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Zusammenfassung

Der Aktiniden-Bereich bietet eine aulergewohnliche Moglichkeit zur Erforschung superde-
formierter Kernformen, die durch ihre extreme Deformation sowie einzigartige Schalenef-
fekte und deformierungsfordernde Krafte charakterisiert sind. Diese Kernzustande bieten
Einblicke in grundlegende Aspekte der Kernstruktur. Obwohl dieses Forschungsfeld seit
iiber einem Jahrhundert untersucht wird, ermoglichen neueste technologische Fortschritte
Untersuchungen mit bisher unerreichter Prazision und Reichweite.

Diese Dissertation konzentriert sich auf zwei vorbereitende Experimente, die darauf
abzielen, Methoden zur Produktion und Detektion exotischer Isotope und Spaltisomere
im Aktiniden-Bereich weiterzuentwickeln. Das erste Experiment wurde am Fragment
Separator (FRS) und an der FRS Ion Catcher (FRS-IC) am GSI durchgefiithrt. Durch
Projektilfragmentation eines ?**U-Priméarstrahls mit 1000 MeV /u wurden Aktinidenkerne
erzeugt, mit hoher Prazision separiert und identifiziert. Die Isotope wurden anschlieend in
einer kryogenen Stoppzelle gestoppt, extrahiert und mithilfe fortschrittlicher Massenspek-
trometrietechniken analysiert. Um die Detektion kurzlebiger Spaltisomere zu ermoglichen,
wurden technologische Verbesserungen an der Stoppzelle vorgenommen, wodurch die Tone-
naustrittszeit auf unter 30 ms reduziert und die Akzeptanz fiir hohere Strahlraten erhoht
wurde. Die Inbetriebnahme dieser Verbesserungen sowie die experimentellen Ergebnisse
zeigten die Machbarkeit der Untersuchung von Kernen in diesem anspruchsvollen Bereich
der Nuklidkarte. Zusétzlich wurde eine neuartige Time-Over-Threshold (ToT)-Methode
implementiert, die sich als effektiv erwies, um Spaltfragmente von Alphazerfillen zu un-
terscheiden, trotz der geringen Querschnitte der Spaltprozesse im Vergleich zu konkurri-
erenden Zerfallskanalen.

Das zweite Experiment wurde am IGISOL-System im JYFL-Labor der Universitat
Jyviskyla in Finland durchgefiihrt und konzentrierte sich auf die Untersuchung von 24°f Am
und 2% Am. Das Spaltisomer 242/ Am, mit einer Halbwertszeit von etwa 14 ms, ist das
langlebigste Spaltisomer und ein entscheidendes Element bei der Untersuchung der Eigen-
schaften von doppel-hockrigen Spaltbarrieren wie sie fiir Spaltisomere charakteristisch sind.
Friithere Untersuchungen mit der Reaktion ?*2Pu (d, 2n)?*?Am identifizierten optimale Pro-
duktionsenergien im Bereich von 7-12 MeV, wahrend theoretische Vorhersagen einen Wert
von 13.8 MeV nahelegten. Dieses Experiment validierte die Methodik zur Produktion von
242f Am und 2%/ Am, bestimmte deren Halbwertszeiten und das Verhéltnis zwischen Iso-
mer und Grundzustand und untersuchte die Anregungsenergie von #2Am. Dariiber hinaus
wurde das Potenzial von ?*?Am als Kandidat fiir die Nuclear Excitation by Electron Cap-
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Zusammenfassung

ture (NEEC)-Methode untersucht, was neue Einblicke in diesen Mechanismus bietet.

Die Ergebnisse beider Experimente legen die Grundlage fiir zukiinftige Studien im
Aktiniden-Bereich und unterstreichen den Wert der Integration komplementérer Metho-
den wie der am FRS-IC und IGISOL eingesetzten. Die Ergebnisse betonen die Bedeutung
praziser Massenmessungen und fortschrittlicher Detektionstechniken bei der Verfeinerung
von Spaltbarrierenparametern.

Zusammenfassend hebt diese Dissertation die Bedeutung fortschrittlicher experimenteller
Aufbauten zur Untersuchung superdeformierter Kerne und Spaltisomere hervor. Durch die
Nutzung der komplementaren Stérken des FRS, Ton Catchers und IGISOL tragt diese Ar-
beit nicht nur zum Verstandnis der Kernstruktur bei, sondern ebnet auch den Weg fiir
zukiinftige Untersuchungen exotischer Isotope. Diese Ergebnisse leisten einen bedeuten-
den Beitrag zur Kernstrukturphysik im Bereich schwerer, stark deformierte Kerne und
eroffnen neue Wege, die komplexe Landschaft von Deformationsphanomenen im Bereich
niedriger Drehimpulse zu erforschen.
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Abstract

The actinides region presents an exceptional opportunity for exploring superdeformed nu-
clear shapes, characterized by their extreme deformation and associated with unique shell
effects and deformation-driving forces. These nuclear states provide a window into fun-
damental aspects of nuclear structure. While this field has been studied by now for over
a century, recent technological advancements now allow for investigations with unprece-
dented precision and scope.

This thesis focuses on two exploratory experiments aimed at advancing methodologies
for the production and detection of exotic isotopes and fission isomers in the actinides
region. The first experiment was conducted at the Fragment Separator (FRS) and FRS
Ton Catcher (FRS-IC) at GSI. Using projectile fragmentation of a 23¥U primary beam at
1000 MeV /u, actinide nuclei were produced, separated, and identified with high precision.
The isotopes were subsequently stopped in a cryogenic stopping cell, extracted, and ana-
lyzed using advanced mass spectrometry techniques. To enable the detection of short-lived
fission isomers, technological upgrades to the stopping cell were developed, reducing ion
extraction times to below 30 ms and increasing rate capabilities for higher beam current ac-
ceptance. The commissioning of these improvements, as well as the experimental results,
demonstrated the feasibility of studying nuclei in this challenging region of the nuclear
chart. Additionally, a novel Time-Over-Threshold (ToT) method was implemented, prov-
ing effective in differentiating fission fragment events from alpha decays, despite the low
cross-section of fission processes relative to competing decay channels.

The second experiment was conducted at IGISOL, located at the JYFL Laboratory of
the University of Jyviskyld in Finland, focusing on the study of *%/Am and %42/ Am.

The fission isomer 2*2Am, with a half-life of approximately 14 ms, represents the
longest-lived known fission isomer and represents a critical subject for studying the proper-
ties of double-humped fission barriers, which are characteristic for fission isomers. Previous
investigations using the ?*?Pu(d, 2n)?*? Am reaction identified peak production energies in
the range of 7-12 MeV, with theoretical predictions suggesting a value of 13.8 MeV. This
experiment validated the methodology for producing ?*2 Am and 2%/ Am, measured their
half-lives and isomer-to-ground state ratios, and explored the excitation energy of 242 Am.
Furthermore, the study investigated the potential of ?*2Am as a candidate for Nuclear
Excitation by Electron Capture (NEEC), offering new insights into this mechanism.

The findings from both experiments lay the groundwork for future studies in the ac-
tinides region, highlighting the value of integrating complementary methodologies such as
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Abstract

those employed at FRS-IC and IGISOL. The results emphasize the importance of precise
mass measurements and advanced detection techniques in refining fission barrier parame-
ters.

In conclusion, this thesis underscores the importance of integrating advanced experi-
mental setups for the study of superdeformed nuclei and fission isomers. By leveraging
the complementary strengths of the FRS, Ion Catcher, and IGISOL, this work not only
enhances our understanding of nuclear structure but also sets the stage for future inves-
tigations of exotic isotopes. These results contribute significantly to the broader field of
nuclear physics in the region of heavy, strongly deformed nuclei, offering new pathways to
explore the intricate landscape of deformation-dependent phenomena in the regime of low
angular momenta.
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Chapter 1

Introduction and motivation

1.1 The history of isomer studies

When this doctoral project started few years ago, the physics community celebrated the
centenary of the discovery of nuclear isomers with the aims to continuing to explore this
field thanks to new technologies available. Before doing so, as with any compelling story,
it is necessary to recount its most significant milestones. Therefore, in this chapter, some
sections will be devoted to a historical introduction to nuclear isomers, eventually leading
to a more detailed description of fission isomers, which are the main focus of this thesis.
In honor of the 100th anniversary of the discovery of nuclear isomers, several scientific
articles were written on the subject, in particular, a book entirely dedicated to the topic
titled ”Nuclear Isomers” [1], the new Handbook of Nuclear Physics [2], with an entire
section dedicated to nuclear fission and a chapter on nuclear isomers, and the recently
published special edition of the European Physics Journal on ”Nuclear Isomers” [3]. They
are mentioned here because much of what will be found in the following chapters refers
to these works, but also for a second reason—to express the gratitude to the authors of
these articles and books, who have provided well-organized and readily accessible scientific
information and references, thereby facilitating the writing process.

It is appropriate to begin by retracing the century since the discovery of nuclear isomers.
With Ernest Rutherford’s identification of the compact atomic nucleus in 1911 [4], the
nuclear age commenced. Almost concurrently, in 1913, the British chemist Frederick Soddy
identified chemical "isotopes” [5], defined as variants of chemical elements with the same
number of protons but differing in the number of neutrons, although the neutron itself
had not yet been discovered. Building on this finding, Soddy later proposed in 1917
the possibility of the existence of ”isotopes with identical atomic weight and chemical
properties, but differing in their stability and mode of disintegration” [5].

This statement intertwines the discovery of chemistry with the emerging field of nuclear
physics when, in 1921, at the Kaiser Wilhelm Institute for Chemistry in Berlin, German
chemist Otto Hahn, together with his colleague Lise Meitner, discovered nuclear isomers.
[A good and interesting biography of Lise Meitner can be found here: [6]]. They were

1



1. Introduction and motivation

methodically mapping out the complex process by which 2**U nuclei decay radioactively to
form stable 2°Pb nuclei. The decay chain involves a number of different nuclei, including a
completely new chemical element with atomic number 91. Having discovered a particular
isotope of this element, Hahn and Meitner named it proto-actinium. Specifically, what
they discovered was (what is now known as) ?**Pa had two 3—decaying states, one with a
half-life of 1 minute and the other of 7 hours.

ihﬁﬁﬁﬁﬂ!

A

Figure 1.1: Historical picture of the chemist Otto Hahn and physicist Lise Meitner at
the Kaiser-Wilhelm Institute in Berlin in 1913. (Courtesy: Archives of the Max Planck
Society, Berlin).

The work of Hahn and Meitner marked the discovery of nuclear isomerism and the birth
of the new field of nuclear structure. However, progress in our understanding of isomers was
slow, and it was only with the discovery of the neutron by James Chadwick in 1932 |7] that
the concept began to gain attraction. Finally, in 1936, the German physicist Carl Friedrich
von Weizsacker proposed the accepted explanation for isomers . Von Weizsacker realized
that all nuclei have angular momentum, or spin, and that different arrangements of proton
and neutron orbits can create different spin states, just as ”chemical isomers” have different
spatial arrangements of atoms. If the excited state has a spin very different from the ground
state, it will take a long time to emit a gamma ray and decay to the ground state. In the
case of protactinium—234, for example, the difference between the two states is four units
of spin or 4h. This makes (E4) gamma decay so slow that the excited state is actually
more likely to decay by emitting an electron (8 decay). These isomers are known as spin
isomers. Spin isomers have been of fundamental importance in nuclear physics, especially
for the development of the "nuclear shell model”, which was developed in 1949 by Maria
Goppert Mayer ﬂg[] and independently by Otto Haxel, Hans Daniel Jensen, and Hans Suess
[10]. Just as electrons form atomic shells that can hold no more than a certain number
of electrons, neutrons and protons form nuclear shells, with similar limits on how many

2



1.1 The history of isomer studies

protons and neutrons each nuclear shell can contain. The first shell can hold up to two
nucleons, the second up to eight, with subsequent shells accommodating a maximum of 20,
28, 50, and 82 nucleons. Known as "magic numbers”, these values are the same for both
proton and neutron shells. Due to the neutron excess in heavy elements, higher magic
number for neutrons are 126 and 184, while the magic number for protons beyond 82 is
still in the focus of research in the field of super-heavy elements.

As the years passed, more and more data on isomers were collected, which helped in
the understanding and development of various nuclear models. A well-known historical
example of isomers is the 8~ state in 8°Hf with a half-life of 5.5 hours. In 1953, Bohr and
Mottelson identified a group of levels in 8°Hf as the first rotational band ever observed
in a nucleus [11]. This fundamental rotational band, populated by the long-lived 8~ iso-
meric state in *°Hf, opened a new field of rotational phenomena in nuclei, leading to the
development of collective nuclear models and the discovery of a new type of isomers, the
K isomers, found in deformed nuclei.

We have now reached the 1960s, when another piece in the description of isomers is
added. During this period, isomers were discovered in excited nuclei significantly changing
shape when decaying to the ground state |[12]. These isomers are known as shape isomers,
and during decay, they can undergo a transition, for example, from spherical to prolate.
In very heavy nuclei, there is even a subset of shape isomers, known as ”fission isomers”
(which we will focus on in this thesis), where the excited nucleus spontaneously splits into
two lighter nuclei during decay.

To schematically represent an isomer, we can describe it as a second minimum in
the potential energy landscape, where the nucleus remains trapped before decaying to
the ground or to another excited state. The energy scale of isomeric excitation energies
ranges from keV to MeV, while the decay time ranges from nanoseconds to several years.
The known isomers are compiled in the ” Atlas of Nuclear Isomers” [13], which presentely
contains about 2,581 isomers along with their various spectroscopic properties such as
energies, spin and parity, decay branches, multipolarity, gamma energies, etc. This data
reveals many new systematic features across the nuclear landscape, with characteristics
varying from region to region.

Fig. displays a selection of long-lived (> 1ms), highly excited (> 1MeV) isomers,
(discoveries since 2010 are represented by open circles, the data are from [14]) which are
mainly found in exotic neutron-rich and proton-rich nuclei, as well as in the transuranic
region of superheavy nuclei. It is noticeable that the overall distribution of isomers in the
N-Z plane is not random. This indicates that the distribution of isotopes on the chart of
nuclides (as well as the type of nuclides and decay modes) is closely connected to nuclear
structure. This is extremely interesting and suggests that a more detailed study of nuclear
isomers could help answer questions about nuclear structure and models.

1.1.1 Modes of Isomer Decay

[somers can decay through the emission of o or § particles, or via fission, depending on
their energetics, but they can also de-excite via electromagnetic processes (emission of

3



1. Introduction and motivation

100 | e isomers
>1 MeV o
80 >1 ms i.
O new since 2010 s
3 ?3
: |

&,

60 g
40 1 &
[
O
20

20 40 60 80 100 120 140 160
Figure 1.2: Nuclear chart illustrating known isomers with energies greater than 1 MeV
and halflives larger than 1 ms. Discoveries made since 2010 are shown as red open circles,

and earlier discoveries as red filled circles. The pale blue squares represent stable (and
naturally occurring) nuclear ground states, and the black lines represent the closed-shell

magic numbers .

rays or conversion electrons).

In the case of gamma decays, transitions are expressed in an extreme single-particle
approximation using Weisskopf estimates , .

When an isomer undergoes beta decay, it is not easily distinguishable from a promptly
decaying excited state that also decays via beta emission. The distinction can be made by
investigating the energy, spin, and parity, or the half-lives of the isomers, as these can be
either shorter or longer than those of the ground states.

Another possible decay branch is proton decay. A proton can be emitted from a nucleus
when the emission is energetically possible. However, the probability of emission is low
due to the Coulomb barrier and angular momentum. For this reason, the half-lives can be
long, and other decay modes might compete. The first detection of proton radioactivity

was from an isomeric state with 71 = 250 ms, I, = - in Co, with a proton decay
branch of 1.5% ([18] and subsequent detailed studies by [19]).

In the case of fission isomers, which are the focus of our work, the most favorable decay
modes are alpha decay and spontaneous fission. In heavy nuclei (A > 140), there are many

examples of isomers that decay via « emission , . The heaviest case is the super-

4



1.1 The history of isomer studies

heavy isotope ?*°Ds [21]. This example is particularly interesting because the isomer is
located at a relatively high excitation energy (1.1 MeV) and yet has a much longer half-life
(T% = 4 ms) compared to its ground state (T% = 0.2 ms), so the isomer appears to be more
stable than the ground state [22]. This suggests that new superheavy elements might be
discovered in their highly excited isomeric states rather than in their ground states.

For the region of heavy elements (Z> 90), decay predominantly occurs via spontaneous
fission. This can happen in two different situations. The first situation involves normally
deformed isomers, with deformations similar to their respective ground states. An example
is 22°No [23], whose ground state undergoes fission with a half-life of 4us, while its isomer
has a half-life of 35us, with less than 50% probability for the fission branch. Again, as seen
similarly in cases of isomers that decay via « emission, it appears that fission of the isomeric
state is disfavored compared to fission of the ground state [22]. The second situation
involves superdeformed shape isomers that also decay via spontaneous, but delayed, fission.
These ”shape isomers” will be discussed in the next chapter.

1.1.2 Potential application of nuclear isomers

The study of nuclear isomers carries enormous potential for technological development.
Long lived isomers, for example, are used in medical imaging [24], while others could
potentially be used to store energy as "nuclear batteries” [25] or to create super-accurate
clocks [26].

One application of nuclear isomers worth mentioning is the nuclear clock. It is appro-
priate to highlight this here not only because of its interest and potential technological
implications, but also because many advances in this field have been made at the Medical
Physics Chair of LMU [27].

Presently, and since 1967, the Sl-unit "second” is defined as: 9192631770 times the
period of the radiation emitted in the transition of the two hyperfine levels of the ground
state in the isotope '*3Cs. This corresponds to a microwave wavelength, while modern
and most precise optical atomic clocks exploit the about five orders of magnitude higher
optical frequencies and reach relative uncertainties already entering the 107! regime. This
corresponds to an inaccuracy of such clocks of 1 second over a period of about 30 billion
years. The accuracy of such clocks is limited by the perturbative interaction of the atom
with its environment. A clock based on the measurement of a nuclear transition would be
more robust since nuclear levels are less affected by external fields due to usual smaller
nuclear moments compared to the atomic ones. Because the measurement of transition
energy relies on highly stable lasers, the energy must be orders of magnitude lower than
that of typical nuclear excitations.

The isomer with the lowest known energy is **Th, which has an energy of only about
8.4 eV, corresponding to light with a wavelength of about 148 nm. Recently, enormous
progress has been made in understanding its properties, but even measuring its excitation
energy has been a challenge, requiring the development of new types of radiation detectors.
The half-life of neutral ?*Th atoms is 7(1) us [28], while when being in an ionized charge
state, it has a predicted lifetime of T% ~ 103 s [29]. Recently, several measurements
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following radioactive decay of ?**"Th embedded in VUV (vacuum ultraviolet) transparent
crystals resulted in lifetime values (re-scaled for vacuum conditions) of about 2000 s. For
these reasons, using the nuclear transition of ??*Th could lead to the construction of a clock
more accurate than any other [30]. Furthermore, the development of a nuclear clock with a
predicted precision of 1071 [31] would have important implications for both fundamental
physics—such as investigating the temporal variation of fundamental constants or the
search for ultralight dark matter candidates—and applications like gravity sensors [32, 33].
We can only wait for the subsequent developments of this fascinating project.

1.2 Production and separation methods for exotic nu-
clei

The reason to revisit in this thesis work a discovery made 100 years ago for a PhD project
is that, thanks to recent developments in nuclear detectors, rare beam facilities, reaction
analyzers, and digital electronics, as well as in computational power, nuclear isomers have
returned into the focus of nuclear physics research. To study isomers in unstable or very
heavy nuclei species via novel reaction schemes, we need to produce so-called exotic nuclei.
Exotic nuclei are atomic nuclei that exhibit unusual properties compared to stable nuclei
commonly found on Earth. These properties can include an unusual combination of pro-
tons and neutrons, often extending towards very high numbers of neutrons or protons, or
presenting a deformed or metastable nuclear structure. Exotic nuclei can also show binding
energies, nuclear sizes, and decay modes that significantly differ from more common nuclei.
In order to study them, they need to be produced. Below, we will consider the factors in-
volved in their production, the nuclear reactions used, and the separation methods applied
for the resulting reaction products.

1.2.1 Reaction mechanisms

The reaction schemes used to generate ”exotic” nuclei have emerged at different times,
starting from the late 1900s, depending on the type of decay favored in a particular area
of the nuclide chart, as shown in Figll.3

Today, there are two widely used processes for producing exotic nuclei, with a third
process currently being explored. These processes are:

e the fusion of a light nucleus with another nucleus, occurring at energies close to the
reaction threshold,

e the fragmentation of a heavy nucleus by a very light nucleus at relatively high kinetic
energies (”in-flight fragmentation”),

e multinucleon transfer between two heavy nuclei, which can occur at the Coulomb
barrier.
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Figure 1.3: Chart of Nuclides with schematic representation of the present extent of known
nuclei within the black bold line and the theoretically existing nuclei confined by the dot-
ted between the driplines where the neutron and proton separation energy vanish S,, , = 0.
Additionally shown are the regions in which various nuclear reaction schemes are predom-
inantly used or predicted to produce exotic nuclei [34].

Additionally, very heavy nuclei produced in any reaction can undergo fission, producing
neutron-rich, medium-mass products.

