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“We rise and we fall and we break

And we make our mistakes”

— Hamilton, Act I, Lin-Manuel Miranda

“The fault, dear Brutus, is not in our stars,

But in ourselves, that we are underlings.”

Julius Caesar, Act I, Scene 2, William Shakespeare






Abstract

Cross sections are one of the key parameters for understanding nucleosynthesis in stars. Since
the relevant energy ranges in stellar environments are very low and often involve exotic nuclei far
from stability, it is often not possible to determine the reaction rates directly through experiments.
Therefore, they are usually estimated by extrapolation or with the help of theoretical models.
The statistical Hauser-Feshbach model, which is based on nuclear input parameters such as the
nuclear level density, the y-ray strength function, and the optical model potentials, is largely
used to describe such processes.

This work investigates the extent to which proton capture processes in the stable rubidium
isotopes ®°Rb and ®"Rb can be described by the Hauser—Feshbach model. The 7 process, which
occurs during supernova explosions, is currently considered to be the main mechanism for the
nucleosynthesis of neutron-deficient p nuclei. Since the reaction network of this process mainly
comprises photodisintegration reactions at unstable nuclei, the stellar reaction rates are largely
calculated on the basis of theoretical models. However, the accuracy of these predictions can be
significantly improved if the underlying nuclear models are verified by experimentally determined
absolute cross sections.

As part of this work, two proton-induced reactions on 3°Rb and 3'Rb were therefore investigated
using the in-beam method at the HORUS spectrometer at the University of Cologne. Since no
published data on the cross sections of these reactions existed to date, the present measurements
significantly expand the database on proton-induced reactions. In particular, the measurement
on ¥ Rb contributes to the near completion of the systematic investigation of the N = 50 isotone
chain. Challenges arose in particular due to target stability, background suppression, and the
low count rates in the relevant energy range.

For both rubidium isotopes, the measured cross sections show significant deviations from the
default predictions of the Hauser—Feshbach model. The results suggest that the proton optical
model potential in particular is responsible for these discrepancies. This is supported by a
comparative analysis of (p,n) reaction data, which also cannot be reproduced with the default
settings. Changes to the other model parameters — such as the nuclear level density or the y-ray
strength function — did not lead to any significant improvement in the theoretical description.

The results obtained in this work thus provide important experimental clues for refining optical
model potentials in the mass region around A ~ 85. They form a basis for future work in which
scattering and reaction measurements will further reduce model uncertainties and contribute to

more precise astrophysical reaction rates.






Zusammenfassung

Wirkungsquerschnitte stellen eine der zentralen Gréflen zum Verstdndnis der Nukleosynthese
in Sternen dar. Da die relevanten Energiebereiche in stellaren Umgebungen sehr niedrig sind
und héufig exotische Kerne fernab der Stabilitdt beteiligt sind, ist eine direkte experimentelle
Bestimmung der Reaktionsraten oftmals nicht moglich. Daher werden diese in der Regel durch
Extrapolationen oder mit Hilfe theoretischer Modelle abgeschétzt. Fiir die Beschreibung solcher
Prozesse wird grofitenteils das statistische Hauser—Feshbach-Modell verwendet, das auf nuklearen
Eingangsparametern wie der Kernzustandsdichte, der y-Starkefunktion und den optischen Mod-
ellpotentialen basiert.

Diese Arbeit untersucht, inwieweit Protoneneinfangsprozesse an den stabilen Rubidiumisotopen
8Rb und *Rb durch das Hauser-Feshbach-Modell beschrieben werden kénnen. Der y-Prozess,
der wahrend Supernova-Explosionen ablauft, gilt nach aktuellem Stand als Hauptmechanismus
fiir die Nukleosynthese der neutronenarmen p-Kerne. Da das Reaktionsnetzwerk dieses Prozesses
iiberwiegend Photodesintegrationsreaktionen an instabilen Kernen umfasst, werden die stellaren
Reaktionsraten weitgehend auf Basis theoretischer Modelle berechnet. Die Genauigkeit dieser
Vorhersagen kann jedoch entscheidend verbessert werden, wenn die zugrunde liegenden nuklearen
Modelle durch experimentell bestimmte absolute Wirkungsquerschnitte tiberpriift werden.

Im Rahmen dieser Arbeit wurden daher zwei protoneninduzierte Reaktionen an *°Rb und 8'Rb
mit Hilfe der In-Beam-Methode am HORUS-Spektrometer der Universitdt zu Koln untersucht.
Da bislang keine veroffentlichten Daten zu den Wirkungsquerschnitten dieser Reaktionen ex-
istierten, erweitern die vorliegenden Messungen die Datenbasis zu protoneninduzierten Reaktionen
erheblich. Insbesondere tragt die Messung an 5'Rb dazu bei, die systematische Untersuchung
der N = 50 Isotonenkette nahezu abzuschlieBen. Herausforderungen ergaben sich insbesondere
durch Targetstabilitidt, Untergrundunterdriickung und die niedrigen Zéhlraten im relevanten
Energiebereich.

Fiir beide Rubidiumisotope zeigen die gemessenen Wirkungsquerschnitte deutliche Abweichun-
gen von den Standardvorhersagen des Hauser—Feshbach-Modells. Die Ergebnisse deuten darauf
hin, dass insbesondere das Protonen-Optische-Modellpotential fiir diese Diskrepanzen verant-
wortlich ist. Dies wird durch vergleichende Analysen von (p,n)-Reaktionsdaten gestiitzt, die
ebenfalls nicht mit den Standardeinstellungen reproduziert werden kénnen. Anderungen der
iibrigen Modellparameter — wie der Kernzustandsdichte oder der y-Stérkefunktion — fithrten
hingegen zu keiner signifikanten Verbesserung der theoretischen Beschreibung.

Die in dieser Arbeit erzielten Ergebnisse liefern somit wichtige experimentelle Anhaltspunkte
fiir die Verfeinerung optischer Modellpotentiale im Massenbereich um A ~ 85. Sie bilden

eine Grundlage fiir zukiinftige Arbeiten, bei denen gezielte Streu- und Reaktionsmessungen die



Zusammenfassung

Modellunsicherheiten weiter reduzieren und zu praziseren astrophysikalischen Reaktionsraten

beitragen sollen.
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Introduction

For centuries, the night sky has captivated the imagination of humanity. The stars, shimmering
like distant lighthouses, have served as sources of wonder, inspiration, and guidance. Myths,
legends, and tales of gods and heroes from ancient cultures are based on constellations, and
early navigators relied on the same pattern of stars to cross unknown oceans - the fascination
with the cosmos has shaped the cultural and scientific heritage of many, if not all, civilizations.
This never-ending curiosity laid the foundation for modern nuclear astrophysics, where the quest
to understand the origins of stars and the elements they synthesize continues to encourage
exploration.

Approximately 3600 years old and dating back to the Early Bronze Age, the Nebra Sky Disc is
the oldest known representation of the sky made and one of the most precisely studied artifacts
in the world [1]. It was found and looted in 1999 near the town of Nebra in Saxony-Anhalt,
Germany, and has been listed on the UNESCO Memory of the World Register since 2013 [2]. It
shows the Sun or full moon, a crescent moon, a cluster of seven stars, most likely the Pleiades,
and two arcs, to help determine the course of the Sun between the solstices. Therefore, it is
suitable to determine dates such as the spring feast on May the first [2].

The ambition of understanding the stars, their composition, and the processes that govern
their behavior began with the development of early astronomy. Ancient Greek astronomers like
Claudius Ptolemy cataloged the positions of stars, laying the groundwork for later astronomical
studies [3]. In the 19th century, the emergence of spectroscopy established the connection
between stellar light and chemical composition. The discovery of dark absorption lines in the
solar spectrum by Joseph von Fraunhofer, and later the interpretation of these lines through the
pioneering work of Gustav Kirchhoff and Robert Bunsen, revealed that each element produces a
unique spectral fingerprint. This insight allowed astronomers to identify the chemical elements
present in stars and laid the foundation for quantitative stellar spectroscopy and abundance
analyses that followed in the early 20th century [4, 5].

More than one hundred years ago, the article "Isotopes and Atomic Weights” was published
by F. W. Aston in Nature [6], where he presented atomic weights of a few elements and their
isotopes. More importantly, Aston showed that the atomic weight of helium is less than four
times the mass of a proton. In the same year, F. W. Aston published another article in which
more weights and a minimum number of isotopes of different atoms are given [7]. As of today,
more than 3300 isotopes have been identified.

It was not until the early 20th century that scientists began to uncover the processes powering
stars. In 1920, Sir Arthur Eddington’s groundbreaking work proposed that nuclear fusion — the
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combining of hydrogen nuclei into helium — was the source of stellar energy, on the basis of
Aston’s findings [8]. This marked a critical moment, linking the microscopic world of nuclear
reactions with the macroscopic phenomena observed in the cosmos.

Building on this theoretical foundation, the development of nuclear physics in the early 1930s
provided the missing experimental pieces needed to understand stellar energy production. The
discovery of the neutron by James Chadwick in 1932 [9] enabled the formulation of a consistent
picture of nuclear structure and reactions within stars. Only a few years later, Hans Bethe
identified the two main processes that power stars: the proton—proton (pp) chain and the
carbon—nitrogen—oxygen (CNO) cycle, which describe how hydrogen is converted into helium
under stellar conditions [10]. These breakthroughs linked laboratory nuclear reactions to the
observed luminosities and lifetimes of stars. In parallel, early stellar abundance compilations
revealed the pattern of the periodic table in nature, guiding nucleosynthesis theory [11, 12].

George Gamow's article, Fzpanding Universe and the Origin of Elements [13] from 1946,
discusses the formation of chemical elements in the early universe. He stated that almost all
chemical elements — light and heavy — were synthesized during the initially hot and dense state
of the universe. This implied that the abundances of the elements would be approximately
static over time. Building upon this idea, Gamow and his student Ralph Alpher developed a
quantitative framework for nucleosynthesis in the early universe [14]. Shortly thereafter, Alpher
and Robert Herman extended this model and predicted that residual thermal radiation from
the Big Bang should still be present in the cosmos. This prediction was later confirmed as the
cosmic microwave background [15, 16]. While Gamow’s early work assumed that both light and
heavy elements could be formed in the early universe, it soon became clear that the synthesis of
elements heavier than lithium required stellar environments. This realization set the stage for
later developments in stellar nucleosynthesis and the identification of distinct astrophysical sites
for element formation.

In 1954, Fred Hoyle predicted the existence of an excited 0; state in '?C. Nowadays it is
known as the Hoyle state, which provides the resonant pathway for the triple-a process and
allows stars to efficiently synthesize carbon from helium [17]. The experimental confirmation of
this resonance followed soon [18]. The paper Synthesis of The Elements in Stars - also known as
B2FH - written in 1957 by Margaret Burbidge, Geoffrey Burbidge, William A. Fowler, and Fred
Hoyle was supposed to be a review article [11]. It went far beyond this: By combining theory and
measurements it laid the ground for the field that is today known as Nuclear Astrophysics, which
helps explain the origins of the elements, the life cycle of stars, and the fundamental workings
of the universe. To this day, not all of these processes are fully understood and there are still
uncertainties in the description of properties that are relevant for these processes as reaction rates,
nuclear structure properties, and the astrophysical environments responsible for the heaviest
elements [19].

As the understanding of the universe expanded, it became clear that stars are not simply
luminous spheres of gas but nuclear engines where matter is continually transformed. As the
saying goes, stars don’t shine, they burn. The next section examines how these stellar cauldrons

forge the elements that define the universe.



1.1 The Formation of Elements in Stars

big bang

nuclear burning

iron peak

first r peak

second r peak

third r peak

first s peak

‘ second s peak
i third s peak ===E

[
(=]
—
[«
URAL

(o)
S
oo
UL

i

[
S
[=))
TTTT

— —
=)
[ 8] [N
TTIT TTIT
— .
L \H‘ L \H‘

| - il
/ ' r-process

\% 2

W\ r v =
Ve Y m. only —
4y “.M"W,/';\c‘ Vi ! 3

Solar abundance (Si = 106)
S

F‘\R"\“\.ﬁ‘m‘m A /J‘/‘\N'fj\

(=Y
<
(3
UL
Ll

L L L L B B B B LA I B S B B B L N O L O L B L B B BB B B
0 20 40 60 80 100 120 140 160 180 200 220 240
A

Figure 1.1: The solar abundances of the isotopes normalized to silicon (**Si = 10°) as a function of
mass number A. The lines are used to guide the eye. The shaded areas are used to mark the peaks
associated with the different processes approximately. Values are taken from Ref. [22]. Details can be
found in the text.

1.1 The Formation of Elements in Stars

The complex processes driving stellar nucleosynthesis require a detailed understanding of the
nuclear physics that govern reaction rates, cross sections, and the behavior of atomic nuclei —
sometimes very neutron or proton rich exotic nuclei — under extreme conditions. The pattern
created through these properties and conditions known as the solar abundance curve is shown
in Fig. 1.1. The structural features are the foundation for various theories trying to explain the
origin of the elements.

The groundwork for a first solar abundance curve was laid out by Goldschmidt [20]. At the
time B2FH was written, this curve was improved by Brown [21] and updated again by Suess
and Urey [12]. These data formed the basis for B2FH. The most recent data set is from 2020 by
Lodders [22] and forms the basis for Fig. 1.1.

The stellar burning phases are the core fusion stages that occur in stars over their lifetimes
and govern how different elements are formed.

Hydrogen and helium dominate the solar abundance pattern, with a combined abundance of
about 98.5% [22]. The origin of these elements lies in the Big Bang itself, when the hot and
dense Universe expanded and cooled until protons and neutrons were formed and — due to the
high particle energies — were in equilibrium. After the temperature dropped more, the ratio of
protons and neutrons was fixed — laying the basis for nuclear reactions and serving as fusion
material — and forming “He, leaving a high share of protons, as well as traces of deuterium, “He
and "Li [23].
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Nucleosynthesis does not stop with this, in fact it just starts with these building blocks and is
an ongoing process inside stars. Stars generate their power via nuclear reactions and the general
pattern for different burning phases is similar. The reaction with the smallest Coulomb barrier
advances the fastest. The pressure that is generated by the ongoing nucleosynthesis balances
gravity and prevents a collapse. However, the nucleosynthesis changes the composition of the
stellar plasma. As the nuclei needed for the specific burning stage are consumed by fusion, the
burning region shifts outward, leading to a transition from core burning to shell burning. There
is, however, one category of stars, that do not undergo shell burning. The insufficient energy
production cannot compensate gravity and the star contracts. The temperature increases until
it is high enough to ignite the next burning stage in the core which stabilizes the star against
further contraction. The previous burning stage remains as a shell burning around the core. This
cycle may repeat several times depending on the star’s total mass. [24]

In general, one can differentiate between dwarfs — brown and red — with 0.013 My < M <
0.08 Mg and 0.08 Mg < M < 0.4 Mg, respectively, low mass stars with 0.4 Mg < M < 2 Mg,
intermediate mass stars with 2 Mg < M < 11 Mg and massive stars with 11 Mg < M. The
mass does not only influence the different burning stages and with that the nucleosynthesis as
well as the death of the star but in addition the lifetime of a star. The more massive the star is
the shorter its lifetime.

Brown dwarfs cannot ignite hydrogen, but they have enough mass to burn deuterium, which is
what distinguishes them from massive planets.

Hydrostatic hydrogen burning is the first burning phase, where four 'H nuclei fuse into a *He
nucleus via sequences of interactions involving two particles. The pathways by which this proceeds
are the proton-proton chains (pp chains) or CNO cycles, which involve heavier nuclei acting as
catalysts, in particular in the C, N and O region [10, 24, 25]. Which mechanism dominates is
dependent on the core temperature — consequently mass — and composition of the star [24, 25].
Red dwarfs can fuse hydrogen to helium via pp chains but do not have enough mass to also fuse
helium. Due to the electron degeneracy, they contract up to a certain volume. The newly formed
helium white dwarf cools by radiation of the thermal energy. Low mass stars, up to M ~ 1.2 Mg,
fuse hydrogen via the less temperature dependent pp chains possessing radiative cores while stars
with M 2 1.2 Mg burn hydrogen via the highly temperature-dependent CNO cycles having
convective cores [26].

After the hydrogen has been consumed to a certain limit, the energy generation via the pp
chains stops and gravity is not counterbalanced anymore. The star contracts, which increases the
central temperature to around 100 MK, until the helium in the core is ignited and hydrostatic
helium burning starts. For light stars with masses below 1.8 Mg, the core reaches such high
densities that the matter becomes electron degenerate and the increasing temperature does not
affect the pressure, which results in an even higher energy generation rate. The thermal runaway
releases energy which lifts the degeneracy after some time, resulting in a core helium flash which
lasts only a few seconds and the core settling into a stable helium burning phase [24, 26]. This
however does not occur in more massive stars, where the helium ignites in a much more gradual

manner.
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The end products of this burning stage are >C and 0, the fourth and third most abundant
nuclides, respectively. A significant drop in the abundance (cf. Fig. 1.1) is found in the mass
region from A = 5 — 11, with no stable nuclides for A = 5 and A = 8, where the elements Li,
Be and B are located. This is a major hindrance for the synthesis of heavier elements. This gap
is overcome by the so-called triple-alpha reaction as suggested independently by Opik [27] and
Salpeter [28, 29]. They proposed a two-step process to produce 1201 where in the first step two
a-particles fuse to an unstable ®Be in its ground state. Occasionally, a third a-particle interacts
with the ®Be before decaying resulting in a >C nucleus. However, this process would be too
slow unless the reaction proceeds via a resonance at 7.68 MeV in '?C as Fred Hoyle proposed and
Dunbar et al. measured [18]. This resonance is nowadays known as the Hoyle state and is subject
of still ongoing research [30-35].

At the end of helium burning, there is still some 2C left since the *C(a,~)'®0 reaction is
rather slow. The same goes for the succeeding 160(@, v) 20Ne reaction. 1°0, as mentioned above,
is relatively abundant in the universe and therefore not destroyed in the aforementioned process.
Stars with masses M <9 My! do not reach high enough temperatures in the core to start a next
burning phase, but helium burns in a shell surrounding the carbon-oxygen core increasing its
mass during the asymptotic giant branch (AGB) phase. Simultaneously, the density of the core
increases due to contraction. The exhaustion of helium in the core can lead to thermally unstable
helium-burning shells, undergoing helium-shell flashes, also known as thermal pulses. These cause
mixing of material between different shells due to a subsequent convective transport and proton
ingestion into He-burning regions. The protons form together with the *C from the He-burning
shell '3C through the sequence 2C(p,~)'*N(5~)*3C. The reaction *C(a,n)*®0 is an important
neutron source for the nucleosynthesis of heavy elements as will be explained below [37]. Another
foundation of a neutron source is N as a product from the CNO-cycle which is transformed into
*2Ne through the chain “*N(a,~)*®F(etr,)'®0(a, v)**Ne. #*Ne in turn will be converted via the
competing reactions *Ne(a,v)%*Mg and ?*Ne(a, n)?*Mg [24, 38]. The latter provides neutrons
towards the end of helium burning at temperatures above T' = 0.25 GK influencing the synthesis
of heavy elements. During the AGB phase, the star suffers mass loss via strong stellar winds,
ejecting its outer layers to the interstellar medium, leaving behind a carbon-oxygen white dwarf
[24].

After the He is consumed in the core, a new contraction due to gravity and missing radiation
pressure begins, until the temperature is again high enough to fuse 2C and *°O of which the
core is made up after helium burning, igniting the carbon burning. Since the fusion of '2C +
2C has the lowest Coulomb barrier, it dominates the carbon burning. The newly formed **Mg
is highly excited, and the emission of light particles such as p, o, and n as primary reactions
is likely. These reactions mainly produce *3Na and ?°Ne. These particles on the other hand
will be involved in secondary reactions when the temperature rises. Due to the larger Coulomb
barrier of reactions where %0 is involved, most of the present *°O nuclei survive while 2C is
consumed. Other abundant nuclei that exist in the core are °0, **Ne, *Na and 24Mg. For stars

INote, that there are limits between 8 M to 9 M given in literature depending on the explicit features as e. g.
metallicity of the specific star as further discussed in [36].
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with masses 9 Mo < M < 11 M2 carbon burning marks the last core burning stage. These stars
undergo some more complicated evolutionary stages and finally end their life with strong stellar
winds removing the surface becoming an ozygen-neon white dwarf with a mass of ~ 1.2 My [24].

All of the following burning stages take place in massive stars with M > 11 Mg. Note
that the next burning stage, after the core contracts due to gravity and the temperature and
pressure rise again, is not oxygen burning but neon burning. This proceeds mostly through
photodisintegration reactions on *°Ne due to the relatively small a-particle separation energy
[24]. The a-particles released via 2°Ne(y, @)'%0 can react with other species of nuclei via e. g.
Ne(a,v)**Mg, **Na(a, p)**Mg or *Mg(a,~)*Si.

After the **Ne in the core is exhausted, 0, **Mg, and 2%Si are the most abundant nuclei.
Again, the core contracts, temperature increases and oxygen burning starts. The fusion of two
180 is the most likely process as it has the smallest Coulomb barrier. The highly excited *S
nucleus will not de-excite via 7-ray emission but with the emission of light particles. There
is a variety of exit channels due to the high excitation energy, namely protons, « particles,
and deuterons. The particles are captured rapidly by secondary reactions by heavier nuclei
stemming from the neon burning of the primary reactions of oxygen burning. Through different
sequences, the oxygen burning primarily produces *Si and *2S, namely via °0('%0,p)3'P(p,y)*2S,
160(*%0,p)*'P(p,a) S, °0(*°0,a)?"Si and *°0(*%0,n)*'S(v,p)**P(7y,p)??Si(a,n)*2S [24]. Note,
that nuclides up to **Ca are produced depending on the mass, but with a small mass fraction
compared to those of 28Si and 32S.

After the consumption of '°0 in the core, the most abundant elements in the core are 2®Si and
329 One last time the core contracts, the temperature increases. However, fusion reactions such
as 28Si 4+ 28Si or 28Si + 328 are unlikely to take place because of the Coulomb barriers. The path
during silicon burning continues with photodisintegration of less tightly bound nuclei and the
subsequent release of light particles, e. g. protons, neutrons and « particles [39]. 328 will be first
destroyed by being converted to 25Si via 32S(v, a)?®Si and *2S(7,p)*'P(7,p)*°Si(y,n) ?°Si(y,n)**Si.
The temperature increases further and 2%Si can photodisintegrate. A complex network trans-
forming 2%Si from intermediate mass nuclei up to the Fe-peak is initiated since “°Fe is one of the
most tightly bound nuclei. Hence, this ensures the abundance of light nuclei decreases while the
abundance in the iron-peak region increases. Once silicon is exhausted in the core, the star’s
structure resembles that of an onion, with layers of different compositions separated by their
burning shells. This marks the extinction of stellar burning since the fuel is consumed and
due to neutrinos escaping the star, the thermal energy decreases, leading to a freeze-out [40].
The central density and temperature increase and an equilibrium state, the so-called Nuclear
Statistical Equilibrium (NSE), develops, where all reactions between nuclei are in equilibrium [24].
The core is electron degenerate, without a source of nuclear energy and is weighted by the nuclear
ashes of the overlying burning shells. At some point, the iron core will reach a critical mass — the
Chandrasekhar mass limit of ~ 1.44 Mg — where the pressure of the electron degeneracy cannot
counteract gravity and collapses [26].

2Note, that there are lower limits as mentioned above and upper limits between 11 Mg to 12 Mg given in literature
as further discussed in [36].
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1.2 Nucleosynthesis of Heavy Nuclides through Neutron

Capture Reactions

Beyond the iron peak, the charged-particle reaction cross-sections are far too small due to the
increasing Coulomb barrier, and thus do not contribute to the observed abundance of trans-iron
elements shown in Fig. 1.1. Since neutron-induced reactions are not hindered by the Coulomb
force, they are the primary source of the nucleosynthesis of elements heavier than iron, because the
neutron-capture cross sections are large at moderate stellar temperatures. In the groundbreaking
B2FH-paper [11] two different neutron-capture processes were accounted for producing the vast
majority of heavy elements. Furthermore, these two processes also provide an explanation for the
double-peak structures in the solar abundance pattern shown in Fig. 1.1. These double-peaks are
prominent around the mass numbers A ~ 80-90, 130-138, and 195-208 [41]. These structures
correspond to the magic neutron numbers N = 50,82, and 126. The sharp peaks stem from the
slow neutron-capture process (s-process), whereas the broader peaks around 10 A below them
stem from the rapid neutron-capture process (r-process). This is shown in more detail in Fig. 1.2.
The general picture is more complex though and stars, whose elemental abundance cannot be
described by these two processes, point to a third process, the intermediate neutron-capture

process (i-process). These neutron-capture processes are explained in detail below.

1.2.1 The s-process

The first distinct confirmation that the heavy elements originate in stars was the discovery of
the solely radioactive element technetium in the spectra of AGB stars by Paul Merrill in 1952
[42]. The age of the star at that point of its evolution is about 107 y, whereas the longest lived
technetium isotope has a half-life of ~ 4.2-10° y. Hence, the Tc must have been produced during
the lifetime of the star and could not have been present when the star formed.

As PTe, the likely most abundant isotope of Te, about half of the heavy elements are made by
the s-process [43]. The origin are seed nuclei, that are exposed to a neutron flux weak enough
to allow 8~ -decays after (n, ) reactions. This process transforms the seeds to nuclei of higher
mass. Since the half-life of the 5~ -decays is in general shorter than the time for a neutron
capture — hence, the name ’slow’ — the path of the s-process runs closely to the valley of stability
when looking at the chart of nuclei. The typical neutron densities are N,, = 107" 12cm~3 [44].
The heaviest nucleus that can be synthesized by the s-process is 2“Bi, as all heavier elements
produced by further neutron captures are radioactive and decay via the emission of an a-particle
back to stability. Branching points occur when S~ -decays and neutron captures compete, i.e.
Ag = Ap. They provide information on the specific conditions, e.g. temperature and neutron
density, of the stellar environment. [24]

The s-process itself further splits up into the main and weak s-process components. These
components, each producing a specific subset of the s-nuclei, operate in two distinct astrophysical

environments, namely:

o main s-process: Thermally pulsing lower-mass (M < 4 Mg) AGB stars produce the stable
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s-nuclei with A > 90. The neutrons released by the 3C(a, n)'0 reaction are the main
neutron source and will be captured by already existing seed nuclei. The reached neutron
density amounts to N,, = 107cm ™3, lasting a few thousand years. Another source during
thermal pulses, acting on higher temperatures, is the 22Ne(Oz, n)251\/[g reaction, which has a
neutron density of about N,, = 101%cm 2 lasting only a few years. The latter has a smaller
contribution and the s-process abundance is rather low. Nevertheless, it influences the
s-process branching points since some nuclei will capture a neutron before decaying back
to stability due to the higher neutron densities. [24, 43—45]

o weak s-process: Massive stars (M > 8 M) produce the stable s-nuclei with 60 < A < 90
[24, 43-46]. These stars explode as a Type II core-collapse-supernova (CCSN). The main
neutron source here is the *Ne(a, n)?*Mg reaction stemming from '*O(a,~)**Ne that is

produced at the end of helium burning as explained in Section 1.1.

1.2.2 The r-process

The other half of the heavy elements are made by the r-process[41, 47]. It is also capable
of producing the long-lived radioisotopes as Z32Th and 238U, which underlines the need for a
neutron-capture process in addition to the s-process. The r-process has, in contrast to the
s-process, a very high neutron density of N,, = 102°=28¢cm 3, which leads to neutron-capture
timescales that are way shorter than the timescale for 5~ -decays, especially near stability — hence,
the name 'rapid’. Therefore, the r-process operates far from stability near the neutron dripline
until the path reaches closed neutron shells (N = 50, 80, and 126), it is halted by (v, n) reactions
on more weakly bound neutron-rich nuclei or the neutron flux terminates [24, 44]. In these cases,
the nuclei decay back to stability through 8~ -decays.

For the r-process, reliable theoretical models are even more crucial than for the s-process, since
the experimental data far from the valley of stability is limited. These models, on the other hand,
need reliable experimental input for more reliable predictions that are beyond experimental reach
[48]. Therefore, huge effort is made to both, experimentally and theoretically, investigate the
key properties of nuclear physics, e. g. masses, level schemes, neutron-capture cross sections and
B-decay rates [47, 49-54].

The precise astrophysical site of the r-process is less well known than for the s-process [47].
The most promising scenarios for high neutron densities are also the most extreme astrophysical
environments. These include neutron star mergers, merging black holes and neutron stars, rare
CCSN, and black hole accretion discs [47, 55]. Some more light was shed on this thanks to
the observation of the kilonova that followed the gravitational wave event GW170817 from a
neutron-star merger [56]. The discovery was very powerful since multi-messenger astronomy was
applied using a variety of instruments to observe the multiple components of the ejecta, observing
the source of the kilonova for days [57-61]. These observations led to the assumption that the
r-process takes place in neutron star mergers, which are most likely the primary astrophysical

site of r-process element production.
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In addition to neutron-capture processes, there are more processes that are needed to describe
a specific group of neutron-deficient nuclei — the so-called p-nucles.

To explain the observed abundance pattern of stars, models using neutron-star mergers as
the only source make it difficult to reproduce the patterns. Therefore, at least a second site is
needed for the r-process [54, 55, 62-65]. Many open questions remain about not only the different

contributions of likely astrophysical sites but the r-process nucleosynthesis in these sites.

1.2.3 The i-process

Already in 1977 Cowan and Rose [66] suggested an additional neutron-capture process, the

i-process. This process has neutron densities of N,, = 10~ 17em™2 in between those of the
r-process and s-process — hence the name.

However, this suggestion was mostly forgotten about for over 30 years until Herwig et al. came
to the same conclusions as Cowan and Rose without knowing about the publication [37]. If H is
mixed into convective He-burning shells, neutrons are released through the 13C(cu, n) 160 reaction,
since protons are captured by '2C, as explained in Section 1.1. The difference between the
i-process and the s-process lies in the details of the split between the H-burning activation and
the mixing of H or '*C into the He-shell flash convection-zone. If the mixing continues, neutrons
are released within 1s to 10s, creating the neutron density needed for the i-process via the
13C(a, n) 160 reaction being active at higher temperatures [37, 54]. The potential astrophysical
sites include rapidly accreting white dwarfs [67, 68] and thermal pulses of AGB stars [37, 69].

The i-process can explain the abundance patterns of some carbon-enhanced metal poor stars
(CEMP), that show an enrichment in Ba and Eu, produced by the s-process and r-process,
respectively, [70]. This was a long-standing problem due to the fact that these two processes
occur in different astrophysical sites [71].

The paths taken by the i-process during the neutron captures are located closer to stability
than those of the r-process. Since neutron-capture cross-sections are mostly® known for stable
isotopes or isotopes close to stability, the neutron capture rates have to be deduced from models
[72, 73]. These rates are important since some of them — and their uncertainties — have a strong
impact on the prediction of models for the i-process [74, 75]. The importance of the rates and
their relative vicinity to stability lead to experiments to constrain reaction rates [76, 77]. The
challenge of obtaining these neutron capture rates for unstable nuclei remains high, but it is

worthwhile for not only understanding the i-process better, but also the r-process.

3with the exception for isotopes from Ra to Fm
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Figure 1.2: The solar abundances of the p nuclei in comparison to the s- or r-nuclei normalized to
silicon (?%Si = 10°) as a function of mass number A. The lines are used to guide the eye. The shaded
areas are used to mark the peaks associated with the different processes approximately. The values are
taken from Ref. [22]. Details can be found in the text.
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1.3 The p-Nuclei and their many Production Mechanisms

As mentioned in Section 1.2, most of the nuclei are produced in neutron-capture processes except
for a small group of 35% stable neutron-deficient nuclei® with A > 74 from Se to Hg. These are
referred to as the p-nuclei and their astrophysical origin is still a question.

There are extinct radionuclides — 2Nb, 97%Te¢, and *5Sm — that are not p-nuclei but are
assumed to have the same origin process as the p-nuclei [78]. Therefore, information about the
early solar system, where these radionuclides were still present and now have decayed, might be
extracted from meteorites to help constrain the p-nuclei-nucleosynthesis [54, 78-80]. There are
several hindrances, e. g. the uncertainties for the abundance predictions, to use these radionuclides
as a cosmochronometer for the scenarios that formed the molecular cloud our sun originated from
[54, 81].

The fact that the p-nuclei are (mostly) by-passed by the r-process or s-process is known since
B2FH, who named the mechanism responsible for the synthesis p-process [11]. Follow-up research
showed that some p-nuclei gain contributions from the r-process or s-process [80]. As shown in
Fig. 1.2, the abundance of p-nuclei is usually ten to a thousand times smaller than that of the s-
and r-nuclei, and further, no single p-nuclei is the most abundant isotope of its element.

Historically, the p-process was concluded by B2FH to be made up of (p,~) and maybe (vy,n)

4Sometimes 30-35, depending on the employed models for the processes as they vary the exact contributions for
the p-process [78].

5Namely: 74Se, 78Kr, 84Sr, 92:94\[o, 96.98Ry, 102pq, 106,108¢yq 112,114,115g, 1131, 120, 124,126%, 130,132,
136’13806, 138La, 14481‘[1, 152(‘;’(:17 156,158])},7 162,164Er7 168Yb7 174Hf7 180Ta, 180W7 184057 190Pt7 and 196Hg.
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reactions on seed nuclei, produced by the s- and r-process, in the envelope of a CCSN [11].
However, the conditions for (p, ) captures to happen are very unlikely to occur in the H-rich
layers of CCSN due to the high densities (100 g/cm?), high temperatures (1.8 GK to 3.3 GK),
and short time scales [11, 24, 79, 82]. Moreover, the temperatures that are needed to resolve the
problem with the Coulomb barrier, would lead to photodisintegration processes destroying the
nuclei.

Different astrophysical scenarios and diverse mechanisms to explain the origin of the p-nuclei
have been suggested over the years. They will be explained in the subsections below. The
expression p-process is used as an umbrella-term in the community for describing the diverse

processes that contribute to the p-nuclei and not only the historically assumed (p,~y) reactions.

1.3.1 The ~-process

One of these processes, which presumably contributes the most to the synthesis of the p-nuclei,
is the «-process. It consists of a series of photodisintegrations — (y,n), (v,p), and (v, a) — on
heavy seed nuclei that can synthesize neutron-deficient nuclei [80, 82, 83]. The various processes
contributing to the y-process show the complexity of the reaction network. The starting point are
sequences of (v, n) reactions on stable isotopes, creating a flow to the neutron-deficient site of the
valley of stability. This continues up to a point where the nuclei have become proton-rich enough
that (v,p) and (v, ) reactions become comparably likely due to the increasing neutron binding
energy with decreasing neutron number. Since the neutron separation energy for even neutron
numbers is higher than for the neighboring nuclei, this deflection into isotopic chains of lower
charge number is more likely to happen for even neutron numbers [78]. For higher mass nuclei,
(7, @) dominates over (v, p) deflections whereas for lower mass it is the other way around, e. g. due
to the Coulomb barriers [19]. Subsequent 31-decays and electron captures can also contribute to
the reaction flow [80]. The temperature dependence is different for the various types of reactions,
which can shift the deflections and branchings between the photodisintegrations to other nuclei. It
is worth noting that the p-nuclei with lower mass require higher temperature (2.5 GK to 3.5 GK)
to photodisintegrate than the p-nuclei with higher mass (< 2.5 GK). The upper temperature limit
is important because otherwise the seed nuclei would completely photodisintegrate to iron as they
are less bound [78, 80]. Therefore, the v-process sites have to hold the temperatures for a long
enough time period to allow reactions but, short enough to hinder a complete photodisintegration.

A scenario, where these conditions are met, is in the ONe-rich layers of massive stars in their
pre-supernovae or supernovae phase, as first suggested by Arnould in 1976 [79, 83]. The name
~-process was first brought up in a paper by Woosley and Howard in 1978 [82], who concluded
that CCSN provide the needed conditions for the synthesis of p-nuclei via photodisintegration
processes. The latter scenario, however, under-predicts the abundance of the p-nuclei %>%*Mo
and “®%Ru since the amount of seed nuclei in this mass region is not sufficient [82]. This is also
confirmed by more recent studies of different CCSN models [84].

Another site that has been suggested, where the required conditions are met, is the explosion

of a carbon-oxygen white dwarf that reached the Chandrasekhar limit (= 1.44 M), i.e. Type Ia
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supernovae [85, 86]. The limit is reached via the accretion of mass from a companion star. It is
worth noting that nucleosynthesis via the «-process occurs only with a s-process enrichment in
SNe Ia for which it is in turn crucial to know the initial s-process seed distribution and location
since this impacts the p-process nucleosynthesis [86]. This scenario could be a dominant site
with a contribution of at least 50 % for the production of p-nuclei including the production of
92Mo and ?%%®Ru [86, 87]. Calculations including the synthesis of heavy-element seeds needed
for p-nuclei-nucleosynthesis confirmed that SN Ia contribute significantly in the mass range of
96 < A < 196 [88].

Although the y-process is the process with the presumably largest contribution to the production
of p-nuclei, some questions remain open. The precise contribution — whether they contribute
equally or one dominates over the other — to the p-nuclei-abundances of CCSN and SN Ia is still
unclear. The precise origin of the troublesome p-nuclei °2%*Mo and °®%*Ru is not yet solved. And
last but not least, there are many unstable nuclei involved in the y-process. Sensitivity studies
showed that theoretically predicted rates of reactions on unstable nuclei and of excited states
contributions are the main uncertainties for the ~-process, since these can alter the complex

reaction flows [89].

1.3.2 The vp-, rp-, and vr-process

The above mentioned discrepancies give rise to investigations of other processes contributing to
the production of p-nuclei other than the y-process.

The vp-process

The vp-process involves neutrino-driven winds of CCSNe. If the electron fraction reaches values
of Y, > 0.5, proton-rich neutrino-driven winds are obtained, lasting for up to 20s after the
explosion [90]. These wind ejects are hotter than 10 GK and consist mainly of free protons
and neutrons. The expansion and cooling of the proton rich matter allows to build up N = Z
nuclei, mainly *°Ni and a-particles, and an excess of protons [91]. In contrast to a neutron-rich
NSE, where no free neutrons exist during the freeze-out, a small amount of 10~ to 107!2 free
neutrons exists due to the capture of electron antineutrinos on free protons via the p(v, e+)n
reaction [92]. For temperatures between 1.5 GK to 3 GK, the faster (n,p) on “°Ni followed by
(p,~) reactions, bypass the waiting point nucleus **Ge with a 1 half-life of T} s2 = 64 s as well
as %8Se and "Kr with half-lives of 35.5s and 17.1s, respectively [72, 92]. The reaction flow up to
molybdenum follows the already mentioned N = Z trend. Between molybdenum (Z = 42) and
tin (Z = 50) this trend shifts closer to the valley of stability and with this, to more neutron-rich
isotopes (N > Z). (p,~) reactions begin to slow down due to the Coulomb barrier as soon as the
temperature falls below 1.5 GK and nuclei decay back to stability through ST -decays and (n,p)
reactions [92]. This is a primary process since it does not need seed-nuclei from other processes.

Note, that the vp-process is sensitive to a variety of parameters, that stem from the underlying
physics as well as astrophysical sites. Besides the interaction of neutrinos with the nucleons, the

electron fraction is important. In general, a higher electron fraction will lead to the synthesis of
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heavier elements [91, 93]. The main uncertainties from the nuclear physics input come from the
masses on the vp-process pathway, the triple a-reaction and the 56Ni(n, p) reaction. The latter is
the first step in the vp-process and plays an important role on the following nucleosynthesis. A
lower rate leads to a more efficient vp-process [92]. Despite the uncertainties, the vp-process can
account for light p-nuclei with up to A = 108 for an Y, about 0.6 or up to A = 152, if Y, ~ 0.65
in the ejecta [92]. This includes the production of the troublemaking p-nuclei ****Mo and ?®**Ru
[91, 92]. However, other studies imply that the stellar models need adjustment or other sources
are required for the production of these p-nuclei [94]. This shows that more progress in modeling
the explosion mechanism, hydrodynamic studies, neutrino transport, the progenitor star as well
as the relevant nuclear physics is needed to better understand the impact of neutrinos for the

p-nuclei.

The rp-process

The rapid proton capture-process (r-process) transforms nuclei produced in the CNO—cycle to
ones up to and beyond the Fe—Co-region [95]. The path of the rp-process involves sequences
of (p,7) reactions on CNO-nuclei up to the proton dripline, where 37 -decays, (p,7) and (v, p)
reactions compete [24]. As a result of the proximity to the proton dripline, huge experimental
effort has been made over the years to measure the key ingredients, such as masses and half-lives,
for this process (cf. [96] and references therein). Nevertheless, the important reactions are hard
to measure mostly due to too low intensities of rare isotope beams.

Different astrophysical sites for the rp-process have been proposed, such as when a neutron star
accretes H- and He-rich material from a companion star. This ignites a thermonuclear runaway
that causes a Type I X-ray burst, which can synthesize proton-rich isotopes up to A a2 100 [97-101].
These bursts can last from 10s to 100s recurring within hours to days, reaching temperatures
in the burning region of up to 2 GK. Although this scenario is a potential site that produces
light p-nuclei 4Sr, 92%*Mo, and °©%®Ru, and possibly "Se and “®Kr, the gravitational fields
of the neutron star prevent the ejection of the synthesized material [79, 97, 100]. Nevertheless,
radiation-driven winds could lead to ejections of some small amount of material, but it remains
unclear if such winds contain material synthesized during X-ray bursts [102]. A more recent study
suggests that in a common-envelope phase, where mass is accreted onto the neutron star while
it passes through the envelope of its companion, material produced by the rp-process might be
ejected [103].

This shows, that more detailed studies and simulations are needed to confirm or decline the

role of accreting neutron stars for the production of p-nuclei.

The vr-process

The most recent suggested mechanism for nucleosynthesis of the p-nucleiis the vr-process [104].
In contrast to the already discussed processes synthesizing the p-nuclei, this process operates in
neutron-rich environments, where the r-process produced seeds that experienced strong neutrino

irradiation. Similar to the vp-process, the temperature in the beginning is high and the material
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consists of protons and neutrons, which as the temperature decreases begin to form nuclei via
charged-particle reactions. These reactions undergo a freeze-out at T' ~ 3 GK. The nuclei act
as seeds for neutron captures in a (n,y) = (y,n) equilibrium. The absorption of neutrinos
breaks the equilibrium instead of S-decays and the flow is pushed to higher charge numbers
toward and beyond the valley of stability. This mechanism produces p-nuclei as well as the
extinct radionuclide *?Nb that is shielded by 92Mo from being produced in the vp-process and
the rp-process. It is important to note that this process is highly dependent on uncertainties
regarding interactions involving neutrinos, and the specific astrophysical conditions required for
such strong flux of neutrinos are not yet fully understood.

To summarize the discussion on the p-process with all contributing processes explained above:
it is still a work in progress to fully understand the synthesis and the solar abundance of the

p-nuclei.

1.4 The Importance of Nuclear Physics for Reaction Rates in

Astrophysical Environments

The different processes and astrophysical sites that lead to the nucleosynthesis of elements have
the same basis: a huge variety of nuclear physics data. In principal, the key ingredients can be
reduced to reaction rates at low energies and binding energies. Of the approximately 3000 known
nuclides today, 2500 have measured masses.

The different processes explained in Section 1.2 consist of neutron-capture reactions with
subsequent [-decays. Knowing the reaction rates for them is crucial in order to model the
abundance flow. The approximately 400 isotopes involved in the s-process are located close to
the valley of stability which allows to obtain reliable neutron-capture rates as well as masses to
determine @Q-values more easily [54, 105]. It is worth noting, that there are circa 15 branching
points in the s-process which can provide information on the precise stellar environment such as
temperature and density. For this, the most accurate knowledge of the aforementioned rates and
half-lives is needed as well as the temperature dependence of the rates [106].

The number of involved isotopes changes drastically to about 5000 when considering the r-
process. Nuclei of really light to superheavy masses lying between the valley of stability and the
neutron dripline play a role now. Depending on the employed mass model, the precise location
of the neutron drip line and the number of predicted nuclides in bound systems (6000 to 8000)
differ quite a lot [54, 105]. Note, that at least half of the predicted nuclei stay unidentified in
experiments so far. The masses impact the S-decay rates and the neutron-capture rates. They are
key ingredients in modeling the r-process. A precise knowledge is needed to reduce uncertainties
and improve theoretical predictions [54].

The rp-process has some similarities to the r-process. Instead of neutron capture rates, proton
capture rates need to be known, as well as half-lives and nuclear masses. The proton dripline,
however, lies closer to the valley of stability than the neutron dripline and the Coulomb barrier

plays a role when protons are involved [106]. Approximately 200 nuclei are involved in the
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rp-process [54].

A huge effort has been made to measure masses precisely as they serve as an important basis
to model the rp-process and the r-process [105, 107]. In addition, radioactive ion beam facilities
across the world came into play and new techniques to investigate the nuclear parameters for the
different nucleosynthesis processes have been developed [48].

The ~-process is a complex network of photodisintegration processes, i.e. (y,n), (v,p), and
(7, @), as explained in Section 1.3.1 with about 2000 involving nuclei, many of them being unstable
[54]. Since the reaction rates of (y,n) compete with S*-decays, (v, p)—, and (v, a)-reactions,
these rates as well as the a-, p-, and n-capture rates need to be known precisely [19, 106, 108]. It
is important to stress that the process is highly sensitive to the plasma temperature and a higher
temperature leads to more excited states contributing to stellar rates [109]. This is a longstanding
crux since in experiments, only cross-sections in the ground-state can be measured [110]. The
reactions in the stellar plasma, however, will also occur on nuclei in excited states. If the situation
A+ v + B+ x, where states in the nuclei A and B are connected by (charged-)particle- and
y-transitions, is considered in a stellar plasma, both directions for the reaction will occur. The
contributions of the excited states are not symmetrical. The capture-reaction should be studied
for reactions where photons are involved, as the latter reactions most likely have a negative
reaction @-value, which is more affected by contributions of excited states. In addition, the
contribution of the ground state for (v, x) reactions, where x equals «, p, or n, is always lower
than for the inverse direction (z,7) [78]. The ground-state contribution is overall dependent
on the temperature of the plasma as well as on spin and excitation energies of involved states
[106, 111]. Since the photodisintegration reactions play a major role in the y-process, the reverse
stellar rates are calculated using the detailed balance theorem. Especially important is, that
the reciprocity relations do not hold for laboratory cross-sections, why the derivation of stellar
reaction rates for reaction networks require theory [112]. This will be discussed in more detail in
the following chapter (cf. Chapter 2).

