismo tamén se propén como
o responsable do efecto par-impar observado nos rendementos, caracterizado
por unha maior produccién dos ntucleos con ntumeros pares de protéons, e na
transferencia do protén desapareado ao nicleo pesado [72].

R.4 Metodoloxia

Neste estudo combinanse as técnicas de cinematica inversa e de reaccions de
knockout inducidas por proténs, que procederanse a describir a continuacién.

A técnica da cinematica inversa consiste en acelerar aos nucleos pesados
para facelos reaccionar contra un branco, ao revés do que se fai nos estudos en
cinematica directa, no cal o nicleo pesado actiia como branco e as particulas
lixeiras como proxectil. A introduccién desta técnica supuxo un gran avance
para os estudos de fision, xa que deste modo os dous fragmentos de fision
saen cara adiante a altas enerxias cinéticas, posibilitando a detecciéon dos dous
fragmentos e a identificacion en carga e masa. Ademais, os estudos en cinemética
directa estaban suxeitos & utilizar como brancos nicleos estables, mentres que en
cinematica inversa pddense facer estudios de ntcleos exdticos.

As reacciéns de knockout inducidas por proténs arrincan nucledéns das capas
internas dos nucleos, deixando ao remanente da reaccién cunha enerxia de
excitacion proporcional & da capa que foi arrincado. O caso particular das
reaccions de knockout nas que un soélo protéon é arrincado do ntcleo conécese
como reaccion case-libres (p, 2p). Chamanse 'case-libres’, porque & interaccién
limitase aos dous protons involucrados, sen afectar aos demais nucleéns. Neste
tipo de reacciéns é posible reconstruir a enerxia de excitacion do remanente
conecendo o momento dos dous proténs saintes da reaccién e empregando o
‘'método da masa perdida’, que se basa en aplicar a conservacién do momento.
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R.5 Dispositivo experimental

O experimento realizouse no acelerador de particulas GSI en marzo de 2021,
utilizando a técnica de cinemaética inversa con reaccions de knockout inducidas
por proténs. Os feixes primarios de *U foron producidos polo sincrotrén SIS18
e guiados ata o area experimental para impactar nun branco de hidréxeno liquido
a 540MeV /u. A disposicién dos detectores pode verse na Fig. R.1.
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Figure R.1: Montaxe experimental no GSI

Para a caracterizacién do sistema de fision, o dispositivo conta co detector
CALIFA para medir as enerxias dos protons resultantes do knockout, e os
detectores AMS para reconstruir a traxectoria dos mesmos. Para a caracterizacién
dos fragmentos de fision, o dispositivo experimental conta con varios detectores
medidores de posicién ao largo do setup conecidos como MWCPs, un medidor de
tempo de voo (o ToFWall) e unha camara de ionizacién a Twin MUSIC. A Twin
MUSIC conta con 4 camaras de ionizaciéon para poder medir simultanemente o
nimero atomico dos dous fragmentos de fisiéon a través da pérdida de enerxia
destes dentro do gas. Tamén conta con NeuLAND, un detector de neutrons
para reconstruir as multiplicidades de neutréons evaporados durante o proceso. A
masa dos fragmentos podese reconstruir grazas ao método AE — Bp — ToF, que se
basa nas diferentes rixideces magnéticas dos ions de diferente masa ao pasar polo
campo magnético dun dipolo, GLAD. Desta forma, conecendo o nimero atémico
do fragmento (Z), a sta velocidade (3,7), o radio de curvatura dentro do iman
(p) e o campo magnético, o nimero méasico pode calcularse usando a Eq. R.1.

A
Bp = ﬂuﬁyc (R.1)
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R.6 Analise de datos

O anélise de datos comprende a calibracién de detectores. A calibracién
é o proceso de comparacion valores obtidos por un instrumento coa medida
correspondente dun estandar de referencia. Os datos proporcionados polos
detectores non estan en unidades fisicas senén en unidades de electronica. Estas
unidades de electronica deben converterse en magnitudes fisicas como carga,
posicion ou tempo de voo, e cada detector ten un procedemento diferente.
Ademais, cada unha debe correxirse polas diferentes ganacias das unidades de
medida ou de dependencias con outras variables. Os procesos mais sinalados da
calibracion comprenden:

e Sustraccién dos pedestais nas MWPCs. As unidades de medida das MWPC,
chamados ’strips’, tenen diferentes valores de ruido causados pola electronica,
chamados "pedestais’ que deben sustraerse dos datos.

e Alinamento de ToF-Wall. As unidades de medida do ToF-Wall, chamadas
'paddles’ deben de estar centrados no mesmo valor de tempo de voo.

e Calibracién da Twin MUSIC. A enerxia dos anodos da Twin MUSIC debe de
estar alinada. Do mesmo modo, débese de correxir a dependencia da pérdida
de enerxia no gas pola tempo de voo dos fragmentos e polo tempo de deriva
dos elctrons na camara.

Unha vez calibrados os instrumentos, podese proceder ao calculo dos
rendementos de fision, o cal consiste en calcular o porcentaxe producido dunha
determinada especie con respecto & produccion total. Ademadis das calibracions,
o analise de datos tamén require do calculo de certas magnitudes de importancia.
Cabe destacar:

e Calculo do vértice de reacciéon. Conecendo a posicién e o angulo horizontal
dos dous fragmentos de fision dentro da T'win, é posible calcular a interseccion
da traxectoria dos dous fragmentos. Deste modo, pddense seleccionar os
eventos que venan solo do branco e non de reacciéns con outros elementos
do montaxe

e Reconstruccion do Bp dentro do iman e da lonxitude total da traxectoria.
Para reconstruir estas duas magnitudes, empregouse un método basado en
simulacién, usando as posicions reais dos detectores no montaxe e o mapa
do campo magnético de GLAD. Para cada evento real, xéranse mediante
simulacion 10 i6ns cada un cun momento diferente. Cada ién seguird unha
traxectoria diferente dentro do iman e medirase nunha posiciéon x diferente
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da MWPC3 que esta situada despois do dipolo. Usando estes 10 puntos,
faise un axuste polonémico de Bp coa posicion x da MWPC3 e da lonxitude
coa posicion x da MWPC3. Conecendo esta ecuacion e o valor da posicion x
na MWPC3, pédese obter os valores de rixidez magnética e lonxitude. Unha
vez obtido isto, o valor da masa pode calcularse usando a Eq. R.1.

R.7 Resultados

Os resultados presentase en dias partes, a primeira parte adicada aos resultados
relacionados coa dinamica de fisién anterior ao punto de sela e a segunda parte
adicado & dinamica posterior ao punto de sela.

R.7.1 Dinamica previa ao punto de sela
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Figure R.2: Seccéns eficaces parciais para os sistemas fisionantes producidos na reaccion p +23 U a
540 MeV/u. Datos para a reaccion CHy +238 U a 950 MeV /u obtidos de [123]

Observouse como a secciéns eficaces parciais de fisién caen rapidamente para
os sistemas de fision mais lixeiros, como pode comprobarse na Fig. R.2, o
que ¢ indicativo da apariciéon de fenémenos de disipaciéon que se manifestan a
altas enerxias de excitacién. Varios modelos de desexcitaciéon foron acoplados
ao modelo de reaccién INCL e compararonse cos datos experimentais. Foi un
descubrimento interesante que tanto ABLA como GEMINI describen bastante
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ben as seccions transversais de fision para os diferentes sistemas de fision
estudados, a pesar de ter unha parametrizacion moi diferente. Mentres que
ABLA consiste nunha descricién dependente do tempo utilizando as ecuaciéns de
Fokker-Planck tendo en conta a disipacién, GEMINI non ten en conta a disipacion
nin o tempo de transito senén que ten unha parametrizacion de densidade de
nivel baseada en datos reais.

En canto ao estudio das anchuras de fision, atopuse que a eleccion do branco
ten un impacto importante nos resultados. Isto é debido a que anchura depende
da fisilidade, e diferentes brancos dan lugar a diferentes distribuciéns de sistemas
fisionantes que cubren rangos de fisilidade distintos. Tamén se observou que neste
observable, o modelo ABLA reproduce mellor os datos, xa que ten en conta os
efectos de capa que producen o ensanchamento das anchuras de fisiéon para os
sistemas fisionantes de menor enerxia de excitacién.

