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Abstract
A novel and versatile approach for studying (d,pF) reactions using the ISOLDE
Solenoidal Spectrometer (ISS) at CERN is presented. Specifically designed
to maximize the detection efficiency for fission fragments in coincidence with a
proton from a (d,pF) reaction within the 2 T magnetic field of the ISS, this setup
will enable the precise extraction of fission probabilities of neutron-rich nuclei
as a function of excitation energy. Furthermore, dedicated γ-ray measurements
will provide additional insights into the total energy and multiplicity of γ-rays
emitted during the fission process.

Extensive simulations are conducted to optimize the experimental setup,
leading to significant improvements in the detection efficiency of fission frag-
ments. A CD-shaped silicon detector is chosen to enhance the detection of the
fragments that are strongly forward-peaked in the laboratory frame due to the
kinematic boost in inverse kinematics. This design achieves a detection effi-
ciency eight times higher than that of gas-filled fission fragment detectors used
in a previous proof-of-principle experiment.

Additionally, the case is made for an innovative off-axis configuration for the
beam luminosity monitor, contrary to the standard on-beam approach. This
choice minimizes interference with fission fragment trajectories and, through the
additional position information provided by the detector, significantly improves
the signal-to-background ratio.

The compact and modular design of this experimental setup also facilitates
the detection of γ-rays emitted from fission fragments, offering a comprehensive
characterization of the fission process. These developments are driven by the
upcoming experiment to investigate the fission of 230Ac using a radioactive 229Ac
beam, marking the first such measurement for this isotope. Importantly, the
versatility of this approach makes it adaptable for studying other isotopes of
interest in future experiments.

Keywords: Radioactive Beams, Fission, r-process, Heavy Elements, Actinides,
Inverse Kinematics, CERN, ISOLDE, ISS.
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Chapter 1

Physics motivation

The rapid neutron capture process, or r-process, consists of nuclear reactions
and decays that involve hundreds of different isotopes, some with completely
unmeasured properties, as they have yet to be synthesized in the laboratory.
During the r-process, neutrons are rapidly captured, leading to the formation of
increasingly heavier nuclei. As these neutron-rich nuclei undergo β-decay, the
increase in charge causes them to become more unstable and eventually more
likely to undergo fission, splitting into two fragments. In Fig. 1.1 a schematic
diagram illustrating the r-process is shown. Nuclear fission limits the mass
and charge of nuclei that can be produced during the r-process. The resulting
fission fragments may continue to capture neutrons until they either decay via
β-decay or undergo further fission. This ongoing phenomenon, known as fission
recycling, is not well understood and raises two important questions: at which
point does the r-process path terminate, and how likely is it that neutron-rich
nuclei, which are crucial for the r-process, will undergo fission? Investigating
the fission barrier height of neutron-rich nuclei may provide insights into these
questions.

Just to provide an example, Fig. 1.2 shows the fission barrier, i.e. the fission
probability as a function of the excitation energy, for 239U, obtained from an
experiment conducted at Argonne National Laboratory (ANL). The main goal
of the work presented in this thesis is to determine, in a similar manner, for the
first time the fission barrier height of the neutron-rich 230Ac nucleus.

Understanding the r-process and its connection to fission requires a broader
perspective on how heavy elements are formed in the Universe. To grasp the
significance of the r-process in this context, it’s essential to first explore the
origins of these elements and the processes that contribute to their creation.
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CHAPTER 1: PHYSICS MOTIVATION

Figure 1.1: Schematic diagram illustrating the rapid neutron-capture process (r-
process) and the subsequent fission recycling of the fission fragments. During the
r-process, seed nuclei capture neutrons, moving through the neutron-rich region of
the nuclear chart. Eventually, as unstable nuclei are produced they might undergo
fission producing two fission fragments. These fragments can further capture neutrons,
contributing to material recycling and continuing the r-process. This process is critical
in synthesizing heavy elements beyond iron in explosive astrophysical environments
such as neutron star mergers. Figure adapted from Ref. [1].

Figure 1.2: Experimental fission probability of 239U compared with the GEF semi-
empirical model calculation and an empirical Hill-Wheeler fit. The vertical line indi-
cates the known fission barrier height. Figure adapted from Ref. [2].
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THE ORIGINS OF THE HEAVIEST ELEMENTS IN THE UNIVERSE

1.1 The origins of the heaviest elements in the
Universe

Throughout history, civilizations and cultures have been fascinated by the origin
and nature of the Universe. Today, the most widely accepted theory explaining
its beginning is the Big Bang theory, which argues that the Universe began
expanding from a dense and hot state. In the initial moments following the Big
Bang, after a brief period of rapid expansion known as cosmic inflation, the Uni-
verse existed in a state of matter known as quark-gluon plasma. In this extreme
state, quarks and gluons, the fundamental particles later composing nucleons,
were not confined to colorless states and could move freely rather than being
bound within composite particles. It was only as the Universe cooled after this
phase that neutrons and protons were formed. This period was characterized
by a rapid expansion and cooling of the Universe, which facilitated the com-
bination of quarks and gluons into these particles. As the Universe continued
to cool, neutrons and protons combined to form nuclei of deuterium, an iso-
tope of hydrogen. Some of these deuterium nuclei subsequently fused to form
helium. Further nuclear reactions involving protons, neutrons, and various iso-
topes of helium led to the production of lithium. These primordial elements were
not evenly spread throughout the Universe. Cooler regions of space exhibited
clumpier distributions, with denser clouds of gas. As these clumps accumulated
more mass, gravity began to attract additional matter. Growing denser and
more compact, the cores of these clumps became hotter, reaching temperatures
conducive to initiating nuclear fusion, and leading to the formation of the ear-
liest stars. Simultaneously, these clumps merged into larger structures called
proto-galaxies, which would evolve through further mergers and interactions
into the galaxies we observe today.

Since then, the nuclear reactions in the life and death of stars have produced
most of the elements of the Universe. Currently, around 3000 nuclides have been
observed, of which only 288 are stable [3]. According to theoretical estimates,
thousands of nuclides may still be undiscovered, many of which are extremely
unstable and currently impossible to produce. Fig. 1.3 illustrates the periodic
table of elements as we know it today and highlights the numerous processes
involved in creating the elements found in the Solar System.

As discussed above, hydrogen, helium, and lithium originated from the Big
Bang nucleosynthesis, whereas elements heavier than helium are created by
means of nuclear reactions occurring in stars and stellar explosions in a process
called stellar nucleosynthesis. The gravitational collapse acting on burnt-out
stars releases a large amount of potential energy, heating the core of the star
until it becomes hot enough for thermal energy to counterbalance gravity. High
temperatures and pressures inside the stellar core enable the ignition of nuclear
fusion of light elements. The fusion process begins with the fusion of hydrogen
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Figure 1.3: Color-coded periodic table illustrating the nucleosynthesis sources of
elements in the Solar System. Figure from Ref. [4].

into helium1. As the star evolves and hydrogen in the core is exhausted, helium
starts being fused into heavier elements like carbon and oxygen in processes such
as the triple-α reaction2. In massive stars, further fusion stages can produce
even heavier elements including neon, magnesium, and silicon, culminating in
the formation of an iron core.

In order to understand why the fusion of silicon into iron marks the end of
thermonuclear reactions within stars, it is useful to observe how the binding
energy per nucleon evolves with the mass number A of nuclei. This quantity
represents the average energy with which each nucleon is bound to the nucleus
and as shown in Fig. 1.4 exhibits a first peak corresponding to the nucleus of
helium (4He) and an absolute maximum corresponding to nickel (62Ni). This
implies that the nucleons of 62Ni are indeed the most strongly bound to each
other, making 62Ni the most stable nucleus. This has significant implications:

1The proton-proton (pp) chain and the CNO (Carbon-Nitrogen-Oxygen) cycle are two
methods stars use to convert hydrogen into helium through nuclear fusion. The pp chain is
prevalent in stars like the Sun with lower core temperatures, while the CNO cycle becomes
more significant in hotter, more massive stars. Unlike the pp chain, which consumes all
its constituents, the CNO cycle is a catalytic process where four protons fuse, with carbon,
nitrogen, and oxygen isotopes acting as catalysts. Each isotope is consumed in one step but
regenerated in another. The result is one stable helium nucleus (α), two positrons, and two
electron neutrinos.

2The triple-α process is a nuclear reaction in which three α particles fuse to form 12C,
an essential step in the nucleosynthesis of heavier elements in stars. The reaction can be
represented as follows: 3 4He → 12C + energy.
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Figure 1.4: The average binding energy per nucleon as a function of the mass number.
Figure from Ref. [5].

exoenergetic nuclear reactions involve fusion for nuclei lighter than 62Ni and
fission for heavier nuclei. However, 62Ni is not populated in later-stage silicon
burning. Instead, the 56Fe peak represents the end point of elements formed
through fusion in the cores of stars. Each fusion reaction up to 56Fe produces
more tightly bound nuclei, releasing binding energy that counteracts gravita-
tional collapse and sustains the star.

Once a star exhausts its nuclear fuel, it can no longer generate enough fusion
energy to counteract gravitational collapse. Consequently, the core starts to
collapse, leading to a rapid increase in material density. Eventually, the nucleon-
nucleon interaction causes the infalling material to bounce back and launch an
expanding shock wave. In cases of very massive stars, this shock wave results in
a violent explosion, normally referred to as core-collapse supernovae. Alongside
other processes, these supernovae enrich the Universe with most of the material
that makes up the Solar System. However, the origin of the heavier elements
beyond iron and nickel, which are also present in the Solar System, still needs
to be discussed.

Heavy elements

Already the first pioneers working on the formation of the elements in the
Universe, in 1957, suggested that the vast majority of elements heavier than
iron and nickel are created via neutron-capture and β−decay reactions [6, 7].
Since neutrons do not carry electric charge and are unaffected by the Coulomb
repulsion, elements with a high neutron-to-proton ratio can form at significantly
lower temperatures than those in stellar cores. However, due to the instability of
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CHAPTER 1: PHYSICS MOTIVATION

free neutrons, which have a half-life of 10.2 minutes, their occurrence in nature
is rare [8]. Hence, specific astrophysical sites within the Universe must exist
where adequate fluxes of neutrons are available. Depending on the intensity of
the neutron flux, we can distinguish between the slow neutron capture process,
or s-process, and the rapid neutron capture process, also known as r-process.
The s-process typically occurs in the late evolution stages of the AGB stars3. It
involves neutron capture and β− decay. Since the neutron flux in AGB stars is
typically low, the rate of neutron capture is comparable to the timescale for β−

decay. Therefore, the nucleus has time to undergo β− decay if it is unstable.
Overall, the process is expected to last thousands of years, with decades often
elapsing between subsequent neutron captures. In AGB stars, stellar winds,
driven by the combined effects of radiation pressure and convection in the outer
layers, lift material outward. The cooling of this ejected material allows dust
grains to condense, which are then accelerated by radiation pressure, dragging
surrounding gas and producing slow, dense winds. These winds strip the star
of its outer layers, eventually forming a planetary nebula and leaving a white
dwarf as the remnant, ensuring the distribution of the synthesized elements into
the interstellar medium.

The s-process alone is however insufficient to explain the abundance of heavy
elements found in the Solar System. For instance, in Figure 1.5, the element
abundances found in CS 22892-052 (represented by black dots), an extremely
metal-poor giant4 with large relative enhancements of neutron capture elements
located in the halo of the Milky Way galaxy, are compared to the abundance
distributions predicted by the s- and r-processes (shown in red and blue lines,
respectively). As can be seen, the s-process alone cannot account for the abun-
dance of elements such as gold, platinum, thorium, and others. Therefore, these
elements must originate from another process, the r-process, which occurs in the
presence of a very high neutron flux. In this case the neutron flux is so intense
that most nuclei do not have time to undergo β− decay before another neutron
is captured. The duration of the r-process is typically on the order of seconds
to minutes. The paths of the r- and s-processes in the nuclear chart are pre-
sented in Fig. 1.6 and reflect the difference in the timescale of the two processes.
Whereas the s-process is expected to proceed near the β-stability line, the r-
process shifts significantly toward the neutron-rich region of the nuclear chart,
where many nuclei are unknown. The sequence can extend up to the stability
limits of these increasingly neutron-rich nuclei.

3Asymptotic Giant Branch (AGB) stars are a type of star that represents a late stage in
the evolution of low to intermediate-mass stars, typically those with initial masses between
about 0.6 − 10 solar masses (M⊙).

4A metal-poor star is a star with a relatively low abundance of elements heavier than
helium, collectively referred to as "metals" in astrophysics. The metal content of a star is
typically measured by its metallicity, denoted as [Fe/H], which represents the logarithmic
ratio of iron (a proxy for overall metallicity) to hydrogen relative to the Sun. Metal-poor
stars generally have [Fe/H] values significantly lower than 0 (the solar value), often below -1.
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Figure 1.5: Comparison between element abundances in the metal-poor star CS
22892052 (black dots) and scaled Solar System abundance distribution for r-process
only in blue and s-process only in red. Figure from Ref. [9].

Figure 1.6: A section of the chart of nuclides showing a schematic representation
of parts of the s- and r-processes path. Stable isotopes are marked and labeled. The
s-process (in red) advances gradually through neutron capture, succeeded by β−decay.
In contrast, the r-process (in blue) advances through numerous consecutive neutron
captures, followed by a competition between β−decay and further neutron capture.
Eventually, as the neutron flux diminishes, the unstable isotopes formed will decay
through β−decays into stable isotopes (not depicted). Figure from Ref. [10].
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CHAPTER 1: PHYSICS MOTIVATION

Even though the underlying theory describing the r-process was worked out
more than six decades ago, the exact kind of astrophysical site (or sites) where
it takes place remained a mystery. Researchers had several hypotheses, such
as core-collapse supernovae, neutron star mergers, and certain types of binary
star systems, but definitive experimental evidence was lacking. A key piece of
evidence would be the discovery of freshly synthesized r-process elements in an
astrophysical site.

In 2015, the LIGO interferometers made the groundbreaking detection of
gravitational waves from a black hole merger, marking the first direct observa-
tion of such waves [11]. Following this success, already in 2017, the LIGO and
Virgo interferometers detected gravitational waves from an event, GW170817,
which was later identified as a neutron-star merger. Following this detection,
many telescopes on Earth were pointed toward the source, leading to the multi-
messenger observation of the subsequent kilonova5, named AT2017gfo. This
confirmed signatures of radioactive heavy elements among which later the rapid
neutron-capture element strontium (Z = 38) was identified [12]. The detec-
tion of a neutron-capture element associated with the collision of two extreme-
density stars confirms the origin of r-process elements in neutron-star mergers.

1.2 Nuclear fission
Nuclear fission is a process where the nucleus of an atom splits into two or
more smaller fragments, typically releasing energy. This phenomenon was first
identified in 1938 through the crucial insights of Lise Meitner, with Otto Hahn
and Fritz Strassmann also contributing to the discovery. It stands as one of the
most dramatic examples of nuclear decay [13].

One of the first successful models describing the fission process was the
Liquid-Drop Model (LDM), which was initially applied to fission by Lise Meit-
ner. Niels Bohr and Archibald Wheeler later developed and detailed this de-
scription further [14]. According to the LDM, the atomic nucleus can be seen
macroscopically as a charged liquid drop with the surface tension, caused by
the strong nuclear force that holds the nucleus together providing the restoring
force, and the Coulomb repulsion among protons driving the system toward
fission. They imagined the nucleus driven by these vibrations and deforming
through a series of increasingly elongated shapes. Based on these assumptions,

5A kilonova is a transient astronomical event that occurs when two neutron stars or a
neutron star and a black hole merge. These mergers result in a powerful explosion that
releases energy in the form of electromagnetic radiation and gravitational waves, typically
in the order of a thousand times more energy than a typical nova, hence the prefix "kilo-".
Kilonovae are characterized by rapidly fading optical and infrared emission over the course
of days to weeks. They are believed to be significant sources of heavy elements like gold
and platinum, as the extreme conditions of the merger facilitate the rapid production and
dispersal of these elements into space.
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NUCLEAR FISSION

Bohr and Wheeler calculated the potential energy of the vibrating nucleus as
the sum contribution from the surface tension and the Coulomb repulsion. The
result was the so-called potential-energy surface (PES) which illustrates the po-
tential energy of the system in relation to its shape defined by two parameters:
the elongation and the fission-fragment mass asymmetry. In practice, more
parameters are needed, typically about 8. In Fig. 1.7 on the left the potential-
energy surface for the 238U nucleus is reported.

Figure 1.7: Potential-energy surface as a function of elongation and fission-fragment
mass asymmetry of the 238U nucleus according to the macroscopic liquid-drop (a)
and the macroscopic-microscopic (b) models. The red lines with arrows depict the
most likely fission paths, aligning with the lowest energy state of the nucleus. While
the LDM approach limits fission to symmetric pathways along a singular ’symmetric’
valley, the inclusion of microscopic shell effects gives rise to asymmetric fission valleys.
Figure from Ref. [15].