1.4.1 Charged-Particle induced Reaction Rates and the Gamow Window

This thesis will focus on the proton-capture reactions. A reaction A + a — B + b has a certain
cross section o that characterizes a nuclear reaction and is one of the most important quantities.
It quantifies the probability that a reaction occurs with respect to center-of-mass energy. The

cross section o is defined as

Ng
== 1.1
No-na’ (1.1)

where Ny is the number of reactions that occurred, N, the number of projectiles and n4 the

O'ab(E)

number of target atoms per area. By this definition, the dimension of the cross section is an area,
and the commonly used unit is barn, where 1 b = 10728 m?2.

As explained above, the various reactions in a stellar environment are temperature dependent.
Since the temperature is not constant in most environments, particles, as well as photons, follow

a distribution that is temperature dependent rather than having a sharp energy or a constant
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relative velocity. Therefore, the reaction rate per particle pair (ov) a4 is a more useful quantity
than the cross section itself. The reaction rate can be expressed as either energy-dependent or

velocity-dependent as follows:

TAq = NANG(OV) Aq = nAna/ vP(v)o(v) dv, (1.2)
0

where n4 and n, are the concentrations of the respective particles expressed in cm™3, o(v) the
velocity v dependent cross section, and P(v) the probability distribution of the nuclei interacting
at a relative velocity between v and v + dv. In literature, the most commonly used quantity is
N4(ov) aq in cm®mol ™ 's™! with N4 denoting the Avogadro constant. In a stellar plasma, the
energy available to the nuclei is delivered by the thermal motion, wherefore the initiated reactions
are called thermonuclear reactions. The relative particle velocities between the interacting nuclei
determine the probability of a reaction. The velocity distribution can be described by the
Maxwell-Boltzmann distribution

3/2
Pw)dv = (ﬁ) e =m0 CRT) 402 oy, (1.3)

which describes the probability that the relative velocity of particles A and a lies between v and
v+dv. The reduced mass is jp = -24™a_ [ is the Boltzmann constant with & =8.6173x 1075 eV K,

ma+ma’

and T is the temperature. This is possible since most stellar matter is non-degenerate and

non-relativistic. The reaction rate per particle can be written as an energy distribution using
E = uw?/2 and dE/dv =

1/2 oo
(oV) g = 8 ;/ Eo(E)e E/*T 4 (1.4)
““N\ur) G2 g ' |

The velocity, and accordingly energy of a charged particle in a stellar or laboratory envi-

ronment is usually not high enough to overcome the Coulomb barrier in a classical manner.

Quantum-mechanically, however, there is a certain probability to penetrate the Coulomb barrier

via tunneling. For energies low compared to the barrier height, the s-wave Coulomb barrier

transmission probability is

P=e ™, (1.5)

called the Gamow factor with the Sommerfeld parameter

ZAZa€2
=" 1.6
" hw (1.6)
where Z4 and Z, are the charges of interacting particles [24, 113].
Introducing the astrophysical S-factor S(E) defined as [24]
1 —27
o(E) = —=e “"S(E) (1.7)

E

has the advantage of removing the dependence of the cross sections on 1/FE and the s-wave
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1.4 The Importance of Nuclear Physics for Reaction Rates in Astrophysical Environments

—— Maxwell-Boltzmann
Tunnel probability
— Gamow window

Relative Propability [arb. units]

Figure 1.3: Schematic representation of the Gamow peak which corresponds to the astrophysical
relevant energy window for charged-particle induced reaction. As explained in the text, it stems from
the convolution of the Maxwell-Boltzmann distribution and the tunneling probability, also known as the
Gamow factor. Note, that the different functions are scaled for a better representation.

Coulomb barrier transmission probability. This leads to a greatly reduced energy dependence of
the S-factor in non-resonant regions compared to the cross section. With this, Eq. (1.4) can be

re-written as

s\"* 1 >0
<UU>Aa=<M) (kT)?’/QSO/O e~ 2™ E/RT gp (1.8)

under the assumption of a constant S-factor S(E) = Sp. The convolution of the Maxwell-
Boltzmann distribution, approaching zero for large energies, and the Gamow-factor, approaching
zero for small energies, leads to a maximum contribution to the integral from energies where the
product is maximal. This product forms a peak, the so-called Gamow peak or Gamow window,
representing a narrow energy range, where most nuclear reactions in a stellar plasma take place
[106]. This can be seen schematically in Fig. 1.3. Within the width of the Gamow peak, the cross
sections have to be determined, either experimentally or theoretically.

In reality, the concept of the Gamow peak is limited due to several assumptions that are made,
as, e. g. the energy dependence of the cross section is determined by the entrance channel or the
S-factor has a smoothly varying dependence on the energy, and can be used as an estimator for
the relevant energies [106]. Therefore, numerical calculations of the Gamow window are employed
to find the relevant energy region, which can differ up to several MeV [108]. The cross sections
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Figure 1.4: The A = 80 — 90 mass region around the left hand side of the valley of stability. The
p-nuclei ™Se, ®Kr, and 34Sr are marked in red. Yellow marks the proton-induced reactions on ¥Rb and
8TRb that are investigated within the scope of this thesis.

at these energies, however, can become too small to measure and can often be lower than 102 b.
This leads to direct measurements not being feasible and new techniques and setups need to
be developed to improve the sensitivity. As explained above, many of the nuclei involved in
the y-process are unstable. This makes a target production unfeasible. Hence, radioactive ion
beams need to be used to gain information about cross sections. Direct measurements might
still be really difficult to impossible if the beam intensity and cross section are too small. So far,
the number of measured cross sections for radioactive nuclei is still small. Nevertheless, these
facilities enlarge the available data base and will provide more information in the future [48, 96].

For these reasons, the prediction of cross sections is heavily relying on theoretical calculations.
These calculations are mainly performed using the Hauser-Feshbach framework, which will be
explained in detail in Chapter 2.

1.5 Objectives of This Work

As discussed in the preceding sections, nuclear reaction rates play a fundamental role in various
nucleosynthesis processes. This thesis focuses on the experimental investigation of proton-induced
reactions at astrophysically relevant energies, particularly those associated with the p-process.

The motivation for this work arises from two main aspects. On the one hand, experimentally
determined (p,~y) cross sections allow the calculation of the corresponding reverse photodisintegra-
tion reaction rates through the reciprocity theorem. On the other hand, the obtained data provide
an essential test for the nuclear-physics input parameters used in Hauser—Feshbach statistical
model calculations, contributing to their further refinement.

Figure 1.4 presents the mass region of interest. The p-nuclei “*Se, "*Kr, and ®*Sr are marked

in red, while yellow highlights nuclei for which experimental data are directly connected to this
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1.5 Objectives of This Work

work. Within the scope of this thesis, the proton-induced reactions on 8°Rb and 8"Rb were
investigated, providing the first experimental (p,~y) cross sections reported for these isotopes.

The objectives of this thesis are to provide new experimental data on proton-induced reactions
in the mass region relevant to the y-process and to test the predictive power of statistical model
calculations in this context. In particular, the measured **Rb(p,~)8¢Sr and 8"Rb(p,v)58Sr reac-
tion cross sections serve as sensitive probes of the Hauser—Feshbach model parameters, allowing
a critical evaluation of their applicability near the N = 50 shell closure. By comparing the exper-
imental results with theoretical predictions and systematically exploring key input parameters,
this work aims to identify shortcomings in current model descriptions and to contribute to a
more consistent understanding of proton-capture reactions in this mass region.

All of the nuclear reactions presented in this thesis were measured at the University of Cologne.
In Chapter 2, the statistical model for nuclear reactions is briefly introduced along with the
most important nuclear physics inputs. Chapter 3 gives an overview of the experimental setup
and techniques used. Chapter 4 presents the complete analysis of the 8°Rb(p,v)3¢Sr reaction,
while Chapter 5 summarizes the published work on "Rb(p,~)®Sr and discusses additional
experimental aspects. Chapter 6 provides a more general discussion of both Rb measurements
and their astrophysical implications, followed by Chapter 7, which contains a summary and an

outlook on future experiments.
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The Statistical Approach to
Cross-Section Calculations

As explained in the previous chapter, the reaction networks of the different processes, that are
responsible for the production of the p-nuclei, and more generally all elements, consist of thousands
of involved reactions on mainly unstable nuclei. Not only are they not (easily) accessible in the
laboratory, moreover, thermal excitation usually cannot be taken into account when experiments
are performed on earth [106]. Therefore, it is essential to use reaction network calculations
which rely on theoretical reaction rates predicted by statistical models, e. g. the Hauser-Feshbach
statistical model [114, 115].

The statistical model of compound reactions was proposed by Bohr [116, 117], which laid the
ground for the use of statistical methods to describe nuclear reactions as did e. g. Bethe [118],
Weisskopf [119], and Weisskopf and Ewing [120] in forms of evaporation models. These models use
that the spacing between levels of highly excited nuclei is quite small. The spacings are smaller
than the widths of the states, why they might overlap and are similar to a continuum. Therefore,
the individual features of each state are negligible, but statistical information including many
states can be obtained [119]. This holds for reactions with an adequately large @-value or for
high beam energies.

In the beginning, the first evaporation models were designed to theoretically explain the reaction
cross sections of reactions with slow neutrons. Over the years, the different models have been
extended to account for charged-particles [121], conservation of total orbital momentum, and
parity [114], as well as implementing the shell model and an updated view of the compound
nucleus including the nuclear optical potentials [122]. The applicability of the Hauser-Feshbach
theory if reactions involve 7-rays was shown by Cowan, Thielemann and Truran in 1991 [123].
Vogt [122] was the first to call the theory of Hauser and Feshbach [114] the Hauser-Feshbach model
to credit them. The statistical model to calculate the nuclear reaction cross sections nowadays
is still named in that manner. The energy range, that Hauser-Feshbach calculations cover for
nuclear reactions involving e.g. neutrons, protons, and photons, is between a few keV up to
several hundred MeV for nuclei between 12 < A < 339 [124].

The Hauser-Feshbach model is extensively used in many fields of physics, e.g. for medical
isotope production, nuclear fusion, nuclear energy production, radiotherapy, and, as in this thesis,
(nuclear) astrophysics. A widely used nuclear reaction model code is TALYS [124], which will be
discussed at the end of this chapter in Section 2.3. Before, the nuclear physics input models that

are important and enter the calculations will be discussed in Section 2.2, and the general concept
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2 The Statistical Approach to Cross-Section Calculations

of the Hauser-Feshbach cross section will be explained in Section 2.1.

2.1 The Hauser-Feshbach Cross Section

As written above, the independence hypothesis of Bohr is the basis for the Hauser-Feshbach theory
[116, 117]. Tt states that a projectile a and a target A form a compound system C, distribute the
energy over all nucleons of the the compound nucleus before photons or particles b are emitted

independently of its formation, i.e.

A+a—C"—= B+b. (2.1)

For radiative capture reactions the compound nucleus is equal to the residual nucleus, and

Eq. (2.1) can be written as

A+a— B*— B+1. (2.2)

The hypothesis holds if statistical equilibrium among the nucleons is reached, which requires a
long reaction time. From this it follows that the decay of the compound nucleus can be viewed
as a separate process — often referred as ”losing the memory of its formation” — and, therefore,
only depends on conserved quantities such as energy, parity and angular momentum [116]. This
process is illustrated in Figure 2.1. Still, the ejectiles can follow an angular distribution when the
compound nucleus decays due to the angular momentum coupling between the compound nucleus
C' and the reaction product B [122, 125]. The independence of formation and decay allows to

write the cross section o, for the incident channel ¢ and the outgoing channel b as
Oab = Z olr. (2.3)
Jm

Each Uc‘{gr can be written as
Oab = Pb *Oqa, (24)

where g, is the compound formation cross section through channel a and P, is the probability
to decay via channel b. Note, however, that o, is the average cross section over the sum of
contributions from possible states with the angular momentum J and the parity 7 since these
quantities are conserved. To improve readability, this notation will be skipped as long as the
equation holds for a certain state. P, can be written as

Py

7Zh % (2.5)

where summing over all outgoing channels i obeys )", P, = 1.

The compound formation cross section o, via the channel a is
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2.1 The Hauser-Feshbach Cross Section

Ep,Jp g

B Tyl

Target Nucleus
A

Residual Nucleus

B
Compound Nucleus

C

Figure 2.1: Schematic illustration of a compound nucleus reaction. The target nucleus A in its state
u forms a compound nucleus C' due to the interaction with projectile a. The energy, spin, angular
momentum and parity are named FE, J, [ and 7, respectively. The compound nucleus decays via the
emission of ejectile b to the state v of the residual nucleus B. The transmission coefficients for the specific
states are T} and Ty . The decreasing level distance and the darker areas in the color gradient symbolize
the increasing level density in the nuclei up to assumed continuum.

Z (20+1 (2.6)

l

wlﬂ

where k, denotes the wavenumber of particle a and

i 2
Ty(a) =1— ‘e%at (2.7)

is the transmission coefficient for the orbital angular momentum [, and d,; the complex scattering
phase shift [24, 114, 122].

The reciprocity theorem
™

T
—Oub = ~—Oba 2.8
kgab kgab (2.8)

connects forward and reverse reaction via time-reversibility of a quantum-mechanical system and
is used to express the probability P, in terms of a transmission coefficient [121, 122]. The concept
of detailed balance in contrast to the reciprocity theorem fails to hold for nuclear reactions since

the spin direction is not reversed [121]. To involve unpolarized particles with spin, Eq. (2.8) needs
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2 The Statistical Approach to Cross-Section Calculations

to be modified to account for spin I as follows [24]:

™ ™
72 (2La +2)(2La + Voay = 15 (21 +2)(21p + 1)0ba. (2.9)
b a

Combining Eq. (2.4), (2.5) and (2.8) leads to

Py k(2L +2)(215 +1)oy (2.10)
P, k221, +2)(214 + 1)o,’ '

Summing over all channels h leads to

kg(QIb + 2)(2]3 + l)Ub

Py = ,
b S K2(2D, + 2) (21 + 1o

(2.11)

due to Eq. (2.5). The coupling involving I,, I4 and [ from the projectile and target to a total

spin J is taken into account in Eq. (2.6), which leads to

2J+1

Oq :l?g : (21—&-1)2(210+2)(21A+1)(2I+I)TZ(G)
o 2711 T (2.12)
Rz zl:z GL 12l w1 1@

where s represents the sum from |1, — I4| to |I, + I4]. Combining Eq. (2.3), (2.4), (2.11) and
(2.12) leads to the Hauser-Feshbach formula [114, 122]

T0q0p
o =Y k221, +2)(2Ip + 1)
; b S k2 (21, +2) (21 + 1)y,

_T Z 2J +1 >ali(a) >,y T/ (b)
B2 e 2L, +2)21a + 1) > S T/ (R)

(2.13)

In the majority of cases, particularly in the context of this thesis, the precise spin and parity of
the levels involved in high excitations remains unknown. However, these cases can be addressed
by employing level density functions, which offer predictions for levels above the highest experi-
mentally determined level. In the instance of radiative capture, the exit channel is characterized

by the ~-ray transmission coefficient, which is proportional to the gray strength function.

Section 2.2 will provide a detailed examination of the nuclear level density and 7-ray strength

function.

Resonance Reactions

In contrast to the previously described ”continuum capture” process, the capture of particles to
resonance states of the compound nucleus is characterized by narrow widths and low excitation
energies. This can be understood as Projectile a in Figure 2.1 being captured by one of the

discrete nuclear states. The particles are "quasi-bound” to a nuclear state, exhibiting a high
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2.1 The Hauser-Feshbach Cross Section

probability of formation, resulting in a substantial cross section. The Breit-Wigner formula,

|

70 = ) (E—E,)? +1%/4’

(2.14)

is of particular relevance in this context, where [ is the orbital angular momentum, I'; are the
partial widths of the channels a and b, I" is the total width, and FE, is the resonance energy.
Resonant reactions are of significant importance in the field of nuclear astrophysics. The existence
of such resonances facilitates reactions that would otherwise impede nucleosynthesis due to their

low cross sections.

2.1.1 Reactions at Elevated Temperatures

As mentioned in Section 1.4, the nuclei in a stellar plasma will not only be in their ground
state but in excited states that need to be taken into account when calculating the cross section.

Therefore, the stellar reaction rate r* is needed, which is an adaption of Eq. (1.2),

oo

7 = nanglov)h, = —Ale / o (E)Pyp(E,T)dE, (2.15)
Go(T)

and involves the effective cross section o®(E), the temperature and energy dependent Maxwell-

Boltzmann distribution Py (E,T) and the normalized partition function Go(T). The effective

cross section is derived by summing all of the possible transitions from state p in the initial

nucleus to state v in the final nucleus, weighted by the corresponding transition probabilities

2y +1E—Ey .,
ZZMH (E—E,). (2.16)

J; are the spins of ground and excited states and E,, is the excitation energy relative to the ground
state, with 4 = 0 and Ey = 0. Note that, o7 =0 for E — E,, < 0 [106, 110]. The laboratory
cross section is given by o'2P = > 97 and does not include contributions from excited states.
Those can be important in astrophysical environments depending on the temperature and the
reaction itself. The contribution of the ground state to the stellar rate serves as an indicator of

the significance of excited states in the calculation of stellar rates [110]

f0°° o®?(EYPyp(E,T)dE

X(T) = 5 0% (E) Parp(E, T) dE

(2.17)

By definition, the ground-state contribution can take on values from 0 < X < 1. When X equals
1, the ground-state cross section — i.e. , the one measured in a laboratory — can be used to
derive the stellar reaction rate. Consequently, the smaller the value of X, the more significant
the contributions of the excited states become [110]. It has been noted that, in general, the
contributions of excited states are reduced for charged-particle induced reactions in comparison

to photodisintegration reactions [78, 126, 127]. Stellar rates — and therefore also stellar cross
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2 The Statistical Approach to Cross-Section Calculations

sections as well as the effective cross section —, but not laboratory rates, follow an important
reciprocity relation that connects the forward and reverse reactions [106, 126, 127]. It fails for
the laboratory rates since the entrance and exit channels are not symmetric, i.e. the summation

1 is used to calculate stellar reaction

is over different indices [127]. The detailed balance theorem
rates. The reciprocity relations — for particles as projectiles and ejectiles as well as for one of
them being replaced by a photon — are important for applications in reaction networks. They

prevent numerical inconsistencies that may arise during network calculations [106].

2.2 Models for Statistical Properties of Nuclei

Since the nuclei involved in many astrophysical processes such as the y-process are unstable
and experiments are (nearly) impossible to perform as explained in Section 1.4.1, the Hauser-
Feshbach theory provides a tool to predict cross sections. Of course it is preferable to have reliable
predictions, which depend on the accurate determination of the input models. In addition, the
models should be microscopic as well as global. The latter is important since all regions of the
nuclear chart need to be taken into account, especially when network calculations that cover
thousands of reactions involved are performed for nucleosynthesis. Cross-section predictions
have primarily relied on more or less phenomenological approaches, adjusting parameters to
limited experimental data or deducing them from systematic trends. While the reliability of
such predictions in cases of nuclei located beyond the scope of experimental accessibility is
anticipated, the validity of these predictions becomes questionable in the context of exotic nuclei.
The aforementioned challenges can be addressed by relying on methods that are as fundamental
(microscopic) as possible and based on physically sound models [128]. Naturally, the ideal case
would be to have one universally valid model in whose framework the nuclear physics properties
are calculated and show a good consistency overall.

As mentioned during this chapter, the statistical models need certain input for the calculations

which will be explained below.

2.2.1 Optical-model potentials

The term ”optical-model potential” is derived from the analogy between light passing through a
medium and the scattering of a particle in nuclear potentials. The aforementioned transmission
coefficients for the entrance channel are typically calculated numerically by solving the Schrédinger

equation for a fitting nuclear potential. The ansatz for the potentials is:
U(r) =V (r)+iW(r), (2.18)

where V (r) and W(r) are the real and imaginary part of the potentials, respectively. In the case

of charged particles, an additional Coulomb potential term is introduced, denoted by Ve (r).

IThe detailed balance theorem states that all states in a nucleus are occupied according to some population factor.
This fails to hold for long-lived isomeric states [106].
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2.2 Models for Statistical Properties of Nuclei

The fundamental principle of the phenomenological model of Koning and Delaroche [129]
revolves around the notion that the complex interplay between an incident particle and a nucleus
with its many nucleons can be adequately represented — and thus simplified — by an effective
nuclear potential with which the projectile interacts.

The square well potential was employed in the past to reduce computing time when the well’s
border was sharp and its depth constant [106]. However reasonable that may have been, the
potential was not capable of predicting the cross sections and the scattering precisely [130]. This
lead to the use of Woods-Saxon potentials for the real and imaginary part of the form

Vi(E)

=7 )

1+e

Vi(r, B) = — (2.19)

where Vi (E) denotes the depth of the potential, aj, is the diffuseness parameter and r; the radius
of the nucleus, with Wy (r, F') and Wy (E) used for the imaginary part [131]. The division of the
potential into real and imaginary parts reflects the elastic scattering of projectiles and describes
all competing non-elastic channels [129]. Each part of Equation (2.18) is split into volume-
central (V'), spin—orbit (SO) — when particles with spin are involved — and surface-central (D)
potentials, where the latter only applies for the imaginary part. The spin-orbit terms Wgo(r, E)
and Vso(r, F) as well as the surface-central term Wp(r, E) are proportional to the derivative
of Equation (2.19). The latter leads to an absorption of the projectile near the surface for low
scattering energies (< 10 MeV), whereas the Wy (r, E) term begins to dominate for higher energies
[129].

In the field of nuclear astrophysics, it is desirable to develop global potentials that are applicable
to the entire nuclear chart. Two problems must be addressed in order to determine appropriate
optical potentials for astrophysical applications: the prediction of optical potentials for highly
unstable nuclei and the extension to the astrophysically relevant energies. From an astrophysical
perspective, the region below the Coulomb barrier is of specific interest. At such low energies,
elastic scattering cross sections become indistinguishable from Rutherford scattering, making it
difficult to extract information on the underlying nuclear potential [112]. It is important to note
that the optical potentials commonly used in reaction calculations are typically derived from
elastic scattering data at much higher energies, i.e. tens of MeV. Consequently, these potentials
are not well constrained around the Coulomb barrier.

Koning and Delaroche developed a global phenomenological optical model potential for both
neutrons and protons, covering an energy range from 1keV up to 200 MeV and mass numbers
24 < A < 209. The potential was constrained by a comprehensive experimental database,
ensuring that there is no unphysical freedom of geometric parameters. The radius and diffuseness
parameters of the volume, surface, and spin—orbit terms are identical for the real and imaginary
parts and remain energy independent, thereby minimizing the number of free parameters [129].

While this framework provides reliable descriptions for for protons and neutrons, extending
such models to composite projectiles like o particles remains challenging. In particular, at near-
and sub-Coulomb energies, phenomenological approaches often fail to reproduce experimental

cross sections accurately, leading to discrepancies between different models that can span several
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Figure 2.2: The comparison of theoretical calculations using the phenomenological optical model
potential of Koning and Delaroche [129] and the semi-microscopical model JLM [135-137] to experimental
data if available in the A ~ 85 mass region. The models give approximately the same predictions for all
nuclei. The experimental data for the bromine isotopes are described well, whereas both models seem to
over predict the data for the rubidium isotopes. If there was more than one experiment reporting on the
data, the most recent set was used for the comparison. The experimental data is taken from [138-140].
The TALYS 2.0 code in its default settings was used to perform the calculations [124].

orders of magnitude [132-134].

Beside the phenomenological approaches, there are microscopic or microscopic-based approaches
for the description of optical model potentials. Microscopic models in general provide a more
physically grounded description, as they are built from nuclear structure properties, and are
generally better suited for extrapolations into energy or mass regions where experimental data
are scarce — a key advantage for astrophysical applications. Some microscopic approaches rely
on folding a nucleon-nucleon effective interaction with the nuclear density function [135-137].
However, the energy-dependent potential depths need to be adjusted with experimental data,
whereas the shape is well reproduced [137]. (Semi-)Microscopic potentials seem to predict the
data quite well as demonstrated in Refs. [141-143]. A comparison of the theoretical calculations
to experimental data is shown in Figure 2.2.

Another approach to describe a-induced reactions not depending on the high sensitivity on the
imaginary part of the chosen a-optical model potential is the pure barrier transmission model
(PBTM), which has been elaborated on by P. Mohr et al. [144]. This model is defined by the
assumption that an incoming a-particle is absorbed as soon as it tunnels through the barrier from
the exterior to the interior. Since the probability of the a-particle tunneling out again is small,
the assumption, that a compound nucleus is formed and only 7-rays or neutrons are emitted, is
reasonable [144]. Therefore, the model does not depend on any uncertain, non-measurable part

of an imaginary potential. This model was employed in recent studies [145-148] and showed good
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2.2 Models for Statistical Properties of Nuclei

agreement, especially for cross sections at astrophysically relevant (low) energies.

As this thesis deals with proton induced reactions, the problems arising with a-optical model
potentials have only been mentioned for completeness. As shown in Figure 2.2 the phenomeno-
logical optical model potential of Koning and Delaroche [129] and the semi-microscopical model
JLM [135-137] demonstrate no significant discrepancies among them for nuclei in the mass region
A = 85, which is dealt with here.

2.2.2 Nuclear level density

The application of statistical-model formalism is only possible under the condition that the total
level density is sufficiently high. As mentioned above, in the majority of nuclei, the precise
spin and parity information are not known. Therefore, a key ingredient for statistical model
calculations is the nuclear level density p(Ex, J,7), which accounts for the not or incomplete
known level information at high excitation energies and corresponds to the number of levels
(typically) per MeV near a certain excitation energy Ex. The total level density can be obtained
by summing p(Ex, J, ) over spin and parity [52],

P (Ex) =Y p(Ex,J ). (2.20)
J,m

Assuming uncorrelated functions, the nuclear level density can be separated into spin and parity
dependent distributions [52]:

p(Ex,J.m) =p(Ex) - g(Es, J) - f(Ex,m). (2.21)

At high excitation energies, the number of states with positive and negative parity are approxi-
mately equal, thus the parity distribution is f(Ex,7) [52]. This assumption is also implemented
in some of the models introduced below. At low excitation energies, the level spacing, i.e. the
inverse of the level density, is large enough to extract the nuclear level density by counting
individual levels. This becomes unfeasible for high excitation energies as the nuclear level density
becomes large whereas the spacing is small — too small to be resolved — and counting individual
level becomes impossible. Therefore, it is important to have reliable models, notably for nuclei
far away from stability, as they are important for statistical model calculations.

A variety of models for level density have been developed historically. These models include
phenomenological analytical expressions and tabulated level densities derived from microscopic
nuclear structure models. TALYS has several of these models implemented in its code [124],
where some of them are more or less reliable and redundant to others [128]. Therefore, the
models that are considered reliable and tested the most will be introduced in the following. For
phenomenological level density models, the Constant Temperature Model (CTM) [149, 150] and
the (Back-shifted) Fermi gas Model (BSFG) [149, 151, 152], while, to employ more microscopic
approaches, the Hartree-Fock-Bogoliubov plus combinatorial method (HFB+4comb) [153] as well
as the Temperature-dependent HFB plus combinatorial (THFB+comb) [154] are introduced.
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(Back-shifted) Fermi Gas model

In 1936 H. A. Bethe made a first attempt to describe nuclear level densities [152]. The nucleus is
treated as a gas of non-interacting fermions, i. e. protons and neutrons — the Fermi gas. Although
this approach is simplistic, it captures all the essential information except for the influence of
pairing between nucleons. This is accounted for by the back-shifted Fermi gas model, where an

additional shift in energy A is introduced, considering pairing and shell-model effects

1 7 exp(2+y/al)
pBSFG(EX):ma_E al/Ays/4 (2.22)

where U = Ex — A is the effective excitation energy, a the level density parameter, and o the
spin cut-off parameter [52, 124]. The spin-cut-off parameter is a measure of the width of the
angular momentum distribution of the level density, dependent on the excitation energy. The
level density parameter a is dependent on the excitation energy, too. This expression considers
the presence of shell effects at low energy and their disappearance at high energy [124]. The

parameter A differs for the Fermi gas

12
A= X7 (2.23)

and back-shifted Fermi gas model

A= X% +6, (2.24)

by the free parameter § adjusted by experimental data and the definition of x, which depends on
whether the nucleus is odd-odd, odd-even or even-even and takes integer values from 0 to 2 or
—1 to 1 for the models respectively [124].

Constant Temperature Model

Another approach is the constant temperature model, where the total level density is given by

dN(Ex) 1 ex-
(Fx) _ 1 xpme (2.25)

PCT(EX) = W =7

where T and FEj are free parameters that are connected to a constant nuclear temperature and

an energy shift [52, 124, 155]. This procedure works well for fitting experimental data at low
excitation energies [150].

The Gilbert-Cameron Model
A. Gilbert and A. G. W. Cameron combined both models, the CTM and the Fermi gas model

into the so-called Gilbert-Cameron model. The CTM is used at low energies, whereas the Fermi

gas model is applied to the high-energy part [150]. Both models have to be matched at an energy,
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FE)r, such that
per(En) = ppsra(Ex). (2.26)

Given that the matching is determined by experimental information, it is possible that the solution
to the matching problem may yield values for the matching parameters that are unphysical [149].

The initial studies of the Gilbert-Cameron model and the BSFG did not take into account
refinements such as energy-dependent shell effects and the explicit treatment of collective effects.
All in all, experimental data is reasonably well-represented by both models, but they fail to
describe fine structures in the level density. Furthermore, extrapolations to nuclei that are located
far from the valley of stability, where there is a severe lack of experimental data, would be subject
to a considerable degree of uncertainty [52, 149].

Microscopic level densities

The calculation of level densities should be performed using microscopic models that are based on
first principles and fundamental interactions in order to have more reliable predictions, especially
when extrapolating into regions, where the data is scarce. The models are calculated on the
basis of the combinatorial approach. Both methods presented here start from a single-particle
level scheme, calculated using the Hartree-Fock-Bogoliubov framework, and incorporate particle-
hole excitations. The effective interactions, that are used in the calculations, are the Skyrme
interaction [153] and the D1M parametrization of the Gogny force [154]. Afterwards, collective
effects such as vibrational and rotational excitations are explicitly included. In contrast to the
CTM and (BS)FG, there is no assumed parity equi-partition in these two microscopic level density
models. Both models are in tabulated format for more than 8500 nuclei with excitation energies
up to 200 MeV and spin values up to J = 49 [124]. It is important to note that these tabulated
microscopic combinatorial level densities pgrys have not been adjusted to experimental data,
such as from low-lying levels and s-wave resonance spacings at the neutron separation energy .S,,.
The implementation of a scaling function

p(Ex,J,W):ec E175pHFM(EX7(5,J,7T) (227)

is intended to enhance adjustment flexibility, where the default is ¢ = § = 0 to obtain the unaltered
nuclear level densities, but the parameters can be changed, where c is similar to the parameter a
in the Fermi gas model. The parameter ¢ offsets the nuclear level density to a different energy [124].

The different above presented models are compared to experimentally known levels, presented
in the upper part of Figure 2.3. It is demonstrated, that for most nuclei in the A ~ 85 mass
region up to approximately 3 MeV to 4 MeV the experimentally determined cumulative number
of levels agree with the level densitiy models. An exception is 88Sr, for which up to 5MeV to
6 MeV, the two numbers agree quite well. In general, the models give very similar results, except
for the ™ Br(p, 7)8°Kr reaction and the 8Kr(p,v)8"Rb reaction. The THFB+comb level density
model [154], which is no longer recommended to use (cf. Section 2.3 below), predicts clearly
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Figure 2.3: The comparison utilizing theoretical calculations using the different level density models
CTM [150], BSFG [151], HFB+comb [153], and THFB+comb [154] in the A ~ 85 mass region is performed
to experimentally known levels (upper figure) and their influence on the cross sections is shown (lower
figure). The experimental data is taken from References [156-160]. The models give approximately the
same predictions for all nuclei except for the “Br(p, v)3 Kr reaction and the ®6Kr(p, v)®"Rb reaction,
which each differ significantly for the THFB+combh level density model [154]. Note, that this model is no
longer recommended. The TALYS 2.14 code in its default settings was used to perform the calculations
except for the level density models [124].
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2.2 Models for Statistical Properties of Nuclei

a higher level density for the first and a lower density of the second reaction. The CTM level
density model [150] gives a strange result for 8"Rb(p, v)88Sr, since it predicts a falling number of
cumulative levels around 3 MeV. Above that, the results seem to fit the data.

2.2.3 ~-ray strength function

The ~v-ray strength function, also called photon strength function, fx;(E,), is important to
describe nuclear reactions, where 7y-rays are involved [52, 124]. The absorption and emission
probability for v-rays is described by it. Therefore, it is used to obtain the transmission coefficients
for y-rays of type X1 entering the Hauser-Feshbach calculations. X denotes either electric (E)
or magnetic (M) radiaton and ! denotes the multipolarity. As already explained for the nuclear
level density, for low energy, excited states are well separated and the individual decays can
consequently be observed. Since this is not the case anymore for high energies, the y-ray strength
function is used to statistically describe the decays [124]. The transmission coefficients T'x; are
defined by

Twi(E,) = 20 B2 (B, (2.28)

which connects the probability of emitting a y-ray to the downwards -ray strength function [122,
161]. It is defined as

E(Ew) - E;(QHU (Fng%»’ (2.29)

where T, is expressed by the quotient of the average partial decay width (I'x;(E,)) and the
average level spacing D; [161]. The upward ~-ray strength function fx;(E,) is connected to the

average photo-absorption cross section via

B, (oxi(E,))

(rhe)2  20+1 7 (2.:30)

Fxi(By) =

where (ox:(E,)) is the average photo-absorption cross section summed over all possible spins
of final states [122]. In 1955, D. M. Brink proposed a hypothesis, later referred to as Brink’s
hypothesis, which states that the photo-absorption cross-section (or 7-ray strength function)
for a nucleus in an excited state is identical to that for the nucleus in its ground state [162].
Since the targets in the laboratory are usually in their ground-state, a proof with measuring
photo-absorptions cross sections on excited states is not possible. It should be noted that a
more general form exists, which is referred to as the Brink-Axel hypothesis. The latter includes
the independence of the initial and final spins of the transition [163, 164]. In addition, the
aforementioned hypothesis includes the processes of absorption and emission of y-rays between

resonant states. The assumed validity of this hypothesis then implies

H H

fxi(By) = [xi(E,), (2.31)
where the upward and downward «-ray strength functions should be equal and only dependent

on E,. Although the Brink hypothesis has been thoroughly established above the energy of
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approximately 10 MeV, its validity remains a subject of ongoing debate, both, experimentally as
well as theoretically, particularly in the context of energies below the neutron threshold [164-170].

The ~-strength function is important for describing all transitions involving 7-rays. However,
they are especially significant in (n,~y) and (v, n) reactions because neutrons are not affected by
the nucleus’s Coulomb force, and photon strength functions directly govern the reaction cross
section. Therefore, it is one crucial ingredient when modeling stellar neutron-capture processes
[171], as described in Section 1.2. As described in Section 1.3, reactions involving neutrons,
especially photodisintegration of neutrons, play a significant role in the formation of p-nuclei and
therefore, in the network calculations of the ~y-process [79].

In the context of astrophysics, calculations of the -ray transmission coefficient demand the
consideration of at least the most dominant E1 and M1 transitions [52, 79]. In the region of
the giant dipole resonance (GDR), spanning 10 MeV to 20 MeV, therefore above the particle
threshold, the photo-absorptions cross section — and hence, the v-ray strength function — is
dominated by F1 transitions [52, 124, 172]. An additional resonance commonly found in atomic
nuclei, which is small compared to the GDR, is the F1 pygmy dipole resonance, located at lower
energies around 6 MeV to 10 MeV [173]. Since many of the astrophysically relevant reactions
happen at energies below particle separation energies, the low-energy region of the y-ray strength
function is of special interest as it influences the network calculations. As mentioned, there are
debates over the validity of the Brink-Axel hypothesis in this energy region. An upend, i.e. an
unexpected enhancement of the y-ray function at low energies, was experimentally observed [172,
174-177]. Specifically, calculations based on the shell model anticipate an increase in the M1
de-excitation strength function as energies diminish, reaching a value of zero [178, 179]. For open
shell nuclei, showing a deformation, shell model calculations in the Fe chain imply that a part
of the M1 strength is shifted to the scissors mode [180, 181]. These findings suggest that the
precise mechanism of the enhancement is not yet fully understood and that further research is
required and ongoing in this area.

The oldest and phenomenological model, the so-called Brink-Axel option, employs a standard
Lorentzian (SLO) form to describe the GDR shape

1 JXZE'VF%(l
(20 + 1)(7he)? (E% —FE%)%+ E?YI%Q’

fxi(Ey) = (2.32)
where ox; is the peak cross section, Ex; the centroid energy of the giant resonance, and I'x;
the width of the peak, which is assumed to be constant in this approach [124, 162, 163]. The
SLO demonstrates good agreement with experimental data around the resonance energy, but
shows deviations in the low-energy part around the neutron threshold. To compensate for these
deviations, J. Kopecky and M. Uhl proposed that the width I'x; is temperature- and energy-
dependent [182, 183]. This is called the generalized Lorentzian (GLO) and is used for E1 radiation.
Although, the matching between experimental data and this model is improved [182], yet it has
some disadvantages. The structures that occur in the low-energy tail of the strength function,
such as the pygmy dipole resonance, cannot be reproduced [172]. In contrast, while a Lorentzian

function can offer an adequate representation of the E'1 strength, the position of its maximum
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and the width must be predicted from a model for a particular nucleus or through experiments.
Another improved model on the basis of a Lorentzian is the simplified modified Lorentzian
model (SMLO), which considers a SLO-type function for both the low-energy scissors mode
and the spin-flip components, which are tuned experimentally [124, 184]. Since predictions are
particularly important for exotic nuclei, where the needed quantities are not accessible through
experiments, microscopic models should be favored to make more reliable predictions of the
v-ray strength function [172]. The microscopic models, that have been developed, are based on
the Quasi-particle Random Phase Approzimation (QRPA). It is worth noting, that all QRPA
calculations are adjusted to experimental observations [172]. The ~-ray strength function is
provided by the models as a function of £, and, depending on the model, as a function of the
temperature, or equivalently, the excitation energy of the final state. The location and width,
as well as the average resonance capture data at low energies, can be reproduced by different
models obtained with the Hartree-Fock-Bogoliubov method [185-187]. The relativistic mean-field
framework has also been used, but only for stable nuclei with available experimental data [188].
All the models provide a E1, but only for tabulated values the M1 «-ray strength functions are
consistent with those of E1 [124, 186, 189]. Within the framework of this model, calculations
of the photoabsorption strength are extended to the determination of the de-excitation strength
function, that is expected to have an increased M1 contribution as the energy decreases to zero
[186]. This model shows an overall good agreement with experimental data in the low energy
regime but also above threshold [172].

As for the nuclear level density, TALYS has several models implemented in its code [124], some of
them are more or less reliable and redundant to others [128]. The models that are considered are
the SMLO [184], Gogny-HFB plus QRPA using DIM interaction (DIM+QRPA) [186], Skyrme-
HFB plus QRPA using the BSk27 interaction [185], and the Relativistic mean-field + continuum
RPA (RMF+cRPA) for the E1 supplemented by the M1 from D1IM+QRPA [188]. A comparison
of theoretical calculations using different strength models can be found in Figure 2.4.

A variety of experimental techniques — e. g. photonuclear reactions, nuclear resonance fluores-
cence (NRF), two-step cascade, neutron- and proton-capture and charged-particle reactions —
have been developed and used to gather information on ~-ray strength functions [52, 172, 190].
The studies can be divided into measurements above and below the neutron separation energy as
well as in measuring the upward or downward ~-ray strength function. The most common method
used above and below the neutron separation energy are photo-nuclear reactions (for more details
cf. [52, 172, 190] and References within). The NRF method is a good tool to study the upward
v-ray strength function below the neutron-separation energy [52, 172, 190]. Photo-absorption
experiments on the other hand, are performed above the threshold and contain photoneutron or
photoproton cross-section measurements, that are dominated by F1 radiation. Note, that these
measurements are performed on the ground states [52]. Other methods make use of particle
induced reactions as e. g. radiative neutron capture [172], proton-capture reactions [191-194], and

deuteron induced reaction [195]. Some of these methods make use of the model-independent ratio
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Figure 2.4: The comparison of the impact on cross section utilizing theoretical calculations using
the different ~-ray strength function SMLO [184], Gogny-HFB plus QRPA using D1M interaction
(DIM+QRPA) [186], Skyrme-HFB plus QRPA using the BSk27 interaction [185], and the Relativistic
mean-field + continuum RPA (RMF+cRPA) for the E1 supplemented by the M1 from DIM+QRPA
[188] in the A =~ 85 mass region. The models give approximately the same predictions for all nuclei
except for the 3Kr(p, v)3"Rb reaction, which differs significantly for the Skyrme HFB4+QRPA model
[185]. There is no experimental data published outside of the scope of this thesis. The comparison for
the two Rb isotopes to TALYS calculations will be presented in following chapters, wherefore it is left out
here. The TALYS 2.0 code in its default settings was used to perform the calculations except for the ~y-ray
strength functions [124].

method B B (B B
— . — 1)  — B p— ]
B B =B~ 1B~ Fra) (B~ Bpa)® (2.33)

that can be derived from Equation (2.29), where E; is the initial excitation energy, E; — Er;
and E; — Fr» represent two discrete low-lying levels of same spin and parity, and I(E; — EL1)
and I(E; — Ep) represent the intensities for the two different primary y-rays [172]. A schematic
illustration of primary ~-rays de-exciting to discrete low-lying levels can be seen in Figure 2.5.
This method has also been applied to photon-induced reactions via (¥,7'v") [168]. The Oslo
method (cf. [52] and References within) is an experimental technique, that allows, in addition
to the downward v-ray strength function, to also derive level densities in one experiment [172].
Particle-y coincidence data is needed, which is processed in a complex iterative procedure to
obtain the primary ~v-ray spectrum. This spectrum is related to the level density and the y-ray
strength function by

P(E,, E;) < p(E; — Ev)Ty(E,), (2.34)

where T, (E;) is the total y-ray transmission coefficient [196-198]. A normalization is needed to

establish the correct slope and absolute values of the nuclear level density and the total dipole
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Continuum
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Figure 2.5: Schematic illustration of a compound nucleus decaying to different discrete levels via
the emission of v-rays after being produced by a projectile p impinging on a target A. The compound
nucleus is formed at an excitation energy of Ex = Ej, c.m. + @, where @ is the Q-value of the reaction.
The excitation energy Ex is typically spread out with a width of AE, which corresponds to the energy
loss inside the target material. The different discrete levels can then excite to the ground state of the
compound nucleus C.

~-ray strength function [52].
More information, details and methods can be found in the Review articles [52, 172].

2.3 The Tavwys code

Statistical model codes do in most cases not rely solely on Hauser-Feshbach calculations, but
often combine them with other model approaches, that have only become feasible in recent years
due to advances in computational power. The code used in this thesis is the TALYS code, in its
versions 2.0 and 2.14 [124]. It is actively developed by A. Koning, S. Hilaire, and S. Goriely [124,
189]. TALYS is a program for simulations of nuclear reactions up to 200 MeV, using, among others,
the previously introduced optical model potentials, nuclear level densities and ~-ray strength
functions. It is important to stress, that these are not the only input parameters, and there

are models in which single input parameters can be adjusted individually. The default models
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Table 2.1: The recommended models for the y-ray strength function in TALYsS [124, 128].

TALYS keyword Model Reference
strength 7 T-dependent RMF [188]
strength 8 Gogny DIM HFB+QRPA [186]
strength 9 SMLO [184]
strength 10 Skyrme HFB+QRPA [185]

Table 2.2: The recommended models for the nuclear level density in TALYs [124, 128].

TALYS keyword Model Reference
ldmodel 1 CTM [149, 150]
ldmodel 2 BSFG 149, 151]
ldmodel 5 HFB+comb [153]

ldmodel 6 THFB-+comb [154]

are: Koning-Delaroche local potential, ldmodel 1, strength 9, and strength 8 if all models are
microscopic. TALYS is well documented and updated as well as extended with new models on a
regular basis. This thesis uses TALYS to calculate (p,y) reaction cross sections. These calculations
are based on a statistical model of compound nucleus reactions.

M. Wiedeking and S. Goriely [128] recently investigated the role of v-ray strength functions
and nuclear level densities for different reaction rates and their influence on the nucleosynthesis
processes. In the article, there is a recommendation from the authors of TALYS on which models for
the nuclear level density and the «-ray strength function should be used. These recommendations
can be found in Tables 2.1 and 2.2.

Note, that there is the TALYS 2.0 version [124] that is not updated and there is the TALYS
git version [189], that is updated with the latest version TALYS2.142. This version has now
two additional level density models as well as two additional ~-ray strength functions. The
recommended models for the TALYS keyword strength are 8, 9, 10, 11, and 12. The latter two
are with temperature dependence (D1M-Intra-E1 tables), strength 11, and based on the shell
model (Shellmodel-E1 tables), strength 12. For the nuclear level density models 1, 2, 5, 7, and 8
are recommended. The latter two are the BSKG3 - Skyrme-Hartree-Fock-Bogolyubov triaxial
combinatorial level densities from numerical tables, ldmodel 7, and QRPA level densities from
numerical tables, ldmodel 8. Unfortunately, there are no sources given for these models in the

documentation and no further information is given besides the names.

2As of October 2025, version 2.2 is the latest version.
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In-Beam Measurements at HORUS

As explained above, in order to simulate astrophysical scenarios and gain reliable predictions, a lot
of accurate data spanning the whole chart of nuclei is needed — both from theoretical calculations
and experiments [78, 96]. Various experimental techniques exist for different types of projectiles
inducing nuclear reactions, as partly discussed in the previous chapter. This thesis focuses
on proton-induced reactions, in particular on radiative proton capture. A range of dedicated
experimental methods has been developed for this purpose.