R.7.2 Dinamica posterior ao punto de sela

Para esta etapa do proceso de fisién, estudouse a evolucién de diferentes
observables coa enerxia de excitacién do sistema fisionante. Non obstante, non
foi posible reconstruir a enerxia de excitacién usando os AMS. Isto debeuse a
produccién de numerosos electréns delta provintes de reaccions secundarias ao
longo do dispositivo, que imposibilitaron distinguir os electréns dos proténs no
detector. Polo tanto, estudiouse qué outros observables eran sensibles a enerxia
de excitacion, e atopouse que a suma de masas dos fragamentos de fisién era moi
sensible. Isto débese a que unha maior enerxia de excitacion do sistema fisionante
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Figure R.3: FEvolution of the fission yields normalized to 200% for Z=91 fissioning system at different
cuts in mass addition. Left: Elemental fission yields. Right: Isobaric fission yields.
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evaporara un maior nimero de neutréons, o que da lugar a dous fragmentos de
fision con menor masa. Polo tanto, a suma de masas estd inversamente coa
enerxia de excitacion. Na Fig. R.3 poden observarse os rendementos de fision
en nimero atémico (esquerda) e maésico (dereita) para diferentes condiciéns en
suma de masas. Pode apreciarse como os rendementos para as sumas de masas
baixas amosan modos de fisién simétricos asociados as alta enerxia de excitacion,
mentres que as sumas de masas altas amosan os modos simétricos caracteristicos
das altas enerxias de excitacién. Polo tanto, a suma de masas calibrouse para
pasala a unidades de enerxia e empregouse este observable como indicador da
enerxia de excitacion.
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Figure R.4: Rendementos de fision normalizados ao 200% para o sistema fisionante Z=92 e para
diferentes cortes en suma de masas. A liia negra representa os datos experimentais, e axistanse 3
modos de fision diferentes: o siper longo (lina vermella de trazos longos), Standard I (lina laranza de
trazos curtos) e Standard II (lina azul punteada).

Os rendementos de fission baixo as diferentes condiciéns en suma de masas
foron empregados para evaluar para diferentes funcions de supresiéon. Observouse
que a funcién Woods-Saxon proposta por Randrup [17] funciona razoablemente
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ben para baixas enerxias de excitacién, pero non é suficiente para describir o
amortecemento dos rendementos de fisién a enerxias de excitaciéon superiores
a 15 MeV. A funcién de supresion en mellor acordo cos datos experimentais
atopouse para unha combinacién de dous exponenciais, S(E*) = exp(—E*/4MeV)
para as enerxias de excitacion inferiores a 20MeV e S(E*) = exp(—E*/13MeV)
para enerxias de excitacion superiores a 20MeV.

Os modos de fisién foron estudados para diferentes cortes en suma de masas,
tanto para os rendementos de fisiéon atémicos coma os de neutréns. Na Fig. R.4
pdédense ver os rendementos atémicos axustados polos modos de fisién SL (super
longo) para as fisiéns simétricas, e os modos Stl e StII para as fisiéns asimétricas.
Os valores medios do nimero de proténs resultaron en < Zy >= 53 para o Stl
e < Zy >= 56 para o StIl, en boa concordancia coa predicién da estabilidade
para os modos deformados octupolares en Z=52,56 [63, 64]. Para o nimero de
neutréons, obsérvase in incremento do numero de neutréns coa suma de masas,
dando lugar a valores entre < Ny >= 81 — 84 para o StI e < Ny >= 87 —89
para o StII.

As amplitudes do efecto par-impar foron calculadas, tanto para o efecto global
coma para o local, e foron estudadas para diferentes condicions en suma de masas.
Atopouse un aumento da amplitude global do efecto ao disminuir a enerxia de
excitacién, excepto por os dous puntos de baixas enerxias. A amplitude local do
efecto par-impar mostra a forma dunha parabola con valores positivos para os
sistemas fisionantes de ntimero atémico 92, como se pode apreciar na Fig.R.5 | o
esperado para un sistema fisionante par. Os resultados estan en boa concordancia
coa simulacion de INCL4+ABLA nas rexions de fisién asimétrica. Para os
sistemas fisionantes con nimero atéomico 91, atépase unha amplitude positiva nos
fragmentos lixeiros e negativa nos pesados. Isto tamén coincide co esperado, xa
que nos sitemas de fisién impares o protén desemparexado tende a rematar no
fragmento pesado debido ao mecanismo de reparticién de enerxia [72].

O exceso de neutréons foi estudado para diferentes condiciéns de suma de
masas. Como pode observarse na Fig. R.6, para as sumas mais baixas (ou
enerxias de excitacién mais altas), o exceso de neutréns amosa un crecemento
uniforme coa carga do fragmento de fisiéon, o cal é o esperado, posto que ao
aumentar o nimero de proténs o de neutréns tamén aumenta para contrarrestar
a repulsion culombiana, fenémeno conecido como polarizacion. Non obstante,
para as sumas de masa mais altas (enerxias de excitacion maéis baixas) os efectos
de capas comezaronse a facer visibles, xa que o exceso de neutréns mostraba un
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Figure R.5: Amplitude do efecto par-impar local para o sistema fisionante Z1 + Zs =92 en funcion do
numero atémico do fragmento de fision.

pico para Z=>50 correspondéndose con N=82, ambolos dous nimeros maxicos.

Estimaronse as multiplicidades de neutréns antes e despois da escisién mediante
a aproximacion de UCD para calcular as masas no punto de escision, e os
resultados son de acordo coa parametrizacién proposta por Hilscher [134] . A
enerxia cinética total foi calculada a partir das masas dos fragmentos no punto
de escision e as velocidades. De novo, este observable tamén foi estudado para
diferentes condicions en suma de masas. Observouse cémo os datos para as sumas
de masas mais baixas (maiores enerxias de excitacion) amosaban enerxias cinéticas
mais altas, debido a que as deformaciéns e as distancias de separacions entre
os dous fragmentos son menores nos modos de fisién asimétricos. Asi mesmo,
as enerxias cinéticas amosaban unha concordancia razoable coa simulacion de
INCL+ABLA.
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R.8 Conclusions

En base aos resultados obtidos, pode sacarse en conclusién que esta nova
técnica experimental apunta ser valida para a obtencién de medidas da cinematica
completas. Non obstante, precisa dalgunhas modificaciéns no setup, como
substituir os AMS por detectores de pixeles, tales coma os ALPIDE, dado que a
alta multiplicidade de electréns delta impediu a obtencién da enerxia de excitation
con AMS. Non obstante, outros observables sensibles a enerxia de excitacién foron
empregados, tales coma o angulo de apertura entre os proténs e a suma de masas
dos fragmntos de fisién. Da mesma forma, probou a siia utilidade como mecanismo
para estudiar a fisién a altas e baixas enerxias de excitacién, estudando fenmenos
da dinamica de fisién tanto antes como despois do punto de sela. As seccions
eficaces de fision e as anchuras foron obtidas e comparadas con calculos tedricos.
Estudouse a evoluciéns dos rendementos de fision coa enerxia de excitacion e
atopouse unha parametrizacién para a funcién de supresién que describise os datos
experimentais. Diferentes observables sensibles ao mecanismo de reparticiéon da
enerxia, tales como o exceso de neutrons e o efecto par-impar foron estudados para
diferentes enerxias de excitacion. Calculando as masas no punto de escisién coa
aproximacion UCD, as multiplicidades de neutrons e as enerxias cinéticas totales
foron reconstruidas, dando resultados en concordancia coas parametrizaciéns e
modelos teoricos.
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A.1 Mass reconstruction using simulated data as input

In order to test the performance of the masses reconstruction method, data
has been simulated using the real geometry of the setup in the cave and giving
the expected resolution of the detectors, which means AT = 40 ps FWHM for
the Tof Wall, AX = 300 um FWHM for the MW3 and AX = 70 um for the
Twin MUSIC. The mass distribution result is displayed in Fig. A.1(left) as an
example for the fission fragments of atomic charge Z=40. The distribution shows
alternating high and low peaks, which come from the odd-even effect, enhancing
the production of fragments with even atomic numbers.
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Figure A.1: Left: Mass number of the fission fragment distribution. Right: Mass number dependency
on the Y position of the fission fragment in the ToF Wall.