During the fission process, the nucleus elongates along the line of zero mass
asymmetry, initially increasing its potential energy. As the nucleus continues to
elongate, it eventually reaches a critical point known as the saddle point, which
represents a barrier that must be overcome for fission to occur. Following this,
further elongation leads the nucleus to the scission point, where it splits into
two fission fragments. The LDM has proven to be a valid model in qualita-
tively describing the process of fission and why it is an important decay mode
of heavy nuclei. However, it fails to explain why it has been observed exper-
imentally that fission of actinide nuclei predominantly results in the creation
of two asymmetric fragments6. Following the acknowledgment of the quantum
nature of the atomic nucleus and the evolution of the shell-model approach in

6Asymmetric fission refers to a type of nuclear fission in which the nucleus splits into

9
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nuclear physics, a more realistic description of nuclear fission than provided by
the LDM was needed. This became possible by combining the LDM with nu-
clear shell structure, the so-called macroscopic-microscopic model. To account
for quantum effects arising from individual nucleons and their interactions, “mi-
croscopic” shell corrections are incorporated into the description of the fission
process. This entails combining the macroscopic potential energy described by
the liquid-drop model with the microscopic potential energy arising from shell
effects:

Vtotal = Vmacro(LDM) + Vmicro(Shells). (1.1)
The LDM suggests that the potential energy increases smoothly with the ad-
dition of particles to the nucleus, while quantum mechanics predicts irregular
jumps. This discrepancy arises because, in a simplified view, nucleons occupy
shells with energy gaps, analogous to electrons in atomic orbitals. Consequently,
a “smoothed” energy for the nucleus based on the filling energy levels by the
nucleons can be computed. The disparity between these energies constitutes
a microscopic shell correction, which is added to the LDM potential energy to
incorporate the influence of quantum shell effects. Formally this is achieved
using the so-called Strutinsky method [16].

This naturally led to the appearance of asymmetric fission valleys, thus to
the asymmetric fission-fragment mass distribution as can be seen on the right
in Fig. 1.7. The new approach to calculating the potential energy results in
a more complex potential-energy landscape which can differ significantly for
nuclei since the microscopic shell effects vary as a function of the neutron and
proton numbers. This leads to the emergence of multiple “fission valleys”, each
with its particular properties including more than one saddle point and the
fission-fragment mass distributions.

The fission barrier

It is important to highlight the pivotal role of the excitation energy in the behav-
ior of the fissioning nucleus. As the excitation energy increases, the influence
of microscopic shell effects diminishes. This phenomenon leads to the disap-
pearance of distinct valleys representing asymmetric fission pathways on the
potential energy surface. Instead, the PES transitions to a smoother surface re-
sembling the LDM. Consequently, the nucleus tends to favor symmetric fission,
in agreement with the pure LDM. This emphasizes the necessity of investigating
fission reactions across a range of excitation energies to fully understand their
dynamics and outcomes.

As already mentioned, the fission process is blocked for most nuclei by the
fission barrier. Fission becomes possible in two ways [17]. The first way is known

two fragments of significantly different masses. Unlike symmetric fission, where the resulting
fragments are nearly equal in mass number, asymmetric fission produces one lighter and one
heavier fragment.

10



THESIS OUTLINE

as spontaneous fission, where the nucleus undergoes fission through quantum
tunneling, starting from its ground state in a similar way to the quantum tun-
neling which leads to α-decay. For nuclei relevant to the r-process, tunneling is
not expected to be dominant, because the time-scale for the r-process is shorter
than the expected spontaneous fission half-lives. The other way is induced fis-
sion where an incident particle bombards a target nucleus forming a compound
nucleus. This can be achieved using different reaction mechanisms among which
there are neutron-induced fission, direct reactions, spallation/fragmentation,
and complete fusion just to name a few. In the last case, the projectile fuses
completely with the target nucleus resulting in a compound system often re-
ferred to as compound nucleus (CN). If the excitation energy of this nucleus is
sufficiently high — exceeding the fission barrier — the CN is likely to undergo
fission as one of the possible de-excitation mechanisms, often accompanied by
the emission of neutrons7. Typically, stable (or long-lived) light projectiles such
as electrons, protons, neutrons, or light ions can collide with a heavy target to
produce a fissioning compound nucleus. The key aspect of this approach is that
the formed compound nucleus ends up with relatively high excitation energy,
well above the fission barrier because the Coulomb barrier between the colliding
nuclei prevents the formation of a low-excited fissioning nucleus.

Fission barriers of neutron-rich nuclei are largely unknown, which makes
it very hard to test model predictions. In the coming years, advancements in
technology, through for example the project this thesis reports on, will enable
the measurement of fission barriers for radioactive nuclei that were previously
inaccessible. Simultaneously, an increasing amount of observational data from
neutron-star mergers will be gathered. This enhanced understanding of the r-
process, coupled with new observations, will provide a better foundation for our
knowledge of the formation of the heaviest elements in the Universe.

1.3 Thesis outline
This licentiate thesis focuses on probing the fission barrier height of neutron-rich
nuclei by measuring single-nucleon transfer (d,pF) reactions within a solenoidal-
magnetic field. Chapter 2 introduces the experimental approach of studying the
fission of neutron-rich nuclei in inverse kinematics using the solenoidal spectrom-
eter method. Chapter 3 provides a detailed description of the experimental
setup optimized for studying (d,pF) reactions within the solenoidal field. The
motivation for choosing 230Ac as the candidate nucleus for this study is ex-
plained in Chapter 4. Finally, Chapter 5 reports the simulation results for the
proposed and accepted IS739 experiment, “Fission of 230Ac”, to be performed
at the ISOLDE Solenoidal Spectrometer (ISS) at CERN.

7If fission occurs without prior neutron emission it is called “first-chance” fission; if one
neutron is emitted first, the process is referred to as “second-chance” fission, and so on [18].
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Contributions of the author
The work presented in this thesis is part of a collaborative project, with con-
tributions from other members of the group and the ISS collaboration. The
project aims to measure the fission barrier height of short-lived isotopes by
conducting experiments in inverse kinematics using solenoidal spectrometers,
which differ significantly from conventional experiments in terms of kinematics
and the experimental approach.

The author joined for this work had no prior experience with such exper-
iments, and the first task undertaken by the author was to understand and
derive the transfer reaction kinematics within a solenoidal magnetic field. The
author collaborated closely with another PhD student within the group making
it a learning experience for both the author and the entire group.

To gain familiarity with the ISOLDE facility environment, the author partic-
ipated in several experiments (IS659 and IS690) at the ISOLDE Decay Station
(IDS) and the Scattering Experiments Chamber (SEC). To gain expertise with
the ISS setup, the author also took part in multiple ISS experiments (IS742,
IS686, IS587, IS727, IS677, IS710), contributing to shifts, online and near-line
data analysis, and preparation.

Building on this experience, the author contributed to the design of a novel
experimental setup for studying transfer reactions in inverse kinematics inside
solenoidal spectrometers. This design was based on extensive simulations of ex-
isting detectors and the exploration of optimization strategies for fission barrier
measurements. The author demonstrated that a CD-shaped telescope configu-
ration of silicon detectors was more promising for optimizing the detection effi-
ciency of fission fragments compared to the gas-filled fission fragment detector
used is previous experiments at ISS. Following suggestions from collaborators in
the U.S. and locally, the author optimized the use of a single off-axis position-
sensitive silicon detector as a luminosity monitor by considering a four-element
configuration. The performance of this new configuration was simulated and
compared with the on-beam luminosity detector currently used at ISS. The au-
thor carefully investigated the optimal placement of the new luminosity detector
inside the solenoidal magnet, comparing simulated luminosity values with ex-
perimental data from previous studies. Simulating past experiments also served
as a test for the simulation framework the author helped develop.

A key contribution of the author was the extensive use of the GEF model to
evaluate several candidates for fission barrier measurements, ultimately iden-
tifying 230Ac as the most suitable option for a first experiment. The author
also performed GEF model calculations to estimate the expected fission bar-
rier height of 230Ac and assessed the reaction and beam rates necessary for a
successful measurement. With the insight gained, the author played an active
role in writing and preparing the 229Ac(d, pF) experiment proposal. Further-
more, the author contributed to optimizing and testing the digital acquisition
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readout for the 229Ac(d, pF) experiment. Finally, the author participated in a
fusion-fission experiment at INFN Legnaro to broaden her experience.
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Chapter 2

Probing fission of neutron-rich
nuclei

As mentioned in Sec. 1.2, the fission barrier is the energy threshold at which
fission becomes one of the possible decay channels. Experimentally, it can be
probed by measuring the fission probability as a function of the excitation energy
of the system.

In order to study isotopes as close as possible to the r-process path, the
most direct approach would be to measure neutron-induced fission of neutron-
rich target nuclei in the laboratory. However, this presents numerous exper-
imental challenges, such as low detection efficiencies, low neutron fluxes, and
target availability. Since the fission fragments are emitted in 4π, detectors must
cover a large solid angle, making it difficult to capture a high fraction of the
fragments, thereby reducing the overall detection efficiency. The available neu-
tron beam fluxes are often insufficiently intense, which limits the reaction rates.
Moreover, neutron-induced cross-section data for short-lived nuclei are difficult
or impossible to measure directly, as this requires producing and manipulating
short-lived radioactive targets.

These difficulties can be addressed by using the surrogate reaction technique,
suggested by J. Cramer and H. Britt in the 1970s [19]. It consists of an inno-
vative indirect approach that allows the production of a compound nucleus of
interest via an alternative (surrogate) experimentally accessible reaction. Typ-
ically, the surrogate reaction is selected such that the resulting nucleus has the
same mass A and charge Z as the compound nucleus that would result from
the desired neutron-induced reaction. The neutron-induced cross section of a
nucleus X, σX

n,i for the decay channel i can be factorized as:

σA
n,i(En) = σcal

CN(En) · P exp
i (En) (2.1)

where P exp
i is the measured decay probability and σcal

CN is the compound nucleus
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(CN) formation cross section for the neutron-induced reaction obtained from
optical model calculations.

While surrogate reactions provide valuable insights, it is essential to carefully
interpret the results and consider potential differences between the surrogate
reaction and actual r-process conditions. This indirect method has recently
been adopted for studying various actinide targets, driven by advancements
in experimental techniques and the growing interest in nuclei relevant to the
r-process [20].

2.1 Inverse kinematics for studying (d,p) reac-
tions

In reaction studies, normally, the straightforward technique is to perform the
experiment in direct kinematics. This method involves a stable (or long-lived)
light projectile incident on heavy target nuclei. However, a change in approach
is needed when studying highly unstable neutron-rich nuclei because, for most
radioactive isotopes, the half-life is too short to manufacture targets or to use
them in an experiment. Therefore, an inverse kinematics approach is preferred:
short-lived neutron-rich nuclei of interest are used as a beam, directed at a
stable light target, such as deuterium.

The (d, p) surrogate reaction is an efficient way to mimic neutron capture
which can induce fission as it occurs in the r-process. Here, the neutron transfer
from a deuteron to the beam nucleus acts as a proxy for the neutron-induced
reaction. As the radioactive nuclei in the beam collide with the deuterium
target, the neutron from the deuteron can be transferred to the radioactive
nucleus, while the proton is ejected, as shown in Fig. 2.1. If the (d, p) reaction

Figure 2.1: Schematic illustration of the (d, p) reaction in inverse kinematics: a
radioactive heavy nucleus beam collides with a deuterium target, resulting in neutron
(in blue) transfer to the heavy nucleus and the emission of a proton (in red). This
process can lead to the fission of the resulting nucleus, emitting two fission fragments
in the forward direction.
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populates a state at excitation energy above the fission barrier, fission becomes
a possible exit channel.

As a result of the reaction, two fission fragments, along with neutrons and
possibly γ-rays, are produced and experience a large kinematic boost due to the
inverse kinematics of the reaction. Consequently, the fission fragments move in
the forward direction with an opening angle depending on the beam energy and
the transverse momentum given to the fission fragments, making their detection
less challenging1. The choice of using deuterium as a target instead of a pure
neutron target is based on the inherent challenges and impracticalities associ-
ated with handling neutrons. Neutrons are electrically neutral, making them
difficult to produce, direct, and confine as a dense, stable target. They cannot
be easily manipulated using electromagnetic fields, and forming a concentrated
neutron target is nearly impossible due to their lack of charge and short half-
life (10.18 min [8]). Conversely, deuterium, composed of one proton and one
neutron, is a stable and readily available isotope of hydrogen.

A broad range of beams for fission measurements in inverse kinematics for
extensive isotopic chains of pre-actinide beams are available at the ISOL-type
radioactive-ion-beam facility ISOLDE at CERN.

2.2 The ISOLDE facility at CERN

The Isotope Separator On-Line DEvice (ISOLDE) facility at CERN (the Eu-
ropean Organization for Nuclear Research) in Geneva is a facility dedicated
to producing radioactive isotopes [21]. In general, radioactive nuclei produced
using the Isotope Separation On-Line (ISOL) method are initially stopped in
the production target. After extraction, they are ionized and, for these experi-
ments, then injected into a post-accelerator, where they are accelerated to the
final energy.

At ISOLDE, over 1000 isotopes spanning 74 elements (with Z = 2 to 89),
with half-lives down to milliseconds, have been synthesized at intensities reach-
ing up to 1011 atoms per proton pulse [22]. This wide array of isotopes enables
a systematic exploration into the atomic and nuclear properties of nuclei signifi-
cantly deviating from the line of β-stability. The ISOLDE facility has proven to
be a fertile environment for research in various fields, including nuclear physics,
astrophysics, weak-interaction physics, solid-state physics, and biomedical stud-
ies.

1In direct kinematics, beam-like reaction products are commonly observed, whereas mea-
suring target-like reaction products proves challenging. This difficulty arises because target-
like products are often produced with insufficient kinetic energy to escape the target material.
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2.2.1 Beam production

What makes CERN truly unique is its accelerator complex shown in Fig. 2.2. It
consists of a series of interconnected accelerators used to accelerate and collide
particles at high energies for various particle and nuclear physics experiments.
In our case, the accelerating process starts in the Linear accelerator 4 (Linac4)
where negative hydrogen ions H− are extracted from a bottle of hydrogen gas
and are accelerated to 160 MeV. A stripping foil is used to remove the two
electrons from the ions when they are injected from Linac4 into the Proton
Synchrotron Booster (PSB), leaving only protons. In the PSB, protons are ac-
celerated to 1.4 GeV before being delivered to ISOLDE which is located nearby.
Here, the protons are directed onto a target material, often made of a heavy
element like uranium or thorium, with an intensity of up to 2 µA. Nuclear
reactions induced by these highly energetic protons, such as fission, spallation,
and fragmentation, yield numerous radionuclides across the nuclide chart.

The target material is contained in a tubular tantalum oven, which can
be heated to temperatures of typically 2000 ◦C through resistive heating. This,
combined with the porosity of the targets, facilitates the diffusion and extraction
of the produced nuclei. As a result, short-lived isotopes can quickly reach the

Figure 2.2: Layout of the CERN accelerator complex. Figure from Ref. [23].
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Figure 2.3: Schematic layout of the standard target-ion source unit at ISOLDE. The
unit includes a tubular tantalum oven where the target material is resistively heated
to facilitate the diffusion and extraction of short-lived isotopes. The proton beam
irradiates the target, producing isotopes that diffuse toward the transfer line, which
directs them to the ion source. Surface ionization occurs on a hot, high-work-function
surface, such as rhenium or tantalum, creating positively charged ions. These ions are
then extracted by electrodes for further processing. Figure from Ref. [24].

transfer line and the ion source, where they are singly ionized.
Typically at ISOLDE, atoms are positively ionized using the surface ioniza-

tion technique, where the released atoms come into contact with a hot surface
made of a material with a high work function2, such as rhenium (Re) or tan-
talum (Ta). Upon contact with the hot surface, these atoms lose electrons and
become positively charged ions. A schematic layout of the standard target-ion
source unit used at ISOLDE is shown in Fig. 2.3. However, depending on the
specific requirements of the experiments, the ionization process can also be per-
formed by the Resonance Ionization Laser Ion Source (RILIS), which uses laser
ablation to selectively ionize specific isotopes from the atomic vapor generated
by heating the target material. This technique allows for high-purity ion beams
of specific isotopes, essential for precision experiments. Another ion source

2The work function of a material is conventionally defined as the minimum energy required
to extract one electron from its surface. Materials with a high work function require more
energy to release electrons from their surface. Consequently, they are less likely to donate
electrons to other materials and more likely to accept electrons from other materials. This
characteristic makes them effective for surface ionization.
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adopted at ISOLDE is the Electron Cyclotron Resonance Ion Source (ECRIS).
This plasma ion source is ideal for producing highly charged ions. The plasma
is generated from a gas mixture, typically argon (Ar) and xenon (Xe), which
is ionized by electrons. These electrons are accelerated between the transfer
line and the extraction electrode using an anode voltage of about 130 V. To
optimize this ionization process, the electrons are confined within a magnetic
field and are heated by microwave radiation. The microwaves resonate with
the cyclotron frequency of the electrons, efficiently increasing their energy and
enhancing their ability to ionize the gas atoms.