A widely used experimental approach is the activation technique, e.g. [134, 145, 146, 199-201].
In this method, targets are irradiated with projectiles such as protons, neutrons, a-particles, or
~-rays, leading to the production of radioactive residual nuclei. The induced activity is then
measured via the decay radiation of these nuclei, which provides the number of reactions and
hence the reaction cross section. Therefore, a unstable reaction product is needed, which is the
first constraint to consider. Second, the produced radionuclides must have suitable half-lives.
Typically, it should not be too short since the activated target often needs to be transported to a
counting set up after irradiation and it should not be longer than a reasonable counting time. A
comprehensive review about the activation technique can be found in Reference [202].

If the reaction product is not suitable for the activation method, the 47r-summing technique
[203, 204] and the so-called in-beam method with y-ray detectors can be used to overcome this
obstacle.

This chapter discusses the experimental setups for in-beam measurements within the scope of
nuclear astrophysics that have been utilized in the experiments outlined in this thesis. These
setups are employed at the high-efficiency y-ray spectrometer HORUS, located at the 10 MV
FN tandem accelerator, Institute for Nuclear Physics, University of Cologne. In addition, the
dedicated experimental techniques will be reviewed.

3.1 Nuclear Astrophysics at HORUS

The HiGH EFFICIENCY OBSERVATORY FOR -RAY UNIQUE SPECTROSCOPY — or short: HORUS —
is located at the Institute for Nuclear Physics [205]. It consists of up to 14 high-purity Germanium

(HPGe) detectors! which are positioned at two faces and the twelve vertices of an imaginary cube.

11t should be noted that the installation of, e.g. , lanthanum bromide detectors is also possible; however, this
would not be a suitable option for the type of experiments conducted in this thesis.
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| 4

Figure 3.1: One hemisphere of HO-
RUS without any target chamber built
in. The beam comes in from the right
hand side and the downstream cup is lo-
cated at the left hand side of the Figure.
Three BGOs and HPGe detectors are
installed in this hemisphere at 45°, 90°,
and 135° with respect to the beam axis.
The HPGe detectors without BGOs are
located at 35°, 90°, and 145°.

Six of the detectors can be equipped with bismuth germanium oxide (BGO) scintillator shields
for active Compton suppression.

Angular distributions of v-rays relative to the beam direction can be measured since the 14
HPGe detectors are mounted at five different angles with respect to the beam axis, namely 35°,
45°,90°, 135°, and 145°. This is needed for determining the absolute reaction cross section, cf.
Section 3.4 for details. The distance of the detectors to target position can be adjusted to the
installed target chamber and is typically between 8 cm to 16 cm. A picture of one hemisphere
with detectors and BGOs built in is shown in Figure 3.1.

The experiments presented in this thesis have been performed with two different chambers and
data acquisition systems. The 8°Rb experiment was performed in 2015 with the signal processing
of the HPGe detectors performed using the DGF-4C Rev. F modules, manufactured by the
company XIA [206, 207]. The chamber that has been used for this experiment is presented in
Section 3.2.1. In early 2020, a new data acquisition system, the NuDAQ system, was established
with different types of modules built by CAEN S.p.A. with a corresponding software CoMPASS
[208]. This, in combination with the newly designed target chamber presented in Section 3.2.2,
was used in 2021 for the 8"Rb experiment. A detailed overview of the NuDAQ system as well as
a comparison to the old data acquisition system can be found in Reference [209).

Regardless of the employed DAQ system, there exists a set of common features that are essential
for the execution of nuclear astrophysics experiments. The detection of «-rays with energies up

to approximately 20 MeV is necessary. Since the data collecting takes place during the irradiation
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7cm

Figure 3.2: A comparison of the old and re-designed chamber for nuclear astrophysics experiments.
They are on the left and right side of the photograph, respectively. The details of the similarities and
differences are explained in-depth in the text. Note that the beam enters from the right side in this
photograph and exits to the left if it is not stopped inside the chamber. At the left side, below the old
target chamber, the short distance Faraday cup can be seen.

in contrast to the activation method, there is beam-induced background. Storing the data in a
listmode format makes it possible to obtain yy-coincidence data in the offline analysis. This helps
to suppress the beam-induced background when looking for the origin of peaks and determining

limits of contributions of certain reactions to e. g. cross sections.

3.2 Target Chambers for Nuclear Astrophysics Experiments

Both target chambers, presented in this Section and shown in comparison in Figure 3.2, are
optimized for nuclear astrophysics experiments and can be mounted in the HORUS spectrometer.
Since the cross sections measured in in-beam experiments for nuclear astrophysics are often in the
range of pb down to even nb, it is important to reduce the beam-produced background as much
as possible. Therefore, the bodies of both chambers are made of aluminum coated with 0.1 mm
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(b)

Figure 3.3: CAD drawing for comparison of the old (left) and re-designed (right) chamber for nuclear
astrophysics experiments [210]. The beam direction is from right to left here. Figure 3.3a shows the same
perspective as Figure 3.2 with the target ladder missing for the old chamber on the left side. Figure 3.3b
shows a top view of the chambers. The re-location of the tube containing the RBS detector as well as the
overall smaller volume of the tube containing the RBS detector is clearly visible. Note, that for Figure
3.3b the top view reveals part of the foot of the chamber.
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tantalum on the inside. The tantalum coating reduces the competing reactions on the aluminum
body, since the beam is stopped in the tantalum coating, which does not emmit y-rays. Another
important aspect is that the chambers were built as small as possible to bring the detectors
closer to the target, thereby increasing the efficiency of the full-energy peak. The equation for
calculating the cross section (see Equation (1.1)) not only contains the number of reactions Ng,
but in addition the number of projectiles N,, impinging on the target, and the number of target
atoms per area. To get the information about the number of impinged projectiles it is necessary
that the entire chamber is electrically isolated from the rest of the beam pipe and setup, which is
ensured by coupling the chamber to all mounting points via plastic pieces. Both chambers are
equipped with three current read outs: the target chamber (1), that is electrically isolated from
the target ladder (2), and the cup (3) at the end of the beam line. During in-beam experiments,
the beam is usually stopped inside the chamber at the target position with a thick gold backing
behind the target. This prevents, that the beam spreads out after the target and interacts with
the chamber or beam line after the passing, which would introduce more unwanted beam induced
reactions and would additionally lead to a loss in the current measured in the Faraday cup. Due
to the stopping of the beam, there is no current measured at the Faraday cup down the beam line.
The impinging projectiles release electrons — so-called secondary or d-electrons — during their
passage through the target. These electrons are hindered to leave the chamber by a suppression
voltage of —400V, that is applied to a ring aperture at the entrance of the target chamber [211].
These electrons lead to the accumulated charge measured on the target ladder being higher than
the actual charge deposited by the beam. Therefore, the accumulated charge measured on the
chamber is negative. The details on the used current integrators are explained in Sections 3.2.1

and 3.2.2. The total number of beam particles impinging on the target can be calculated using

up,t + Qchamber,i
b)

- (3.1)

Na, _ Z Qta'rget,i + Qc

where @y, ; is the accumulated charge at the associated read-out point in the i-th time interval —
usually 1s, for which the current is assumed to be constant — of the measurement and the 7 is
the charge of the projectile.

Both contain a tube that houses a Rutherford Backscattering Spectrometry (RBS) detector
to determine the number of target atoms per area either online during the experiment or in a
follow-up experiment with adapted beam intensity and energy. The details for this are presented

in Section 3.3.

3.2.1 Old Chamber

The 3Rb measurement was performed utilizing this chamber. The old chamber, used in experi-
ments until 2019, is visible on the left side of Figures 3.2 and 3.3. This chamber has a cylindrical
geometry with a length of 7cm and a width of 5.5 cm. The thickness of the aluminum body is
2mm at the thinnest position. The target ladder can hold up to three targets and can be rotated

by 180° without venting the chamber. There is a Faraday cup mounted at a distance of 15cm
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from the target, which can be relocated to use the Faraday cup downstream the beam line, about
2.5m away from the target [212]. The RBS detector is placed in a tube 11 cm away from the
target and the tube is under a horizontal backwards angle of 135° and an azimuthal angle of 270°.
The tube has a diameter of 4.6 cm. However, the RBS detector can be equipped with narrow
apertures to reduce the effective opening angle. Since the position of the RBS tube corresponds
to the detector position of Ge06, this position cannot be filled with a HPGe detector, which limits
the number of HPGe detectors to thirteen [211]. Lead and copper shields are installed around
the beam entrance and exit pipes, resulting in the detectors being further away from the target
due to the enhanced diameter. The connection for the suppression voltage is located directly
at the beam entrance, where the negatively charged ring aperture is located. The read-outs for
the currents on the target, the chamber and the cup are at the respective positions. Current
integration is performed with two different types of current integrators are used — the ORTEC
Digital Current Integrator 439 and the BIC 1000C Current Integrator with uncertainties of 0.2 %
and 2 %, respectively. A pre-built scaler module from the company Meilhaus Electronic GmbH

counts and records the pulses per second [211]. For more details see References [211, 212]

3.2.2 Re-designed Chamber

The measurement of the "Rb was performed in this re-designed chamber. It is presented on the
right side of Figures 3.2 and 3.3. It has an asymmetric geometry, where one side is flat and the
other has the shape of a polyhedron. This reduces the distance to the target, due to a relocation
of the RBS detector as shown in Figures 3.3a and 3.3b. The diameter of the chamber is 7 cm and
the width is 5.4 cm. The thickness of the aluminum body is thinner than that of the old chamber,
with a constant thickness of 2mm [213].2 The target ladder can hold up to four targets and can
be rotated by 360° in 5° steps without breaking the vacuum. There is no Faraday cup installed
in the exit pipe anymore, only the downstream Faraday cup is used to monitor the beam current,
unless a thick backing or stopper is used. The RBS detector tube, with a length of 9cm and a
diameter of 2 cm, is re-placed at a scattering angle of 114°, which allows to mount all possible
fourteen HPGe detectors in the HORUS array [134, 215]. The connection between the chamber
and the beam line to both sides is smaller in outside diameter, which enables the detectors
to be moved closer to the chamber, and therefore the target. The detectors can be moved as
close as 6.cm to 13cm with this chamber installed [214]. The read-outs as well as the power
supply for the suppression voltage have been moved to the stand of the chamber, which simplifies
cable management. The current read-out system was remodeled considerably. Three Ortec 439
Digital Current Integrators are used to collect typically 10710 C/pulse read out every 200 ms.
The emitted digital signals of the current integrators are processed by a programmed dedicated
Arduino micro-controller connected to a computer via USB. The processed data can be viewed
online via a web interface, which allows to directly monitor the different currents and see trends

in the behavior. The total uncertainty for the determination of the number of beam particles is

2Reference [214] claims, that the new chamber has a significantly thinner wall of 2mm Al. However, Refs. [211,
212] state, that this is already the thickness of the old chamber. It was not mentioned, that is is the overall
and thinnest position in the publication, respectively [210].
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assumed to be 5 %. For more details see Reference [215]. All the aforementioned changes increase
the detection efficiency from 0.13 % to 0.25 % at a y-ray energy of 10 MeV [134, 214]. The overall
detection efficiency for -rays is increased by a factor 2 compared to the old chamber, presented
in Section 3.2.1, which was investigated in Reference [214]. Note, this comparison was performed
with XIA’s DGF-4C Rev. F modules shortly presented above.

3.3 Determination of Target Thickness

In order to determine the thickness of the target, a silicon particle detector installed in each
chamber is employed, making use of Rutherford Backscattering Spectrometry [216]. This non-
destructive method is utilized to measure thickness before and after, or even during, an experiment,
thus facilitating comparative analysis and continuous monitoring of the thickness. The target
thickness is determined by the energy loss in the material of the scattered projectiles, typically
protons or a-particles.

The projectiles impinge on the target with a certain energy FEp, in the range of a few MeV. A
small fraction are scattered back and hit the silicon detector, that is placed in the RBS tube as
described above. This recorded spectrum is then compared to simulations, performed with e. g.
the SIMNRA code [217], to extract the thickness. The lowest detected ion energy corresponds to
highest energy loss in the target, i. e. the particle was scattered (nearly) at the back layer, travels
trough the target again, and is then detected. This creates the edge on the left side in Figure
3.4b. The right side correlates to the scattering at the surface layer of the target. The distance
of the flanks is proportional to the thickness of the target material.

To interpret the measured spectrum quantitatively, the kinematic relations governing elastic
scattering must be considered. The energy of a backscattered ion depends on the scattering angle
and the mass ratio of projectile and target nuclei. This is expressed by the kinematic factor K.
It is the ratio of the energy of the projectile before (Ey) and after the collision (Ey). It can be
derived, see e.g. Reference [216], that the kinematic factor for the target results in

2
cos(f) + /u? — sin(0)
K= ( Ttz ) , (3.2)

where 1 = mp/m, denotes the ratio of the target nuclei mass myp to the projectile mass m,.
There are aspects that influence the detected energy E¢. These are the kinematic factor, the

energy loss in the target % and the distance covered in the target, which results in

B =K (Eo _ /OI (if) da:) _ /Ox (if) dz, (3.3)

where the minuend equals the energy after the scattering, the subtrahend accounts for the energy
loss of the projectile leaving the target, and the distances to the surface x; and x5 depend on the
experimental setup [216].

Equation (3.3) has been demonstrated to be a successful solution to problems involving a
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Figure 3.4: Schematic illustration of the RBS detector setup and an exemplary spectrum from an
RBS measurement on 27Al are shown in Figures 3.4a and 3.4b, respectively. Figure 3.4a schematically
illustrates the principle of Rutherford Backscattering Spectrometry (RBS). A fraction of the incident
ions is backscattered toward the detector under an exit angle «, which can be derived from the fixed
scattering angle € at which the detector is mounted. This relation holds under the assumption of an
incident beam at 0°. An example of an experimental RBS spectrum measured on 27Al is presented
in Figure 3.4b, together with a corresponding simulation performed using SIMNRA [217]. The target
thickness is directly proportional to the width of the plateau in the spectrum, while the surface roughness
can be inferred from the slope of the left-hand side of the peak. A smooth layer yields a sharp, steep
decline, whereas surface roughness causes a broader, less steep slope, as illustrated by the simulated
spectrum. The sharp edge on the right-hand side corresponds to ions backscattered from the very first
layer of the target.
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target composed of a single material. However, in many cases, targets are composed of multiple
materials, particularly when the material is not suitable for the fabrication of foils and evaporation
a stable backing, such as gold or tantalum, is necessary. Fortunately, composite layers can be
handled by the SIMNRA code [217].

3.4 Determination of Reaction Yields

The detection of ground-state transitions in the reaction product is the key to determine the
reaction yield for the in-beam method. This is utilized with the y-ray spectra obtained with
the HPGe detectors. To determine the total reaction yield, each -ray transition populating the
ground-state from different levels has to be observed. This is illustrated in Figure 3.5. Summing
the number of these transitions, leads to the total reaction yield. The formation and decay
of a compound nucleus are independent processes. In general, the angular momentum of the
compound nucleus has a preferred orientation with respect to the beam axis, such that there
is an anisotropic symmetry of the system. As a result, the emitted y-rays exhibit an angular
distribution that is symmetric around 90° [24, 125].

To determine the yield W(6) of a specific y-ray transition, the total number of detected ~-rays
of energy E., in the particular peak N(E.,) of every detector group 6 has to be normalized to the
efficiency €(E,) and the dead time correction 7 of the data acquisition for the detector group.

This results in
N(Ey)

Te(Ey)

W(0) = (3.4)

In order to obtain the total number of y-rays stemming from a certain transition of a certain
level i, the efficiency and dead time corrected data W () are fitted with Legendre polynomials
Py (cos(6))

Wi0) = Y ajP(cos(0)) = Ay [ 1+ Y o} Pi(cos()) (3.5)
k=0,2,4 k=2,4
to obtain the angular distribution. This sum contains contributions of isotropic, dipole, and
quadrupole distributions, which is sufficient for the applications here. It is assumed that transitions
of dipole and quadrupole nature dominate in atomic nuclei. It has been established that,
particularly in the case of the first excited state, a multitude of different y-ray cascades populate
this level. Consequently, the anisotropy that is characteristic of the de-population process to the
ground state is effectively reduced, thereby resulting in an angular distribution that is nearly
isotropic in nature. Examples for this are shown later during the analysis of the data, e.g. in
Figure 4.10.
The total (p,v) cross section is then given by

A?
g‘:zl 0

anT ’

(3.6)

where N, is the number of projectiles and nr is the number of target atoms per area. This
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Continuum
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Figure 3.5: Schematic illustration of a compound nucleus decaying via -ray transitions to the ground
state. The highly excited compound nucleus has an excitation energy of Ex after the capture reaction. It
de-excites to the ground state via a direct de-excitation or via different y-ray cascades. The de-excitation
of discrete low-lying levels is observed. Note, that not always all transitions can observed in the y-ray
spectra due to low intensities or background contaminations in the spectra. If the first reason is the case,
competing transitions with known intensities to other discrete lying levels can often be used to estimate
the cross section.

cross section depends on the number ¢ of observed ground state transitions. Consequently, the
cross section can be interpreted as a lower limit. An upper limit for the cross section can be
evaluated by estimating an upper limit of known, but not observed ground state transitions in
the y-ray spectra. vyv-coincidence data can help to observe transitions, that are hidden by the
(beam induced) background. With this, an estimation for an upper limit of N(E,) contributing
to the hidden transition can be given. In many cases, the estimations of hidden 7-ray transitions

do not exceed the other uncertainties.
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4 The case of %°Rb

The charge-particle capture reaction 3°Rb(p, 7)®Sr has been investigated utilizing the in-beam
technique with help of the HORUS spectrometer as presented in Chapter 3. The experimental
campaign was carried out in October 2015 utilizing the old chamber and the XIA data acquisition
introduced in the same Chapter. Following a detailed description of the experimental method and
data analysis procedure, the results of the total cross-section are discussed for the 8°Rb(p, v)36Sr
reaction. These results are then compared to Hauser-Feshbach calculations, and the astrophysical
impact is discussed.

There are three reasons why the 8°Rb(p, 7)%Sr reaction is measured. First, there is no reported
data on this reaction up to today. Second, from an astrophysical point of view, this reaction is
located in a mass region A = 85, where the abundances of the p-nuclei are not well reproduced
by reaction-network calculations. Third, it completes the study of proton-capture reactions on
stable rubidium isotopes together with the reaction presented in Chapter 5.

Reaction cross-section values were measured at three center-of-mass energies ranging from
3.4MeV to 4 MeV. The Q-value of this reaction is 9644.8 keV [218].

As mentioned, the main experiment was conducted in October 2015. It was documented in the
Refs. [219, 220]. The main spokesperson for the 85Rb-experiment, the RBS measurement and
the 2"Al-experiment was L. Netterdon. In addition, he sorted the raw data, constructed spectra
and ~yv-coincident matrices, performed a analysis of the data, and carried out the GEANT 4
Monte-Carlo simulations.These results had been summarized in an internal report but never have
been published. Within the scope of this thesis a complete data analysis and re-evaluation of
the measurements have been performed. The cross sections differ due to different derived target
thicknesses and different fitting of the peaks.

4.1 Target Properties and Deterioration

The targets were prepared in the same way as the rubidium carbonate target RboCOj3 presented
in Chapter 5. Rb has a melting point of 39.3°C. The targets for the investigation of the
85Rb(p, v)®6Sr reaction consists of rubidium chloride (RbCl) with a melting point of 718 °C. This
is prepared as targets by vacuum evaporation onto a 150 mg/cm? thick gold backing to stop
the beam inside the backing as explained in Chapter 3. The targets are shown in Figure 4.1.
The RbCl target material was isotopically enriched in 8°Rb to 99.78(2) % [219]. RbCl is even
more hygroscopic than RbCOj3 (cf. Chapter 5) hence storing in vacuum is preferred. The vapor
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Figure 4.1: Three RbCl targets on the target
ladder for RBS measurements at the RUBION
facility in Bochum [222], in Octorber 2013. The
targets are consecutively numbered from one to
three. There is a fingerprint clearly visible on
target 1, wherefore targets 2 and 3 were used
in experimental campaigns.

pressure of RbCl at 390 °C is about 1.3 x 10~%mbar and it has a rather low heat conductivity
[221].

A first test experiment for the 8°Rb(p,~)80Sr reaction, using a target, named "target 2”7, has
been carried out in November 2013. Before, a RBS measurements were performed at the RUBION
facility in Bochum [222], in October 2013, in order to determine the target thickness of all three
produced targets shown in Figure 4.1. According to notes in Ref. [219], target 2 is a homogeneous
and clean target without gold admixture visible in front, which is supported by the RBS spectrum.
The given thickness after the production is 0.43 mg/cm?, which correspond to an areal density
of nry giv = 2.14 - 10'® atoms/cm? [219]. The RBS measurement resulted in an areal density of
NTy meas,before = 1.95(15) - 10'® atoms/cm? for #Rb. This and the following target thicknesses
are obtained by fitting the results of the measurement with simulations performed with SIMNRA
[217]. This target was measured in an in-beam experiment with a proton beam energy of 4 MeV,
with a current of 100nA for 23h [220, 223].

Another RBS measurement was performed at the RUBION facility in Bochum [222], in January
2014, after the experiment took place. In contrast to the first measurement, an additional
layer is seen on the right hand side, corresponding to first layer scattering, in Figure 4.2. The
assumption is, that there is gold diffused to the RbCI layer. The spectra is more diffuse as
shown in Figure 4.2. The number of 8°Rb atoms stayed the same, such that the areal density is
NIy meas,after = 1.97(16) - 10'® atoms/cm?.

This underlines how important it is to measure the thickness before and after the experiment.
It seems that an admixture of gold stemming from the backing can occur during experiments.
This needs to be investigated in following experiments and may need to be taken into account
for the target production.

Unfortunately, target 3, used to conduct the experiment itself, was measured only before the
experiment at two points in the RBS campaign in October 2013. It showed already an admixture of
gold in the front layer. The given thickness after the production is 0.27 mg/cm?, which correspond
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to an areal density of nr, 4, = 1.34 - 10'® atoms/cm? [219]. The RBS measurements at the
RUBION facility in Bochum gave a consistent results of nr, meas = 1.35(14) - 10'® atoms/cm? as
presented in Figure 4.4. The slight disagreement of the RBS measurement and the simulation are
likely based on inhomogeneities, that could not be modeled. During the experimental campaign
using target 3 in October 20152, the stability of the target was monitored after observing the
deterioration by determining the ratio of the y-ray transition 767.4 keV in ®°Sr [224] to the 279 keV
y-ray transition stemming from Coulomb excitation in '°TAu [225] in intervals of 10 min. This
showed a huge deterioration of the target during the irradiation, despite a limitation of the beam
current to 400nA. This current limit was set too high and heated the target up too much, which
led to sublimation due to the low vapor pressure and poor heat conductivity of RbCl. The value
of 390°C at a pressure of 1.3 x 10~% mbar suggests that, under the typical vacuum conditions of
about 1 x 10~% mbar inside the chamber, the RbCl layer was reduced in thickness by sublimation,
as this temperature is approximately reached [221].

Fortunately, the RBS measurement was conducted prior to this, thereby providing a starting
value for the thickness. The ratios from ®Sr to '°"Au for each beam energy are presented in
Figure 4.5. The deterioration was observed after Run 02 at E, = 3700keV. After this, the
ratios change due to re-focusing of the beam or adjusting the target position such that the ratio
increases again [220]. This explains the drastic changes between (sub)runs for the calculated
ratios. Note, that sometimes runs were not usable for the data analysis or there were problems
during the data taking as noted in Ref. [220].

The number of target nuclei was calculated with help of the ratio from %Sr to °“Au for each
time interval corresponding to one subrun and then multiplied by the number of protons that
impinged on the target during that time interval. This helps to normalize the reaction yield,
accounting for the loss of target material, discussed in Section 4.4.

INote, that a note in Ref. [219] states, that the thickness determined by the RBS measurement is allegedly
N7y meas = 1.8+ 10'8 atoms/cm?, which could not be confirmed in the simulation.

2There is an annotation, stating that an RBS measurement took place directly before the campaign in order to
rule out target deterioration without beam interaction. This data was not found.
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Figure 4.4: Comparison
of the RBS measurement in
Bochum to a SIMNRA sim-
ulation [217] for T5. An ad-
ditional layer is seen on the
right hand side, due to an
admixture of gold, which oc-
curred most likely during the
production. The beam for the
measurements was an a-beam
with an energy of 2 MeV.
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will sublimate due to a better contact to the gold backing which conducts heat very well, such that the
temperature does not get too high [221]. Each subrun is 10 min long. The deterioration was observed
after Run 02 at £, = 3700keV. After this, the ratios changes due to re-focusing of the beam or adjusting
the target position such that the ratio increases again [220]. 53
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4 The case of ®Rb

4.2 Experimental setup and procedure

The proton beam was delivered by the 10 MV FN tandem accelerator at the Institute for Nuclear
Physics, Cologne. To utilize the in-beam technique, the HORUS spectrometer, the old chamber
for nuclear astrophysics experiments, and the XIA data aqcuisition were employed, more details
are given in Chapter 3. HORUS was equipped with 13 HPGe detectors. The experiment was
conducted using six detectors at 90°, two detectors per angle at 35°, 45°, and 145°, and one
detector at 135°. This is done to measure the vy-ray angular distribution of the compound nucleus
decay. The beam was stopped in the thick Au backing, wherefore no charge was measured at the
Faraday cup further downstream. The uncertainty of the charge collection is 3 %. Note, that not
all runs presented in Figure 4.5 during the measurement of a proton beam energy of 4000 keV are
used for the data evaluation due to different problems, e. g. cut off data, empty listmode files, and
problems with the current read out [220]. The data in Table 4.1, showing the beam properties,
takes this into account for the measuring time ¢ and the average current I.

The center-of-mass energies E. ,, given in Table 4.1 are the effective beam energies in the

center-of-mass frame, obtained from

Eepp = Ep — %E, (4.1)
where E), is the proton beam energy, 6 E' is the maximal energy loss in the target material, ranging
from 19keV to 21keV varying due to the different proton energies. The loss of the target material
changes the energy loss over time. However, this is quite extensive to simulate, so that the
maximum value for the energy loss was used. The simulation of the energy loss inside the target
is performed using the SRIM code [226]. The total energy uncertainty AFE is then given by the

Gaussian sum of the proton beam spread and the straggling inside the target.

4.3 Determination of the Full-Energy Peak Efficiency

To determine the full-energy peak efficiency, usually calibrated radioactive sources as 56Co up
to 3.5 MeV. Since the expected energy for the y-ray directly de-exciting the compound nucleus
(70) is Eyy = Epe.m. + @, a precise efficiency of y-ray energies of approximately up to 15 MeV is

Table 4.1: The detailed beam characteristics for the different proton beam energies, given as the
center-of-mass-energy F..,, the energy uncertainty AFE, the average current I, and the irradiation
duration ¢. More details are given in the text.

Eom [keV] AE [keV] I [nA] ¢t [h]

3349 16 102 64
3646 16 140 61.7
3944 16 224 41.5
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4.3 Determination of the Full-Energy Peak Efficiency

Table 4.2: Absolute y-ray branching ratios of the 2"Al(p,~) resonance at a proton energy of E, =
3674.4keV. The listed «-ray transitions are used to perform the efficiency calibration. The data are from
Ref. [227].

E, keV] Ex [MeV] branching ratio [%]

10509 4618 85(3)
8239 6888 8.1(2)
6182 8945 1.8(1)
4458 10669 1.55(40)

needed. Therefore, the 27Al(p7 ) 28Gi reaction is used to generate high energy ~-ray lines with
known relative intensities.

The %7Al target is produced as a self-supporting foil by rolling natural aluminum to a thickness
of 708(28) ng/cm?. This corresponds to an areal density of 1.58(6) - 101 atoms/cm?, which was
measured at the RUBION facility in Bochum, Germany [222]. The target was installed in the old
target chamber in HORUS, presented in Chapter 3. The experiment was carried out at a proton
beam of E, = 3.69 MeV. This was determined by scanning the resonance with E, = 3674.4keV
as explained in Refs. [212, 214].

The full-energy peak efficiency is firstly determined using the standard calibration sources
226Ra and °°Co with ~-ray energies up to 3.5MeV [72]. Subsequent, the relative full-energy peak
efficiencies are determined through the decay of the 27Al(p, ) resonance up to approximately
10.5 MeV [227]. This relative efficiency is then scaled to the absolute efficiency from the calibration
sources and to the y-rays with energies shown in Table 4.2. The extension to approximately
15MeV is obtained by measuring the angular distributions of the de-excitation of the 2Si
compound nucleus to the ground and excited states. The high-energy part for an in-beam ~-ray
spectrum with detectors placed at 90° is presented in Figure 4.6.

Combining Equations (3.4), (3.5), and (3.6) lead to the expression

N(E%) 1
Nymp7e(EY) 1+ Zk:2’4 ot Py(cos(f))

o(vi) = (4.2)
for the partial cross section o(y;). This can then be rewritten as an expression for the full energy

peak efficiency e(E%) for each detector under an angle 6

N(E:,6) 1

E!. 9) = . : ,
€(E5,9) Npmr 7o(vi) 1+ 494 Pr(cos(0))

(4.3)

The information are presented in Table 4.3. Where the partial cross section has been measured,
the full energy peak efficiency can be determined for that «-ray. It is critical to underscore the
dependence between the estimation of the partial cross-sections and the subsequent determination
of the full-energy peak efficiency. The reliability of the former is directly linked to the accuracy
of the determination of the relative efficiency through the 27Al(p, ~) resonance. Note, that the

55



4 The case of ®Rb

1500
i 2T Al(p,y)?8Si ]
I E,=3.69 MeV |
> L 4
£ 1000 |
c\] = -
B L B
o L i
= T Y5 Y4 Y3 Y2 Y1 Yo o
2 500 | i
5 %00 | | f
o1 71— """;T T s A L B B
8 9 10 11 12 13 14 15

E, [MeV]

Figure 4.6: High energy part of the in-beam ~-ray spectrum of the 2Al(p, v)?®Si reaction for detectors
placed at 90° with respect to the beam axis for a proton-beam energy of E, = 3.69 MeV. The ~-rays
to the ground state and different excited states in 2Si are marked with their single and double escape
peaks, if visible. The most prominent peaks around E, ~ 10.5 MeV are the single and double escape
peaks from resonant proton capture on 27Al at a proton energy of E, = 3.674MeV [227].

coefficients, that are determined in Ref. [227] have large uncertainties, which influences the
full energy peak efficiency directly. The transitions with -ray energies of 4 MeV to 6 MeV to
higher-lying states, that are used to scale the efficiencies have smaller uncertainties, but exhibit
a statistical uncertainty of approximately 20 %. This can also be seen in Figure 4.7a and with a
closer look at this region in Figure 4.7b.

Table 4.3: Experimental partial cross sections o (v;) of the?”Al(p, v)?®Si reaction with their uncertainties
Ao (;) and the coefficients for their angular distribution [227]. The spin and parities of the populated
states in 28Si are taken from Ref. [228]. The 7-ray energies are not Doppler-corrected.

Ey [MeV] J™  Ex [MeV] o(vi) [ub] Ac(vi) [pb] Ao[10"'] a3[107'%] a4 [1071°]
0

%o 15.10 of 17.83 2.05 28.1(9) 13.5(18) 3.59(46)
7 13.32 2+ 1.779 12.07 1.29 19.0(4) -24.8(21)  -22.5(27)
Yo 10.48 4+ 4.618 4.26 0.51 6.69(25)  -13.8(20)  13.2(19)
3 10.12 o+ 4.979 1.56 0.23 2.46(4) -18.9(58)  19.4(63)
Y4 8.82 3+ 6.276 3.52 0.38 4.67(12)  -2.50(25)  18.4(26)
5 8.41 ot 6.691 0.73 0.09 1.15(5) 4.55(52) 6.68(54)

Monte-Carlo simulations utilizing the GEANT 4 toolkit have been performed to evaluate the
full peak efficiency calibration [229, 230]. The detection efficiency between 0MeV to 16 MeV
is simulated in steps of 50keV, where for each step 106 v-rays are emitted from a point-like

source [230]. A comparison between the experimental data and the simulation is shown in
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(a) The comparison between the GEANT 4 simulation and the experimentally obtained experimental
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(b) A closer view on the high-energy part of the full energy peak efficiency, where efficiencies of partial
cross sections are scaled to absolute full energy peak efficiencies. They show a good agreement.

Figure 4.7: Comparison between the GEANT 4 simulation [229] and the experimental full energy peak
efficiencies for one detector placed at 90° with respect to the beam axis. The experimental data are well
produced up to high v-ray energies of £, = 15.5 MeV.
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4 The case of ®Rb

Figure 4.7a. The overall agreement is quite good. Taking a closer look to energies above 6 MeV,
shown in Figure 4.7b, where there is no standard calibration source available, the agreement
between the simulation and the experimental data are satisfactory. Beyond that, the effect of
coincidental detected ~-rays was investigated using the GEANT 4 toolkit [229], to take a closer
look at coincidence summing. The ~-rays de-exciting the compound nucleus 2%Si are emitted
coincidentally with strong ground-state transitions or other y-ray cascades. Since the detectors
are located at distances of 9 cm to 16 cm, coincidence summing is assumed to be negligible. This

is confirmed by the simulation, showing an effect of about 0.1 % or less [230].

4.4 Data Analysis

To determine the cross sections for the 8°Rb(p,v)86Sr reaction, that is of actual interest, a slight
change to the method described in Section 3.4 is needed, since the target deteriorated as described
in Section 4.1. The usual procedure is to normalize the summed reaction yield of the observed
~-ray transitions to the ground state to the number of target nuclei and number of projectiles.
However, this is not possible due to the deterioration. Therefore, the adjustment is the following:
the experimental yield N(E,) is normalized to the efficiency e(E,) and the dead time of the data

acquisition
: N(E,)

Wo) = (4.4)

Subsequently, a sum of Legendre polynomials is fitted to the data. The obtained parameters A}
for each ground state transition i are summed and normalized to the product of target nuclei ny

and the number of projectiles IV, summed over k time intervals of 10 min:

AL
o= Z’L 0

- . 4.5
> 1, Np,j (45)

Besides the 3% uncertainty of the charge collection and 5% of the RBS measurement, an
uncertainty of 10 % is added as a systematic uncertainty to the aforementioned procedure.

Figure 4.8 show the y-ray spectra for the ®>Rb(p,)%6Sr reaction for y-ray energies between
0.6 MeV to 3MeV for all beam energies in comparison. They are obtained by summing all
spectra of the HPGe detectors located at 90° with respect to the beam axis. As typical for the
in-beam method, the background mainly stems from beam-induced background. It consists of
proton-induced reactions on Cl such as *>37Cl(p, p'v), *>3"Cl(p, a)??**S, and 37Cl(p,n)3"Ar, as
well as *°F(p,p'v), and F(p, a)'%0. The Coulomb excitation of '°TAu of the backing is located
at energies smaller than 600 keV and, hence, not visible in Figure 4.8.

The strongest y-rays de-exciting from the 86Sr compound nucleus to the ground state of 86Sr
are 1076.7keV, 1854.4keV, and 2641.3keV [158]. These are clearly visible in the spectra. Note,
that for 3.7MeV and 4 MeV, the 7-ray transition of 2641.3keV of the 8°Rb(p,~) reaction is
strongly overlapping with the 2645.7keV -ray transition of the *Cl(p,p’y) reaction [158, 231].
Since the level at Ex = 2641.3keV not only de-excites with a «-ray transition of 2641.3keV, but
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4 The case of ®Rb

Figure 4.8: Comparison of the y-ray spectra for the 3> Rb(p, 7)®Sr reaction for y-ray energies between
0.6 MeV to 3MeV. The spectra are obtained by summing all single spectra of the HPGe detectors located
at 90° with respect to the beam axis. The dominant beam-induced background stems from proton
induced reactions on 3*37Cl and '°F. Ground-state transitions in the compound nucleus %°Sr that were
used for data analysis are marked in bright yellow. In addition, the de-excitation for the 2 level at Ex =
2641.25keV with E, = 1564.49keV and a branching ratio of 62 % is marked, since this y-ray transition
was used to disentangle and cross-check the contribution of the direct ground state transition of F, =
2641.12keV. This ground state transition is overlaid with a peak stemming from the **Cl(p,p’) reaction.
This disentanglement was not possible for the highest proton beam energy of 4 MeV.

in addition with a branching of 62 % with a v-ray transition of 1564.5keV to the first 27 level,
this level including its branching is then used to estimate the number of de-excitations to the
ground-state as well. The method provides consistent results, why the fit to the data are assumed
to be correct.

The direct de-excitation of the 86Sr compound nucleus to the ground state via 7y has not been
observed in this experimental campaign. The reasons are twofold. First, the full energy peak
efficiencies around 13 MeV to 14 MeV, where 7 is expected, are very small. In addition, the
significant target loss of target material during the irradiation directly reduces the detectable
number of y-rays in the particular peak N(E,,). It should be noted that this is applicable to all
peaks, of course. The combination of both lead to a non-observable 7, as well as not observed
decays to other low-lying levels. An upper limit of 4% to 6% for the contribution of the ~q
transition to the cross section was determined. This contribution depends on the proton beam
energy. Thus, the uncertainties of the cross section evaluation due to unobserved ~-ray transitions
are smaller than the quoted uncertainties for the cross section values.

All possible known ground-state transitions taken from Rerence [160] are listed in Table 4.4. Tt
should be noted that this information has been updated very recently (July 2025). Previously,
only seven ground-state transitions had been documented, marked with an asterisk *. However,
recent findings have expanded this number to twelve ground-state transitions. A re-examination
of the «-ray spectra has been conducted. The levels for the unobserved ground-state transitions
can — in addition to ground-state de-excitations — de-excite to other excited levels, which in turn
de-excite. These de-excitations have not been detected, if not noted otherwise in Table 4.4. In
the following, the data for 86Sr are taken from Ref. [158].

The strongest ground state «-ray transitions, that are visible in the single v-ray spectra for
all proton beam energies, are at 1076.79 keV, 1854.12keV, and 2641.25keV. The order of these
transitions is decreasing in the number of detected ~-ray transitions. The peaks of the first two
were easy to identify in the ~-ray spectra. The de-excitation for the 2§L level at Ex = 2641.25keV
with a y-ray transition of £, = 1564.49keV and a branching ratio of 62 % was used to disentangle
and cross-check the contribution of the direct ground state transition of F, = 2641.12keV. Since
the branching corrected number of counts is supposed to be equal, the procedure is reliable. This
ground state transition is overlaid with a peak at £, = 2645 keV stemming from the 35C1(p, ')
reaction.

Using the v+ coincidence matrices, it can be investigated whether the transitions contribute
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4.4 Data Analysis

Table 4.4: In the literature reported ground-state y-ray transitions in #Sr. The information are taken
from Ref. [158]. Note, that this has been updated very recently (July 2025). Before, there were only
seven ground-state transitions known, marked with an asterisk *, now there are given twelve ground-state
transitions. The «-ray spectra have been looked through anew. The levels for the unobserved ground-state
transitions de-excite also to other excited levels. These de-excitations have also not been observed.

#  Elever [keV] JT E, keV] T [%] Xl Note
0 0* ground state of S°Sr
1 1077 2t 1077* 100 E2 observed
2 1854 2t 1854* 79.2 E2 observed
6 2482 3~ 2482* 0.450 (E3)
9 2641 2t 1564 62 M1+ E2 observed
2641* 100 E2 observed
11 2787 2t 1711 100 M1+ E2
2788* 29 E2
16 2997 3~ 2997* 0.17 E3
31 3430 2t 3430 1.67 E2
40 3687 3~ 3687 0.107 (E3)
47 3871 3~ 3871 <0.47 (E3)
60 4145 (3,4™) 4145 <0.043
104 4409 3~ 4409 <0.068 (E3)
168 7821 (1) 7821* 100

to the cross section and if the states in ®6Sr are at all populated by the (p,v) reaction. For this,
the y-ray transitions are discussed separately in the following. The corresponding ~yy-coincidence
spectra are presented in Figure 4.9.

2481.72 keV: The dominant decay channel for the J™ = 3] state with an excitation energy of
Ex = 2481.30keV is to the 23 state at Ex = 1854.12keV by emitting a 627.56 keV ~-ray. After
applying a gate on the 1854.12keV ~v-ray transition, that de-populates the state, the populating
~-ray 627.56 keV is visible in the coincidence spectra. Therefore, this state is excited by the (p,~y)
reaction. However, the branching ratio of the direct population to the ground state is 0.450 %,
which is too weak to detect and, in addition, should not contribute significantly to the cross
section.

2787.45 keV: This state decays dominantly by emitting a y-ray with an energy of 1710.80 keV
to the 2 state at Ex = 1076.79keV. Applying a coincidence gate on the depopulating 2 state
to the ground state of E2 character should reveal the 1710.80keV v-ray transition. Since there
is no corresponding transition, that is clearly visible, this state was most likely not excited or
populated via the (p, ) reaction.

2997.01 keV: This J™ = 3; state at 2997.01keV decays to the 2] state via the emission of a
1919.91 keV ~-ray with a branching ratio of 100 %. The coincidence spectra hardly show this
transition when applying a gate on the 1076.79 keV ~-ray depopulating the first 27 state. Because
the direct decay to the grounds state with a y-ray of 2997.01 keV has a branching ratio of 0.17 %
and is not visible in the single v-ray spectra, this state is only weakly excited and the contribution
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4 The case of ®Rb

of the ground state transition is negligible.

3429.9 keV: The dominate decay of this J™ = 2% state with a y-ray energy of 2353.5keV of
unknown parity decays with 100 % to the the first 2% state. A gate on the de-population of this
1076.79 keV state does not reveal a clear peak of the «-ray of 2353.5keV. Therefore, this state
is most likely not populated. Since, in addition, the branching ratio of the direct ground state
decay is 1.67 %, this decay does not contribute to the cross section at all.

3686.5 keV: The dominant decay channel for the J™ = 3~ state with a excitation energy of
Ex = 3686.66keV is to the 2f state at Ex = 1076.79keV by emitting a 2609.74keV ~-ray.
Applying a coincidence gate on the depopulating 2 state to the ground state of E2 character
reveals the 2609.74keV ~-ray transition. Since there is no or only a very weak corresponding
transition, this state was most likely not excited or populated via the (p,~) reaction. If there
was a weak population, this state does not contribute to the ground state, because the branching
ratio is only 0.107 %.

3871.2 keV: This J™ = 3~ state at 3871.2keV decays to the 2] state via the emission of a
2794.24 keV ~-ray with a branching ratio of 100 %. A gate on the de-population of this 1076.79 keV
state does not clearly reveal the «-ray of 2794.24 keV, expect for a proton energy of 4000 keV,
wherefore this state is most probably not excited in the (p,~y) reaction with the exception for the
highest proton beam energy. Since the branching ratio of the direct ground state decay is less
than 0.47 % this contribution, if there was an excitation of the state, is negligible.

4144.7 keV: This J™ = (3,47) state has no clear assignment of spin and parity. The dominate
decay to the first 27 state is via emitting a y-ray of 3086.02keV of unknown parity with a
branching of 100 %. No coincident y-ray of 3086.02keV is observed when a gate is applied to
this de-excitation. Since the branching of the direct ground state decay is less than 0.043 %, this
should not contribute to the cross section nor should the state be populated at all.

4409 keV: The excitation energy of this J™ = 3~ state is Ex = 4408.97keV and it decays with
a branching of 100 % to the the 2] state with an excitation energy of 1076.79keV. The decay of
this de-excitation, however, does not reveal a coincidental y-ray with 3332.02keV. The branching
of the direct transition to the ground state is less than 0.068 %, wherefore the contribution to
the ground state of this transition is insignificant.

7820 keV: This highly excited state with J = (1) at Ex = 7821.2keV has various states,
that it branches into. The range of the emitted ~-rays is 4718 keV to 7820keV. None of these
de-excitations are observed in the coincidence spectra. A reason for this could be the quite low
efficiency for «y-coincidences at these high energies. The single y-ray spectra do not show a clear
peak at 7820keV. However, the upper limit of the contribution to the cross section is estimated
as less than 1 %.

The cross section values have been determined with the observed ground state transitions in
86Sr. Figure 4.10 shows the angular distributions to which the Legendre polynomials have been
fitted for a proton energy of E, = 3.4 MeV as an example. Since only one detector is placed at an
angle of 135 %, the uncertainty here is larger due to lower statistics at this position. Around E. =
1854.12keV there is a double peak structure, where at 1847.42keV a line is visible, stemming

from the natural radioactive background originating from the nuclide 2!*Bi. Since this transition
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4 The case of ®Rb

Figure 4.9: yv-coincidence spectra for the different y-ray transitions de-populating states, that also
have ground-state transitions. These ground state transitions have not been observed in the single y-ray
spectra, wherefore the coincidence method was applied. Each column represents the different proton
beam energies. The applied gates are given in the first figure of the line. They are valid for the entire
line. The ~-ray transitions, that are (not) coincidental observed, are discussed in detail in the text.
Information about excitation energies, spins, and parities are adopted from Ref. [158].
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Figure 4.10: Angular distributions to which the Legendre polynomials have been fitted for a proton
energy of E, = 3.4 MeV. The line represents the fit of the the Legendre polynomials to the experimental
data W () obtained in the scope of the analysis.
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4.5 Cross-section Results and Calculations

Table 4.5: Experimental ®*Rb(p,v) reaction cross sections for the different center-of-mass energies.

E.pm. [keV] AEFE.., [keV] o [pb] Ao [ub]

3349 16 162 27
3646 16 321 49
3944 16 518 74

is more dominant than the ground state transition of the (p,v) reaction on ®6Sr and the statistic
at 45° for the 1854.12keV ground state transition is poor, the error of the fit dominates the error
of W(6).

The obtained cross section values are given in Table 4.5. The uncertainties, that contribute,
are the target thickness and charge collection with 12 %, 5% from the detection efficiency, and

6% to 10 % from statistical uncertainties.

4.5 Cross-section Results and Calculations

The experimentally determined °Rb(p,v)8¢Sr reaction cross sections are given in Table 4.5 and
are shown in Figure 4.11. As discussed in Chapter 2, reactions leading to a compound nucleus
with high nuclear level densities are described using the Hauser-Feshbach statistical model, which
is implemented in the TALYS code. For this, many information on the nuclear properties of
involved nuclei needs to be known. These properties include, as explained before, e. g. low-lying
excited states, optical-model potentials for the particle channels, and nuclear level densities and
~-rays strength functions for the photon channel.