The mass number has a dependency on the Y position of the fission fragment,
as can be seen in Fig. A.1(right). The origin of this dependence has to do with
the fact that the method only gives as input for the simulation an initial value
of momenta in the ZX plane, as shown in Eq. 3.15, but not in Y. However,
in reality, the momenta are distributed homogeneously in X and Y, since the
fission fragments are emitted in the forward direction in a narrow cone because
of the Lorentz boost, as can be seen in Fig. A.2 while plotting the position
of the position in Y in the ToF Wall against the paddle number. Therefore,
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fission fragments measured in the plastics further away from the center will have
a smaller dependency on Y, because the fragments were emitted closer to the ZX
plane, while the ones in the center of the ToF Wall will have a bigger dependency.
The dependency has an arch shape, resulting in slightly smaller masses for the
fragments further from the ZX plane. This is because those fragments that had
more momenta in Y were given total momentum lower than the real one, which
would be the addition of the momenta in the 3-axis. The reason why initial values
of momenta were only given in the ZX plane is the lack of data in the Y position
of the fission fragments in the MWPCs because of inefficiency. This should not
be a problem if the mass resolution is good enough to distinguish masses since
the dependency can be easily corrected.

5 30 45
g —40
= 20

o 35
> 10 130

N R B N B R
0 5 10 15 20 25 30
ToF Wall paddle number

Figure A.2: Y vs paddle

The dependency of the mass number on the Y position has been corrected
following the same procedure used for the ToF and drift time in the Twin
calibration, further detail can be consulted in Sec. 3.3.2. The corrected correlation
is shown in Fig. A.3(left), where now all the lines look straight. Having done
this, it can be seen in Fig. A.3(right) how the mass distribution peaks are better
defined. Specifically, the mass resolution has changed from AA = 0.75 FWHM
in mass number units [A] for the central charges in Fig. A.1(left) to AA = 0.43
FWHM in Fig. A.3(right), demonstrating the importance of this correction to
achieve a good mass resolution.

Fig. A.4 shows the mass distribution for all the fission fragments. Even
though the symmetric fission peak in the center dominates the distribution, the
asymmetric peaks are noticeable towards the edges, around A=90 for the light
fragments and around 130 for the heavy fragments. The peak of the heavy
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Figure A.3: Left: Mass number correlation with Y position of the fission fragment in the ToF Wall
after the correction. Right: Mass number of the fission fragment distribution corrected by Y dependence.
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Figure A.4: Mass number distribution for all the fission fragments

fragments is much more noticeable than the peak of the light ones. This is due
to the neutron evaporation of the fragments from the symmetric peak, which
reduces the mass of the fragments, shifting the symmetric peak towards the left.
In this way, the symmetric peak eclipses the light-asymmetric peak and leaves the
heavy-asymmetric peak more unveiled.
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A.2 Time-of-flight resolution

In order to obtain the time-of-flight resolution, only beam events are selected,
for which a sweep run is chosen. The atomic number identification in the Twin
MUSIC for these heavy ions is done following the same procedure conducted with
the fission fragments. Still, the charge collected by the anodes is added differently.
For the fission fragments, the charge of all the anodes within a section was added
to obtain the average energy loss in each of the 4 sections. For the beam events,
the Twin will be treated as if it had 2 sections: left and right. To do so, the charge
of the anode with the highest charge deposition of the sections up and down will
be added for each side of the Twin (left and right). The reason to proceed this
way is that the beam hits the Twin MUSIC very close to its center (in general a
little shifted to the left), causing the beam to pass through both sections up and
down more often. Fig. A.5 shows the Twin identification of the beam events.

300
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%8 89 90 91 92 93 94
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Figure A.5: Atomic number identification for heavy ions in the Twin MUSIC. The peak within the red
bars corresponds to the U fully stripped.

The beam coming from the synchrotron is fully stripped (the ion does not
have any electron), however, since the beam and spallation events have a much
higher Z than the fission fragments, there is a certain probability that they pick
up electrons along their passage through the setup. In Fig. A.5, the peak with
the highest atomic number (within the red bars) corresponds to fully stripped
U events, while the other peaks to the left might have a contribution from the
charge states of the heavier ones. The peak corresponding to Z=91 would have
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the contribution from Pa fully stripped and U that picked up 1 electron. To
obtain the ToF resolution, only the events from the Z=92 peak will be selected.
Also, only one paddle is selected (paddle 15, since it has the highest contribution
to Z=92).
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Figure A.6: Reconstructed length distribution (left) and ToF distribution (right) for Z=92 in Twin and
paddle 15 in the ToF Wall. The gap located around 748 cm in the reconstructed length corresponds to
the events lost in the Twin MUSIC cathode.

The resolution of the ToF has a contribution from the trajectory spread caused
by the magnet. This can be evaluated by calculating the standard deviation of
the reconstructed length (o = 0.9 cm, as seen in Fig. A.6 (left)) and dividing it by
the average velocity. This results in a contribution to the time-of-flight of 0.042
ns, while the intrinsic resolution of the time-of-flight is ¢ = 0.046 ns, as seen in
Fig. A.6 (right). Calculating the quadratic sum of both, the final resolution of
the beam events is AToF = 146 ps FWHM.
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A.3 Atima List of Materials

Name Matter | p (g/cm?) | Thick. (mg/cm?) | Thick. (cm)
Window Fe 7,874 79,29 0,0101
Air Air 0,001205 18,07 15
MWPC, Window Mylar 1,38 1,67 0,0012
MWPC, Gas ArCO, 0,00171 0,34 0,2
MWPC, Pads Mylar 1,38 1,67 0,0012
MWPC, Gas ArCO, 0,00171 0,86 0,5
MWPC, Central Cathode Ar 0,001662 2,01E-3 0,0012
MWPC, Gas ArCO, 0,00171 0,86 0,5
MWPC, Window Mylar 1,38 1,67 0,0012
Air Air 0,001205 11,75 9,75
TRIM Window Mylar 1,38 3,46 0,0025
TRIM Field Cage Mylar 1,38 3,46 0,0025
TRIM CO, COq 0,001842 1,29 0,7
TRIM CHy CHy 0,0006 16,8 28
TRIM CF4 CF4 0,00372 14,14 3,8
TRIM Ar Ar 0,001662 55,51 33,4
TRIM Field Cage Mylar 1,38 3,46 0,0025
TRIM Stripper Nb 8,57 60,68 0,0071
TRIM Field Cage Mylar 1,38 3,46 0,0025
TRIM Field Cage Mylar 1,38 3,46 0,0025
TRIM Stripper Nb 8,57 60,68 0,0071
TRIM Field Cage Mylar 1,38 3,46 0,0025
TRIM Field Cage Mylar 1,38 3,46 0,0025
TRIM Window Mylar 1,38 3,46 0,0025
Air Air 0,001205 15,06 12,5
Sci Window Mylar 1,38 6,92 0,005
Sci 1st Half BC400 1,032 154,5 0,075
Sci 2nd Half BC400 1,032 154,5 0,075
Sci Window Mylar 1,38 6,92 0,005
Air Air 0,001205 68,69 57
Vacuum Chamber Window Steel 8 40,64 0,0051
LH,; Window Mylar 1,38 17,26 0,0125

Table A.1: Table of materials between the entrance of the cave and the target window.
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Name Matter | p (g/cm?®) | Thick. (mg/cm?) | Thick. (cm)
LH, Target LH, 0,0708 106,2 1,5
LH, Window Mylar 1,38 24,85 0,018
Target Isolation Mylar 1,38 6,91 0,005
Vacuum Chamber Air 1E-10 1,13E-5 113
Vacuum Chamber Window | Steel 8 40,64 0,0051
Air Air 0,0012 33,74 28
MWPC; Window Mylar 1,38 1,66 0,0012
MWPC; Gas ArCO, 0,00171 0,34 0,2
MWPC; Strips Mylar 1,38 1,66 0,0012
MWPC; Gas ArCO, 0,00171 0,86 0,5
MWPC; Strips Mylar 1,38 1,66 0,0012
MWPC; Gas ArCO, 0,00171 0,51 0,3
MWPC; Window Mylar 1,38 1,66 0,0012
Air Air 0,0012 5,42 4.5
TWIM Window Mylar 1,38 3,46 0,0025
TWIM gas CH, 0.0006 25.12 41.87
TWIM gas Ar 0.00166201 17.62 10.6
TWIM gas Cog 0.001842 0.98 0.53
TWIM Window Mylar 1,38 3,46 0,0025
Air Air 0.001205 4.52 3.75
MWPC,; Window Mylar 1,38 1,66 0,0012
MWPC, Gas ArCO, 0,00171 0,34 0,2
MWPC, Strips Mylar 1,38 1,66 0,0012
MWPC, Gas CO, 0.001842 0.92 0,5
MWPC, Strips Mylar 1,38 1,66 0,0012
MWPC, Gas ArCO, 0.00171 0,51 0,3
MWPC, Window Mylar 1,38 1,66 0,0012
Air Air 0.001205 14.76 12.25
GLAD window Mylar 1.38 6.92 0.005
GLAD window Steel 8 160 0.02
GLAD gas He 0.000166322 68.19 410
GLAD window Mylar 1.38 23.47 0.017
Air Air 0.001205 92.46 76.7296
MWPC3; Window Mylar 1,38 1,66 0,0012
MWPCj3 Gas ArCO, 0,00171 0,34 0,2
MWPCs Strips Mylar 1,38 1,66 0,0012
MWPC; Gas COq 0.001842 0.92 0,5
MWPCj3 Strips Mylar 1,38 1,66 0,0012
MWPC3 Gas ArCO, 0.00171 0,51 0,3
MWPC3; Window Mylar 1,38 1,66 0,0012
Air Air 0.001205 91.58 76
ToF Wall window Mylar 1.38 1.66 0.0012
ToF Wall plastics BC 400 1.032 526.42 0.5101