Once atoms are ionized, they are re-accelerated by a 30 − 60 kV static elec-
tric potential. Subsequently, these ionized atoms are separated according to
their mass-to-charge ratio in one of the two ISOLDE on-line isotope separator
dipole magnets, each equipped with independent target-ion source systems. The
first separator, known as the General Purpose Separator (GPS), includes one
bending magnet and an electrostatic switchyard that enables the simultaneous
extraction of three mass-separated beams. It achieves a mass resolving power
of approximately 24003. The second separator is the High-Resolution Separa-
tor (HRS), which consists of two bending magnets with an elaborate ion-optical
system for higher-order corrections. Its mass resolving power exceeds 5000-7000
[25]. Furthermore, an off-line mass separator is available for tests and calibra-
tions. Both separators are connected to a common beam line system to reach
various experimental setups. One intermediate destination is REX-TRAP and
REX EBIS, which feed the low-energy (up to 3 MeV/u) REX-ISOLDE beam line
or, after charge breeding, the superconducting HIE-ISOLDE (High Intensity and
Energy ISOLDE) post accelerator. As anticipated, this setup will eventually en-
able experiments with ions reaching kinetic energies up to 10 MeV/u [26]. The
present limit is 8.38 MeV/u with A/q = 4 as achieved in the experiment IS708
in November 2024 [27] .

REX-ISOLDE

After mass separation, the resulting beam requires a series of refinements: cool-
ing, bunching, and charge-breeding, essential for an efficient subsequent post-
acceleration.

The 30 − 60 keV ion beam from ISOLDE is slowed down and continuously
injected into the REXTRAP Penning trap. The ions are trapped by a pulsed
electrostatic potential alongside a static solenoidal magnetic field. At the same
time, the ions are cooled via energy dissipation collisions with a buffer gas,
typically Ar or Ne, in the next stage. After a fixed time, which is determined

3The mass resolving power of a mass separator refers to the ability to separate ions of
different masses based on their mass-to-charge ratio. This quantity is defined as R = m

∆m
where m is the mass of the ion of interest and ∆m is the smallest difference in mass that the
separator can resolve.
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by the required charge breeding time, the stopping electric potential at the exit
side of the trap is rapidly lowered and the ion bunch is extracted from the
trap. The ions therefore escape the trap in a bunch, with a temporal width of
approximately 10 µs to 50 µs per bunch [28]. The ions are accelerated to 60 keV
for transport. Before injection into the REX-EBIS (Electron Beam Ion Source),
the ions are once again slowed down, or “retarded”, to ground potential. This
step ensures that the ions are at the appropriate low kinetic energy for effective
manipulation within the EBIS, where 1+ ions are bred to a higher charge state
to make subsequent acceleration more efficient. The working operation of REX-
EBIS is very similar to the REXTRAP with the difference that in place of the
buffer gas, the interaction of ions is done with an electron beam operating in an
Ultra High Vacuum (UHV) of at least 10−11 mbar. The electron gun delivers
a high-intensity beam of highly energetic electrons impinging onto the trapped
ions which strips away atomic electrons from the trapped ions. The extracted
ions then pass through a mass separator which selects the desired A/q, and have
thus entered the linear REX-ISOLDE accelerator [29].

The acceleration of charge-bred ions occurs in steps. First, a Radio Fre-
quency Quadrupole (RFQ) accelerates the beam to 0.3 MeV/u and focuses it
using quadrupole electric fields. Next, a buncher re-bunches the beam to help
it enter the third component, which is the Interdigital H-type Structure (IHS).
The IHS performs acceleration via RF fields parallel and anti-parallel to the
beam axis. This drift-tube LINAC accelerates the beam to 1.2 MeV/u in 1.5 m
at the same frequency. Finally, 7− and 9−gap cavities are used to accelerate
the beam up to 2.2 MeV/u and 3 MeV/u, respectively.

HIE-ISOLDE

HIE-ISOLDE, a new linear accelerator at the ISOLDE facility, represents a sig-
nificant energy upgrade. Beginning construction in 2015, it initially achieved
beam acceleration to 4.5 MeV/u by 2016 and subsequently reached nearly 10
MeV/u upon its completion in 2018. The accelerator features four supercon-
ducting cryomodules, each operating at 4.5 K and measuring 2.3 meters in
length [30]. These high-energy cryomodules house five superconducting cavities
for acceleration and a superconducting solenoid for beam focusing [26]. This
design ensures a minimum beam energy of 9.2 MeV/u for 2.5 ≤ A/q ≤ 4.5
and allows beams with A/q = 4 to achieve 10 MeV/u [31]. For the case pre-
sented in this thesis, a charge state of around 52+ is expected for 229Ac, leading
to a A/q ∼ 4.5, based on the best performances of EBIS charge breeding for
radioactive actinide beams [32].

HIE-ISOLDE beams are sent to three experimental stations as depicted in
Fig. 2.4: an array of high purity germanium detectors known as Miniball, the
ISOLDE Solenoid Spectrometer, which uses a former MRI magnet and a third
beamline where a large vacuum chamber is used for scattering experiments.
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Figure 2.4: Layout of the HIE-linac as it appeared in 2016. On the right, the REX-
ISOLDE postaccelerator is visible. Downstream of REX, two high-beta cryomodules
are installed and connected to the high-energy beam transport system. The three
operational beam lines are linked to Miniball (right), ISS (middle) and SEC (Scattering
Experiments Chamber, left). Figure from Ref. [33].

2.3 The solenoidal spectrometer method
In the case of a direct (d,p) transfer reaction, the neutron from the deuteron
is transferred to a single-particle state, and the ejected protons emerge with a
well-defined kinetic energy determined by the kinematics and the Q-value of the
reaction, allowing a direct probe of these states.

While transfer reactions in direct and inverse kinematics are indistinguish-
able in the center of mass frame, they differ significantly in the laboratory
frame. The use of inverse kinematics allows to overcome experimental chal-
lenges in studying short-lived isotopes, but its associated kinematics limits the
achievable energy resolution in a detector with a given acceptance of laboratory
angles. The so-called kinematic shift refers to the variation of the ejected proton
energy lines, corresponding to different excited states, with the emission angle
in the laboratory system, as shown in red in Fig. 2.5. In inverse kinematics,
the velocity of the CN is much larger than the corresponding reaction in nor-
mal kinematics, resulting in a greater kinematic shift and a worse resolution.
Moreover, when considering forward center-of-mass angles, which are typically
characterized by higher yields, a kinematic compression of the different energy
lines is clearly visible.

The combination of these kinematic effects and energy measurements at
fixed angles results in limited energy resolution. This is especially pronounced
in reactions involving heavy beams, where the resolution can be on the order
of several hundred keV [35]. Consequently, resolving individual excited states
becomes difficult.

This deterioration of the energy resolution can be mitigated by the use of a
solenoidal spectrometer as suggested in Refs. [36–38]. A schematic diagram of a
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Figure 2.5: Kinematic lines of proton energy versus scattering angle θlab in the
laboratory frame for the d(136Xe, p) reaction at 10 MeV/u following population of
several excited states in 137Xe in both normal (blue) and inverse (red) kinematics.
Figure from Ref. [34].

Figure 2.6: Schematic picture of a solenoidal spectrometer. The accelerated beam
entering from the left in the superconducting solenoid, the position sensitive silicon
detector array in the upstream direction, three typical helical proton trajectories and
a recoil after a reaction in the target are indicated. Figure from Ref. [34].

solenoidal spectrometer is illustrated in Fig. 2.6. The idea is that the reaction is
performed in the uniform magnetic field of a solenoidal superconducting magnet.
The magnetic field is aligned along the beam direction (z coordinate in the
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laboratory system) causing any ejected charged particle to follow a helical orbit
determined by the combination of its perpendicular and parallel momentum
components relative to the magnet axis. The parallel momentum component
is crucial for transporting the particle either upstream or downstream. The
spiraling orbit will eventually intersect the beam axis again at a position z from
the target, after a time equal to the cyclotron period Tcyc given by:

Tcyc = 2mπ

Bq
(2.2)

where B is the magnetic field, m is the mass of the particle, and q is its charge.
The device is therefore dispersive along the axis in terms of the parallel ve-
locity component. Specifically, events populating the same excited state but
with different ejectile emission angles will exhibit varying longitudinal velocity
components. Consequently, they will return to the axis at different positions z,
as illustrated in Fig. 2.7.

Figure 2.7: Radii ρ of proton trajectories as functions of z for the reaction
28Si(d, p)29Si at 6 MeV/u for various emission angles in the CM. The excitation energy
of the compound nucleus is 2 MeV.

Due to particles being detected at a fixed distance from the target rather
than at a fixed laboratory angle, the effective excitation energy resolution
achievable with the solenoid can be significantly improved compared to a con-
ventional array. By employing a hollow, position-sensitive array of silicon de-
tectors, surrounding the beam axis, it becomes possible to measure both the
position of intersect z and the laboratory energy of the particle Elab.
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Figure 2.8: Illustration of how a solenoidal field translates kinematic curves from
energy versus θlab into energy versus z for the positive Q-value reaction d(136Xe, p) at
10 MeV/u and 2 T (left). The bottom panels depict corresponding projections of the
Q-value for fixed θlab and z. A notable feature is the absence of kinematic compression
when using the solenoidal technique. Figure from Ref. [34].
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The equation which embodies the operational concept of the solenoidal spec-
trometer is:

Elab = ECM − mV 2
CM

2 + mzVCM

Tcyc
(2.3)

where VCM is the velocity of the center of mass. The linear relationship between
the energy in the CM (ECM) and z (presented in the upper right panel of Fig.
2.8) effectively eliminates the effects of the kinematic compression and shift.
Indeed, when detected along the solenoid axis, the difference in energy between
particles leaving the residual nucleus from different excited states is equal to the
difference between the excitation energies of the states. This feature implies that
the effective resolution achieved using a solenoid is significantly better than that
of a conventional array. In a conventional setup, particles are detected at fixed
laboratory angles, where the accuracy is limited by the beam spot size. With a
solenoid, instead, the hit position along the z-axis can be determined with much
greater precision. The peaks corresponding to different excited states are now
separated by an energy difference equal to the separation in excitation energy,
in contrast to the spectrum shown in the bottom right panel in Fig. 2.8. This
method also eliminates a large class of potential background processes since
only particles with the appropriate magnetic rigidity are transported from the
target to the detector.

So far three solenoidal spectrometers have been developed: HELIOS at
ANL4, ISS at CERN, and SOLARIS at FRIB5. Even though they all share a
similar approach, they are designed to receive different types of beams, making
their individual scientific programs unique.

2.3.1 Inverse problem
A solenoidal spectrometer typically provides information about the z coordi-
nate and the deposited energy E of the detected particles, while the cyclotron
frequency provides a quantised observable that can suppress ejectiles with un-
wanted A/q ratios. The primary goal is to extract, from the first two of these
measured quantities the excitation energy Ex of the compound nucleus formed
in the reaction and the center-of-mass emission angle θcm of the ejected proton,
using a mapping such as: (

E
z

)
−→

(
Ex

θcm

)
. (2.4)

In other words, quantities in the laboratory frame need to be transformed into
the CM frame. Assuming a 2-body scattering, Fig. 2.9 illustrates the kinematics
differences for the same process when viewed in the laboratory frame compared

4Argonne National Laboratory, Chicago, Illinois.
5Facility for Rare Isotope Beams, East Lansing, Michigan.
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Figure 2.9: Two-body scattering processes as viewed in the laboratory (left) and
center-of-mass (right) reference frames. The reacting partners are denoted by a and
b, while 1 and 2 represent the reaction products.

to the CM frame, respectively. In the case of interest, a and b denote the
reacting partners, namely the incoming radioactive heavy ion and the deuterium
target. Following the scattering event, the ejected proton, referred to as ejectile
1, and the recoiling nucleus 2, emerge.

The measured energy E and the z-coordinate of the detected particles can
be expressed as a function of Ex and θcm[39]:

E = γ

2Et
(M2

c + m2
1 − (m2 + Ex)2

− β cos θcm

√(
M2

c − (m1 + m2 + Ex)2
)(

M2
c − (m1 − m2 − Ex)2

) (2.5)

and

z = 1
α

[β(M2
c + m2

1 − (m2 + Ex)2)

− cos θcm

√(
M2

c − (m1 + m2 + Ex)2
)(

M2
c − (m1 − m2 − Ex)2

)
,

(2.6)

where α = cZB
2π , Et is the total energy of the system in the CM, γ is the

Lorentz factor, Mc is the total mass of the system, and m1 and m2 are the
masses of the scattered particles. It can be shown that the mapping between
the measured energy and coordinate and the observable of interest leads to the
following equations [39]:

Ex = −m2 +
√

M2
c + m2

1 − 2γMc(E − αβz) (2.7)
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and

cos θcm = γ(Eβ − αz)√
γ2(E − αβz)2 − m2

1
. (2.8)

The kinematic lines for the ejected proton in the example reaction 28Si(d, p)29Si
at 6 MeV/u in 2 T are reported graphically in Fig. 2.10.

Eqs. 2.10 and 2.11 only hold in the unrealistic/ideal case of an ejectile de-
tector with vanishing transverse dimensions. In reality, the detector has a finite
size, and corrections to the kinematic calculations become necessary due to
ejectiles not returning fully to the beam axis but instead are incident on the
detector before reaching it. If ρ ≫ a (where ρ is the trajectory radius and a is a
measure of the detector size) the return hit position is given by the expression:

zhit ≈ z0

(
1 − 1

2π

a

ρ

)
. (2.9)

where z0 is the position on the beam axis where the particle would return in
the case of an infinitely small detector. As shown in Fig. 2.11, this affects the
kinematical lines of the ejected protons. For further details, refer to Ref. [39].

Ex = −m2 +
√

M2
c + m2

1 − 2γMc(E − αβz). (2.10)

and

cos θcm = γ(Eβ − αz)√
γ2(E − αβz)2 − m2

1
. (2.11)

with α = cZB
2π .
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Figure 2.10: Kinematic plots for the 28Si(d, p)29Si reaction at 6 MeV/u in 2 T. The
upper panel displays the energies of protons as a function of z, while the lower panel
shows the proton emission angle in the center-of-mass frame, θcm, as a function of z.
Each line represents a fictitious excited state of 29Si, with excitation energies ranging
from 0 to 6 MeV in 1 MeV intervals. This plot assumes no transversal dimension of
the ejectile detector array.
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Figure 2.11: Kinematic plots for the 28Si(d, p)29Si reaction at 6 MeV/u in a 2 T
magnetic field, with a detector having an axial size of 11.5 mm. The upper panel
displays the energies of protons as a function of z, while the lower panel shows the
proton emission angle in the center-of-mass frame, θcm, as a function of z. Each line
represents a fictitious excited state of 29Si, with excitation energies ranging from 0 to
6 MeV in 1 MeV intervals.
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Experimental setup

In order to measure fission barriers and cross-sections of neutron-rich nuclei
in inverse kinematics at ISOLDE, a new experimental setup consisting of sev-
eral detectors has been designed and optimized. Each detector operates in the
vacuum inside the ISS superconducting solenoid and provides different observ-
ables which are combined to extract the fission probability as a function of the
excitation energy.

When measuring (d, pF) reactions, the distinguishing feature that identifies
a fission event from everything else is the detection of the backward-ejected
protons in coincidence with the fission fragments. As already discussed in Sec.
2.3.1, the excitation energy Ex of the fissioning nucleus can be determined
from the deposited energy and hit position of the emitted proton according to
Eq. 2.10. Knowing the number of fission events Nd,pF in an excitation energy
interval one can calculate the fission probability Pf for the residual nucleus as
a function of the excitation energy as:

Pf (Ex) = Nd,pF (Ex)
Nd,p(Ex) · ϵf

, (3.1)

where Nd,p(Ex) represents the number of (d,p) events, and ϵf represents the fis-
sion fragment detection efficiency. Additionally, elastically scattered deuterons
are detected in the forward direction in order to measure the beam current
hitting the target. This is needed to calculate absolute cross-sections. Finally,
the total energy and multiplicity of gamma-rays emitted during fission, which
are an ingredient for r-process simulations and for a better understanding of
angular momenta of fission fragments, are also measured [40]. Fig. 3.1 gives a
schematic overview of the detector arrangement. In the following sections, the
target and the individual detectors used to detect the aforementioned particles
are described in detail, while the simulation results of their responses will be
discussed in Chapter 5.
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Figure 3.1: Schematic illustration of the detectors surrounding the target inside the
vacuum chamber of the ISS magnet. The Faraday cup and the ∆E − E telescope,
along with its attenuator, are mounted on a movable support, with only one of these
components used at any given time. Except for the beam monitor detectors, all
dimensions and positions are to scale and have been optimized through simulations.
The hollow upstream silicon array is also shown. The beam enters from the right.
Figure from Ref. [41].