An exemplary input file for the TALYS code 2.14 for the calculation utilizing y-ray strength
model 12 and level density model 2 is given below. If not stated otherwise, this input is used for
all different combinations presented in Figure 4.11, only changing the ~-ray strength model and

level density model. The descriptions are taken from Ref. [189].

projectile p

element Rb

mass 85

energy 1.3 5.5 0.010

maxlevelsbin g 40 # number of included discrete levels for given ejectile
xseps 1.0e-18 # limit for considering cross sections

transeps 1.0e-19 # limit for considering transmission coefficients
transpower 20 limit for considering transmission coefficients
popeps 1.0e-22 limit for considering population cross sections

outspectra y

#
#
outdiscrete y # output of cross sections to each individual discrete state
# output of angle-integrated emission spectra
#

outdensity y output of level density parameters and level densities for
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Figure 4.11: Comparison of the experimentally determined cross sections to TALYS version 2.14
calculations. For the calculations the former recommended level density and ~-ray strength function
models, as explained in Section 2.3, are used. As can be seen, no model can describe all cross-section
values, much less two values.

outgamma y
outpopulation y
outgamdis y
outlevels y
channels y

filechannels y

strength 12
ldmodel 2
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each residual nucleus

# output of gamma-ray parameters, strength functioms,
transmission coefficients and reaction cross sections

# output of the population of each compound nucleus

# output of discrete gamma-ray intensities

# output of discrete level information for each nucleus

# calculation and output of all exclusive reaction channel
cross sections

# write the exclusive channel cross sections as a function
of incident energy on separate files

# model for El1 gamma-ray strength function

# model for level densities



4.5 Cross-section Results and Calculations

Contribution [%] _
[0%e] O O (@)
(W) o (9] o

I I I

o
=)
I

~
(9

3.349 3.646

E.m [MeV]
| 076.79 keV W ]854.12 keV mmmm 264121 keV

3.944

Figure 4.12: The different contributions to the population of the ground state from different excited
states of the ®Rb(p, ) reaction at the three beam energies. About 86 % of the observed population of
the ground state stem from the 2} — g.s. transition at E, = 1076.7keV. The v-ray transition at E., =
2641.25keV was not clearly distinguishable from the overlaying peak at E, = 2645keV stemming from
the 35C1(p, p’v) reaction for the highest proton beam energy.

Table 4.6: Experimental **Rb(p, v) reaction cross sections from discrete levels for the different center-
of-mass energies.

Ecm. [keV]  o1076kev (D] O1s5akev (D] 026416y [14b]
3349(16) 133(20) 15.5(24) 4.78(73)
3646(16) 258(40) 24.7(38) 14.6(22)
3944(16) 202(45) 66.6(101)

The different combinations for the recommended models (cf. Section 2.3), for the latter two
are shown in comparison to the experimentally determined values in Figure 4.11. Model 11 of
the y-ray strength does not produce any results®. Due to the limited documentation, the reason
for this remains unknown. As can be seen in Figure 4.11, no model can describe all cross-section
values, and only one can describe two.

The experimental cross sections in comparison to to TALYS version 2.14 calculations utilizing
all recommended v-ray strength and level density models? for the three observed ground state
transitions are presented in Chapter A.1. The corresponding Figures A.1, A.2, and A.3 show, that
the trend of the discrete level cross sections is also not produced by the given models. The values

are given in Table 4.6. The corresponding percentages of the discrete levels contributing to the

3However, it does reproduce results for the 87Rb(p, 7)38Sr reaction. The tables for 8°Rb seem to be corrupted.
4These recommendations are given by the authors of TALYS [124].
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Figure 4.13: Cross sections for ground state transitions obtained by calculations with the TALYS code
2.14. Calculations for states, that are not reported (to have a ground state transition) in Reference [158],
are in gray shades, whereas reported states are displayed in color. The experimentally obtained cross
sections values are shown in comparison. The combination of level density model 5 and ~-ray strength
function 8 is used as an example.

cross section are shown in Figure 4.12. As expected, the greatest percentage with approximately
86 % of the observed population of the ground state stem from the 21+ — g.s. transition at £, =
1076.7keV. The 2] state is populated by a considerable contribution of different y-ray cascades.
As a result, the decay into the ground state shows a more or less isotropic behavior, and the effect
of the angular correlation is rather small, as can be seen in Figure 4.10. The v-ray transition
at B, = 2641.25keV was not clearly distinguishable from the overlaying peak at E, = 2645 keV
stemming from the **Cl(p, p’7) reaction at the highest proton beam energy.

Taking a look at the in TALYS implemented list of levels for 86Sr, there are 113 levels given.
In Ref. [158], there are 132 levels reported. There are levels given, that have not been reported
on in the literature [158]. This applies also for ground state transitions as shown in Figure 4.13.
The cross sections for transitions, that are given in TALYS, but are not reported in Ref. [158], are
in gray shades, whereas the reported transitions are colorful. In comparison, the experimental
cross sections are shown for the observed transitions. The combination of level density model
5 and ~y-ray strength function 8 is used as an example. TALYS [124] predicts a state at Ex =
2499 keV, that show a cross section for the decay to the ground state in between of the observed
transitions of the states Ex = 1854keV and Ex = 2641keV. In addition, these three states are
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Figure 4.14: Cross sections for ground state transitions obtained by calculations with the TALYS code
2.14. Only the cross sections for states, that are observed are shown. The dark blue shows the summed
calculation for the corresponding observed ground state transitions. The combination of level density
model 5 and y-ray strength function 8 is used as an example. The data for the highest proton beam
energy are well reproduced. However, the experimentally obtained cross section seem to drop steeper
than predicted by the model.

located at an approximately similar energy. Note that, in Reference [158], there is a state given
at By = 2498 keV, without any information beside the energy. Since there is no y-ray transition
observed in the single spectra obtained in this experiment, the calculation can not reproduce the
experimental observations. Only for the highest proton beam energy, the calculations and the
experimental data agree well. However, for the lower beam energies the experimentally obtained
cross section seem to drop steeper than predicted by the model. Taking only the calculated cross
sections into account, as shown in Figure 4.14, and summing over them, the cross section is
smaller than the total calculated cross section for the (p, ) reaction. The trend, however, is not
changed.

4.5.1 Varying the Nuclear Level Density parameters

As explained in Chapter 2, there are many parameters, that influence the Hauser-Feshbach
calculations, e. g. the nuclear level density, that is explained in detail in Section 2.2.2. The different
recommended models are displayed in Figure 4.15 by comparing their predicted cumulative

number of levels to experimentally known levels. The calculations are in good agreement with
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Figure 4.15: Cumulative number of levels in 6Sr. The experimentally known levels are taken from
Reference [158]. The predicted number of levels for the five recommended end level density models in
TALYS [124]. They are in good agreement up to an energy of 4 MeV. Level density model 2 predicts a
higher density starting from 3.7 MeV, whereas model 7 predicts the lowest level density above an energy
of 3.2MeV. The results obtained from the other models are similar.

the experimentally known levels up to an energy of approximately 4 MeV. Level density model 2
predicts a higher density starting from 3.7 MeV, whereas model 7 predicts the lowest level density
above an energy of 3.2MeV. The results obtained from the other models demonstrate a high
degree of similarity.

There are microscopic level density models, that can be adjusted quite flexibly with two
parameters. Since level density model 6 is no longer recommended and model 5 is chosen for a
further analysis since it gave consistent results over the last years (see References [194, 232, 233]).
According to Equation (2.27), the parameters ¢ and § are used to adjust the level density, since
the tabulated data are normally not adjusted to experimental data. Both values can be varied
between —10 and 10 in calculations utilizing the TALYS version 2.14 [124]. The default values for
the parameters used in calculations are ¢ = 0.3719 and 6 = 1.4689. The experimentally known
levels and the different level density models seem to agree rather well utilizing the in TALYS
implemented values. Therefore, another approach is followed. The default values, which seem to
fit well for the level density here are varied from 0.360 to 0.380 for ¢ with the keyword ctable and
6 between 1.4590 and 1.4790 with the keyword ptable. These scans of parameters are shown in
Chapter A.2.1. As an example the combination of ¢ = 0.3720 and the different values for ¢ is
shown in Figure 4.16. Varying the parameters in the given range does have a small influence.

The parameters are varied systematically to find the best agreement between the low-lying level
scheme up to energies of 4 MeV. Note, that the level density for energies lower than approximately

2.4 MeV deviate significantly, since the lowest level considered is level number 6. Since the range
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Figure 4.16: The cumulative number of levels for the combination of ¢ = 0.3720 and the different
values for . Below approximately 2.4 MeV the cumulative number of levels deviate significantly. The
experimentally known levels are well described up to circa 4 MeV. The influence of varying ¢ in the given
range of 1.4590 to 1.4790 is negligible.
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Figure 4.17: Cross sections of the **Rb(p, v)39Sr reaction compared to calculations varying ¢ and 6.
The corresponding cumulative number of levels are shown in Chapter A.2.1. It is shown, that the cross
section is rather shifted up or down than increasing steeper, which would be needed to describe the data.

of the parameters is quite narrow, different combinations of parameters lead to very similar results.
It can be seen, that the steepness of the cumulative number of levels varies slightly. This, of
course, influenced the cross section prediction. Figure 4.17 shows the corresponding cross section
to different combinations of ¢ and § as shown in Section A.2.1. The general trend for the cross

sections is still not steep enough that all three values are described.

Therefore, level density model 1 was modified by varying the parameter T' and Ey, as given
in Equation (2.25). The given default values by TALYS are T' = 0.7879581 and Ey = 0.889099.
T was varied between 0.700 and 0.850 and Ej from 0.80 to 0.96. The results of the cumulative
numbers of levels in comparison to the experimentally known levels as well as the calculated cross
sections in comparison to the experimentally obtained ones are shown in Chapter A.2.2. It can

be seen, that the combinations give results for the cumulative number of levels, that agree with
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the experimentally known levels up to 4 MeV. Taking a closer look at the resulting cross sections,
the general trend is still not steep enough that all three values are described.

Since varying two different level density models using two different approaches, the phe-
nomenological constant temperature level density model (CTM) [149, 150] and the microscopic
Hartree-Fock-Bogoliubov model using Skyrme interaction [153], cannot reproduce the cross sec-
tions in the measured energy range, it is assumed, that the nuclear level density is most likely
not the cause for the deviation. Consequently, the next step in the process of describing the data

involves the next ingredient for the calculations: the y-ray strength function.

4.5.2 Varying the ~-ray strength parameters

TALYS provides keywords to adjust v-ray strength functions. There are three scaling parameters
to move the y-ray strength function up and down (ftable), move it left or right (etable) by reading
the y-ray strength function at a different energy, and the wtable parameter, that leaves the v-ray
strength function around its peak the same and has effects below S,, [124]. The parameter wtable
is recommended for adjustment and can be adjusted for the type of radiation with values between
0 to 10. It is stated, that adjusted wtable values are in a 15 %-range of 1 [124]. The values of
wtable for E1, M1 and E2, if possible, have been varied between 0.85 and 1.15 for the default
parameters of ¢ and §, which show a reasonable level density. Examples for this are shown in
Chapter A.3 and in Figures 4.18 and 4.19.

Figure 4.18 shows exemplary a value of wtable = 0.99 for E'1 and variations of £15% for M1
and FE2 for the level density model 5 and the «-ray strength function 8. The influence of the latter
two is insignificant in the energy region of interest. Varying the E1 strength has the greatest
impact and shifts the cross sections up the greater wtable is. It does not change the steepness
how the cross section changes with energy.

~-ray strength function 9 is used in Figure 4.19. Since this function is not tabulated, it does
not have a consistent M1 strength as explained in Section 2.2.3, wherefore only the E1 strength
can be affected with the keyword wtable. As for level density model 5, the shape is not changed
and a greater value shifts the cross sections up.

Again, neither a microscopic approach utilizing ~-ray strength model 8 [186] nor the phe-
nomenological model 9 [184] are changed in a way with the keyword wtable that the data are
described in a better way. Therefore, the sensitivity for the different widths is contemplated to

gain a better understanding of the deviation between the data and the different models.
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Figure 4.18: Varying the ~-ray strength function for strength model 8 with help of the parameter
wtable. The influence of traditionally varying M1 and E2 is negligible. Varying E1 shifts the cross
sections up and down and does not change the shape in the energy region of interest.
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4 The case of ®Rb

4.5.3 Sensitivities to different Widths

Figure 4.20 shows the different absolute values of the sensitivities for when the v, neutron (n),
proton (p), and « widths are varied by a factor of two. Also shown in the neutron threshold
(vertical line) as well as the Gamow window (dark shaded area), and the experimentally covered
energy range (striped area). The cross sections in the experimentally covered area are approxi-
mately equally sensitive to variations in the different widths with exception to the o width. These
widths cannot be changed with a parameter in the TALYS code unfortunately. However, there are
certain quantities, that have an impact on different widths. The nuclear level density and the
~-ray strength function have an influence on the y-widths [110]. The optical model potentials
and properties of the different states influence the particle widths [110]. As can be seen in Figure
4.20 in the astrophysical relevant energy window below the (p, n)-threshold, the cross sections are
determined by the proton width. In the experimentally covered energy window, the cross sections
are additionally sensitive to the v and neutron widths [110]. Since varying different aspects of
the nuclear level density and the y-ray strength function did not solve the discrepancies between
the data and the model calculations, the assumption is, that the optical model potential might
cause the deviation.’

4.5.4 Optical model potentials

The uncertainty regarding the role of different widths in explaining the difference between
experiment and prediction can be partially resolved, because the proton width has been accurately
measured in a previous study of the 35 Rb(p, n)3¢Sr reaction [111, 140]. Earlier findings had led to
a proposal to adjust the proton optical model potential (JLM) [137], which increases the isovector
imaginary part of the potential by 70 % in order to reproduce (p,n) and (p, ) reaction data [234].
Note, that all the calculations in the References were performed utilizing the NONSMOKER code
[235]. In Reference [236], a comparison between calculated and experimentally obtained cross
sections is shown. The calculations seem to agree well with the calculation, maybe underestimating
the experimental data a bit. The comparison of the experimental S-factor to calculations shows
a greater deviation, which is resolved using the modified JLM potential [111, 140, 236]. It should
be noted, that the 8°Rb(p,n) cross section is predominantly sensitive to variations in the proton
width in the energy range covered. This is a discrepancy to the (p,y)-reaction that is additionally
sensitive to the v and neutron widths as shown in Figure 4.20. The default optical model potential
implemented in the TALYS code [124] is the one of Koning and Delaroche [129]. This has been
used up to now for the different calculations presented above.

5In most proton-induced experiments over the last years (see References [192, 194] and references therein), the
optical model potential by Koning and Delaroche provided a good agreement with the experiments, wherefore
varying this is considered as a last resort.
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Figure 4.20: Absolute value of the sensitivity of the 3" Rb(p,v)%¢Sr laboratory cross section, when
the 7, neutron (n), proton (p), and o widths are varied by a factor of 2, as a function of center-of-mass
energy. The data are taken from Ref. [110]. The dark shaded area represents the Gamow window for a
typical y-process temperature of 3 GK. The vertical line shows the location of the neutron threshold. The
striped area shows the experimentally covered energy region. The cross sections, that are experimentally
obtained are approximately equally sensitive to changes in the proton, neutron, or v widths. This,
however, can not be changed as a parameter in TALYS unfortunately.

4.5.5 The Koning and Delaroche Optical Model potential

Due to the dependence of the (p,~y)-reaction on both - and neutron-widths, and the fact, that
the (p,n)-reaction data are not well reproduced either, varying this potential alone might not
resolve the discrepancy between experimental data and theoretical cross section predictions for
the (p,v) data. Unfortunately, there is no clear guidance provided on how to locally adjust
the phenomenological optical model potential by Koning and Delaroche [129] — the default
option in TALYS— to achieve a consistent description of (p,n) and (p,~) data. Although a local
parametrization for the neutron optical model potential exists and is implemented in the code,
no corresponding local parameterization is available for protons [129]. This suggests that the
global proton potential may not adequately describe the 8°Rb nucleus, resulting in the observed
discrepancies between calculated and measured cross sections.

Consequently, a thorough examination of this potential is conducted. Since the (p,y) reaction
depends on three different widths in the studied energy region, the difference utilizing the Koning
and Delaroche optical model potential [129] for cross section calculations to experimentally
observed (p,n)-data are shown in Figure 4.21. It can be seen, that the potential overestimates
the predicted cross sections compared to the data. As described in Section 2.2.1, the complete
optical model potential of Koning and Delaroche [129] consists of several individual potentials.
In total, TALYS provides 27 adjustable parameters for this model. Since this potential is split
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Figure 4.21: Utilizing the Koning and Delaroche optical model potential for comparing calculated
cross sections to experimentally obtained (p,n)-data for different combinations of y-ray strength models
and nuclear level density models. As the calculations utilizing the JLM optical model potential [137], the
predicted cross sections are again very similar for the different combinations and are overestimated in
the energy region shown.
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Table 4.7: The different parameters affecting the imaginary part of the optical model potential of
Koning and Delaroche [129].

Affected Potential Parameter keyword
Volume-central Wy (E, r) rw, aw, wl, w2
Spin-orbit Wso (E,r) rwso, awso, wsol, wso2

Surface-central Wp(r, E) rw, aw, d1, d2, d3

into imaginary and real parts as the JLM [135] potential, the assumption is made, that varying
the imaginary part for this potential can also help to better describe the data as explained above.
This reduces the parameters to 13. Taking a closer look in the TALYS description shows, that six
parameters out of 13 describe the diffuseness a; and the radius r; of the nucleus as presented in
Equation (2.19), which are given as not energy dependent but depend on the mass number A
and are other than that constants for the volume-central, the spin-orbit, and the surface-central
potential. Three of the remaining seven parameters directly scale the aforementioned potentials.
For the remaining four, three influence the potentials in an inverse quadratic way (o< 1/22) and
one influences the surface-central potential in a exp(—d) way. The local neutron optical potential
from [129] is used for neutrons, while the global parameterization is employed for protons, since
no local fit exists for this case.

Table 4.7 summarizes the keywords used to modify the imaginary components of the KD
potential. As discussed in Section 2.2.1, for scattering energies below 10 MeV, projectile absorption
occurs mainly near the nuclear surface. Therefore, the surface-central potential Wp(r, E) is
expected to dominate in the present energy range.

All parameters were scaled within the range = 0.5-2.0 using the keywordadjust projectile
x command in TALYS, which multiplies the internal default value by = without requiring explicit
knowledge of the original parameter value. The r and a parameters the rest are varied together for
each part. This leads to the examples given in Figures 4.22 to 4.27. An overview of the remaining
calculations are presented in Sections A.4.1 to A.4.5. The most pronounced sensitivity occurs
for parameters related to the surface-central potential (rwd, awd, d1-d3), verifying the expected
influence of Wp(r, E) at low projectile energies. Variations of the volume-central parameters (rw,
aw) produce only moderate shifts in absolute cross-section values, while changes in the spin—orbit
terms (rwso, awso, wsol, wso2) have negligible impact.

Although the overall magnitude of the predicted cross sections can be influenced to some
extent, none of these variations succeeds in reproducing the experimental data, indicating that

imaginary-part adjustments alone are insufficient.
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Figure 4.22: Varying the parameters rw and aw utilizing the TALYS [124] code version 2.14 in
comparison to experimental obtained (p,n)-reaction cross sections from References [140, 237, 238].
Shown exemplary is rw = 1.5 with varying aw between 0.5 and 2.0. It is shown, that the main effect is a
small up and down shift of the calculated cross sections.
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Figure 4.23: Varying the parameters wl and w2 utilizing the TALYS [124] code version 2.14 in
comparison to experimental obtained (p,n)-reaction cross sections from References [140, 237, 238].
Shown exemplary is wl = 0.7 with varying w2 between 0.5 and 2.0. It is shown, that the effect is
negligible for the calculated cross sections.
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Figure 4.24: Varying the parameters rwso and awso utilizing the TALYS [124] code version 2.14 in
comparison to experimental obtained (p, n)-reaction cross sections from References [140, 237, 238]. Shown
exemplary is rwso = 1.7 with varying awso between 0.5 and 2.0. It is shown, that the effect is negligible
for the calculated cross sections.
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Figure 4.25: Varying the parameters wsol and wso2 utilizing the TALYS [124] code version 2.14 in
comparison to experimental obtained (p, n)-reaction cross sections from References [140, 237, 238]. Shown
exemplary is wsol = 0.7 with varying wso2 between 0.5 and 2.0. It is shown, that the effect is negligible

for the calculated cross sections.
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Figure 4.26: Varying the parameters rwd and awd utilizing the TALYS [124] code version 2.14 in
comparison to experimental obtained (p, n)-reaction cross sections from References [140, 237, 238]. Shown
exemplary is rwd = 1.3 with varying awd between 0.5 and 2.0. It is shown, that the effect is shifting the
the calculated cross sections up with increasing the value of the awd parameter.
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Varying the parameters d1, d2 and d3 utilizing the TALYS [124] code version 2.14 in

Figure 4.27

comparison to experimental obtained (p, n)-reaction cross sections from References [140, 237, 238]. Shown
exemplary is d1 = 0.8 with varying d2 and d3 between 0.5 and 2.0. The effect is most prominent for the

energy range 3MeV to 8 MeV, where it influences how steep the calculated cross sections change.
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This leads to the conclusion, that the parameters of the real part of the proton optical model
potential should be examined closer. The respective parameters are given in Table 4.8. The
range to scale the parameters are the same as given above and are varied in a similar way as the
parameters for the imaginary part.

As for the imaginary part of the potential, varying the different parts of the real part vary
the cross sections differently. Among the real-part parameters, the strongest influence on the
calculated cross sections arises from variations of rv, av, and vl. In contrast, modifications of
the spin—orbit (rvso, vsol, vso2) and volume terms (v2, v3, v4) yield negligible changes. The
parameters rvd and avd are also varied and show a change in the cross sections. However, they are
normally kept at the default value in standard TALYS calculations and, thus, are not considered
further [124]. The effect of varying rc is shown in Figure 4.28. As can be seen, the effect is not
too strong and supporting that the description for the Coulomb term is valid. The variation of all
other parameters described above are shown for chosen combinations in Sections A.4.6 to A.4.11.

It is worth noting, that there are combinations when varying rv together with av, that lead to a
description of the experimental cross sections of the (p,n)-reaction. However, when investigating
the influence on the cross section predictions of the (p,)-reaction, they do not describe the trend
of the data as presented in Figure 4.29. This demonstrates that constraining the potential using
only a single reaction channel is insufficient. Multiple channels must be simultaneously considered
to properly define the model parameters.

To explore potential correlations, rv, av, and vl were next varied together to see the simulta-
neous effect this has on the cross sections. This was chosen since varying these parameters alone
achieve a fitting of the low lying experimental data, which is not given varying the remaining
parameters regarding both potential parts, real and imaginary. rv is varied between 0.5 and
1.5, av between 0.5 to 1.3, and vl between 0.5 and 2.0. This is presented Section A.4.12 for
the different combinations of values rv, av, and v1. Varying all three parameters together lead
to an improved fit to the data, but fails to describe the cross sections for the different reaction
channels at once as presented in Figure 4.30. Consequently, the imaginary component must also

be included to achieve a consistent description.

Table 4.8: The different parameters affecting the real part of the optical model potential of Koning
and Delaroche [129].

Affected Potential Parameter keyword
Volume-central Vi (E,r) rv, av, vl, v2, v3, v4
Spin-orbit Vo (E,r) rvso, vsol, vso2

Coulomb V¢ (r) re
Surface-central (7) rod*, avd*
X

usually not used
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Figure 4.28: Varying the parameter rc utilizing the TALYS [124] code version 2.14 in comparison to
experimental obtained (p,n)-reaction cross sections from References [140, 237, 238]. The variation seems
to influence the calculated cross sections not too much. It is assumed that the description of the Coulomb
potential part in the optical model potential is valid, wherefore this is not considered in the following.
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Figure 4.29: Combinations of rv and av that reproduce the (p,n) data (upper) but fail to describe the
(p,7) data (lower). The predicted (p,~y) cross sections exhibit a slope that is not steep enough compared
to the experimental trend. This demonstrates that comparing only a single reaction channel is insufficient,
wherefore multiple reaction channels need to be considered to properly constrain the model parameters.
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Figure 4.30: Combinations of 7v, av and vl that predict cross sections of the (p,n) data (upper), but
fail to reproduce the cross sections of the (p,v) data (lower). The predicted (p,~) cross sections exhibit
a slope that is not steep enough compared to the experimental trend. Therefore, additional parameters
need to be taken into account.
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A subsequent analysis therefore varied rwd, awd, d1, d2, and d3 simultaneously. This adjust-
ment improved the fit to the data, but fails in describing the cross sections at low and high
energies at once. These variations are shown in Section A.4.13. Among these, the awd parameter
again showed the largest impact, consistent with previous results for the surface-central term.

As a consequence, all eight parameters, that have been varied together in different sub-
combinations are now varied at once to see the total influence it has on describing the data.
For this, each parameter was varied in steps of 0.15 in the range of 0.85 to 1.15. The different
combinations that resulted in describing the (p,n) data are presented in Section A.4.14. An
exemplary combination is shown here in Figure 4.31. Although many combinations result in a
good cross section prediction of the (p,n) data, non of them predict the cross sections of the
(p,~y)-reaction. However, an improvement of describing the two different reaction channels is
definitely made.

Taking a step back from varying eight parameters simultaneously, a final approach was to adapt
the model by varying only the parameters rwd, awd, rv, and av in order to investigate their
direct influence on the predicted cross sections. Each parameter was varied in steps of 0.2 within
the range from 0.5 to 2.0. This approach yielded two parameter combinations for which the
predicted cross sections almost reproduce both experimental datasets for the different reaction
channels, as presented in Figure 4.32. A finer parameter grid and the inclusion of additional
variables could further improve the agreement. However, with 27 parameters and a vast number
of possible combinations, such an optimization becomes computationally demanding and beyond
the scope of this work.

In summary, the systematic variation of the Koning and Delaroche [129] optical model potential
at low energies reveals clear limitations of the global parameterization when applied to proton-
induced reactions on ®Rb. While adjustments of the surface and volume terms can improve
the agreement with (p,n) data, no single parameter set reproduces both (p,n) and (p,~) cross
sections simultaneously. The analysis indicates that the surface-central potential, particularly
the diffuseness parameter awd and the real volume parameters r, and a, have the strongest
influence on the calculated results, emphasizing the need for improved constraints on the proton
optical model potential for 8°Rb. The results underscore that purely phenomenological scaling of
the existing global potentials is insufficient. Instead, dedicated optical model potential studies
and complementary elastic-scattering data are required to achieve a consistent and predictive
description of both reaction channels in this mass region.

The analysis of the phenomenological Koning and Delaroche [129] optical model potential has
shown that, despite its flexibility, the adjustment of up to 27 interdependent parameters remains
computationally demanding and does not yield a consistent description of both reaction channels
with the tested parameter combinations. To overcome these limitations, the focus is now shifted
to the microscopic JLM optical model potential [135, 136], which is derived from nucleon—nucleon
interactions in nuclear matter and thus offers a more physically grounded framework with fewer

effective parameters to vary.
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Figure 4.31: Exemplary parameter combinations describing the (p,n) data obtained by varying
eight parameters of the Koning—Delaroche optical model potential, together with their corresponding
predictions for the (p,~) data. Although several parameter combinations yield comparable agreement for
the (p,n) data, none successfully reproduce the experimental (p,~y) results.
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Figure 4.32: Variation of the parameters rwd, awd, rv, and av of the Koning—Delaroche optical model
potential to investigate their direct influence on the predicted cross sections. Each parameter was varied
in steps of 0.2 within the range from 0.5 to 2.0. Two parameter combinations were found for which the
predicted cross sections almost reproduce both experimental data sets for the (p,n) and (p, ) reaction

channels.

90



4.5 Cross-section Results and Calculations

4.5.6 The JLM optical model potential

Because the implemented 7-ray strength function and the nuclear level density significantly
influence the cross section predictions, especially for (p,y)-reactions, these parameters were varied
in the same way as before (cf. Figure 4.11) utilizing the JLM optical model potential for cross
section calculations comparing both the experimentally obtained (p,n)- and (p,y)-cross-section
data as shown in Figures 4.33 and 4.34. The (p,n)-cross section data from References [234, 237,
238] in the energy range below 8 MeV presented in Figure 4.33 are overpredicted. It is, however,
interesting, that both the JLM [137] and the Koning and Delaroche [129] (cf. Figure 4.21) optical
model potential over estimate the cross sections for the (p,n)-reaction compared to the data in
Reference [140] in their default settings. Note, that the data obtained in Reference [238] show
significant scatter due to large uncertainties in the beam energies and the cross sections and,
therefore, are not used for the comparison directly. They serve as a lower limit when varying
the model parameters. The different combinations of y-ray strength models and nuclear level
density models give nearly similar results. This is a contrast to the (p,~)-data obtained in this
thesis and presented in Figure 4.34. These combinations give very different results, deviating up
to an order of magnitude. The obtained data are not described by one combination, since the
experimentally determined cross section has a much steeper trend than the combinations predict.
In the experimentally investigated energy region, the general trend is similar to the predictions
for the optical model potential by Koning and Delaroche [129] as presented in Figure 4.11.

Since the optical model potential JLM implemented in the TALYS code has some freedom to
be adjusted, different keywords influencing the imaginary and real part of the potential have
been investigated. The keywords are lwadjust, lwladjust, and lwsoadjust being multiplication
factors to the implemented default values in a range from 0.5 to 1.5 and serve as normalization
factors for the imaginary central potential, the imaginary isovector potential, and the imaginary
spin-orbit potential, respectively [124]. The respective real parts are described by the same
keywords by exchanging w with v. Note, that with the given range, an adjustment with a factor
1.7 as described above is not possible. Reference [234] states, that adopting the original real
strength a bit lead to the best agreement for (p,n) and (p,v) data in their study. The number
of keywords compared to the Koning and Delaroche model is significantly lower, which reduces
computing time.

Be aware, that the variation of the real and imaginary parts of the central potential through
the parameters lvadjust and lwadjust represents a local adjustment of the JLM optical model
to the experimental data in the astrophysically relevant energy range. This approach follows
the general philosophy of Bauge et al. [137], where the global normalization factors of the real
and imaginary, isoscalar and isovector components of the potential were iteratively tuned to
reproduce proton and neutron elastic scattering, quasielastic (p,n), and reaction data in the
20MeV to 50 MeV range. In contrast to that global optimization, the present work explores
localized variations of the real and imaginary normalization factors to improve the agreement with
reaction cross sections at low energies, where the model is less constrained. Due to the absence
of experimental elastic-scattering data for the studied nucleus, these parameter adjustments
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Figure 4.33: The comparison is performed between the optical model potential JLM [137] explained
in the text and the (p,n)-data obtained in References [140, 237, 238]. The cross sections in the energy
range below 8 MeV are overpredicted. The data from Reference [238] is scattering a lot due to large
uncertainties both, in the energy and the cross section. Therefore, the calculated cross sections are
compared to the data in References [140, 237], which seem to predict the trend of the cross sections more
reliable. The combinations of level density models and 7-ray strength models were chosen according to
the recommendations in Section 2.3. It is worth noting, that all the models give nearly similar results
with the same deviation from the experimental data.
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Figure 4.34: The comparison is performed between the optical model potential JLM [137] explained in
the text and the (p,~y)-data obtained in this thesis. The combinations of level density models and ~-ray
strength models were chosen according to the recommendations in Section 2.3. It is worth noting, that all
the combinations give very different results, deviating up to an order of magnitude. The general trend up
to 4.5 MeV is similar. At higher energies some models predict a more constant cross section than others.
The obtained data are not described utilizing one combination. In the experimentally investigated energy
region, the trend is similar to the predictions for the optical model potential by Koning and Delaroche
[129] as presented in Figure 4.11.

93



4 The case of ®Rb

10° —s
- T
102 35Rb(p,n)®Sr N
10' = -
— E 4
@ - 1
=100 E
45 = ]
& 1: TALYS 2.14 -
107 £ Iwadjust x 1.5=
102 E
10-3 T | T T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T
2 3 4 5 6 7 8 9 10
E [MeV]
————— L1SF8 —— L2SF 10 w L5 SF12 -=~ L8SF9
- L1SF9 ---- L2SF11 --- L7SF8 — L8SF 10
—— L1SF10 L2SF12 -=L7SF9 ---- L8SF11
--L1SF11. === L5SF8 — L7SF10 --- L8SF 12
""""" L1SF12 --=-L5SF9 ---- L7SF11 —=— Kiss 2008 tot.
----- L2SF8 —— L5SF 10 L7SF12 —— Kastleiner 2002
-=L2SF9 ----L5SF11. -~ L8SF8 —6— Levkovskil991

Figure 4.35: The influence of varying the imaginary central potential with lwadjust = 1.5 on the cross
sections for the (p,n)-reaction. The cross sections are lower compared to not adjusting the imaginary
central potential. The overall trend of the cross section calculations is in agreement with the trend of
the experimentally obtained cross sections. However, the predictions overestimate the experimental data
of Kiss [140].

cannot be independently validated, and their applicability remains limited to a phenomenological
refinement within the framework of the JLM potential. Nevertheless, such localized tuning
provides valuable insight into the model sensitivities and may guide future experimental efforts,
particularly elastic-scattering measurements that would allow a more direct constraint of the
optical potential at astrophysical energies.

The influence of varying the imaginary central potential with lwadjust = 1.5 on the cross
sections for both reactions is shown in Figures 4.35 and 4.36. The cross sections are shifted a bit
down for both reaction types. However, this adjustment still does not describe the experimental
data. The overall trend in Figure 4.35 is good. The steepness of the experimental data presented
in Figure 4.36 is still not represented by the model calculations. Changing the imaginary central
potential alone, does not solve the differences between the data and the model calculations.

Varying the real central potential as a whole leads to a significant reduction of the calculated
cross-section values. In the present case, both data sets (cf. Figures 4.37 and 4.38) are better
reproduced when the real central potential is increased. In general, the agreement with the

experimental data improves for lvadjust values greater than the default of 1. In addition to the
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Figure 4.36: The influence of varying the imaginary central potential with lwadjust = 1.5 on the cross
sections for the (p,~)-reaction. Compared to not adjusting the JLM potential at all, the cross sections
are lower. Since the general trend is not changed, the steepness of the experimental data are still not
reproduced by the cross section calculations utilizing this adjustment.
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Figure 4.37: The influence of varying the real central potential with lvadjust = 1.5 on the cross
sections for the (p,n)-reaction. Again, the calculated cross sections are lower for the lower half of the
shown energy region compared to not adjusting the imaginary central potential. The predictions describe
the experimental data of Kiss [140] within their uncertainties. The calculations would fit the experimental
data better if the trend of the predicted cross sections were steeper around 2.5 MeV and slightly flatter
around 4 MeV.

overall lower cross-section predictions for the lower half of the shown energy region, the shape of
the calculated (p,~y) cross sections changes towards a steeper energy dependence, which follows
the experimentally observed trend much more closely. However, none of the tested combinations
of level-density models and ~-ray strength functions is able to fully reproduce the experimentally
obtained (p, v)-data.
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Figure 4.38: The influence of varying the real central potential with lvadjust = 1.5 on the cross
sections for the (p,y)-reaction. Compared to not adjusting the JLM potential at all, the cross section
predictions are reduced for the lower part of the shown energy range. The general trend is changed,
the steepness of the experimental data are reproduced by the cross section calculations utilizing this
adjustment. However, still no single combination of level density model and ~-ray strength function
describes the obtained data.
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Figure 4.39: Scaling of the real and imaginary parts of the central potential by a factor of 1.5
using the parameters lvadjust and lwadjust for (p,n)-reaction. This reduces the agreement between the
predictions and the data in the energy range of 3 MeV to 4 MeV. Up to 3 MeV, the experimental data
and the predictions agree within the uncertainties.

As a next step, both the real and imaginary parts of the central potential were scaled by a factor
of 1.5 using the parameters lvadjust and lwadjust. The results are shown in Figures 4.39 and 4.40.
The predicted cross sections for the (p, n) reaction are significantly lower, as shown in Figure 4.39.
Up to 3MeV, the experimental data and the predictions agree within the uncertainties. Between
3MeV to 4 MeV, however, the calculated cross sections exceed the experimentally determined
values, resulting in a slope that is too steep. Taking a closer look at Figure 4.40, the (p,v) data
are now described by three different combinations of level density models and ~-ray strength
functions, namely ldmodel 1 and strength 8, ldmodel 5 and strength 8, and Idmodel 7 and
strength 8. The combination of level density model 5 and ~-ray strength model 8, since they
show a good agreement to the data as presented above, strengthens its reliable predictions in
experiments over the last years ([194, 233]). Up to an energy of 4 MeV, these combinations show a
very similar trend. Above 4 MeV, they reach their respective maximum cross sections at different
energies. Due to the limited energy range covered in this experiment, it cannot be determined
which combination provides the best overall description of the data.
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Figure 4.40: Scaling of the real and imaginary parts of the central potential by a

factor of 1.5 using

the parameters lvadjust and lwadjust for (p,~)-reaction. Up to an energy of 4 MeV, these combinations
show a very similar trend. Above 4 MeV, they reach their respective maximum cross sections at different

energies. Due to the limited energy range covered in this experiment, it cannot be
combination provides the best overall description of the data.

determined which
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4 The case of ®Rb

Since the calculated (p,n) cross sections are not in agreement with the data from Reference
[140], overestimating the experimental values in the measured energy range, the combination of
ldmodel 5 and strength 8 was selected for systematic variation of lwadjust and lvadjust in steps
of 0.1. The influence of the parameter combinations on cross section predictions are presented in
Chapter A.5. Those yielding consistent results for both the (p,n) and (p, ) reactions are shown
in Figures 4.41 and 4.42. A good agreement is obtained for lwadjust values between 1.0 and 1.4
and lvadjust = 0.6.

A finer parameter scan, varying lwadjust between 1.0 and 1.4 in steps of 0.05 and lvadjust
between 0.5 and 0.7 in steps of 0.02, indicates the best agreement for lwadjust values between
1.20 and 1.40 at lvadjust = 0.60. Unfortunately, no elastic-scattering cross-section data are
available to confirm or challenge any of these parameter combinations.

In summary, the systematic study of the JLM optical model potential in the low-energy regime
relevant for the y-process has demonstrated to be more efficient that the study of the Koning and
Delaroche [129] optical model potential. The JLM model provides a reasonable overall description
for the trend of the (p,n) data, but overestimates them in the energy region between 2 MeV
to 4MeV and does not reproduce the general energy dependence of the measured (p,v) cross
sections when used in its default settings. None of the tested combinations of level density and
~-ray strength models achieves a consistent description of the experimental results.

The variation of the real and imaginary normalization factors (lvadjust, lwadjust) reveals a
strong influence on the calculated cross sections. Local adjustments can improve the agreement
with experimental data in certain energy intervals, yet they cannot simultaneously describe both
reaction channels with a single parameter set, when only varying lwadjust or lvadjust. This
underlines that the standard JLM potential — originally optimized for higher energies — may
require further refinement or energy-dependent modifications to reliably describe reactions at low
energies.

The lack of experimental elastic-scattering data for the studied nuclei prevents an independent
validation of the adjusted parameters. Consequently, the present variations should be seen as a
sensitivity analysis rather than a full re-parametrization of the potential. Nonetheless, the results
highlight which parts of the model have the strongest influence on the calculated reaction cross
sections.

Overall, the adjustment of the JLM potential improves the agreement with the measured
cross sections, yet a consistent description of both (p,n) and (p,v) data remains challenging,

highlighting the need for further experimental and theoretical constraints in this mass region.
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Figure 4.41: Scaling of the real and imaginary parts of the central potential by a factor of 0.6 for the
real part (lvadjust) and by factors between 1.0 and 1.4 for the imaginary part (lwadjust) for the (p,n)
reaction. The predicted cross sections show minor variations in the energy range of 3 MeV to 6 MeV,
while overall they are in good agreement with one another.
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Figure 4.42: Scaling of the real and imaginary parts of the central potential by a factor of 0.6 for the
real part (lvadjust) and by factors between 1.0 and 1.4 for the imaginary part (lwadjust) for the (p, )
reaction. The predicted cross sections show minor variations in the energy range of 2 MeV to 3 MeV and
greater variations starting at 5 MeV.
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4.6 Summary %Rb

4.6 Summary 3°Rb

To summarize this Chapter: The analysis of the 8°Rb(p,v) reaction brought many different
challenges. The first was the deterioration of the target during the experiment. This could
be taken into account during the analysis by determining the ratio of the vy-ray transition at
767.4keV in *Sr [224] to the 279keV ~-ray transition of the Coulomb excitation in *?7Au [225]
in order to normalize the reaction yield. Since the target was produced with RbCl, there are
many reactions, that contribute to the beam induced background, sometimes overlaying peaks
stemming from the reaction of interest. This increases the challenge since the cross sections of
interest are in the order of ub. Only twelve ground-state transitions are known, from which three
were observed in this experiment. Nevertheless, results for the cross sections could be determined
and were compared to TALYS calculations.

Since none of the different combinations of level density models and y-ray strength in their
default setting was able to describe the data, a thorough examination of both has been performed.
This did not lead to an adequate description of the data, wherefore the sensitivity to different
widths were looked at. This resulted in the last resort of varying the optical model potentials,
both the phenomenological Koning and Delaroche [129] as well as the semi-microscopic JLM
[135] optical model potential. The variation was utilized using (p,n) cross section data from
References [140, 237, 238] in addition to the obtained (p,v) data from this thesis. The (p,n)
data are mostly sensitive to variations in the proton widths in the energy region. Therefore, this
helps to constrain the optical model potential more reliable than only considering the (p, ) data,
which are additionally sensitive to the v and neutron widths. The modulation of the Koning
and Delaroche [129] with its 27 parameters turned out to not give suiting results easily. Since
the parameter space is huge, the calculations take time when varying many parameters at once.
It was found, that many variations lead to a decent description of the (p,n) data, but fail to
reproduce the (p,7) data simultaneously. Therefore, adapting the Koning and Delaroche [129]
optical model potential was not investigated further and instead the semi-microscopic JLM [135]
optical model potential was utilized to align both (p,n) and (p,~y) cross section predictions with
the experimentally obtained data. This model has a much lower parameter space of only six,
making calculations faster. For this model, there are also suggestions on how to adapt it to (p,n)
and (p,~) data as presented in References [140, 234]. This quickened the search for a parameter
combination that fit both the experimental (p,n) and (p,7) cross sections. A publication with L.
Netterdon on the results of the 85Rb(p,~) study is in preparation.
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The case of 8'Rb

In the context of this thesis, the charged-particle capture reaction 3"Rb(p,~)®Sr has been
examined using the in-beam technique with HPGe detectors. Measurements were performed
using the y-ray spectrometer HORUS, which is presented in detail in Chapter 3. The re-designed
chamber and the NuDAQ system were utilized for this campaign in February, 2021. Following
a thorough description of the experimental procedure and data analysis, the total cross-section
results for the 8"Rb(p,7)®8Sr reaction are presented. The experimental data are then compared
to Hauser-Feshbach calculations, after which the astrophysical impact is discussed. Some of these
aspects are discussed in the publication presented in Section 5.1 [239].

The 87Rb(p, ) reaction is located in a mass region where the abundances of the p-nuclei are
not well reproduced by reaction-network calculations. To gain a better understanding of the
astrophysical scenarios and the underlying physics, this reaction is investigated. So far, there is
no reported data on this reaction. In addition, this reaction helps to complete the systematic
studies of the N = 50 isotonic chain, where — for now — the only proton-capture reaction on

stable isotopes that has not been measured yet, is *Kr(p, 7)3"Rb.

5.1 Publication I: Total cross sections of the 3" Rb(p,~)%®Sr

reaction measured via in-beam gamma-ray spectroscopy

This monograph thesis contains the following publication, which has been published in the peer-
reviewed journal The Furopean Physical Journal A. It is part of a more systematic measuring
campaign in the A &~ 85 mass region, where (p, ) reactions are investigated. The study has been
planned by F. Heim. The target was produced by A. Blashev. The experiment was carried out
by S. Wilden as the main spokesperson, and with the help of F. Heim and M. Miiller. S. Wilden
is the main author of the publication and did all the data analysis, which contains the sorting of
the raw data, constructing yvy-coincidence matrices, and the determination of the beam intensity,
and wrote the first complete draft of the manuscript. The RBS measurement was carried out by
the RUBION facility in Bochum, Germany, after the measurement in Cologne showed diffused
layer. M. Miiller and A. Zilges contributed with discussing the results and improving, especially,
the comparison to TALYS calculations. B. Machliner, M. Miiller and A. Zilges did proof reading.
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Abstract The 3'Rb(p, ¥)%8Sr reaction was measured for
the first time at astrophysically relevant energies in an in-
beam experiment at the high-efficiency HPGe y-ray spec-
trometer HORUS at the University of Cologne. To determine
total cross sections of the 87Rb(p, y)®8Sr reaction, proton
beams at six different energies between E, = 2.0 MeV and
5.0 MeV were provided by a 10 MV EN tandem accelerator,
spanning nearly the entire Gamow window relevant for the
astrophysical y -process. These total experimentally obtained
cross sections were then compared to calculations performed
using the TALYS 2.0 code. In comparison, the measured total
cross-sections are found to be lower than those predicted by
different models used as input parameters for the TALYS 2.0
code for E;, = 2.0 MeV to 3.5 MeV.

1 Introduction

The majority of nuclei heavier than iron are produced via neu-
tron capture processes. These processes bypass the so-called
p-nuclei, a set of 35 stable, neutron-deficient nuclei [1]. The
p-process describes a variaty of processes that account for
the production of the p-nuclei. One of these is the y-process
which is mainly responsible for producing p-nuclei via dif-
ferent combinations of photodisintegration reactions such as
(v, p), (¥, n) and (y, @). The number of involved reactions
for describing the synthesis of p-nuclei is often higher than
10 000. The most favoured sites for this process, where the
required temperatures of 2 GK to 3 GK for photodisintegra-
tion reactions are reached, are O-Ne layers of type II super-
novae [2,3].
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However, lighter p-nuclei in the A ~ 90 mass region, such
as 9*Mo, are significantly underproduced [4]. A process that
has been proposed to resolve this issue is the vp-process [5].
The p-nuclide *>Mo lies in the N = 50 isotonic chain and
shields °2Nb, an extinct radionuclide, from being produced in
the rp- and vp-processes [6], if one neglects (n, p)-processes.
Recently, the influence of exploding massive stars has been
discussed [7].