Table A.2: Table of materials between the target and the end of the seetup.
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A.4 Fission cross-section correction factors
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Factor Value Comments
The Twin efficiency is calculated spill-to-spill
Effrying 0.83 £+ 0.01 for each file in the experiment. The value shown
here corresponds to the mean value for a file.
Effrwint 0.77 £ 0.01 Same as for Effryine, but for TPat;

Il /Itgt + I4/Itgt
_12/Itgt B 13/Itgt

0.0061 £ 0.0025

The uncertainty was estimated by
varying the Breit Weigner limits for the fit.

Reaction rate for half of the target (7.5 mm),

Prite 0.03 £ 0.009 obtained with Atima (uncertainties set to 3%)
Average fission probability for a U
Prigt 0.74 + 0.16 spallation residue impinging on a proton target.
Calculated using simulation with INCL.
Psiet 0.26 £ 0.16 Approximated as 1- Py

PRWdW (Mylar)

(26 + 7.8)-10°

Reaction rate for 230um of Mylar
(target wrapping), obtained with Atima
(uncertainties set to 3%)

PFde (Al)

(6.0 & 1.8)-10°

Reaction rate for 2um of Aluminum
(target wrapping), obtained with Atima
(uncertainties set to 3%)

PFwdw

0.74 £ 0.16

Due to the lack of data on fission in these materials,
the probability for a 238U spallation

tht

1.0058 = 0.0025

Fsci

1.0000 £ 0.0041

OSsci
OFsci

0.88840.064

WE,

PRtgt

0.06 &= 0.018

PRbtgt

0.039+ 0.012

OSsci
ORsci

Psbtgt =

0.470 £ 0.064

WEe

residue impinging on a proton target has been
used as an approximation.
Total factor to correct target’s fissions:
Figt = 1+ 11 /Lige + Lu/Tige — Io/Tigr — Is/Tigt
_PR%tgtPStgtPR%tgtPtht _PRwdeFwdw
Factor to correct scintillator’s fissions:
1 — 1y /Isi + I/Lsi. The uncertainty was estimated
by varying the Breit Weigner limits for the fit.
P
i = | Vi
O'SH[?SZ}C[;] 1OU(R7;V)S}§T£'IZ§{7F)C / e N e
TFH[10]C[9] - 100Fru+90FC 01, 0C, 0cu from [115]
Wsei = 206.4mg/cm? wg, = 40.8mg/cm?
Reaction rate for the whole target (15 mm)
obtained with Atima (uncertainties set to 3%)
Probability that a uranium reacts before the
target, calculated using the Atima list of materials
between the cave’s entrance and the target (see A.1).
ISH[10]C[] it 28Cu
OSsci _ “RH[10]C[9] oRCu \/7
USH[TS%CEQ] 1OU(R—;‘V)S§¢9V‘?;§—F)C :tl/ s
TRH[10]C][9] - 10oru+90RC 01, 0c, Ocu from [115]
Wse = 206.4mg/cm? wr, = 40.8mg/cm?

Table A.3: Correction factors for the fission cross-section calculation.
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A.5 Total fission cross section uncertainties

The first step is to calculate the total fission cross-section for each run. To
do so, for each 12 spills in the run ( 3000 incomings for each spill) the fission
cross-section is calculated with the formula described in sections 3.8.3 for Method
1 and 3.8.4 for Method 2. Any measurement has the contribution of two
uncertainties: type A uncertainty (the one associated with the statistical analysis
of a series of observations) and type B uncertainty (any other uncertainty that
is not based on statistics) [116]. Type B uncertainties are often calculated using
assumptions based on previous knowledge of the matter or reasonable assignment
of the probability distributions of a given variable. For example, to calculate the
number of fissions coming from the scintillator, a cut in the Z position of the
reaction’s vertex should be defined around the scintillator peak shown in Fig.
3.41. However, the probability distribution of this cut is in principle unknown,
so an estimation should be made. Since in Fig. 3.41 it can be seen that the tail
of the counts coming from the scintillator is rather long to the left, a reasonable
margin of variation for the left cut could be chosen between the known position
of the scintillator in the setup and the end of the setup. This contribution to
the uncertainty could be calculated separately from the Type A uncertainty and
then combined by performing the quadratic mean with the Type B uncertainty
to obtain the combined uncertainty as o¢ = /0% + 03. Another way to calculate
the combined uncertainty is to let the parameters vary within its probability
distribution margins for each subset of data so that after several subsets, the
distribution would have been broadened by both the type A and B uncertainties.
This last one was the procedure followed in this work, and the final distribution for
the total fission cross-section is displayed in Fig. A.7 for run 221 as an example.

Since each spill has approximately the same number of counts (around 3000),
the mean is estimated as the regular arithmetic mean for a selection of events,
as described in A.1, with a standard deviation of A.2 and an uncertainty of the
mean of A.3. In these formulas, N corresponds with the number of groups of 12
spills, x; corresponds to the different fission cross-section for each group of spills,
and X to the mean value of the fission cross-section for that run.

D ST
7= 2ol (A1)
_ 1 S 7)\2 A2
o(x) = mizo(fvi—fﬂ) (A.2)
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Figure A.7: Total fission cross-section distribution for the run 221.

—— (z;, —T)? (A.3)

Finally, 5 mean values with their uncertainties are obtained for the 5 runs, as
shown in table A 4.

Run Fission cross-section [mb] | Fission cross-section [mb]
Method 1 Method 2

209 1540 +10 (101) 1542 +10 (103)

216 1513 +14 (53) 1519 +£14 (52)

217 1516 £7 (46) 1523 £7 (46)

221 1494 £5 (46) 1500 £5 (47)

223 1478 £8 (59) 1485 +8 (60)
Average 1511 £13 1516 £12

Table A.4: Fission cross-section results for 5 experimental runs. The uncertainties of each run
correspond to the uncertainty of the mean, and the value in parenthesis corresponds to the standard
deviation of the distribution.

To obtain a final value for the total fission cross-section, the average of the
5 runs must be computed. Since this time the 5 subsets of data have different
statistics (each run has a different number of spills), the mean should be calculated
as the weighted average mean, as shown in Eq. A.4 (left). In this formula, the
value of the measurement (x;) is multiplied by a weighting factor (w;), which in
this case is defined as the statistics of each run divided by the total statistics, as
shown in A.4 (right). The uncertainty associated with the weighted average mean
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is shown in Eq. A.5.

(A.4)

(A.5)

However, experimental uncertainties could be underestimated due to not taking
into account all sources of error. Therefore, the uncertainty in the weighted mean
should be corrected to account for a too large x2. The correction that must be
made is shown in Eq. A.6 [117], where x is the reduced chi-squared, as seen in
Eq. A.7. The o; in this equation corresponds to the uncertainties of the mean for
each run on table A.4.

o (i) corrected = O (i) X (A . 6)

-3 () an

1

1
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A.6 Residues
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Figure A.8: Residues from Fig. 4.1/ (experimental values - function). The blue line corresponds to the
Woods-Sazon function proposed by Randrup [17] with Ey = 15MeV and Ey = 20MeV. The other lines
correspond to the exponential S(E*) = E*/EqMeV , with Eg = 30 MeV for the green line and Ey = 10
for the orange line. The red line is a combination of Eg = 4 MeV for excitation energies lower 20MeV
and Ey = 14MeV for higher
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A.7 Velocities reconstruction

The total velocity is calculated as V = ToF /L, being "ToF’ the time of flight of
the fission fragment and 'L’ the reconstructed total path length. To decompose
the velocity on its three spatial coordinates, the horizontal angle given by the
Twin (Orwin) and the ToF Wall (Or,¢) displayed in Fig. A.9, are required. Oryiy
is the angle between the Z component of the velocity and the total velocity
projection in the ZX plane, and there should be an anti-correlation between the
Orwin angle of both fission fragments, as shown in A.10 (a). The angle ¢ between
Vxy and Vy can be calculated as arctg (tgfror/senfryin) and the correlation
between the ¢ angles of both fission fragments should be coplanar, as the one
displayed in A.9 (b). Then, 14 is calculated as Oy, = arcsen (Yp,¢/L), using the
Y position in the ToF Wall and the total length.