3.1 Target
To enable (d, pF) and (d, pγ) reactions, a deuterated plastic target, CD2, with
a thickness of 0.5 − 1.0 mg/cm2 will be used. This thickness represents a trade-
off between energy resolution and maximum achievable luminosity: while a
greater thickness would increase the interaction rate, it would also degrade the
energy resolution. Specifically, a thicker target causes the reaction products
to lose more energy as they traverse the material, leading to increased energy
straggling and broader peaks in the energy spectra. If the beam intensity on
the target is sufficiently high, a 0.5 mg/cm2 target might be used otherwise.

3.2 Position-sensitive silicon array
As already mentioned, one of the reaction products of the (d, pF) reaction is
an ejected proton following helical trajectories due to the presence of a uniform
magnetic field inside the solenoid. The protons emitted backwards are detected
by a position-sensitive silicon array surrounding the incoming beamline. This
array features a hexagonal geometry and consists of 24 Double-Sided Silicon
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Strip Detectors (DSSSDs), each with 128 strips of 0.95 mm pitch on the front
(p-side) and 11 strips of 2 mm pitch on the back (n-side), as shown in Fig.
3.2. The DSSSDs are organized into three modules of eight detectors each (i.e.
two sides of the hexagon) coupled to ASIC readout. This configuration allows
the system to achieve a Q-value resolution approaching 20 keV [42]. The hit

(a) Schematic illustration of the
hexagonal-shaped silicon array used
for detecting ejected protons. Figure
from Ref. [41].

(b) Photographs of the double-sided
silicon strip detectors, showing the full
junction side in the top photograph
and the ohmic side in the bottom pho-
tograph.

Figure 3.2: Overview of the silicon array and detectors.

position along the incoming beam axis, z, is determined from the index of the
hit on 128 p-side strips, which are paired across the pairs of silicon wafers within
a given module. The x-y position (i.e. the azimuthal angle of the impact point),
on the other hand, is determined from the 11 n-side strips, which are read out
to individual channels per wafer. The radius of the array from the beam axis
to the surface of the detector is 30 mm and its solid angle coverage is 94% in
the beam axis direction (related to the proton emission θ angle) and 70% in
the azimuthal direction. The length of the active area of the detector is 501.5
mm. Its distance to the target can be changed using a motorized system from a
minimum of 14.5 mm [42] depending on the excitation energy range of interest
to be covered by the measurement.

While only protons can reach the array positioned in the backward direction
from (d,p) reactions with a CD2 target, the situation is quite different for the
carbon component of the target. A major source of background is believed to
originate from Multi-Nucleon Transfer (MNT) reactions with the carbon nuclei
in the target, which can produce, among other possible outcomes, light-charged
ejectiles (primarily α particles) also in the upstream direction. Fortunately,
the cyclotron period Tcyc (as defined in Eq. 2.2) of these ejectiles is approxi-
mately 65 ns or longer, which is distinct from that of protons, which is about
32 ns. This difference would allow us to suppress the non-proton signals if the
time difference between hits in the array and the fission fragment detectors is
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measured with sufficient resolution. Inelastic scattering does not produce reac-
tion products in the backward direction, and the probability of emitting light
charged particles in a fusion-evaporation reaction is below 1 %, according to a
PACE4 calculation. For more details, please refer to App. A. Finally, an addi-
tional contribution to the array singles data beyond (d,p) reactions most likely
comes also from deuteron breakup that needs to be taken into account when
extracting absolute cross-sections. Background measurements using a pure car-
bon target of equivalent thickness will be conducted to evaluate and subtract
the background.

3.3 ∆E-E silicon telescope

Figure 3.3: In blue, the (y,z) trajec-
tories of fission fragments resulting from
229Ac(d,pF) reactions at 8 MeV/u in a
2 T magnetic field, exhibiting a forward-
peaked, cone-shaped distribution.

In inverse kinematics, fission frag-
ments from the (d, pF) reaction are
boosted in the forward direction, ex-
hibiting an angular distribution that
is strongly forward-peaked in the lab-
oratory frame. This results in a cone-
shaped emission with an opening an-
gle that depends on the beam energy
and the transverse momentum of the
fragments (Fig. 3.3).

The use of an annular geometry
detector centered on the beam axis
provides efficient detection of both fis-
sion fragments simultaneously while
allowing any unreacted beam to pass
through the central hole. The chosen
detector consists of two double-sided silicon Micron S3 detectors [43], shown
in Fig. 3.4, arranged as two layers in a ∆E − E telescope configuration. The
detailed dimensions of this type of detector are reported in Tab. 3.1. The seg-
mentation in rings and sectors enables unambiguous fission event identification
by two coincident hits that differ in azimuthal angle by 180◦ since the fission
fragments are emitted back-to-back in the CM frame. A ∆E − E measurement
is possible for fragments punching through the 65 µm thick ∆E detector and
also hitting the 1000 µm thick E detector. Typical fission fragments would de-
posit about 0.5 GeV in each layer and the pulse-height-defect caused by this
would degrade drastically the energy resolution achievable making it impossible
to perform isotopic identification of the fragments [44]. However, lighter nuclei,
e.g. carbon or deuterium nuclei scattered out of the target can be distinguished
if they reach the detectors. Fig. 3.5 shows the placement of the target, the
DSSSD array, and the fission fragment detectors within the experimental setup.
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Figure 3.4: The S3 detector and PCB, viewed from the p- and n-sides, will be used
in a ∆E − E telescope configuration. Figure adapted from Ref. [43].

Dimensions
Chip inner diameter 20 mm
Chip outer diameter 76 mm
Active Si inner diameter 22 mm
Active Si outer diameter 70 mm
Junction elements No. 24 (rings)
Ohmic elements No. 32 (sectors)

Thickness
∆E 65 µm
E 1000 µm

Table 3.1: Dimensions of the individual S3 detectors used in the ∆E − E telescope
configuration to detect fission fragments. The segmentation into rings and sectors
allows for the unambiguous detection of the two fission fragments emitted at azimuthal
angles of 180◦ relative to each other.

35



CHAPTER 3: EXPERIMENTAL SETUP

Figure 3.5: Schematic illustration of the experimental setup. The accelerated beam
enters from the lower right into the superconducting solenoid, passing through the
hollow, position-sensitive silicon detector array located upstream of the target. The
typical helical trajectories of protons and the helical arc of fission fragments are shown.
The forward-boosted fission fragments are detected by a ∆E − E silicon telescope
placed downstream.

3.4 CeBr3 scintillation array
As already stated, knowing the amount of energy and the multiplicity of γ-rays
released during fission can improve models and simulations of the r-process and
enhance our understanding of how angular momentum is distributed during the
fission process [40].

For this purpose, γ-rays will be detected in coincidence with (d, pF) reactions
using CeBr3 crystals from the SpecMAT detector, designed by the KU Leuven
group. These crystals are read out by silicon photomultipliers and therefore
suited for operation in vacuum and in the presence of a strong magnetic field.
Thirty-six of these crystals will be mounted in a new mechanical support, ar-
ranged in a box-like configuration with two rings, as shown in Fig. 3.6. This
geometric configuration has been chosen after simulating several different ar-
rangements, as it optimizes detection efficiency. Each scintillator unit consists
of a 48 × 48 × 48 mm3 CeBr3 crystal coupled to a SensL J-series 8 × 8 SiPM
array of 6 × 6 mm2 single square sensors. The expected photo-peak detection
efficiency for γ-rays at 1 MeV is 2.5 % [45]. A 2 mm aluminum shield placed
just in front of the γ-ray windows prevents the implantation of charged particles
in the active volumes of the detectors.

A complete detector unit is shown in Fig. 3.7 (a). The inner structure of
the detector is schematically illustrated in Fig. 3.7 (b).
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Figure 3.6: Schematic of the new mechanical support for CeBr3 crystals arranged
in a box-like configuration with two rings. Single CeBr3 crystals are shown in grey.
Figure from Ref. [41].

Figure 3.7: A 48 × 48 × 48 mm3 CeBr3 detector unit: (a) a complete detector and
(b) a cutaway view of the detector (CAD illustration). The SiPM array is powered
by a temperature-compensated bias generator. The detector operates from a +5 V
external bias. Figure from Ref. [45].

3.5 Luminosity monitor

An accurate measurement of the beam luminosity is provided by detecting elas-
tically scattered deuterons by using an off-axis luminosity monitor. This detec-
tor consists of four position-sensitive silicon wafers, each with an active area of
50 × 10 mm2 (see Fig. 3.8), mounted parallel to the beamline with the active
surfaces facing the beam axis. These detectors measure elastically scattered
deuterons from the target. They are placed at positions differing by 90◦ in
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Figure 3.8: Position-sensitive silicon sensor: When a charged particle hits the detec-
tor, it deposits energy E. Signals are collected at contacts S1 and S2, which are used
to infer the position along the strip through resistive sharing of the signal charge. The
figure shows the dimensions of both the board (12 × 52 mm2) and the active area of
the silicon wafer (10 × 50 mm2). Figure taken from Ref. [47].

azimuthal angle. This setup compensates for imperfections in the beam tune,
such as misalignments, angular deviations, or the finite beam spot size on the
target, by measuring scattered deuterons from different angles. This layout is
inspired by experience with the HELIOS and SOLARIS spectrometers, where
a similar configuration has been successfully employed [46].

Simulation results for optimizing the design and geometry of this luminosity
monitor will be discussed in Chapter 5. Box 3.6 presents a practical exam-
ple of determining the beam luminosity from simulations when compared to
experimentally measured values.

3.6 Beam diagnostic detectors
Finally, the two most downstream devices are used for beam diagnostics: a
Faraday cup and a ∆E − E detector. The Faraday cup monitors the beam
current, while the ∆E − E detector is typically used to test the purity of the
beam. However, in our case, the ∆E − E detector will not be able to detect
any contaminants, as the beam used in the proposed experiment (229Ac at 8
MeV/u) will not be isotopically resolved. These devices were primarily designed
for examining the beam without any obstruction from a target. The ∆E − E
detector is composed of two ORTEC silicon surface detectors, each with an
active area of 150 mm2 [48]. The Faraday cup can also be used to monitor the
target integrity during the experiment, as heavy beams can degrade the target.
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Luminosity Monitor Yields

Accurate beam intensity measurements are crucial for determining ab-
solute quantities, such as cross-sections. Rutherford scattering is widely
used for this purpose due to its well-established theoretical framework
and known cross-section, making it a reliable method. One of the main
advantages is that it allows intensity measurements without altering the
beam by using inevitable background events. Additionally, it can be
analyzed for individual target species and works effectively over a wide
range of scattering angles, especially at low beam energies. Luminosity
detectors measure elastically scattered events, allowing to determine the
product of the beam particle rate and the target thickness.

Experiment

For a given reaction involving a beam of intensity I0 (ions/s) incident
on a target containing Nt (atoms/cm2) nuclei per unit area, the number
of scattered particles J (count/s) is given by:

J = I0Ntσ, (3.2)
where σ is the total cross-section. When considering a detector of finite
size covering a solid angle ∆Ω, the differential cross-section, dσ

dΩ (θ, ϕ), is
more useful. It represents the likelihood of particles being scattered in
a specific direction, characterized by the polar and azimuthal angles θ
and ϕ.
The experiment luminosity, in units of b−1, can thus be experimentally
determined as:

I0Nt = Y
dσ
dΩ · ∆Ω · επεδ

, (3.3)

when the absolute efficiency of the detector εδ, the beam purity επ, and
Y , the yield measured by the detector, are all known. A more accurate
value is obtained by using e.g. DWBA models to calculate the differential
cross section instead of the pure Rutherford estimate. This product is
the only quantity that can be easily experimentally determined, as it
is difficult to disentangle I0 and Nt when performing an experiment.
The quantity dσ

dΩ · ∆Ω = σdet is the cross section for scattering into the
detector.

Simulations

The main advantage of performing simulations is that they provide access
to a wealth of information typically unavailable in experiments, allow-
ing for valuable insights into the simulated experiment. Typically, the
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simulation framework will provide the total number of simulated events,
Nsimul, representing the originally elastically scattered deuterons, the
number of recorded hits in the simulated detector volume, Ndet, and
the cross-section, σint, integrated over the sampled angular range. It
thereby gives the crucial connection between σint and σdet where the
former comes from the physics model (Rutherford, DWBA etc.) and
the latter also takes efficiencies and detector geometry (placement and
shape) into account through Nsimul

Ndet
. Thus, the corresponding luminosity

can be related to the cross-section as follows:

(I0Nt)1 = Nsimul

σint · Ndet
. (3.4)

As with Eq. 3.3, Eq. 3.4 allows us to calculate the experiment luminosity
in b−1, though with a subtle but important difference. While the former
equation provides the luminosity needed to obtain the actual yield Y
recorded by the detector, the latter indicates the experiment luminosity
required to achieve a single hit in the detector volume, as explicitly
indicated by the subscript ( )1. It is worth noting that the calculated
quantity is independent of the target properties (thickness, density etc.),
as all the relevant target information is encapsulated in Nt.

Practical example (IS621 experiment)

The IS621 experiment, reported in Ref. [49], probed single-particle states
in 29Mg using the d(28Mg,p)29Mg transfer reaction. In that experiment,
the ELUM detector introduced in Chapter 5 was used as a luminosity
monitor, positioned 125.7 mm downstream from the target. The target
thicknesses, recorded counts, beam purity (ϵπ), and detection efficiency
(ϵδ) for the experiment are listed in Tab. 1.2.

Target (µg/cm2) Counts Beam Purity (ϵπ) Detection eff. (ϵδ)
80 2929 ± 59 0.92 0.5
120 1440 ± 42 0.92 0.5

Table 3.2: Experimental counts and parameters for different target thick-
nesses in IS621.

Only two quadrants of the ELUM were used to ensure that any loss
of counts from deuterons hitting the support structures was minimized.
The beam purity ϵπ was determined using a ∆E-E beam diagnostic de-
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tector. The experiment luminosity values obtained were:

Target thickness (µg/cm2) I0Nt ± stat. ± sys. (mb−1)
80 743 ± 15 ± 76
120 365 ± 11 ± 41

Table 3.3: Luminosity calculated for experiment IS621, as reported in Ref.
[49]. The statistical error arises from uncertainties in yield extraction, while
the systematic error is influenced by the optical model dependence.

A simulation performed in this work of the same experiment is summa-
rized in Tab. 3.4.

Nsimul 105

θlab [deg] [70, 82]
ϕ [deg] [−180, 180]
σint [b] 0.3223

gives−−−→ Ndet = 2576.

Table 3.4: Simulation input parameters and resulting detected counts.
By inserting these values in Eq. 3.5, we get an experiment luminosity
per scattered particle of:

(I0Nt)1 = 0.12 mb−1

Please note that the integrated cross section here was calculated assum-
ing pure Rutherford scattering; effects of DWBA (Distorted Wave Born
Approximation) optical potentials on the differential cross section have
not been taken into account, but the difference is less than 8% at the
angles used.
If the value obtained is now multiplied by the number of counts de-
tected in the IS621 experiment (Tab. 3.2), the resulting experimental
luminosity values are:

I0Nt = (I0NT )1 · 2929 = 351 mb−1,

I0Nt = (I0NT )1 · 1440 = 173 mb−1.
(3.5)

Note that these values show a difference compared to those obtained
experimentally in Tab. 3.3, which is in line with the simulation setup,
where the full ELUM geometry is considered.
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Chapter 4

Fission of 230Ac

The r-process path spans regions of the nuclear chart far from the valley of
β-stability. Due to the extreme neutron excess and the technical challenges
of producing and isolating such exotic nuclei, beams of most of the isotopes
involved are currently unavailable.

The work presented in this thesis aims to establish a new experimental
method for the systematic study of fission of neutron-rich nuclei. This method
involves using radioactive beams in inverse kinematics within a solenoidal spec-
trometer, initially applied to less exotic nuclei. However, it can later be extended
to more neutron-rich nuclei, closer to the r-process path, as experimental beam
production advances. The data thus obtained can be used to test theoretical
models for nuclei within experimental reach, refine these models, and extrapo-
late properties of nuclei that are not yet accessible. This process will enhance
the predictive power of these models for isotopes that remain beyond current
experimental capabilities, such as those crucial to the r-process.

The reaction proposed as the first measurement of this novel approach is
229Ac(d, pF) at 8 MeV/u.

Before discussing the reasons for selecting 230Ac as the first nucleus of in-
terest for this study, it is necessary to introduce the model adopted to predict
its fission properties.