As the 8Rb(p,y) reaction is also located in the A ~
80— 100 mass region as five of the p-nuclei and as °>Mo in the
N =50 isotonic chain, the results might help to understand
the production mechanisms of those and help to improve the-
oretical model calculations by constraining the cross sections
and the input parameters in this mass region relevant for the
p-process. The latter is crucial since statistical model calcu-
lations are often the only way to predict the cross sections for
all the reactions involved in the huge network of reactions.
As sensitivity studies show, there is a strong (y, n) and (y, p)
flux towards the N = 50 isotonic chain followed by a series
of (y, p) photodisintegrations [8].

When calculating the stellar reaction rates from cross-
sections it needs to be taken into account that due to high
temperatures in a stellar plasma, a considerable thermal pop-
ulation of excited states is expected. However, the cross-
sections measured in the laboratory are only on the ground
states, why the ground-state contributions to the stellar rates
need to be known. Combining theory and experimental data
can be used to calculate the stellar reaction rate, if there is a
contribution from excited states. Since the ground-state con-
tributions are in general higher, if not ~ 1, for the reaction
direction with positive Q-value depending on the tempera-
ture, measurement of these reactions, as in our case (p, y)
instead of (y, p), help to constrain the stellar reaction rates
more precisely [6,9].

An increased production of 3’Rb and 38Sr, with +47%
and +7% respectively, has been found in massive-star mod-
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els using new neutron-capture cross sections on Kr-isotopes,
which also leads to an increase of +24% for the p-nucleus
84Sr during the O-shell burning [10]. During the C-O shell
merger, the temperature is about 2.5 GK and 8’Rb and 83Sr
are abundant, which indicates, that a better understanding of
the 87Rb(p, )®3Sr or its inverse reaction, can as well help
to constrain the stellar reaction rates for 34Sr since 8’Rb and
84Sr are linked by a sequence of reactions [11,12].

2 Experimental setup and method

The 87Rb(p, y)38Sr reaction was investigated at the 10 MV
FN tandem accelerator at the University of Cologne’s Insti-
tute for Nuclear Physics, Germany. The HORUS y-ray spec-
trometer, which is equipped with a dedicated target chamber
for nuclear astrophysics experiments, was used for the inves-
tigation of the reaction [13]. Fourteen HPGe detectors were
employed, positioned at the six faces and eight vertices of a
cube. Six of the HPGe detectors were equipped with BGO
shields for active Compton suppression. The current was read
out at the target, the chamber and a Faraday cup situated fur-
ther downstream behind the target. To prevent § electrons
from exiting the chamber, a suppression voltage of —400 V
was applied to it.

2.1 Target properties

Due to the low melting point of pure rubidium of only 39.3°C,
rubidium carbonate (Rb,CO3) with a melting point of 837°C
was used. The target, with an isotopic enrichment in 8’Rb of
99.2(1)%, was produced by evaporating Rb,CO3 onto a gold
backing in our in-house target laboratory. The gold backing
with a thickness of 90 mg/cm? was used to stop the beam
to avoid further beam induced background due to widening
of the beam behind the target. In the following, this target
will be referred to as 7. After the experiment, Rutherford
Backscattering Spectrometry (RBS) [14] was performed at
the RUBION facility in Bochum, Germany [15], to deter-
mine the Rb target thickness. The results of this measure-
ment indicated that gold from the backing had diffused into
the Rb,CO3 layer during irradiation, thereby making it more
challenging to determine the thickness for 77, as can be
seen in Fig. 1. The thickness of a second similar target of
Rb2CO3, in the following denoted as 73, that had not been
exposed to a beam prior to this experiment, was determined
to be 642(64) jLg/cm? and showed no gold admixture visi-
ble in the RBS spectra. Its gold backing has a thickness of
85 mg/cm?. Note, that the thickness of each gold backing
was not measured via RBS but given after the target pro-
duction, since it solely needs to be thick enough to stop the
beam. In a subsequent experiment, 7> was irradiated with
protons at E, = 3.5 MeV. Consequently, the thickness of
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Fig. 1 Relevant part of the RBS spectra measured at the RUBION
facility in Bochum, Germany [15], to determine the Rb target thickness
for the targets 77 and 7. The spectra are well reproduced by simulations
performed with SIMNRA [16]. T} displays an additional layer that is
not present in 7. The simulation of this layer proved to be a significant
challenge. Consequently, the method outlined in the text was employed
to determine the thickness of T}

T1 could be determined by normalizing the reaction yield
for the 87Rb(p,n) 87r reaction obtained with 77, at the same
beam energy, to that obtained with 73. This leads to the fol-
lowing equation:

Ny 2 Ny
sz NTz NPI NTl (1)
& Npy, = Ny 1 . Np, - Np,.
Ny, 2 Np

where Ny, ; is the y-ray yield observed in the detectors
placed at 90°, N, is the number of projectiles, N7, is the
number of target nuclei per area with j € {1, 2} and i denotes
the used y-ray transitions. The effective thickness of 77 has
thus been determined to be 727(72) wg/cm?.

2.2 Beam properties

During the continuous irradiation of the 8’Rb target nuclei
with protons of different energies E.,,. as given in Tab. 1,
highly excited compound nuclei are formed with an excita-
tion energy of

Ey=Ecm + Qs (2)

where Q is the Q value of 10 612.8 keV for the radia-
tive proton-capture reaction on 87Rb [17] and E, . denotes
the center-of-mass-energy. The effective proton-beam energy
assuming an energy loss of AFE in the target is given by

AE

Eefr = Ep - Tv 3
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Table 1 The detailed beam characteristics for the different effective proton-beam energies Eefr, where E. ,, denotes the center-of-mass-energy, /
denotes the total current and  denotes the irradiation duration for the in-beam measurement

Eef [MeV] Em [MeV] I [nA] t [h]
1.970(23) 1.947(23) 620(31) 14.8
2.776(23) 2.744(23) 610(31) 20.3
3.480(22) 3.440(22) 430(22) 9.9
3.982(22) 3.936(22) 360(18) 11.8
4.483(22) 4.432(22) 1709) 8.2
4.984(22) 4.928(22) 140(7) 15.6

which has been used to calculate the center-of-mass-
energy Ec.. Here, E is the proton-beam energy provided
by the accelerator. SRIM [18] was used to calculate the aver-
age energy loss AE in the target, which ranges between
34 keV to 64 keV depending on the proton-beam energy.
If statistics are high enough, E., can also be determined
using prompt y rays and the formula

Ecm. = Ey - Q + Estates “)

where E, is the energy of the prompt y ray and Egqe is
the energy of the state that is populated by the prompt y -ray
transition. With this knowledge, the offset of the proton-beam
energy from the accelerator can be estimated. For the uncer-
tainty of the beam energy we assume 20 keV. The uncertainty
of the energy loss in the target is the standard deviation of the
SRIM [18] simulation and is almost insignificant compared
to the other uncertainties. More details can be found in Ref.
[13].

The de-excitation of the compound nucleus was inves-
tigated via high-resolution in-beam y-ray spectroscopy to
determine total cross sections for six different proton-beam
energies between E, = 2MeV and E, = 5 MeV. These
proton-beam energies have been selected to cover the region
of the astrophysically relevant Gamow window for the
87Rb(p, y)¥3Sr reaction, which lies between 1.28 MeV and
3.17 MeV at a temperature of 7 = 3.0GK.

The proton-beam energy, proton current, and irradiation
time details for the six measured beam energies can be found
in Tab. 1. Note that the current is increased with decreasing
beam energy in order to partly compensate for the decreasing
cross section. This was possible because with smaller beam
energy the heat deposition in the target backing, which stops
the beam, is smaller and the rate of undesired reactions, and
especially the neutron production, is also reduced.

2.3 Spectra
Accurate knowledge of the full-energy peak efficiency for

y rays up to 16 MeV is required for determining total and
partial cross sections. The efficiency of the low-energy part,

up to 2.5 MeV, has been calibrated using a 2*Ra standard
calibration source. By in addition using 3°Co and %°Ga stan-
dards the detection efficiency of y-rays can be determined
precisely up to an energy of 4.8 MeV. The half-lives of these
sources are 77.2 days [20] and 9.3 h [21], respectively. Fit-
ting the efficiencies determined from these standards with a
function of the form

€(Ey)=a-exp(=b-E,)+c-exp(—d-Ey) 5)

leads to the full-energy peak efficiencies. This function is
then used to extrapolate up to y -ray energies of up to 16 MeV,
where the uncertainty of the full-energy peak efficiency is
about 12% in contrast to the uncertainty of 2% at E, =
1.3 MeV. For this experiment the total detection efficiency
of HORUS is about 2.2% at E,, = 1.3 MeV.

The digital data acquisition that is used at the HORUS y-
ray spectrometer consists of two CAEN S.p.A. V1782 dig-
itizers for which details can be found in Refs. [22,23]. The
events are stored in ROOT-tree format.

A schematic illustration of the reaction and the y decays
to the ground state that have been observed in 88Sr [19] are
shown in Fig. 2.

3 Data analysis

The experimental yield Y (E,) of the 87Rb(p, )38 Srreaction
is obtained by determining the peak volume for each ground-
state transition visible in the y-ray spectra. Two typical spec-
tra are shown in Fig. 3 for beam energies of E, = 2.0 MeV
and E, = 5.0 MeV with irradiation times of 14.8 h and
15.6 h, respectively. Given that 8’Rb has no stable isotopic
neighbours, the only competing reaction at these energies
is Rb(p,n)8Sr. As expected, for a proton-beam energy of
2.0 MeV the contribution of the (p, n) reaction is signif-
icantly lower than for higher beam energy. This behavior
is consistent with statistical model calculations performed
using the TALYS 2.0 code [24], which predict a reduction
by approximately a factor of 2000. Other transitions being
visible stem from proton-induced reactions on '°7 Au used as
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Fig. 2 Schematic illustration of the proton-capture reaction on 87Rb.
The highly excited compound nucleus contains many unresolved reso-
nances and has a width of about %, with AE being the energy loss. It
can de-excite directly to the ground state of 38Sr via a single transition
(y0) or into excited states followed by various y-ray cascades. Here,
only states for which the ground-state transition was observed are dis-
played. The thicker the arrow the more dominant are the branchings.
The data are taken from Ref. [19]
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Fig. 3 Comparison of y-ray spectraobtained at beam energies of £, =
2000 keV and 5000 keV. The different symbols represent the different
origins of some peaks. A noticeable decrease in the (p, n) reaction cross
section with decreasing energy is observed. Note that the Mo lines
stem from an old contamination inside the target chamber and not the
target itself

backing. Since the cross sections are very small, especially at
low beam energies, lines resulting from natural background
radiation, such as that of, e.g., 40K and 226Ra, as well as from
target contaminants like 23Na, are clearly visible. The 95Mo
lines stem from a contamination inside the target chamber
caused by a previous experiment. At higher beam energies,
however, transitions in the (p, n) product 87Sr dominate the
y-ray spectra.

In order to obtain the total cross sections, it is necessary
to determine the peak volumes of all ground-state transitions
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Fig. 4 High energy part of the in-beam y -ray spectrum for the detec-
tors placed at 90° for a proton-beam energy of E, = 3.5 MeV. The
positions of primary y-rays to certain discrete states in 8 Sr are labeled

for each beam energy. Figure 2 shows the relevant part of the
level scheme in 88Sr for this analysis.

3.1 y-ray spectra

The y-ray line at £, = 1836 keV from the ’Rb(p,y ) reac-
tion is partially contaminated with the de-excitation of the
excited %+ state at £y = 3602 keV stemming from the

87Rb(p,n) reaction. This level de-excites to the %+ level at
E, = 1770keV with E, = 1832keV [25]. This line is
clearly visible in the y-ray spectra for £, = 5.0 MeV and
E, = 4.5MeV and makes the determination of the num-
ber of y-ray transitions stemming from the proton-capture
reaction for the 1836 keV transition more challenging.

The de-excitation of the 3] level in 83r to the 2?’ level
could be observed via a transition with E,, = 898 keV. Due
to the known branching ratio the contribution of the direct
decay to the ground state could be estimated to be about
0.7% to 1.7%.

The nucleus 8’Rb has a ground-state spin of JJ = %_
Consequently, the majority of states populated after the s-
wave proton capture are those with J” = 17~ and 2~ decay-
ing into the ground state with £/ and M2 transitions, respec-
tively. The former is a likely decay and thus, the prompt y
decay to the ground state could be observed if the statistics
in the y-ray spectra were high enough. This was used as
explained in Sec. 2 to approximate the offset of the acceler-
ator since the direct decay of the compound nucleus to the
ground state of 88Sr, known as 10, could be observed for beam
energies between E, = 2.8 MeV and E, = 5 MeV. A high
energy spectrum for the measurement with a proton-beam of
E, = 3.5MeV is shown in Fig.4, where the yp and other
primary y-rays to certain discrete states in 33Sr are visible.
In addition, this limits the uncertainty for the beam energy
since with an approximated offset, E. ,,. can be determined
in two ways as explained.
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Fig. 5 Application of the yy-coincidence method on the
8TRb(p, y)®8Sr reaction for a proton-beam energy of E, =2.8MeV.
Gating on the ZT — g.s. transition at £, = 1836 keV in the original
spectrum reveals many transitions feeding this state. The width of the
gate is marked with light grey lines. Different y -ray cascades of higher
lying states that de-excite into the 2?“ level can be identified. They are
labeled in the figure

With the NuDAQ system [23] single spectra as well as y y -
coincidence matrices can be generated. The latter are used
to identify y-ray cascades and consequently correlate these
y-ray transitions to a certain isotope. Further details on the
used hardware and software for the analysis can be found in
Ref. [23].

Moreover, they can be used to reduce beam-induced back-
ground and identify y-ray transitions buried in the Compton
background and estimate the intensity of these transitions.
An example of the application of the y y -coincidence method
with a gate on the ZT — g.s. transition at £, = 1836 keV
for a proton-beam energy of E, = 2.8 MeV is shown in
Fig.5. As explained before, there is a noticeable background
reduction such that the population of the different states can
be observed in detail.

3.2 Angular Distribution
The total cross-section of the (p,y) reaction is given by

Neoy

9. ot Np . NT] ’ (6)
where N, is the number of proton capture reactions, N,
is the number of projectiles and N7, is the number of tar-
get nuclei per area. The de-excitation of the highly excited
compound nucleus occurs via the emission of y rays, which
follow an angular distribution W (8) with respect to the beam
axis [26]. This angular distribution W (6) was sampled by
groups of detectors placed at five different angles relative to
the beam axis. The experimental yield of each detector group
was determined as follows:

Y(Ey)

W) = m,

@)

6
| &) |

sE ]
54* j\lx e /I/i' b
—3r i
= E,=28MeV, E, = 1836 keV, 2*| — g.s.
= 2 1

n Legendre Fit -~~~ i
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Fig. 6 The de-excitation of the highly excited compound nucleus via y
rays follows an angular distribution. The experimental yield is measured
at five different angles and a sum of Legendre polynomials it fitted to
it. The upper figure a) shows the measured angular distribution W (6)
for the ZT — g.s. transition, whereas the lower figure b) shows the
measured angular distribution W () for the 3| — 2?’ transition in 38Sr
for a proton-beam energy of £, = 2.8 MeV

where Y (E) ) is the total number of detected y -rays of energy
E, at the angle 6, €(E,) is the full-energy peak efficiency
and t is the dead time correction of the data acquisition.

A sum of Legendre polynomials is fitted to the experimen-
tal values in order to obtain the angular distribution

W@)=A4p- |1+ Z o Pr(cos(9)) (8)
k=24

and especially its integral Ag. The angular distributions for all
y-ray transitions at each beam energy are obtained. Figure 6
shows the experimentally determined angular distributions
W (0) for the 2| — g.s. and the 3] — 2] transitions in 38Sr
for a proton-beam energy of £, = 2.8 MeV at five different
angles.

4 Results and Analysis
The different measured contributions to the population of the

ground state can be seen in Fig. 7. For this, all Ag coefficients
of Eq. (8) for one beam energy for the observed ground state

@ Springer
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Fig. 7 The different contributions to the population of the ground state
from different excited states of the S7Rb(p, )38 Sr reaction at the six
beam energies. Between 80% and 95% of the observed population of the
ground state originate from the 2?’ — g.s.transitionat £y, = 1836 keV.
Note that for £, = 2.0 MeV only the ZT — g.s. transition was visible
in the spectra due to low statistics. Therefore, only a reliable lower limit
can be given

transitions are summed. This represents the total number of
proton captures N(p ). As expected from the funnel effect
[27], the contribution of the ZT — g.s. transition yields the
greatest contribution to the total cross section since many
high-lying levels de-excite via y-ray cascades that end up in
the ZYL state, which de-excites with E,, = 1836 keV to the
ground state. Since the 2?’ state is populated by a considerable
contribution of different y-ray cascades, the decay into the
ground state shows a more or less isotropic behavior and the
effect of the angular correlation is rather small as can be seen
in Fig. 6 a). Due to the very low cross section at a £, =
2 MeV, statistics are only sufficient to observe the ZT —
g.s. transition. Considering the trend in Fig.7, we have to
assume that about 25% of the produced $3Sr nuclei de-excite
via different ground-state transitions and therefore cannot be
accounted for. Consequently, the cross section determined at
this energy is a lower limit.

Table 2 Total experimentally obtained cross-section values oy ¢xp for
the 87Rb(p, y)¥8Sr reaction depending on the center-of-mass energy
E¢ .. For the beam energies between £, = 2.8 MeV and E, =
4.5 MeV five ground-state transitions have been observed, for the
beam energy of E, = 5.0 MeV four ground-state transitions have
been observed, and for the beam energy of £, = 2.0 MeV only the
Z;r — g.s. transition with E;, = 1836 keV has been observed. The

STRb(p,y)®8sr

TALYS default v2.0
micr. LDS5 + Goriely T-dependent HFB =~~~

f@ micr. LD5 + Gogny DIM HFB+QRPA —=
10°! This work —e—
2 25 35 4 {5 5
Ecm. [MeV]

Fig. 8 Total experimental cross-section values 0yorexp for the
8TRb(p, )38 Sr reaction obtained in this work (black circles). For more
details see text. The results are compared to different statistical model
calculations using the TALYS 2.0 code [24]. The microscopic level den-
sity from the combinatorial model by Hilaire and Goriely [28] and two
different photo strength functions [29,30] have been used in addition to
the TALYS 2.0 default to compare experimental data to calculations. The
different models are in fair agreement with the measured cross-section
values

4.1 Total cross-section values

The measured total cross-section values obtained in this work
are listed in the second column in Tab. 2. The uncertainties of
the experimentally obtained cross-section values Oiotexp are
influenced by the uncertainties of the number of projectiles
(&~ 5%), the target thickness (& 10%), the full-energy peak
efficiency (= 0.5 — 11%) and the statistical uncertainty for
the fit of the Legendre polynomials (& 1 —10%). It should be
noted that some of these uncertainties are energy dependent.
Until now there are no other reported experimental data on
this reaction. Figure 8 shows the results of this work in com-
parison with different statistical model calculations using the
TALYS 2.0 code [24].

single cross-sections for the observed ground-state decays are listed for
each observed de-excitation. In the scope of TALYS calculations using
version 2.0, the cross-section of the de-excitation 2?’ — g.s. has been
calculated [24] and is listed in the fourth column. For this calculation
the microscopic level density from the combinatorial model by Hilaire
and Goriely [28] and the temperature-dependent Skyrme-Hartree-Fock-
Bogoliubov model [29] have been used

Ecm. [MeV] Ototexpl1b] 01836keV [14] OraLys, 2t [1b] 02734kev [14D] 03485kev [14D] 04035keV [14] oyolpbl
1.947(23) 0.307(41)* 0.307(41) 0.298

2.744(23) 4.5(11) 3.45(39) 527 0.041(5) 0.42(5) 0.164(33) 0.39(6)
3.440(22) 18.7(40) 15.1(17) 289 0.26(3) 1.64(20) 0.77(10) 0.93(18)
3.936(22) 85(14) 78(8) 70.9 0.61(7) 3.06(34) 1.38(18) 27(4)
4.432(22) 154(27) 144(26) 135 1.31(14) 3.82(50) 2.2429) 2.4(4)
4.928(22) 156(54) 143(17) 207 2.6(3) 7.4(24) 3.3(5)

* lower limit
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4.2 Statistical model analysis and discussion

The results of the calculations and their outcome depends
mainly on the selected models for the nuclear input param-
eters. The most important input parameters are the nuclear
level density (NLD) and the y-ray strength function (y-SF),
which contain fundamental information about nuclear struc-
ture and decay behavior. As sensitivity studies as performed
in Ref. [9] show, the 87Rb(p, y)%8Sr reaction is very sensi-
tive to the y-width, which is derived from the y-SF. In the
TALYS 2.0 code [24], a variety of models for NLD and y-SF
are implemented. The following models have been selected
since they are reliable and have proven their predictive power
in previous studies [31-34]: The microscopic level density
stems from the combinatorial model by Hilaire and Goriely
[28]. Two different photon strength functions have been
chosen, namely the temperature-dependent Skyrme-Hartree-
Fock-Bogoliubov model [29] and the Gogny-Hartree-Fock-
Bogoliubov model [30].

The experimental cross-section values 0yor,exp for the
87Rb(p, y)¥3Sr reaction obtained in this work are presented
in Fig. 8 together with different statistical model calculations
utilising the TALYS 2.0 [24] code. The models employed for
the level-density and the y-SF have been selected in accor-
dance to the above mentioned criteria. The different mod-
els are in fair agreement with the experimentally determined
cross-section values. The choice of the NLD and the y-SF
deviating from the TALYS 2.0 [24] default seem to improve
the agreement slightly. All calculations seem to overestimate
the cross sections at lower beam energies.

In addition to these calculations, the cross-section of
different levels de-exiting to the ground state have been
calculated using the TALYS 2.0 code [24] utilizing the
microscopic level density from the combinatorial model
by Hilaire and Goriely [28] and the temperature-dependent
Skyrme-Hartree-Fock-Bogoliubov model [29]. These calcu-
lated cross-sections are compared to the measured cross-
sections tabulated in Tab. 2 and shown in Fig.9. The com-
parison shows that the TALYS 2.0 code [24] predictions for
the different observed levels for the cross-sections are in fair
agreement. Furthermore, TALYS [24] predicts additional de-
excitations from discrete level to the ground-state. This is
especially interesting since the states at £, = 3378 keV and
E, = 3485 keV are located at a similar energy and show a
similar cross-section for the decay to the ground-state, but
experimentally only the de-excitation of E, = 3485 keV to
the ground-state was observed. Similar applies for the fol-
lowing levels: Ey = 3218 keV, E, = 3522keV, E, =
4035 keV, Ey = 4226 keV and E, = 4262 keV. They all
share a similar calculated cross-section OE, and for some
similar energy for the decay to the ground-state, however,
only the de-excitation to the ground-state of E, = 4035 keV
was observed in the experiment. This indicates that the cal-

1836keV —— exp. 1836keV —=—
3 2734keV exp. 2734keV ]
10 3485keV exp. 3485keV
4035keV —— exp. 4035keV —=—
104 . . Yo ; ; €Xp. Yo —*
5 25 3 35 4 45
Ecm, [MeV]

Fig. 9 The cross-sections of different levels de-exciting to the ground-
state from calculations using the TALYS 2.0 code [24] utilizing the
microscopic level density from the combinatorial model by Hilaire
and Goriely [28] and the temperature-dependent Skyrme-Hartree-Fock-
Bogoliubov model [29] compared to the measured cross-sections ok,
of the observed de-excitations. The measured and calculated cross-
sections og,, are in fair to good agreement, depending on the de-exciting
level E,. The trend for the different energies E. ;. is reproduced well
for most of the energies E,,

culations using the TALYS 2.0 code [24] cannot reproduce
the experimental observations. It seems that TALYS takes too
many ground-state decays into account for the cross-section
calculation. Moreover, as shown in Fig.4 for E, = 3.5 MeV
no primary y-rays have been observed to discrete levels that
the TALYS 2.0 code [24] predicts in addition to the observed
levels, that de-excite to the ground-state.

Previous studies of Mo and 38Sr showed deviations for
the low-energy part of the measurement, too, as shown in
Fig. 10. Therefore, a re-evaluation of the NLD and the y-
SF in this region could be useful to better understand the
production mechanisms of °>Mo and °>Nb. Most likely, no
enhancement in the low-energy limit is observed in the y-SF
for 88Sr. This is in contrast to **Mo, where the low-energy
enhancement is required [32].

5 Summary and conclusion

In this work, the total cross-sections of the 87Rb(p, y)ggsr
reaction have been studied experimentally at six proton-beam
energies between E;, = 2 MeV to 5 MeV for the first time.
By studying the radiative proton-capture on 8’Rb the nuclear
physics characteristics of 38Sr can be accessed. It has been
demonstrated that the employed level-density model from the
combinatorial model by Hilaire and Goriely [28] provides
decent predictions regarding 33Sr. The total cross sections
for the 87Rb(p, y)¥3Sr reaction can be described by statis-
tical model calculations using the previously mentioned set
of parameters. It was concluded that a possible low-energy
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Fig. 10 Comparison between
different measured total cross
section values oy, for (p, )
reactions on the following nuclei
in the N = 50 isotonic chain:
87Rb (This work), $¥Sr [35,36],
89y [37-39], %°Zr [40-43], and
92Mo [44-48). The results are
compared to statistical model
calculations using the TALYS 2.0
code [24], where the
microscopic level density from
the combinatorial model by
Hilaire and Goriely [28] and the
photo strength function from
Ref. [29] have been used

Giot [Lb]
o p— p— —
=) o =) o
wo T wmuu_ \HHN T wmuuu T T T

,_
<

907r Simon (2025)
90Zr TALYS2.0 i
92Mo Foteinou (2019) —#— ]
92Mo Gyiirky (2014) —s— ]
92Mo Mayer (2016) —+—
92Mo Sauerwein (2011) —e—+
92Mo Sauter (1997) —e— ]

88Sr Harissopoulos (2021) —=—
835y Galangpoulos (2003) ——
88Sr TALYS2.0 oo

89y Harissopoulos (2013)

89y Netterdon (2014)

89Y Tsagari (2004)

89Y TALYS2.0

907r Laird (1987) Mo TALYS2.0 "
907 Spyrou (2013) 87Rb TALYS2.0 ===~ ]
102 90Zr Erbacher (2023) This work —e—
— — e — e e
1.5 2 2.5 3 3.5 4 4.5 5
E. . [MeV]

enhancement of the y-SF in 38Sr would have at most a neg-
ligible effect on the cross-section values. A more systematic
comparison between the various measured cross-sections of
the stable N = 50 nuclei as shown in Fig. 10 can deepen the
understanding of the underlying nuclear physics and can help
to improve the underlying models for the statistical model
calculations within a certain mass region. Therefore, a com-
parison of cross-sections and the robustness of the used mod-
els for the 87Rb(p, y)gSSr reaction with the 85Rb(p,y)gGSr
reaction is planned. The influence of the obtained cross sec-
tions oyer,exp ON the stellar reactions rates will be studied in
detail in the future.
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5.2 Experimental Details beyond the Publication

5.2 Experimental Details beyond the Publication

Two aspects that should be addressed in more detail are not or only briefly mentioned in the
publication. The first is the dead time correction of detectors installed in BGO shields and the
second one is the determination of the target thickness.

5.2.1 Dead Time correction for Detectors with BGO shields

As mentioned in Sections 3.4 and 5.1, the total number of detected ~-ray transitions of energy E,
need to be corrected for various factors, including the dead time of the data acquisition. This is
the time during which the data acquisition system, including the detectors, cannot process signals.
The dead time is determined for each detector channel separately, such that it can be distinguished
between detectors with a BGO shield and without. The CoMPASS software provides a dead time
estimation after the data acquisition, hence, the measurement, has been stopped. To calculate
the dead time, CoOMPASS takes several outputs and events into account, namely the number of
output events N, the pile-up events Np;., rejected events due to the saturation of the digitizer
input state Ngq¢, the events rejected by user selection Ny, and poissonian events Ny, that
are explained in detail in [240]. This leads to the dead time (percentage) Tgeqq for each detector
o Nowt + Nuser + Nt Nout + Nuser + Nsar

dead Nz Nout + Nuser + NS’at + Npile + Npoi ( )

Problems arise when online BGO vetos are applied. The dead time percentage is far higher than
it should be. This is due to N,,; missing events. The signal of the HPGe detector, that has
been vetoed by the BGO, counts as dead time, which it is not. The data in Section 5.1 has
been mostly analyzed, before the workaround using the raw data presented in Ref. [209] was
established. Therefore, another workaround was used, explained in the following. A problem is,
that the output count rate (OCR) and the input count rate (ICR) are not written in a file for

the whole measuring time. The OCR can be calculated using

OCR = Nint,spec (5.2)

mess ’
where Njpt spec is the obtained «-ray spectrum integrated over the whole energy range and s
is the total measuring time. It is assumed, that for the detectors with a BGO, Ty4eqq and the ICR
are affected equally and that they are linearly dependent for detectors without BGOs. It holds

OCR

TCR (5.3)

Tlive = 1 — Tdead =
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Figure 5.1: The uncorrected live time 7y, and OCR for the detectors used in the experiment over
multiple runs with varying count rate conditions is shown in this figure. The detectors with BGOs
show a divergent behavior in contrast to the detectors without BGOs, that have an approximately linear
dependence.
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Figure 5.2: The corrected live time 71, and OCR. for the detectors used in the experiment. After
applying the correction from Equation (5.4), the detectors with BGO align on the same straight line as
the others. This corrected live time is then used to analyze the data.

wherefore 75, and the OCR are likewise linearly dependent. 74cqq is the dead time from
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CoMPASS in the following. CoMPASS stores the realtime and livetime in ms for each channel of
a run into a ROOT file. 7T4¢qq is then derived by taking the ratio of the life time and real time
for each detector. With Equation (5.3), 7. can be determined for each detector. Figure 5.1
shows the results of this method. The detectors with the BGO vetos — Ge00, Ge03, Ge06, Ge07,
Ge08, and Ge09 — are clearly off, whereas the other detectors lie approximately on a straight
line. Ge02, without a BGO, shows a deviation for the lowest OCR. It is worth noting that
each detector equipped with BGO exhibits an approximately linear behavior on its own, with
deviations occurring only at very low input count rates, as shown in Figure 5.1. The error for the
OCR is assumed to be 5%. Fitting the data of the detectors without BGOs leads to the linear
equation

Tiive(OCR) = 1.374(11) - 107° - OC'R + 0.999971(68). (5.4)

With this, the data of the detectors with BGOs can be corrected. The result is shown in Figure

5.2. The data analysis was subsequently performed using the corrected 7;ye.

5.2.2 Determination of the Target Thickness

The rubidium carbonate RbyCOg3 with an isotopic enrichment of 99.2(1) % was produced in house
by evaporation onto gold backings with thicknesses of 90 mg/cm? and 85 mg/cm? for targets T}
and T, respectively. The thickness of the RboCOg layer estimated after the target production
is 0.8 mg/cm? and 0.65mg/cm?, respectively. Figure 5.3 show the targets 77 and Ty. For the
experiment, 77 was used, whereas T served as a reference target to determine the thickness of
T1.

As the number of target atoms per unit area has a direct influence on the cross-section, as
defined in Equation (1.1), a precise determination is crucial. In order to account for target loss
during the irradiation process, it is helpful to determine the target thickness both before and
after the experiment. As the targets were completed shortly before the experimental campaign
started, it was not possible to conduct an RBS measurement at the RUBION facility in Bochum,
Germany, beforehand [222]. Since the experiment was performed in February 2021, Covid-related
regulations were still in place, meaning that scheduling an RBS measurement in Cologne in
advance was not possible. A first RBS measurement performed in October 2021 in Cologne
already hinted, that there was an additional layer in front for target T; similar to the target
behavior in the 8°Rb(p, ) measurement, but the resolution was not high enough to see all the
details. This is shown in Figure 5.4. Therefore, a RBS measurement at the RUBION facility in
Bochum, Germany, was performed in 2022. This data is presented in Fig. 1 of the publication in
Section 5.1 [239].

It was quite challenging to fit the target T properly despite the very good resolution of the
measurement at the RUBION facility in Bochum, Germany [222]. The thickness of Tb was
determined at four different points to account for a possible roughness and non equal distribution
of the target material during the evaporation. Figure 5.5 shows these measurement points. There
is a small additional structure visible in front of the target. However, this can be simulated

quite well as shown in Fig. 1 in the publication. It can also be seen, that the thickness at
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Figure 5.3: Photo of the Rb2CO3 targets 71 and
T, named from top to bottom, taken in 2025. The
beam spots are prominent on both targets. Addi-
tional non centered beam spots can be seen stem-
ming from the RBS measurement at the RUBION
facility in Bochum, Germany [222].

the different points does not vary by a lot. The RBS measurement results in an average areal
density of n7, meas = 3.35(33) - 10! 1/cm?, which agrees well with the given value after the
target production of nrp, 4i» = 3.39- 10*® 1/cm?. Ty was irradiated in a follow-up experiment with
protons at £, = 3.5 MeV, one of the proton beam energies used in the experiment with 7. Using
target thickness for T3, the known number of projectiles N,; with j € {1, 2}, the reaction yield for
different y-ray transitions i at six detectors at 90° of the 8"Rb(p,n)®"Sr and the 3"Rb(p,p’)®"Rb
reactions and the relation

N’Yiaz _ N%wl
sz C Ty, Np1 CTy (5 5)
nyi,l sz .
@nTl = _N . N c Ny,
Yir2 D1

the target thickness of T} can be determined. In total eight different y-ray transitions in 87Sr and
one in 8'Rb have been used to average over Tj. They are given in Table 5.1. Averaging over the
calculated T} for each vy-ray transition leads to a target thickness of ny, cqic = 3.79(38)-1018 1/ cm?,
which deviates from the given thickness of nz, gy = 4.17(42) - 10'® 1/cm? by about 10 %. It is
worth noting, that 75 was only irradiated at a beam energy of E, = 3.5 MeV, whereas T was
irradiated with three different beam energies before of £, = 5MeV, 4.5 MeV, and 4 MeV. There
is a possibility that the thickness of 77 was affected at one of the beam energies. However, since
the overall uncertainty of the cross sections given in Table 2 of the publication in Section 5.1,
exceeds 10 %, the method to extract the thickness of the target is still valid and should give
reasonable results.
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Table 5.1: The v-ray transitions and further information of 3’Sr and 3"Rb, that are used to average
over T1 [159]. The yield is observed with six detectors at 90° for each target. Equation (5.5) is then used
to calculate the thickness of T for each transition. This is used to average over the thickness, which
results in N7, care = 3.79(38) - 10** atoms/cm?.

#  Ejeyer [keV] JT E, keV] Xl Note
0 3/27 ground state of ®'Rb
1 403 5/2- 403 M1+ E2
0 9/2% ground state of 5'Sr
1 388 1/2- 388 M4 not used, since isomeric state
2 873 3/27 485 M1+ E2
3 1228 5/2t 355  E1(+M2)
1228 E2
4 1254 5/27 380 Multipolarity unknown
865 E2
7 1770 5/2t 517 (E1)
542 M1(+E2)
1770 E2

5.3 Tauyrs calculations utilizing different Optical model Potentials

The following investigation took place in more detail after the paper was published. The deviations
observed for the proton-induced reactions on 8°Rb for two reaction channels lead to a deeper
analysis of the cross section predictions by TALYS for both stable Rb isotopes.

For the 8"Rb target, calculations with TALYS 2.14, even when varying the level density and
~-ray strength function models, do not satisfactorily describe the experimental data for either the
(p,7) or (p,n) reactions, as shown in Figures 5.6 and 5.7. For this first comparison, the optical
model potential of Koning and Delaroche was employed [129].

The comparison to experimental (p, n) data was performed using the results from Reference [139].
Unfortunately, no individual uncertainties are provided for these data, apart from an estimated
overall uncertainty of about 20% for the cross sections. Moreover, the original publication
specifies that the reported values correspond exclusively to the production of the isomeric state,
rather than the total cross section oy. Consequently, the comparison presented below refers
to the 8"Rb(p,n)8™Sr reaction channel. When only the isomeric branch of a reaction, such
as 8"Rb(p,n)®™™Sr, is used to constrain or adjust an optical model potential, this introduces
systematic uncertainties, since the branching between o4 s and oy, has to be predicted correctly
in the model calculations.

Notably, while the predicted (p,~) cross sections exhibit significant variation depending on
the chosen model combinations, the (p,n) reaction is considerably less sensitive to these model
inputs. Across the investigated energy range, all combinations of level-density and «-ray strength

models yield nearly identical (p,n) cross section predictions.
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Figure 5.6: Comparison of the experimentally determined cross sections for the 8" Rb(p,~) reaction
with TALYS version 2.14 calculations. For the calculations, the previously recommended level density
and v-ray strength function models, as explained in Section 2.3, are used. The optical model potential
of Koning and Delaroche was employed [129]. As can be seen, no model can describe all cross-section
values and fails to describe the structure between 4 MeV to 4.5 MeV.
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Figure 5.7: Comparison of the experimental determined cross sections for the 87Rb(p, n) reaction
to TALYS version 2.14 calculations. The data are taken from Reference [139]. For the calculations, the
previously recommended level density and ~-ray strength function models, as explained in Section 2.3,
are used. The optical model potential of Koning and Delaroche was employed [129]. All combinations of
level density and 7-ray strength models yield a similar result for the (p,n) cross section data.
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5.3 TALYS calculations utilizing different Optical model Potentials
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Figure 5.8: Comparison of the experimental determined cross sections for the ¥ Rb(p,~) reaction to
TALYS version 2.14 calculations utilizing the JLM optical model potential. The different combinations
do not describe the data. In the range of 1.9 MeV to 3.6 MeV all models predict a higher cross section
than experimentally obtained. Combinations emloying 7-ray strength model 10 show the smallest cross
section predictions and are able to describe data for energies greater than 3.5 MeV, whereas it fails to

describe the structure in the cross sections.

Figures 5.8 and 5.9 present the comparison of the experimentally obtained cross sections to the

predictions utilizing the JLM [135] optical model potential. As for the calculations with the Koning

and Delaroche [129] optical model potential, the (p,n) data are overpredicted. The deviations

between the predicted (p,~y) cross sections to the data are greater than for the phenomenological

one.
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Figure 5.9: Comparison of the experimental determined cross sections for the "Rb(p, n) reaction to
TALYS version 2.14 calculations utilizing the JLM optical model potential. While the statistical model
calculations reproduce the general energy dependence of the experimental cross sections, they fail to
reproduce the absolute magnitude of the data. The data are taken from Reference [139].
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5.4 Widths and Sensitivities

As explained in Section 4.5.3, the different absolute values of the sensitivities for when the ~,
neutron (n), proton (p), and « widths are varied by a factor of two [110], are presented in
Figure 5.10. The Gamow window (dark shaded area to the vertical line), and the experimentally
covered energy range (striped area). The cross sections in the experimentally covered area are
approximately equally sensitive to variations in the different widths with exception to the «
width. These widths cannot be changed with a parameter in the TALYS code unfortunately. Since
varying only the models of the nuclear level density and the y-ray strength function did not solve
the discrepancies between the data and the model calculations and the (p,n) data show similar
deviations as for the 85 Rb, the assumption is, that the optical model potential cause the deviation
for the 8”Rb(p, v) reaction as it did for > Rb(p, ). Thus, the JLM [135] optical model potential is,
in the following, varied similarly to that presented in Section 4.5.6. Note, the 8"Rb(p, n) reaction
is fortunately only sensitive to the proton widths [110]. Unfortunately, no elastic scattering data

are available for 8"Rb.
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Figure 5.10: Absolute value of the sensitivity of the ¥ Rb(p, v)®¥Sr laboratory cross section, when the
v, neutron (n), proton (p), and « widths are varied by a factor of two, as a function of center-of-mass
energy. The data are taken from Ref. [110]. The dark shaded area represents the Gamow window for a
typical y-process temperature of 3 GK. The vertical line shows the right side of the Gamow window. The
striped area shows the experimentally covered energy region. The cross sections, that are experimentally
obtained are approximately equally sensitive to changes in the proton, neutron, or v widths. This,
however, can not be changed as a parameter in TALYS unfortunately.
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5.5 Predicting Cross Sections Utilizing Variations to the JLM
Optical Model Potential

Since the combination of level density model 5 with «-ray strength model 8 yielded good agreement
with the experimental data for proton-induced reactions on 8°Rb, the same combination was
adopted for the 8"Rb analysis when varying the JLM optical model potential [135].

The parameters lwadjust and lvadjust were each varied between 0.5 and 1.5. The results
obtained for lwadjust = 1.1, which gave good agreement for ®Rb, are shown in Figure 5.11. In
general, the energy dependence of the predicted cross sections is reproduced reasonably well, but
the absolute values are overestimated compared to the experimental (p,n) [139] and (p,) data.
Thus, the parameter combination that improved the description of proton-induced reactions on
85Rb does not resolve the discrepancies observed for 8Rb. A lower value of lwadjust = 0.5, shown
in Figure 5.12, leads to an improved overall description but still fails to accurately reproduce the
(p,m) data above 4.5 MeV. For the (p,~y) reaction, the general trend is captured, yet the absolute
cross sections are not reproduced, and particularly the data point at 5MeV is overpredicted.
The remaining parameter combinations are presented in Chapter B.1. Overall, lower lwadjust
values tend to yield better agreement, but no single parameter combination can simultaneously

reproduce both (p,n) and (p,7) data by varying only lwadjust and lvadjust.

Introducing an additional variation of lwladjust, the normalization factor for the imaginary
isovector potential, has a minor influence on the predicted cross sections compared to lwadjust
and lvadjust by shifting them slightly up and or down. Representative results of these parameter
variations are presented in Chapter B.2. Conversely, varying lvladjust appears to have a similar
influence and still fails to reproduce the absolute cross-section values as shown for different

examples in Chapter B.3.

Finally, varying lwsoadjust, the normalization factor of the imaginary spin—orbit potential,
has only a negligible effect on the calculated cross sections and is therefore not further discussed
here. Two examples are shown in Chapter B.4. Varying the lvsoadjust value instead, has a small
influence on the cross section predictions compared to lwadjust and lvadjust. Examples are

presented in Chapter B.5.

Since the predicted cross sections are too high, but the energy dependence seem to be described
well for some combinations of lwadjust and lvadjust, the y-ray strength function is changed to
strength 10. This model shows the lowest predicted cross sections for this reaction as presented

in Figure 5.8.
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Figure 5.11: Variation of lwadjust = 1.1 with different values of lvadjust for proton-induced reactions
on 8"Rb. The upper panel shows the predicted 87Rb(p, n)87er cross sections in comparison with the
experimental data from Reference [139]. While the general energy dependence is reproduced for the
different combinations of lwadjust = 1.1 and lvadjust, not all parameter sets describe the absolute values
satisfactorily. The lower panel presents the comparison between the experimentally obtained S7Rb(p, v)
data and the statistical model predictions. Although some combinations reproduce the trend of the
data more accurately than others, none of them succeeds in reproducing the absolute magnitude of the
experimental cross sections.
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Figure 5.12: Variation of lwadjust = 0.5 with the altered lvadjust for proton-induced reactions
on 8 Rb. The upper panel shows the predicted 87Rb(p, n)87er cross sections in comparison with the
experimental data from Reference [139]. While the general energy dependence is reproduced for the
different combinations of lwadjust = 0.5 and lvadjust, not all parameter sets describe the absolute values
satisfactorily. The lower panel presents the comparison between the experimentally obtained 87Rb(p, v)
data and the statistical model predictions. Although some combinations reproduce the trend of the data
more accurately than others, none of them succeeds in reproducing the experimental cross sections at all

energies.
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Doing so increases the agreement between the predicted and the experimentally determined
cross sections, as demonstrated in Figure 5.13. The remaining parameter combinations obtained
by varying lwadjust and lvadjust in steps of 0.1 between 0.5 and 1.5 are presented in Chapter B.6.
The most promising overall agreement for describing both reaction channels simultaneously is
achieved for a combination of lwadjust and lvadjust values of 0.5.

There are, however, other parameter combinations employing ~-ray strength model 10 that
reproduce one of the two data sets reasonably well but fail to describe the other. Since the
experimental data for the "Rb(p, n)3"™Sr reaction correspond to the population of the isomeric
state rather than the total reaction cross section, the comparison between model predictions and
data must be interpreted with caution.

The variation of only lwadjust and lvadjust does not lead to a fully satisfactory description.
Therefore, in a next step, the parameters lwladjust and lvladjust were varied separately, using
the same step size and range as before. The combination of lwadjust = lvadjust = 0.5 and
lwladjust = 1.5 provides a reasonable agreement for both the (p,7) and the isomeric (p,n)
data, as shown in Figure 5.14, with additional examples presented in Chapter B.2. Again, some
parameter sets reproduce one reaction channel slightly better but worsen the description of the
other.

When varying lwadjust, lvadjust, and lvladjust simultaneously, the influence on the predicted
cross sections becomes more pronounced than in the case of lwladjust. This variation was again
performed in steps of 0.1 across the range from 0.5 to 1.5 for each parameter. The resulting
predictions describe both data sets better than when varying only lwadjust and lvadjust, and
show an improvement compared to the lwladjust variations, as illustrated in Figure 5.15 (see

Chapter B.8 for additional examples).

Since both additional parameter variations improved the simultaneous description of the
(p,7) and (p,n) reactions, the next logical step was to explore the combined effect of all four
parameters. In this extended parameter study, lwadjust was varied in steps of 0.02 between 0.50
and 0.54, lvadjust in steps of 0.02 between 0.50 and 0.60, and both lwladjust and lvladjust
were scanned in the range from 0.50 to 1.50 in steps of 0.10. The best agreement was obtained
for lwadjust = lvadjust = lvladjust = 0.5 and lwladjust between 0.5 and 0.8. This is presented
in Figure 5.16. Other combinations are presented in Chapter B.9. The different parameter
combinations result in only minor deviations and provide an overall reasonable agreement with
the experimental data. For the isomeric (p,n) data [139], discrepancies remain in the energy
range between 3.5 MeV to 4.5 MeV, while for the (p,v) reaction, the lowest data point is slightly
underestimated with the employed parameter combinations.