1.2.2 Production techniques

The techniques to separate exotic nuclei are designed to their production rate, which de-
pends mainly on the production reaction used and on the cross section involved in the
process. For example, when considering cross sections, fusion reactions used to produce
superheavy nuclei have extremely low cross sections, typically in the range of picobarns
(107'% barns) to femtobarns (107'* barns), whereas fragmentation reactions can have much
higher cross sections in this mass region (range of millibarns (10~2 barns) or even larger.
When we consider a production reaction and an associated separation technique, we refer
to them as production techniques. Two techniques are commonly used nowadays: isotope
separation online (ISOL) and in-flight separation. In both techniques, a mixture of exotic
nuclei is produced in nuclear reactions between the accelerated beam of projectiles and a
target. The reaction products are transported away from the high-background reaction
site, and are purified and prepared to meet the requirements of the experimental setups
downstream. The techniques are complementary, and each has its advantages and draw-
backs. In the ISOL method, exotic isotopes are produced through target fragmentation
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reactions, such as spallation or fission. A high-energy proton beam (up to 4 GeV) with high
intensity (up to 100uA) strikes a thick target (with an areal density on the order of several
10-%;), where the reaction products are stopped and thermalized. These nuclei are then
extracted from the target in the form of ions, mass-separated, and finally re-accelerated to
the desired energies by a secondary accelerator (post-accelerator). The resulting radioac-
tive ion beams (RIBs) are directed onto a secondary target to induce nuclear reactions
and perform spectroscopic measurements. The advantages of this method include a high
production rate of exotic beams, and the ability to freely choose the post-reacceleration
energy, providing thermalized ions ready for low-energy experiments. However, there are
also disadvantages: the efficiency of the produced isotopes heavily depends on the chemi-
cal properties of the released elements, and isobaric contamination of the secondary beam
cannot be completely suppressed. This latter issue can be addressed by using multiple-
reflection time-of-flight mass spectrometers (MR-TOF-MS) as high-resolution isobar sep-
arators, such as at TRIUMF’s Ion Trap for Atomic and Nuclear sciences (TITAN) |35, 36]
and at the Isotope Separator On-Line Device (ISOLDE) [37] facilities, or by employing
selective laser ionization techniques (see [38]).

In the In-Flight method, heavy ion beams with energies ranging from 100 MeV up to
1 GeV per nucleon strike a thin primary target (with an areal density of up to 10-%5). The
kinetic energy of the projectile beam is close to the Coulomb barrier for fusion reactions
and above the Coulomb barrier energy (in the GeV /u region) for projectile fragmentation
and fission reactions. The fragments produced emerge ionized from the target and with
a velocity similar to the projectile beam; these products are then rapidly separated in
flight ( < 1us) according to their masses and charges, and finally directed to high-energy
experiments for spectroscopic and reaction studies or to induce secondary reactions without
additional acceleration. In the case of fusion, Wien filters or fragment separators are
used for separation (see [39, |40]), while for fission and projectile fragmentation reactions,
fragment separators are used, such as the FRagment Separator (FRS) [41] at GSI. The
In-Flight method also has the significant advantage of providing a clean isotope beam free
from isobaric contamination due to the high energy of the fragments, which also makes
event-by-event identification possible, allowing for the use of cocktail beams.

These two techniques (summarized in Fig. prove to be highly complementary. The
first one is limited to radioactive ion beams (RIBs) with long half-lives, greater than 1 ms,
due to the time required to extract the radioactive nuclei from the thick primary target
and transport them to the ion source. However, the ISOL method produces high-quality
RIBs over a wide range of energies, from a few tens of keV to about 100 MeV per nucleon
(after post-acceleration).

The In-Flight method allows for the production of RIBs with short half-lives, down
to a few hundred nanoseconds. These beams, however, tend to be of lower quality (i.e.,
with a large angular and momentum spread of the ions, requiring cooling for low-energy
experiments) and are limited to energies close to those of the primary stable beam, in a
range from 100 MeV to 1 GeV per nucleon. The beam quality could be improved through
cooling techniques, e.g., in a storage ring, but the cooling time is in the order of few seconds
[43] and in this case the advantage of fast in-flight production is lost.
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Figure 1.4: Schematic outline of the ISOL (upper part) and In-Flight (bottom part) pro-
duction technique for radioactive ion beams. Adopted and modified from .

By coupling these two complementary techniques, a hybrid method is obtained, where
exotic nuclei are produced at relativistic energies but used for low-energy experiments,
as is done at the FRagment Separator (FRS) at GSI . Exotic nuclei are produced
using the in-flight method at relativistic speeds and then pass through a cryogenic gas cell
(CSC) that thermalizes and slows the produced nuclei down to keV energy range. They
are subsequently extracted within a time frame of 10 to 100 ms and sent to a low-energy
experimental setup. This allows for low-energy experiments (as in the ISOL technique)
using a clean and short-lived beam (as with the in-flight method). A hybrid technique of
this kind is employed at the FRS Ion Catcher at GSI (a schematic outline of the hybrid
technique is shown in Fig. , where a cryogenic gas cell (CSC) is used to slow down
the beam and direct it to a mass spectrometer, here the multiple reflection time of flight
mass spectrometer (MR-ToF-MS), which will be discussed extensively in the next chapter.
However, this method brings with it technical complexity due to the integration of various
technologies. Therefore, hybrid techniques can also be combined differently depending on
the prerequisites of the facility.
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Figure 1.5: Schematic outline of the hybrid technique for production of exotic ion beams.
Adopted and modified from [42].

As another hybrid method we can also consider the upgrade of the ISOL method that
improved over the years since its invention at the Niels-Bohr Institute in Kopenhagen in
1951 for the production of 3~'Kr. The main adaptations to the ISOL method have been
developed to compensate for the slow extraction process. One of these is the IGISOL
method (Ion Guide Isotope Separator On-Line) developed and set up at the accelerator
laboratory of the University of Jyvaskyla in Finland, which in its latest version, IGISOL-4
[44], utilizes a laser ion source [45]. This technique collects the recoil nuclei produced in
a nuclear reaction using the ISOL method and neutralizes them in a high-pressure gas
cell, typically filled by helium, sometimes by argon. The selected ions are transported
by a gas flow out of the gas cell and injected through a differential pumping electrode
system into the high-vacuum section of the isotope separator for further acceleration and
mass-based separation, as shown in Fig. [I.6] Selection is achieved using a laser system
that selectively re-ionizes only the element of interest among those in the cell. When the
ions are slowed down in the gas, their charge state is constantly reset in charge-exchange
collisions determined by their velocity, the type of gas, and its purity. The conditions in
which the ions are slowed down vary significantly for different reactions, as well as due
to plasma effects from the composition of different processes leading to neutralization or
other ion losses during their transport in the gas. In the most recent versions of IGISOL
[45], to overcome the shortcomings of plasma effects and to provide selectivity based on
atomic number (Z), a laser ionization technique is used (proposed in the early 1990s and
developed further by the Leuven group [46]) that re-ionizes only the element of interest
among those collected in the cell. A schematic picture of this method is shown in Fig[I.6]

This technique overcomes some limitations of the traditional IGISOL method, partic-
ularly providing Z-selectivity (by atomic number) and improving efficiency, especially for
fission reactions. It is particularly useful for studying refractory elements and reactions
that produce a wide range of products, such as fission reactions. However, this technique
can also have disadvantages. It requires specific laser ionization schemes for each element,
which can limit its application.
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Figure 1.6: Schematic view of the laser ion source trap at IGISOL [45].

In summary, each technique has its benefits and drawbacks, but by combining multiple
techniques and instrumentation (such as mass spectrometers and cooling devices), tech-
niques can be tailored to the studies to be undertaken. In particular, the use of multiple
reflection time-of-flight mass spectrometers (MR-TOF-MS) and selective laser ionization
aims to further improve the selectivity and efficiency of these techniques, addressing the
issue of isobaric contamination in ISOL techniques. Meanwhile, integrating these tech-
niques with cooling and storage devices opens new possibilities for precision experiments
and applications with exotic nuclei.

1.3 Introduction to GSI and JYFL

Here we provide a general description of two research institutes that produce exotic nuclei:
GSI in Darmstadt, where the FRS Ion Catcher with the hybrid technique is located, and
the accelerator laboratory of the University of Jyvéskyld (JYFL) in Finland, where the
IGISOL facility can be found. We choose these two because they are the facilities where
the experiments described in the following chapters were conducted.

1.3.1 GSI

The GSI Helmholtz Centre for Heavy Ion Research placed at Darmstadt, founded in 1969 as
Gesellschaft fiir Schwerionenforschung mbH, is a world-leading research facility dedicated
to the study of heavy ions. GSI’s primary mission is the construction and operation
of accelerator facilities conducting research on exotic nuclei in fields from fundamental
physics to medical and space science applications. Additionally, GSI operates several large
spectrometer and detector systems, and participates in the ALICE detector project at
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CERN.

In the facility, a primary beam of stable ions is produced and accelerated up to ~ 11.4
MeV /u at the UNIversal Linear ACcelerator (UNILAC) [47]. From here the beam can
be directly sent to some downstream experiments or can be injected to the heavy-ion
synchrotron (SIS—18) for further acceleration of the ions to relativistic energies (from
3 —20 MeV/u up to 1 — 2 GeV/u) and then directed to the Fragment Separator FRS
[41] where secondary ion beams of exotic nuclei are produced via the in-flight technique
(as introduced in Sect. [1.2). The isotopes of interest are filtered and delivered to the
experimental stations downstream, in the case of our interest to the FRS Ion Catcher [49!
. Figure shows a layout of the GSI facility, including the additions presently under
construction in the context of the FAIR project [51].

Ring accelerator
515100

Linear accelerator Ring accelerator
UNILAC 51518

Production of
new atomic nuclei

Production of
antiprotons

—_—
100 metres

Super-FRS
Super-FRS EC

MATS icti i
existing facilit
Experimental and LASpec . s Y
storage rings B planned facility
B cxperiments

Figure 1.7: Schematic layout of the GSI facility. It mainly consists of the heavy-ion linear-
accelerator UNILAC, the heavy-ion synchrotron, presently existing is SIS—18 and under
construction SIS—100 , the fragment separator FRS and the (under construction) Super
Fragment Separator (S-FRS). The FRS Ion Catcher is positioned at the final focal plane
of the FRS [Picture for presentation shared within the FRS Ion Catcher group].

1.3.2 FRagment Separator (FRS)

In the FRS, the relativistic ion beam bombards a production target producing exotic nuclei
via projectile fragmentation and fission reactions. The secondary beam is then separated
in-flight and delivered to different experiments downstream such as to the FRS-IC. A
schematic view of the FRS and the FRS Ion Catcher is shown in Fig. [1.8|
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The FRS consists of two similar magnetic separation stages. Each stage has two dipole
magnets for magnetic rigidity analysis and a set of quadrupole and hexapole magnets for
focusing of the beam and ion optical corrections. At the end of each stage there are slits
to control the variety of selected ions. A profiled aluminum degrader is located at the
mid-focal plane between the two separation stages and a variable degrader is installed at
the end of the FRS in the final focal plane.

300-1000 MeV/u ~ MeV/u eV keV
Fragment separator FRS Variable FRS lon Catcher
Primary beam degrader CscC RFQ beamline ~ MR-TOF-MS
Slits PID detectors 1 EEHHH””HHHH
226Th source

Implanter Si detector

|
Production / TOF analyzer
target Fragment d
beam Unwanted Monoenergetic/
fragments Achromatic

—————
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1 TFS

Mass range selector
reflector

a- TOF detector

Figure 1.8: Schematic drawing of the experimental setup showing the Fragment Separator
(FRS) combined with the FRS Ion Catcher (FRS-IC) at GSI as it was during the experi-
ment S530 discussed in this work. [Adapted for S530 settings from a picture made by D.
Amanbayev]

The relativistic beam of exotic radioactive isotopes emerges via projectile fragmenta-
tion and/or fission reactions typically fully-stripped as fragments from the target. The
fragments are separated and filtered by crossing the FRS’s stages using a Bp — AE — Bp
method. At the first magnetic stage, fragments are separated by their magnetic rigidity
Bp, this means the ions are selected accordingly to the mass-over-charge ratio (m/q). Then
they meet the wedge shaped aluminum degrader to reduce part of their energy (energy loss
is AE ~ Z?). At this point at the last stage, the magnetic rigidity becomes isotope-specific,
so isotope separation is achieved. Tuning by the angle of the wedge-shaped degrader at the
mid-focal plane, the FRS can provide an achromatic (standard) mode or monoenergetic
modes [Geissel et al., 1989]. The achromatic mode is optimal for the isotopic separation,
but has a large range straggling. That is why it is preferable to use the monoenergetic
mode when the FRS is combined with the FRS-IC, since in this way a larger number of ions
can be stopped in the cryogenic stopping cell (the CSC being the first part of the FRS-IC
system). The installation of the variable degrader at the end of the FRS and just before
the CSC allows to use the achromatic mode by correcting the range position dependence,
such that the CSC is capable to handle a cocktail beam (see Fig. [1.9][52]).

A large number of detectors is installed all along the FRS for the in-flight particle
identification (PID) and intensity monitoring. The intensity of a primary beam is mea-
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Figure 1.9: The ellipses in this figure panels show the ion straggling range versus the CSC
length. The upper plot refers to normal operation of the FRS and uses achromatic optics.
With this mode, only few nuclides can be stopped in gas simultaneously. The bottom plot
shows the case when the degrader is used to ”correct” the range/position dependence and
in this case the CSC can handle the cocktail beam (the beam is completely stopped in the

CsC) [52).

sured with a secondary electron transmission monitor (SEETRAM). The PID achieved by
a combination of plastic scintillators (SCI) measuring time-of-flight and intensity of the
fragments and of a time-projection chamber (TPC) measuring position and angle of
the fragments . Together they provide information on the mass-over-charge ratio m/q.
The installation of a further detector, a multiple sampling ionization chamber (MUSIC)
detector provides information about the atomic number Z by measuring the energy depo-
sition of ions in gas [55] [56]. The FRS-IC setup will be in detail explained in Chapter
together with technical improvements achieved as preparatory developments which enable
the experiments presented afterwards.
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1.3.3 JYFL

The JYFL Laboratory of the University of Jyvéaskyld is a Finnish national research facility
with an extensive international program in education and research on atomic nuclei under
extreme conditions as well as related applications [57]. For these purposes the JYFL cy-
clotron (AVF, K130) with its ion sources delivers, together with GSI, GANIL and ISOLDE
facility, the largest variety of light and heavy ion beams in Europe. The facility has proven
to be very reliable, providing up to 7000 hours of beam hours per year. Multiple instru-
mentations are available, but this job is focused on the IGISOL facility since one of the two
experiments presented in the framework of this thesis was performed at IGISOL. IGISOL
delivers various species of cooled and bunched radioactive ion beams to beam lines equipped
with ion traps for accurate nuclear-mass measurements, detector systems for exotic decay
modes and laser-spectroscopy systems for hyperfine-structure studies. Radioactive beams
from IGISOL are also used for applications, such as studies of atomistic transport processes
in nanoscale solids.

1.3.4 IGISOL

The Ion Guide Isotope Separator On-Line (IGISOL) facility, particularly in its upgraded
IGISOL—4 version [44], uses a sophisticated method to produce and handle exotic nuclei.
The facility’s process begins with a light-ion (mostly proton) projectile beam, generated
from either the K130 or MCC30 cyclotron, which strikes a thin target, causing reaction
product nuclei to recoil into a fast-flowing buffer gas, usually high-purity helium. These
recoil ions are slowed down and thermalized through collision processes in the buffer gas,
achieving a singly-charged state with an efficiency ranging from 1 to 10%.

The helium gas flow then guides the ions through a nozzle exit into a subsequent
radiofrequency sextupole ion beam guide (SPIG), which operates at a frequency of 3 — 4
MHz and an RF amplitude up to 600 V. The SPIG not only enhances the quality of the
ion beam by phase space cooling, but also improves the transmission efficiency from the
ion guide to the mass separator, with a maximum transmission of up to 100% for currents
around 100 nA, although efficiency drops to 50% at higher currents of approximately 600
nA. The extracted ions are then electrostatically accelerated using a 30 keV potential. The
ion guide operates at a pressure range between 100 and 300 mbar, with the optimal pressure
selected to maximize production for each reaction. In addition to online production, an
offline ion source station is available to provide stable ion beams during measurements.
This station includes a surface ion source and a glow discharge ion source. The surface
ion source produces ions by heating a mixture of potassium, rubidium, and cesium, while
the glow discharge ion source ionizes the helium buffer gas through high-voltage discharge
sparks, causing fragmentation of the cathode material. Both online and offline ion beams
are mass-separated using a 55-degree dipole magnet with a resolving power of % ~ 500.
Once mass-separated, the ion beam is directed to various stations, such as the decay
spectroscopy line, the cesium atom trap station, or the radiofrequency quadrupole (RFQ)

cooler-buncher. In the cooler-buncher, ions are decelerated to about 50 eV and focused
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into a quadrupole using electrostatic lenses. The ions undergo repeated collisions with
helium atoms (at a pressure of ~ 0.1 mbar) to improve their emittance and reduce their
energy spread to below 1 eV. The ions are trapped at the end of the cooler by a potential
barrier and accumulated for a few hundred milliseconds. They are then released in 100us
bunches, with the individual bunch having a temporal width of 10 — 20 us at an energy of
800 eV into either the laser line or the Penning trap facility JYFLTRAP. The transmission
efficiency through the cooler-buncher is 60 — 70%. The bunched beam offers significantly
lower background levels compared to a continuous ion beam, improving the accuracy of
time-of-flight (TOF) measurements.

1.4 Motivation

The actinide region offers a fertile ground for investigating superdeformed nuclear shapes
due to the interplay between strong shell effects and deformation-driving forces while still
being in a regime of low angular momenta. This field has been investigated since the dis-
covery of first isomers about 100 years ago, but today new technology offers new ways to
investigate this region.

In this work two exploratory experiments are presented. The first was performed at the
Fragment Separator (FRS) and the FRS Ion Catcher based at GSI, and at the IGISOL
facility at the JYFL Laboratory of the University of Jyvaskyla in Finland.

In the first case measurements have been conducted to explore the feasibility of producing
strongly deformed nuclei in the actinide region via the projectile fragmentation technique.
The selected approach leverages projectile fragmentation of a 23U primary beam at 1000
MeV /u, combined with advanced separation and identification techniques of reaction prod-
ucts provided by the Fragment Separator (FRS) and then stopped inside a cryogenic stop-
ping cell before being extracted into a diagnostics section for decay spectroscopy or Time-
of-Flight mass spectrometry.

Technological development for the stopping cell has to be performed (based on existing
concepts and preparatory work) to reduce the ion extraction time from the cell down to 10
ms to allow for measuring the short-lived fission isomers and to increase the rate capabil-
ity to allow for a larger beam rate acceptance. The commissioning and the experimental
status of the technical improvement are presented together with the related experimental
results.

On the other side, also the data acquisition has been developed suiting new detector tech-
nology and decay signal identification is achieved introducing new methodology.

In the second experimental campaign at IGISOL in Finland, the isomers ?*/Am and
242f Am have been studied.

The ?42Am fission isomer, with a half-life of approximately 14 ms, is the longest-lived
known fission isomer, making it a crucial subject for studying double-humped fission barrier
properties. Previous studies using the 2*2Pu(d, 2n)?*2Am reaction have identified peak
production energies in a range of 7 to 12 MeV, while the theoretically predicted value is
13.8 MeV. In this case further measurements are required to refine the peak production
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rate.

This experiment served as an investigation to validate the methodology for producing
242f Am and 249/ Am, while also exploring the feasibility of measuring the excitation energy
of 22/ Am. Additionally, it aimed to determine the half-life and the isomer-to-ground state
ratio for both 2°fAm and 22/ Am. These measurements are critical for improving our
understanding of fission barrier parameters, such as the barrier height and decay branching
ratios.

Furthermore, the investigation of 2*2Am provides insights for the Nuclear Excitation
by Electron Capture (NEEC) process. NEEC is a process in which an atomic nucleus is
excited by the capture of a free electron by a highly charged ion. During this capture,
the energy released by the electron in binding to an atomic orbital is not emitted as a
photon, as in the case of radiative capture, but is transferred directly to the nucleus [58,
59, |60]. The nucleus >*?Am has two isomeric states within its energy levels. The first has
an excitation energy of 48.63 (5) keV and an average lifetime of 141 (2) years and decays
mostly (99.5 %) via isomeric transition (IT). A second isomeric state with excitation energy
2200 (80) keV, average lifetime 13.9 (2) ms and a probability of decay of about 100 % via
spontaneous fission (this last isomer will be considered in the following chapters).

Looking at the isomeric state as energy storage state, it is interesting to control their
decay for many application as for example a nuclear battery application. The NEEC, as
controlled process could be a favourable mechanism to use in this regards. The first of the
two isomeric state for the 22Am, it is a strong candidate for the NEEC process due to its
low excited states compared to other isomeric state, since it is easier to reach.

The outcomes of this study are expected to contribute significantly to advancing method-
ologies in nuclear structure physics of heavy, strongly deformed nuclides and enriching our
comprehension of exotic nuclear states.
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Chapter 2

Superdeformed nuclear shapes in the
actinide region

2.1 Introduction to Fission Isomers

Nowadays it is well known that a nucleus can adopt various shapes, from simple spherical
configurations to more complex and deformed ones, depending on factors as the N and
Z configuration, excitation energy and angular momentum. These distinct shapes emerge
due to the presence of additional minima in the nucleus’s potential energy surface, beyond
the ground state minimum, when the energy is mapped across different degrees of freedom.
When a heavy, fissile nucleus assumes a secondary minimum with a shape distinct from
its ground state, it can back-decay into the deformed first minimum or by delayed fission.
These isomeric states are known as shape isomers.

A specific category of shape isomers, called fission isomers, occurs in the heavier ac-
tinides region, which can decay through alpha decay or spontaneous fission. Fission isomers
are characterized by super-deformed shapes and represent the first instances of super-
deformation at low-spin states. In this context superdeformation is defined as a nuclear
deformation parameterized by a quadrupole deformation parameter 5 ~ 0.7, equivalent
to a ratio of semi-minor to semi-major half axis in a rotational ellipsoid of 1 : 2.

The first isomer to undergo spontaneous fission was unexpectedly identified in *2Am by
Polikanov et al. [61], during an investigation of the properties of short-lived heavy nuclei.
In this experiment, a beam of heavy ions (either 'O or ?2Ne) produced by the Dubna
cyclotron was directed on a thin 28U target. The reaction products were expelled from
the target at high speeds and subsequently captured by a rotating collector, which passed
through two ionization chambers designed to efficiently detect fission fragments. Special
care was taken to ensure that only the signals corresponding to fragments originating from
the 23U were recorded. Analysis of the pulse spectrum and fragment range confirmed the
occurrence of delayed fission, with a measured half-life, now determined to be 14 ms [61],
100% decay via spontaneous fission (SF) was observed.