4.1 The GEF model
The semi-empirical “GEneral description of Fission observables” (GEF) model
code predicts observables for fissioning nuclei via spontaneous fission, neutron-
induced fission, and, more generally, for the fission of a compound nucleus from
any entrance channel with specified excitation energy and angular momentum.
It offers a consistent description of a wide range of experimental observables,
including the properties of fission fragments at scission — such as mass, charge,
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excitation energy, and angular momentum — as well as the fission fragment
kinetic energies. Additionally, GEF models the de-excitation of the fission frag-
ments, providing the prompt-neutron and prompt-gamma multiplicities for each
fragment, along with the corresponding prompt-neutron and prompt-gamma en-
ergies and angles. All of this information is provided by the code on an event-
by-event basis, making it useful as an event generator for simulation purposes.
GEF can describe a wide range of isotopes, from polonium (Po) to seaborgium
(Sg), at excitation energies up to about 100 MeV, including multi-chance fission,
and provides predictions even for nuclei where no experimental data is available
[50].

4.1.1 Basic ideas of the GEF model
GEF relies primarily on physics concepts of a more general nature rather than
on microscopic calculations. This approach is chosen to reduce the high com-
putational demands and to make the code suitable for the calculation of many
nuclear systems. For more detailed information, please refer to the official doc-
umentation in Ref. [50].

Fission Barriers

One of the key ingredients of the GEF model is the height of the fission bar-
rier, which strongly influences the fission decay-width. GEF estimates fission
barriers by combining the macroscopic liquid drop model with empirical shell
corrections that account for effects such as nucleon pairing and shell structure,
as outlined by the microscopic-macroscopic approach [51]. However, according
to the topographic theorem [52], only the shell correction energy at the ground
state is considered, while the overall shape of the potential energy surface on
the path to scission is primarily determined by the macroscopic fission barrier.
Shell corrections at the saddle point are not considered for the fission barrier
height, as they have minimal impact on the nuclear binding energy and, conse-
quently, the saddle-point mass. Therefore, the fission barrier height Bf can be
approximated with good accuracy as:

Bf ≈ Bmacro
f − δUgs. (4.1)

Here, Bmacro
f represents the macroscopic barrier, and δUgs is the shell correction

energy at the ground state. The basic idea behind this approach is illustrated
in Fig. 4.1.

Fission channels

Quantitative predictions of fission-fragment yields are determined by the poten-
tial energy surface between the fission barrier and the scission point as a function
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Figure 4.1: Schematic illustration of the potential energy along the fission path
relative to the macroscopic ground-state energy for a nucleus deformed in its ground
state. The spherical shape is located at zero elongation. The macroscopic potential
is shown by the dashed blue line, while the full potential, including the shell effect,
is represented by the solid red line. δUsad denotes the shell corrections at the saddle,
whereas δUgs represents the shell correction energy at the ground state. Figure from
Ref. [50].

of the mass-asymmetry degree of freedom. As discussed in the previous section,
GEF models the potential energy surface using a microscopic-macroscopic ap-
proach.

The inclusion of microscopic shell corrections accounts for the increased sta-
bility of certain nuclei and certain shapes by lowering the potential energy sur-
face, thereby producing energy minima in specific deformation configurations.
As the number of available nuclear levels increases exponentially with the ex-
citation energy, the lowering of potential regions leads to a higher level density
for a given excitation energy. The higher the level density in a particular region
of the potential energy surface, the higher the probability for the nucleus to
follow a fission path through that channel. Fig. 4.2 shows the transition from
symmetric to asymmetric fission for three fissioning nuclei. The potential as
function of the asymmetry of the fission fragments is plotted. The interplay
between the macroscopic potential, favoring symmetric fission and a shell effect
at Z = 55 is illustrated. For increasing nuclear charge of the fissioning nu-
cleus, the symmetric splitting moves closer to the position of the shell, fixed at
Z = 55. In radium (ZCN = 86), the potential is lowest at mass symmetry, lead-
ing to single-humped mass distributions, in thorium (ZCN = 90), the potential
is nearly equal at symmetry and near Z = 55, resulting in triple-humped mass
distributions. In plutonium (ZCN = 94), the potential is lowest near Z = 55,
favoring double-humped mass distributions.
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Figure 4.2: Schematic illustration of the potential energy along the fission path
for mass-asymmetric shape distortions. The black curve represents the macroscopic
potential, which is minimized at symmetry, while the red curve includes the additional
binding effect from an assumed shell at Z = 55 in the heavy fragment. Figure from
Ref. [50].
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Finally, the concept of quantum oscillators is used to address the charge
polarization1, which influences the charge yields [54]. Adjustment of the pre-
dictions from this formalism to benchmark experimental mass and charge dis-
tributions across a wide region of the nuclear chart demonstrated the need for
four fission channels: the symmetric SL channel and three asymmetric channels
(standard S1 and S2, and very asymmetric SA2). This empirical adjustment
procedure establishes the values of the model parameters related to fragment
(A, Z) yields.

Energy sorting

As mentioned above, the early manifestation of fragment shells on a fission path
suggests that the fragments acquire their individual characteristics already in
the vicinity of the fission barrier. Thus, even well before the scission point, the
fissioning system can be considered to consist of two well-defined nuclei joined
by a neck. Before scission, the available intrinsic excitation energy Ex must be
distributed between the fragments.

In GEF, the partition of excitation energy is determined using statistical
mechanics. It is assumed that the system formed by the two nuclei reaches
statistical equilibrium, where all energetically possible configurations have an
equal probability of being populated. Consequently, the excitation energy par-
tition is governed by a probability distribution, which is the product of the level
densities of the individual fragments. The average excitation energy of the light
fragment, denoted as < EL >, at thermal equilibrium can be calculated using
the following expression:

< EL >=
∫ Ex

0 ELρL(EL)ρH(Ex − EL)dEL∫ Ex
0 ρL(EL)ρH(Ex − EL)dEL

, (4.2)

with ρL and ρH denoting the level densities of the light and heavy fragments,
respectively.

Deviations in the nuclear level density from a non-interacting Fermi gas
model occur when pairing correlations are significant. As the nucleus gains
excitation energy, Cooper pairs begin to break, leading to an increase in the

1The charge polarization is the deviation from the Unchanged Charge Distribution (UCD)
assumption in which the fragments keep the neutron-proton ratio of the fissioning parent
nucleus [53].

2The various fission modes correspond to distinct valleys in the potential-energy landscape.
Three main modes are typically identified: super long (SL), standard 1 (S1), and standard 2
(S2). The SL mode is characterized by symmetric yields and low total kinetic energy (TKE),
which can be attributed to a significant deformation of both fission fragments at the scission
configuration. The standard modes, S1 and S2, exhibit asymmetric mass distributions, with
the average masses of the heavy fragments centered around 134 and 140, respectively. In con-
trast, the super asymmetric (SA) mode involves an even more pronounced mass asymmetry,
where the two fission fragments differ significantly in size [50].
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heat capacity of the nucleus and causing the level density to rise sharply. This
increase is well approximated by an exponential trend with respect to excitation
energy and suggests that the nucleus behaves like a system with a constant
temperature within this pairing correlation regime, even as additional energy
is added. Thus, the fissioning nucleus can be treated as a di-nuclear system
between saddle and scission consisting of two coupled microscopic thermostats.
Since the logarithmic slope of the level densities in the constant-temperature
regime is proportional to A2/3, the most probable configurations are those where
the available excitation energy is concentrated in the heavy fragment. In other
words, excitation-energy sorting occurs, with thermal energy being transferred
from the light fragment to the heavy fragment [55, 56].

4.2 Identification of a candidate nucleus in 230Ac
The GEF model predictions of fission probability distributions and neutron
separation energies for different neutron-rich nuclei in the actinides region (89 <
Z < 103) were examined to identify potential candidate nuclei to be studied. A
list of these nuclei of interest is provided in Tab. 4.1.

Isotope Sn [MeV] Fission barrier [MeV] Pf first chance [%]
237Pa 5.9 5.4 11.0
238Pa 4.7 4.5 11.0
235Th 4.7 6.3 7.0
236Th 5.8 6.3 4.5
229Ac 6.3 9.9 3.5
230Ac 4.9 7.0 3.0
231Ac 6.2 7.1 2.3
228Ra 6.3 8.0 0.4
229Ra 4.5 8.1 0.3
230Ra 6.3 8.1 0.2

Table 4.1: Predicted neutron separation energy Sn, fission barrier and first chance
fission probability Pf , according to the GEF model.

Pa and Th isotopes would be very interesting to study due to their higher
fission probabilities. However, currently, ISOLDE cannot deliver beams of these
elements because it fails to extract them from the primary uranium target, owing
to their higher refractory3 nature compared to the target material. Therefore,
230Ac has been selected, based not only on the predicted fission barrier shown in

3The term “refractory” refers to the property of a material that makes it resistant to heat
and chemical wear, meaning that refractory elements are difficult to extract to their high
melting points and strong chemical bonds.
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Fig. 4.3, but also on the available beam intensities and production capabilities
of the facility.
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Figure 4.3: GEF prediction of fission probability as a function of excitation energy
for 230Ac.

The 230Ac compound nucleus is produced from a 229Ac beam, which can be
extracted in molecular form as 229AcFF+ from either thorium carbide (ThCx)
or uranium carbide (UCx) targets with CF4 gas injection. This process leads
to almost negligible Ra and Fr contamination of the beam [57].

Based on a previous proof-of-principle experiment using the HELIOS solenoidal
spectrometer at ANL for the direct measurement of the fission barrier height of
239U [2], and scaled to the present case of study, it is estimated that to achieve
sufficiently high statistics for probing the fission barrier height of 230Ac, a beam
of 229Ac with an energy of ≥ 8 MeV/u and an intensity of 1.3 × 105 particles
per second (pps) on the ISS target is required. This needs an extraction rate of
1.3 × 107 pps, assuming an efficiency of approximately 1% from the initial low-
energy stage to the high-energy beam accelerator lines. According to experts at
ISOLDE, this is achievable [58]. All the scaling performed in order to estimate
these numbers are described in the Fact-Box on page 50.

The choice to study 230Ac is additionally motivated by the fact that its
fission properties at low excitation energies have not been investigated before.

Two inconclusive β-delayed fission events have been observed using a mica-
fission track detector exposed to a Ra source, which was produced via multinu-
cleon transfer reactions and dissipative fragmentation induced by 60, MeV/u, 18O
ion irradiation of 232Th targets [59]. These observations led to an estimation
of the fission barrier height for 230Ac as lying somewhere between 5.7 MeV and
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6.8 MeV. On the other hand, a second experiment focused on studying heavy-
ion induced fission at high excitation energies, resulted in an estimated fission
barrier height of 5.37 MeV [60].

The experiment proposed in this work is planned based on the assumption
that the fission barrier height of 230Ac is as predicted by the GEF model, namely
7.01 MeV.

Scaling factor and beam rates

Beam rates required to probe the fission barrier of 230Ac can be esti-
mated based on data from a previous experiment conducted at ANL.
In that experiment, a 238U beam with an energy of 8.6 MeV/u and an
average intensity of 106 particles per second (pps) was employed over
seven days [2]. This empirical approach to estimating beam rates has
been adopted because theoretical methods, such as DWBA calculations,
rely on assumptions that are less reliable due to the limited knowledge
of the structure of 230Ac at the excitation energies of interest.
Following a similar methodology, determining the fission barrier height
of 230Ac requires obtaining 100 counts above the barrier per energy bin of
0.2 MeV (see Fig. 2 in Ref. [2]). However, whereas the fission probability
Pf is 20 % for 239U, it drops to a predicted value of 3 % for 230Ac.
Therefore, beam rate estimates for 230Ac were accordingly scaled by
weighting the beam intensity of the previous experiment with the relative
fission probabilities.
Compared to the previous experiment, a gain of a factor of 16 per inci-
dent ion is expected due to the following improvements:

• Detection system: Replacing the gaseous fission fragment detectors
with CD-shaped DSSDs (see Section 5.3). This provides a factor
of 8 gain due to the larger angular coverage of the DSSDs.

• Target thickness: Using a CD2 target twice as thick (1 mg/cm2

instead of 500 µg/cm2). This contributes an additional factor of 2
gain.

Under these improved conditions, the estimated beam intensity required
to unambiguously determine the fission barrier heights of the two iso-
topes is as follows:

50



IDENTIFICATION OF A CANDIDATE NUCLEUS IN 230AC

Isotope Pf
(%)

Target
(µg/cm2)

Est. req. beam
int. (pps)

ANL 239U 20 500 106

ISS
(scaled)

239U 20 1000 1/16 · 106 = 6.3 · 104

ISS
(scaled)

229Ac 3 1000 20/3 · 1/16 · 106 = 4.2 · 105

Table 4.2: Estimated beam intensity required to determine the fission bar-
rier heights of 239U and 229Ac, assuming the use of a CD-shaped detection
system for fission fragments and a 1000 µg/cm2 target, compared to the refer-
ence experiment performed at ANL using a gaseous fission fragment detection
system.

Finally, the scaling performed to estimate the required statistics for con-
clusively measuring the fission barrier height of 230Ac is illustrated in
the following flow diagram.
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Protons
Generally, protons are on average delivered by the PSB in
bunches every 2.4 s. The typical proton beam intensity values
are:

3.0 · 1013 ppp (protons per pulse),
= 4.8 · 10−6 C/pulse (Coulomb per pulse),
= 2.0 · 10−6 C/s.

Beam production yield

The intensity of the 229Ac beam has previously been measured
after the separator at ISOLDE using a Faraday cup and beam
wire grids, and the result is ([57]):

107 1/µC = 2 · 107 pps.

Beam intensity on experimental target

Assuming a transmission efficiency of 1 % from the ISOLDE
separator through HIE ISOLDE, the beam intensity on the
secondary target is expected to be:

2 · 105 pps.

According to [57], even higher yields can be obtained if the
beam-production target is heated to higher temperatures (above
2000 ◦C).
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Simulation results

In this section, the simulation framework is briefly described, followed by the
simulation results for the position-sensitive silicon array, the fission fragment
telescope, and the beam luminosity monitor, presented in the same order as
in Chapter 3. It will be shown how the fission fragment detection efficiency
can be increased by almost a factor 10, and how the luminosity determination
becomes more selective through the use of position sensitive detectors. Finally,
the simulated detector response to α emission from sources typically used at
ISS is discussed.

5.1 Simulation framework: Geant4 with ggland

The program ggland [61] is a command-line “wrapper” for the GEANT3 [62] and
GEANT4 [63] physics simulation libraries. ggland has been developed to simplify
performing simulations required for physics analysis in small nuclear physics
experiments. Most of the meaningful configuration options can be modified
directly from the command line. It provides:

• various methods to declare simple detectors with easily adjustable sizes;

• a versatile particle “gun” for generating particles for simulations;

• tools for the collection, pre-processing, and reduction of the plentiful out-
put energy-deposit information generated by simulations of particle inter-
actions with matter for use in analysis.

ggland delivers both “clusterized” information (time, energy, and position) and
digitized information. The clusterized information is obtained by merging all
energy deposits from the Monte Carlo simulation within regions of 1 cm and
0.066 ns, summed quadratically.
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Particle generation in ggland is handled using “guns” and involves two steps.
First, command-line options are parsed along with event-independent prepara-
tions. Second, each event is randomized, and the generated particles are “fired”.
For each generated particle, two parameters must be specified: the particle type
and its kinetic energy. Additionally, particle types and momenta can be pro-
vided via input files. Furthermore, ggland supports the generation of multiple
particles through two main approaches. In phase-space generation, particles
share the available kinetic energy. Alternatively, a decay-scheme-like set of
levels can be used, where each gun feeds subsequent guns, simulating a chain
of decays. These two approaches can also be combined, allowing phase-space
generators to both feed and be fed by a sequence of levels.

5.2 Detection of target-like protons
As discussed at the beginning of Chapter 3, determining the fission barrier
height of 230Ac requires probing its fission probability as a function of excita-
tion energy. The latter can be derived from the deposited energy and the hit
positions of protons which are ejected in the backward direction. The solenoidal
field binds them onto the upstream position-sensitive silicon array. Protons are
emitted following the (d,p) reaction, where the neutron transferred to the target
nucleus populates single-particle doorway states, leading to the formation of a
compound nucleus.

The GEF model estimates the fission barrier for 230Ac to be 7.01 MeV. To
experimentally determine this value unambiguously, backward ejected protons
from (d,p) reactions that populate excited states in the range of 6 − 10 MeV in
230Ac need to be detected. The excitation energy range covered by the measure-
ment depends on several factors, including the strength of the magnetic field,
the length of the silicon array, and its distance to the target. Since the num-
ber of available nuclear levels increases exponentially with excitation energy,
identifying the exact nuclear level populated during the formation of the com-
pound nucleus is difficult. However, the model code PTOLEMY1 [64] can be used
to calculate the angular distributions in the CM system of the ejected protons
when different single-particle orbitals of the compound nucleus are populated,
as illustrated in Fig. 5.1. A single-particle orbital is identified by n and j, the
principal quantum number and the total angular momentum quantum number,
respectively. It can be observed that protons, in the CM, are predominantly
emitted in the forward direction for all states of the compound nucleus.