In total, the adaptation of the JLM optical model potential proved to be more challenging than
for the ®5Rb investigation presented in Chapter 4. The obtained results require confirmation
through measurements of total cross sections for the (p,n) reaction. Ideally, a simultaneous fit
to (p,n), as well as elastic proton and neutron scattering data, should be performed to further

constrain the potential parameters and improve the reliability of the model in this mass region.
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Figure 5.13: Same as Figure 5.12, but employing y-ray strength model 10 instead of model 8. The
predicted cross sections are overall lower than those obtained with model 8, and the magnitude of the
(p,~y) data is reproduced more accurately.
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Figure 5.14: Variation of lwadjust = lvadjust = 0.5 with different values of lwladjust, employing
~-ray strength model 10 for proton-induced reactions on 8"Rb. The upper panel shows the predicted
isomeric (p,n) cross sections in comparison with the experimental data from Reference [139]. The overall
energy dependence is reproduced reasonably well, although not all data points are accurately described.
A similar behavior is observed in the lower panel, which compares the predicted and experimental cross
sections for the (p,~y) reaction.
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Figure 5.15: Variation of lwadjust = lvadjust = 0.5 with different values of lvladjust, employing
~-ray strength model 10 for proton-induced reactions on 5"Rb. The influence on predicted cross sections
is slightly greater than for variations of lwladjust in the presented energy region. The upper panel
shows the predicted isomeric (p,n) cross sections in comparison with the experimental data from Refer-
ence [139]. The overall energy dependence is reproduced reasonably well, although not all data points are
accurately described. A similar behavior is observed in the lower panel, which compares the predicted
and experimental cross sections for the (p, ) reaction.
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Figure 5.16: Best-fitting variation of lwadjust = lvadjust = lvladjust = 0.5 with the altered
lwladjust, employing ~-ray strength model 10 for proton-induced reactions on 8’Rb. The different
parameter combinations result in only minor deviations and provide an overall reasonable agreement
with the experimental data. For the isomeric (p,n) data [139], discrepancies remain in the energy range
between 3.5 MeV to 4.5 MeV, while for the (p,y) reaction, the lowest data point is slightly underestimated
with the employed parameter combinations.
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5.6 Summary 8Rb

In this chapter, the radiative proton-capture reaction 8"Rb(p,~)3¥Sr was investigated experi-
mentally for the first time at astrophysically relevant energies between 2 MeV and 5 MeV using
in-beam v-ray spectroscopy with the HORUS spectrometer. The measurement provides total
cross sections covering almost the entire Gamow window of the « process, thereby constraining
theoretical model predictions for reactions along the N = 50 isotonic chain.

A detailed analysis of the target preparation, beam properties, detection efficiencies, and
angular distributions enabled a reliable extraction of total cross sections.

The dominant contribution to the total cross section originates from the de-excitation of the
first excited 21+ state at 1836 keV to the ground state. The obtained experimental cross sections
are generally lower than those predicted by the TALYS calculations, although the overall trend
and magnitude are reasonably well reproduced when employing microscopic level densities from
the combinatorial model of Hilaire and Goriely (Idmodel 5) and Gogny—Hartree-Fock—Bogoliubov
+ QRPA dipole y-ray strength functions. Remaining discrepancies, particularly at lower energies,
indicate a possible need for refined input parameters, especially concerning the «-ray strength
function.

In addition to the published analysis, additional details and further studies were carried out
to address systematic effects and model dependencies. A correction approach for the live-time
behavior of BGO-shielded detectors was developed, to gain reasonable life times. Furthermore,
the determination of the target thickness based on Rutherford Backscattering Spectrometry (RBS)
and comparative yield analysis ensured the robustness of the extracted cross sections. Subsequent
TALYS 2.14 calculations with various optical model potentials showed that neither the default
Koning—Delaroche nor the JLM potentials could simultaneously reproduce both the (p,~) and
(p,n) reaction channels in their default settings, motivating the parameter adaptations discussed
in detail above.

Overall, the new 8"Rb(p,v)®8Sr data help to close an important gap in the systematic investi-
gation of proton-capture reactions along the N = 50 isotones and provide valuable constraints
for statistical model calculations and nucleosynthesis simulations within the v process. Future
work will include a detailed evaluation of the impact of these data on stellar reaction rates and a
comparison with the 3Rb(p, v)%¢Sr reaction to further improve the consistency of the employed

nuclear-physics models.
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Discussion of the Cross Section Results
for 8587Rb(p,~)838Sr and the
Astrophysical Impact

The overprediction of proton-induced reaction cross sections in the mass region A = 82-87,
spanning from Kr to Sr, as observed for the isotopes ®Rb and 8"Rb studied in this work, has been
reported in several experimental studies (e.g. [241-243]). These deviations indicate systematic
uncertainties in the statistical Hauser—Feshbach model.

Reference [243] attributes the discrepancies to uncertainties in both the optical model potential
and the nuclear level density. Whereas Reference [242] relates the overprediction directly to
an inaccurately calculated proton width [110]. Reference [241] emphasizes that (p,v) cross
sections are sensitive to the choice of the proton optical model potential and to width-fluctuation
corrections. Owing to the employed experimental setup, that study was also able to place
constraints on the nuclear level density and v-ray strength function.

In their analysis, Tsantiri et al. [241], investigating the 82Kr(p, ) reaction in inverse kinematics,
adjusted the TALYS input by modifying the width-fluctuation factor (widthmode 2) and by adopt-
ing an alternative mode of the JLM [135] optical model potential, namely (jlmmode 3). Such
modifications were not applicable to the present experiments, since the neutron channel opens
already at 1.8 MeV and 0.5 MeV for proton-induced reactions on 3Rb and 37Rb, respectively. In
contrast, this channel remained closed in their study due to a threshold of 5.1 MeV. For this,
they chose the upper limit for the energy deliberately [244] and also applied this limitation for
another experiment to avoid problems with particle emission channels [245].

6.1 The stable Rb isotopes and their role in Supernova models

Figures 6.1 and 6.2 present the integrated reaction flux in the A =~ 75 — 90 mass region for a
25 M, supernova model. The data are taken from Reference [246]. The nucleosynthesis in such a
supernova environment depends sensitively on the adopted nuclear reaction rates, particularly on
the (p,~y) and (v, p) branchings around the N = 50 shell closure.

For both temperatures, this region of the chart of nuclei exhibits a complex reaction flux

pattern, including single neutron and proton captures as well as their inverse photodisintegration
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Figure 6.1: Integrated reaction flux for the first second of a Type II SN explosion for a peak temperature
of 2.44 GK in the Ne/O layer of a 25M¢ star. The thickness of the respective lines correspond to the
reaction flux as follows: thick solid — > 1071%, thin solid — > 107!, dashed — > 107 '2. Figure adapted
from Reference [246]. The p-nuclei “*Se, "®Kr, and ®!Sr are marked in red. The two stable Rb isotopes,
for which proton-induced reactions have been investigated in this thesis, are marked in yellow.
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Figure 6.2: Integrated reaction flux for the first second of a Type II SN explosion for a peak temperature
of 2.96 GK in the Ne/O layer of a 25M¢ star. The thickness of the respective lines correspond to the
reaction flux as follows: thick solid — > 1071°, thin solid — > 107!, dashed — > 107 '2. Figure adapted
from Reference [246]. The p-nuclei "*Se, ®Kr, and !Sr are marked in red. The two stable Rb isotopes,
for which proton-induced reactions have been investigated in this thesis, are marked in yellow.
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6.2 From Nuclear Data to Stellar Abundances

Table 6.1: The ground state contribution for calculating stellar reaction rates for the investigated
reactions at two different plasma temperatures of 2.5 GK and 3.0 GK. Values are given for both reaction
directions. The data is taken from Reference [110].

Temperature 3°Rb(p,~)36Sr 8"Rb(p,~)%8Sr

T [GK] (v (v (@) (vp)
2.50 0.683 0.00490 0.841  0.0164
3.00 0.627 0.00504 0.752  0.0138

reactions. Due to the relatively low single particle thresholds, (p,n) and (n,p) reactions also
contribute to the reaction network, further complicating the overall flow. The three p-nuclei
"Se, ™Kr, and %S, located in this mass region, are marked in red, whereas the two stable Rb
isotopes investigated in this thesis are indicated in yellow.

The comparison between the high-temperature (2.96 GK) and the low-temperature (2.44 GK)
temperature layers reveals distinct reaction flow patterns. At lower temperature, the reaction
flux proceeds mainly towards the proton-rich side of the N = 50 isotonic chain via consecutive
(n,7) captures. In contrast, at higher temperatures, the reaction flux is dominated by strong
(7,p) and (7, n) reactions, that drive the material towards the N = 50 neutron shell closure and
then down along the isotonic chain, predominantly through (v, p) reactions, without crossing the
closed shell (except for the Sr isotopic chain).

At 2.96 GK, all three p-nuclei are part of the reaction network, whereas at the lower temperature
only ™Se is included. Naturally, the overall reaction flux is determined by the initial seed
abundance and the reaction rates. Between 8°Rb and 86Sr, and 8"Rb and 88Sr there is always a
reaction flux, but it depends on the temperature.

Reference [110] investigated the ground state contributions of laboratory cross sections for
calculating the stellar reaction rate. The closer the value is to unity, the greater its influence
on the stellar reaction rate. This topic was shortly introduced in Section 1.4. Ground state
contributions for the investigated reactions are presented in Table 6.1 at two different plasma
temperatures of 2.5 GK and 3.0 GK similar to the temperatures in Figures 6.1 and 6.2. The
corresponding values are shown for both the forward and inverse reactions. As explained above,
the ground state contribution of the (p,~y) direction is significantly higher than the contribution

of the inverse reaction.

6.2 From Nuclear Data to Stellar Abundances

Observational evidence further constrains the nucleosynthesis of elements in the mass region
around A = 85, which includes Rb, Sr, Y, and Zr. Roederer et al. [247] presented a detailed
abundance study of the metal-poor, r-process—enhanced star HD 222925, deriving abundances
for 46 elements using high-resolution spectroscopy. While the heavy r-process elements (e.g.,
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Ba, Eu, Th) show strong enhancements, the light trans-iron elements exhibit significantly lower
abundances. For rubidium, only an upper limit could be derived.

The experimental investigations of 88"Rb(p,~) and 358"Rb(p,n) reactions presented in this
thesis provide essential nuclear-physics input for refining these rates, thereby improving the
predictive power of network calculations that aim to reproduce the observed Rb abundances in
stellar and supernova environments. Paired with the next generation telescopes, more actual

measurements of Rb in stars will be achievable, helping to improve abundance analysis.

6.3 Inverse Reactions

As explained above, the ground-state contribution for (p, ) reactions is far higher than for (v, p)-
reactions. The adaptions to the calculations with the TALY'S 2.14 code [124], that showed the
best agreements to the experimental data are used to additionally calculate the inverse reaction
cross sections for the investigated nuclei on their ground state.

6.3.1 ®Sr(n,p) and ®°Sr(+, p)

The calculated cross sections for the inverse reactions on ®*Rb, obtained using the modified JLM
optical model potential [135] as described in Section 4.5.6, and computed with the TALY'S 2.14
code [124], are shown in Figures 6.3 and 6.4.

For the 85Sr(n, p) reaction, the predicted cross sections differ notably between the default and
the adapted JLM potentials. The default calculation exhibits a more complex structure than the
adapted ones: it shows a dip around 0.1 MeV, followed by an increase reaching a maximum near
0.6 MeV, and another minimum around 1.4 MeV. A second maximum appears at approximately
3.2MeV, after which the cross section becomes nearly constant above 4.5 MeV.

In contrast, the adapted JLM potentials predict only a single flat minimum around 1 MeV
and yield higher cross sections above 4.5 MeV. Below 0.5 MeV, the adapted models predict cross
sections up to a factor of five higher than those obtained with the default potential. From
2.5 MeV onward, the cross section remains approximately constant. The absolute magnitude
of the predicted values increases with the lwadjust parameter, while the overall trend of the
different adaptations remains consistent.

The photodisintegration reaction %°Sr(v, p) show no difference when utilizing the different
versions of the JLM models computing the cross sections with the TALY'S 2.14 code [124] in the
presented energy range. The predicted cross section increases with some structure visible around
8 MeV.

Unfortunately, no experimental data are available for these reactions for a direct comparison.
The pronounced deviations of the predicted cross sections, particularly at low neutron energies,
may have a direct impact on supernova nucleosynthesis models, as illustrated in Figures 6.1
and 6.2. An inaccurate prediction of the (n,p) rate could alter the balance between proton- and
neutron-induced channels, potentially modifying the resulting isotopic abundances in supernova

nucleosynthesis models [246].
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Figure 6.3: Predicted cross sections for the inverse °Rb(p, n) reaction utilizing the parameters found
for the forward reaction. The predicted cross sections differ between the default and the adapted JLM
potentials. The adapted potentials predict smoother energy dependencies and higher cross sections at
low neutron energies, with higher predicted cross sections for larger lwadjust values.

6.3.2 ¥'Sr(n,p) and ®Sr(v, p)

The calculated cross sections for the inverse reactions on 8”Rb, obtained using the modified JLM
optical model potential [135] as described in Section 5.5 and computed with the TALY'S 2.14
code [124], are shown in Figures 6.5 and 6.6.

For the 87Sr(n,p) reaction, the predicted cross sections differ notably between the default
and the adapted JLM potentials. These cross sections correspond to reactions on the ground
state of ®8Sr. The default calculation exhibits a more complex structure: it shows a dip around
0.1 MeV, followed by a rise reaching a saddle point near 1 MeV. A second maximum appears at
approximately 3 MeV, after which the cross section becomes nearly constant above 6 MeV.

In contrast, the adapted JLM potentials predict a smoother behavior, with a single minimum
around 2MeV and generally lower cross sections above 1.5MeV, reaching a maximum near
5.5MeV. At neutron energies below 1.5 MeV, however, the adapted potentials yield cross sections
up to a factor of four higher than those from the default model, with a maximum around 0.5 MeV.
From about 8 MeV onward, the cross sections remain approximately constant. The absolute
magnitude of the predictions increases slightly with higher lwladjust values, whereas the overall
energy dependence remains consistent across the tested parameter combinations.

For the 88Sr(’y, p) reaction, no significant differences are observed between the default and
adapted JLM potentials in the investigated energy range when using the TALYS 2.14 code. The
predicted cross sections increase gradually with energy, exhibiting minor structure around 4 MeV.

Since no experimental data are available for these inverse reactions, a direct validation of the
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Figure 6.4: Predicted cross sections for the inverse °Rb(p, ) reaction utilizing the parameters found
for the forward reaction. No difference when utilizing the different versions of the JLM models computing
the cross sections with the TALYS 2.14 code [124] is observed in the presented energy range. The
predicted cross section increases over the energy range with some small structure around 8 MeV.

predictions is currently not possible. Nevertheless, the pronounced deviations at low neutron
energies suggest that such differences could influence supernova nucleosynthesis models, as
illustrated in Figures 6.1 and 6.2. An inaccurate prediction of the (n,p) reaction rate would
affect the balance between proton- and neutron-induced channels, potentially altering the final
isotopic abundances in y-process simulations [246]. Given that the optical potential was adapted
to reproduce the isomeric component of the (p,n) cross section, future work should verify these
results against total and ground state (p,n) cross sections to ensure model consistency.
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Figure 6.6: Predicted cross sections for the inverse ’Rb(p,~) reaction utilizing the best parameters
found for the forward reaction. No difference when utilizing the different versions of the JLM models
computing the cross sections with the TALY'S 2.14 code [124] is observed in the presented energy range.
The predicted cross section increases over the energy range with some small structure around 4 MeV.
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7 Summary and Outlook

This thesis presents experimental investigations of the reactions 3°Rb(p,v)86Sr and 8"Rb(p, v)®8Sr,
both of which are relevant to the astrophysical «-process. The measurements were carried out at
the HORUS spectrometer at the 10 MV Tandem accelerator at the Institute for Nuclear Physics,
University of Cologne. Both experiments aimed to provide the first experimental cross-section
data for these reactions in the energy range of the astrophysically relevant Gamow energy between
approximately 1.4 MeV to 3.2 MeV for the investigated reactions and to test the predictive power
of statistical model calculations in the mass region near the N = 50 shell closure.

The 35Rb(p,~)%Sr reaction was investigated using RbCl targets enriched in 3°Rb on thick
gold backing. During both target preparation and beam irradiation, interdiffusion of the Rb
compound into the gold layer occurred, complicating the precise determination of the effective
target thickness. In addition to that, the target was deteriorated during the irradiation, wherefore
a normalization to 10 min time intervals to the product of the number of projectiles and number
of target nuclei had to be performed. Therefore, a systematic uncertainty dominating the
overall uncertainties was introduced into final cross section values. The proton beam energies
were selected between 3.4 and 4.0 MeV, and the reaction v rays were measured utilizing the
chamber for nuclear astrophysics experiments, that was used until 2019, installed in the HORUS
spectrometer. The complex spectra due to the beam induced background required detailed ~y~y
coincidence analysis to extract reliable total cross sections.

For the 8"Rb(p,v)®8Sr reaction, RboCOj3 enriched in 8”Rb was used to prepare targets for the
experimental campaign by evaporation onto thick gold backings. A similar behavior regarding the
interdiffusion of the target and backing layer was observed when performing RBS measurements
after the experiment. Since the ratio of the 279 keV peak stemming from the Coulomb excitation
in '°TAu [225] and the 484 keV peak from the 3”Rb(p, n) reaction [159], chosen to monitor the
target during the experiment, was constant, it is assumed that no deterioration took place. Due to
the complex target behavior, a second, not exposed to the beam before RBS measurements took
place, target was used to normalize the reaction yield for the 85Rb(p,~) reaction for thickness
determination. This experiment provided the first experimental (p,~) data on this isotope and
served as an important benchmark to test the consistency of statistical model predictions along
the N = 50 isotonic chain. It further demonstrated that total cross sections as low as 300 nb can
be measured utilizing the combination of the re-designed Astrochamber and the NuDAQ system.

Since both target materials, RbCO3 and RbC], tend to intermix with the gold backing, either
during target preparation or during irradiation in the experiment, this interdiffusion makes it

very difficult, if not impossible, to determine the target thicknesses with an appropriate level of
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accuracy. Therefore, alternative backing materials should be investigated in future studies to
reduce the uncertainties associated with the target thickness determination. This has a direct
influence on the cross section determinations.

In both experimental campaigns, the measured cross sections were compared to Hauser—Fesh-
bach model calculations performed with the TALYS version 2.0 and 2.14 code. The calculations
were systematically varied with respect to the nuclear level density, y-ray strength function, and
optical model potentials. None of the tested parameter combinations in their default settings
reproduced both data sets consistently. The strongest sensitivity for the shape of the cross section
was observed if one varied the the proton optical model potential, whereas the variations in the
nuclear level density and v-strength function mainly affected the absolute scale.

The Hauser—Feshbach calculations were compared with both experiments as well as (p,n) data
from References [139, 140, 237, 238] and further explored by systematically varying and adapting
key model parameters. The measured °Rb and 87Rb cross sections could not be described
consistently within the standard framework. This discrepancy points to remaining uncertainties
in the description of nuclear properties relevant to the -process in this mass region. The optical
model potential JLM [135] was further tested by adjusting its real and imaginary normalization
parameters. These local modifications improved the agreement, providing a consistent description
of both (p,n) and (p,~) data simultaneously. The case for 8"Rb was more difficult, since only cross
section data for the isomeric (p,n) channel are reported [139]. Therefore, the results should be
confirmed with total cross section data for the (p,n) channel. This demonstrates that comparing
only a single reaction channel is insufficient, wherefore multiple reaction channels need to be
considered to properly constrain the model parameters. The lack of elastic-scattering data for
85.87Rb prevents an independent validation of these adjustments. Furthermore, as demonstrated
in the publication on 8"Rb, significant deviations and non-uniform trends are observed along the
N = 50 isotonic chain, indicating that a coherent description across these nuclei is still lacking.

The newly obtained reaction data represent an important step toward improving nuclear-physics
input for the y-process in the N = 50 mass region. Future work should focus on complemen-
tary experiments on neighboring isotones such as 8°Kr and on constraining the optical model
potentials through elastic-scattering measurements. These efforts will reduce current model uncer-

tainties and enhance the reliability of nucleosynthesis simulations in explosive stellar environments.

The HORUS spectrometer provides detectors at five different angles with respect to the beam
axis, symmetrically distributed around 90°. Since the observed ~-ray de-excitations of the excited
states exhibit an angular distribution symmetric about 90°, only three independent angles remain
when fitting the data with Legendre polynomials. The two angles other than 90° differ by only
about 10°, which is not ideal for extracting reliable angular distributions.

Another v-ray spectrometer, which was recently commisioned, available at the University of
Cologne is the Cologne CATHEDRAL. It consists of up to 24 detectors arranged in five angular
groups at 30°, 55°,90°, 125°, and 155° with respect to the beam axis, with an optional detector at
0°. This configuration provides a much broader angular coverage. A test experiment installing the
re-designed Astrochamber in the Cologne CATHEDRAL setup could therefore evaluate whether
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Figure 7.1: The A = 80 — 90 mass region around the left hand side of the valley of stability. The
p-nuclei "4Se, "®Kr, and 34Sr are marked in red. Yellow marks the nuclei that have been measured or
investigated within the scope of this thesis. The proton-induced reactions on ¥*Rb and 3“Rb have been
analyzed, and a test measurement with ***TIBr has been performed as a feasibility study. %°Kr, marked
with yellow stripes is the last stable isotone in the N = 50 chain, that was not investigated regarding
(p,y)-reactions. There are plans to perform the measurement in 2026. Measuring **Kr (green) can help
to resolve discrepancies of two experiments performed in inverse kinematics.

the increased angular range and the larger number of detectors per angle improve the precision
of the cross-section measurements. However, the greater detector-to-target distance compared to
the HORUS setup is expected to reduce the detection efficiency, which represents a potential
drawback of this configuration.

Future investigations could focus on constraining the optical model potentials through elastic
and quasielastic proton scattering experiments. The new ALPACA setup at the University of
Cologne [248] provides the opportunity to measure angular distributions for (p,p’) and (p,n)
reactions with high precision at energies below 10 MeV. Such measurements are particularly
valuable for improving the isoscalar component of the Jeukenne-Lejeune-Mahaux (JLM) optical
model potential [137], since in this energy regime experimental data are scarce and global
potentials remain poorly constrained. Refining the real and imaginary parts of the potential by
comparison with elastic-scattering data would directly improve the reliability of Hauser—Feshbach
calculations of proton-induced cross sections. This is especially relevant for the y-process, where
(p,7) and (v, p) reactions play a key role and their predicted cross sections are highly sensitive
to the chosen proton optical model potential. Thus, low-energy angular distribution data such as
from ALPACA could significantly reduce the current nuclear-physics uncertainties that limit the
accuracy of y-process nucleosynthesis models.

Figure 7.1 presents the mass region of interest for this thesis. The p-nuclei "Ge, ™Kr, and
84Gr are marked in red, while yellow presents nuclei where experimental data is directly linked to
this work. Within the scope of this thesis, the proton-induced reactions on ®Rb and 3"Rb were

analyzed, and a test measurement using a "**TIBr target [249] was conducted as a feasibility study
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Figure 7.2: Integrated reaction flux for the first second of a Type II SN explosion for a peak temperature
of 2.44 GK in the Ne/O layer of a 25M star. The thickness of the respective lines correspond to the
reaction flux as follows: thick solid — > 1071%, thin solid — > 10!, dashed — > 107'2. Figure adapted
from Reference [246]. The p-nuclei *Se, ®Kr, and #!Sr are marked in red. The two stable Rb isotopes,
for which proton-induced reactions have been investigated in this thesis, are marked in yellow. A planned
in-beam experiment on *Kr is marked with yellow stripes. The two stable Br isotopes are marked in
blue. A test experiment for the feasibility has been performed on "*'Br.

for future measurements on "*Br(p, ) and *'Br(p,~). The "Br(p, v) reaction was identified as
an important reaction in sensitive branchings [19]. The isotope 86Ky, shown with yellow stripes,
is the last stable isotone in the N = 50 chain that has not yet been investigated in terms of (p,~)
reactions. A dedicated measurement is planned for early 2026. For these three (p,~) reactions
there are no reported data so far. As it is shown in Figures 7.2 and 7.3, these reactions all are
quite cross-linked in the reaction network of the supernova model [246].

Measuring %*Kr, colored in green, can help to resolve discrepancies of two experiments both
performed in inverse kinematics utilizing two different measurement techniques, where the results
deviate by a factor of two [250, 251]. Due to the possibility of implanting Kr into a backing, it is
possible to perform a direct measurement to hopefully resolve these deviations. Since the (p,n)
channel is open and 3Rb has a half-life of 32.8 d, it would be suitable for an experiment combining
the in-beam technique to investigate the (p,~y) reaction with back to back activation measurement
to gain insight of the (p,n) reaction. The latter could be interesting for the vp-process [252].

There are plans to review all literature on reported experimental data to implement the newest
findings into network reaction models and study the impact of these new data on the reaction
network predictions [252]. This will hopefully bring us closer to a greater understanding on how
and where the elements, especially the p-nuclei are produced. The experiments presented in this

thesis as well as the proposed future experiments can help to achieve this goal.
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Figure 7.3: Integrated reaction flux for the first second of a Type II SN explosion for a peak temperature
of 2.96 GK in the Ne/O layer of a 25M¢, star. The thickness of the respective lines correspond to the
reaction flux as follows: thick solid — > 107'°, thin solid — > 10™*!, dashed — > 10~*2. Figure adapted
from Reference [246]. The p-nuclei “*Se, ®Kr, and #!Sr are marked in red. The two stable Rb isotopes,
for which proton-induced reactions have been investigated in this thesis, are marked in yellow. A planned
in-beam experiment on %°Kr is marked with yellow stripes. The two stable Br isotopes are marked in
blue. A test experiment for the feasibility has been performed on “**Br.
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85Rb

A.1 Cross section calculation of discrete levels in 80Sr

85Rb(p,y)30Sr
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Figure A.1: Cross section calculation for the de-excitation of of the first 2% level with E., = 1076.78 keV
in comparison with experimental cross sections. The calculations are performed with the TALYS code
version 2.14 [124, 189].
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Figure A.2: Cross section calculation for the de-excitation of of the second 27 level with E, =
1854.01keV in comparison with experimental cross sections. The calculations are performed with the
TALYS code version 2.14 [124, 189].
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A.1 Cross section calculation of discrete levels in 8Sr
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Figure A.3: Cross section calculation for the de-excitation of of the third 2% level with E, =
2641.12keV in comparison with experimental cross sections. The calculations are performed with the
TALYS code version 2.14 [124, 189].
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A ®Rb

A.2 Systematic studies of Microscopic Level Density Parameters

The different combinations of the parameters, that can adjust the microscopic level density model
5, as explained in Section 2.2.2. The parameter ¢ and § have been varied in the range of the in
TaALYS implemented default values with adjustment values between 0.360 and 0.380 for ¢ and
1.459 and 1.479 for §. The different cumulative number of levels, that are obtained from different
combinations are plotted against the experimentally known cumulative number of levels. This is
under the assumption that the experimentally cumulative number of levels is reasonable in an
energy range up to approximately 4.5 MeV.

A.2.1 Calculations varying ¢ and § with TALYs 2.14 code

It can be seen that for ¢ between 0.360 and 0.372, the combinations of ¢ and  give reasonable
results in an energy range of 3.3 MeV to 4.5 MeV.
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Figure A.4: The cumulative number of levels for the combination of ¢ = 0.3600 and the different
values for . Below approximately 2.4 MeV the cumulative number of levels deviate significantly. The
experimentally known levels are well described up to circa 4 MeV. The influence of varying § in the given
range of 1.4590 to 1.4790 is negligible.
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Figure A.5: Same as before with ¢ = 0.3640.
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Figure A.6: Same as before with ¢ = 0.3680.
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E Sammmesmne smet 20T FALYS 2..14 =
F LD5ySF8 1
‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T
1 2 3 4 5 6 7 8 10
E [MeV]

~ ¢0.3780 p 1.4590 - ¢0.3780 p 1.4670
— ¢0.3780 p 1.4610 ¢ 0.3780 p 1.4690
=== ¢0.3780 p 1.4630 -== ¢0.3780 p 1.4710

Figure A.8: Same as before with ¢ = 0.3780.

c0.3780 p 1.4650 - -+~ ¢ 0.3780 p 1.4730 *  Exp. Levels 5°

¢ 0.3780 p 1.4750
- ¢0.3780 p 1.4770
¢ 0.3780 p 1.4790

Sr



A.2 Systematic studies of Microscopic Level Density Parameters

10°¢ 2
2 F ]
—
g |- -
4l _
2 107 E
G C ]
S F ]
= [ ]
Re) 103§ =
g = E
: [ -
= L ,
2 coopee somes o o s ces e e oo os e |
20 Som e ot o TALYS 2.14 =
= £ LD5ySF8 1
.—; L ]
g 10l E
= £ K 3
@) r L ]
100 T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
1 2 3 4 5 6 7 8 9 10
E [MeV]

“““““ c0.3800p 1.4590  ---- ¢0.3800 p 1.4670 ¢ 0.3800 p 1.4750

-==- ¢ 0.3800 p 14610 c0.3800p 1.4690  ---- ¢0.3800 p 1.4770

-o=- ¢03800p 14630  --- c0.3800p 1.4710 ¢ 0.3800 p 1,4790

c0.3800p 1.4650 - -~ ¢ 0.3800 p 1.4730 *  Exp. Levels 50Sr

Figure A.9: Same as before with ¢ = 0.3800.

A.2.2 Calculations varying 7" and E; with TALYS 2.14 code

Level density model 1 in combination with «-ray strength function 9 is tested by varying the
parameters T' and Ey. On the left side, the experimental level density is compared to the
variations of Ej.
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A.3 Systematic studies of y-ray strength Parameters wtable

Variation of the wtable parameter influencing the 7-ray strength function. The influence of
varying the M1 strength is negligible compared to the influence of the E'1 strength. The greater
the value of wtable, the greater are the predicted cross sections.
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Figure A.17: Varying the v-ray strength function for strength model 8 with help of the parameter
wtable. The influence of traditionally varying M1 and E2 is negligible. Varying E1 shifts the cross

sections up and down and does not change the shape in the energy region of interest.

wtable E1 0.95 on left hand side and 0.98 on the right hand side.
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Figure A.18: Same as before with wtable E1 1.00 on left hand side and 1.02 on the right hand side.
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A.4 Systematic studies of the Koning and Delaroche Optical
Model Potential

A thorough examination of this potential is conducted, since it is the default optical model
potential in the TALYS code. It provides 27 adjustable parameters, that are varied as described
in detail in Chapter 4. Details on each of the parameters are given in the TALYS documentation.

A.4.1 Varying rw and aw
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Figure A.19: Varying the parameters rw and aw utilizing the TALYS [124] code version 2.14 in
comparison to experimental obtained (p,n)-reaction cross sections from References [140, 237, 238].
Shown is rw = 0.5 with varying aw between 0.5 and 2.0.
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Figure A.20: Same as before. Shown are rw = 0.7 and 1.3 with varying aw between 0.5 and 2.0.
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Figure A.21: Same as before. Shown are rw = 1.5 and 1.9 with varying aw between 0.5 and 2.0.
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A.4.2 Varying wl and w2
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Figure A.22: Varying the parameters wl and w2 utilizing the TALYS [124] code version 2.14 in
comparison to experimental obtained (p,n)-reaction cross sections from References [140, 237, 238].
Shown exemplary is wl = 0.5 with varying w2 between 0.5 and 2.0. It is shown, that the effect is
negligible for the calculated cross sections.
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Figure A.23: Same as before. Shown are wl = 1.2 and w1 = 2.0 with varying w2 between 0.5 and 2.0.
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A.4.3 Varying rwso and awso

I; =
a ]
- E
3 LD 5ySF8 =
- TALYS 2.14 -

T T | T T | T T T | T T T | T T T
0 2 4 6 8 10

‘‘‘‘‘‘‘‘‘‘ p rwso 0.5 awso 0.5
== p rwso 0.5 awso 0.6
——— p rwso 0.5 awso 0.7
— prwso 0.5 awso 0.8
---- prwso 0.5 awso 0.9
p rwso 0.5 awso 1.0
prwso 0.5 awso 1.1

E [MeV]

—=- prwso 0.5 awso 1.2
— prwso 0.5 awso 1.3
- prwso 0.5 awso 1.4
--------- p rwso 0.5 awso 1.5
- p rwso 0.5 awso 1.6
——e p rwso 0.5 awso 1.
— prwso 0.5 awso 1.8

--- prwso 0.5 awso 1.9
p rwso 0.5 awso 2.0
—— Kiss 2008 tot.
—&— Kastleiner 2002
—o— Levkovskil991

Figure A.24: Varying the parameters rwso and awso utilizing the TALYS [124] code version 2.14
in comparison to experimental obtained (p,n)-reaction cross sections from References [140, 237, 238].
Shown exemplary is rwso = 0.5 with varying awso between 0.5 and 2.0. It is shown, that the effect is

negligible for the calculated cross sections.
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Figure A.25: Same as before. Shown are rwso = 0.9 and rwso = 1.9 with varying awso between 0.5
and 2.0.
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A.4.4 Varying rwd and awd
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Figure A.26: Varying the parameters rwd and awd utilizing the TALYS [124] code version 2.14 in
comparison to experimental obtained (p, n)-reaction cross sections from References [140, 237, 238]. Shown
exemplary is rwd = 0.5 with varying awd between 0.5 and 2.0. It is shown, that the effect is shifting the
the calculated cross sections up with increasing the value of the awd parameter.
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Figure A.27: Same as before with rwd = 0.7 and rwd = 0.9.
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Figure A.28: Same as before with rwd = 1.0 and rwd = 1.2.
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A.4.5 Varying d1, d2 and d3
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Figure A.29:

Varying the parameters d1, d2 and d3 utilizing the TALYS [124] code version 2.14 in

comparison to experimental obtained (p, n)-reaction cross sections from References [140, 237, 238]. Shown
exemplary is d1 = 0.5 with varying d2 and d3 between 0.5 and 2.0. The effect is most prominent for the

energy range 3 MeV to 8 MeV, where it influences how steep the calculated cross sections change.
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Figure A.30: Same as before with d1 = 0.6.
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Figure A.31: Same as before with d1 = 0.8.
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Figure A.32: Same as before with d1 = 0.9.
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Figure A.33: Same as before with d1 = 1.0.
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Figure A.34: Same as before with d1
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A.4 Systematic studies of the Koning and Delaroche Optical Model Potential

A.4.6 Varying rv and av
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Figure A.35: Varying the parameters rv and av utilizing the TALYS [124] code version 2.14 in
comparison to experimental obtained (p,n)-reaction cross sections from References [140, 237, 238].
Shown exemplary is rv = 0.5 with varying av between 0.5 and 2.0. The variation is mostly shifting the
calculated cross sections up and down.
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Figure A.36: Same as before with rv = 0.7 and rv = 0.8.
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A.4 Systematic studies of the Koning and Delaroche Optical Model Potential
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Figure A.37: Same as before with rv = 0.9 and rv = 1.2.
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A.4.7 Varying vl
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Figure A.38: Varying the parameter v1 utilizing the TALYS [124] code version 2.14 in comparison to
experimental obtained (p,n)-reaction cross sections from References [140, 237, 238]. Shown is varying v1
between 0.5 and 2.0. The variation is mostly shifting the calculated cross sections up and down.
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A.4.8 Varying v2,

v3 and v4

103

102

LD 5ySF 8
TALYS 2.14

1 JJJHH‘ 1 JJJHH‘ 1 JJJHH‘

1 JJHH‘

pv20.5v30.5v40.5
pv20.5v30.5v40.7
pv20.5v30.5v409
pv20.5v30.5v41.1
pv20.5v305v41.3
pv20.5v30.5v4 1.5
pv20.5v30.5v4 1.7

“pv20.5v30.5v4 1.9

pv20.5v30.7v40.5

- pv20.5v30.7v40.7

pv20.5v30.7v409
pv20.5v30.7v4 1.1

pv20.5v30.7v41.3

pv20.5v30.7v4 1.5
pv20.5v30.7v41.7
pv20.5v30.7v4 19
pv20.5v30.9v40.5
pv20.5v30.9v40.7
pv20.5v30.9v409

- pv20.5v309v41.1

1
pv20.5v309v413
pv20.5v309v4 15
pv20.5v309v4 1.7

pv20.5v3 1.

E [MeV]

pv20.5v309v41.9
pv20.5v31.1v40.5
pv20.5v31.1v40.7
pv20.5v31.1v40.9
pv20.5v31.1v41.1
pv205v31.1v4
pv205v31.1v
pv20.5v31.

pv20.5v31.
pv20.5v31.
pv20.5v3 1.

1
1
1
1
pv205v31
1
1
1
1

pv20.5v3 1.
pv20.5v31.
pv205v31.

iw—oauoauw—oaunoaunL

pv205v31.5v4 1.7
pv205v31.5v419
pv20.5v31.7v40.5
pv20.5v31.7v40.7
pv20.5v31.7v409
pv205v31.7v41.1

pv20.5v31.7v4

1
1.3
pv20.5v31.7v415
pv205v31.7v4 1.7
pv20.5v31.7v419
pv20.5v31.9v40.5

“pv20.5v31.9v40.7

pv20.5v31.9v409
pv20.5v319v41.1
pv205v319v4 13
pv205v319v4 15

“pv20.5v31.9v4 1.7

pv205v319v419
Kiss 2008 tot.
Kastleiner 2002
Levkovskil991

—
=)

Figure A.39: Varying the parameters v2, v3 and v4 utilizing the TALYS [124] code version 2.14 in
comparison to experimental obtained (p, n)-reaction cross sections from References [140, 237, 238]. Shown

exemplary is v2 = 0.5 with varying v3 and v4 between 0.5 and 2.0.
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Figure A.40: Same as before with v2 = 0.9.
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Figure A.41: Same as before with v2 = 1.5.
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A.4.9 Varying rvso
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Figure A.42: Varying the parameter rvso utilizing the TALYS [124] code version 2.14 in comparison to
experimental obtained (p, n)-reaction cross sections from References [140, 237, 238]. Shown is varying
rvso between 0.5 and 2.0. The variation is mostly shifting the calculated cross sections up and down.
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A.4.10 Varying vsol and vso2
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Figure A.43: Varying the parameters vsol and vso2 utilizing the TALYS [124] code version 2.14 in
comparison to experimental obtained (p, n)-reaction cross sections from References [140, 237, 238]. Shown
exemplary is vsol = 0.5 with varying vso2 between 0.5 and 2.0. The variation is no effecting the predicted
cross sections.
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Figure A.44: Same as before with vsol = 1.1 and vsol = 2.0.
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A.4.11 Varying rvd and avd
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Figure A.45: Varying the parameters rvd and avd utilizing the TALYS [124] code version 2.14 in
comparison to experimental obtained (p,n)-reaction cross sections from References [140, 237, 238].
Shown exemplary is rvd = 0.5 with varying avd between 0.5 and 2.0. The variation is no effecting the
predicted cross sections.
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Figure A.46: Same as before with rvd = 1.1 and rvd = 2.0.
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A.4.12 Varying rv, av and vl

103

T T TTTTT

102

T JJJHH} T JJJHH} T JJJHH} T JJJHH}

T JJJHH}

LD 5ySF 8
TALYS 2.14

L Lo | |

Ll

“prv0.6av0.5v10.5

prv0.6av0.5v10.7
prv0.6av0.5v10.9
prv0.6av0.5vl 1.1
prv0.6av0.5vl 1.3
prv0.6av0.5vl 1.5
prv0.6av0.5vl 1.7

prv0.6av0.5vl 1.9

prv0.6av0.7v10.5

- prv0.6av0.7v10.7
“prv0.6av0.7v109

prv0.6av0.7 vl 1.1

sprv0.6av0.7vl 1.3

prv0.6av0.7vl 1.5
prv0.6av0.7 vl 1.7

E [MeV]
prv0.6av0.7vl 1.9
prv0.6av09vl0.5

“prv0.6av09vl0.7

prv0.6av09vl0.9

- prv0.6av09vll.l

prv0.6av09vl 13
prv0.6av09vl L5

prv0.6av09vl 1.7

prv0.6av09vl 1.9

- prv0.6avl.lvl05

prv0.6av1.1v10.7
prv0.6avl1.1vl09
prv0.6av1.l1vl1.l
prv0.6av1.1vl13
prv0.6av1.1vl 1.5

1
1
0.
0.
- prv0.6av1.3vl0
1
1
1
1
1

1
1
sprv0.6av1.3vl
1
1

prv0.6av1.1vl
prv0.6avl1.l1vl
prv0.6av 1.3 vl
prv0.6av1.3vl

prv06avl3v
prv0.6av13v

prv0.6avl3v
prv0.6av13v
Kiss 2008 tot.
Kastleiner 2002
Levkovskil991

7
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1
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—_
S

Figure A.47: Varying the parameters 7v, av, and v1 utilizing the TALYS [124] code version 2.14 in
comparison to experimental obtained (p, n)-reaction cross sections from References [140, 237, 238]. Shown
are exemplary the variations of rv between 0.6 to 1.1, here rv = 0.6, with varying av and vl between 0.5

and 2.0. It is shown, that this improves the description of the data for the lower energies.
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103
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102= :
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0 2 4 6 i
E [MeV]

.......... prv0.7av0.5v1 0.5
————— prv0.7av0.5v10.7
- prv0.7av0.5v1 0.9
— prv0.7av05vl 1.1
---- prv0.7av05vl 1.3
o prv0.7av05 vl LS
----- prv0.7av0.5vl 1.7
—=-prv0.7av0.5vl 1.9
— prv0.7av0.7v10.5
R prv0.7aV0.7V] 07
---------- prv0.7av0.7v10.9
_____ prv0.7av0.7 vl 1.1
——— prv0.7av0.7vl 1.3
—— prv0.7av0.7 vl 1.5
---- prv0.7av0.7 vl 1.7

prv0.7av0.7vl 1.9
----- prv0.7av0.9v10.5
= prv0.7av09v10.7
—— prv0.7av09v10.9
---- prv0.7av09vl 1.1
‘‘‘‘‘‘‘‘ prv0.7av09v1 1.3
—— prv0.7av09vl 1.5
== prv0.7av09 vl 1.7
—— prv0.7av0.9 vl 1.9
---- prv0.7av1.1v105
prv0.7av 1.1 vl 0.7
prv0.7av1.1v10.9
prv0.7av 1.1 vl 1.1
prv0.7av1.1vl13
prv0.7av 1.1 vl 1.5

coprv0Jav v
——— prv0.7av1.lv
S prv0.7av13v
—— prv0.7avl3v
---- prv0.7avl3v
‘‘‘‘‘‘‘‘‘‘ prv0.7av13v
- prv0.7av13v
== prv0.7av13v
—— prv0.7avl3v
---- prv0.7avl3v
—— Kiss 2008 tot.

—— Kastleiner 2002
—oe— Levkovskil991

Figure A.48: Same as before with rv = 0.7.

208

11
11.
10.
10.
10.
11.
11
11.
11.
11

ouwUnw=oaniow

p—
S



A.4 Systematic studies of the Koning and Delaroche Optical Model Potential

103

s LD5ySF§
107 = =
& TALYS 2.14 1
1025 E
10_3 T T T | T T T | T T T | T T T | T T T
0 2 + 6 8 10
E [MeV]

---------- prv09av0.5v10.5 S prv09av07vl 19 s prv09avLIvi Ly

_____ prv0.9av0.5v10.7 -== prv09av09vl05 -==prv09avl.lvl1l9

N prv0.9av0.5v109 —=-prv09av09vl07 —=-prv09av13vl05

—— prv09av05vl 1.l — prv09av09v109 —— prv09av1.3v107

---- prv09av05vl13 ---- prv09av09vl 1.l ---- prv09av13vl109

oo prv09av0S5vliLs o e prv09av09vl 1.3 prv09av13vl 1.l

_____ prv0.9av0.5vl 1.7 === prv09av09vl L5 -==prv09avl3vll3

—=-prv09av0.5vl 1.9 e prv09av09vl 1.7 e prv09av13vl 15

—— prv09av0.7v10.5 —— prv09av09vl 19 —— prv09av13vl1l7

---- prv09av0.7v10.7 ---- prv09avl.lvl05 ---- prv09avl13vl 19

---------- prv0.9av0.7v10.9 prv09av1.1v10.7 —— Kiss 2008 tot.

----- prv0.9av0.7vl 1.1 prv0.9av1.1v10.9 —e— Kastleiner 2002

- prv0.9av0.7vl 1.3 prv0.9av1.1vl 1.1 —o— Levkovskil991

—— prv09av0.7vl 1.5 prv09avl.lvl 13

---- prv09av0.7vl 1.7 prv09av1.1vl 1.5

Figure A.49: Same as before with rv = 0.9.
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---------- prvl.1av0.5v10.5
————— prv1.lav0.5v10.7
e prv1.1av0.5v10.9
—— prvl.lav05vl 1.1
---- prvl.lav05vl 13
woprvllav05vl 1.5
----- prvil.lav0.5vl 1.7
—— prv 1.1av0.5vl 19
—— prvl1l.lav0.7v10.5
---- prvl.lav0.7v10.7
---------- prv1.1av0.7v10.9
_____ prv1l.lav0.7vl 1.1
——— prvi1.lav0.7vl 1.3
—— prvl.lav0.7vl 15
---- prvl.lav0.7vl17

“prvl.lav0.7vl 19
----- prv1.1av09v10.5
- == prvllav09vl0.7
— prvl1l.lav09v109
---- prvl.lav09vl 1.1
‘‘‘‘‘‘‘‘‘ prvl.lav09vl13
- prv1.1av09vl 15
== prvI1.lav09vl 1.7
—— prvl.lav09vl 19
---- prvllavl.lvl05

prvIl.lav1.1v10.7
prvi.lavl.1vl09
prvil.lavl.lvll.l
prvil.lavl.lvll3
prvil.lavllvll5s

coeoprvldlavldyv
———— prvl.lavllyv
_———— prv l.lavl3v
—— prvldlavl3yv
---- prv l.lavl3v
‘‘‘‘‘‘‘‘‘‘ prvil.lavl3dv
R prvl.lavl3v
—==prvlilavl3v
—— prvidlavli3v
---- prvllavl3v
—=— Kiss 2008 tot.