The isotope 2*2Am was already known to exist in two states: a ground state and an
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2.1 Introduction to Fission Isomers

isomeric state with an excitation energy of 48 keV. The ground state decays either via
[~ decay or K-electron capture, with a half-life of 16 hours, whereas the isomeric state
has a much longer half-life of 141 years and a partial half-life for spontaneous fission (SF)
of 9.5 x 10" years. The detection of an isomeric state with a SF half-life of 14 ms at
100% suggested an extreme reduction in the half-life by a factor of 10?°, challenging the
conventional understanding of the fission barrier [61].

Moreover, the fact that the isomer ratio remained constant, irrespective of the angular
momentum introduced by various reactions such as (p, n), (a, 2n), (n, 2n), or (1B, a3dn),
ruled out the hypothesis that the stability was due to a high-spin isomer resisting gamma
decay [62]. Additionally, the proposed theoretical explanation that stability originated
from nuclear matter in a superfluid state near the ground state was contradicted by the
excitation threshold energy of the isomer, which indicated an excitation energy in the MeV
range.

While some nuclei possess two known fission isomers, some of them also exhibit a
rotational band built on the isomeric state. These isomers show an intermediate group
structure, an interesting phenomenon observed in the cross section of fission with cold
neutrons. The first observation of this phenomenon dates back to 1968 63|, when Fubini
et al. bombarded slow neutrons on ?*”Np and measured both the total cross section and
the fission cross section. The total cross section displayed a behavior similar to that of
other odd-mass nuclei with A = 237, but the fission cross section presented numerous
peaks, each composed of several resonances at defined energies. This phenomenon can be
explained if the potential energy function has two minima. In the absence of a second
minimum, resonances are due to the energy levels of the compound nucleus formed in
neutron capture. However, the existence of a second minimum introduces the possibility
that the ground state of the second well is 2-3 MeV higher than that of the first one, with
the captured neutron providing at least 5 MeV of excitation energy. This leads to the
formation of a shape isomer, such as a second ground state at least 2-3 MeV above the
first ground state. Whenever the excitation levels in the first well coincide with those of
the first, greater barrier penetration occurs. Since the second well is shallower, its levels
are more spaced apart than those of the first, creating a fine structure superimposed to
the cross section.

By the time of the observations mentioned above, the description of a potential energy
function with multiple minima was not predicted by the liquid drop model. Only thanks to
Strutinsky’s [64] insight, which introduced shell effects into nuclear energy calculations, was
an additional local minimum was observed in the potential function, termed superdeformed,
at a deformation corresponding to an aspect ratio of approximately 2:1, approximating the
nuclear shape to a rotational symmetric ellipsoid. This observation clarified the existence
of a shape isomer that decays via fission from a locally deformed minimum as previously
proposed by Polikanov et al. [61] and by Flerov and Druin [65]. From the excitation
function of delayed fission yield compared to prompt fission yield, valuable information
was derived regarding the ground state’s energy. Furthermore, fission barrier calculations
incorporating Strutinsky’s corrections revealed additional candidates for fission isomers,
which occupy a region from Z = 92 to 97 and from N = 141 to 151, known as the

19



2. Superdeformed nuclear shapes in the actinide region

"uranium-berkelium island” or the ”island of shape isomers.”

In the following sections, we will explore shape isomers in actinide nuclei. We will begin
with general considerations on fission, introducing the liquid drop model (LDM) and the
shell corrections (SCM) introduced by Strutinsky. Based on experimental evidence of even
a third (hyperdeformed, axis ratio 3 : 1) minimum, we will examine the potential energy
surface (PES) function and the Brosa method for multimodal fission, focusing on fission
isomers. Finally, we will introduce the experimental campaigns studied in this thesis.

2.2 Considerations on Nuclear Fission

In this section, we want to explore why nuclei undergo fission and the peculiarities of this
process, justifying the need to add shell effects to the liquid drop model.

For a nucleus to fission spontaneously, the final state must be energetically favored.
Consider a heavy nucleus in the uranium region, for example 2*®U, which has a binding
energy of about 7.6 MeV per nucleon. If 233U were to split into two equal fragments with
A= 119, their binding energy per nucleon would be around 8.5 MeV. Therefore, the energy
would transition from the bound system of 23*U with energy:

238 X 7.6 MeV = —1809 MeV

to two bound nuclei of 1*Pd with energy:

2x 119 x 8.5 MeV = —2033 MeV.

The energy difference between the two systems must be compensated by the law of
energy conservation, which occurs through the emission of neutrons, S emissions, v emis-
sions, but mainly (~ 80%) as kinetic energy of the fragments, as the Coulomb repulsion
separates them.

The probability of decay is proportional to the energy release. Therefore, a large energy
release, such as the one predicted for the fission of nuclei rising along the binding energy
curve, should favor this reaction. However, this does not happen. Although the fission
decay process exists, it does not compete successfully, for instance, with the spontaneous
a-decay of **®U (with ¢, = 4.5 x 10° years, while the partial half-life for fission is about
10%6 years), and it does not become an important decay process until reaching nuclei with
a mass of 250 or greater.

What inhibits the fission process is the Coulomb barrier. If we split 2**U into two
identical fragments that barely touch (separation = R + Ry, where Ry = Ry = 1.25fm -
(119)'/3 = 6.1 fm), the Coulomb barrier is:

1 Z1Zye*  (1.44MeV - fm) - (46)?
dteg R 12.2fm 20 MeV

Therefore, the 224 MeV of our bound system of two Pd nuclei does not have enough
energy to overcome the Coulomb barrier, and thus the probability of fission decay is low
because the barrier cannot be penetrated.
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2.2 Considerations on Nuclear Fission

This situation is shown in Fig. [2.1, where the potential energy of the system is plotted
as a function of the separation distance.

250 MeV

224 MeV :@_ |

Energy

Separation distance

Figure 2.1: Potential energy of the nucleus of ?**U as a function of the separation distance
166].

However, for many reasons (for instance, the calculation of the barrier and the nuclear
energy are only estimates, the mass split of fragments normally will be asymmetric, etc.),
this calculation is approximate.

An instructive approach to understanding fission can be obtained from the semi-empirical
Bethe-Weizsacker mass formula, derived within the liquid drop approach

Z(Z —1) (N —Z)?

EBICL\/A—asAQ/B—aC A1/3 — ap A :E(S(N,Z)

The formula below consists of 5 terms:

1. Volume energy ayA: Proportional to the volume, it reflects the attractive inter-
action among nucleons packed into the smallest possible space with an interaction
exclusively confined to nearest neighbors.

2. Surface energy agA??: Correcting for the assumption of uniform nucleon interac-
tion, this repulsive negative term is proportional to the surface area, analogous to
liquid surface tension.

3. Coulomb energy ac%: Represents the repulsive potential energy from the

Coulomb interaction between proton pairs, reducing the overall binding energy.

4. Asymmetry energy aa (N;‘Z)Q (also called Pauli energy): Accounts for the Pauli

exclusion principle, indicating that unequal numbers of neutrons and protons lead to
higher energy levels being filled while leaving lower levels vacant.
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2. Superdeformed nuclear shapes in the actinide region

5. Pairing energy 6(N, Z): This accounts for the energetically favored tendency of
proton pairs and neutron pairs to occur. An even number of particles is more stable
than an odd number due to spin coupling.

Let us examine the impact on the binding energy of a nucleus that is initially spherical
and is gradually elongated. This elongation can occur while maintaining a constant volume,
but the surface and Coulomb energy terms, which were originally calculated for spherical
nuclei, will be influenced by this stretching. We represent the elongated nucleus as a prolate
ellipsoid, characterized by a volume of %ﬂab2, where a is the semi-major axis and b is the
semi-minor axis. The deviation of the ellipsoid from a sphere of radius R is expressed in
terms of a distortion parameter ¢ as follows:

a=R(1+¢)
b=R(1+¢) 2

Here, € represents the eccentricity of the ellipse and is associated with the deformation

parameter [ given by § = é\/gﬁ—R, leading to € = \/% It is important to note that
R? = ab?, ensuring the volume remains constant while the distortion increases. As a

sphere is elongated into an ellipsoid, its surface area expands according to

5

as a result, the surface energy term in the semi-empirical mass formula also increases.
The Coulomb energy term is modified by the factor

1
(1—5€2+...>,

leading to the energy difference (specifically, the reduction in binding energy) between
a spherical nucleus and an ellipsoid of the same volume, expressed as:

2
8247TR2<1+—€2+...);

AE = B(e) — B(e = 0)

2 2 2 z? 1 2 2/3 z?
—_asAS (1—{—56 +)_CLCE<1_56 + ... —|—(I5A +acA1/3.
2 2/3 1 z? 2

If the second term surpasses the first, the energy difference becomes positive — indicat-
ing that energy is gained through the stretching process, with more significant stretching
leading to even greater energy gain. This nucleus becomes unstable against stretching and
is prone to fission. In Fig. an illustration of the nuclear deformation stages during
fission is shown.
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2.3 Some Observations on Spontaneous Fission from the Liquid Drop Model
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Figure 2.2: Representation of the evolution of the nuclear shape in fission as described by
the LDM.

Consequently, for spontaneous fission, the condition is expressed as:

2 72
—2@8145 -+ acE > 0.

3

By substituting the values of a; and a., we arrive at:

2

A
— > A47.
A>7

This simple estimation needs to be adjusted to consider quantum barrier penetration,
which enables spontaneous fission even when the deformation energy is negative. It should
also be introduced the observation made on the nuclei in the uranium region. Indeed,
they have a permanent equilibrium deformation, resulting in an equilibrium shape that is
ellipsoidal rather than spherical. Moreover, the observations listed in the next paragraph
will let us understand that this simple model is not efficient to describe the fission reaction
particularly in the actinide region.

2.3 Some Observations on Spontaneous Fission from
the Liquid Drop Model

In this section are listed some experimental observations about fission that cannot be
completely explained by the description of fission as a nuclear deformation in the framework
of the liquid drop model.

23



2. Superdeformed nuclear shapes in the actinide region

2.3.1 Lifetime for Spontaneous Fission

The fissility parameter 272’ defined earlier, can provide an approximate prediction of the

nucleus’s ability to undergo spontaneous fission. As shown in Fig. [2.3] the larger the
parameter, the shorter the half-life for spontaneous fission (for the ground state). From
the data reported in this graph, it is extrapolated that fission for nuclei %2 = 47 would
have a half-life of about 1072° and hence the fission would ”instantly” occur for nuclei
having the Fissility parameter Zf > 47.

This deduction, however, conflicts with experimental results from the period of 1960-
63. During this period, at the Heavy Ion Laboratory in Dubna, through precise studies on
various types of activity that could be linked to new heavy elements, spontaneous fission
activity with a half-life of 14 ms was observed and attributed to 2*?Am. This isotope has,
in its ground state, a spontaneous fission half-life of the order of 10'° years. Therefore, it
was impossible to understand how an excited state with a spontaneous fission half-life 10*°
times shorter than that of the ground state could resist de-excitation for 14 ms [67]. The
same uncertainty applies to other isomers, as can be observed in Fig. , here 242™Am,
240mAm and 23°™Am are shown having lifetimes shorter by many orders of magnitude
compared to their ground state.

2.3.2 Mass Distribution of Fission Fragments

Another observation concerns the mass distribution products of a typical neutron induced
fission reaction for compound nuclei of similar mass. This distribution is not symmetric
for every compound nucleus, and while the mass distributions for heavy fragments overlap
quite well, the lighter fragments exhibit significant variation (Fig. .

Comparing 23°U with 2Fm, we note that Z, N, and A all increase by about 8.5%.
If the liquid drop model of fission were a complete description of the process, we would
expect both the heavy and light fragment mass distributions to shift by approximately
8.5% between 23°U and 2°Fm. That is, the mean fragment masses should shift from about
95 and 140 in 23U to about 103 and 152 in ?*Fm. Instead, the observed mean masses in
256Fm are about 114 and 141.

A second observation relates to the mean masses of light and heavy fragments for
compound nuclei with masses ranging from A = 228 — 256. While the mass of the heavy
fragment remains around 140, the light fragment takes up the remaining nucleons and
increases linearly with A. This also contradicts the liquid drop model, where we would
expect the fragment masses to scale with the mass of the drop.

Figure highlights the regions where it is expected to find fission fragments with
magic numbers for Z or N according to the shell model. This reveals that within the mass
range shown in the figure, there is a region corresponding to the magic number N = 50 near
the distribution of light nuclei and a second region around A = 132, where A corresponds
to the sum of two magic numbers Z = 50 and N = 82 (or perhaps the closed deformed
neutron shell at N = 88 [69]), making '*2Sn an extremely stable nucleus, which determines
the lower limit of the heavy fragment mass distribution. No similar effect is observed for
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Figure 2.3: Measurements of lifetimes for the spontaneous fission nuclei as a function of
the fissility parameter Z72 in the mass range of actinides [66].

the light fragment, whose masses are far from the region of N = 50.
It appears that a fissioning nucleus tends to divide, forming a fragment around *?Sn
(the heavy fragment), while the remaining nucleons are distributed in the light fragment.

2.3.3 Resonance Structure

Another characteristic of spontaneous fission emerges when analyzing the cross section as
a function of resonances. Figure [2.5 compares the fission cross section to the total neutron
cross section for 24°Pu. It is clear that fission selects only certain resonances with a higher
probability of fission, while other resonances decay through different processes, possibly
via gamma or neutron emission.

Moreover, upon closer inspection, it is evident that fission resonances seem to cluster
into well-separated groups rather than being randomly distributed. At the same time, the
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2. Superdeformed nuclear shapes in the actinide region
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Figure 2.4: Mass distribution of fission fragments from thermal-neutron fission of #*3U,
250U and 2%Pu, along with spontaneous fission of 2*2Cf and 2°°Fm. Shaded areas show

approximate locations of closed-shell nuclei [68].

fission widths (between the resonances of the compound nucleus) are enormously large for
some groups of resonances (100-1000 eV) and small (1-10 eV) for other groups ([70]). This
phenomenon, known as the intermediate structure effect, has also been observed in other

nuclei.

Further experimental campaigns revealed similar sub-threshold resonances in other non-
fissile actinide isotopes, for instance, in 2"Np [63] [71],[72], 242Pu [73,|74] and 23*U and #8U

[75).
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2.4 Introduction of Shell Effects to the LDM
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Figure 2.5: Comparison of fission and total cross sections of 2°Pu [68]. Upper plot in
the picture shows the total neutron cross section as a function of the excitation energy
of 2Pu. Lower plot describes the fission cross section as a function of the excitation
energy of 24°Pu. Fission selects only certain resonances with a higher probability of fission,
while other resonances decay through different processes, possibly via gamma or neutron
emission.

2.4 Introduction of Shell Effects to the LDM

"It was evident that there was a need for a unified theory that could provide balanced roles
to both the LDM and the shell model” - Strutinsky[64} 68].

With these words, in 1966, Strutinsky made a breakthrough concerning the problem
of incorporating shell effects into nuclear deformation energies higher than those of the
liquid drop model (LDM). For this problem, he devised an averaging method, now known
as the Strutinsky smoothing method or Shell Correction Model (SCM). At a 1969 sympo-
sium in Lysekil, Sweden, he presented the results of applying his shell-correction method
to calculating fission barriers, providing a physical explanation for fission isomers — an
experimental fact that had not yet been explained theoretically. Thanks to this method,
the contradictory observations listed above finally found an explanation.

The Strutinsky method combines the macroscopic liquid drop model with a simplified
microscopic treatment based on the shell model for nuclei in deformed potentials [76]. In
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2. Superdeformed nuclear shapes in the actinide region

the independent particle model, the total energy of a nucleus is given by the sum of single-
particle energies. The SCM uses a renormalization of single-particle energies in deformed
potentials relative to the liquid drop model energy, where the single-particle energy levels
are replaced by a smooth distribution of states resembling the density of single-particle
states but without the real shell structure [77].

We start by considering the energy levels for neutrons in a prolate deformation potential
derived for the single-particle state in deformed nuclei by Nilsson [78] and observe the
changes in the potential barrier description.

The most drastic effect of the shell structure occurs in the fission barrier itself. When
we begin stretching the nucleus (characterized by an eccentricity parameter € ), the energy
increases as €2, as shown in Eq. , giving an approximate parabolic dependence. The
single-particle states in the now-deformed nucleus vary with deformation, as shown in Fig.
2.6} some increase in energy with deformation, while others decrease.

If the valence nucleons are in a state with a positive slope, the net energy increases
with deformation and it will be slightly faster than the parabola since the single-particle
energy also increases with e. However, at some point, as € increases in Fig. 2.6, the energy
crosses into a state with a negative slope. The valence particle, choosing the lowest energy
state, now follows the new state, and the net energy change with ¢ is slightly less than
the parabola. This continues until another crossing occurs with a state where the energy
increases with ¢, and the total energy again exceeds the parabola. The energy function
evolution of the valence particles as function of deformation e is shown in Fig. 2.7] At the
point where fission begins, the shape of the single fission barrier shown in black in Fig.
is modified, and the energy dependence introduced by the single-particle shell structure
results in a double-humped fission barrier.

The figure represents in black (solid line) the potential energy as a function of the nu-
clear deformation once the shell contribution is added to the liquid drop model as described
by Strutinsky. Unlike the liquid drop model alone (dashed black line), there are two local
minima, with the first being deeper than the second, having an average difference of 2-3
MeV between the first and second minima. The lowest lying states in the first and second
wells are called class I and class II states or ground state (GS) and superdeformed ground
state (SD), respectively.

The appearance of a second minimum also explains the existence of shape isomers that
undergo spontaneous but delayed fission, discovered several years ago [61]. These so-called
shape isomers (metastable states) have their ground state in the second minimum. Shape
isomers decay either by fission (if) or by an internal deexcitation, i.e., via gamma decay
into the first well (i), corresponding to tunneling through the outer or inner barrier,
respectively. This also explains the much shorter half-lives for spontaneous fission of iso-
mers, hence called delayed or isomeric fission, compared to the ground state. In the second
minimum configuration, the barrier to be crossed is much thinner.

The presence of a second minimum in the potential energy versus deformation can also
explain the intermediate structure effect in fission resonances. As the deformation increases
(in the second minimum, nuclei are more deformed than in the first), the rotational spectral
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2.4 Introduction of Shell Effects to the LDM

bands become closer. Indeed, using the formula for the rotational spectrum FE = Z—jl (I+1),
where FE is the energy of the considered band member state, I is the moment of inertia, and
[ is the angular momentum, and recalling that the moment of inertia is directly proportional
to the deformation, we find that for more deformed configurations, the term inversely
proportional to energy % is smaller, and thus the distance between rotational energy
states is smaller.

These so-called intermediate structures have been observed for many actinide nuclei,
as summarized elsewhere by Bjgrnholm and Lynn [62] or Weigmann [80] and references
therein.

The Strutinsky method, with the introduction of the second minimum, also explained
why shape isomers in actinides have different decay preferences. In this regard, Moller and
Nix [81] presented barrier calculations for thorium, plutonium, californium, and nobelium
with neutron numbers N = 142, 146, 150, 154, and 158, showing that the height of the inner
barrier varies with proton number Z. In particular, light actinides predominantly decay
via gamma decay, heavy ones favor delayed fission, while both decay modes are observed
in the intermediate region for uranium and neptunium isotopes. Figure illustrates
how the height of the outer barrier changes with increasing Z for various actinides, from
thorium to californium, showing that for larger Z, the outer barrier height is lower than
the inner barrier, favoring delayed fission, while for smaller Z, the opposite is true, and for
intermediate Z, where the barrier heights are similar, there is no preferred decay mode.

The island of shape isomers for the known actinides nuclei is represented in the Fig.
2.90 Here, the squares in yellow are the predicted and observed shape isomers. In the
picture are included: the isomeric half-life, the existence of a third minimum (III, in red),
the energy for the v - back decay into the first minimum (in green) and the decay mode.
The picture is adopted from [79] and modified accordingly to the new data from |83} 84, 85|
86] and from the National Nuclear Data Center (NNDC), maintained by the Brookhaven
National Laboratory.

Despite the successful explanation of the experimental observations mentioned above,
the early SCM calculations did not provide the correct fission barrier shape for actinides
and failed to explain observed asymmetry in the mass distribution of most fission fragments.

In the meanwhile, again Méller and Nix [81], identified an unexpected phenomenon:
the peak of the outer barrier was found to split into two distinct peaks, separated by
a at that time assumed shallow third minimum for small neutron numbers N < 146.
Additionally, when comparing these experimental results with calculations based on a two-
humped model, it was observed that the calculated second minimum was several MeV lower
than the experimentally deduced one. However, these analyses were carried out using a
model that assumed a double-humped barrier, which later proved to be inadequate. The
first direct evidence of a triple-humped barrier emerged from the analysis of microstructures
in the resonances of the reactions *Th(n, f) and 2°Th(n, f) |87, |88]. This considerable
mismatch, along with a similar issue concerning the inner barrier height, became known as
the "thorium anomaly”. Later on, the microstructures were interpreted as rotational bands,
where the level spacing and the deduced moment of inertia, h?/2I ~ 2 keV, suggested a
quadrupole deformation of 35 ~ 0.9.
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2. Superdeformed nuclear shapes in the actinide region

Subsequent experiments, using the reaction (d,pf) (e.g., [89]), transferring more an-
gular momentum, verified the previous results and strongly supported the existence of a
third minimum.

More than 10 years after the work of Méller and Nix, Bengtsson et al. [90] studied
the potential energy landscape of thorium isotopes and other nearby nuclei, including
deformations of all multipolarities up to six. They studied for the first time the influence
of B on the appearance of the third minimum and demonstrated that the position and
height of the peaks and the third minimum as a function of #, change from G = 0 to
Bs # 0. As a consequence, for elements up to uranium, it is expected that nuclei near
the beta-stability line have a third minimum about 0.4 MeV deep, while for neutron-rich
nuclei, the minimum was measured to be up to 1.5 MeV deep [90].