Figure A.9: Velocity decomposition on the 3 coordinates of the laboratory frame.

Then, the three velocity components are calculated as shown in Eq. A.8,
deduced from Fig. A.9 . To obtain the velocities in the center of mass reference
system (CM), the Lorentz transformation equations shown in Eq. A.8 are
employed. The velocities (Vx, Vy, Vz) are in the laboratory frame, and (Vx', Vy’,
Vy') in the CM frame. The variable "u’ is the velocity of the fissioning system,
and -y, is its corresponding Lorentz’s Factor. Since the velocity of the fissioning
system is unknown, the mean value of the Vz distribution is used instead.

Vx = Veos(Opo)sen(Orwin), Vy = Vsen(bror), Vz = Vcos(Orof)cos(Orwin)
(A.8)
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Figure A.10: (a) Correlation of the horizontal angle measured by the Twin MUSIC of the two fission
fragments. (b) Correlation of the ¢ angle of the two fission fragments. (c) Correlation of the velocities
i Z and center of mass reference system for the two fission fragments.

Fig. A.10 (c) shows the correlation between the Z component of the velocity
in the center of mass of the two fission fragments. They are anti-correlated, since
due to the conservation of the momentum, the higher the velocity of one fission
fragment, the lower the other. It can be seen, however, that the distribution is
rather broad, due to the lack of information on the angular distribution of the
beam at the entrance of the experimental area.
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A.8 Yields tables

Table A.5: Zgym = 91, Aqum = 225,226

Table A.6: Zgsym = 91, Agum = 227,228

7 | Yield(Z) 200% | Stat. Error
25 0.01 0.01
26 0.04 0.02
27 0.03 0.01
28 0.07 0.02
29 0.17 0.03
30 0.28 0.04
31 0.5 0.05
32 0.9 0.07
33 1.46 0.08
34 248 0.11
35 3.83 0.13
36 5.18 0.16
37 6.62 0.17
38 746 0.19
39 7.61 0.19
10 844 0.2
A1 0.11 0.2
12 10.71 0.22
13 1.2 0.23
4 11.83 0.23
45 12.19 0.24
16 12.19 0.24
7 11.83 0.23
13 1.2 0.23
19 10.71 0.22
50 011 0.2
51 844 0.2
52 7.61 0.19
53 746 0.19
54 6.62 0.17
55 5.18 0.16
56 3.83 0.13
57 248 0.11
58 1.46 0.08
59 0.9 0.07
60 0.5 0.05
61 0.28 0.04
62 0.17 0.03
63 0.07 0.02
64 0.03 0.01
65 0.04 0.02
0.01 0.01

66

7 | Yield(Z) 200% | Stat. Error
25 0.02 0.01
26 0.03 0.02
27 0.04 0.02
28 0.07 0.02
29 0.14 0.03
30 0.28 0.04
31 0.5 0.06
32 0.93 0.07
33 1.63 0.1
34 3.1 0.13
35 168 0.16
36 6.29 0.19
37 717 0.2
38 8.06 0.21
39 8.56 0.22
10 879 0.22
AT 0.12 0.22
12 9.26 0.23
13 0.82 0.23
14 10.64 0.24
15 10.08 0.25
16 10.08 0.25
7 10.64 0.24
18 0.82 0.23
19 9.26 0.23
50 0.12 0.22
51 879 0.22
52 8.56 0.22
53 8.06 0.21
54 717 0.2
55 6.29 0.19
56 168 0.16
57 31 0.13
58 1.63 0.1
59 0.93 0.07
60 0.5 0.06
61 0.28 0.04
62 0.14 0.03
63 0.07 0.02
64 0.04 0.02
65 0.03 0.02
66 0.02 0.01
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Table A.7: Zgum = 91, Agum = 229, 230

Table A.8: Zoum = 91, Aqum = 231, 232

Z | Yield(Z) 200% | Stat. Error
26 0.02 0.02
29 0.08 0.03
30 0.18 0.05
31 0.4 0.07
32 1.42 0.12
33 2.34 0.16
34 4.74 0.22
35 6.69 0.26
36 8.94 0.3
37 9.75 0.31
38 10.9 0.33
39 10.4 0.32
40 8.97 0.3
41 7.88 0.28
42 6.69 0.26
43 6.51 0.26
44 7.1 0.27
45 7.06 0.27
46 7.06 0.27
47 7.1 0.27
48 6.51 0.26
49 6.69 0.26
50 7.88 0.28
51 8.97 0.3
52 10.4 0.32
53 10.9 0.33
54 9.75 0.31
o 8.94 0.3
o6 6.69 0.26
57 4.74 0.22
58 2.34 0.16
59 1.42 0.12
60 0.4 0.07
61 0.18 0.05
62 0.08 0.03
65 0.02 0.02

Z | Yield(Z) 200% | Stat. Error
26 0.01 0.01
27 0.04 0.02
28 0.05 0.02
29 0.07 0.03
30 0.26 0.05
31 0.43 0.06
32 1.01 0.09
33 1.86 0.12
34 3.88 0.17
35 5.95 0.2
36 7.79 0.23
37 8.46 0.24
38 9.61 0.26
39 8.81 0.25
40 8.65 0.25
41 8.56 0.24
42 8.98 0.24
43 8.53 0.24
44 9.02 0.25
45 8.92 0.25
46 8.92 0.25
47 9.02 0.25
48 8.53 0.24
49 8.58 0.24
20 8.56 0.24
ol 8.65 0.25
02 8.81 0.25
23 9.61 0.26
o4 8.46 0.24
29 7.79 0.23
56 9.99 0.2
o7 3.88 0.17
58 1.86 0.12
59 1.01 0.09
60 0.43 0.06
61 0.26 0.05
62 0.07 0.03
63 0.05 0.02
64 0.04 0.02
65 0.01 0.01
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Table A.9: Zgum = 91, Agum = 233,234

Table A.10: Zgym = 91, Aqum = 235,236

Z | Yield(Z) 200% | Stat. Error
27 0.04 0.04
30 0.33 0.11
31 0.55 0.14
32 1.17 0.2
33 2.43 0.28
34 5.53 0.43
35 10.02 0.57
36 11.96 0.63
37 13.05 0.65
38 13.02 0.65
39 13.31 0.66
40 11.02 0.6
41 6.3 0.46
42 3.56 0.34
43 2.43 0.28
44 2.72 0.3
45 2.65 0.3
46 2.65 0.3
47 2.72 0.3
48 2.43 0.28
49 3.56 0.34
50 6.3 0.46
o1 11.02 0.6
52 13.31 0.66
53 13.02 0.65
54 13.05 0.65
9D 11.96 0.63
o6 10.02 0.57
o7 5.93 0.43
o8 2.43 0.28
59 1.17 0.2
60 0.55 0.14
61 0.33 0.11
64 0.04 0.04

Z | Yield(Z) 200% | Stat. Error
26 0.02 0.02
27 0.04 0.03
28 0.04 0.03
29 0.08 0.04
30 0.16 0.06
31 0.34 0.08
32 1.4 0.15
33 2.58 0.21
34 5.5 0.3
35 7.99 0.36
36 11.16 0.43
37 11.61 0.43
38 12.45 0.45
39 12 0.44
40 9.21 0.39
41 7.16 0.34
42 4.85 0.28
43 4.54 0.27
44 4.81 0.28
45 4.16 0.26
46 4.16 0.26
47 4.81 0.28
48 4.54 0.27
49 4.85 0.28
50 7.16 0.34
o1 9.21 0.39
52 12 0.44
53 12.45 0.45
54 11.61 0.43
55 11.16 0.43
56 7.99 0.36
D7 5.5 0.3
58 2.58 0.21
59 1.4 0.15
60 0.34 0.08
61 0.16 0.06
62 0.08 0.04
63 0.04 0.03
64 0.04 0.03
65 0.02 0.02
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Table A.11: Zgym = 91, Aqum = 237,238