—e— Kastleiner 2002
—oe— Levkovskil991

Figure A.50: Same as before with rv = 1.1.
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A.4.13 Varying rwd, awd, d1, d2 and d3

A.4 Systematic studies of the Koning and Delaroche Optical Model Potential

103¢
102
10' =
~— -
T ol
=100
Y c
O =
2 E
© L
10
102
10 3 T T T ‘ T T T ‘ ‘ T T T ‘ T
0 2 4 6 8 10
E [MeV]
p rwd 0.50 awd 0.50 d1 0.50 d2 0.50 d3 0.50 === prwd0.50 awd 0.50 d1 1.50 d2 0.50 d3 1.50
=== prwd 0.50 awd 0.50 d1 0.50 d2 0.50 d3 1.00 p rwd 0.50 awd 0.50 d1 1.50 d2 0.50 d3 2.00
== prwd 0.50 awd 0.50 d1 0.50 d2 0.50 d3 1.50 === prwd 0.50 awd 0.50 d1 1.50 d2 1.00 d3 0.50
— prwd 0.50 awd 0.50 d1 0.50 d2 0.50 d3 2.00 == prwd 0.50 awd 0.50 d1 1.50 d2 1.00 d3 1.00
=== prwd 0.50 awd 0.50 d1 0.50 d2 1.00 d3 0.50 — prwd 0.50 awd 0.50 d1 1.50 d2 1.00 d3 1.50
p rwd 0.50 awd 0.50 d1 0.50 d2 1.00 d3 1.00 === prwd0.50 awd 0.50 d1 1.50 d2 1.00 d3 2.00
== prwd 0.50 awd 0.50 d1 0.50 d2 1.00 d3 1.50 p rwd 0.50 awd 0.50 d1 1.50 d2 1.50 d3 0.50
p rwd 0.50 awd 0.50 d1 0.50 d2 1.00 d3 2.00 === prwd 0.50 awd 0.50 d1 1.50 d2 1.50 d3 1.00
— prwd 0.50 awd 0.50 d1 0.50 d2 1.50 d3 0.50 == prwd0.50 awd 0.50 d1 1.50 d2 1.50 d3 1.50
=== prwd0.50 awd 0.50 d1 0.50 d2 1.50 d3 1.00 — prwd 0.50 awd 0.50 d1 1.50 d2 1.50 d3 2.00
p rwd 0.50 awd 0.50 d1 0.50 d2 1.50 d3 1.50 === prwd0.50 awd 0.50 d1 1.50 d2 2.00 d3 0.50
=== prwd 0.50 awd 0.50 d1 0.50 d2 1.50 d3 2.00 p rwd 0.50 awd 0.50 d1 1.50 d2 2.00 d3 1.00
== prwd 0.50 awd 0.50 d1 0.50 d2 2.00 d3 0.50 === prwd 0.50 awd 0.50 d1 1.50 d2 2.00 d3 1.50
— prwd 0.50 awd 0.50 d1 0.50 d2 2.00 d3 1.00 == prwd 0.50 awd 0.50 d1 1.50 d2 2.00 d3 2.00
=== prwd 0.50 awd 0.50 d1 0.50 d2 2.00 d3 1.50 — prwd 0.50 awd 0.50 d1 2.00 d2 0.50 d3 0.50
p rwd 0.50 awd 0.50 d1 0.50 d2 2.00 d3 2.00 === prwd0.50 awd 0.50 d1 2.00 d2 0.50 d3 1.00
== prwd 0.50 awd 0.50 d1 1.00 d2 0.50 d3 0.50 p rwd 0.50 awd 0.50 d1 2.00 d2 0.50 d3 1.50
= prwd 0.50 awd 0.50 d1 1.00 d2 0.50 d3 1.00 === prwd 0.50 awd 0.50 d1 2.00 d2 0.50 d3 2.00
— prwd 0.50 awd 0.50 d1 1.00 d2 0.50 d3 1.50 == prwd 0.50 awd 0.50 d1 2.00 d2 1.00 d3 0.50
=== prwd0.50 awd 0.50 d1 1.00 d2 0.50 d3 2.00 — prwd 0.50 awd 0.50 d1 2.00 d2 1.00 d3 1.00
p rwd 0.50 awd 0.50 d1 1.00 d2 1.00 d3 0.50 === prwd0.50 awd 0.50 d1 2.00 d2 1.00 d3 1.50
=== prwd 0.50 awd 0.50 d1 1.00 d2 1.00 d3 1.00 p rwd 0.50 awd 0.50 d1 2.00 d2 1.00 d3 2.00
== prwd0.50 awd 0.50 d1 1.00 d2 1.00 d3 1.50 === prwd 0.50 awd 0.50 d1 2.00 d2 1.50 d3 0.50
— prwd 0.50 awd 0.50 d1 1.00 d2 1.00 d3 2.00 == prwd0.50 awd 0.50 d1 2.00 d2 1.50 d3 1.00
=== prwd0.50 awd 0.50 d1 1.00 d2 1.50 d3 0.50 — prwd 0.50 awd 0.50 d1 2.00 d2 1.50 d3 1.50
p rwd 0.50 awd 0.50 d1 1.00 d2 1.50 d3 1.00 === prwd0.50 awd 0.50 d1 2.00 d2 1.50 d3 2.00
p rwd 0.50 awd 0.50 d1 1.00 d2 1.50 d3 1.50 p rwd 0.50 awd 0.50 d1 2.00 d2 2.00 d3 0.50
p rwd 0.50 awd 0.50 d1 1.00 d2 1.50 d3 2.00 === prwd 0.50 awd 0.50 d1 2.00 d2 2.00 d3 1.00
p rwd 0.50 awd 0.50 d1 1.00 d2 2.00 d3 0.50 == prwd 0.50 awd 0.50 d1 2.00 d2 2.00 d3 1.50
p rwd 0.50 awd 0.50 d1 1.00 d2 2.00 d3 1.00 — prwd 0.50 awd 0.50 d1 2.00 d2 2.00 d3 2.00
p rwd 0.50 awd 0.50 d1 1.00 d2 2.00 d3 1.50 —=— Kiss 2008 tot.
=== prwd 0.50 awd 0.50 d1 1.00 d2 2.00 d3 2.00 —@— Kastleiner 2002
== prwd 0.50 awd 0.50 d1 1.50 d2 0.50 d3 0.50 —6— Levkovskil991
— prwd 0.50 awd 0.50 d1 1.50 d2 0.50 d3 1.00

Figure A.51: Parameter combinations describing the (p,n) data obtained by varying eight parameters
of the Koning—Delaroche optical model potential. Thee parameters are varied between 0.5 and 2.0. Shown
are the variations with rwd = awd = 0.5
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103
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E [MeV]
"""" p rwd 0.50 awd 1.00 d1 0.50 d2 0.50 d3 0.50 - - - prwd0.50 awd 1.00 d1 1.50 d2 0.50 d3 1.50
=== prwd 0.50 awd 1.00d1 0.50d20.50d3 1.00 = prwd 0.50 awd 1.00 d1 1.50 d2 0.50 d3 2.00
== prwd 0.50 awd 1.00 d1 0.50 d2 0.50 d3 1.50 === prwd 0.50 awd 1.00 d1 1.50 d2 1.00 d3 0.50
— prwd 0.50 awd 1.00 d1 0.50 d2 0.50 d3 2.00 == prwd 0.50 awd 1.00 d1 1.50 d2 1.00 d3 1.00
=== prwd0.50 awd 1.00 d1 0.50 d2 1.00 d3 0.50 — prwd 0.50 awd 1.00 d1 1.50 d2 1.00 d3 1.50
p rwd 0.50 awd 1.00 d1 0.50 d2 1.00 d3 1.00 “ prwd 0.50 awd 1.00 d1 1.50 d2 1.00 d3 2.00
=== prwd 0.50 awd 1.00 d1 0.50 d2 1.00 d3 1.50 ~ prwd 0.50 awd 1.00 d1 1.50 d2 1.50 d3 0.50
== prwd 0.50 awd 1.00 d1 0.50 d2 1.00 d3 2.00 === prwd 0.50 awd 1.00 d1 1.50 d2 1.50 d3 1.00
— prwd 0.50 awd 1.00 d1 0.50 d2 1.50 d3 0.50 == prwd0.50 awd 1.00 dI 1.50 d2 1.50 d3 1.50
- -~ prwd0.50 awd 1.00 d1 0.50 d2 1.50 d3 1.00 — prwd 0.50 awd 1.00 d1 1.50 d2 1.50 d3 2.00
prwd 0.50 awd 1.00 d1 0.50 d2 1.50 d3 1.50 - - - prwd0.50 awd 1.00 d1 1.50 d2 2.00 d3 0.50
== prwd 0.50 awd 1.00 d1 0.50 d2 1.50 d3 2.00 p rwd 0.50 awd 1.00 d1 1.50 d2 2.00 d3 1.00
== prwd 0.50 awd 1.00 d1 0.50 d2 2.00 d3 0.50 -=+= prwd 0.50 awd 1.00 d1 1.50 d2 2.00 d3 1.50
— prwd 0.50 awd 1.00 d1 0.50 d2 2.00 d3 1.00 == prwd 0.50 awd 1.00 d1 1.50 d2 2.00 d3 2.00
- == prwd0.50 awd 1.00 d1 0.50 d2 2.00 d3 1.50 — prwd 0.50 awd 1.00 d1 2.00 d2 0.50 d3 0.50
p rwd 0.50 awd 1.00 d1 0.50 d2 2.00 d3 2.00 - - - prwd0.50 awd 1.00 d1 2.00 d2 0.50 d3 1.00
—= - prwd 0.50 awd 1.00 d1 1.00 d2 0.50 d3 0.50 © prwd 0.50 awd 1.00 d1 2.00 d2 0.50 d3 1.50
— = prwd 0.50 awd 1.00 d1 1.00 d2 0.50 d3 1.00 === prwd 0.50 awd 1.00 d1 2.00 d2 0.50 d3 2.00
— prwd 0.50 awd 1.00 d1 1.00 d2 0.50 d3 1.50 == prwd 0.50 awd 1.00 d1 2.00 d2 1.00 d3 0.50
- - - prwd0.50 awd 1.00 dI 1.00 d2 0.50 d3 2.00 — prwd 0.50 awd 1.00 d1 2.00 d2 1.00 d3 1.00
p rwd 0.50 awd 1.00 d1 1.00 d2 1.00 d3 0.50 - - - prwd 0.50 awd 1.00 d1 2.00 d2 1.00 d3 1.50
-= prwd 0.50 awd 1.00 d1 1.00 d2 1.00 d3 1.00 ~ prwd 0.50 awd 1.00 d1 2.00 d2 1.00 d3 2.00
== prwd 0.50 awd 1.00 d1 1.00 d2 1.00 d3 1.50 === prwd 0.50 awd 1.00 d1 2.00 d2 1.50 d3 0.50
— prwd 0.50 awd 1.00 d1 1.00 d2 1.00 d3 2.00 == prwd 0.50 awd 1.00 d1 2.00 d2 1.50 d3 1.00
- - - prwd0.50 awd 1.00 d1 1.00 d2 1.50 d3 0.50 — prwd 0.50 awd 1.00 d1 2.00 d2 1.50 d3 1.50
p rwd 0.50 awd 1.00 d1 1.00 d2 1.50 d3 1.00 == - prwd0.50 awd 1.00 d1 2.00 d2 1.50 d3 2.00
prwd 0.50 awd 1.00 d1 1.00 d2 1.50 d3 1.50 p rwd 0.50 awd 1.00 d1 2.00 d2 2.00 d3 0.50
p rwd 0.50 awd 1.00 d1 1.00 d2 1.50 d3 2.00 === prwd 0.50 awd 1.00 d1 2.00 d2 2.00 d3 1.00
p rwd 0.50 awd 1.00 d1 1.00 d2 2.00 d3 0.50 — = prwd 0.50 awd 1.00 d1 2.00 d2 2.00 d3 1.50
p rwd 0.50 awd 1.00 d1 1.00 d2 2.00 d3 1.00 — prwd 0.50 awd 1.00 d1 2.00 d2 2.00 d3 2.00
<o prwd 0.50 awd 1.00 d1 1.00 d2 2.00 d3 1.50 —=— Kiss 2008 tot.
=== prwd 0.50 awd 1.00 d1 1.00 d2 2.00 d3 2.00 —®— Kastleiner 2002
== prwd 0.50 awd 1.00 d1 1.50 d2 0.50 d3 0.50 —S— Levkovskil991
— prwd 0.50 awd 1.00 d1 1.50 d2 0.50 d3 1.00

Figure A.52: Same as before with with rwd = 0.5 and awd = 1.0.
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A.4 Systematic studies of the Koning and Delaroche Optical Model Potential

3 TALYS 2.14 -
T T | T T T | T | T T T | T
0 2 4 6 8
E [MeV]
------- p rwd 0.50 awd 2.00 d1 0.50 d2 0.50 d3 0.50 - == prwd 0.50 awd 2.00 d1 1.50 d2 0.50 d3 1.50
. .50d31.00 e p rwd 0.50 awd 2.00 d1 1.50 d2 0.50 d3 2.00
== prwd 0.50 awd 2.00 d1 0.50 d2 0.50 d3 1.50 === prwd 0.50 awd 2.00 d1 1.50 d2 1.00 d3 0.50
—— prwd 0.50 awd 2.00 d1 0.50 d2 0.50 d3 2.00 == prwd 0.50 awd 2.00 d1 1.50 d2 1.00 d3 1.00
=== prwd 0.50 awd 2.00 d1 0.50 d2 1.00 d3 0.50 —— prwd 0.50 awd 2.00 d1 1.50 d2 1.00 d3 1.50
p rwd 0.50 awd 2.00 d1 0.50 d2 1.00 d3 1.00 === prwd0.50 awd 2.00 d1 1.50 d2 1.00 d3 2.00
== prwd0.50 awd 2.00d1 0.50d21.00d3 1.50 p rwd 0.50 awd 2.00 d1 1.50 d2 1.50 d3 0.50
—= prwd 0.50 awd 2.00 d1 0.50 d2 1.00 d3 2.00 === prwd 0.50 awd 2.00 d1 1.50 d2 1.50 d3 1.00
— prwd 0.50 awd 2.00 d1 0.50 d2 1.50 d3 0.50 == prwd 0.50 awd 2.00 d1 1.50 d2 1.50 d3 1.50
==~ prwd 0.50 awd 2.00 d1 0.50 d2 1.50 d3 1.00 — prwd 0.50 awd 2.00 d1 1.50 d2 1.50 d3 2.00
p rwd 0.50 awd 2.00 d1 0.50 d2 1.50 d3 1.50 - == prwd 0.50 awd 2.00 d1 1.50 d2 2.00 d3 0.50
prwd 0.50 awd 2.00d1 0.50d2 1.50d32.00 o p rwd 0.50 awd 2.00 d1 1.50 d2 2.00 d3 1.00
p rwd 0.50 awd 2.00 d1 0.50 d2 2.00 d3 0.50 =-=-= prwd 0.50 awd 2.00 d1 1.50 d22.00 d3 1.50
— prwd 0.50 awd 2.00 d1 0.50 d2 2.00 d3 1.00 == prwd 0.50 awd 2.00 d1 1.50 d2 2.00 d3 2.00
=== prwd 0.50 awd 2.00 d1 0.50 d2 2.00 d3 1.50 —— prwd 0.50 awd 2.00 d1 2.00 d2 0.50 d3 0.50
p rwd 0.50 awd 2.00 d1 0.50 d2 2.00 d3 2.00 - == prwd 0.50 awd 2.00 d1 2.00 d2 0.50 d3 1.00
= == prwd 0.50 awd 2.00 d1 1.00 d2 0.50 d3 0.50 © prwd 0.50 awd 2.00 d1 2.00 d2 0.50 d3 1.50
== prwd 0.50 awd 2.00 d1 1.00 d2 0.50 d3 1.00 =-=-= prwd 0.50 awd 2.00 d1 2.00 d2 0.50 d3 2.00
— prwd 0.50 awd 2.00 d1 1.00 d2 0.50 d3 1.50 == prwd 0.50 awd 2.00 d1 2.00 d2 1.00 d3 0.50
== - prwd 0.50 awd 2.00 d1 1.00 d2 0.50 d3 2.00 —— prwd 0.50 awd 2.00 d1 2.00 d2 1.00 d3 1.00
p rwd 0.50 awd 2.00 d1 1.00 d2 1.00 d3 0.50 === prwd0.50 awd 2.00 d1 2.00 d2 1.00 d3 1.50
- prwd 0.50 awd 2.00d1 1.00d2 1.00d31.00 - p rwd 0.50 awd 2.00 d1 2.00 d2 1.00 d3 2.00
== prwd 0.50 awd 2.00 d1 1.00 d2 1.00 d3 1.50 =-=-= prwd 0.50 awd 2.00 d1 2.00 d2 1.50 d3 0.50
—— prwd 0.50 awd 2.00 d1 1.00 d2 1.00 d3 2.00 == prwd 0.50 awd 2.00 d1 2.00 d2 1.50 d3 1.00
- - - prwd 0.50 awd 2.00 d1 1.00 d2 1.50 d3 0.50 — prwd 0.50 awd 2.00 d1 2.00 d2 1.50 d3 1.50
p rwd 0.50 awd 2.00 d1 1.00 d2 1.50 d3 1.00 - == prwd 0.50 awd 2.00 d1 2.00 d2 1.50 d3 2.00
p rwd 0.50 awd 2.00 d1 1.00 d2 1.50 d3 1.50 p rwd 0.50 awd 2.00 d1 2.00 d2 2.00 d3 0.50
p rwd 0.50 awd 2.00 d1 1.00 d2 1.50 d3 2.00 === prwd 0.50 awd 2.00 d1 2.00 d2 2.00 d3 1.00
p rwd 0.50 awd 2.00 d1 1.00 d2 2.00 d3 0.50 == prwd 0.50 awd 2.00 d1 2.00 d2 2.00 d3 1.50
p rwd 0.50 awd 2.00 d1 1.00 d2 2.00 d3 1.00 — prwd 0.50 awd 2.00 d1 2.00 d2 2.00 d3 2.00
p rwd 0.50 awd 2.00 d1 1.00 d2 2.00 d3 1.50 —=— Kiss 2008 tot.
=== prwd 0.50 awd 2.00 d1 1.00 d2 2.00 d3 2.00 —@— Kastleiner 2002
== prwd 0.50 awd 2.00 d1 1.50 d2 0.50 d3 0.50 —6— Levkovskil991
— prwd 0.50 awd 2.00 d1 1.50 d2 0.50 d3 1.00

Figure A.53: Same as before with with rwd = 0.5 and awd = 2.0.
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3 TALYS 2.14 -
T T | T T T | T | T T T | T T T
0 2 4 6 8
E [MeV]
-------- p rwd 0.75 awd 1.00 d1 0.50 d2 0.50 d3 0.50 === prwd0.75 awd 1.00 d1 1.50 d2 0.50 d3 1.50
=== prwd 0.75 awd 1.00 d1 0.50 d20.50d31.00 - prwd 0.75 awd 1.00 d1 1.50 d2 0.50 d3 2.00
== prwd0.75 awd 1.00 d1 0.50 d2 0.50 d3 1.50 === prwd 0.75 awd 1.00 d1 1.50 d2 1.00 d3 0.50
—— prwd 0.75 awd 1.00 d1 0.50 d2 0.50 d3 2.00 == prwd 0.75 awd 1.00 d1 1.50 d2 1.00 d3 1.00
=== prwd0.75 awd 1.00 d1 0.50 d2 1.00 d3 0.50 — prwd 0.75 awd 1.00 d1 1.50 d2 1.00 d3 1.50
p rwd 0.75 awd 1.00 d1 0.50 d2 1.00 d3 1.00 ~ prwd 0.75 awd 1.00 d1 1.50 d2 1.00 d3 2.00
=== prwd 0.75 awd 1.00 d1 0.50 d2 1.00 d3 1.50 < prwd 0.75 awd 1.00 d1 1.50 d2 1.50 d3 0.50
== prwd 0.75 awd 1.00 d1 0.50 d2 1.00 d3 2.00 === prwd 0.75 awd 1.00 d1 1.50 d2 1.50 d3 1.00
— prwd 0.75 awd 1.00 d1 0.50 d2 1.50 d3 0.50 == prwd0.75 awd 1.00 d1 1.50 d2 1.50 d3 1.50
=== prwd0.75 awd 1.00 d1 0.50 d2 1.50 d3 1.00 — prwd 0.75 awd 1.00 d1 1.50 d2 1.50 d3 2.00
p rwd 0.75 awd 1.00 d1 0.50 d2 1.50 d3 1.50 === prwd0.75 awd 1.00 d1 1.50 d2 2.00 d3 0.50
= prwd 0.75 awd 1.00 d1 0.50 d2 1.50 d3 2.00 p rwd 0.75 awd 1.00 d1 1.50 d2 2.00 d3 1.00
== prwd 0.75 awd 1.00 d1 0.50 d2 2.00 d3 0.50 -=+= prwd 0.75 awd 1.00 d1 1.50 d2 2.00 d3 1.50
— prwd 0.75 awd 1.00 d1 0.50 d2 2.00 d3 1.00 == prwd0.75 awd 1.00 d1 1.50 d2 2.00 d3 2.00
=== prwd0.75 awd 1.00 d1 0.50 d2 2.00 d3 1.50 —— prwd 0.75 awd 1.00 d1 2.00 d2 0.50 d3 0.50
p rwd 0.75 awd 1.00 d1 0.50 d2 2.00 d3 2.00 === prwd0.75 awd 1.00 d1 2.00 d2 0.50 d3 1.00
== prwd 0.75 awd 1.00 d1 1.00 d2 0.50 d3 0.50 © prwd 0.75 awd 1.00 d1 2.00 d2 0.50 d3 1.50
== prwd 0.75 awd 1.00 d1 1.00 d2 0.50 d3 1.00 =-=-= prwd 0.75 awd 1.00 d1 2.00 d2 0.50 d3 2.00
— prwd 0.75 awd 1.00 d1 1.00 d2 0.50 d3 1.50 == prwd 0.75 awd 1.00 d1 2.00 d2 1.00 d3 0.50
=== prwd0.75 awd 1.00 d1 1.00 d2 0.50 d3 2.00 — prwd 0.75 awd 1.00 d1 2.00 d2 1.00 d3 1.00
p rwd 0.75 awd 1.00 d1 1.00 d2 1.00 d3 0.50 === prwd0.75 awd 1.00 d1 2.00 d2 1.00 d3 1.50
= prwd 0.75 awd 1.00 d1 1.00 d2 1.00 d3 1.00 - prwd 0.75 awd 1.00 d1 2.00 d2 1.00 d3 2.00
== prwd 0.75 awd 1.00 d1 1.00 d2 1.00 d3 1.50 =-=-= prwd 0.75 awd 1.00 d1 2.00 d2 1.50 d3 0.50
—— prwd 0.75 awd 1.00 d1 1.00 d2 1.00 d3 2.00 == prwd 0.75 awd 1.00 d1 2.00 d2 1.50 d3 1.00
- - - prwd0.75 awd 1.00 d1 1.00 d2 1.50 d3 0.50 — prwd 0.75 awd 1.00 d1 2.00 d2 1.50 d3 1.50
p rwd 0.75 awd 1.00 d1 1.00 d2 1.50 d3 1.00 === prwd0.75 awd 1.00 d1 2.00 d2 1.50 d3 2.00
prwd 0.75 awd 1.00 d1 1.00 d2 1.50 d3 1.50 p rwd 0.75 awd 1.00 d1 2.00 d2 2.00 d3 0.50
p rwd 0.75 awd 1.00 d1 1.00 d2 1.50 d3 2.00 === prwd 0.75 awd 1.00 d1 2.00 d2 2.00 d3 1.00
p rwd 0.75 awd 1.00 d1 1.00 d2 2.00 d3 0.50 == prwd 0.75 awd 1.00 d1 2.00 d2 2.00 d3 1.50
p rwd 0.75 awd 1.00 d1 1.00 d2 2.00 d3 1.00 — prwd 0.75 awd 1.00 d1 2.00 d2 2.00 d3 2.00
<o prwd 0.75 awd 1.00 d1 1.00 d2 2.00 d3 1.50 —=— Kiss 2008 tot.
=== prwd 0.75 awd 1.00 d1 1.00 d2 2.00 d3 2.00 —®— Kastleiner 2002
== prwd 0.75 awd 1.00 d1 1.50 d2 0.50 d3 0.50 —6— Levkovskil991
— prwd 0.75 awd 1.00 d1 1.50 d2 0.50 d3 1.00

Figure A.54: Same as before with with rwd = 0.75 and awd = 1.0.
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A.4 Systematic studies of the Koning and Delaroche Optical Model Potential

3 TALYS 2.14 -
T T | T T T | T | T T T | T
0 2 4 6 8
E [MeV]
------- p rwd 0.75 awd 1.50 d1 0.50 d2 0.50 d3 0.50 === prwd0.75 awd 1.50 d1 1.50 d2 0.50 d3 1.50
=== prwd 0.75 awd 1.50 d1 0.50 d20.50d31.00 - prwd 0.75 awd 1.50 d1 1.50 d2 0.50 d3 2.00
== prwd 0.75 awd 1.50 d1 0.50 d2 0.50 d3 1.50 === prwd 0.75 awd 1.50 d1 1.50 d2 1.00 d3 0.50
—— prwd 0.75 awd 1.50 d1 0.50 d2 0.50 d3 2.00 == prwd 0.75 awd 1.50 d1 1.50 d2 1.00 d3 1.00
=== prwd0.75 awd 1.50 d1 0.50 d2 1.00 d3 0.50 —— prwd 0.75 awd 1.50 d1 1.50 d2 1.00 d3 1.50
prwd 0.75 awd 1.50 d1 0.50 d2 1.00 d3 1.00 === prwd0.75 awd 1.50 d1 1.50 d2 1.00 d3 2.00
== prwd0.75awd 1.50d1 0.50d21.00d3 1.50 = © prwd 0.75 awd 1.50 d1 1.50 d2 1.50 d3 0.50
== prwd 0.75 awd 1.50 d1 0.50 d2 1.00 d3 2.00 =-=-= prwd 0.75 awd 1.50 d1 1.50 d2 1.50 d3 1.00
—— prwd 0.75 awd 1.50 d1 0.50 d2 1.50 d3 0.50 == prwd0.75 awd 1.50 d1 1.50 d2 1.50 d3 1.50
==~ prwd0.75 awd 1.50 d1 0.50 d2 1.50 d3 1.00 — prwd 0.75 awd 1.50 d1 1.50 d2 1.50 d3 2.00
p rwd 0.75 awd 1.50 d1 0.50 d2 1.50 d3 1.50 === prwd0.75 awd 1.50 d1 1.50 d2 2.00 d3 0.50
prwd 0.75 awd 1.50d1 0.50d2 1.50d32.00 prwd 0.75 awd 1.50 d1 1.50 d2 2.00 d3 1.00
p rwd 0.75 awd 1.50 d1 0.50 d2 2.00 d3 0.50 === prwd 0.75 awd 1.50 d1 1.50 d22.00d3 1. 50
— prwd 0.75 awd 1.50 d1 0.50 d2 2.00 d3 1.00 == prwd 0.75 awd 1.50 d1 1.50 d2 2.00 d3 2.0
=== prwd0.75 awd 1.50 d1 0.50 d2 2.00 d3 1.50 — prwd 0.75 awd 1.50 d1 2.00 d2 0.50 d3 0. 50
p rwd 0.75 awd 1.50 d1 0.50 d2 2.00 d3 2.00 === prwd0.75 awd 1.50 d1 2.00 d2 0.50 d3 1.00
— = prwd 0.75 awd 1.50 d1 1.00 d2 0.50 d3 0.50 oo prwd 0.75 awd 1.50 d12.00 d2 0.50 d3 1.50
—= prwd 0.75 awd 1.50 d1 1.00 d2 0.50 d3 1.00 =-=-= prwd 0.75 awd 1.50 d1 2.00 d2 0.50 d3 2.00
— prwd 0.75 awd 1.50 d1 1.00 d2 0.50 d3 1.50 == prwd 0.75 awd 1.50 d1 2.00 d2 1.00 d3 0.50
- - - prwd0.75 awd 1.50 d1 1.00 d2 0.50 d3 2.00 —— prwd 0.75 awd 1.50 d1 2.00 d2 1.00 d3 1.00
p rwd 0.75 awd 1.50 d1 1.00 d2 1.00 d3 0.50 === prwd0.75 awd 1.50 d1 2.00 d2 1.00 d3 1.50
- prwd 0.75 awd 1.50d1 1.00d2 1.00d3 1.00 - p rwd 0.75 awd 1.50 d1 2.00 d2 1.00 d3 2.00
== prwd 0.75 awd 1.50 d1 1.00 d2 1.00 d3 1.50 =-=-= prwd 0.75 awd 1.50 d1 2.00 d2 1.50 d3 0.50
—— prwd 0.75 awd 1.50 d1 1.00 d2 1.00 d3 2.00 == prwd 0.75 awd 1.50 d1 2.00 d2 1.50 d3 1.00
- - - prwd0.75 awd 1.50 d1 1.00 d2 1.50 d3 0.50 — prwd 0.75 awd 1.50 d1 2.00 d2 1.50 d3 1.50
p rwd 0.75 awd 1.50 d1 1.00 d2 1.50 d3 1.00 === prwd0.75 awd 1.50 d1 2.00 d2 1.50 d3 2.00
prwd 0.75 awd 1.50 d1 1.00 d2 1.50 d3 1.50 B p rwd 0.75 awd 1.50 d1 2.00 d2 2.00 d3 0.50
prwd 0.75 awd 1.50 d1 1.00 d2 1.50 d3 2.00 === prwd 0.75 awd 1.50 d1 2.00 d2 2.00 d3 1.00
p rwd 0.75 awd 1.50 d1 1.00 d2 2.00 d3 0.50 == prwd 0.75 awd 1.50 d1 2.00 d2 2.00 d3 1.50
prwd 0.75 awd 1.50 d1 1.00 d2 2.00 d3 1.00 — prwd 0.75 awd 1.50 d1 2.00 d2 2.00 d3 2.00
<o prwd 0.75 awd 1.50 d1 1.00 d2 2.00 d3 1.50 —=— Kiss 2008 tot.
=== prwd 0.75 awd 1.50 d1 1.00 d2 2.00 d3 2.00 —@— Kastleiner 2002
== prwd 0.75 awd 1.50 d1 1.50 d2 0.50 d3 0.50 —6— Levkovskil991
— prwd 0.75 awd 1.50 d1 1.50 d2 0.50 d3 1.00

Figure A.55: Same as before with with rwd = 0.75 and awd = 1.5.
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g TALYS 2.14 -
T T I T T T I T I T T T I T
0 2 4 6 8
E [MeV]
"""" p rwd 1.00 awd 0.50 d1 0.50 d2 0.50 d3 0.50 - - - prwd 1.00 awd 0.50 d1 1.50 d2 0.50 d3 1.50
=== prwd 1.00 awd 0.50 d1 0.50d20.50d3 1.00 = prwd 1.00 awd 0.50 d1 1.50 d2 0.50 d3 2.00
== prwd 1.00 awd 0.50 d1 0.50 d2 0.50 d3 1.50 === prwd 1.00 awd 0.50 d1 1.50 d2 1.00 d3 0.50
— prwd 1.00 awd 0.50 d1 0.50 d2 0.50 d3 2.00 == prwd 1.00 awd 0.50 d1 1.50 d2 1.00 d3 1.00
- - - prwd 1.00 awd 0.50 d1 0.50 d2 1.00 d3 0.50 — prwd 1.00 awd 0.50 d1 1.50 d2 1.00 d3 1.50
prwd 1.00 awd 0.50 d1 0.50 d2 1.00 d3 1.00 - - - prwd 1.00 awd 0.50 d1 1.50 d2 1.00 d3 2.00
=== prwd 1.00 awd 0.50 d1 0.50 d2 1.00 d3 1.50 v prwd 1.00 awd 0.50 d1 1.50 d2 1.50 d3 0.50
== prwd 1.00 awd 0.50 d1 0.50 d2 1.00 d3 2.00 === prwd 1.00 awd 0.50 d1 1.50 d2 1.50 d3 1.00
— prwd 1.00 awd 0.50 d1 0.50 d2 1.50 d3 0.50 == prwd 1.00 awd 0.50 d1 1.50 d2 1.50 d3 1.50
- - - prwd 1.00 awd 0.50 d1 0.50 d2 1.50 d3 1.00 — prwd 1.00 awd 0.50 d1 1.50 d2 1.50 d3 2.00
p rwd 1.00 awd 0.50 d1 0.50 d2 1.50 d3 1.50 - - - prwd 1.00 awd 0.50 d1 1.50 d2 2.00 d3 0.50
== prwd 1.00 awd 0.50 d1 0.50 d2 1.50 d3 2.00 prwd 1.00 awd 0.50 d1 1.50 d2 2.00 d3 1.00
== prwd 1.00 awd 0.50 d1 0.50 d2 2.00 d3 0.50 -=+= prwd 1.00 awd 0.50 d1 1.50 d2 2.00 d3 1.50
— prwd 1.00 awd 0.50 d1 0.50 d2 2.00 d3 1.00 == prwd 1.00 awd 0.50 d1 1.50 d2 2.00 d3 2.00
- - - prwd 1.00 awd 0.50 d1 0.50 d2 2.00 d3 1.50 — prwd 1.00 awd 0.50 d1 2.00 d2 0.50 d3 0.50
p rwd 1.00 awd 0.50 d1 0.50 d2 2.00 d3 2.00 p rwd 1.00 awd 0.50 d1 2.00 d2 0.50 d3 1.00
—— - prwd 1.00 awd 0.50 d1 1.00 d2 0.50 d3 0.50 © prwd 1.00 awd 0.50 d1 2.00 d2 0.50 d3 1.50
— = prwd 1.00 awd 0.50 d1 1.00 d2 0.50 d3 1.00 -=-= prwd 1.00 awd 0.50 d1 2.00 d2 0.50 d3 2.00
— prwd 1.00 awd 0.50 d1 1.00 d2 0.50 d3 1.50 == prwd 1.00 awd 0.50 d1 2.00 d2 1.00 d3 0.50
- - - prwd 1.00 awd 0.50 d1 1.00 d2 0.50 d3 2.00 — prwd 1.00 awd 0.50 d1 2.00 d2 1.00 d3 1.00
prwd 1.00 awd 0.50 d1 1.00 d2 1.00 d3 0.50 - - - prwd 1.00 awd 0.50 d1 2.00 d2 1.00 d3 1.50
-- prwd 1.00 awd 0.50 d1 1.00 d2 1.00 d3 1.00 w prwd 1.00 awd 0.50 d1 2.00 d2 1.00 d3 2.00
== prwd 1.00 awd 0.50 d1 1.00 d2 1.00 d3 1.50 -=+= prwd 1.00 awd 0.50 d1 2.00 d2 1.50 d3 0.50
— prwd 1.00 awd 0.50 d1 1.00 d2 1.00 d3 2.00 == prwd 1.00 awd 0.50 d1 2.00 d2 1.50 d3 1.00
- - - prwd 1.00 awd 0.50 d1 1.00 d2 1.50 d3 0.50 — prwd 1.00 awd 0.50 d1 2.00 d2 1.50 d3 1.50
p rwd 1.00 awd 0.50 d1 1.00 d2 1.50 d3 1.00 - - - prwd 1.00 awd 0.50 d1 2.00 d2 1.50 d3 2.00
prwd 1.00 awd 0.50 d1 1.00 d2 1.50 d3 1.50 p rwd 1.00 awd 0.50 d1 2.00 d2 2.00 d3 0.50
prwd 1.00 awd 0.50 d1 1.00 d2 1.50 d3 2.00 === prwd 1.00 awd 0.50 d1 2.00 d2 2.00 d3 1.00
p rwd 1.00 awd 0.50 d1 1.00 d2 2.00 d3 0.50 —— prwd 1.00 awd 0.50 d1 2.00 d2 2.00 d3 1.50
p rwd 1.00 awd 0.50 d1 1.00 d2 2.00 d3 1.00 — prwd 1.00 awd 0.50 d1 2.00 d2 2.00 d3 2.00
: prwd 1.00 awd 0.50 d1 1.00 d2 2.00 d3 1.50 —=— Kiss 2008 tot.
=== prwd 1.00 awd 0.50 d1 1.00 d2 2.00 d3 2.00 —®— Kastleiner 2002
—= prwd 1.00 awd 0.50 d1 1.50 d2 0.50 d3 0.50 —S— Levkovskil991
— prwd 1.00 awd 0.50 d1 1.50 d2 0.50 d3 1.00

Figure A.56: Same as before with with rwd = 1.00 and awd = 0.50.
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A.4 Systematic studies of the Koning and Delaroche Optical Model Potential

3 TALYS 2.14 -
T T | T T T | T | T T T | T
0 2 4 6 8
E [MeV]
.50 d3 0.50 - - - prwd 1.25 awd 0.50 d1 1.50 d2 0.50 d3 1.50
= .50d31.00 e prwd 1.25 awd 0.50 d1 1.50 d2 0.50 d3 2.00
== prwd 1.25 awd 0.50 d1 0.50 d2 0.50 d3 1.50 === prwd 1.25 awd 0.50 d1 1.50 d2 1.00 d3 0.50
— prwd 1.25 awd 0.50 d1 0.50 d2 0.50 d3 2.00 == prwd 1.25 awd 0.50 d1 1.50 d2 1.00 d3 1.00
=== prwd 1.25 awd 0.50 d1 0.50 d2 1.00 d3 0.50 — prwd 1.25 awd 0.50 d1 1.50 d2 1.00 d3 1.50
p rwd 1.25 awd 0.50 d1 0.50 d2 1.00 d3 1.00 === prwd 1.25 awd 0.50 d1 1.50 d2 1.00 d3 2.00
== prwd 1.25awd 0.50d1 0.50d21.00d31.50 = © prwd 1.25 awd 0.50 d1 1.50 d2 1.50 d3 0.50
—= prwd 1.25 awd 0.50 d1 0.50 d2 1.00 d3 2.00 —-=-- prwd 1.25 awd 0.50 d1 1.50 d2 1.50 d3 1.00
—— prwd 1.25 awd 0.50 d1 0.50 d2 1.50 d3 0.50 == prwd 1.25 awd 0.50 d1 1.50 d2 1.50 d3 1.50
==~ prwd 1.25 awd 0.50 d1 0.50 d2 1.50 d3 1.00 — prwd 1.25 awd 0.50 d1 1.50 d2 1.50 d3 2.00
p rwd 1.25 awd 0.50 d1 0.50 d2 1.50 d3 1.50 - == prwd 1.25 awd 0.50 d1 1.50 d2 2.00 d3 0.50
prwd 1.25awd 0.50d1 0.50d2 1.50d32.00 p rwd 1.25 awd 0.50 d1 1.50 d2 2.00 d3 1.00
p rwd 1.25 awd 0.50 d1 0.50 d2 2.00 d3 0.50 =-=-= prwd 1.25 awd 0.50 d1 1.50 d22.00d3 1. 50
— prwd 1.25 awd 0.50 d1 0.50 d2 2.00 d3 1.00 == prwd 1.25 awd 0.50 d1 1.50 d2 2.00 d3 2.0
- == prwd 1.25 awd 0.50 d1 0.50 d2 2.00 d3 1.50 — prwd 1.25 awd 0.50 d1 2.00 d2 0.50 d3 0. 50
p rwd 1.25 awd 0.50 d1 0.50 d2 2.00 d3 2.00 - == prwd 1.25 awd 0.50 d1 2.00 d2 0.50 d3 1.00
— = prwd 1.25 awd 0.50 d1 1.00 d2 0.50 d3 0.50 oo prwd 1.25 awd 0.50 d12.00 d2 0.50 d3 1.50
— = prwd 1.25 awd 0.50 d1 1.00 d2 0.50 d3 1.00 =-=-= prwd 1.25 awd 0.50 d1 2.00 d2 0.50 d3 2.00
— prwd 1.25 awd 0.50 d1 1.00 d2 0.50 d3 1.50 == prwd 1.25 awd 0.50 d1 2.00 d2 1.00 d3 0.50
- - - prwd 1.25 awd 0.50 d1 1.00 d2 0.50 d3 2.00 — prwd 1.25 awd 0.50 d1 2.00 d2 1.00 d3 1.00
p rwd 1.25 awd 0.50 d1 1.00 d2 1.00 d3 0.50 === prwd 1.25 awd 0.50 d1 2.00 d2 1.00 d3 1.50
- prwd 1.25awd 0.50d1 1.00d2 1.00d3 1.00 - p rwd 1.25 awd 0.50 d1 2.00 d2 1.00 d3 2.00
== prwd 1.25 awd 0.50 d1 1.00 d2 1.00 d3 1.50 =-=-= prwd 1.25 awd 0.50 d1 2.00 d2 1.50 d3 0.50
— prwd 1.25 awd 0.50 d1 1.00 d2 1.00 d3 2.00 == prwd 1.25 awd 0.50 d1 2.00 d2 1.50 d3 1.00
- == prwd 1.25 awd 0.50 d1 1.00 d2 1.50 d3 0.50 — prwd 1.25 awd 0.50 d1 2.00 d2 1.50 d3 1.50
p rwd 1.25 awd 0.50 d1 1.00 d2 1.50 d3 1.00 - == prwd 1.25 awd 0.50 d1 2.00 d2 1.50 d3 2.00
prwd 1.25 awd 0.50 d1 1.00 d2 1.50 d3 1.50 B p rwd 1.25 awd 0.50 d1 2.00 d2 2.00 d3 0.50
p rwd 1.25 awd 0.50 d1 1.00 d2 1.50 d3 2.00 === prwd 1.25 awd 0.50 d1 2.00 d2 2.00 d3 1.00
p rwd 1.25 awd 0.50 d1 1.00 d2 2.00 d3 0.50 == prwd 1.25 awd 0.50 d1 2.00 d2 2.00 d3 1.50
p rwd 1.25 awd 0.50 d1 1.00 d2 2.00 d3 1.00 — prwd 1.25 awd 0.50 d1 2.00 d2 2.00 d3 2.00
<o prwd 1.25 awd 0.50 d1 1.00 d2 2.00 d3 1.50 —=— Kiss 2008 tot.
=== prwd 1.25 awd 0.50 d1 1.00 d2 2.00 d3 2.00 —&— Kastleiner 2002
== prwd 1.25 awd 0.50 d1 1.50 d2 0.50 d3 0.50 —6— Levkovskil991
— prwd 1.25 awd 0.50 d1 1.50 d2 0.50 d3 1.00

Figure A.57: Same as before with with rwd = 1.25 and awd = 0.50.
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3 TALYS 2.14 -
T T | T T T | T | T T T | T T T
0 2 4 6 8
E [MeV]
-------- p rwd 1.25 awd 1.00 d1 0.50 d2 0.50 d3 0.50 - - - prwd 1.25 awd 1.00 d1 1.50 d2 0.50 d3 1.50
=-=-- prwd 1.25 awd 1.00d1 0.50 d20.50d31.00 - prwd 1.25 awd 1.00 d1 1.50 d2 0.50 d3 2.00
== prwd 1.25 awd 1.00 d1 0.50 d2 0.50 d3 1.50 === prwd 1.25 awd 1.00 d1 1.50 d2 1.00 d3 0.50
— prwd 1.25 awd 1.00 d1 0.50 d2 0.50 d3 2.00 == prwd 1.25 awd 1.00 d1 1.50 d2 1.00 d3 1.00
- == prwd 1.25 awd 1.00 d1 0.50 d2 1.00 d3 0.50 — prwd 1.25 awd 1.00 d1 1.50 d2 1.00 d3 1.50
p rwd 1.25 awd 1.00 d1 0.50 d2 1.00 d3 1.00 ~prwd 1.25 awd 1.00 d1 1.50 d2 1.00 d3 2.00
=== prwd 1.25 awd 1.00 d1 0.50 d2 1.00 d3 1.50 < prwd 1.25 awd 1.00 d1 1.50 d2 1.50 d3 0.50
—= prwd 1.25 awd 1.00 d1 0.50 d2 1.00 d3 2.00 === prwd 1.25 awd 1.00 d1 1.50 d2 1.50 d3 1.00
— prwd 1.25 awd 1.00 d1 0.50 d2 1.50 d3 0.50 == prwd 1.25 awd 1.00 d1 1.50 d2 1.50 d3 1.50
=== prwd 1.25 awd 1.00 d1 0.50 d2 1.50 d3 1.00 — prwd 1.25 awd 1.00 d1 1.50 d2 1.50 d3 2.00
p rwd 1.25 awd 1.00 d1 0.50 d2 1.50 d3 1.50 === prwd 1.25 awd 1.00 d1 1.50 d2 2.00 d3 0.50
p rwd 1.25 awd 1.00 d1 0.50 d2 1.50 d3 2.00 p rwd 1.25 awd 1.00 d1 1.50 d2 2.00 d3 1.00
== prwd 1.25 awd 1.00 d1 0.50 d2 2.00 d3 0.50 -=+= prwd 1.25 awd 1.00 d1 1.50 d2 2.00 d3 1.50
— prwd 1.25 awd 1.00 d1 0.50 d2 2.00 d3 1.00 == prwd 1.25 awd 1.00 d1 1.50 d2 2.00 d3 2.00
- == prwd 1.25 awd 1.00 d1 0.50 d2 2.00 d3 1.50 — prwd 1.25 awd 1.00 d1 2.00 d2 0.50 d3 0.50
p rwd 1.25 awd 1.00 d1 0.50 d2 2.00 d3 2.00 === prwd 1.25 awd 1.00 d1 2.00 d2 0.50 d3 1.00
=== prwd 1.25 awd 1.00 d1 1.00 d2 0.50 d3 0.50 © prwd 1.25 awd 1.00 d1 2.00 d2 0.50 d3 1.50
== prwd 1.25 awd 1.00 d1 1.00 d2 0.50 d3 1.00 =-=-= prwd 1.25 awd 1.00 d1 2.00 d2 0.50 d3 2.00
— prwd 1.25 awd 1.00 d1 1.00 d2 0.50 d3 1.50 == prwd 1.25 awd 1.00 d1 2.00 d2 1.00 d3 0.50
- - - prwd 1.25 awd 1.00 d1 1.00 d2 0.50 d3 2.00 —— prwd 1.25 awd 1.00 d1 2.00 d2 1.00 d3 1.00
p rwd 1.25 awd 1.00 d1 1.00 d2 1.00 d3 0.50 === prwd 1.25 awd 1.00 d1 2.00 d2 1.00 d3 1.50
p rwd 1.25 awd 1.00 d1 1.00 d2 1.00 d3 1.00 - prwd 1.25 awd 1.00 d1 2.00 d2 1.00 d3 2.00
== prwd 1.25 awd 1.00 d1 1.00 d2 1.00 d3 1.50 =-=-= prwd 1.25 awd 1.00 d1 2.00 d2 1.50 d3 0.50
— prwd 1.25 awd 1.00 d1 1.00 d2 1.00 d3 2.00 == prwd 1.25 awd 1.00 d1 2.00 d2 1.50 d3 1.00
- - - prwd 1.25awd 1.00 d1 1.00 d2 1.50 d3 0.50 — prwd 1.25 awd 1.00 d1 2.00 d2 1.50 d3 1.50
p rwd 1.25 awd 1.00 d1 1.00 d2 1.50 d3 1.00 - - - prwd 1.25 awd 1.00 d1 2.00 d2 1.50 d3 2.00
prwd 1.25 awd 1.00 d1 1.00 d2 1.50 d3 1.50 p rwd 1.25 awd 1.00 d1 2.00 d2 2.00 d3 0.50
p rwd 1.25 awd 1.00 d1 1.00 d2 1.50 d3 2.00 === prwd 1.25 awd 1.00 d1 2.00 d2 2.00 d3 1.00
p rwd 1.25 awd 1.00 d1 1.00 d2 2.00 d3 0.50 == prwd 1.25 awd 1.00 d1 2.00 d2 2.00 d3 1.50
p rwd 1.25 awd 1.00 d1 1.00 d2 2.00 d3 1.00 — prwd 1.25 awd 1.00 d1 2.00 d2 2.00 d3 2.00
<o prwd 1.25 awd 1.00 d1 1.00 d2 2.00 d3 1.50 —=— Kiss 2008 tot.
=== prwd 1.25 awd 1.00 d1 1.00 d2 2.00 d3 2.00 —®— Kastleiner 2002
== prwd 1.25 awd 1.00 d1 1.50 d2 0.50 d3 0.50 —6— Levkovskil991
— prwd 1.25 awd 1.00 d1 1.50 d2 0.50 d3 1.00