Building on this, here is reported an example of a PES study for #**Th (in Figure
that includes multipolarities up to 7 [91] and helps to understand the observation
of the asymmetric fission fragment distributions. Referring to Fig. [2.10] the potential
energy landscape in the (fs, 53) plane, shown on the left side of Fig. exhibits the
super-deformed (SD) minimum at 82 = 0.6 and 53 = 0, while the hyper-deformed (HD)
minimum splits into two distinct minima at 5, = 0.86, but with very different values for (3
( A =3 —T7). The corresponding values for 5 ~ 0.57 and 0.34 can be directly determined
from the contour plot; all other values for £, to §; can be found in the original work.
The ground state minimum, which is not displayed, corresponds to a reflection symmetric
shape with #y ~ 0.2 and B4 ~ 0.1. The right side shows the deformation energy as a
function of By for the shortest of the two static fission paths, indicated by dashed lines
on the left. The zero deformation energy refers to the spherical nucleus. The excitation
energies of the second and third minima are indicated as E;; = 2.1 MeV and E;;; = 4.2
MeV, respectively.

A more recent work that also shows the energy as a function of the deformation can
be found in the habilitation thesis of P. Thirolf [92]. In Fig. 2.11} it is shown, again for
232Th, the potential energy surface as a function of the deformation, calculated with dif-
ferent sets of relativistic mean-field parameters (PL-40: [93], NL1: [94], NL-SH: [95]). The
barrier heights are also plotted as derived in these model calculation: in a non-relativistic
Hartree-Fock calculation with the Gogny D1s force [96], in a macroscopic-microscopic cal-
culation ("YE4+WS’: Yukawa-plus-exponential and Woods-Saxon) [91] and for the exper-
imental dataset: exp! is taken from Ref. [62], exp? from Ref. [97] and exp? (O7) from
[98].

To re-connect to the fragment mass distribution, it is proposed here a very interesting
observation, proposed by Cwiok et al. [91] and illustrated in Fig. . According to
Cwiok et al., the structure of the third minimum in 23?Th arises from a di-nuclear-like
configuration of the compound nucleus, in which a spherical and a deformed component
coexist, forming two ”solutions”. The compound nucleus ?*?Th can be seen as a system
with a nearly spherical heavy fragment around '32Sn and a well-deformed light fragment
around '7Zr as illustrated in Fig.

To better understand what leads to the appearance of two solutions, we return to the
observed fragment mass distributions. We observe that the compound nuclei for which fis-
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sion fragments are reported can at most be composed of one doubly magic fragment plus a
second fragment containing the remaining nucleons. It is as if the compound nucleus were
preformed by two nuclei, which become the fission fragments once the nucleus undergoes
fission. The two nuclei organize themselves so that one, or both if possible, tend toward
the maximum stability predicted by the shell model. This shows how crucial Strutinsky’s
suggestion of adding shell effects to the LDM was. In this light, it becomes clear why
we obtain the fragment mass distribution emerging from Fig. 2.12] For compound nuclei
between 24U and 2°°Fm, a nucleus can pre-form *2Sn, with the remaining nucleons ar-
ranging themselves in the second fragment. Up to here we have only shown asymmetric
mass distributions. The occurrence of symmetric fission also tells us the importance of shell
models driving the fragment formation. Indeed, approaching the mass of the compound
nucleus 204Rf, the fragment mass distribution is symmetric, since it is associated with the
strong 32Sn +132Sn channel (see discussion in [99]) which for a compound nucleus with
lower mass is not possible.

At the end of this section, only the double minimum in the HD region of the PES
remains to be explained. The existence of split HD minima allows for multiple fission
pathways — at different deformations, leading to different mass splits and average total
kinetic energies. These so-called fission modes form the basis of the multimodal random
neck rupture model (Brosa et al. |99} 100]) which is explained in the next section.

2.5 Multimodal Random Neck Rupture Model

The multimodal random neck rupture model [100] was first proposed by Turkevich and
Niday in 1951 [101] to explain the mass distribution of fission fragments from the compound
nucleus 233Th.

According to the Brosa model, the compound nucleus is still regarded as a thermalized
system, that is, a system which, between its formation and scission, passes through an
intermediate equilibrium stage. However, its evolution takes place on a multidimensional
potential energy surface.

This model combines the macroscopic dynamics of the Liquid Drop Model with micro-
scopic corrections arising from shell effects. In this way, while the Shell Model provides a
probabilistic interpretation of the decay channels, the Brosa model describes the compound
nucleus as a system that evolves dynamically on a complex potential energy surface, whose
minima correspond to energetically favored nuclear deformations along the fission path.

The minima of the potential energy function in the Brosa model correspond to the
so-called fission valleys (fission channels), that is, the energetically preferred pathways the
nucleus may follow towards scission. Each minimum represents a stable configuration of
the compound nucleus, associated with a specific mass asymmetry of the final fragments
and a distinct balance between macroscopic and microscopic contributions.

The “Brosa model” is divided into two main parts: the Random Neck Rupture Model
and a second part (derived from the same model), which introduces the new concept of
fission multichannel behavior.
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2. Superdeformed nuclear shapes in the actinide region

The random neck rupture model describes the compound nucleus as a system that
evolves randomly over time. A compound nucleus elongates (e.g. via a f-vibration along
the long axis of the rotational ellipsoid) and deforms increasingly, creating a "neck” con-
necting the two primary lobes. This neck is very thin and fragile, and fluctuations in its
structure lead to rupture. The way in which this neck breaks has a direct influence on the
mass distribution of the produced fragments.

The model is called random neck rupture because it predicts that for the same com-
pound nucleus, the evolution of its pre-scission shape can vary and occur stochastically.
Thus, the "neck” may appear in different positions on the surface of the deformed nucleus.

The rupture may occur closer to one of the lobes, producing asymmetric fragments, or
in a more balanced way, generating fragments of more similar masses. According to this
model, several parameters of the fission process are closely related to the nature of the
neck and its rupture. These parameters are:

e Total Kinetic Energy (TKE): The energy released during the rupture of the neck
is a critical factor. A shorter or thinner neck generally results in higher TKE, as
the fragments are closer to each other when separating, thus experiencing a greater
Coulomb repulsion force.

e Fragment Mass Distribution (Y (A)): The model explains why the mass distribu-
tion of fragments produced by fission is often asymmetric. When the rupture occurs
near one of the lobes, the fragment produced in that region will be larger, while the
other will be smaller. This generates a ”two-humped” distribution, characteristic of
low-energy fission, such as that of 23°U.

e Neutron Multiplicity (v(A)): The number of neutrons emitted during fission is
also influenced by the way the neck ruptures. A longer or more unstable neck is
associated with higher neutron multiplicity, as hotter and less stable fragments tend
to emit more neutrons.

Since the pre-scission shape follows a random evolution, it is possible to have different
pre-scission configurations for the same nucleus. This suggests the existence of different
fission channels, each associated with a pre-scission configuration. These fission channels
are also referred to as ”fission modes.”

If we consider the Potential Energy Surface (PES), the fission channels can be repre-
sented as different trajectories of the fission process in the PES leading to distinct results
in terms of fragment characteristics such as mass, kinetic energy, and neutron multiplicity.
The scission point on the PES is also called the bifurcation point, suggesting the various
paths the process can take.

These bifurcation points are critical for understanding why, depending on the initial
conditions (such as the energy or angle of incidence of the neutron inducing fission), the
same nucleus can produce fragments with very different characteristics. For example, in
the case of 230U fission, even minimal variations in the incident neutron energy can divert
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2.5 Multimodal Random Neck Rupture Model

the fission process into a different channel, resulting in different mass and kinetic energy
distributions for the fragments.

The minima of the PES correspond to different configurations of the compound nucleus
and represent what, in a 2D plot of potential energy versus deformation, correspond to the
GS, SD, and HD minima. Fig. shows a 3D representation of the PES, both in the
case where it contains only the macroscopic energy term (LDM) and in the case where the
microscopic shell effects (SCM) are added. One can visually understand that, in the case
of the liquid drop model, there is only a single minimum, leading to only one possible mass
distribution. However, when shell effects are included, multiple possible mass distributions
(defined here starting from the fission channels) can emerge.

So far, three main fission modes have been identified: standard asymmetric mode I
(S1), standard asymmetric mode II (S2), and the symmetric superlong mode (SL). The
names of the fission modes reflect the pre-scission shape of a compound nucleus before
fissioning. A pre-fission shape is directly connected to the mass and TKE distribution (as
can be seen in Fig. this mean that these two observables are very important for
studies about nuclear structure (and nuclear shape) of fissioning nuclei.

The model also includes shell effects. In fact, the model suggests that the preference for
forming nuclei with magic numbers is not random but derives from the energetic structure
of the nucleus, which guides fission toward configurations that minimize the system’s en-
ergy. Thus, a privileged pre-scission configuration is one where the neck divides the nucleus
into two lobes, with one or both containing a magic number of nucleons. This explains the
presence in the Fig. of one of the two fragments with a mass close to 32Sn.

An important application of the multimodal model is the ability to calculate the prob-
abilities of different fission channels. Each channel has a different likelihood of being
followed, and this probability can be calculated based on the potential energy along each
path. In other words, the model allows for estimating which pre-scission configuration will
be more probable based on the initial conditions of the system.

In this chapter an introduction to the knowledge of fission isomers has been reported.
As learned here, the theory of this field had no great news in the last 30 years. On the other
hand, newly available technologies have appeared which can be applied to proceed with the
exploration of this topic trying to fill the empty box of knowledge and expand it toward
new horizons and applications. The next chapter will introduce the new technologies used
for the investigations made within this work.
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Figure 2.6: Energy levels for neutrons in a prolate deformed potential .
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Figure 2.7: A schematic representation of fission isomers decay branches from the second
nuclear potential well in the case of 25U. A fission isomer can decay from the second
potential well via two decay options: via isomeric (delayed fission) or via v back decay into
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Figure 2.8: Trend of relative barrier heights for different actinides. The dashed and dotted
arrows indicate a shape isomer’s probability to undergo fission (if ) and isomeric back-decay

(iy ), respectively .
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Figure 2.9: Part of the nuclear chart giving the half-lives of all fission isomers presently
known. Two values for the same isotope indicate spin isomeric states in the second mini-
mum. Isotopes where the existence of a third minimum in the potential energy surface has
been experimentally established have been indicated by the index “III”.
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Figure 2.10: The left picture represents the potential-energy surface for 232Th as a function
of By (quadrupole) and B3 (octupole) deformations (here denoted as €5 and €3), according
to . The contour line separation is 0.5 MeV. The minima and saddle points are marked
by dots and crosses, respectively. The dashed line indicates the static fission path from
the second minimum to fission (via the reflection asymmetric third minimum at e ~ 0.9,
€3 ~ 0.3). On the right side a plot of the potential energy as a function of the quadrupole
deformation s is shown: the solid red line corresponds to the shorter trajectory in the
contour plot from the left panel. The excitation energies of the minima are given relative
to the ground state, and the heights of the second and third saddle point representing the
barrier heights of the inner and outer barrier of the hyperdeformed third minimum are
indicated, respectively, as S2 and S3 .
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Figure 2.11: Potential energy surface of 2?Th calculated with different sets of relativistic
mean-field parameters (PL-40: [93], NL1: [94], NL-SH: [95]). The barrier heights are also
plotted: in a non-relativistic Hartree-Fock calculation with the Gogny D1s force [96], in
a macroscopic-microscopic calculation ("YE+WS’: Yukawa-plus-exponential and Woods-
Saxon) [91] and experimental values are shown for comparison. exp! is taken from Ref.
[62], exp? from Ref. [97] and exp? (O~) from [98, 92].
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Figure 2.12: The shape of 232Th in the (reflection-asymmetric, hyperdeformed) third mini-
mum is shown as a di-nuclear system consisting of spherical *2Sn and well-deformed '%°Zr
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Figure 2.13: A 3D representation of the PES with only the macroscopic energy term (LDM,
left panel) and with added microscopic shell effects (SM, right panel). In the LDM, a single
minimum results in one possible mass distribution, whereas with shell effects, multiple mass
distributions can arise from different fission channels .
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Figure 2.14: Potential energy surface of the compound nucleus 26U as a function of the
quadrupole moment and of the mass asymmetry. For each saddle point is indicated the
nuclear shape of, accordingly to theoretical calculation, the nucleus ?*°U. From the saddle
point the fissioning nucleus can divide in fragments of a certain mass asymmetry .
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Chapter 3

Introduction to the Fission Isomer
Measurements at GSI and at IGISOL

In the context of studying the fission isomers discussed in the previous chapter, in this
one are discussed two recent experiments conducted within the framework of this thesis at
GSI and IGISOL. The two experiments employed significantly different techniques aimed
at exploring specific regions of the actinide area, where, as discussed before, fission isomers
are clustered.

Recent advancements in reaction mechanisms and experimental setups have opened
new avenues for studying this topic, and we will summarize the techniques utilized in the
two experimental campaigns.

3.1 Fission Isomer Experiment at the FRS

Historically, fission isomers in the actinide mass region were populated solely through
direct reactions induced by light ions and neutrons. A recently intriguing method for
producing actinide nuclei in isomeric states involves fragmentation reactions. This method,
described in the previous Sect[l.2] consists of high-energy heavy ions striking a light-
element target, allowing for larger excitation energies and spin transfers compared to the
reactions induced by neutrons and light ions, which have predominantly been employed so
far. Nuclear fragmentation also offers additional advantages, such as rapid production and
separation (280 ns flight time for particles with 1 GeV /u from the production site to the
end of the FRS), enabling access to isomers with short half-lives, and, most importantly,
high beam purity and event-by-event identification. This method was utilized in the 2021
experimental campaign at GSI using the FRagment Separator (FRS). In this setup, a beam
of 28U at 1 GeV/u was directed onto a ?Be target to produce fragments with Z > 82 and
140 < N < 146. Two detection methods were employed, covering a half-life range from
approximately 50 ns to 50 ms.

The first method, designed to address shorter half-lives (ranging from nanoseconds
to microseconds), involves implanting reaction products into a fast plastic scintillator
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3. Introduction to the Fission Isomer Measurements at GSI and at IGISOL

equipped with four photomultiplier tubes (PMTSs), positioned at each of its four edges.

The system consists of three layers of plastic scintillator material, with thicknesses of
1 mm, 5 mm, and 1 mm, respectively. The first and third layers (named VETO 1 and
VETO 2) are each coupled to 2 PMTs, while the middle layer (called the ”implanter”) is
coupled to 4 PMTs.

Ions coming from the FRS reach the implantation system at a rate of approximately
1000 events per second. These ions are selected by the FRS with the same mass, ensuring
that the time taken to travel between layers of the implantation system is consistent (on the
order of tens of nanoseconds). When an ion passes through a layer of scintillator material,
it emits a light signal, and the time of this signal is recorded.

Due to the relatively low rate of incoming ions, a single-event detection approach is
feasible, with three possible scenarios:

e An event signal is recorded in each detector. The time interval between VETO
1 and the implanter, as well as between the implanter and VETO 2, is a few tens of
nanoseconds. This indicates an ion passing through all three layers.

e An event signal is recorded in VETO 1 and the implanter, but not in
VETO 2. This suggests the ion has been implanted in the second layer.

e An event signal is recorded only in the second layer, with a possible time
correlation to a previous implantation event. In this case, the detected signal
represents the decay of an ion that was implanted earlier.

For the study of fission isomers, only isomeric delayed fission decay signals are of inter-
est. The system’s resolution is insufficient to detect gamma back-decay signals.

A schematic picture of the implantation together with a VETO detector system pho-
tographs are shown in Fig. [3.1]

The decay events include beta and alpha decay and spontaneous fission, but fission
events can be distinguished since they produce an energy deposit signals up to two orders
of magnitude higher. Based on the discrimination the ratio of implantation to fission decay
events can be calculated and it will provide the fission isomer-to-ground-state ratio.

The second method, which targets longer half-lives (approximately ms), utilizes mass
spectrometry conducted with a multi-reflection time-of-flight mass spectrometer (MR-
TOF-MS) [104] installed in the FRS-IC setup, which will be discussed in detail below.
At the FRS-IC, positioned at the final focal plane of the FRS, ions are thermalized in
high-density cryogenic helium gas, allowing for mass measurements using the MR-TOF.
From the mass difference between ions in their ground and isomeric states, the excitation
energy of the isomer, denoted as Ey;, can be directly obtained when the data quality allows.
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Figure 3.1: In A) a schematic representation is shown of the implantation system used
during the experiment at GSI made of three plastic scintillator layers, where the middle
one is called "implanter” and the other two called "VETO”. B) displays a picture of the
"implanter” plastic scintillator coupled to 4 photomultipliers at each of its sides, C) shows
the bare system of the implanter and three of its four photomultipliers before light-tight
wrapping of the scintillator sled.
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3.2 FRS-IC technical description

As explained in the first chapter, the beam of reaction products produced by the fragmen-
tation mechanism is then separated in-flight and delivered downstream to the FRS-IC. The
FRS-IC is constituted of 3 main parts: a Cryogenic Stopping Cell (CSC) where the beam
enters and is slowed down, a Radio-Frequency Quadrupole beamline (RFQ) that selects
the beam constituents by their m/q ratio and guides the beam to a Multiple-Reflection
Time-Of-Flight Mass Spectrometer (MR-TOF-MS). These components will now be intro-
duced.

3.2.1 Cryogenic Stopping Cell (CSC)

The CSC accepts a beam of few MeV/u in ultra pure He gas at 70 K with an areal
density of up to 9 mg/cm?, resulting in a stopping efficiency of 15 — 20% [105, 106], an
extraction efficiency of circa 60% measured online [50], a mean extraction time of about 25
ms, and a rate capability of 10? ions/s [107]. In order to enable the experiment dedicated
to fission isomers reported in this work, technical modifications had to be introduced to
the system, improving both the extraction time and the rate capability. These two points
are extensively described in this and the next sections.

The Cryogenic Stopping Cell (CSC) is constituted, starting from the outside towards
the inside, by an insulation vacuum chamber at room temperature, an inner cold chamber
operated at 70-80 K, the DC electrode cage and an RF carpet with a central hole towards
an extraction RFQ. A sectional view of the stopping cell is shown in Fig. [3.2]

Both chambers are made of stainless steel. The insulation chamber has an entrance
flange with a diameter of 69.5 cm and a thickness of 2.4 cm and a rectangular window of
width 25 cm and height 10 cm and thickness of 100 pm.

The cold chamber in Fig. [3.3] is situated inside the insulation vacuum chamber. Be-
tween the two chambers there is an insulation vacuum at circa 10> mbars. The length,
diameter and wall thickness of the inner chamber are 120 cm, 45.6 cm, and 0.3 cm, respec-
tively.

To achieve cryogenic conditions (around 70 K) within the cold chamber, a cooling
system has been designed using a network of helium gas pipes. Two lines filled with 6.0
He gas pass through a co-axial heat exchanger, the first one, called buffer line, then fills
the cold chamber, the second one called cooling line, goes into a cryocooler system. This is
made of a compressor where the gas is compressed and guided into, first, a LN2 pre -cooler
device (or a faster cooling), and then, into a cryocooler system at circa 40 K where the gas
is further cooled down up to 70 K and is circulated by a cryofan. After the cryofan the
cooling gas line goes around the cold chamber to provide the cooling of the cold chamber.
To keep the external surface of the cold chamber stable at the same (cold) temperature,
the pipe is welded in a helicoidal structure around the cold chamber that makes the pipe
to recirculate the He back into the cryocooler system.

The entrance flange of the inner chamber has a diameter of 42 cm and a thickness of
2.8 cm. Similar to the entrance flange of the outer vacuum chamber, this flange has a Ti
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Figure 3.2: CSC in sectional view. The Cryogenic Stopping Cell (CSC) is a cylindrical
stainless steel structure with a length of 120 ¢cm and a diameter of circa 50 cm. It is
constituted, starting from the outside towards the inside, by an insulation vacuum chamber
at room temperature, a cold chamber at 70-80 K, the DC electrode cage and an RF carpet
with a central hole towards an extraction RFQ.

rectangular beam inlet window of 25 x 10 cm? in the center and 100 um thickness.

Inside the cold chamber is the DC electrode cage. The DC cage (so called ”short DC
cage” because in previous experiments at this facility a DC cage with double the length
has been used) is a cylindrical structure (Fig. consisting, in the case of the experiment
concerning this work, of 27 ring electrodes with a pitch of 2 cm, with a length of 48.2 cm
and an inner diameter of 26.7 cm.

On the surface of the DC cage first electrode (beam side) there is a metallic plate
that can be the IN Cell Reaction System (INCREASE) or a simpler metallic plate
(this one was used during the beam time of this work). The last one has, in its central
part, a degrader (a Ti foil serving also as energy degrader for the impinging energetic
reaction products) and can host a maximum of three radioactive sources installed each
in one source holder. For the S530 experiment only two source holders were installed to
allow for a positioning of radioactive sources inside the DC cage’s first electrode plate. The
arrangement of the three sources: 2*2Cf on the right side of the picture, Th and *8Gd
on the left is illustrated in Fig. [3.5] In this picture the source holders of 2*Th and “Gd
are closed to shield the radiation coming from them while working on the removal of the
B2Cf source that was not used for the experiment related to this work.

With the goal in mind of maximizing the extraction efficiency of radioactive source
products we minimized the source offsets from the beam axis (81.6 mm) and made sure
that the surface of the source holder, on the side where the source sits, is at the same height
of the edge of the DC cage cover plate. The radioactive sources are used as calibrants for
the beam line and for offline tests. The beam entering the CSC through a Ti entrance
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Figure 3.3: A view of the cold chamber around the sealing region in the bottom part. The
small pipes are the cooling He inlet, the cooling He outlet and the He buffer gas inlet of
the cooling system providing a temperature of 70-80K inside the cold chamber.