1PTOLEMY is a program designed for computing nuclear elastic and direct-reaction cross
sections. It performs optical model fits to elastic-scattering data at one or more energies
and for various combinations of projectiles and targets. Additionally, it conducts collective
model Distorted Wave Born Approximation (DWBA) calculations for excitation processes
and finite-range DWBA calculations for nucleon-transfer reactions.
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Figure 5.1: Cross sections for ejected protons as functions of emission angle in the
CM frame are presented for different single-particle orbitals of the 230Ac compound
nucleus, populated at an excitation energy of 6 MeV, as predicted by the PTOLEMY
code. The principal quantum number n and the total angular momentum quantum
number j identify single-particle states. The orbital name (e.g. s, p, d, f etc.) is
determined by the orbital angular momentum l, where l = 0 corresponds to s, l = 1 to
p, l = 2 to d, and so on. Since the angular distribution in the CM frame is independent
of excitation energy, only the case with an excitation energy of 6 MeV is shown.

Referring to Fig. 2.9, in (d,p) reactions in inverse kinematics, the proton
emission at forward angles in the CM frame corresponds to a small momentum
transfer, indicating that the proton retains much of the deuteron momentum.
This forward emission implies that the proton is ejected in a direction similar
to the initial motion of the deuteron, indicating that the reaction occurs with
minimal deflection. Fig. 5.1 reports only the proton angular distributions for a
few single-particle levels of the CN; for a more comprehensive overview, please
refer to Appendix B.

In inverse kinematics, transforming from the CM frame to the laboratory
frame results in protons emitted at the most forward angles in the CM frame

55



CHAPTER 5: SIMULATION RESULTS

(a) (b)

Figure 5.2: Angular distributions of emitted protons from the 230Ac compound
nucleus at 9 MeV excitation energy. Panel (a) shows the distribution in the CM frame,
while panel (b) depicts the corresponding laboratory frame distribution, illustrating
the transformation of forward and backward angles. The kinematic boost results in
a nonlinear transformation between the CM and Lab frames as illustrated by the
different line styles.

which appear at the most backward angles in the laboratory frame. Conversely,
protons emitted in the backward direction in the CM frame are primarily focused
in the forward direction in the laboratory frame, meaning at angles smaller than
90◦, as illustrated by the different dashed lines in Fig. 5.2. The same angular
distributions shown previously, are now transformed to the laboratory frame
and presented in Fig. 5.3. Due to the kinematic boost, the transformation
between the CM and the laboratory frames is not linear.

The higher the excitation energy of the compound nucleus is, the lower the
energy of the ejected protons becomes, seen in Fig. 5.4. If the proton energy is
lower, its momentum is also reduced, particularly the component of momentum
in the direction parallel but opposite to the beam. This reduction causes the
proton to complete a helical orbit in the magnetic field before traveling far along
the z-axis. Therefore, in order to detect protons emitted during the formation
of a compound nucleus with higher excitation energy, the silicon array should be
positioned as close as possible to the target. Fig. 5.5 shows a typical simulated
correlation between the proton energy Ep deposited in the silicon array and the
z position of the hit in the laboratory frame.

Two types of protons can be distinguished: single-turn protons, which make
up the majority of those emitted and complete only one helical orbit before
hitting the array, and multi-turn protons, which are emitted at larger angles
and typically have lower energy. As the name multi-turn protons suggests,
these particles have a shorter helical pitch and complete several circular orbits
before hitting the silicon array. The number of hits, or impacts of protons on the
silicon array, varies with the distance between the silicon array and the target,
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Figure 5.3: PTOLEMY-generated cross sections for proton emission as a function of the
scattering angle in the laboratory reference system for different single-particle orbitals
populated in 230Ac with a (d,p) reaction with excitation energies ranging from 6 to
10 MeV.

depending on whether single-turn or multi-turn protons are considered, see Fig.
5.6. As expected, the number of single-turn protons emitted for nuclei with
higher excitation energies (e.g. 10 MeV) increases as the silicon array is moved
closer to the target, as illustated in the bottom panel of Fig. 5.6. The same
cannot be said for multi-turn protons of the same kind, whose number decreases
as the silicon array is moved closer to the target, since their trajectories are
increasingly intercepted by the finite axial dimensions of the array.

Tab. 5.1 reports the percentage of detected protons and the ratio of multi-
turn protons to the total detected.

As discussed in Chapter 3, the primary source of background in the silicon
array is believed to be α particles as a result of multi-nucleon transfer reac-
tions with the carbon nuclei in the target. The cyclotron period, defined in Eq.
2.2, depends solely on the mass-to-charge ratio and the magnetic field strength,
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Figure 5.4: Energy as a function of the emission angle in the laboratory frame for
protons emitted during the formation of the 230Ac with different excitation energies
Eexc.

Figure 5.5: Simulated ejectile energies Ep against the positions of proton hits on the
array, z, in the laboratory frame considering a silicon array positioned 5 cm from the
target and a magnetic field of 2 T, as illustrated by the solid red line. The different
diagonals in the plot represent different excitation energies of the formed CN.

independent of the energy or direction of the particle. This would allow for
particle identification by measuring the time of flight. A simulated represen-
tative time-of-flight spectrum is reported in Fig. 5.7. The first peak near 33
ns corresponds to protons that intercept the detector array at the end of one
cyclotron orbit. The second peak, near 66 ns, corresponds to protons execut-
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Figure 5.6: Counts distribution of detected single-turn protons (top panel) and multi-
turn protons (middle panel) as a function of the distance between the silicon array and
the target for various excitation energies of the compound nucleus. The bottom panel
highlights the increase in single-turn proton counts at higher CN excitation energies
(e.g. 10 MeV) as the silicon array is positioned closer to the target.

ing two cyclotron orbits and particles with a mass-to-charge ratio of A/q = 2,
namely α particles. In this simulation, a time resolution of 9.1 ns FWHM was
considered, which proved sufficient to identify the reaction products of interest.
This resolution matches that achieved with the HELIOS silicon-detector array
at ANL [65]. The significantly lower time resolution of the silicon array at ISS
prevents clear particle identification; therefore, background measurements us-
ing a pure carbon target of equivalent thickness will have to be employed to
subtract any remaining background as shown in the Fact-Box on page 63.

Fig. 5.7 shows that, even with good time resolution, it is impossible to
disentangle two-turn protons from one-turn α particles. As a result, only single-
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Eexc: 6 MeV 7 MeV 8 MeV 9 MeV 10 MeV
Distance Det % Ratio Det % Ratio Det % Ratio Det % Ratio Det % Ratio

2 cm 7.3 0.107 5.4 0.130 3.6 0.158 2.1 0.190 1.0 0.187
3 cm 7.4 0.157 5.5 0.190 3.6 0.235 2.1 0.270 1.1 0.255
4 cm 7.4 0.208 5.5 0.249 3.7 0.300 2.2 0.339 1.1 0.320
5 cm 7.4 0.257 5.5 0.306 3.7 0.364 2.1 0.407 1.1 0.388

Table 5.1: Percentage of detected protons and ratio of multi-turn protons to total
detected protons, evaluated at various excitation energies of the compound nucleus
and different distances between the silicon array and the target.

Figure 5.7: Simulated representative time-of-flight spectrum of protons detected in
the DSSSDs sensor with an assumed 9.1 ns FWHM resolution (as obtained at HELIOS
[2]). Two peaks around 33 ns and 66 ns corresponding to single-orbit protons and α
particles as well as double-cycle protons can be distinguished.

turn protons will be considered, which will consequently reduce the statistics.
Positioning the silicon array as close as possible to the target is advantageous, as
it not only increases the detection of protons from a compound nucleus produced
at 10 MeV but, as shown in Tab. 5.1, also lowers the ratio of multi-turn protons
to the total number of detected protons. However, due to technical limitations,
the minimum achievable distance from the target is about 2 cm. Assuming a
magnetic field of 2 T, the optimal longitudinal range for the DSSSDs extends
from 20 to 521.5 mm upstream of the target.

Multi-turn protons can be physically removed by placing a cylindrical ob-
struction, known as a multi-turn “silencer”, at the end of the silicon array.
This component ensures that protons with smaller pitch in their helical or-
bits collide with the silencer before reaching the active part of the detector.
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However, this method is ineffective against single-turn α particles. The di-
ameter of the silencer is approximately 16 mm, while its length is customiz-
able. A schematic representation of the multi-turn silencer is shown in Fig. 5.8.

Figure 5.8: Schematic illustration of
the multi-turn proton silencer placed
at the very end of the silicon array.

If multi-turn protons are blocked so
that only single-turn protons reach the
array, the expected distribution would re-
semble the one presented in Fig. 5.9. In
this case, the array is positioned 2 cm
from the target, and the figure illustrates
how the range along the z−axis varies
for protons emitted together with differ-
ent excitation energies of the compound
nucleus.

Figure 5.9: Expected distribution of protons detected by the array when multi-turn
protons are blocked. The array is positioned 2 cm from the target.

Finally, Fig. 5.10 presents a typical reconstructed excitation-energy spec-
trum. This spectrum is derived from simulated deposited energy and hit posi-
tions in the silicon array, capturing ejected protons produced in the 229Ac(d,p)
reaction with an incoming beam energy of 8 MeV/u. The excitation energy,
assuming distinct doorway-state energies at 6, 7, 8, 9, and 10 MeV, is extracted
according to Eq. 2.10.
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Figure 5.10: Reconstructed excitation energy spectrum of the compound nucleus
extracted from the simulated deposited energy of protons in the position-sensitive
silicon array, as given by Eq. 2.10. The protons are emitted assuming the 229Ac(d,p)
reaction with an incoming beam energy of 8 MeV/u.
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Background subtraction and required statistics

To address background signals indistinguishable by timing resolution,
measurements with a pure carbon (C) target are needed, as was done in
the proof-of-principle 238U experiment [2]. The carbon spectra, contain-
ing contributions such as protons resulting from interactions with the
carbon, were scaled to match those from the CD2 target in the region
below the ground state (Ex < 0 MeV) and then subtracted, as shown in
Fig. 5.11.

Figure 5.11: Excitation energy spectra of 239U gated on the
detection of one or two fission fragments. Spectra for data
acquired with both the CD2 and the C target as well as their
difference (grey) are illustrated. Figure from [2].

The absolute values of the two spectra determine the size of the error
bars in the subtracted data. Carbon data must be scaled so that the
contributions from both the CD2 and C datasets are balanced. Analyzing
the figure, it is reasonable to assume that, in the bin above the fission
barrier for the different runs, the event counts are as follows:

CD2 : 300 events,
C : 200 events,

Fission = CD2 − C = 100,

Relative error =
√

300 + 200
100 = 0.224.

In this experiment, no timing discrimination was used for background
reduction. Now, suppose 50 % of the background is due to α particles and
50 % due to protons, and a timing cut can be applied. Since α particles
and protons have different cyclotron times, half of the background would
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be removed. Under such conditions, the relative error reduces to:

CD2 : 200 events,
C : 100 events,

Fission = CD2 − C = 100,

Relative error =
√

200 + 100
100 = 0.173.

By comparing these two scenarios, we estimate the additional statistics
required to achieve the same relative error of 0.173 as in the case with
timing discrimination:

0.173
0.224 = 0.7723 = f. (5.1)

The statistics multiplication factor, m, is then calculated as:

m = 1
f2 = 1.67. (5.2)

This calculation indicates that 1.67 times more statistics are needed to
achieve the same relative error with and without the timing cut.

5.3 Detection of fission fragments in inverse kine-
matics

In Chapter 4, the 229Ac(d,pF) reaction at 8 MeV/u was chosen as the test case
for the first direct measurement of the fission barrier height in inverse kinematics
using the novel approach described in Chapter 3. The 230Ac compound nucleus,
formed in the reaction, will travel forward with an energy approximately match-
ing that of the beam. If fission occurs, the resulting fragments will be emitted
in the forward direction within a cone, with an opening angle depending on the
beam energy and the transverse momentum of each fragment.

Fig. 5.12 shows the post-scission and post-neutron mass and charge distri-
bution of fission fragments from 230Ac, as calculated by the GEF model. Asym-
metric fission is predicted, with fragment charges in the range 30 ≤ Z ≤ 60
and masses between 80 ≤ A ≤ 150. In inverse kinematics, the conservation
of momentum, together with the mass difference between the light and heavy
fragments, results in their emission at different opening angles in the laboratory
frame, as shown in Fig. 5.13. This leads to the formation of two distinct rings
in the intensity distribution for fission fragments detected downstream on an
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Figure 5.12: Charge (panel a) and post-neutron mass (panel b) distributions of the
fission fragments from 105 simulated events using the GEF model for 230Ac at an
excitation energy of Eexc = 7 MeV above the ground state.

x − y plane, illustrated in Fig. 5.14.
In the proof-of-principle 238U fission experiment at ANL, asymmetric fis-

sion fragments were detected using a set of four detection arms positioned 1
m downstream of the target, with two arms at 15◦ and two at 10◦ to max-
imize the acceptance of light and heavy fragments. Each arm consisted of a
position-sensitive Multi-Wire Proportional Counter (MWPC) followed by an
axially segmented Fission Fragment Identification (FIFI) Bragg detector. On
an event-by-event basis, the Bragg detector provided the total and specific en-
ergy loss of any detected fragment, while the MWPCs recorded their position
at the entrance of the Bragg detectors. Fig. 5.15 illustrates the experimental
setup used. Fig. 5.16 presents the simulated acceptance for detecting fission
fragments with the aforementioned FIFI detectors considering the 238U(d,pF)
reaction at 8.6 MeV/u.

Although the intrinsic efficiency of each detection arm was close to 100
%, due to their limited size the geometric efficiency for detecting the fission
fragments was limited: approximately ∼ 10 % for the detection of at least one
fission fragment and about ∼ 1 % for the coincident detection of light and heavy
fragments [2].

As previously discussed, the most effective method for detecting emitted fis-
sion fragments, given their kinematics, is to use a CD-shaped detector centered
along the beam axis. This design includes a hole that allows the unreacted beam
to pass through. By adjusting the distance of the detector from the target, the
solid angle it covers can be optimized to maximize detection efficiency for both
fission fragments. In these simulations, a Micron DSSD S3 model is considered,
featuring an inner radius of 11 mm and an outer radius of 35 mm [43]. In
Fig. 5.17, the geometric efficiency curves for detecting only the light fragment,
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Figure 5.13: Angular distributions of fission fragments from 230Ac simulated by
GEF boosted with an incoming beam energy of 8 MeV/u. The two distinct peaks at
approximately 13◦ and 21◦ correspond to heavy and light fission fragments, respec-
tively. In these simulations, a beam spot with vanishing dimensions in the x − y plane
is considered.

the heavy fragment, or both in coincidence are presented as a function of the
distance of the detector from the target. Considering an incoming 229Ac beam
at 8 MeV/u, at a distance of 8 cm downstream from the target, the efficiency
in detecting the light fragment is 92%, whereas for the heavy fragment it is
82%. The most significant result, however, is the efficiency for coincident de-
tection of both fragments which lies around 80%, confirming that this detection
system achieves a much improved detection efficiency. A distance of 8 cm has
been selected as the optimal position for placing the fission fragment detector.
Coincident detection of the two fission fragments is achievable by utilizing a de-
tector segmented into rings and sectors, which allows for precise measurements
of their azimuthal angle differences. For fission events, this angular difference
is expected to be 180◦ because the fragments are emitted back-to-back in the
CM, resulting in opposing transverse momenta. Fig. 5.18 illustrates the cor-
relation in the azimuthal angles at which the light and heavy fission fragments
are emitted.
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Figure 5.14: Simulated intensity distribution of fission fragments on the x − y plane
10 cm downstream from the target, depicting the two distinct rings corresponding to
heavy and light fragments resulting from the fission of 230Ac with Eexc = 7 MeV above
the ground state. In these simulations, a beam spot with vanishing dimensions in the
x − y plane is considered.

Figure 5.15: Illustration of the experimental arrangement within the HELIOS
solenoidal magnet, depicting the trajectories of protons and fission fragments from
a single (d,pF) event. A cross-section of the FIFI detectors mounted on the rear door
of the magnet is presented, with three of the four detectors visible. The simulated
distribution of fission fragments is also included. Figure from Ref. [66].
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Figure 5.16: Simulated x−y acceptance for detecting fission fragments with the FIFI
detectors (see Fig. 5.15) in the 238U(d,pF) reaction at 8.6 MeV/u. The acceptance is
limited by the active areas of the detectors.