Z | Yield(Z) 200% | Stat. Error
29 0.18 0.13
30 0.18 0.13
31 0.54 0.22
32 1.16 0.33
33 2.23 0.45
34 5.52 0.7
35 10.76 0.98
36 11.83 1.03
37 13.69 1.11
38 13.07 1.08
39 13.87 1.12
40 11.12 1
41 8.45 0.87
42 3.03 0.52
43 2.41 0.47
44 1.16 0.33
45 0.89 0.29
46 0.89 0.29
47 1.16 0.33
48 2.41 0.47
49 3.03 0.52
50 8.45 0.87
ol 11.12 1
52 13.87 1.12
23 13.07 1.08
54 13.69 1.11
2D 11.83 1.03
o6 10.76 0.98
o7 9.02 0.7
o8 2.23 0.45
59 1.16 0.33
60 0.54 0.22
61 0.18 0.13
62 0.18 0.13
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Table A.12: Zgym = 91, Aqum = 225,226

Table A.13: Zgym = 91, Aqum = 225,226

A [ Yield(A) 200% | Stat. Error A | Yield(A) 200% | Stat. Error
72 0.11 0.03 113 4.97 0.15
73 0.1 0.03 114 4.74 0.15
74 0.14 0.03 115 4.82 0.15
75 0.22 0.04 116 4.65 0.15
76 0.25 0.04 117 4.56 0.15
7 0.32 0.04 118 4.6 0.15
78 0.38 0.05 119 4.39 0.14
79 0.49 0.05 120 4.43 0.14
80 0.54 0.05 121 4.09 0.14
81 0.64 0.06 122 4.07 0.14
82 0.89 0.07 123 4.11 0.14
83 0.97 0.07 124 3.79 0.13
84 1.19 0.08 125 3.45 0.13
85 1.33 0.08 126 3.17 0.12
86 1.51 0.09 127 2.99 0.12
87 1.86 0.09 128 3.04 0.12
88 2.06 0.1 129 2.66 0.11
89 2.28 0.1 130 2.83 0.12
90 2.42 0.11 131 2.73 0.11
91 2.64 0.11 132 2.76 0.11
92 2.52 0.11 133 2.66 0.11
93 2.75 0.11 134 2.56 0.11
94 2.77 0.11 135 2.58 0.11
95 2.79 0.12 136 2.3 0.11
96 2.72 0.11 137 2.14 0.1
97 2.82 0.12 138 2 0.1
98 3.02 0.12 139 1.71 0.09
99 3.07 0.12 140 1.39 0.08
100 3.38 0.13 141 1.35 0.08
101 3.66 0.13 142 1.03 0.07
102 3.98 0.14 143 0.93 0.07
103 3.93 0.14 144 0.73 0.06
104 4.27 0.14 145 0.58 0.05
105 4.3 0.14 146 0.53 0.05
106 4.18 0.14 147 0.43 0.05
107 4.68 0.15 148 0.34 0.04
108 4.66 0.15 149 0.31 0.04
109 4.53 0.15 150 0.25 0.04
110 4.62 0.15 151 0.13 0.03
111 4.87 0.15 152 0.11 0.03
112 4.82 0.15 153 0.14 0.03
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Table A.14: Zgym = 91, Aqum = 227,228

Table A.15: Zgym = 91, Agum = 227,228

A [ Yield(A) 200% | Stat. Error A | Yield(A) 200% | Stat. Error
73 0.13 0.03 115 4.47 0.16
74 0.11 0.03 116 3.91 0.15
75 0.15 0.03 117 4.31 0.16
76 0.19 0.04 118 4.17 0.15
77 0.27 0.04 119 3.85 0.15
78 0.3 0.04 120 3.99 0.15
79 0.43 0.05 121 3.96 0.15
80 0.48 0.05 122 3.7 0.14
81 0.87 0.07 123 3.62 0.14
82 0.93 0.07 124 3.73 0.15
83 1.04 0.08 125 3.48 0.14
84 1.3 0.09 126 3.46 0.14
85 1.48 0.09 127 3.24 0.14
86 1.79 0.1 128 2.95 0.13
87 1.86 0.1 129 3.11 0.13
88 2.16 0.11 130 2.98 0.13
89 2.31 0.12 131 3.05 0.13
90 2.92 0.13 132 2.91 0.13
91 2.94 0.13 133 2.83 0.13
92 2.8 0.13 134 2.98 0.13
93 3 0.13 135 2.85 0.13
94 2.75 0.13 136 2.9 0.13
95 2.94 0.13 137 2.92 0.13
96 3.02 0.13 138 2.63 0.12
97 3.09 0.13 139 2.13 0.11
98 3.12 0.13 140 2.1 0.11
99 2.94 0.13 141 1.89 0.1
100 3.08 0.13 142 1.56 0.1
101 3.31 0.14 143 1.47 0.09
102 3.01 0.14 144 1.1 0.08
103 3.64 0.14 145 1.02 0.08
104 3.66 0.14 146 0.84 0.07
105 3.64 0.14 147 0.7 0.07
106 3.9 0.15 148 0.45 0.05
107 3.91 0.15 149 0.29 0.04
108 3.91 0.15 150 0.36 0.05
109 4.1 0.15 151 0.17 0.03
110 4.3 0.16 152 0.23 0.04
111 4.05 0.15 153 0.1 0.03
5 ) 4.19 0.15 154 0.13 0.03
113 4.47 0.16 155 0.1 0.03
114 4.25 0.15
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Table A.16: Zgun = 91, Agum = 229, 230

Table A.17: Zgyn = 91, Agum = 229, 230

- 152 -

A [ Yield(A) 200% | Stat. Error A | Yield(A) 200% | Stat. Error
74 0.1 0.03 115 3.38 0.16
75 0.11 0.03 116 3.72 0.16
76 0.16 0.04 117 3.62 0.16
7 0.21 0.04 118 3.37 0.16
78 0.18 0.04 119 3.52 0.16
79 0.29 0.05 120 3.01 0.16
80 0.5 0.06 121 3.25 0.15
81 0.66 0.07 122 3.17 0.15
82 0.98 0.09 123 3.19 0.15
83 1.17 0.09 124 3.43 0.16
84 1.48 0.1 125 3.23 0.15
85 1.78 0.11 126 3.11 0.15
86 1.86 0.12 127 2.97 0.15
87 2.27 0.13 128 2.95 0.15
88 2.59 0.14 129 2.94 0.15
89 2.74 0.14 130 3.27 0.15
90 2.82 0.14 131 2.95 0.15
91 3.33 0.15 132 3.09 0.15
92 3.36 0.16 133 3.21 0.15
93 3.01 0.16 134 3.48 0.16
94 3.57 0.16 135 3.48 0.16
95 3.53 0.16 136 3.61 0.16
96 3.32 0.15 137 3.34 0.15
97 3.32 0.15 138 3.46 0.16
98 2.87 0.14 139 2.92 0.14
99 3.05 0.15 140 2.83 0.14
100 3.31 0.15 141 2.7 0.14
101 2.91 0.14 142 2.47 0.13
102 3.06 0.15 143 2.09 0.12
103 2.82 0.14 144 1.82 0.12
104 3.27 0.15 145 1.57 0.11
105 3.23 0.15 146 1.31 0.1
106 3.38 0.16 147 1.14 0.09
107 3.38 0.16 148 0.75 0.08
108 3.08 0.15 149 0.6 0.07
109 3.32 0.15 150 0.38 0.06
110 3.56 0.16 151 0.2 0.04
111 3.47 0.16 152 0.19 0.04
112 3.42 0.16 153 0.21 0.04
113 3.75 0.16 154 0.12 0.03
114 3.95 0.16
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Table A.18: Zgym = 91, Aqum = 231,232