Figure 3.4: The ”short” DC cage shown in this picture is a cylindrical electrode structure
consisting of 27 rings with a length of 48.2 cm and a diameter of 26.7 cm.
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Figure 3.5: The first ring of the DC cage is a metallic place installed at the entrance side
on top of the DC cage is made up of 3 sections to place the source holders and in the
central part a window made up of a degrader (a Ti foil of 30 pum thickness). The source
holders on the left have 22Th and *8Gd radioactive sources installed, in the source holder
on the right 252Cf source is installed.

window, crosses the degrader Ti foil to enter the DC cage. The DC cage has the purpose
to create a gradient DC electric field applying a certain potential to the first ring (1-2 kV
are applied to the first electrode) and to the last electrode (50 to 100 V, accordingly to
the necessity). The potential scales from the first to the last electrode using a resistor
chain installed all along the length of the DC cage. To let the ions traverse the CSC,
they are then focused on an extraction nozzle of a 0.6 mm diameter. For this purpose, on
the downstream end of the DC cage a PCB - based radio-frequency carpet (RF-carpet) is
installed, as visible in Fig. (3.6
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The RF carpet is a PCB disk with a diameter of 25 ¢cm and 1.3 mm thickness, and has
a 5-layer design as schematically indicated in Fig. [109].

e The first layer contains 500 concentric ring electrodes with a density of 4 elec-
trodes/mm which generate the repulsive RF field that prevents the ions from hitting
the electrodes. On top of the RF repulsive field, a superimposed DC electric field,
from the most peripheral ring to the most internal, transports the ions to the center
of the RF carpet.

e The second layer, so called first inner layer, is segmented into 10 electrodes of circular
shape (circa 12 mm wide each). It is used for the reduction of push field penetra-
tion through the carpet that could hit the last layer where electric components are
installed. A second purpose is to allow the RF carpet to be operated at any offset
potential. It is relevant when the DC electrode cage is operated at high push field
and the pressure in the CSC is low. In this case the ions flies very close to the carpet
and to the space around the nozzle such that an ions could pile up providing a nozzle
blocking.

e Third layer called second inner layer, is a ground protection.

e The fourth layer has electrical components such as connectors and resistors to apply
RF and DC field to the carpet.

e The last layer extends not across the full carpet size, it shields the extraction nozzle
from electronics and protects it from possible electrical discharges.

Between each conductive layer there is an insulation layer to protect the different elec-
trical layers from touching each other. The extraction nozzle is positioned in the center
of the RF carpet, it has a copper cylindrical shape and a diameter of 0.6 mm that goes
all through the carpet thickness. The RF carpet repels and guides the ions towards the
extraction nozzle with a combination of a repelling RF field and a radial DC focus electric
fields. This part of the CSC, as well as the electric fields in the vicinity of the RF carpet,
are shown schematically in Fig. [3.§
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Figure 3.6: PCB- based Radio-Frequency carpet (RF-carpet). The RF carpet repels and
guides the ions towards the extraction nozzle with a combination of RF and a radial DC
electric fields [109]. On the left is the back side of the carpet, on the right is the carpet’s
front side.
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Figure 3.7: The RF carpet consists of a disk shape with a diameter of 25 cm, a thickness
of 1.3 mm, and has a 5-layer design. The first layer contains 500 concentric ring electrodes
with a density of 4 electrodes/mm. It generates a repulsive RF field that keeps ions away
from the electrodes and the superimposed DC field guides ions towards the center. The
second layer (Inner Layer 1) is composed of 10 segmented electrodes of circular shape (each
about 12 mm wide). It minimizes push field penetration through the carpet thickness. The
third layer (Inner Layer 2) acts as ground protection. The fourth layer houses electrical
components like connectors and resistors needed to apply RF and DC fields to the carpet.
The fifth (last) layer shields the extraction nozzle from electronics and protects it from
possible electrical discharges. The extraction nozzle is positioned in the center of the RF
carpet, it has a cylindrical shape and a diameter of 0.6 mm [109].
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Figure 3.8: Scheme of the electric fields in the vicinity of the RF carpet.
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3.2.2 Radio-frequency quadrupole beamline

The ions that reach the nozzle are extracted from the stopping cell by the dragging force of
the supersonic gasjet forming in the vicinity of the nozzle. Subsequently, they may be pre-
filtered for a certain mass-over-charge ratio of interest via the extraction RF quadrupole
(RFQ) operated as quadrupole mass filter (QMF) that directly follows downstream of the
extraction nozzle [110]. The RFQ is a multi-purpose ion-guide system, where ions are
separated from the buffer gas jet, get phase-space cooled and bunched 111} 112]. The
ions then enter a low-energy (~eV) RFQ beamline which also provides first diagnostics
and calibration tools. It also guides the transport of the ions, and induces isolation and
dissociation of molecules attached to ions of interest or of undesired molecules with same
m/q ratio of our ions of interest [113]. Furthermore, it is suitable as cooling and trapping
system. This section will be from here on referred to as the DISTRICT module (DIS-
TRICT, Diagnostics, Ton Sources, Transport, Isolation, Cooling and Trapping module).
For the diagnostic and calibration, it is installed at DISTRICT a remote-controlled linear
translation stage. It is equipped with a channeltron detector (Photonis 5901 Magnum
Electron Multiplier) [114], two silicon surface barrier detectors (Ortec Ultra BU-016-150-
100 bakeable) [115], an RFQ segment and a '33Cs source and a three-line alpha source (a
mixture of alpha-decaying ?*Pu, ?*'!Am, and ?**Cm isotopes). The detectors are suited
to determine information on the beam extracted by the CSC. The ions in the beam can
either be identified and quantified by their alpha-decay energy and half-life or transmit-
ted downstream to the multiple-reflection time of flight mass spectrometer (MR-TOF-MS)
within a flight time of circa 20 milliseconds. The calibrant sources allow the calibration
of detector positions with respect to the beam direction and the alignment of the beam in
the beamline towards the MR-TOF' to minimize both beam lost and the time for the beam
to reach the detector.

Furthermore, the RFQ beamline provides an additional differential pumping stage be-
tween the CSC and the MR-TOF-MS. This allows the MR-TOF-MS to operate at the top
at circa 10E — 6 mbar while at the bottom at circa 10E — 8 mbar and the CSC operates
at its highest areal density.
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3.2.3 Multiple-reflection time-of-flight mass spectrometer

The RFQ beamline is followed by the MR-TOF-MS. The MR-TOF-MS itself is a pow-
erful and universal mass spectrometer with single-ion sensitivity, a mass resolving power
(FWHM) as high as up to 10° and a mass accuracy in the low 107® range [116|. In the
upper part of the MR-TOF-MS in Fig. [£.11] the injection trap, the ions are accumulated,
cooled by collisions with helium buffer gas in the trap system, and bunched. The bunched
ions are injected into a time-of-flight (TOF) analyzer. The analyzer consists of a field-free
drift tube and two reflecting electrostatic mirrors on both ends. In the center of the ana-
lyzer, the mass-range selector (MRS) is installed. This is a quadrupolar deflector, which
can be pulsed in order to deflect the unwanted ions and thus purify the measured spectra.
In the analyzer, the ions propagate for a certain number of turns (1 turn corresponds to
the trajectory in the analyzer from the first mirror to the second one and back to the first
mirror) until they exit the analyzer. After a selectable number of turns in the analyzer, the
ions move towards a movable sled. Given the position of the sled in front of the MR-TOF
exit, the ions can impinge on a certain time-of-flight detector for mass measurements. By
the time of the present experiment three detectors were installed at the movable sled at the
end of the MR-TOF. These are: an isochronous secondary electron multiplier (ETP Mag-
neTOF) detector |117], the a-TOF detector |118], a silicon surface barrier detector. The
a-TOF detector was installed for the first time for a beam time during the commissioning
of the experiment S530 as is depicted in Fig. [3.9

A Bradbury-Nielsen gate (BNG) [119] installed upstream the detectors enables addi-
tional post-analyzer TOF separation. The Bradbury—Nielsen Gate (BNG) is a thin grid
used for mass-selective ion transport. When pulsed, it deflects unwanted ions and lets only
the selected species pass to the detector. This allows clean decay spectra or measurements
for short-lived isotopes that would otherwise be obscured by other species.

The MR-TOF-MS can be operated in several modes which are illustrated in Fig.

1. Time-focus shift (TFS) mode. In this mode, all ions contained in the bunch that
is released from the trap system are accelerated to the detector and get detected at
the same time. This mode is also called the “pass-through” - mode, because the ions
are basically passing through the tracking system without any interactions. With this
the masses of the isobars impinging on the detector can be measured, the resolution,
however, is not very high (mass resolving power of ~ 2000).

2. High-resolution mass measurement mode. The ions undergo multiple reflec-
tions in the TOF analyzer, resulting in a slight change of the path for different isobars.
This leads to the isobars hitting the detector at the same, but at different points,
allowing their masses to be separated more precisely and to improve the resolution of
the mass spectra. A mass resolving power of ~ 105 was demonstrated in [120, [116].

3. Isobar or isomer separation mode. After a sufficient separation has been achieved
in the TOF analyzer, extracted ions pass through the Bradbury— Nielsen gate (BNG)
which selectively transmits an isobar or an isomeric state of interest, while suppress-
ing the others.
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Figure 3.9: Photograph of the «—TOF detector (highlighted by the red rectangular frame)
attached to the MR-TOF detector section mounted to a movable sled. To the left of the
a—TOF detector is installed an ETP MagneTOF detector (installed for everyday use), to
the right a silicon surface barrier detector.
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Figure 3.10: Schematical illustration of the MR-TOF operation modes. A) Diagnostics
mode (Full mass range, mass resolving power (FWHM) ~ 2000), B) High resolution mass
measurement of (short-lived) nuclei (mass range = 1 u, mass resolving power up to mass
108, accuracy 107¢ — 1077), C) Isobar or isomer separation mode for experiments with
exotic nuclei in the presence of strong isobaric contamination. . Unpublished internal
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The a-TOF detector

The a—TOF detector [118] is a commercial MagneToF detector (ETP 14DM572) [121],
modified by replacing the central portion of the impact plate with a silicon surface barrier
detector (SSD, Hamamatsu S-3590).

Wire grid
—\
Material coated .. ....euee -
SSD (S-3590)
Impact plate v

xJ] Trajectory of
secondary electrons

A .
Electron multiplier / ‘TOF

Figure 3.11: a—TOF detector installed at the FRS-IC setup. In panel A) a scheme of the
detector details is depicted, panels B) and C) show photographs of the front-side impact
plate and the silicon surface barrier detector SSD, respectively [118].

As shown in Fig. the a-TOF detector consists of an impact plate, at the center of
which a silicon surface barrier detector (SSD, Hamamatsu S-3590, with an active area of 10
mm? and a depletion layer thickness of 0.3 mm) is mounted. The detector also includes an
internal circuit for generating a suitable bias potential (50-100 V) for the SSD, permanent
magnets, and an electron multiplier.

When an ion strikes the detector, it first hits the impact plate, causing the emission
of secondary electrons. These electrons are isochronously guided by crossed electric and
magnetic fields to an electron multiplier section, where they are amplified to produce a
fast timing signal of the incident ions.

The impact plate and the SSD surface are both gold-coated and electrically connected
via wire bonding to maintain a constant potential across the impact plate. In addition, the
SSD surface is coated with an MgO layer of about 10 nm thickness to enhance secondary
electron emission. During normal operation, the a-TOF detector impact plate is held at
a high negative potential (approximately —2 kV), while the SSD is biased at =70 V by an
optically isolated circuit, which also amplifies the decay signal.

The output from the Si detector is processed by two charge-sensitive preamplifiers
with different gains, allowing the measurement of either a-particle signals (high-gain) or
spontaneous fission signals (low-gain).

The Si detector data and the time-of-flight data are recorded separately, event by
event, with absolute time stamps. Commissioning tests have demonstrated that the a-
TOF detector achieves an energy resolution of 141.1(9) keV for 5.48 MeV « particles and
a time resolution of 250.6(7) ps [11§].
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3.3 Technical improvements

The fission isomer experiments S530 at the FRS facility aimed to explore the island of
fission isomers in the actinide region. In particular, with the FRS-IC setup the focus was
directed towards measuring fission isomers with half-lives in the ms regime. Suitable fission
isomer candidates in this region and available to be produced via projectile-fragmentation
at the FRS, are ?"Ra (half-life 9.0(20) ms [122]) and ?**U (a recent study indicates a
half-life of 11(3) ms [86]).

3.3.1 Installation of a shorter DC cage

Expecially for experiments involving isotopes with low production rates (such as fission
isomers), the ability for a setup to handle higher beam rates is an important factor to
be considered, since a higher beam current turns into a higher rate of recorded events of
interest. For this reason at the FRS-IC a lot of effort was devoted to study the count-
rate capability of the CSC when thermalizing the beam. This section describes studies of
the rate capability when a DC cage with a length of 105.4 cm and a diameter of 25 cm is
installed. These studies led to the development of a shorter DC cage to allow for detecting
shorter-lived isotopes with increased impinging ion count rate. This new component was
finally installed in the experiment S530.

As a starting point a SIMION simulation [107] was performed to determine the tra-
jectories of the ions for being thermalized and extracted from the CSC together with the
trajectories of He buffer gas ions created by the collisions between the beam particles and
the He gas filling the CSC. For the simulation the applied external electric fields, the space
charge field created by the ions and the mobility and diffusion of the ions in the helium
stopping gas have been taken into account. The external electric fields were calculated
from the voltages applied to the CSC’s DC electrodes and the known geometry of the
electrodes. The space charge fields were obtained using SIMION’s Poisson solver, which
implements a particle-in-cell method. The space charge potential has been recalculated at
each time step of the simulation. The motion of the ions is given by the following formula:

e 7

_ep T
" m l

where m, e and E are the mass, the charge and the electric field of an ion, ¥ and
7 denote the acceleration and velocity of the ion, respectively, while the influence of the
helium stopping gas was considered by using the ion mobility [.

In this simulation (reported in [107]) only the transport of the ions from the beginning
to the end of the DC cage have been considered, the motion on the RF carpet or in the
nozzle was not included. Nevertheless, the measured extraction time is the sum of the
motion up to the carpet plus the time of the ion’s motion along the carpet.

In Figure [3.12] the simulated trajectories of the ions injected into the CSC are shown,
as well as those of the He ions created in the CSC for two different beam intensities. The
ions enter the CSC from the left side, and the DC electric field pulls them towards the
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Figure 3.12: Equipotential lines (blue) of the electric field and trajectories of stopped ions
(black) and He ions (red) in the CSC at two different ionization rates. The ions enter the
CSC from the left and are transported to the RF carpet on the exit side of the CSC using
electric DC fields. (a) At an ionization rate of 10'! ®He™ /s all ions are transported to the
RF carpet. (b) At an ionization rate of 102 *He™ /s the ions stopped in the entrance region
of the CSC are defocused by the space charge and impinge on the electrodes of the CSC
1107].

extraction side of the CSC on the right side. At an ionization rate of 10'* 3He™ /s, all ions
are transported to the RF carpet. However, at a rate of 10'2 3He™ /s, the space charge
of the ions causes ion deflection. The ions that start in the entrance region of the CSC
are deflected towards the ring electrodes of the CSC and are lost. Only ions originating
from locations closer to the exit side of the CSC are extracted successfully. The simulation
shows that the strength of the deflection increases with ionization density, and the region
of ions to be successfully extracted is reduced to smaller volumes close to the extraction
nozzle of the CSC.

Another aspect to be considered in the simulation is the spill length of the beam. For
spill lengths much shorter than the time required for removal of the charge from the CSC,
the space charge is not affected by the ion rate. Conversely, when the spill length is much
longer than the time to remove the charges from the CSC, the strength of the space charge
effect depends on the ion rate. The time defining the transition between these two regions
is called the characteristic time t., and approximately given by the formula:

N
L
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Figure 3.13: Extraction efficiencies for #*Fr and *'Ac in dependence of the beam rate
from experiments (solid symbols) and simulations (open symbols) for two different electric
DC field strengths. Every data series has been normalized independently to its maximum
extraction efficiency of unity [107].

where I is the ionization rate of the DC beam in ion—electron pairs per unit time, N is
the number of ion—electron pairs created by the pulsed beam and t,,;; is the spill length
of the pulsed beam.

The first online experimental investigation [107] included in the data shown in Fig.
was done for 213Fr and 22'Ac fragments thermalized in the CSC with a spill length of 4 — 6
ms and a time between spills of about 8 and 6 s, respectively. The rate has been converted
to the equivalent rate of a DC beam and the extraction efficiencies were normalized to the
maximum for each series. The extraction efficiency stays constant up to a rate of 10* ions/s
injected into the CSC, while it decreases for higher beam rates. The extraction efficiency
also increases, at a given beam rate, by increasing the DC field.

In a further study [109] it was investigated how the RF voltage at the RF carpet affects
the rate capability in terms of extraction efficiency and space charge. This effect was
neglected in the simulation. In this study a primary beam of 238U with a spill length of 1
second was thermalized and the beam intensity was scanned at three different RF voltages
applied to the RF carpet of 94 Vpp, 40 Vpp, and 28 Vpp, respectively, corresponding to
ion transport efficiencies of 100%, 100% and 40%, respectively. The RF carpet settings
did not influence the onset and the slope of the extraction efficiency trend. This result
confirmed the hypothesis that the extraction efficiency decrease is due to the space-charge
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in the bulk of the stopping medium and not due to an insufficient repelling force exercised
by the RF carpet, which could impact the ion motion in the region of the RF carpet or at
the nozzle.

This analysis suggests that considering a modified DC cage filled with the same gas
density, however shorter in length, could provide two benefits:

e For the same DC field as applied at a longer cage, the push field increases as does
the extraction efficiency.

e At higher beam rates, when the ions start to deviate towards the DC electrodes, a
shorter orthogonal dimension (for the beam with respect to the extraction plane)
reduces the ion losses.

For those reasons a newly designed DC cage was installed during the commissioning of
the experiment S530. The ring electrodes of the new DC cage have a 7% larger diameter
and a length of 48.2 cm and 2.3 time smaller length-to-diameter aspect ratio. In Tab.
there is a comparison between the parameters of the long and the short DC cage.
The latter enables the transport of ions that are stopped closer to the DC cage rings by
reducing the near-field distortions. Simulations for these changes in the DC cage resulted
in an increase of the stopping efficiency by up to 30% and a shorter mean extraction time
of < 10 ms is expected. This estimation for the extraction time is the most important
benefit of the short DC cage for the present fission isomer experiment, since only such a
shorter extraction time enable the possibility of detection of isomers as 22°Ac and ?3°U.

Long DC cage Short DC cage
Length 105.4 cm 48.2 cm
Ring inner diameter 25 cm 26.7 cm
Number of rings 36 14
Areal density up to 9 mg/cm? | up to 4.5 mg/cm? (expected)
Stopping efficiency 15-20% up to 30% (expected)
Mean extraction time 25 ms less than 10 ms (expected)
Rate capability 10* ions/s >10* ions/s (expected)

Table 3.1: Comparison of Long and Short DC cages

In Sect. the performance of the short DC cage under online conditions will be
presented.
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3.3.2 Repetition rate of the MR-TOF

The ions need time to be extracted from the CSC, to reach the MR-TOF and time to
traverse the MR-TOF from the trap system to the detector. Each of these pathways need
to be optimized with the respect to the time duration and efficiency. The first path is
optimized by finding the DC value settings along the DC cage and the DC and RF fields
applied to the RF carpet by measuring the decay rate registred from the 2**Th radioactive
source on the Si detector installed in the DISTRICT module. The flight-time all along
the beam line up to the top of the MR-TOF is brought to its achievable minimum by
optimizing the voltage profile along the beamline together with the pressure conditions in
the various sections. The best configuration is found by measuring the rate on a silicon
detector installed at the entrance of the MR-TOF (or at the exit of the MR-TOF when
knowing the expected efficiency). The shortest time for the ions to move from the top to
the bottom of the MR-TOF is achieved by finding the best voltage setting for the MR-
TOF’s electrodes, the cycle time duration for its pulsed trapping potential and by reducing
the repetition frequency. The repetition frequency, or repetition rate, is the inverse of the
time needed for ions to propagate from the first trap to the detector (this is called the
cycle time). For example, a repetition rate of 50 Hz allows for 20 ms as cycle time; in
this case very short-lived exotic nuclei, with decay times shorter than 20 ms, would be
cut off. Since one wants to be able to select the repetition rate according to the nuclear
species of interest to be detected for a specific beam time, there is the need of a device
to quickly change the MR-TOF repetition frequency in a user-friendly way by reading the
time-averaged real voltages of the MR-TOF analyzer electrodes. To support a faster and
more convenient change of the MR-TOF-MS repetition rate, an 8-fold resistive voltage
divider has been installed, which enables a continuous monitoring of the voltages at the
TOF analyzer electrodes. The voltage divider is mounted in a thermally insulated and
heated aluminum enclosure. The enclosure is held at a constant temperature (within a 0.5
°C interval) by electronic control. Photograph of this device is shown in Fig. [3.14

Figure 3.14: Voltage divider installed at the FRS-IC setup. It is made of an 8-fold resistive
voltage divider, which enables a continuous monitoring of the voltages at the TOF analyzer
electrodes.
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3.4 Description of the data acquisition system at GSI