Figure 5.17: Geometric efficiency curves for detecting fission fragments as a function
of the distance between the detector and the target. The solid green line represents
the efficiency of coincident detection of both light and heavy fragments. The red dot-
dashed line indicates the efficiency for detecting only the heavy fragment, while the
dashed blue line represents the efficiency for detecting only the light fragment. These
simulations assume a fissioning 230Ac nucleus with Eexc = 7 MeV. Error bars represent
the statistical uncertainty of the Monte Carlo model.
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Figure 5.18: Correlation between the azimuthal angles of emitted light and heavy
fission fragments, showing the expected 180◦ angle difference that arises from their
back-to-back emission in the CM frame.

5.4 Beam intensity measurement inside solenoidal
spectrometers

When determining fission probabilities, a normalization of the number of mea-
sured fission events is needed to obtain absolute cross-sections. This can be
done only when the number of incoming beam ions that hit the target, and the
area density of target nuclei, are known. At ISS, in order to measure the incom-
ing beam intensity elastically scattered deuterons from the target are measured.
This task is usually carried out by the so-called luminosity detectors which are
devices conceived specifically to measure the rate of collisions between the beam
ions and the target.

Typical differential cross-sections and energy distributions of such scattered
deuterons are reported in Fig. 5.19. These distributions were obtained using
the FRESCO [67] and LISE++ [68] programs for an incoming 229Ac beam at
8 MeV/u on a CD2 target with a thickness of 1 mg/cm2. Due to the inverse
kinematics of the reaction, very few scattered deuterons are emitted at forward
angles close to 0◦, where particles exhibit their maximum kinetic energy, ap-
proximately 31 MeV. The majority of scattered deuterons are emitted at angles
near 90◦ with significantly lower energies (approaching 0 MeV), preventing most
from escaping the target and making their detection impossible. Therefore, ad-
justments to the luminosity detector configuration are necessary to ensure the
detection of a sufficient number of deuterons with enough energy to be mea-
sured.

Because of momentum conservation, deuterons cannot be scattered at back-
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(a) (b)

Figure 5.19: (a) Differential cross-section as a function of scattering angle in the
laboratory frame for elastically scattered deuterons from an incoming beam of 229Ac
at 8 MeV/u provided by FRESCO. (b) Energy as a function of scattering angle in
the laboratory frame. Most deuterons are scattered at angles where their energies are
very small.

ward angles in inverse kinematics. Therefore, the luminosity detector must be
positioned downstream of the target.

At ISS, elastically scattered deuterons from the target are usually detected
with a luminosity detector mounted on the beam axis commonly referred to as
the ELUM2. It consists of a double-sided silicon detector (Micron Semiconductor
S1) placed on the beam axis downstream from the target (Fig. 5.20). It has an
annular shape and is shielded by a 12.8 mm thick aluminum annulus and an
aluminum tube passing through the center of the annulus. Therefore, particles
can only reach the detector by passing around the blocker.

This is required to prevent unwanted particles, which are not needed or
even disturb the measurement of the beam current, from reaching the detector
and to select only a limited and well-defined range of scattering angles of the
emitted deuterons. The distance between the ELUM detector and the target
can be changed to optimize the acceptance for deuterons emitted at different
angles. Just to provide an example, Fig. 5.21 displays simulations of the ELUM
response for experiment IS675 aimed at measuring the d(61Zn, d)62Zn transfer
reaction with an incoming beam energy of 7.5 MeV/u. In this case the open
distance between the detector and the shield was set to 13.42 mm, whereas
the target-S1 distance was 268 mm resulting in an acceptance for scattered
deuterons with trajectories in the angular range 73.33◦ ≤ θlab ≤ 75.14◦ for
single-turn trajectories and 77.9◦ ≤ θlab ≤ 80.5◦ for double-turn trajectories.
For these simulations, a dead layer of 0.5 µm in the luminosity detector has
been considered along with the primary source of background in the ELUM,

2This acronym stands for “Elastic LUminosity Monitor”.
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(a) (b)

Figure 5.20: Schematic of the currently used ELUM annular detector at ISS for the
detection of elastically scattered deuterons. The direct path between the target and
the detector is shielded such that only deuterons scattered in a specific angular range
can hit it after traveling helix-shaped trajectories. Note that the trajectory depicted
in the figure does not meet the requirements for hitting the ELUM detector.

which specifically stems from the scattering of 12C present in the CD2 target.
Given that the position of the peaks in the ELUM spectra depends on the

scattering angle and that the cross-section for carbon emission as a function
of the scattering angle mainly affects the height of the peaks rather than their
position, the plain Rutherford cross-section has been considered in the simula-
tions, as it can be easily simulated by ggland3. The simulation results turn out
to be in good agreement with the experimental data.

While this setup has been widely used in numerous experiments at ISS at
CERN and HELIOS at ANL to effectively determine the beam luminosity, it is
not ideal for experiments investigating the fission barrier height of short-lived
nuclei in inverse kinematics. The boost of the reaction products in the positive
z direction causes both fission fragments to move forward, with an opening
angle that depends on the beam energy and the transverse momentum of the
fission fragments. For instance, in the case of 229Ac + d with an incoming
energy of 8 MeV/u, the maximum aperture of the cone is ∼ 22.6◦. Assuming
that the fission fragment detector is placed 14 cm from the target, it is evident
that the aforementioned ELUM configuration, with its shielding, would block a
significant portion of the fission fragments from reaching the silicon CD-shaped4

3In practice, the Rutherford cross-section formula has to be adapted for inverse kinematics,
taking into account the finite masses of both, the beam and the target.

4A Compact Disc (CD) is an optical disc, normally disc-shaped, that was developed in
1982 for storing and playing digital audio but was later adapted for general data storage as
well, with a typical capacity of about 700 MB.
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Figure 5.21: Expected number of counts for the ELUM luminosity detector for the
IS675 experiment for an incoming beam with luminosity 3 b−1. The blue histogram
represents the yield from elastically scattered deuterons, while the red histogram shows
the yield from undesired background reactions due to elastically scattered carbon in the
target. The upper plot displays the energy spectra for deuterons and carbon, the mid-
dle plot shows the correlation between simulated time-of-flight and energy deposited
in the detector, and the lower plot illustrates the angular coverage for deuterons and
carbon as a function of deposited energy.
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∆E − E detector, as shown in Fig. 5.22.
To address this issue, the initial solution considered was to switch the posi-

tions of the ELUM beam monitor and the fission fragments detector, as depicted
in Fig. 5.23, which would entail placing the ∆E − E telescope in front of the
ELUM detector.

Figure 5.22: Fission fragments trajectories resulting from the 229Ac(d,pF) reaction
at 8 MeV/u in a 2 T magnetic field. The color gradient illustrates how the shielding (in
grey) of the ELUM detector (in green) prevents most of both heavy and light fission
fragment trajectories from reaching the ∆E-E telescope detector. Only the ∆E layer
is shown (in magenta).

Figure 5.23: Schematic view of an alternative setup. Here the fission fragment
detector drawn in magenta acts as an active shield for the ELUM detector in green.

Although this approach effectively addresses the issue to avoid blocking the
fission fragment trajectories, it does not perform as well in terms of signal-to-
background ratio, as illustrated in Fig. 5.24. The standard ELUM setup lacks
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measurement of position (e.g. radial), and the peaks of detected deuterons are
obscured by lower-energy background events.

These considerations highlight the need for an innovative approach to mea-
suring beam intensities within solenoidal spectrometers, optimized for studies
of fission barriers in inverse kinematics. A suggestion for an off-beam-axis mon-
itor detector made of position-sensitive silicon plates has been independently
proposed by B. Kay at ANL and A. Kawęcka, locally. In the following section,
the performance of this new luminosity detector setup, referred to as LUME,
will be investigated for both fission studies and other experiments. As will be
demonstrated, this approach promises improved results in terms of detection
efficiency and signal-to-background ratio.

5.5 LUME: new luminosity detectors
To determine the optimal configuration of the LUME detector for measuring
elastically scattered deuterons, different geometries of four position-sensitive
silicon diode strips, each with an active area of 50 × 10 mm2, were investigated.
The operational principle of Position-Sensitive Detectors (PSD) is illustrated in
the Fact-Box on page 79.

In each configuration, the silicon sensors are positioned parallel to the solenoid
axis and are spaced 90◦ apart around the beam axis (z−axis). The key differ-
ence between the configurations lies in the rotation of the normal of the silicon
strips with respect to the z−axis, defined by the ϕ angle. One example of these
configurations is schematically drawn in Fig. 5.25.

Not only does the orientation of the silicon sensors affect the efficiency, but
the position of the detectors also plays a significant role. Therefore, simulations
were performed, varying the distances of the plates from both the target and
the beam axis, to determine the optimal placement for detecting the majority
of scattered deuterons. Also, the rotation around both the local z−axis and
around x−axis were varied.

The detection efficiency ϵ is expressed in terms of the number of detected
deuterons per incoming ion and it is calculated as follows:

ϵ = Ndet

Nsimul · η
(5.3)

where Ndet is the number of deuterons detected in any one of the four silicon
detectors, and Nsimul is the total number of simulated events (106). The multi-
plication factor η represents the number of incoming ions required to produce
a single event, specifically one elastically scattered deuteron from the target.
This quantity takes into account the beam intensity I per event (expressed in
1/cm2 ·mol), the target thickness ρ (in g/cm2), the molecular mass of the target
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Figure 5.24: Simulated yields for the ELUM luminosity detector in an alternative
geometry, where the fission fragment telescope acts as an active shield for the ELUM
detector. The blue histogram represents the yield from elastically scattered deuterons,
while the red histogram shows the yield from undesired background reactions caused
by elastically scattered carbon in the target. From the energy spectra (upper plot),
the time-of-flight and energy correlation (middle plot), and the angular coverage as a
function of energy (lower plot), it is clear that the carbon yields lie directly underneath
the deuteron distribution, making it impossible to achieve a clear separation. For these
simulations, an incoming beam of 229Ac is assumed to impinge on a CD2 target at 8
MeV/u, with no dead-layer considered in the luminosity detector.
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Figure 5.25: One of the configurations simulated for the LUME detector. The four
silicon sensors sit parallel to the superconducting solenoid axis with the active area
surface facing the beam axis while each sensor is rotated by ϕ = 90◦ relative to the
beam axis. The PCB layers, on which the silicon plates are mounted, and the target
disk are drawn in grey.

Mtar (g/mol) and the target atoms per molecule N :

η = I · Mtarget

ρ · N · σint
. (5.4)

Here σint represents the integrated Rutherford cross-section, in b, over the
sampled angular range. The contour plot in Fig. 5.26 illustrates how the de-
tection efficiency of scattered deuterons varies with different distances from the
target and the beam axis of the four silicon detectors of the LUME monitor. It
is clear that the closer the silicon plates are to the beam axis and the target,
the higher the efficiency in detecting deuterons. However, there are technical
limitations, such as the presence of the target support, which constrain the
minimum distance at which the sensors can be positioned.

It is expected that the background in the luminosity detector originates from
signals from elastically scattered carbon. Therefore, to optimize the design of
LUME, it is essential not only to maximize the detection efficiency of the detec-
tor for scattered deuterons but also to improve its signal-to-background ratio.
For example, Fig. 5.27 illustrates the distribution of elastically scattered carbon
and deuterons in the laboratory frame in a x − z plane. These simulated dis-
tributions consider different incident beams on a CD2 target at various beam
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Figure 5.26: Contour plot illustrating how the detection efficiency (calculated as the
number of detected deuterons per incoming ion and unit (µg/cm2) target thickness,
described in Eqs. 5.3 and 5.4) of elastically scattered deuterons varies with the target
and off-axis distances for the LUME detector. These simulations assume a 0.5 MeV
energy threshold.

energies, reflecting the different beam-target combinations considered in exper-
iments actually conducted at ISS.
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Figure 5.27: Distribution of elastically scattered carbon and deuterons from a CD2
target in the x − z plane in the laboratory frame. The particles have followed various
trajectories after emission at random angles (azimuthally uniform and polar distribu-
tion according to Rutherford cross section). The first column displays the same beam
at different energies, while the second column illustrates different beams at varying
energies. The results highlight the differences in hit distributions for the varying beam
conditions.
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Position-Sensitive Detectors with resistive readout

In the Position Sensitive Detectors used for LUME, the position determi-
nation relies on charge division along a resistive layer. When a charged
particle interacts with the silicon, it excites electron-hole pairs releasing
charge that moves across the resistive layer to the electrodes. The am-
plitude of the signals collected at each electrode is proportional to the
amount of charge reaching it, which in turn depends on the position of
the interaction along the detector. Each PSD generates three signals:
the total energy output from a contact on the back side of the detector,
E, and two signals, XA and XB , from contacts on the front side at the
two far ends of the strip, as depicted in Fig. 5.28.

Figure 5.28: Schematic of a Position Sensitive Detector (PSD). A charged
particle interacts with the silicon, generating a charge that spreads across the
resistive layer. The signals collected at the back contact (total energy signal
E) and the front contacts at each end of the strip (XB and XA) are used to
determine the position of the interaction along the detector.

The hit position u along the strip of the PSD can be calculated as follows:

u = XB − XA

E
, u ∈ [−1, 1]. (5.5)

Nominally, E = XA + XB. When a particle hits the center of the PSD,
the signals XB and XA have equal amplitudes. However, if the particle
hits very close to one edge of the strip — for example, near edge B —
then the XB signal will have a higher amplitude, while the correspond-
ing XA signal will be smaller. Depending on the electronic settings,
XA could in this case fall below the energy threshold, resulting in an
incomplete hit.
As defined in Eq. 5.5, u ∈ (−1, 1), however, the absolute hit position on
the strip can be calculated with respect to the target distance as:

z = L

2 u + dtarget, (5.6)

where L is the length of the PSD, and dtarget is the distance between the
center of the active area of the silicon wafer and the target.

79



CHAPTER 5: SIMULATION RESULTS

5.5.1 Optimizing the target distance
To determine the optimal placement distance for the position-sensitive detector
(PSD), the LUME detection efficiency variation was investigated as a function
of target distance, while keeping the beam axis distance fixed. The resulting
efficiency curves, shown in Fig. 5.29, correspond to beam axis distances of 4 cm
and 7.5 cm.
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(a) Off-axis distance = 4 cm.
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(b) Off-axis distance = 7.5 cm.

Figure 5.29: Efficiency curve for deuteron (in blue) and carbon (in red) detection
by the silicon position-sensitive sensor in the LUME detector as a function of target
distance (dz), with two fixed distances from the beam axis.

An important clarification regarding these simulations is that the term “tar-
get distance” refers to the distance from the center of the PSD to the target.
Given that the detector measures 50 mm in length, a target distance of less than
25 mm indicates that the PSD encompasses a range in the z−direction that ex-
tends behind the target. As a result, a portion of the detector would not be
utilized, since deuterons are not emitted at scattering angles greater than 90◦.
It is worth noting that the detection efficiency is higher at distances shorter than
2.5 cm. This might seem counterintuitive, as a smaller portion of the detector
extends beyond the target position at a distance of 2.5 cm, suggesting that a
greater fraction of the detecting area would be available for detecting scattered
deuterons in the forward direction. However, the explanation is simple:

At a target distance of 2.5 cm, one edge of the PSD aligns directly above
the target, where most low-energy deuterons are emitted. As a result, signals
induced on the opposite edge may fall below the threshold, which is set at 0.5
MeV in this case.

As expected, increasing the distance from the beam axis leads to a general
decrease in detection efficiency, as shown in the right-hand plot where the beam
axis distance is 7.5 cm, compared to the efficiency at 4 cm shown in the left plot.
However, for a beam axis distance of 7.5 cm, the efficiency with the detector
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positioned 1 cm along the forward direction is actually lower than at 2 cm.
This phenomenon can be attributed to the fact that low-energy deuterons are
predominantly emitted at angles close to 90◦. As the detector moves further
from the beam axis, the radius of the helical trajectories of these deuterons may
fall short of reaching the detector, and thus do not influence the difference.

Last but not least, there is another geometrical constraint that needs to
be considered. It is essential to ensure that the arrangement of the LUME
setup does not interfere with the trajectories of fission fragments moving in
the forward direction. Since the ideal distance from the target to place the
S3-based ∆E − E telescope for detecting fission fragments is 8 cm, there is
limited flexibility in adjusting the target distance. Taking into account the
target support and the mechanical risks associated with getting too close, one
of the few viable options is to position the LUME PSDs at 4.2 cm from the
target, measured from the detector center. Target distances greater than the
placement of the fission fragment telescope are not considered, as the ∆E-E
telescope would shadow the luminosity detector.

5.5.2 Optimizing the off-axis distance
Given the limited flexibility in adjusting the target distance, the next step is
to determine the optimal positioning of the PSDs relative to the beam axis.
Figure 5.30 shows efficiency curves for detecting deuterons and carbon at various
distances from the beam axis, with the target distance fixed at 4.2 cm. Notably,
for distances greater than 7 cm, the deuteron efficiency curve exhibits a plateau
and a more pronounced separation from the carbon distribution. Choosing
a position within this plateau region is advisable, as efficiency variations are
expected to be minimal even if the PSDs are not perfectly aligned. A beam
axis distance of 7.5 cm is therefore selected based on these considerations.