Table A.19: Zgum = 91, Aqum = 231, 232

A [ Yield(A) 200% | Stat. Error A | Yield(A) 200% | Stat. Error
77 0.19 0.05 117 2.78 0.17
78 0.18 0.05 118 2.67 0.17
79 0.43 0.07 119 2.87 0.17
80 0.52 0.08 120 2.71 0.17
81 0.62 0.08 121 2.48 0.16
82 0.95 0.1 122 2.58 0.16
83 1.18 0.11 123 2.54 0.16
84 1.57 0.13 124 2.45 0.16
85 1.7 0.13 125 2.54 0.16
86 2.38 0.16 126 2.57 0.16
87 2.55 0.16 127 2.53 0.16
88 2.63 0.17 128 2.87 0.17
89 3.43 0.19 129 2.71 0.17
90 3.63 0.19 130 3.22 0.18
91 3.67 0.19 131 2.82 0.17
92 3.17 0.18 132 3.22 0.18
93 3.71 0.2 133 3.52 0.19
94 3.96 0.2 134 3.96 0.2
95 4.28 0.21 135 4 0.2
96 4.18 0.21 136 4.15 0.21
97 3.97 0.2 137 4.32 0.21
98 3.73 0.2 138 3.84 0.2
99 3.31 0.19 139 3.38 0.19
100 3.08 0.18 140 3.43 0.19
101 2.91 0.17 141 3.47 0.19
102 3.04 0.18 142 3.45 0.19
103 2.92 0.17 143 3.26 0.18
104 2.57 0.16 144 2.62 0.17
105 2.57 0.16 145 2.27 0.15
106 2.62 0.17 146 2.24 0.15
107 2.48 0.16 147 1.51 0.13
108 2.43 0.16 148 1.28 0.12
109 2.66 0.17 149 1.05 0.11
110 2.48 0.16 150 0.9 0.1
111 2.62 0.17 151 0.51 0.08
112 2.9 0.17 152 0.48 0.07
113 2.78 0.17 153 0.29 0.06
114 2.6 0.16 154 0.19 0.05
115 2.58 0.16 155 0.14 0.04
116 2.86 0.17
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Table A.20: Zgun = 91, Aqum = 233,234

Table A.21: Zgyn = 91, Agum = 233,234

A [ Yield(A) 200% | Stat. Error A | Yield(A) 200% | Stat. Error
7 0.1 0.04 117 1.62 0.17
78 0.15 0.05 118 1.59 0.16
79 0.26 0.07 119 1.67 0.17
80 0.35 0.08 120 1.89 0.18
81 0.5 0.09 121 1.64 0.17
82 0.88 0.12 122 1.69 0.17
83 1.24 0.15 123 1.86 0.18
84 1.35 0.15 124 1.51 0.16
85 1.99 0.18 125 2.15 0.19
86 2.07 0.19 126 1.8 0.17
87 2.5 0.2 127 1.77 0.17
88 3.95 0.24 128 1.93 0.18
89 3.64 0.25 129 2.21 0.19
90 4.04 0.26 130 2.31 0.2
91 3.94 0.26 131 3.08 0.23
92 4.56 0.27 132 3.35 0.24
93 3.83 0.25 133 3.66 0.25
94 4.69 0.28 134 4.53 0.27
95 4.62 0.28 135 4.77 0.28
96 4.45 0.27 136 4.12 0.26
97 4.89 0.28 137 5.09 0.29
98 4.4 0.27 138 4.45 0.27
99 4.43 0.27 139 4.39 0.27
100 4.09 0.26 140 4.26 0.26
101 3.99 0.24 141 4.42 0.27
102 3.24 0.23 142 4.07 0.26
103 2.7 0.21 143 4.13 0.26
104 2.08 0.19 144 3.89 0.25
105 2.29 0.2 145 3.39 0.24
106 1.62 0.17 146 3.01 0.22
107 1.96 0.18 147 2.29 0.2
108 1.88 0.18 148 2.08 0.19
109 1.7 0.17 149 1.64 0.17
110 1.85 0.18 150 1.15 0.14
111 1.61 0.16 151 1.15 0.14
112 1.81 0.17 152 0.58 0.1
113 1.83 0.18 153 0.4 0.08
114 1.66 0.17 154 0.35 0.08
115 1.78 0.17 155 0.2 0.06
116 1.45 0.16 156 0.12 0.05
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Table A.22: Zgym = 91, Aqum = 235,236

Table A.23: Zgym = 91, Aqum = 235,236

A [ Yield(A) 200% | Stat. Error A | Yield(A) 200% | Stat. Error
77 0.2 0.08 119 1.07 0.19
79 0.13 0.07 120 0.81 0.17
80 0.26 0.1 121 1.07 0.19
81 0.42 0.12 122 0.88 0.17
82 0.36 0.11 123 1.01 0.18
83 1.14 0.2 124 1.04 0.19
84 1.01 0.18 125 1.01 0.18
85 1.68 0.24 126 1.1 0.19
86 2.1 0.27 127 0.91 0.18
87 2.46 0.29 128 1.46 0.22
88 3.33 0.33 129 1.72 0.24
89 4.14 0.37 130 1.56 0.23
90 4.11 0.37 131 2.3 0.28
91 4.33 0.38 132 2.75 0.3
92 3.95 0.36 133 3.2 0.33
93 5.33 0.42 134 4.88 0.4
94 5.37 0.42 135 6.05 0.45
95 4.53 0.39 136 4.4 0.38
96 4.79 0.4 137 5.11 0.41
97 5.21 0.41 138 4.88 0.4
98 5.08 0.41 139 5.11 0.41
99 4.37 0.38 140 4.43 0.38
100 5.43 0.42 141 4.88 0.4
101 5.53 0.43 142 5.79 0.44
102 3.88 0.36 143 3.91 0.36
103 2.98 0.31 144 4.62 0.39
104 2.3 0.28 145 4.3 0.38
105 1.85 0.25 146 4.11 0.37
106 1.88 0.25 147 3.78 0.35
107 1.56 0.23 148 2.62 0.3
108 1.2 0.2 149 2.46 0.29
109 0.88 0.17 150 1.56 0.23
110 1.26 0.21 151 1.36 0.21
111 1.1 0.19 152 1.14 0.2
112 0.78 0.16 153 0.65 0.15
113 0.94 0.18 154 0.42 0.12
114 1.01 0.18 155 0.26 0.1
115 0.88 0.17 156 0.23 0.09
116 1.07 0.19 158 0.1 0.06
i aré 1.04 0.19 159 0.17 0.08
118 0.88 0.17
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Table A.24: Zgym = 91, Aqum = 237,238

Table A.25: Zgym = 91, Aqum = 237,238

A [ Yield(A) 200% | Stat. Error A | Yield(A) 200% | Stat. Error
79 0.36 0.18 120 0.45 0.2
81 0.54 0.22 121 0.63 0.24
82 0.54 0.22 122 0.36 0.18
83 1.07 0.31 123 0.36 0.18
84 0.45 0.2 124 0.36 0.18
85 0.89 0.29 125 0.81 0.27
86 1.34 0.35 126 0.72 0.26
87 2.67 0.49 127 0.54 0.22
88 1.96 0.42 128 0.72 0.26
89 3.29 0.55 129 1.61 0.38
90 4.72 0.65 130 1.43 0.36
91 3.56 0.57 131 1.52 0.37
92 5.43 0.7 132 2.85 0.51
93 4.45 0.63 133 3.74 0.58
94 0.43 0.7 134 4.45 0.63
95 4.72 0.65 135 4.89 0.66
96 4.81 0.66 136 6.14 0.74
97 6.05 0.74 137 5.78 0.72
98 4.36 0.63 138 4.54 0.64
99 4.09 0.61 139 4.09 0.61
100 5.43 0.7 140 5.43 0.7
101 5.96 0.73 141 5.52 0.7
102 5.78 0.72 142 4.18 0.61
103 4.54 0.64 143 5.07 0.68
104 3.65 0.57 144 5.25 0.69
105 3.03 0.52 145 4.89 0.66
106 2.05 0.43 146 4.54 0.64
107 1.61 0.38 147 4.72 0.65
108 1.43 0.36 148 3.47 0.56
109 1.16 0.33 149 1.78 0.4
110 0.72 0.26 150 2.94 0.52
111 0.36 0.18 151 1.52 0.37
112 1.07 0.31 152 1.52 0.37
113 0.36 0.18 153 0.36 0.18
114 0.36 0.18 154 0.81 0.27
115 0.36 0.18 155 0.63 0.24
116 0.45 0.2 156 0.81 0.27
117 0.63 0.24 158 0.18 0.13
118 0.18 0.13 159 0.18 0.13
119 0.27 0.16 161 0.18 0.13
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Table A.26: Zgyun = 92, Agum = 229

Table A.27: Zgum = 92, Agum = 230

Z | Yield(Z) 200% | Stat. Error
30 0.28 0.06
31 0.39 0.06
32 0.84 0.09
33 1.17 0.11
34 2.06 0.14
35 2.98 0.17
36 5.29 0.22
37 5.87 0.23
38 7.82 0.27
39 8.4 0.28
40 8.8 0.29
41 8.82 0.29
42 10.11 0.31
43 10.01 0.31
44 10.48 0.31
45 10.89 0.32
46 11.35 0.32
47 10.89 0.32
48 10.48 0.31
49 10.01 0.31
50 10.11 0.31
ol 8.82 0.29
52 8.8 0.29
23 8.4 0.28
54 7.82 0.27
25 5.87 0.23
o6 2.29 0.22
o7 2.98 0.17
o8 2.06 0.14
29 1.17 0.11
60 0.84 0.09
61 0.39 0.06
62 0.28 0.06