In this section the data acquisition system for experiment S530 will be discussed. Since only
the data analysis regarding the FRS-IC setup (Sect. has been taken into consideration
for this thesis, the description of the data acquisition system is restricted to this part and
is shown in Fig. [3.15 As explained in Sect. [3.2.3] at the end of the FRS-IC system
are installed silicon detectors such as the MagneToF and the a—ToF detectors. The
last one provides two output signals, one for the time-of-flight signal and the second one
dedicated to the energy signal. Starting from the time-of-flight output, the signal is sent
to two time-to-digital converters (TDC) (both FAST Comtec model msca6) with a time
resolution of 0.8 ns. To distinguish between the two, the first TDC is called TDC1, the
other TDC2. At TDC 1 the time-of-flight signal is recorded as ’step signal’, it receives its
start signal generated by a TTL signal from a TTL box with 30 outputs each of them with
a customized TTL signal. For the TDC 1 the TTL signal comes from output 10 and it
restarts periodically every 5 ms with a 200 Hz repetition rate (ON for 100 us then OFF for
4.9 ms). The start signal is in coincidence with the opening time of the exit mirror of the
analyzer at the MR-TOF which runs at 200 Hz. The data are collected by the TOFControl
software developed at Giessen University [123]. At the TDC 2 the first two channels are
dedicated to record the ToF signal at different thresholds, a third channel takes the energy
signal coming from the detector. At the TDC 2 the main aim was to measure the «a energy
signal from the a—ToF detector, in particular to test its ability to differentiate the fission
fragment (FF) events from the « decay events. Since the FF events occur at any time,
the setup is made in a way to maximize the acquisition time and minimize the dead time
window. The start time signal has been done by a TTL signal (output 12) of 100 us
ON/OFF that triggers on the output 10 signal. A scheme of this trigger signal is shown in
Fig. 3.16] The energy output signal from the detector is also sent to a commercial digitizer
module (CAEN, DT5780SDM [124]) as data acquisition (DAQ) module. This DAQ has
an internal clock of 10 MHz and it records time stamp and energy of the events acquired.
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Figure 3.15: Block diagram of the signal processing and data acquisition system for the
experiment S530. At the end of the FRS-IC system, silicon detectors such as a MagneToF
and an a—ToF are installed. The a—ToF detector has been used for the data acquisition.
It provides two signal outputs: one for time of flight (ToF) and another one for the energy
signal. The ToF signal is routed to two FAST Comtec TDCs, with TDC 1 recording the
ToF signal using a TTL start signal synchronized with the opening of the exit mirror of
MR-TOF analyzer. Data collection is managed by the TOFControl software from Giessen
University. TDC 2 captures the ToF at varying thresholds and the energy signal from the
detector, aiming to distinguish an « decay event and a fission fragment (FF) event. TDC2
is triggered by a 100 pus TTL signal at 1 ms intervals. The energy channel also connects
to a CAEN DT5780SDM digitizer with an internal clock of 10 MHz.
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Figure 3.16: Sketch of the start time signal for the TDC 2 module provided by a TTL signal
(output 12 of the TTL generator box) of 100 us ON/OFF that triggers on the output 10
(signal generated by the TTL generator box at channel 10) (100 us ON/ 0.9 ms OFF).
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3.5 Fission Isomer Experiment at IGISOL

The IGISOL facility, renowned for its high performance and scientific impact, was employed
to determine the excitation energies of fission isomers during an experimental campaign at
the accelerator laboratory of the University of Jyvéaskyla (JYFL), Finland. In this experi-
ment (coded as 1290), fission isomeric states in *°Am and ?*?Am were populated through
fusion-evaporation reactions induced by deuterons from the K130 cyclotron impinging on
a 22Pu target (**2Pu(2d,2n) 2*2/ Am or 2#2Pu(2d,4n) 4%/ Am). The target was produced at
the University of Mainz using the drop-on-demand (DoD) inkjet printing method [125] and
was installed in a light-ion guide within the target chamber. From there reaction products
were extracted via gas flow within a short time frame, approximately one millisecond [126].
Within this time window, potential contamination products with short half-lives (like the
fission isomer 243/Pu with a half-life of about 45 ns) will not survive long enough to reach
the detector, whereas longer-lived ions, such as the 14 ms fission isomer in ?*2Am, can
be extracted and accelerated towards the detection stations. After mass separation via
a magnetic dipole, the selected ions of interest will be implanted into a system of silicon
detectors, and their decay via fission will be recorded. With the silicon detector registering
individual fission fragments from the fission isomeric states, the yields of fission isomers
240f Am and 2*2fAm at various beam energies, along with their decay times and excita-
tion energies, can be measured. The setup of three silicon detectors and the correlated
acquisition system will be described below.

The fission isomer in 2*2Am was also measured using the MR-TOF-MS. Despite being
installed downstream of the entire setup and requiring a separation time of about 10 ms,
the 14 ms fission isomer in 2*2 Am can still be measured, although this comes with a 50%
decay loss. This measurement made for multiple beam energies yields the excitation energy
function of the fission isomer 2*2Am. In contrast, this is not feasible for the fission isomer
240f Am due to its short half-life of 0.9 ms.

While the half-lives for the isomeric states were measured using the silicon detectors
(as will be discussed in the next Sect. [3.6)), the half-lives of the ground states of **°Am
and ?*?Am, which are 50.8(3) hours and 16.02(2) hours, respectively, were determined by
transporting the ions to the JYFLTRAP Penning trap system. The ratio of fission isomer to
ground state yields provides the population ratio between the two and will not be presented
here, as the analysis is still being carried out by other members of the collaboration.

The IGISOL setup discussed here in the configuration prepared for the experiment 1290
is shown in Fig. [3.17]

The half-life values for the isomers 2**/ Am and 242/ Am are well established from previ-
ous indirect measurements [127]. However, the new measurements presented here demon-
strate that the study of fission isomers is feasible at IGISOL, along with direct mass
measurements of 2*°Am and ?*?Am, as well as measurements of the excitation function
and excitation energy for the fission isomeric state in 2*2Am. The accessibility of this iso-
meric state is crucial, as 2*?™Am is a candidate for investigating the fundamental nuclear
excitation mechanism of excitation via nuclear electron capture (NEEC) [58, 59, 60, [128].
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Figure 3.17: IGISOL setup prepared for experiment 1290. The production of fission isomers
242f Am and 297 Am is achieved by light ion fusion-evaporation reactions with the light-ion
guide where a deuteron beam of 10 to 28 MeV produced by the K130 cyclotron impinges
on a ?*2Pu target. The separation and selection of the ions of interest is done by the dipole
magnet at IGISOL. The selected beam proceeds towards the switchyard on 3 Si detectors
here installed or it proceeds downstreams to the MR-TOF.

3.6 Description of the data acquisition system at IGISOL

This section focuses on the presentation of the signal processing and data acquisition of
the silicon detectors positioned at the switchyard, since only this part will be used for
the data analysis discussed in the next chapter. At the switchyard, three silicon detectors
(Ortec TB-22-200-300) are installed in the geometrical configuration shown in Fig.
3.18. The detectors are called 0,1 and 2 looking from the left side. Detector 1 is oriented
such that it aligns with respect to the beam direction, while the detectors on the left and
right are mounted at 90° relative to the beam and the control detector. The detector
signals are sent to an ORTEC-142 preamplifier and then to a three channels of a four-
channel MCA digitizer DT5724. To determine the time when the signal yield growth after
the implantation in one of the detectors stops and the decay starts, a signal derived from
the electrostatic kicker that determines the beam direction in the switchyard was used as
trigger signal. The ion beam is sent to the switchyard and to the MR-TOF in a specially
selected fine structure based on the fission isomer of interest as indicated in Fig. [3.19
Therefore, the beam changes its direction after a time equal to 3-4 times the half-life of the
isomer. The kicker signal encodes the time when the beam changes its direction towards
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the MRTOF or the Si detectors. This logic signal is recorded in the fourth channel of
the DT5724 digitizer. The acquisition system provides data in text file format as will be
explained in Section [4.1], but this time a fourth column is included to identify the origin
of the signal. Channel 1-3 represent Si detectors, channel 4 contains the kicker signal
information.

Figure 3.18: Silicon detectors installed at the switchyard of the beam line system (see Fig.
3.17)). The detectors are labelled 0,1 and 2 looking from the left side. The detector 1 is
oriented in a way that it aligns with the beam direction, the detectors on the left and right
are mounted at 90° relative to the beam direction and the central detector.
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Figure 3.19: Top view of the beam switching device allowing to direct the ions towards the
MR-TOF (straight arrow) or alternatively to the arrangement of the three silicon detectors
shown in Fig. B.1I8 The ion beam is sent via the switchyard either to the MR-TOF or on
the silicon detectors in a specifically selected time-structure based on the expected half-life
of the fission isomer of interest. Therefore, the beam changes direction periodically after
a time equal to 3-4 times the half-life of the isomer. The kicker signal encodes the time
when the beam changes direction.
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Chapter 4

Experimental procedure and data
analysis

During experiment S530, projectile fragmentation of a 23¥U primary beam at an energy of
1000 MeV /u was carried out using a beryllium target with an areal density of 0.66 g/cm?.
The secondary beams were separated and identified in-flight at the Fragment Separator
(FRS).

Initially, a secondary beam was selected at the FRS to test the alignment between the
beam exiting the FRS and entering the CSC. This process was performed in two steps, using
the monoenergetic achromatic degrader at the FRS and the variable degrader positioned
at the final focal plane between the FRS and the CSC (for the layout of the degrader
installation, see Fig. [3.2)).

In the first step, the monoenergetic achromatic degrader is used for mean range bunch-
ing. This involves adjusting the degrader thickness until finding a value that allows multiple
ion beam species, that have been selected and transported up to that point, to pass through
the degrader with maximum efficiency. In Fig. is shown the case of a degrader scan
made during S530. The ions 27~24U0™ from the FRS move to the MRTOF where the
number of counts is measured for each detected ion species, and normalized by the number
of ions of the separated beam that impinges onto the scintillator detector positioned in
the final focal plane before entering the CSC. The measurement is repeated for different
degrader thicknesses. The final degrader thickness is chosen as the one that allows the
transport of all ion species with maximum intensity. Accordingly to Fig. this value
amounted to 4710 mg/cm?.
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Figure 4.1: Thickness selection for the monoenergetic achromatic degrader behind the
FRS. The Z7-2U0"" ion counts are measured by the MRTOF and normalized to the
number of ions detected by the scintillator in the final focal plane before the CSC. The
measurement is repeated for various degrader thicknesses, with the optimal thickness of
4710 mg/cm? selected to achieve maximum transport efficiency for all ion species.
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The second step focuses on optimizing the beam exiting the FRS. This optimization
procedure sets the degrader thickness of the variable degrader to maximize the number
of ions stopped at the mid-length of the CSC. In Fig. [4.2] is shown a case of a variable
degrader scan made during S530. In the case presented, the degrader thickness optimization
refers to the case of 2°UO™*. The number of counts are measured by the MRTOF and
normalized to the counts of the ion beam impinging onto the scintillator detector while
scanning multiple degrader thicknesses. The optimum thickness coincides with the mean
value of the fit function of the acquired data points, in the case shown is 4735 mg/cm?.
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Figure 4.2: Thickness selection for the variable degrader. The degrader thickness optimiza-
tion is specific to 2%UO™™ jons. Counts are measured by the MRTOF and normalized
to the number of counts of the ion beam acquired with the scintillator detector, using
multiple degrader thicknesses. The optimal thickness corresponds to the mean value of the
Gaussian fit function applied to the acquired data points, here amounting to 4735 mg/cm?.
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4. Experimental procedure and data analysis

For the S530 experiment, the ion beam, produced by the fragmentation reaction and
selected by the FRS, is injected into the CSC, which is filled with helium at an areal density
of (1.09 +0.15) mg/cm” (i.e., a pressure of (35 + 5) mbar and a temperature of 75 K) and
subjected to a DC push field of 30.4 V/ecm. The RF carpet was operated with 100% ion
transport efficiency.

The ions extracted by the CSC continue their trajectories along the beamline, reaching
the MRTOF and eventually impinging on the detector at its end.

During the beamtime the FRS selected mainly three secondary beams for the acquisition
with the FRS-IC:

e Beam transport 23472367
e Beam transport 227224Th
e Beam transport 220-221Ac

The selection settings applied at the FRS are tested online using the PID detectors.
From the information taken by both PID detectors and knowing the spatial distance be-
tween them, a plot similar to the one in Fig. is produced. It shows a PID plot for the
selection settings centering 23°~230U. The y-axis shows the atomic number, while the x-axis
displays the mass over charge ratio. The identification made via the PID detectors allows
to determine which species are transported further and to set the MRTOF parameters
accordingly to allow the same species to be detected. The way these species are identified
and characterized with the FRS-IC is presented in the following sections.
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Figure 4.3: An example of a PID plot at the focal plane of the FRS is shown. The
FRS selection settings were chosen to center 2*>=236U. On the y-axis the atomic number is
plotted, while on the x-axis the mass over charge ratio is shown. The particle identification
made via the PID detectors allows to determine which species are further transported
downstream and to set the MRTOF parameters accordingly to allow the same species to
be detected.
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4. Experimental procedure and data analysis

4.1 Data acquisition for alpha energy spectra

For each selection settings applied to the FRS, data have been acquired in multiple ways
as illustrated in Fig. [3.15] This section is dedicated to the acquisition of events from the
energy channel of the o - TOF detector. The data file generated by the CAEN DAQ module
is a text file with 3 columns: i) absolute time (clock runs continuously from the start of the
acquisition) for each event in 10 ns units, ii) energy given in digital channel units (needs
to be calibrated using the internal 22Th calibration source), iii) extra information about
the way a certain event has been acquired (for example when a dead time occurred before
a recorded event).

Looking at the alpha energy spectra acquired with the CAEN DAQ digitizer, it is
possible to obtain a quick online identification of the beam selection. Indeed, knowing
the alpha decay line of the ions transported in the beam, it was possible to see if the
alpha energy decay signal was registered in the expected spectral region and thus confirm
the selection settings. The o energy decay lines expected for the 2237224Th and 220-22'Ac
selections are reported in the following Tabs. and [4.2] respectively. In the case of the
settings for 2472361, the expected alpha lines appear in this case the dominant low - energy
tail region of the '2Po peak at 8784 keV originated from the ??®Th internal source and
therefore an online identification, was not possible. The energy resolution achieved for the
online « - energy registration amounted to 150 keV.

Isotope | Half-life | Intensity % | Energy (keV)
220Ac 26.4 ms 9 7652
11 7709
10 7792
26 7855
8 7670
221Ac 52 ms 7 7374
20 7437
72 7642
216Fr 0.7 ps 10 8933
217Fr 22 us 100 8315
213At 124 ns 100 9079
212At 558 ns 31 7888
68 7826

Table 4.1: Decay data for isotopes of the 2207221 Ac FRS selection settings. In the table
are reported the half-life, the energy for the alpha decay and the related intensity for the
isotopes listed [122]

The energy spectra acquired online are calibrated based on the alpha - energy lines
obtained from the internal ?**Th source (as listed in Tab. [4.3).
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4.1 Data acquisition for alpha energy spectra

Isotope | Half-life | Intensity % | Energy (keV)
223Th 0.6 s 26 7286
55 7298
13 7323
224Th 1.04 s 19 7000
79 7170
219Ra 9 ms 66 7678
30 7988
220Ra 18 ms 99 7453
215Rn 2.3 ps 100 8674
216Rn 45 ps 100 8050
211Po 0.5s 99 7450
212Po 295 ns 42 10180

Table 4.2: Decay data for isotopes for the ?23=224Th FRS selection settings. In the table
are reported the half-life, the energy for the alpha decay and the related intensity for the
isotopes listed [122]

Isotope | Energy (keV) | Decay time (T,),)
224Ra 5685 3.26 d
220Rn 6288 55.6 s

216Po 6778 0.145 s
212Bi 6090 60.55 m
212Po 8784 0.299 us

Table 4.3: Isotopes from the decay chain of the internal ?®Th source calibration with
corresponding « energies and decay half-lives.

The peaks related to those lines are fitted by a multi-Gaussian fit as shown in Fig.
The multi-Gaussian peak fit provides the line centroid and width (sigma) of the a-decay
lines. The centroid values are used to determine a linear calibration function (in keV) for
the spectra.
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Figure 4.4: Multi-Gaussian fit of the calibrant peaks obtained from the internal ?2Th
source. The multi-Gaussian peak fit provides the peak and the sigma of a decay lines.
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4.1 Data acquisition for alpha energy spectra

In Figs. and the calibrated « - energy spectra are shown for the acquisition
settings of 2297221 Ac and 2237224Th, respectively.

Energy Histogram
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Figure 4.5: Calibrated « - energy spectra for the FRS acquisition settings of 2207221 Ac.
The dominant peaks correspond to the internal 222Th source, as indicated, while the black
rectangle A marks the region where alpha decay events are expected to show up and the
black rectangle B indicates the area where their summing coincidences are expected (see
Tab. based on the beam settings. The broadest high-energy peak in B suggests over-
lapping contributions from coincident alpha decay lines, as its width exceeds the expected
200 keV for a single pair of coincident « decays.

The strongest peaks in Fig. are those related to the internal source 2?®Th as in-
dicated in the picture, while the regions delimited by the two black rectangles indicate
the region of the spectra where alpha decay events (A) or summing coincidences of these
events (B) should appear, as expected by the FRS beam separation settings. Although
alpha spectroscopy is not the main focus of this discussion, it is interesting to invest a
closer look on the highest energy part within the ”B”-area that is found in both Figs.
and but in a different energy range. Those peaks are candidates for a distribution of
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Figure 4.6: Calibrated energy spectra for the FRS acquisition settings of 22=224Th. The
dominant peaks correspond to the internal ??*Th source, as indicated, while the black rect-
angle A marks the region where alpha decay events are expected to show up and the black
rectangle B indicates the area where their summing coincidences are expected (see Tab.
based on the beam settings. The broadest high-energy peak in B suggests overlapping
contributions from coincident alpha decay lines, as its width exceeds the expected 200 keV
for a single pair of coincident « decays.

coincident alpha decay lines from the internal source and from the beam. The width of
the spectral feature in area B by far exceeds the convoluted line width of two coincident
a-energies, which would result in about 200 keV from the individual resolution of 150 keV.
Therefore it has to be concluded that in this highest - energy part of the spectrum over-
lapping contributions from coincident « - transitions (from the internal calibration source
and beam-related decay events) will show up.

To verify this hypothesis, the energy sum for each possible pair of o - decay energies has
been considered, including the probability for a certain coincidence combination via the
product of the intensity of alpha decays involved in possible coincidences, have been com-

78



4.1 Data acquisition for alpha energy spectra

piled together with a normalized probability.

Figures [4.8] show a sum matrix for the combination of any possible coincidence of two
alpha decay lines detected by the a-TOF detector. The elements of the matrix reflect the
sum of the energies of the two coincident a decays. The probability for each element of
the matrix is shown with a color code as represented by the colorbar on the right of the
matrix plot.

The matrix values in yellow and light green have, based on this simple probability calcu-
lation, the highest probability to happen. As expected, the energy of those combinations
appears in the range of the energy distribution of the high - energy feature in the B area
of Fig. [f.7 and we are investigating and, moreover, the combinations with lowest prob-
abilities are excluded by the energy range of interest. For the Ac setting, the most likely
pile up or summing coincidences occur between the 8375 keV « - line from ?'"Fr with the
9079 keV « - line from 2'3At, while for the Th settings more combinations contribute the
spectral range from 17 - 18 MeV in Fig. [4.6] as visible by the yellow marked combinations

in Fig. [4.§
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Figure 4.7: Sum energy matrix for the FRS 2207221 Ac settings. The sum matrix shows
all foreseeable combinations of coincident alpha - decay energies detected by the a-TOF
detector, represented by the summed energy of the two coincident alpha decays. The
probabilities of these combinations, calculated as the normalized product of the intensity
value of the coincident alpha - decay energies, are displayed with a color code as indicated
by the colorbar. The highest-probability combinations (yellow and light green) align with
the energy range of the investigated peak, while the lowest-probability combinations fall
outside the relevant energy range. The ?'2Po* is the only alpha decay line related to the
internal source that has been taken into consideration, since the other lines have too low
energies to compete with the coincidence events that populate the considered spectral range

from 17-18 MeV in Fig.
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Figure 4.8: Sum energy matrix for the FRS 2237224Th settings. The sum matrix shows
all foreseeable combinations of coincident alpha - decay energies detected by the a-TOF
detector, represented by the summed energy of the two coincident alpha decays. The
probabilities of these combinations, calculated as the normalized product of the intensity
value of the coincident alpha - decay energies, are displayed with a color code as indicated
by the colorbar. The highest-probability combinations (yellow and light green) align with
the energy range of the investigated peak, while the lowest-probability combinations fall
outside the relevant energy range. The ?'2Po* is the only alpha decay line related to the
internal source that has been taken into consideration, since the other lines have too low
energies to compete with the coincidence events that populate the considered spectral range
from 16-17 MeV in Fig.
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4. Experimental procedure and data analysis

4.2 Alpha spectroscopy at the FRS-IC

In Section {4.1|the energy spectra acquired during the S530 experiment have been discussed.
In that case the acquisition settings were made for the purpose of isotope identification
and no alpha spectroscopy was performed.

In this section it is shown that alpha spectroscopy can be performed at the FRS-IC.
This has been done during another experiment at the FRS-IC. Using the same acquisition
setup made of a Si detector and a DAQ digitizer, as in the decay time measurement, it
is possible to use it as a tagger for alpha decaying nuclides with half-lives ranging from
few milliseconds up to few minutes providing the Q, values of the decay events. In the
experiment presented here, short-lived nuclides produced by 233U projectile fragmentation
at 1000 MeV /u were thermalized in the stopping cell and measured using a Si detector
in DISTRICT. A silicon ion-implanted charged particle detector was used, manufactured
by ORTEC from the ULTRA series with 100 um depletion depth and 150 mm? active
area (Ortec Ultra BU — 016 — 150 — 100 bakeable). The detector and its data acquisition
(DAQ) system (CAEN DT5780SDM) are optimized to achieve optimum energy resolution,
typically with a sigma between 30 to 60 keV. The silicon detector was calibrated using the
22Rn decay chain from the internal source inside the CSC and alpha lines from the 3-line
alpha source, both installed at DISTRICT. In order to determine the alpha energies of
the projectile fragments, all peaks were fitted with Gaussians and exponentially modified
Gaussians (HyperEMG) line shapes [130].