5.5.3 Evaluating possible detector inclination
One last degree of freedom to consider is the potential rotation of the silicon
detectors at a certain angle relative to the beam axis and the plane perpendicular
to the beam axis. Assuming a target distance of 4.2 cm and an off-axis distance
of 7.5 cm, Fig. 5.31 demonstrates that maintaining no rotation around the x
and z axes is the optimal configuration. This geometry not only maximizes
deuteron detection efficiency but also increases the separation from the carbon
distribution, as it will be shown later in this chapter. Furthermore, a near-
zero rotation avoids the steeper regions of the efficiency distribution, thereby
reducing sensitivity to potential detector misalignments. The error bars shown
represent statistical uncertainties only, which in this case, are smaller than the
marker size.
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Figure 5.30: Efficiency curves for deuteron (blue) and carbon (red) detection as a
function of distance from the beam axis (dy), with the target position fixed at 4.2
cm. For off-axis distances beyond 7 cm, the deuteron curve shows a plateau and the
carbon curve decreases, indicating a stable region for PSD placement with minimal
sensitivity to alignment variations.
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(a) Rotation around the beam axis (rotz).
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(b) Rotation around the x−axis (rotx).

Figure 5.31: Efficiency curves for deuteron (in blue) and carbon (in red) detection
by the silicon position-sensitive sensor in the LUME detector are shown for rotated
detectors. Panel a illustrates the variation with an inclination with respect to the
beam axis (rotz), while the panel b shows the effect of rotation (rotx) around the
x−axis, with the PSDs positioned 7.5 cm from the beam axis and centered 4.5 cm
from the target.
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A rotation around the y−axis was excluded from these simulations to reduce
the degrees of freedom and minimize the risk of misalignment, which would
complicate the calibration. Mechanically, such a setup would also be challenging
to assemble with precise alignment. Moreover, introducing a rotation around
the y−axis would add an additional degree of uncertainty in reconstructing the
particle hit position in the laboratory frame from the hit information provided
by the detector, as the detector axis would no longer remain parallel to the
beam axis. In Fig. 5.32, the meaning of rotations around the x, y, and z axes is
illustrated.

(a) Front view: rotation around the
z−axis. The beam enters the plane.

(b) Side view: rotation around the
x−axis.

(c) Top view: rotation around the
y−axis.

Figure 5.32: Schematic illustration of the three different rotations around the z, x,
and y axes, in order. The beam direction is indicated, and only one of the four PSDs
is shown in these examples.

In summary, based on the discussion above, the optimal configuration for
the LUME monitor is to position the PSDs 7.5 cm from the beam axis, with
their centers located 4.5 cm from the target. The active sides of the plates
face the beam axis and are aligned parallel to it. The four plates are rotated
90° around the beam axis relative to each other, each facing the beam axis.
Given this geometry, the simulated response of LUME is shown in Fig. 5.33,
for a beam of 229Ac at 8 MeV/u and a CD2 target of 1 mg/cm2 thickness. The
signal-to-background ratio is significantly improved compared to the current
configuration. The deuterium line is clearly distinguishable from the carbon
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Figure 5.33: Simulated energy deposition and hit positions in the LUME setup, with
the PSDs positioned 7.5 cm from the beam axis and their centers located 4.5 cm from
the target. The active sides of the plates face the beam axis and are aligned parallel
to it. The deuteron line is clearly distinguishable from the carbon line. The counts at
very low energies originate from multi-turn carbon and deuteron hits.

line. The smearing of the lower-energy carbon line is due to greater energy loss of
the lower-energy carbon nuclei within the target. This effect could be mitigated
by reducing the target thickness, provided that experimental conditions (such
as reaction rate and beam intensity) allow it.
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5.6 Alpha sources simulations
This section presents the simulations of detector responses to the spectra emit-
ted by the four α-emitters commonly used at ISS, which are listed in Section 5.6
below.

Source Half-life (y) Energy (keV)
148Gd 86.9 3183
241Am 432.6 5486, 5443, 5388
239Pu 2.4 · 104 5157, 5144, 5105
244Cm 18.112 5805, 5763, 5664

Table 5.2: List of α-emitters commonly used at ISS and their key properties.

In the simulations presented here, all sources are assumed to have the same
activity and to emit isotropically. All detectors are also assumed to be in their
optimal positions and configurations, as discussed in the previous sections. Fig-
ure 5.34 shows the energy spectra of the four source guns considered.

As shown in Fig. 5.35, the four α lines are distinctly visible in simulations of
the typical PSD responses for both the silicon array (panel a) and the LUME
detector (panel b). In these simulations, the silicon array is assumed, as a first

Figure 5.34: Energy spectrum of the four α-particle guns as generated by ggland,
assumed in the simulations. For each source, the α-particle energies and their corre-
sponding half-life are indicated. For simulation purposes, all four sources are assumed
to have the same activity.
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Figure 5.35: Simulation of typical PSD responses showing the four α lines for both
the silicon array (panel a) and the LUME detector (panel b) assuming a resolution of
10 % of the deposited energy. The lower energy α particles from 148Gd, observed in
panel (a), can only travel a shorter distance along the z−axis and do not reach the
far end of the silicon array, in contrast to the higher energy α particles.

approximation, to be a single cylindrical test volume with the same dimensions
as the ISS silicon array. The only noticeable difference lies in the behavior of the
silicon array. Specifically, the α particles from 148Gd, due to their lower energy
relative to the others, can only travel a shorter distance along the z−axis and
do not reach the far end of the silicon array.

For the silicon array, an energy resolution of 10% of the deposited energy
has been assumed. The PSD energy spectrum is shown in Fig. 5.36.

An energy resolution of 3.5% and a dead layer of 0.05 µm have been con-
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Figure 5.36: Simulated energy spectrum showing the distribution of energy for the
detected α particles in the silicon array, assuming a resolution of 10 % of the deposited
energy.

sidered for the CD-shaped DSSD. Fig. 5.37 presents its expected reconstructed
energy spectra: the left panel shows the deposited energy, while the right panel
displays the energy as a function of the ring index. As seen, the three highest-
energy α particle lines are not fully resolved.

Fig. 5.38, on the other hand, shows the radial distribution and a contour
plot in the (x, y) plane of the α particles hitting the ∆E layer of the fission
fragment telescope. The same pattern would also be observed when examining
the deposited energy as a function of the sector index.

The simulations of α-energy spectra for various detectors were performed
to evaluate their response and energy resolution under conditions similar to
those expected in the experiment. These simulations allow us to ensure the
proper calibration of the detectors, which is critical for accurate data analysis.
Specifically, using α sources with well-known energies provides a reliable means
to establish a precise energy scale. The choice to use four α sources simulta-
neously stems from the need to have a sufficient number of calibration points
across the energy range of interest. This approach ensures a more robust and
accurate calibration, reducing uncertainties in the energy scale.
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Figure 5.37: Simulated energy spectra for the CD-shape DSSD. In this case, an
energy resolution of 3.5 % and a dead layer of 0.05 µm have been considered. The left
panel shows the deposited energy, while the right panel presents the energy deposited
per ring index. The three highest-energy α particle lines are observed but are not fully
resolved in the spectrum.

Figure 5.38: Left panel: Radial distribution of α particles on the CD-shaped DSSD.
Right panel: Contour plot in the (x, y) plane of the α particles hitting the ∆E layer
of the fission fragment telescope. The distribution is more homogeneous compared to
that of the fission fragments shown in Fig. 5.14.
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Conclusion and outlook

The origin of the heaviest elements in the Universe remains one of the most
intriguing questions in science. Recent observations of gravitational waves and
electromagnetic radiation from neutron-star mergers have provided an unprece-
dented opportunity to address this question. However, understanding the as-
trophysical r-process, which is responsible for the creation of these elements,
requires detailed knowledge of the underlying nuclear processes.

This thesis focused on the critical role of nuclear fission in the r-process,
which constrains the formation of even heavier elements. Nuclear fission is an
inherently complex process, posing a challenge for both experimental investi-
gations and theoretical frameworks. This complexity arises primarily from the
fact that its observables, such as the fission barrier, are heavily influenced by
the intricate interplay between microscopic nuclear structure effects and the
macroscopic properties of cold nuclear matter. While a substantial amount of
data on unstable nuclei on the proton-rich side of the valley of beta stability is
available in the literature, the same cannot be said for neutron-rich fissile nu-
clei. Only thanks to recent advances in the production of radioactive beams and
spectrometer design the measurement of fission barrier heights in inverse kine-
matics becomes possible, thereby opening the doors to the study of previously
inaccessible radioactive nuclei.

A novel approach for studying (d,pF) reactions using the ISOLDE Solenoidal
Spectrometer at CERN was presented. Specifically designed to enhance the
detection efficiency for fission fragments in coincidence with a proton from a
(d,pF) reaction in the 2 T field of ISS, this approach allows for the extraction of
fission probabilities of neutron-rich nuclei as a function of their excitation energy.
Additionally, a dedicated measurement of γ-rays offers further insights into the
total energy and multiplicity of γ-rays emitted during the fission process.

In Chapter 2, surrogate (d,p) reactions performed in inverse kinematics were
introduced as an approach to investigate neutron-induced fission occurring in
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extreme astrophysical scenarios, such as neutron star mergers. The solenoidal
spectrometer approach was presented as a solution to the experimental chal-
lenges associated with the inverse kinematics technique, including the kinematic
compression and the kinematic shift. The innovative and compact experimen-
tal setup designed for the solenoidal spectrometer was described in detail in
Chapter 3.

Chapter 4 outlined the motivations for selecting 230Ac as candidate for a
first measurement. This isotope was chosen based on its predicted fission barrier
height, as well as the available beam intensities and the production capabilities
of the facility.

In Chapter 5, detailed simulations of the detector responses were presented,
with a particular focus on the position-sensitive silicon array for detecting
backward-emitted protons, the off-axis silicon luminosity monitor, and the double-
sided silicon strip detector system for fission fragment detection. Simulations
have shown that a CD-shaped detector is well-suited for detecting fission frag-
ments emitted in the forward direction with an angular distribution strongly
forward-peaked in the laboratory frame due to the kinematic boost from in-
verse kinematics. This design achieves a detection efficiency that is eight times
higher than that of the gas-filled fission fragment detectors used in a previous
proof-of-principle 238U(d,pF) experiment at ANL. An off-axis approach was cho-
sen for the beam luminosity detector, as it is the optimal configuration to avoid
interference with the trajectories of fission fragments. The simulations of this
design demonstrated a significantly improved signal-to-background ratio com-
pared to standard on-beam devices, due to the additional position information
of the hits.

All the simulation results presented in this thesis have laid the foundation
for designing and manufacturing the mechanical support structures for the var-
ious detectors. A key next step will be to assemble the mechanical components
and integrate the entire experimental setup inside the solenoidal spectrometer,
a task that will require collaborative effort. A crucial future step will be to carry
out the experiment and evaluate whether the simulations accurately represent
the actual experimental outcomes. The familiarity gained with the various de-
tectors and the data acquisition system will be essential for performing the data
analysis, extracting the fission barrier of 230Ac, studying the emitted γ-rays dur-
ing the fission process, and determining the mass distribution of the produced
fission fragments. Ultimately, the goal will be to compare the experimental
data with model predictions, providing insights into the fission process and its
astrophysical implications.

The experiment proposal has been accepted by the ISOLDE Program Ad-
visory Committee (INTC), and beam time has been requested for the summer
of 2025. This will be the first experiment using a novel approach to investigate
the fission of a short-lived isotope in inverse kinematics inside a solenoidal spec-
trometer, providing the first experimental determination of the fission barrier
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height of 230Ac.
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Appendix A

PACE4 fusion-evaporation
simulations

In central collisions between nuclei at beam energies range below 15 MeV/u,
the nuclei overlap significantly, leading to a large transfer of energy and angular
momentum from their relative motion to internal degrees of freedom. This
energy is distributed among many nucleons in the combined projectile-target
system, with each nucleon gaining a moderate amount—generally insufficient
for escape. However, these interactions produce an intermediate state known
as the compound nucleus (CN), formed by the complete fusion of the colliding
nuclei after absorbing the incident particle but before emitting any outgoing
particles. Consequently, the mass and charge of the CN equal the sum of the
original nuclei. Once energy and angular momentum equilibrate within the CN,
it undergoes evaporation, losing excess energy by emitting light particles and
gamma rays. The remaining nuclear fragment after this emission is called the
evaporation residue (ER).

PACE4 (Projection Angular-momentum Coupled Evaporation) is a Monte
Carlo-based statistical model used to simulate the evaporation of a compound
nucleus. It can model the primary evaporation channels across different beam
energies. The code computes the decay probabilities and widths for all nuclei
involved in the decay chain [69]. This code has been employed to calculate
the background expected from charged particles emitted in fusion-evaporation
reactions between 229Ac and 12C in the target, for an incoming energy of 8
MeV/u.

The results from 106 (maximum number of events that can be simulated
with PACE4) simulated events are presented below. The tables are organized
as follows: Tab. A.1 reports the yields of the residual nuclei resulting from the
compound nucleus decay, while Tab. A.2 provides the number per event and
average energy of evaporated neutrons (n), protons (p), alpha particles, and

93



CHAPTER A: PACE4 FUSION-EVAPORATION SIMULATIONS

gamma rays. Tabs. A.3 and A.4 present the energy and angular distributions
in the Lab frame for the evaporated charged particles. The angular range de-
tectable by the silicon array is highlighted in yellow. As it can be inferred from
Tab. A.2, the number of fusion-evaporation events leading to the emission of
light-charged particles represents less than 1 %. Each simulation requires less
than 30 seconds to run.

Z N A Events % Cross-section [mb]
95 139 234 Am 1 <0.001 0.00121
94 140 234 Pu 1 <0.001 0.00121
93 139 232 Np 4 <0.001 0.00486
92 140 232 U 1 <0.001 0.00121
91 139 230 Pa 1 <0.001 0.00121
Total fission 999992 99.9 1213.97
Total 1000000 100 1213.98

Table A.1: Yields of residual nuclei resulting from the decay of the compound nucleus
formed in the 229Ac at 8 MeV/u on 12C reaction.

Ratio: n p alpha gamma
Total 1.42 0.002 0.004 0.0002
Average Energy [MeV] 3.4 12.0 22.5 7.3

Table A.2: Number per event and average energy of evaporated neutrons (n), protons
(p), alpha particles, and gamma rays from the simulated 229Ac at 8 MeV/u on 12C
reaction.

Energy [MeV] Angular range [deg]
0 − 30 30 − 60 60 − 90 90 − 120 120 − 150 150 − 180

0 − 5 0 2 60 148 46 10
5 − 10 0 5 269 52 3 0
10 − 20 1 339 343 6 0 0

Above 20 536 688 20 0 0 0
Total 537 1034 692 206 49 10

Table A.3: Lab frame energy and angular distribution of the evaporated protons
from the simulated 229Ac at 8 MeV/u on 12C reaction. The angular range detectable
by the silicon array is highlighted in yellow.

A more complete overview of data in Table A.3 and Table A.4 are reported
in Fig. A.1. These calculations suggest that the overwhelming majority of back-
ground events is not caused by fusion-evaporation reactions.
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Energy [MeV] Angular range [deg]
0 − 30 30 − 60 60 − 90 90 − 120 120 − 150 150 − 180

0 − 5 11 146 72 1 0 0
5 − 10 0 121 130 0 0 0
10 − 20 0 337 154 0 0 0

Above 20 1363 2153 22 0 0 0
Total 1374 2757 378 0 0 0

Table A.4: Lab frame and angular distribution of the evaporated α particles from
the simulated 229Ac at 8 MeV/u on 12C reaction. The angular range detectable by
the silicon array is highlighted in yellow.
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CHAPTER A: PACE4 FUSION-EVAPORATION SIMULATIONS

(a)

(b)

Figure A.1: Panel a) Heatmap illustrating the distribution of angular ranges versus
energy for protons emitted during the evaporation of the compound nucleus (CN)
formed by an 229Ac beam at 8 MeV/u impinging on a 12C target. Panel b) Heatmap
illustrating the distribution of angular ranges versus energy for α particles from the
same reaction.
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Appendix B

Proton angular distributions

In this Appendix, an overview of the PTOLEMY-calculated cross-section for pro-
ton emission as a function of the scattering angle in both the center-of-mass
frame and the laboratory reference frame is presented in Fig. B.1 and Fig. B.2,
respectively. All single-particle orbitals populated in the compound nucleus are
represented, and identified by the quantum numbers n, j, and l, which corre-
spond to the principal quantum number, total angular momentum, and orbital
angular momentum, respectively.
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CHAPTER B: PROTON ANGULAR DISTRIBUTIONS
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