Z | Yield(Z) 200% | Stat. Error
29 0.11 0.04
30 0.16 0.04
31 0.39 0.07
32 0.77 0.09
33 1.31 0.12
34 2.4 0.16
35 3.2 0.18
36 5.61 0.24
37 6.03 0.25
38 8.62 0.29
39 8.56 0.29
40 9.97 0.31
41 9.4 0.31
42 9.46 0.31
43 9.3 0.3
44 9.49 0.31
45 10.53 0.32
46 9.46 0.31
47 10.53 0.32
48 9.49 0.31
49 9.3 0.3
50 9.46 0.31
51 9.4 0.31
52 9.97 0.31
53 8.56 0.29
54 8.62 0.29
95 6.03 0.25
56 5.61 0.24
57 3.2 0.18
o8 2.4 0.16
29 1.31 0.12
60 0.77 0.09
61 0.39 0.07
62 0.16 0.04
63 0.11 0.04
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Table A.28: Zgun = 92, Aqum = 231

Table A.29: Zgum = 92, Agum = 232

Z | Yield(Z) 200% | Stat. Error
30 0.13 0.04
31 0.29 0.06
32 0.92 0.11
33 1.33 0.13
34 2.82 0.18
35 3.98 0.22
36 7.08 0.29
37 8.19 0.31
38 10.34 0.34
39 10.12 0.34
40 10.56 0.35
41 9.18 0.32
42 8.17 0.31
43 7.54 0.29
44 7.74 0.3
45 7.63 0.3
46 7.94 0.3
A7 7.63 0.3
48 7.74 0.3
49 7.54 0.29
50 8.17 0.31
o1 9.18 0.32
52 10.56 0.35
53 10.12 0.34
54 10.34 0.34
95 8.19 0.31
o6 7.08 0.29
o7 3.98 0.22
o8 2.82 0.18
09 1.33 0.13
60 0.92 0.11
61 0.29 0.06
62 0.13 0.04

Z | Yield(Z) 200% | Stat. Error
29 0.11 0.04
30 0.23 0.05
31 0.34 0.06
32 0.63 0.08
33 1.15 0.11
34 2.54 0.16
35 3.01 0.19
36 6.26 0.25
37 6.9 0.27
38 9.53 0.31
39 9.47 0.31
40 10.05 0.32
41 9.42 0.31
42 9.26 0.31
43 9.11 0.31
44 8.6 0.3
45 8.28 0.29
46 9.24 0.31
47 8.28 0.29
48 8.6 0.3
49 9.11 0.31
50 9.26 0.31
51 9.42 0.31
52 10.05 0.32
53 9.47 0.31
54 9.53 0.31
o 6.9 0.27
56 6.26 0.25
b7 3.01 0.19
o8 2.54 0.16
59 1.15 0.11
60 0.63 0.08
61 0.34 0.06
62 0.23 0.05
63 0.11 0.04
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Table A.30: Zgym = 92, Agum = 233

Table A.31: Zgum = 92, Agun = 234

Z | Yield(Z) 200% | Stat. Error
30 0.18 0.05
31 0.28 0.06
32 0.65 0.09
33 1.45 0.14
34 3.07 0.2
35 4.39 0.23
36 8.24 0.32
37 8.7 0.33
38 11.59 0.38
39 11.1 0.37
40 11.46 0.37
41 9.21 0.34
42 7.42 0.3
43 6.58 0.29
44 6.36 0.28
45 6.29 0.28
46 6.14 0.28
47 6.29 0.28
48 6.36 0.28
49 6.58 0.29
50 7.42 0.3
ol 9.21 0.34
52 11.46 0.37
23 11.1 0.37
54 11.59 0.38
25 8.7 0.33
o6 8.24 0.32
o7 4.39 0.23
o8 3.07 0.2
29 1.45 0.14
60 0.65 0.09
61 0.28 0.06
62 0.18 0.05

Z | Yield(Z) 200% | Stat. Error
30 0.13 0.05
31 0.34 0.07
32 0.94 0.12
33 1.5 0.15
34 3.41 0.22
35 5.15 0.27
36 8.96 0.36
37 9.52 0.37
38 12.55 0.42
39 11.1 0.4
40 12.34 0.42
41 9.45 0.37
42 7.35 0.33
43 5.34 0.28
44 4.84 0.27
45 4.46 0.25
46 5.22 0.28
47 4.46 0.25
48 4.84 0.27
49 5.34 0.28
50 7.35 0.33
51 9.45 0.37
52 12.34 0.42
53 11.1 0.4
54 12.55 0.42
55 9.52 0.37
o6 8.96 0.36
57 5.15 0.27
58 3.41 0.22
29 1.5 0.15
60 0.94 0.12
61 0.34 0.07
62 0.13 0.05
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Table A.32: Zgyun = 92, Agum = 235

Table A.33: Zgum = 92, Agum = 236

Z | Yield(Z) 200% | Stat. Error
31 0.22 0.07
32 0.94 0.13
33 1.47 0.16
34 3.58 0.25
35 4.82 0.29
36 10.36 0.42
37 9.73 0.41
38 13.04 0.47
39 11.51 0.44
40 14.75 0.5
41 10.21 0.42
42 6.5 0.33
43 4.53 0.28
44 3.43 0.24
45 3.27 0.24
46 3.33 0.24
47 3.27 0.24
48 3.43 0.24
49 4.53 0.28
50 6.5 0.33
51 10.21 0.42
52 14.75 0.5
53 11.51 0.44
54 13.04 0.47
95 9.73 0.41
o6 10.36 0.42
57 4.82 0.29
o8 3.98 0.25
59 1.47 0.16
60 0.94 0.13
61 0.22 0.07

- 160 -

Z | Yield(Z) 200% | Stat. Error
30 0.11 0.05
31 0.26 0.08
32 0.72 0.13
33 1.42 0.18
34 3.74 0.29
35 4.9 0.33
36 10.05 0.47
37 11.38 0.49
38 14.23 0.55
39 12.73 0.52
40 15.01 0.57
41 9.75 0.46
42 6.76 0.38
43 3.32 0.27
44 2.16 0.22
45 2.41 0.23
46 2.16 0.22
A7 2.41 0.23
48 2.16 0.22
49 3.32 0.27
50 6.76 0.38
o1 9.75 0.46
52 15.01 0.57
53 12.73 0.52
54 14.23 0.55
95 11.38 0.49
56 10.05 0.47
o7 4.9 0.33
o8 3.74 0.29
09 1.42 0.18
60 0.72 0.13
61 0.26 0.08
62 0.11 0.05
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Table A.34: Zgun = 92, Agum = 237

Z | Yield(Z) 200% | Stat. Error
30 0.17 0.07
31 0.34 0.1
32 0.77 0.15
33 1.76 0.23
34 3.65 0.33
35 5.8 0.41
36 10.44 0.55
37 10.98 0.56
38 14.85 0.65
39 13.41 0.62
40 14.6 0.65
41 10.21 0.54
42 6.74 0.44
43 2.47 0.27
44 1.67 0.22
45 1.48 0.21
46 1.25 0.19
47 1.48 0.21
48 1.67 0.22
49 2.47 0.27
50 6.74 0.44
ol 10.21 0.54
52 14.6 0.65
23 13.41 0.62
54 14.85 0.65
9D 10.98 0.56
o6 10.44 0.55
o7 5.8 0.41
o8 3.65 0.33
29 1.76 0.23
60 0.77 0.15
61 0.34 0.1
62 0.17 0.07
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This study is about nuclear fission, discovered in 1939 by Lise
Meitner and Otto Hahn. In the research presented in this work,
the quasi-free (p, 2p) reactions are combined for the first time
with the study of fission in inverse kinematics, using state-of-
the-art detectors developed by the R3B (Reactions with
Relativistic Radioactive Beams) collaboration. To do so,
uranium beams (238) are accelerated to impinge on a liquid
hydrogen target at 540 MeV/u. This novel experimental
technique would provide full kinematics measurements by
obtaining the excitation energy for the fissioning nuclei and
identifying the mass, charge, and kinetic energy of the two
fission fragments simultaneously. The versatility of this
technique allows the study of characteristic fission phenomena
at both low and high excitation energies.
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