Fig. shows the difference between the measured Q, values from ?**U projectile
fragments and previous literature values. The measured Q, values reproduce well known
literature values from specialized spectroscopy esperiments. Noteworthy is the measure-
ment of *'Ac, that in [122] was reported with large uncertainty. The energy of 7.778(10)
MeV for the Q, value of ?*! Ac found in this experiment is within the error bars of the value
provided by the literature [122], but 10 time more precise. Moreover, the value found in
this experiment is in agreement with the findings of [131] where mass separated samples
were used. Remarkably, the isotope 22! Ac has also been identified during experiment S530
in both mass spectra and energy spectra. The value reported in [131] agrees very well
with the result of our measurement and confirms the reliability of the FRSIC experimental
setup.
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Figure 4.9: Q, values of ?**U fragmentation products measured at the FRS Ion Catcher in
comparison to their literature values, taken from [122]. The grey shaded area represents
the uncertainty on the Q, value accordingly to AME2020 taking into account previous
measurements. An updated value for ! Ac was recently reported in [131], indicated by
the green data point [132]. The Q-value for this measurement is determined by measuring
the alpha-particle energy (@),) and the gamma-ray energy (E,) in coincidence, ensuring
accurate identification of decay processes. High-resolution detectors, such as Si(Li) and
BEGe, significantly reducing uncertainties in Q-value calculations. For the 22! Ac two grey
shaded areas are displayed, the smaller one takes into account how large the uncertainty
would be if also the green measurement were taken into account.
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4. Experimental procedure and data analysis

4.3 Data analysis procedure for Time of Flight mea-
surements

The time-of-flight (ToF) signal is acquired with the TDC 1 and TDC 2 modules as intro-
duced in Sect. In this section the focus is on the data acquisition using TDC 1 and the
TOF Control software [123|. Subsequently, data are analyzed in a first step with the same
software followed in a second step with a customized data analysis procedure written in
the R language [133| 134} [135]. This second part is generated and constantly improved by
the IONAS group at the University of Giessen. This section is dedicated to illustrate the
data analysis procedure. Fig. illustrates a flow chart of the data analysis procedure
ultimately aiming at generating a mass value from the ToT data.

Calibrant N Peak Shape ‘
, Determination
TOF Time = Mass Mass : =
Spectrum |- calibration parameters 7| Spectrum l
- Time-resolved calibration
Peak
MAc Shape

¥

ol | FitoflOl Final
Error Calculation m*Am

R

Figure 4.10: Flow chart of the data analysis procedure. The acquired ToF signal is plotted
as a spectrum using the TOFControl software, before being calibrated and transformed into
an m/q spectrum. The identified calibrant peaks in the spectrum are used to determine
the peak shape used to fit the Ions of Interest (I0Is). Together with the error calculation,
it is finally possible to derive a mass value for the Ions of Interest [136].

4.3.1 Calibration of a ToF spectrum

The time-of-flight (ToF) recorded is the time of flight #;.. of the ions flying into the MR-
TOF-MS from the injection trap to the detector (as visible in Fig. [£.11]). It can be seen
as the sum of the ToF from the injection trap to the detector without reflections in the
analyzer, t, and the ToF for Ny reflections:

trotal = tess + Nig - tis, (4.1)
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4.3 Data analysis procedure for Time of Flight measurements

where Ny is the number of turns in the analyzer and t;; is the ToF per turn. The total
flight path [y is similarly given by:

liotal = legs + Nig - lig, (4.2)

where [ is the path length from the injection trap to the detector, and [ is the
path length for a single turn in the analyzer. Due to the presence of the two reflecting
electrostatic mirrors on both edges of the analyzer of the MRTOF it is possible to determine
a relationship between the ToF and the mass-to-charge ratio (m/q) given by:

m_ W Fiotal (4.3)
q ltotal
where m and ¢ represent the ion mass and charge, respectively, and U is the effective
voltage accounting for the electric potential variation.
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Figure 4.11: Schematic drawing of the MRTOF. The time-of-flight (ToF) recorded is the
tiotal flight time of the ions traversing the MR-TOF-MS from the injection trap to the
detector. It can be seen as the sum of the ToF from the injection trap to the detector
without reflections in the analyzer (red line), ¢, and the ToF for N reflections (blue line)
where N is the number of turns in the analyzer and t;; is the ToF per turn. The total
flight path liota1 is the sum of the two contributions: lioa = ligs + Nyt - I [119].
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4.3 Data analysis procedure for Time of Flight measurements

Based on this equation it is possible to convert the ToF' signal into the mass - over
- charge ratio. In practice, the experimentally recorded value of ti,. is not exactly the
theoretical one. Indeed, the measured time, t.y, includes an offset ¢, caused by cables and
electronics:

texp = ttotal + tO- (44)

Substituting Eqs. (4.1)), (4.2) and (4.4) into Eq. (4.3), we obtain the equation to

convert from the ToF signal into the experimentally determined value of m/q:

% = ¢+ (texp — to)? (1 + Ny - )2, (4.5)

where b = ll:—fts and ¢ = 252:?.

The parameters ¢, t, and b of the mass-to-charge (m/q) calibration equation (Eq.
(4.5)), are determined using calibrant ions. The ¢, parameter can be calculated either
before or after the mass measurement of the ion of interest (IOI), provided that external
cables from the analyzer to the acquisition system remain unchanged under experimental
conditions. This calculation uses the ToF of at least two calibrant ion species measured
without isochronous turns, in time-focus shift (TFS) mode (see Sect. [3.2)).

Using the measured ¢y value, we perform an initial calibration step, referred to as the
to calibration. A second calibration step, called the multiturn calibration, is then carried
out to determine the parameters b and c. This step requires identifying specific calibrant
peaks in the spectrum.

The initial identification of these calibrant peaks involves comparing the relative number
of events in peaks of the mass spectra that are supposed to belong to isotopic ions. The
number of counts for each of these peaks taken into consideration is compared to the
isotopic ratios of the isotopic ions we suspect to be. This identification can also be done
observing the detection pattern over time in relation to the beam timing pattern. For
instance, when a calibrant source has its m/q ratio within the MRS (mass range selector)
setting, its peaks should appear as a continuous pattern of the ion current spectra (spectra
where the number of ions detected is plotted as a function of time). In contrast, peaks of
ions delivered by the FRS should follow the beam’s timing structure. In our case, the beam
had a spill structure of 3 ms ON and 2 ms OFF. In the present work are found peaks from
Xe, Cd isotopes, from C3Fg and 33Cs. The C3Fg and Xe gas are injected in a controlled
way on the top of the MRTOF for calibration purposes during the experiment. The Cs
comes from a thermal source mounted on the top of the MRTOF.

Table 4.4]lists the expected and actual counts for the calibration lines (within the mass
range relevant to our data acquisition) from the C3Fg gas.

Once the identification of at least two peaks is done, a fit of the known peaks has to
be performed using Eq. to determine the parameters b and ¢ and then convert the
whole spectrum.

Since the spectra exhibit ToF fluctuations due to shifts in the analyzer’s reflector potentials
and thermal expansion, the peaks can be broader than the expected resolving power. These
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Calibrant peak | Mass | Probability(%) | Expected counts | Real Counts
L2C9F, 99.9936 100 97263 97263
LROBCYE, 100.997 2.16 2101 2337
BOL Ry 102 0.01 10 17
2oy, Fy 118.992 100 38634 38634
L2OBC Y Fy 119.995 2.16 835 1059
BOLYFy 120.999 0.01 4 8
L2C,160,9Fy 96.9901 100 6385 6385
LCBC0 Y Fy | 97.9935 2.2 141 156
2Cy180,19Fy 98.9945 0.22 14 65

Table 4.4: The table lists the mass, the probability, the number of expected and exper-
imentally registered counts for the possible (for the mass range of interest in our data
acquisition) calibration lines from the C5Fg gas bottle installed by the time of the experi-
ment for calibration purpose.

fluctuations are corrected with a time-resolved mass calibration (TRC) applied to the mass-
to-charge spectrum. To perform the TRC, the acquired spectrum, which in our case is
the sum of many spectra, is divided in groups of a certain number of spectra (typically
covering the time of a beam spill) and for each group the parameter b is determined. A
linear interpolation is then applied across the b values found for each group and the result
of the interpolation is taken as final b value for the spectrum calibration. An example of
the TRC correction is shown in the Fig. [4.12] The TRC correction is applied to one of data
files obtaining during the S530 experiment. The picture illustrates how the mass resolving
power of the peak (in this case '**Cs™) improves from the situation before (case A) and
after (case B) applying the TRC. In the first case the mass resolving power is 40000, which
in the second improved case it reaches 120000.

88



4.3 Data analysis procedure for Time of Flight measurements

A)

1Cs133:-1e (131)
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Figure 4.12: TRC calibration result for the 1¥3Cs* peak. The plot shows the TOF spectrum
for the mass ¥3Cs™ peak before (case A) and after (case B) the TRC calibration. In the
first case the resolving power is 40000, in the second improved case it reaches 120000.
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4. Experimental procedure and data analysis

4.3.2 Identification of Ions of Interest (I0I)

Based on the mass-to-charge ratio, peaks in the m/q spectra are identified. This identifi-

cation is confirmed via several criteria:

e Comparing the detected rates with theoretical expectations or to results of other
experimental methods (e.g., o spectroscopy, particle identification in flight with FRS

detectors).

e Consistency of the identification across measurements with different MRS settings,
where an ion of interest (IOI) exits the analyzer after a different number of turns

compared to those made by the same ion in another configuration.

e in the case of an ion beam that possesses a spill structure, it is possible to compare
the spectra for the time when the beam is ON to another time when the beam is
OFF. In such a way it is possible to discard peaks that may appear in the mass region
where we expect the IOI, but which are not related to the beam but rather originate

from calibrants, background or impurities inside the FRS-1C.

Fig. shows an example of IOI identifications for 22 AcOH and ?*! AcOH by looking
at the correlation with the beam spill ON and OFF. The same two peaks shown in the
figure have also been found in two files with different MRS windows appearing at different

turn numbers.
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Figure 4.13: IOI identifications for 22°AcOH and ??!AcOH by looking at the correlation
with the beam spill. When the beam is ON the peaks appear in the spectrum, while they
do not appear when the beam is OFF. The same two peaks shown in the picture have also
been found in two files with different MRS windows appearing at different turn numbers.

m/q

counts

counts

beam on

115488 1154884 1154888 1154892 | /9

21Ac0H
beam off

115.4884 115.4888 115.4892 m/q

These two observations confirm the identification of 22AcOH and 22'AcOH.
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4.3 Data analysis procedure for Time of Flight measurements

4.3.3 Determination of the Peak-Shape Parameters

After the calibration and the IOI identification the next step is to obtain a peak shape to
fit the identified IOI. The mass resolving power of TOF mass spectrometers is generally
mass-independent, so peak shapes are consistent for ions of the same charge state. To
determine a peak shape valid for the IOI, high-statistics calibrant ion is chosen, measured
simultaneously with the IOI and possibly having same charge state and turn number.

In cases when statistical processes dominate the probability distribution, a peak mea-
sured with the MRTOF can be simply described by pure Gaussian functions. However,
in high-resolution measurements, where the phase-space of the trapped ions has been
strongly reduced by experimental methods, the contributions of image aberrations, field
imperfections need to be included. Contributions of higher-multipole components and
mechanical misalignments are clearly observed in the tails of the distribution and thus
require non-Gaussian analysis methods. therefore the calibrant peak is fitted with a hyper-
Exponentially Modified Gaussian (hyper-EMG function) [137], i.e., a Gaussian distribution
convoluted with multiple exponential functions with different weights at one or both sides.
Fig. is an example of the peakshape determination resulting from the Hyper-EMG
fit function applied to the calibrant peak 2Cy' F5. The plot shows the count number as
a function of the mass-to-charge ratio, on top in linear scale and in the bottom panel in
logaritmic scale. In black the data points, in yellow the initialization function and in red
the final fit function are included.

For the fit, the data is binned according to Freedman-Diaconis rule [138] and fitted
by a least squares (LS) method and validated in a reduced x? test and with a Kol-
mogorov—Smirnov (KS) test [139]. Once the parameters of the hyper-EMG are determined,
the calibrant data is fitted by a weighted maximum likelihood estimation (wMLE) method
[140] to unify fitting methods used in the treatment of calibrant ions and 101 data. At this
point the peak-shape parameters calculated from the calibrant distribution are scaled to
the IOI. The scaling factor takes into account the general increase of the peak width with
increasing mass-to-charge ratio and mass resolving power differences

g <%>101 <A%>ca1 (4.6)

(3. (am),)

are the IOl and calibrant mass-to-charge ratios, and A (

m

where (m ) are
9 /I0L,cal

a >101,ca1
their resolving powers.

4.3.4 Precise calibration and Final Mass-to-Charge Value

Up to this step in the data-analysis process, the mass-to-charge scale has been established
during the calibrations of the spectra by the three steps: by the ¢y and multiturn calibration
plus a Gaussian fit in the TRC correction. Therefore, the wMLE fit must be applied to
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Figure 4.14: An example of the peak shape determination resulting by the Hyper-EMG
fit function applied to the calibrant peak 2C,'F5. The plot shows the counts number as
function of the mass-to-charge ratio, on top in linear scale on the bottom in logaritmic
scale. In black are shown the data points, yellow marks the initialization function and in
red the final fit function is displayed.

both the IOI and calibrant ion to obtain the final mass-to-charge value and associated
uncertainty. This step is called the precise calibration.

The final mass-to-charge value of the IOl is obtained from the wMLE-fitted values
of the 101, (m/q)io1wmLE, the calibrant ion, (m/q)cawmiLE, and the calibrant’s literature
mass-to-charge value, (m/q)caLt, accordingly to:

(@) M(@) . (47)
q4 /101 (m 4/ calit

q >cal,wMLE

4.3.5 Uncertainty of the mass value

The uncertainty of the mass value is calculated by adding in quadrature individual compo-
nents. A comprehensive list of uncertainty components and their definitions can be found
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4.3 Data analysis procedure for Time of Flight measurements

in [133]. The components relevant for this work are statistical uncertainties with contami-
nations (the statistical uncertainties include multiple incertainty contributions, statistical
contribution error and the contamination contribution error give the largest contribution
to the statistical uncertainties) of I0I that accounts for about 80% of the total error and
calibrant peakshape uncertainties that accounts for about 15% of the total error.

Since there is no analytical solution available for the wMLE fit of a Hyper-EMG, an
empirical approach has been applied to determine the statistical uncertainty. Random
numbers are drawn (same number of events as measured) according to the distribution
function determined for the calibrant and IOI and are fitted with the wMLE function.
This is repeated many times (typically 100 times). The standard deviation of the mass to
charge value obtained from this procedure is the statistical uncertainty of the calibration
peak and the IOI. The contamination uncertainty is due to unknown unresolved peaks
(contaminants) such that the peak of the IOl might contain events from contaminant ions.
To estimate their influence on (m/q) for the IOI, synthetic data are generated containing
two peaks which represent IOI and potential contaminants. The contaminant peak is moved
over the IOI peak, and for each position a shift in (m/q)_IOI is calculated with a respective
KS test. The corresponding uncertainty is defined as the strongest shift multiplied by the
result of the respective KS test. The peak-shape uncertainty is calculated in this way:
each parameter of the Hyper-EMG function is altered by its individual uncertainty while
keeping the others constant, and the peak is fitted again with the wMLE method. A
deviation in the obtained m/q value is calculated for the peak-shape calibrant and the
IOI. The deviations calculated for all parameters are added in quadrature to obtain the
peakshape uncertainty.

4.3.6 Final atomic mass of the 101

The IOI reaches the detector as an ion typically in single or doubly charged state, but the
final mass we want is the one in atomic neutral form. In this case, the atomic mass of the
101, denoted as mjor, along with its uncertainty ojor, is calculated as follows:

m qio
mior = (-) *qror + Me - Q, (4.8)
4 /101 e

0101 = O10L,ionic * 4101, (4-9)

where (%) and o1orionic T€present the mass-to-charge ratio and its uncertainty as
101

determined in the previous analysis. Here, qior/e indicates the charge state of the 101,
and m, is the mass of an electron. Since for the measurement typically singly- or doubly-
charged ions are considered, the electron binding energy, which is on the order of a few eV,
can be neglected.
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4. Experimental procedure and data analysis

In Fig. the m/q ratios of the actinide IOIs 2237224Th 220221 A¢ 242357 are
displayed in the molecular forms as they are detected. They have been fitted using the
procedure illustrated so far. The red line is the fit curve, in black the experimental data

are included.
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Figure 4.15: MRTOF mass peaks of molecular ions registered for Ac, Th and U isotopes
at the FRS-Ion Catcher facility within the S530 experiment. The red line is the fit curve,
in black the experimental data are included.
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4.3 Data analysis procedure for Time of Flight measurements

The final results from the fit of the mass distribution peaks in Fig, |[4.15| are reported in
Table L5

Nuclide | AME (keV/c?) | MEggrs.1c (keV/c?) | MEy; (keV/c?)[122] |
*20Ac —131.8£170.4 13875.8 £ 170 13744 £6 B
2lAc 45.1 £141.5 14484.5 £ 128.1 14530 £ 60
24T 101.5 +238.4 19894.5 £ 238.2 19996 & 10
2233Th 9.6 £203.9 19375.4 4 203.8 19385 £ 8
34U 6.4 +£99.2 38138.6 = 99.2 38145.0 £ 1.1
25U —68.0 £ 185.2 40986.8 £ 185.2 40918.8 £ 1.1

Table 4.5: Mass excess of actinide isotopes as derived from MRTOF data acquired in
experiment S530. The difference between AME between literature values and experimental
data is listed.

As shown in Tab. [4.5] the experimental uncertainties of this work range from 2 to 200
times larger than those of the literature values, which are averages of known measurements.
Consequently, the results from the S530 experiment do not provide competitive insights
and do not significantly add to the existing mass spectrometry data. However, it is worth
noting that direct measurements for isotopes like 2?°Ac and ??!Ac had not been conducted
prior to this work. Thus, it is important to emphasize that future measurements of these
isotopes, with half-lives shorter than 50 ms, can be performed at FRS-IC and improved in
similar experiments.
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4. Experimental procedure and data analysis

4.4 Time over Threshold data acquisition

The TDC 2 of the acquisition setup was set with threshold values of 0.9 V, 1.5 V and
0.02 V, respectively, for the signal amplitudes at channels 1, 2 and 3, where the first two
received the ToF signal, while the third one registered the energy signal. At TDC channel
6 the start time signal was recorded as relative time in each sweep. Channels 1 and 2
were triggered only by the rising signal edge, while channel 3 recorded both rising and
falling signal edges. Listmode data were written in hexadecimal format that need to be
translated first in to a binary format and then, depending on the assigned number of bins
for each measured parameter (sweep number, time, edge type, channel number), converted
to a decimal representation. The bin assignment is chosen by the experimenter during
the setup of the electronics and is limited by the resolution of the electronics itself. The
time converted into decimals is given in channel units, it needs to be multiplied by the
granularity of the TDC of 0.8 ns, representing the maximum resolution of the TDC in use.

The reason for these settings is motivated by the idea of implementing a new method
specifically designed to identify fission fragment events from all acquired events. The mass
measurement technique is a well established method to unveil nuclear isomers with the
MR-TOF as explained in Sect. [.3] Nevertheless, cases are conceivable where, due to
the low cross section of the fission decay compared to the competing alpha decay (as for
example in the case of ?*U, where the alpha decay has a 100% branching ratio, while
the spontaneous fission branch only occurs in 7 x 107 of all events), only few counts can
be acquired for a certain isomeric state during the whole beamtime. This makes it very
challenging to validate the measurement of the isomeric state from a statistical point of
view. Spontaneous fission decay differs considerably from alpha decay in terms of the decay
energy. Using this information, the acquired time-over-threshold data could be used as a
convenient method to identify spontaneous fission decay events. ToF signals recorded at
channels 1 and 2 at different thresholds are used to remove noise and background from
the energy data recorded at channel 3. The rising and falling signal edges recorded at
channel 3 allow to measure the width of the acquired energy signal and to discriminate
the alpha decay data from spontaneous fission events. Identified fission events can then
be matched with the data from the same event as acquired with TDC channels 1 and 2
via the acquisition time stamp. Since the signals fed to channel 1 and 2 of the TDC 2 are
copies of the signal sent to TDC 1, one can now better identify the few fission events in
the mass spectra. To validate this new method, it was reproduced in an offline test.
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4.5 Time over Threshold offline measurements with ?*2Cf source

4.5 Time over Threshold offline measurements with
22Cf source

This section presents data from an offline measurement with a ?*2Cf fission (and alpha)
source, dedicated to validate the Time - over - Threshold method that uses the TDC data
to discriminate fission fragments from alphas. This offline measurement uses a MagneTOF
detector and a 2*2Cf source with an activity of about 2.5 kBq. A 2°2Cf source is a good
choice since it decays through both « decay (97%) and fission (3%). The simplified labora-
tory setup consists of a 2°2Cf source placed at a distance of approximately 10 cm facing a
MagneTOF detector in high-vacuum of 4 - 10~7 mbar, measured with an ionization gauge,
which was turned off during data measurements. The detector has an acceptance aperture
of 15 x 33 mm?, and a collimator with 1 ¢cm in diameter is positioned between the detector
and the source. Fig. shows the experimental setup, with the vacuum pump mounted
on top of a vaccuum chamber and the 22Cf source installed on the top of the support piece
visible from the open front part of the T flange and placed at a distance of circa 10 cm
facing a MagneTOF detector. In between the source and the detector is positioned the
collimator.

Figure 4.16: Experimental setup for time-over-threshold offline measurement. It consists of
a vaccuum chamber where a vacuum pump is mounted on top of it providing high-vacuum
conditions of 4 - 10~7 mbar. Inside a 2*?Cf source is installed on the top of the support
piece visible from the open front part of the chamber and placed at a distance of circa 10
cm facing a MagneTOF detector. In between the source and the detector is positioned a
collimator with 1 cm in diameter.
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4. Experimental procedure and data analysis

In order to estimate the count rate ratio of o particles to fission fragments, the branching
ratio of the decay of 252Cf is taken as reference. 2*2Cf decays in 96.9% via « - decay and
with 3.1% via spontaneous fission. Considering isotropic emission, only about 50% of the
alpha particles will be directed towards the detector, while, for each spontaneous fission
event two fragments emerge, one of them going in the direction of the detector. This
results in an expected count rate at the MagneTOF detector between « - decay and fission
of about 15.6 counts per seconds.

4.5.1 Experimental settings

A preliminary analysis had to be performed in order to find the operational point for the
applied voltage to the MagneTOF’s external grid, as well as the threshold voltage used in
order to filter out background from the detection signals.

For this purpose, an MCS6A multiple-event time digitizer with 0.8 ns time resolution
(the same was used during the beam time) was used in order to evaluate the measured count
rate of decay events as a function of the previously mentioned parameters. A two minutes
measuring interval was used for each couple of parameters. The results are plotted in Fig.
[4.17] where the count rate is displayed as a function of the applied voltage for multiple
settings of the threshold voltage.

Considering the activity of our source and the solid angle with the detector, we expect
about 0.36 counts per second. Based on this expectation, an operating point was chosen
in the plateau region around 2.2 kV of the applied grid voltage. The value finally selected
for the MagneTOF’s outer grid potential was 2.15 kV, while —25 mV were chosen as the
threshold voltage.

4.5.2 Time-over-Threshold Analysis

For this laboratory measurement instead of using the msca6 TDC, as during the S530
experiment, an HDO4024A-MS oscilloscope was used with an eight times better time
resolution. The data were acquired by automatically saving display snapshots for every
time a trigger level of -10 mV was reached.

An offline analysis was performed with a script developed for peak finding and charac-
terization. For each identified peak, the ToT was recorded, as well as the amplitude and
the integral. By plotting the correlation and histogram plots for these three quantities, the
presence of two distinct zones is already evident without any data processing, as illustrated
in Fig. where the count rate is plotted as function of ToT. A cut at 3 us applied to
the ToT data in Fig. clearly separates « particles from fission fragments. From the
acquired counts in these two regions of 94222 and 450, respectively, for alphas and FFs,
the count rate ratio is 20.9, slightly higher than the expected value of 15.6.

In order to further investigate the previous results, the same analysis was performed by
exchanging the ?*2Cf source against a triple-a source. This source is composed of 23Pu,
21 Am and 2**Cm, all 100% « emitters. 2°Pu has a 3 x 107! probability for spontaneous
fission decay, while this branch for 24! Am and ?**Cm, respectively, accounts to 3.6 x 10719
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Figure 4.17: Measured count rate as a function of the voltage applied to the outer grid
of the MagneTOF detector for different settings of the measurement’s absolute threshold
voltage.

and 1.4 x 10~*. Hence spontaneous fission can be neglected and only o decay events are
expected from the triple-a source.

The results of the measurements with the triple-a source and the ?*2Cf source are
presented in Fig. [4.19] In the case of ToT events for the triple-a source only values are
found below 3 ns, as expected, since only a decay events should be detected.

Furthermore, looking at Fig. |4.19| it is possible to see that the peak associated to
« particles is shifted and more widespread for the triple «v source. This can be readily
explained by the different o particle emission energies for both sources. As reference the
a decay energies are listed in Tab. The isotopes present in the triple o source span
an energy range from 5.1 MeV to 5.8 MeV, while in the case of the 2*2Cf source the alpha
decays have energies in a smaller interval from about 5.8 MeV to 6.1 MeV. This explains
the large spread of the alpha distribution in the case of the triple a source compared to
2520{‘.

The offline measurement presented here demonstrates that the Time-Over-Threshold
(ToT) method, applied to the energy signal, is a reliable approach for identifying fission
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Figure 4.18: Time-over-Threshold histogram for the decay products of a 252Cf source. The
green zone contains « decay events, while the blue area confines the fission events.

10° F ' ]
3 1 Am, Cm, Pt ]

; _I_l"I et
107" F i E
2
‘@
c
(6]
©
4? -
= i N
£ 1077 ¢ E
o
107% ¢ I-I-I ;
:I 1 1 1 1 " 1 1 1 1 1 1 I_.I I_II :

0 2 4 6 8
Time over Threshold (ns)

Figure 4.19: Time-over-Threshold histogram for both ?°2Cf and triple a sources.

fragment events among all acquired events. This method shows promise for future ap-
plications as a preliminary tool to distinguish fission fragments and as a complementary
technique to support mass measurements. This is particularly valuable in scenarios where
the low cross-section of fission decay, relative to competing alpha decay, makes identifying
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Table 4.6: « particle emission energies for isotopes of a triple - a - source compared to
2520f.

Isotope | Energy (MeV) | Intensity (%)

5.105 11.5
239y 5.143 15.1
5.155 73.4
5.388 1.4
241 Ay 5.433 12.8
5.486 85.2
5.763 93.3

244
Cm 5.805 76.7
6.076 145

252
Cf 5.805 76.7

fission fragments in the mass spectra challenging. By enabling a clear distinction of fission
events, the ToT method establishes a new tool for advancing studies on fission isomers.
Unfortunately, due to a misalignment in the MRTOF, as detailed in the following
chapter, this method could not be employed to distinguish any potential fission isomeric
events of 23°U from its ground state. The peaks identified in the mass measurements exhibit
significant distortion, making it impossible to model them with a single peak shape. This
prevents the identification of an isomeric contribution beneath the large peak. [Note after
submission: The MRS settings were automatically switched between two configurations,
each for such a short time that the electronics inside the MR-TOF never reached a stable
state. As a result, the system operated continuously under random /unstable conditions. |
Even if an isomeric peak were present and distinct from the ground state peak, it would
remain undetectable due to the significant background noise in the mass spectrum, which
masks low-intensity signals or sparse counts. As a result, applying the discussed method
to disentangle fission decays from other processes using Time-over-Threshold (ToT) data
is futile since no reliable mass measurement of the isomeric state can be performed.
Furthermore, the ToT data themselves are heavily impacted by noise due to the high
background levels, making it impractical even to test the method for curiosity. Online
measurements, where the incoming count rate is four orders of magnitude higher than in
offline measurements, exacerbate this issue, further limiting the method’s applicability.
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4.6 Data analysis of the half-life for >/ Am and >/ Am

In the commissioning of experiment 1290 in Jyvaskyld an acquisition system for acquisition
of the energy spectra was implemented following the idea developed during the S530 ex-
periment. This time the gain settings have been expanded to allow the detection of fission
fragments and a new updated software and hardware DAQ Compass was used. The decay
events from the reaction products of fusion-evaporation reactions induced by deuterons
from the K130 cyclotron impinging on a 2**Pu target, were recorded. These data were
acquired with the CAEN digitizer DT5724 in a text format where, for each event, are
recorded the channel to which the signal belongs, the time, the energy in channel units
and an extra flag (the latter means that for each event is associated a number that tells us
if the acquisition of that event had any issue and if so what was the origin of the issue).
Since fission decays are expected to have energies above 100 MeV, while alpha decays used
for the selection of the beam fragment are expected up to about 8 MeV, fission events
could be easily recognized by inspecting the energy spectra of the decay events. The fis-
sion events should exhibit a double peak distribution, very well separated from the alpha
decay energy. An example of such an energy spectrum is shown in Fig. [4.20]

Histo Energy Detector 1

a -decay
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Figure 4.20: Histogram of the energies acquired during the 1290 experiment. The histogram
shows the energy spectrum of decay events seen by the Si detector 1. Fission events (FFs)
are easily identified as those belonging to the slightly asymmetric double-humped distri-
bution at high energies. The energy of the fragments post neutron emission is calibrated
using a 22Cf source.

In order to plot and fit the decay time of the fission events we have to gate also on the
signal at channel 4 (the kicker signal). The kicker signal is a rectangular logic signal, it is
ON when the beam is sent to the Si detectors, and OFF when the beam goes downstream
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to the MRTOF. The ON/OFF signal relates to an event at channel 4 having as energy 0
or a high number (typically in these data around 5000 channels), the time between ON
and OFF events is the time the beam stays oriented towards the Si detector and is the
accumulation time of the ions implanted on the Si detector. The time between the OFF and
ON events is the time when the beam stays oriented towards the MRTOF, this means no
beam reaches the Si detector, so this time interval defines a time window when only decay
events are detected from the implantation of ions on the Si detector surface. Therefore
one can measure the decay time of accumulated ions within this time window. At this
point the second and last gate applied on the events affects only those decaying in the
OFF-ON time window. Due to the fact that the Si detectors are far from the production
site and that in our case the fission events of interest have decay times in the order of ms,
plus the mass separation done via the dipole magnet, it is assumed that the beam is only
transporting the isomers for which we want to measure the decay time: 22/ Am or 24/ Am.
The decay time is determined via a linear fit to the decay events plotted in a logarithmic
scale. The fit function is log(N(t)) = b X t 4+ ¢ where N(t) is the number of decay events
at time t, t is the time in ms. From the fit the parameters b and ¢ are extracted and from
the b value the half-life T can be derived as T — log (2) The linear fit for the 242/ Am and

240/ Am decay time are shown in Figs. [4.22) and [4.21] respectlvely
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4. Experimental procedure and data analysis

Decay time for 240fAm 99 events
o T1/2=0.96 £ 0.23 ms

—+

0 1 2 3

Figure 4.21: The linear fit for the 2*%/Am decay time. The decay time is extrapolated
via a linear fit to the decay events plotted in a logarithmic scale. The fit function is
log(N(t)) = bt + ¢ where N(t) is the number of decay events at time t, t is the time in ms.
From the fit the parameter b and ¢ are obtained and from the b value the half-life T 1 can

be derived as T% = %. The fit is made over 99 events and the half-life resulting from
the fit is T% = 0.96 4+ 0.23 ms.
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4.6 Data analysis of the half-life for ?**/ Am and 22/ Am

Decay time for 242fAm 292 events

&
T1/2=13.94 +1.58 ms
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Figure 4.22: The linear fit for the 22/ Am decay time. The decay time is determined
via a linear fit to the decay events plotted in a logarithmic scale. The fit function is
log(N(t)) = bt + ¢ where N(t) is the number of decay events at time t, t is the time in ms.
From the fit the parameter b and ¢ are obtained and from the b value the half-life T 1 can

be derived as T% = %. The fit is made over 292 events and the half-life resulting from
the fit is T% = 13.54 + 1.58 ms.
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4. Experimental procedure and data analysis

The results achieved for the fission isomer half-lives for 24°/Am and 2*2/Am are in
agreement with the literature values. Literature and experiment values are listed in Table

4
Isomer T Tlff2 [141]
207 Am | 0.96 =+ 0.23 | 0.94 =+ 0.04
22fAm | 135+16 | 14.0+1.0

Table 4.7: Half-lives of 24/ Am and 22/ Am. In the table the experimental half-life and the

literature values are compared [141].
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Chapter 5

Discussion of results

5.1 Assessment of rate capability achieved with the
FRS-1IC

The introduction of the short DC cage for the S530 experiment has allowed for a rate
capability of circa 1 order of magnitude higher then before, achieved with beam.

The normalized extraction efficiency as a function of the incident beam rate is shown
in Fig. [5.1) compared to previous results with the long DC cage and simulations. It was
calculated as the ratio of 2>UQOJ ions measured by the MR-TOF-MS relative to incident
ions detected by a plastic scintillator, installed before the CSC, and corrected for the duty
cycle of the MRTOF and dead-time effects. To account for stopping and transport losses,
efficiencies were normalized to a beam rate of 2.2 - 10° ions/s, where space-charge effects
are negligible, assuming full extraction efficiency.

In Fig. the red diamonds stand for this work, the (open) squares represent the
simulations, the (filled) squares [107] and circles |109] are previous experimental data with
the long DC cage installed.

As we can observe from Fig. 5.1} in the case of this work the rate capability is higher
than in all other cases and no loss of extraction efficiency at rates of the incident beam
up to 2 x 10° ions/s can be observed. Higher beam intensities could not be tested as
the radiation limit of the experimental area was reached. The result achieved in terms of
higher rate capability reached is due to the following details:

e A higher number of the DC-electrode rings - over - length ratio reduces the near-
field distortions and allows efficient transporting of the ions stopped closer to the
electrodes

e The diameter of the new DC cage is larger, this enlarges the stopping volume in the
radial direction

e Higher DC push fields have been used and this reduces the time for removing the He
ion-electron pairs
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5. Discussion of results
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Figure 5.1: The normalized extraction efficiency is displayed as a function of the rate of
the incident beam [142]. Red diamonds stand for this work, the (open) squares represents
the simulations, the (filled) squares [107] and circles [109] are the previous experimental
data with the long DC cage installed.

e The shorter length of the DC cage reduces the impact of space charges on the ion
extraction.

Another promising expect related to the installation of the short DC cage is the possibil-
ity to reduce the extraction time to 10 ms. The isotopic identification of 2 Ac demonstrates
an extraction time of at least its half-life (26.2 ms). An additional dataset acquired dur-
ing the S530 experiment shows encouraging indications of the extraction of shorter-lived
species. However, these results are statistically weak and require further validation. A
definitive experimental demonstration will rely on future studies with improved statistics
and optimized methodologies.
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5.2 Mass spectroscopy measurement

5.2 Mass spectroscopy measurement

In this section the fit results for the Time-of-Flight (ToF) data analysis at TDC 1 will be
discussed. In the data analysis methodology, it is assumed that the peak shape does not
change across turns in the analyzer. It is well known that variations in peak shape occur
for ions with different charges; therefore, any ion of interest must be analyzed using a peak
shape corresponding to the same ion charge.

In the present data analysis it is visible how the peakshape of the ion distribution
changes within the same ”family” of ions, for example, among isotopes of Cd, as shown in
Fig. 5.2} In this figure, it is visible how the peak shape distribution changes among the
isotopes of Cd. The red line represents the fit obtained by using a chosen common peak
shape for all the peak distributions presented in Fig.[5.2] while the black points correspond
to the data acquired for Cd isotopes as singly charged ions.

The red fit curve highlights how the distributions of the black data points deviate from
the assumed common peakshape in different ways, indicating that the peak shapes are not
identical even within singly charged ions. Furthermore, these differences are evident within
a range of a few mass-to-charge units and it is not expected that the potential field in the
analyzer has a different influence on ions of similar mass - over - charge ratio. On the other
side, as it can be seen for 1°Cd and ''*Cd, which undergo the same turn number 7' = 139
(where T represents the number of turns the ions make in the analyzer before injection
onto the detector), their distributions appear similar.

The resulting differences of the inferred ToF peak widths (FWHM) depending on the
number of turns in the MRTOF analyzer for certain masses and on the position of a peak
in the Time-of-Flight spectrum is evident already in mass calibrant data. Fig. displays
the width (FWHM) of different calibrant mass peaks as a function of the turn number
in the MRTOF analyzer. As visible in Fig. strong fluctuations exist between the
peak widths even within groups of calibrant mass lines from the same source. There is
no agreement of the FWHM values within experimental uncertainties, instead far larger
deviations are found.

The most severe challenge encountered during the analysis of mass spectroscopy data
is related to the beam alignment in the analyzer.

In the MRTOF analyzer, alignment refers to ensuring that ion trajectories are well-
centered and consistent, enabling accurate and precise mass-to-charge ratio (m/q) mea-
surements. Proper alignment minimizes variations in ion paths, ensuring uniform energy
and synchronized timing. This is critical for maintaining sharp mass peaks, as misalign-
ment can lead to broadening and reduced resolution.

Alignment is achieved through careful tuning of the electric fields within the analyzer
to create uniform ion reflections and, when the beam exits the analyzer, tuning the TFS
reflector voltages to ensure the beam hits the center of the detector. Additionally, systems
such as energy bunchers standardize the kinetic energy of ions entering the analyzer, fur-
ther stabilizing their time-of-flight. Calibration using mass peaks of known isotopes helps
monitor and refine alignment, with the Full Width at Half Maximum (FWHM) serving as a
diagnostic tool. A low and consistent FWHM across multiple ion reflections indicates good
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Figure 5.2: Peak shape distribution for Cd isotopes. Black points represent experimental
data for Cd isotopes as singly charged ions, while the red curves show the fit obtained using
a uniform peak shape across all cases. Deviations between the data and the fit highlight
variations in peak shape among isotopes, despite having the same ionic charge. However,
HOCd and ' Cd, both with turn number 7' = 139, exhibit similar distributions.
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5.2 Mass spectroscopy measurement
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Figure 5.3: FWHM of mass calibrant peaks as a function of the turn number in the MRTOF
analyzer. Ions labelled with the same colors belong to the same calibrant source.

alignment, while increasing FWHM suggests cumulative misalignment or inefficiencies in
the setup.

In a well-aligned system, the FWHM remains stable even as the number of ion turns
increases. This stability is essential for achieving high resolution in mass spectrometry,
particularly in MRTOF analyzers, where ions undergo multiple reflections over extended
periods. Proper alignment ensures accurate mass measurements and reliable characteriza-
tion of ion species.

The misalignment found in the mass spectroscopy data proved to be unexpectedly large
compared to previous cases, significantly affecting the reachable mass accuracy. Due to
the misalignment, an absolute Time-of-Flight (ToF) deviation was observed particularly
during ejection through the TFS deflector. The ToF error was also amplified by the
high repetition rate used to improve the detection of short-lived nuclei. The unusually
high transmission rate caused anomalous variations of the peak shape across turns, a
phenomenon never previously observed. [Note after submission: The MRS settings were
automatically switched between two configurations, each for such a short time that the
electronics inside the MR-TOF never reached a stable state. As a result, the system
operated continuously under random /unstable conditions. which resulted in a non-unique
and continuously changing peak shape.|

In good alignment condition a couple of calibration points are sufficient, but in this
case they are not enough to make an effective error correction. A more detailed calibration
across multiple turns could have allowed for better parametrization of the alignment error
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5. Discussion of results

and enabled the implementation of corrective measures.

The standard data analysis, which assumes uniform peak shape, is therefore ineffective
here, resulting in an approximate mass uncertainties of circa 250 keV. While the mass
measurements suffice for identification purposes, they do not support detailed nuclear
structure analysis (barrier height, curvatures).

Although beam alignment issues limit the precision of mass values, the data confirm
the detection of these short-lived species. The 200 Hz repetition rate was instrumental in
obtaining sufficient sampling within the brief half-life window.

Furthermore, as demonstrated in [132], it has been proven that mass measurements of
short-lived nuclides can be performed at the FRS-IC as indicated by the measurement of
?15Po (t1/2 = 1.8 ms) achieved by isolating the parent and awaiting its decay.

For these reasons we are confident that similar direct mass measurements in the actinide
mass region can be achieved in the future.

Future experiments will prioritize a refined beam alignment and a broader set of cal-
ibration points provided in a wide mass range from a laser ablation carbon cluster ion
(LACCI) source [143]. These improvements will enhance the FRS-IC’s ability to measure
short-lived isotopes, supporting both identification and, where possible, insights into nu-
clear structure of heavy and strongly deformed nuclear species at the interface between the
region of classical nuclear physics and the upper part of the nuclear chart with the region
of superheavy elements.
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Chapter 6

Summary and outlook

This thesis explores the properties and formation condition conditions of superdeformed
nuclear shapes in the actinide region, with a particular focus on fission isomers and new
production and acquisition methodologies. Two exploratory experiments are presented in
this work. The first was conducted at the Fragment Separator (FRS) and the FRS Ion
Catcher (FRS-IC) at GSI, and at IGISOL at the JYFL Laboratory of the University of
Jyvaskyla.

The heavy actinides region is particularly compelling for investigating superdeformed states
due to the interplay between strong shell effects and deformation-driving forces at low an-
gular momentum.

In the context of experiment S530, it was demonstrated that fragmentation is a suit-
able method for producing isotopes in the actinide region and that these isotopes can be
efficiently selected and delivered to the FRS-IC. Key aspects of the experimental method-
ology included precise beam alignment, optimization of degrader settings for efficient ion
separation and transport, and advanced mass spectroscopy for isotope identification. Fur-
thermore, the installation of a short DC cage into the FRS - Ton Catcher was shown to be
instrumental for fast ion extraction from the stopping cell and for the subsequent detection
and identification of particularly short-lived isotopes reducing extraction times. The high
repetition rate 200 Hz of the MRTOF also played an essential role in ensuring the detection
of these short-lived nuclei.

Moreover, the upgraded DC electrode system also boosted the rate capability and thus
the beam current acceptance of the stopping cell by at least an order of magnitude; while
previously a drop of the extraction efficiency occurred at about 10* incoming beam ions per
second, after implementation of the short DC cage the efficiency stayed at its maximum
until 2 x 10° ions/seconds, only limited by the maximum beam current allowed to enter
the experimental area from radioprotection limits.

The experimental setup and data acquisition system enabled fast identification of the deliv-
ered isotopes, mass measurements, and Q, value determination, confirming the reliability
of the FRS-IC setup for nuclear structure studies.

This work also introduced the Time-Over-Threshold (ToT) method, applied to the energy
signal, which proved effective in distinguishing fission fragment events from alpha decays.
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6. Summary and outlook

This technique addresses challenges posed by the low cross-section of fission events relative
to the competing alpha decay channel and establishes a novel tool for identifying fission
isomers.

The second experiment, 1290, performed as part of this work, demonstrated that the ap-
plied detection techniques allowed for measuring half-lives time for the decay of fission
isomers in Am isotopes in good agreement with literature values. This confirms the valid-
ity of this alternative methodology for the production and measurement of fission isomers.
Future analysis of additional data branches beyond the scope of this thesis and acquired
during this collaborative experiment is expected to provide further insights, including in-
formation on fission isomers such as their excitation energy in the second potential well
E;r and the barrier penetration probability.

This thesis establishes a strong foundation for future experimental investigations in the
actinides region, emphasizing the importance of using multiple detection methodologies
and state-of-the-art instrumentation to advance our understanding of superdeformed nu-
clear states. In this context, a new experiment is scheduled for June next year, using the
fragmentation reaction to produce and implant 236U nuclei.

During the S530 experiment, the combination of significant background suppression chal-
lenges, a 500 ns dead time, and the limited number of surviving events prevented a con-
clusive determination of the half-life of 23U. Current scientific literature presents two
conflicting values for this half-life (60 ns and 120 ns), based on previous experiments.

In the upcoming experiment, an improved system will be utilized, featuring a reduced-
thickness implanter (0.5 mm or 1 mm) designed to decrease the dead time to 100 ns. This
optimization will reduce the energy deposited by implanted ions, minimizing electronic
signals that could cause saturation. Additionally, the setup will include two new veto de-
tectors: VETO 1, located upstream, with a 0.5 mm thick plastic scintillator, and VETO
2, located downstream, with a 5 mm thick scintillator. The latter, being thicker than the
one used in S530, will enable more effective suppression of background signals originating
from the degrader.
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