Figure A.58: Same as before with with rwd = 1.25 and awd = 1.00.
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A.4 Systematic studies of the Koning and Delaroche Optical Model Potential

3 TALYS 2.14 -
T T | T T T | T | T T T | T
0 2 4 6 8 10
E [MeV]
.50 d3 0.50 - - - prwd 1.50 awd 0.50 d1 1.50 d2 0.50 d3 1.50
= .50d31.00 e p rwd 1.50 awd 0.50 d1 1.50 d2 0.50 d3 2.00
== prwd 1.50 awd 0.50 d1 0.50 d2 0.50 d3 1.50 === prwd 1.50 awd 0.50 d1 1.50 d2 1.00 d3 0.50
— prwd 1.50 awd 0.50 d1 0.50 d2 0.50 d3 2.00 == prwd 1.50 awd 0.50 d1 1.50 d2 1.00 d3 1.00
=== prwd 1.50 awd 0.50 d1 0.50 d2 1.00 d3 0.50 —— prwd 1.50 awd 0.50 d1 1.50 d2 1.00 d3 1.50
p rwd 1.50 awd 0.50 d1 0.50 d2 1.00 d3 1.00 === prwd 1.50 awd 0.50 d1 1.50 d2 1.00 d3 2.00
—-=- prwd 1.50 awd 0.50d1 0.50d21.00d3 1.50 = prwd 1.50 awd 0.50 d1 1.50 d2 1.50 d3 0.50
—= prwd 1.50 awd 0.50 d1 0.50 d2 1.00 d3 2.00 === prwd 1.50 awd 0.50 d1 1.50 d2 1.50 d3 1.00
—— prwd 1.50 awd 0.50 d1 0.50 d2 1.50 d3 0.50 == prwd 1.50 awd 0.50 d1 1.50 d2 1.50 d3 1.50
==~ prwd 1.50 awd 0.50 d1 0.50 d2 1.50 d3 1.00 — prwd 1.50 awd 0.50 d1 1.50 d2 1.50 d3 2.00
p rwd 1.50 awd 0.50 d1 0.50 d2 1.50 d3 1.50 - == prwd 1.50 awd 0.50 d1 1.50 d2 2.00 d3 0.50
prwd 1.50 awd 0.50d1 0.50d2 1.50d32.00 = p rwd 1.50 awd 0.50 d1 1.50 d2 2.00 d3 1.00
p rwd 1.50 awd 0.50 d1 0.50 d2 2.00 d3 0.50 =-=-= prwd 1.50 awd 0.50 d1 1.50 d2 2.00 d3 1.50
— prwd 1.50 awd 0.50 d1 0.50 d2 2.00 d3 1.00 == prwd 1.50 awd 0.50 d1 1.50 d2 2.00 d3 2.00
- == prwd 1.50 awd 0.50 d1 0.50 d2 2.00 d3 1.50 — prwd 1.50 awd 0.50 d1 2.00 d2 0.50 d3 0.50
p rwd 1.50 awd 0.50 d1 0.50 d2 2.00 d3 2.00 - == prwd 1.50 awd 0.50 d1 2.00 d2 0.50 d3 1.00
= = prwd 1.50 awd 0.50 d1 1.00 d2 0.50 d3 0.50 oo prwd 1.50 awd 0.50 d12.00 d2 0.50 d3 1.50
— = prwd 1.50 awd 0.50 d1 1.00 d2 0.50 d3 1.00 =-=-= prwd 1.50 awd 0.50 d1 2.00 d2 0.50 d3 2.00
— prwd 1.50 awd 0.50 d1 1.00 d2 0.50 d3 1.50 == prwd 1.50 awd 0.50 d1 2.00 d2 1.00 d3 0.50
- = - prwd 1.50 awd 0.50 d1 1.00 d2 0.50 d3 2.00 — prwd 1.50 awd 0.50 d1 2.00 d2 1.00 d3 1.00
p rwd 1.50 awd 0.50 d1 1.00 d2 1.00 d3 0.50 === prwd 1.50 awd 0.50 d1 2.00 d2 1.00 d3 1.50
- prwd 1.50 awd 0.50d1 1.00d2 1.00d31.00 - p rwd 1.50 awd 0.50 d1 2.00 d2 1.00 d3 2.00
== prwd 1.50 awd 0.50 d1 1.00 d2 1.00 d3 1.50 =-=-= prwd 1.50 awd 0.50 d1 2.00 d2 1.50 d3 0.50
— prwd 1.50 awd 0.50 d1 1.00 d2 1.00 d3 2.00 == prwd 1.50 awd 0.50 d1 2.00 d2 1.50 d3 1.00
- - - prwd 1.50 awd 0.50 d1 1.00 d2 1.50 d3 0.50 — prwd 1.50 awd 0.50 d1 2.00 d2 1.50 d3 1.50
p rwd 1.50 awd 0.50 d1 1.00 d2 1.50 d3 1.00 - == prwd 1.50 awd 0.50 d1 2.00 d2 1.50 d3 2.00
p rwd 1.50 awd 0.50 d1 1.00 d2 1.50 d3 1.50 <o prwd 1.50 awd 0.50 d1 2.00 d2 2.00 d3 0.50
p rwd 1.50 awd 0.50 d1 1.00 d2 1.50 d3 2.00 === prwd 1.50 awd 0.50 d1 2.00 d2 2.00 d3 1.00
p rwd 1.50 awd 0.50 d1 1.00 d2 2.00 d3 0.50 == prwd 1.50 awd 0.50 d1 2.00 d2 2.00 d3 1.50
p rwd 1.50 awd 0.50 d1 1.00 d2 2.00 d3 1.00 — prwd 1.50 awd 0.50 d1 2.00 d2 2.00 d3 2.00
<o prwd 1.50 awd 0.50 d1 1.00 d2 2.00 d3 1.50 —=— Kiss 2008 tot.
=== prwd 1.50 awd 0.50 d1 1.00 d2 2.00 d3 2.00 —&— Kastleiner 2002
== prwd 1.50 awd 0.50 d1 1.50 d2 0.50 d3 0.50 —6— Levkovskil991
— prwd 1.50 awd 0.50 d1 1.50 d2 0.50 d3 1.00

Figure A.59: Same as before with with rwd = 1.50 and awd = 0.5.
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A 8Rb
A.4.14 Varying rwd, awd, d1, d2, d3, rv, av, and vl

103

102

G0 [mb]
2
T

0E LD 5 ySF 8
: TALYS 2.14
102
10-3 T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
0 2 4 8 10
E [MeV]
=== prwd 1.0 awd 0.85 d1 0.85 d2 1.00 d3 0.85 rv 0.85 av 1.15 v1 0.85
— prwd 1.0 awd 0.85 d1 0.85 d2 1.00 d3 1.00 rv 0.85 av 1.15 v1 0.85
=== prwd 1.0 awd 0.85d1 0.85d2 1.15d3 0.85rv 0.85 av 1.15 v1 0.85
— prwd 1.0 awd 0.85d1 0.85d2 1.15d3 1.00 rv 0.85 av 1.15 v1 0.85
=== prwd 1.0 awd 0.85 d1 1.00 d2 0.85 d3 1.00 rv 0.85 av 1.15 v1 0.85
— prwd 1.0 awd 0.85 d1 1.00 d2 0.85 d3 0.85 rv 1.00 av 0.85 v1 1.00

—e— Kiss 2008 tot.
—=2— Kastleiner 2002
—&— Levkovskil991

— [
o)
=3
=
= L
8
© TALYS 2.14
LD 5ySF 8
10% N
T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T
3 32 3.4 3.6 3.8 4 42 44
E.n [MeV]
=== prwd 1.0 awd 0.85 d1 0.85 d2 1.00 d3 0.85 rv 0.85 av 1.15 v1 0.85
prwd 1.0 awd 0.85 d1 0.85 d2 1.00 d3 1.00 rv 0.85 av 1.15 v1 0.85
-~ prwd 1.0 awd 0.85d1 0.85d2 1.15d3 0.85rv 0.85 av 1.15 v1 0.85
prwd 1.0 awd 0.85d1 0.85d2 1.15d3 1.00 rv 0.85 av 1.15 v1 0.85
-= prwd 1.0 awd 0.85 d1 1.00 d2 0.85d3 1.00 rv 0.85 av 1.15 v1 0.85
prwd 1.0 awd 0.85 d1 1.00 d2 0.85 d3 0.85 rv 1.00 av 0.85 v1 1.00

~—&— This work

Figure A.60: Exemplary parameter combinations describing the (p,n) data obtained by varying
eight parameters of the Koning—Delaroche optical model potential, together with their corresponding
predictions for the (p,~y) data. Although several parameter combinations yield comparable agreement for
the (p,n) data, none successfully reproduce the experimental (p,~y) results.
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A.4 Systematic studies of the Koning and Delaroche Optical Model Potential

103¢ =
o[ e _f
10% g

[
<
URRLILL

: TALYS 2.14 |
102 <
10_3 T T T | T T T | T T T | T T T | T T T
0 2 4 6 8 10
E [MeV]
—e prwd 1.0 awd 0.85d1 1.00 d2 1.00 d3 0.85 rv 0.85 av 1.15 v1 0.85
— prwd 1.0 awd 0.85 d1 1.00 d2 1.00 d3 1.00 rv 0.85 av 1.15 v1 0.85
~== prwd 1.0 awd 0.85d1 1.00d2 1.15d3 0.85rv 0.85 av 1.15 v1 0.85
— prwd 1.0 awd 0.85d1 1.00d2 1.15d3 1.15rv 1.15 av 0.85 v1 0.85
—e prwd 1.0 awd 0.85 d1 1.00 d2 0.85d3 1.00 rv 0.85 av 1.15 v1 0.85
— prwd 1.0 awd 0.85d1 1.15d20.85d3 1.15rv 0.85 av 1.15 v1 0.85
—e— Kiss 2008 tot.
—=4— Kastleiner 2002
—&— Levkovskil991
= |
=
e
N -
)
© TALYS 2.14
LD 5ySF 8
102 —_
T T T | T T T | T T T | T T T | T T T | T T T | T T T | T
3 32 34 3.6 3.8 4 4.2 44
E. . [MeV]
me prwd 1.0 awd 0.85 d1 1.00 d2 1.00 d3 0.85 rv 0.85 av 1.15 v1 0.85
— prwd 1.0 awd 0.85 d1 1.00 d2 1.00 d3 1.00 rv 0.85 av 1.15 v1 0.85
----- prwd 1.0 awd 0.85d1 1.00d2 1.15d3 0.85rv 0.85 av 1.15 v1 0.85
—— prwd 1.0 awd 0.85d1 1.00d2 1.15d3 1.15rv 1.15 av 0.85 v1 0.85
mme prwd 1.0 awd 0.85 d1 1.00 d2 0.85d3 1.00 rv 0.85 av 1.15 v1 0.85
— prwd 1.0 awd 0.85d1 1.15d20.85d3 1.15rv 0.85 av 1.15 v1 0.85

—&— This work

Figure A.61: Same as before for other combinations.
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A ®Rb
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T

[
A
T ||||||||

—_
(=)

: TALYS 2.14 -
102 - <
E i 3
31 ]
10 | | | |
0 2 6 8
E [MeV]
mrme prwd 1.0 awd 0.85 d1 1.15d2 1.00 d3 0.85 rv 0.85 av 1.15 v1 0.85
— prwd 1.0 awd 0.85 d1 1.15d2 1.00 d3 0.85 rv 1.00 av 1.15 v1 0.85
----- prwd 1.0 awd 0.85 dl 1.15d2 1.00 d3 1.00 rv 0.85 av 1.15 v1 0.85
— prwd 1.0 awd 0.85 d1 1.15 d2 1.00 d3 1.00 rv 1.00 av 0.85 v1 1.00
s prwd 1.0 awd 0.85dl 1.15d2 1.15d3 0.85rv 0.85 av 1.15 v1 0.85
— prwd 1.0 awd 0.85d1 1.15d2 1.15 d3 0.85 rv 1.00 av 0.85 v1 1.00

—e— Kiss 2008 tot.
—2— Kastleiner 2002
—6— Levkovskil991

Giot [Ub]

TALYS 2.14

LD 5ySF 8
102 -
T T T I T T T I T T T I T T T I T T T I T T T I T T T I T
3 3.2 3.4 3.6 3.8 4 4.2 4.4
E. m. [MeV]
—e prwd 1.0 awd 0.85 d1 1.15d2 1.00 d3 0.85rv 0.85 av 1.15 v1 0.85
— prwd 1.0 awd 0.85d1 1.15d2 1.00 d3 0.85rv 1.00 av 1.15 v1 0.85
=== prwd 1.0 awd 0.85d1 1.15d2 1.00d3 1.00 rv 0.85 av 1.15 v1 0.85
—— prwd 1.0 awd 0.85 d1 1.15 d2 1.00 d3 1.00 rv 1.00 av 0.85 v1 1.00
- prwd 1.0 awd 0.85d1 1.15d2 1.15d3 0.85rv 0.85 av 1.15 v1 0.85
— prwd 1.0 awd 0.85d1 1.15d2 1.15 d3 0.85 rv 1.00 av 0.85 v1 1.00

—&— This work

Figure A.62: Same as before for other combinations.
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A.4 Systematic studies of the Koning and Delaroche Optical Model Potential

103 —
F p= e
102 ’ =
E e 3
10! = E
~ = p= |
,.g = =
=100 -
- c pum |
© E ]
N = -
- TALYS 2.14 -
10'25— =
10_3 T T T | T T T | T T T | T T T | T T T
0 2 6 8 10
E [MeV]
mrme prwd 1.0 awd 0.85d1 1.15d2 1.15d3 1.00 rv 0.85 av 1.15 v1 0.85
—— prwd 1.0 awd 0.85d1 1.15d2 1.15d3 1.00 rv 1.00 av 0.85 v1 1.00
=== prwd 1.0 awd 1.00 d1 0.85 d2 1.00 d3 0.85 rv 1.00 av 0.85 v1 1.00
— prwd 1.0 awd 1.00 d1 0.85 d2 1.15d3 0.85rv 0.85 av 1.00 v1 1.15
mm p rwd 1.0 awd 1.00 d1 1.00 d2 0.85 d3 0.85 rv 0.85 av 1.15 v1 1.00
— prwd 1.0 awd 1.00 d1 1.00 d2 0.85 d3 0.85 rv 1.00 av 0.85 v1 1.00
—e— Kiss 2008 tot.
—=a— Kastleiner 2002
—o&— Levkovskil991
s |
=3
d
- -
8
© TALYS 2.14
LD 5ySF 8
102 _ |
T T T | T T T | T T T | T T T | T T T | T T T | T T T | T
3 3.2 34 3.6 3.8 4 4.2 4.4
E. ., [MeV]
e prwd 1.0 awd 0.85d1 1.15d2 1.15d3 1.00 rv 0.85 av 1.15 v1 0.85
— prwd 1.0 awd 0.85d1 1.15d2 1.15d3 1.00 rv 1.00 av 0.85 v1 1.00
----- p rwd 1.0 awd 1.00 d1 0.85 d2 1.00 d3 0.85 rv 1.00 av 0.85 v1 1.00
—— prwd 1.0 awd 1.00 d1 0.85d2 1.15d3 0.85rv 0.85 av 1.00 v1 1.15
mme prwd 1.0 awd 1.00 d1 1.00 d2 0.85 d3 0.85 rv 0.85 av 1.15 v1 1.00
— prwd 1.0 awd 1.00 d1 1.00 d2 0.85 d3 0.85 rv 1.00 av 0.85 v1 1.00

—&— This work

Figure A.63: Same as before for other combinations.
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Giot [Ub]

—
e
[®)

LD 5ySF 8
I T T T I T T T I T T T I T T T I T T T I T T T I T
3 3.2 3.4 3.6 3.8 4 4.2 4.4
E. m. [MeV]
mm prwd 1.0 awd 1.00 d1 1.00 d2 1.00 d3 0.85 rv 0.85 av 1.15 v1 1.00
— prwd 1.0 awd 1.00 d1 1.00 d2 1.00 d3 0.85 rv 1.00 av 0.85 v1 1.00
=== prwd 1.0 awd 1.00 d1 1.00 d2 1.00 d3 1.00 rv 0.85 av 1.00 v1 0.85
—— prwd 1.0 awd 1.00 d1 1.00 d2 1.00 d3 1.00 rv 1.00 av 0.85 v1 1.00
- prwd 1.0 awd 1.00 d1 1.00 d2 1.00 d3 1.15 rv 1.00 av 0.85 v1 1.00
— prwd 1.0 awd 1.00 d1 1.00 d2 1.15 d3 1.00 rv 0.85 av 1.00 v1 0.85

E Com—
g =S
L LD5ySF8
: TALYS 2.14 |
I I I I
0 2 4 6 8 10
E [MeV]

e prwd 1.0 awd 1.00 d1 1.00 d2 1.00 d3 0.85 rv 0.85 av 1.15 v1 1.00

— prwd 1.0 awd 1.00 d1 1.00 d2 1.00 d3 0.85 rv 1.00 av 0.85 v1 1.00

----- prwd 1.0 awd 1.00 d1 1.00 d2 1.00 d3 1.00 rv 0.85 av 1.00 v1 0.85

— prwd 1.0 awd 1.00 d1 1.00 d2 1.00 d3 1.00 rv 1.00 av 0.85 v1 1.00

e prwd 1.0 awd 1.00 d1 1.00 d2 1.00 d3 1.15 rv 1.00 av 0.85 v1 1.00

—— prwd 1.0 awd 1.00 d1 1.00 d2 1.15 d3 1.00 rv 0.85 av 1.00 v1 0.85

—e— Kiss 2008 tot.
—2— Kastleiner 2002
—6— Levkovskil991

TALYS 2.14

—&— This work

Figure A.64: Same as before for other combinations.
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— E 3
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=100 -
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© E 3
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©i0t LD5YySF8
B TALYS 2.14 -
102 i E
= 1 pum |
10_3 T T | T T T | T T T | T T T | T T T
0 2 6 8
E [MeV]
il prwd 1.0 awd 1.00 d1 1.15 d2 0.85 d3 0.85 rv 1.00 av 0.85 v1 1.00
— prwd 1.0 awd 1.00 d1 1.15d2 0.85 d3 1.00 rv 1.00 av 0.85 v1 1.00
-== prwd 1.0 awd 1.00d1 1.15d20.85d3 1.15rv 0.85 av 1.15 vl 1.00
— prwd 1.0 awd 1.00 d1 1.15d2 0.85d3 1.15 rv 1.00 av 0.85 v1 1.00
mm prwd 1.0 awd 1.00 d1 1.15 d2 1.00 d3 1.00 rv 1.00 av 0.85 v1 1.00
— prwd 1.0 awd 1.00 d1 1.15 d2 1.00 d3 1.15 rv 1.00 av 0.85 v1 1.00
—e— Kiss 2008 tot.
—&— Kastleiner 2002
—o&— Levkovskil991
s |
=
e
N -
8
© TALYS 2.14
LD 5ySF 8
102 p B _|
T | T T T | T T T | T T T | T T T | T T T | T T T | T
3 32 34 3.6 3.8 4 4.2 4.4
E.,, [MeV]
il prwd 1.0 awd 1.00 d1 1.15 d2 0.85 d3 0.85 rv 1.00 av 0.85 v1 1.00
— prwd 1.0 awd 1.00 d1 1.15d2 0.85 d3 1.00 rv 1.00 av 0.85 v1 1.00
----- prwd 1.0 awd 1.00 d1 1.15d2 0.85d3 1.15rv 0.85 av 1.15 vl 1.00
—— prwd 1.0 awd 1.00 d1 1.15 d2 0.85d3 1.15 rv 1.00 av 0.85 v1 1.00
mme prwd 1.0 awd 1.00 d1 1.15 d2 1.00 d3 1.00 rv 1.00 av 0.85 v1 1.00
— prwd 1.0 awd 1.00 d1 1.15d2 1.00 d3 1.15 rv 1.00 av 0.85 v1 1.00
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Figure A.65: Same as before for other combinations.
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103¢ p—
E e
102 : E
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=109 -
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= C N
: TALYS 2.14 -
102 <
1073 | | | |
0 2 4 6 8 10
E [MeV]
mrme prwd 1.0 awd 1.15 d1 1.00 d2 0.85 d3 0.85 rv 0.85 av 0.85 v1 1.00
— prwd 1.0 awd 1.15 d1 1.00 d2 0.85 d3 1.00 rv 0.85 av 1.00 v1 1.00
----- prwd 1.0 awd 1.15 d1 1.00 d2 1.00 d3 1.00 rv 0.85 av 1.00 v1 1.00
— prwd 1.0 awd 1.15d1 1.00d2 1.00 d3 1.15rv 0.85 av 0.85 v1 1.15
s prwd 1.0 awd 1.15 d1 1.00 d2 1.15 d3 0.85 rv 0.85 av 0.85 v1 1.00
— prwd 1.0awd 1.15d1 1.00 d2 1.15d3 1.15rv 0.85 av 1.00 v1 1.15

—e— Kiss 2008 tot.
—2— Kastleiner 2002
—6— Levkovskil991

Giot [Ub]

TALYS 2.14

LD 5ySF 8
107 -
T T T I T T T I T T T I T T T I T T T I T T T I T T T I T
3 3.2 3.4 3.6 3.8 4 4.2 4.4
E. m. [MeV]
—e prwd 1.0 awd 1.15 d1 1.00 d2 0.85 d3 0.85 rv 0.85 av 0.85 v1 1.00
— prwd 1.0 awd 1.15 d1 1.00 d2 0.85 d3 1.00 rv 0.85 av 1.00 v1 1.00
=== prwd 1.0 awd 1.15 d1 1.00 d2 1.00 d3 1.00 rv 0.85 av 1.00 v1 1.00
—— prwd 1.0 awd 1.15d1 1.00d2 1.00d3 1.15rv 0.85 av 0.85 v1 1.15
- prwd 1.0 awd 1.15d1 1.00 d2 1.15 d3 0.85 rv 0.85 av 0.85 v1 1.00
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Figure A.66: Same as before for other combinations.
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Figure A.67: Same as before for other combinations.
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Figure A.68: Same as before for other combinations.
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Figure A.69: Same as before for other combinations.
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A.4.15 Varying rwd, awd, rv, and av
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Figure A.70: Variation of the parameters rwd, awd, rv, and av of the Koning-Delaroche optical
model potential to investigate their direct influence on the predicted cross sections. Each parameter was
varied in steps of 0.2 within the range from 0.5 to 2.0. Shown are the combinations for rwd = 0.5 and
awd = 0.9.
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Figure A.71: Same as before with rwd = 0.9 and awd = 0.5.
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Figure A.72: Same as before with rwd = 1.3 and awd = 0.7.
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Figure A.73: Same as before with rwd = 1.5 and awd = 1.7.
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Figure A.74: Same as before with rwd = 1.7 and awd = 0.7.
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Figure A.75: Variation of lwadjust = 0.5 with the altered lvadjust for proton-induced reactions
on 8"Rb. The upper panel shows the predicted 87Rb(p, n)85Sr cross sections in comparison with the
experimental data from References [140, 237, 238]. While the general energy dependence is reproduced for
the different combinations of lwadjust = 0.5 and lvadjust, not all parameter sets describe the absolute
values satisfactorily. The lower panel presents the comparison between the experimentally obtained
8TRb(p,y) data and the statistical model predictions. Although some combinations reproduce the trend
of the data more accurately than others, none of them succeeds in reproducing the experimental cross
sections at all energies.
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Figure A.76: Same as before with lwadjust = 0.6.
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Figure A.77: Same as before with lwadjust = 0.7.
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Figure A.78: Same as before with lwadjust = 0.8.
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Figure A.79: Same as before with lwadjust = 0.9.
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Figure A.80: Same as before with lwadjust = 1.0.
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Figure A.81: Same as before with lwadjust = 1.1.
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Figure A.82: Same as before with lwadjust = 1.2.
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A.5 Systematic studies of the JLM Optical Model Potential
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Figure A.83: Same as before with lwadjust = 1.3.
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Figure A.84: Same as before with lwadjust = 1.4.



A.5 Systematic studies of the JLM Optical Model Potential
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Figure A.85: Same as before with lwadjust = 1.5.
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B.1 Systematic Variations of the JLM Optical Model Potential parameters lwadjust and lvadjust
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Figure B.1: Variation of lwadjust = 0.6 with the altered lvadjust for proton-induced reactions on
87
Rb.
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Figure B.2: Variation of lwadjust = 0.7 with the altered lvadjust for proton-induced reactions on

8"Rb.
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B.1 Systematic Variations of the JLM Optical Model Potential parameters lwadjust and lvadjust
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Figure B.3: Variation of lwadjust = 0.8 with the altered lvadjust for proton-induced reactions on

8"Rb.
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Figure B.4: Variation of lwadjust = 0.9 with the altered lvadjust for proton-induced reactions on

8"Rb.
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B.1 Systematic Variations of the JLM Optical Model Potential parameters lwadjust and lvadjust
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Figure B.5: Variation of lwadjust = 1.0 with the altered lvadjust for proton-induced reactions on

8"Rb.
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Figure B.6: Variation of lwadjust = 1.2 with the altered lvadjust for proton-induced reactions on

8"Rb.
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B.1 Systematic Variations of the JLM Optical Model Potential parameters lwadjust and lvadjust
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Figure B.7: Variation of lwadjust = 1.3 with the altered lvadjust for proton-induced reactions on
87
Rb.
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Figure B.8: Variation of lwadjust = 1.4 with the altered lvadjust for proton-induced reactions on
87
Rb.
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B.1 Systematic Variations of the JLM Optical Model Potential parameters lwadjust and lvadjust
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Figure B.9: Variation of lwadjust = 1.5 with the altered lvadjust for proton-induced reactions on

8"Rb.
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B.2 Variations of lwadjust, lwladjust and lvadjust
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Figure B.10: Variation of lwadjust = lvadjust = 0.5 with different values of lwladjust, employing
~-ray strength model 8 for proton-induced reactions on ¥ Rb. The upper panel shows the predicted
isomeric (p,n) cross sections in comparison with the experimental data from Reference [139]. The overall
energy dependence is reproduced reasonably well, although not all data points are accurately described.
A similar behavior is observed in the lower panel, which compares the predicted and experimental cross
sections for the (p,~y) reaction.
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Figure B.11: The same as before with lwadjust = 0.5 and lvadjust = 1.5.
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B.2 Variations of lwadjust, lwladjust and lvadjust
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Figure B.12: The same as before with lwadjust = 1.2 and lvadjust = 0.5.
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Figure B.13: The same as before with lwadjust = 1.2 and lvadjust = 1.5.
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Figure B.14: Variation of lwadjust = lvadjust = 0.5 with different values of lvladjust, employing
y-ray strength model 8 for proton-induced reactions on 8"Rb. The influence on predicted cross sections
is slightly greater than for variations of lwladjust in the presented energy region. The upper panel
shows the predicted isomeric (p,n) cross sections in comparison with the experimental data from Refer-
ence [139]. The overall energy dependence is reproduced reasonably well, although not all data points are
accurately described. A similar behavior is observed in the lower panel, which compares the predicted
and experimental cross sections for the (p, ) reaction.
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Figure B.15: The same as before with lwadjust = 0.5 and lvadjust = 1.1.
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Figure B.16: The same as before with lwadjust = 0.7 and lvadjust = 0.6.
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Figure B.17: Variation of lwadjust = lvadjust = 0.5 with different values of lwsoadjust, employing
~-ray strength model 8 for proton-induced reactions on 3’Rb. The upper panel shows the predicted
isomeric (p,n) cross sections in comparison with the experimental data from Reference [139]. The lower
panel shows the comparison of the predicted to experimental cross sections for the (p, ) reaction. The
influence of varying lwsoadjust is negligible.
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Figure B.18: The same as before with lwadjust = 1.5 and lvadjust = 0.5.
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Figure B.19: Variation of lwadjust = lvadjust = 0.5 with different values of lvsoadjust, employing
~-ray strength model 8 for proton-induced reactions on 8’Rb. The upper panel shows the predicted
isomeric (p,n) cross sections in comparison with the experimental data from Reference [139]. The lower
panel shows the comparison of the predicted to experimental cross sections for the (p, ) reaction. The
influence of varying lwsoadjust is negligible.
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Figure B.20: The same as before with lwadjust = 1.2 and lvadjust = 0.8.
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Figure B.21: The same as before with lwadjust = 1.5 and lvadjust = 1.3.



B.6 Variations of lwadjust and lvadjust utilizing y-strength model 10

B.6 Variations of Iwadjust and Ivadjust utilizing ~-strength
model 10
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Figure B.22: Variation of lwadjust = 0.5 with the altered lvadjust for proton-induced reactions on
87Rb. utilizing y-ray strength model 10.

269



B %Rb

270

10°¢ E
-~ 37Rb(p,y)sr
107 E
S |
— 10" = TALYS 2.14
o - |
& - LD 5ySF 10 -
10° E
10- 1 T ”' T T - ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T
1.5 2 2.5 3 3.5 4 4.5 5 5.5
E. . [MeV]
----- Iw 0.60 v 0.50 ---- 1w 0.60 1v 0.80 = 1w0.601v1.10 Iw 0.60 v 1.40
—— Iw0.601lv0.60 1w 0.60 1v 0.90 — w060lv120 ---- Iw 0.60 Iv 1.50
— Iw0.60lv0.70 -~ 1w 0.60 1v 1.00 ---- 1w 0.601v 1.30 —e— This Work
102 s k. Sy é
E 87Rb(p,n)87er E
10t E
—’E 100= E
= B S TALYS 2.14
Sl LD5ySF 10 |
102/ E
103 M | | | |
2 3 4 5 6
E [MeV]
---- Iw 0.60 Iv 0.50 ---- 1w 0.60 1v 0.80 == 1w0.601v 1.10 Iw 0.60 1Iv 1.40
—— Iw0.601v0.60 o 1w 0.60 1v 0.90 — w060lv120 ----- 1w 0.60 1v 1.50
— Iw0.60lv0.70 -~ Iw 0.60 1v 1.00 ---- 1w 0.601v 1.30 —&— Blaser 1951

Figure B.23: The same as before with lwadjust = 0.6.
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Figure B.24: The same as before with lwadjust = 0.7.

model 10
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Figure B.25: The same as before with lwadjust = 0.8.
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Figure B.26: The same as before with lwadjust = 0.9.
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2 3 4 5 6
E [MeV]
----- Iw 1.00 lv 0.50 ---- 1w 1.00 Iv 0.80 -= 1w 1.001v 1.10 Iw 1.00 1v 1.40
e Iw1.00lv0.60 - Iw 1.00 Iv 0.90 — lw1l.00lv1.20 --- 1w 1.00 Iv 1.50
— Iw1.00lv0.70 -~ Iw 1.00 Iv 1.00 ---- 1w 1.001v 1.30 —— Blaser 1951

Figure B.27: The same as before with lwadjust = 1.0.
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B.6 Variations of lwadjust and lvadjust utilizing y-strength model 10

10°¢ ]
- Rb(py)*sr |
102 g -
= L Z i
=3
= 10" TALYS 2.14
& L LD 5ySF 10 -
10° E
L /,,/ 4 _
10-1 = T 1 T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T
1.5 2 2.5 3 3.5 4 45 5 55 6
E. . [MeV]
----- Iw 1.20 v 0.50 ---- 1w 1.201v 0.80 -= 1w 1.201lv 1.10 Iw 1.20 1v 1.40
== Iw1.20lv0.60 = Iw 1.20 Iv 0.90 — wl20lv1.20  -—--- Iw 1.20 Iv 1.50
— w120lv0.70  --- Iw 1.20 1v 1.00 ---- 1w 1.201v 1.30 —e— This Work
0% | E
E 87Rb(p,n)87er ; - E
10! e E
g 100 E
=k TALYS 2.14 -
0510-1;— LD 5ySF 10 |
1027 E
1073 | | | | |
2 3 4 5 6
E [MeV]
""" Iw 1.20 v 0.50 ---- 1w 1.201v 0.80 = 1w 1.201v 1.10 Iw 1.20 1v 1.40
- Iw1.20lv0.60 = Iw 1.20 1v 0.90 — wl20lv1.20  ----- 1w 1.20 1v 1.50
— w120lv0.70  --- Iw 1.20 1v 1.00 ---- 1w 1.201v 1.30 —— Blaser 1951

Figure B.28: The same as before with lwadjust = 1.2.
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B %Rb

10°¢ E
- STRb(p,y)38Sr e
102 = gEET E
| |
= 10" TALYS 2.14
&k LD 5ySF 10 -
10° E
10 1 T T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T
15 2 25 3 35 4 45 5 55 6
E. . [MeV]
----- Iw 1.30 v 0.50 ---- 1w 1.30 v 0.80 -= 1w 1.301v 1.10 Iw 1.30 v 1.40
e Iw1.301lv0.60 oo Iw 1.30 Iv 0.90 — lw1301lv1.20 ---- Iw 1.30 1v 1.50
— Iw130lv0.70 -~ Iw 1.30 Iv 1.00 ---- 1w 1.301v 1.30 —e— This Work
107 E
E 87Rb(p,n)87er E
10t E
—’E 100 E
= F TALYS 2.14 -
0510_1; LD 5ySF 10
1022 7 E
1073 | | | | |
2 3 4 5 6
E [MeV]
----- Iw 1.30 v 0.50 ---- 1w 1.301v 0.80 -= 1w 1.301v 1.10 Iw 1.30 v 1.40
e Iw 1.30lv0.60 - Iw 1.30 Iv 0.90 — lwl1301lv1.20 --- 1w 1.30 Iv 1.50
— Iw130lv0.70 -~ Iw 1.30 Iv 1.00 ---- 1w 1.301v 1.30 —— Blaser 1951

Figure B.29: The same as before with lwadjust = 1.3.
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B.6 Variations of lwadjust and lvadjust utilizing y-strength model 10

10°¢ ]
- 87Rb(p,’y)8851' '_._'_,_4_.: =
0= T 3
B L _
=3
= 10" TALYS 2.14
& L LD 5ySF 10 -
10° E
10-1 = 1 T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T
1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
E. . [MeV]
----- Iw 1.40 v 0.50 --- 1w 1.401v 0.80 -= 1w 1.401v 1.10 Iw 1.40 1v 1.40
== Iw1401lv0.60 oo Iw 1.40 1v 0.90 — lwl401lv1.20 -—--- Iw 1.40 Iv 1.50
— lw1l401lv0.70 -~ Iw 1.40 1Iv 1.00 ---- 1w 1.401v 1.30 —e— This Work
107 E
E 87Rb(p,n)87er - E
10t E
g 100= 7 E
= TALYS 2.14 -
Sl LD 5ySF 10 |
102 4 E
10-3# | | | | |
2 3 4 5 6
E [MeV]
----- Iw 1.40 v 0.50 --- 1w 1.401v 0.80 -= 1w 1.401lv 1.10 Iw 1.40 1v 1.40
- Iw1401lv0.60 oo Iw 1.40 1v 0.90 — wl40lv1.20 ----- 1w 1.40 1v 1.50
— w1l40lv0.70  --- Iw 1.40 1v 1.00 ---- 1w 1.401v 1.30 —— Blaser 1951

Figure B.30: The same as before with lwadjust = 1.4.
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B %Rb

10°¢ E
L 87Rb(p,’y)8881' R
0 E
gl |
— 10" & TALYS 2.14 =
&k LD 5ySF 10 -
10° E
10-1 1 ‘ T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T
1.5 2 2.5 3 3.5 4 4.5 5 5.5
E. m. [MeV]
----- Iw 1.50 v 0.50 ---- lw1.501v 0.80 == 1w 1.501v 1.10 Iw 1.50 Iv 1.40
= Iw 1.501v 0.60 oo Iw 1.50 Iv 0.90 — lw150lv1.20 -~ Iw 1.50 Iv 1.50
— Iwl150lv0.70 -~ Iw 1.50 Iv 1.00 -~ 1w 1.501v 1.30 —e— This Work
107 E
E 87Rb(p,n)87er E
10 E
—’E 100 E
— B TALYS 2.14 -
S o1l LD5ySF 10 |
1073 | | | | |
2 3 4 5 6
E [MeV]
""" Iw 1.50 Iv 0.50 ---- 1w 1.501v 0.80 - = 1w 1.501v 1.10 Iw 1.50 Iv 1.40
—— Iw 1.501v0.60 o Iw 1.50 Iv 0.90 — wl150lv1.20 -~ Iw 1.50 Iv 1.50
— Iwl150lv0.70 -~ Iw 1.50 Iv 1.00 - 1w 1.501v 1.30 —&— Blaser 1951
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Figure B.31: The same as before with lwadjust = 1.5.



B.7 Variations of lwadjust, lwladjust and lvadjust utilizing ~y-strength model 10

B.7 Variations of Iwadjust, Iwladjust and Ivadjust utilizing
~-strength model 10

10%¢
© FRb(p.p¥Sr .
1% i E
N
=10l TALYS 2.14 3
s E
& LD 5 ySF 10 1
10% 3
L o e e I I I I
15 2 25 3 35 4 45 5 55 6
Ecm. [MeV]
=== 1w 0.50 Iw1 0.50 Iv 0.70 Iw 0.50 1w1 0.90 Iv 0.70 =0 w050 1wl 1.30 v 0.70
== 1w 0.50 Iw1 0.60 Iv 0.70 == 1w 0.50 1wl 1.001v 0.70 Iw 0.50 Iw1 1.40 Iv 0.70
— w050 1w1 0.70Iv 0.70 = = 1w 0501wl 1.101v 0.70 === 1w 0.50 w1 1.50 Iv 0.70
== Iw0.501w10.801v 0.70 —— 1w 0.501w1 1.201v 0.70 +—— This Work
102§ E|
I 87Rb(p,n)"™Sr : ]
0E ; 3
L § ]
— 100 -
S 3
g £ t 3
= I TALYS 2.14
S1o1k LD 5ySF 10
102 .
34—
5 2 25 3 35 4 45 5 55 6
E [MeV]
=== 1w 0.50 w1 0.50 Iv 0.70 Iw 0.50 Iw1 0.90 Iv 0.70 “ o w050 1wl 1.301v 0.70
== 1w 0.50 Iw1 0.60 Iv 0.70 == 1w 0.50 1wl 1.001v 0.70 Iw 0.50 Iw1 1.40 Iv 0.70
— Iw0.501w1 0.70 Iv 0.70 = = w0501wl 1.101v 0.70 === 1w 0.50 w1 1.50 Iv 0.70
=== 1w 0501wl 0.801v 0.70 —— 1w 0.501w1 1.201v 0.70 +—e— Blaser 1951

Figure B.32: Variation of lwadjust = 0.5 and lvadjust = 0.7 with different values of lwladjust,
employing 7-ray strength model 8 for proton-induced reactions on 3’Rb. The upper panel shows the
predicted isomeric (p,n) cross sections in comparison with the experimental data from Reference [139].
The overall energy dependence is reproduced reasonably well, although not all data points are accurately
described. A similar behavior is observed in the lower panel, which compares the predicted and experi-
mental cross sections for the (p,~) reaction.
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280

Giot [Mb]

10°¢ E
- SRb(p,y)*8Sr
107 E
10! 3 TALYS 2.14 =
. LD 5ySF 10 -
10° E
10-1 T "\ ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T
1.5 2 2.5 3 3.5 4 4.5 5 5.5
E. . [MeV]
== 1w 1.10Iw1 0.501v1.40 o 1w 1.10 1w1 0.90 Iv 1.40 === 1w .10 1wl 1.30 Iv 1.40
== lw 1.10 Iwl 0.60 lv 1.40 == 1w 1.10Iwl 1.00 lv 1.40 Iw 1.10 1wl 1.40 Iv 1.40
— lw 1.10Iw1 0.70 lv 1.40 == 1w 1.10 1wl 1.10 Iv 1.40 === lw 1.10Iwl 1.50 v 1.40
--- 1w 1.101w1 0.80 Iv 1.40 — Iw 1.10 1wl 1.20 v 1.40 +—e— This Work
10% E
1 B 87Rb(p,n)87er i
10" = E
10% E
i TALYS 2.14 -
10 LD 5 ySF 10 —
102 E
10-3 T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T
1.5 2 2.5 3 3.5 4 4.5 5 5.5

E [MeV]

=== 1lw L.10lwl1 0.501v 1.40 - Iw 1.10 w1 0.90 Iv 1.40 - - - 1w 1101wl 1.301v 1.40
== 1w 1.10 1wl 0.60 lv 1.40 == 1w 1.10 Iw1 1.00 Iv 1.40 Iw 1.10 1wl 1.40 Iv 1.40
— lw 1.101w1 0.70 Iv 1.40 == 1w 1.101wl 1.10 Iv 1.40 === lw 1.10 1wl 1.50 Iv 1.40
--- 1w 1101wl 0.80 v 1.40 — Iw 1.101w1 1.20 Iv 1.40 ~—e— Blaser 1951

Figure B.33: The same as before with lwadjust = 1.1 and lvadjust = 1.4.



B.7 Variations of lwadjust, lwladjust and lvadjust utilizing ~y-strength model 10

10°¢ ]
- SRb(p,y)*8Sr i
10%= E
B L _
=,
= 101 TALYS 2.14 =
& - LD 5 ySF 10 -
100 E
10-1 T \.\ ‘ T T ‘ T T T ‘ T T ‘ T ‘ T T ‘ T T ‘ T T
1.5 2 2.5 3.5 4 45 5 5.5 6
E. . [MeV]
=== 1w 1401wl 0.501lv0.70 1w 1.40 1w1 0.90 1Iv 0.70 = 1lw 1.40 1wl 1.30 Iv 0.70
== 1w 1.40 w1 0.60 v 0.70 === 1w 1.40 lw1 1.00 v 0.70 Iw 1.40 1wl 1.40 Iv 0.70
— 1w 1.40 Iw1 0.70 Iv 0.70 == 1w 1401wl 1.10 Iv 0.70 === 1w 1.40 w1l 1.50 Iv 0.70
- - 1w 1401wl 0.80 v 0.70 — 1w 1.40 lw1 1.20 Iv 0.70 +—e— This Work
107 E
o - FRb(p,m)¥7Msr b
1L i
g 10 = E
= T TALYS 2.14 -
S101 LD 5ySF 10
102 E
10-3 T T T ‘ T T T ‘ T T T T T T ‘ T ‘ T T T ‘ T T T ‘ T T T

=== 1w 1.40 1lw1 0.50 1v 0.70
== 1w 1.40 lw1 0.60 Iv 0.70
— lw 1.401w1 0.70 1v 0.70

- 1w 1.40 1w1 0.80 1v 0.70

T ‘ T
3.5 4
E [MeV]

““““ Iw 1.40 1w1 0.90 Iv 0.70
== 1w 1.40 w1 1.00 Iv 0.70
- = 1w 1401wl 1.101v 0.70
— Iw 1.401w1 1.20 Iv 0.70

- 1w 1.40 1wl 1.30 1v 0.70

Iw 1.40 1wl 1.40 v 0.70

=== 1w 1.40 1wl 1.50 1v 0.70
—— Blaser 1951

Figure B.34: The same as before with lwadjust = 1.4 and lvadjust = 0.7.
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B %Rb

B.8 Variations of Iwadjust, Ivadjust and Ivladjust utilizing
~v-strength model 10

10%¢
E ¥7Rb(p,y)¥sr
10% E
S‘ L 4
= 0l
= 10'¢ TALYS 2.14 3
g LD 5ySF 10 3
100 3
L0
15 2 25 3 35 4 45 5 55 6
Ecm. [MeV]
=== 1w 0.80 Iv 1.40 Iv1 0.50 1w 0.80 Iv 1.40 Iv1 0.90 === Iw0.801v 1.401vl 1.30
== Iw0.801v 1.40 Iv1 0.60 == w080 Iv 1.40 Iv] 1.00 1w 0.80 Iv 1.40 Iv1 1.40
1w 0.80 Iv 1.401v1 0.70 = = Iw0801Iv1401vl 1.10 === 1w 0.80 v 1.40 Ivl 1.50
= Iw0.801v 1.40 Iv1 0.80 — 1w 0.80Iv 1.40 vl 1.20 +~—— This Work
10%g 3
L 87Rb(p,n)87er 1
10'e <
— 0L —
z 10° E
= T TALYS 2.14 ]
101k LD 5ySF 10
102 <
03—
15 2 25 3 35 4 45 5 55 6
E [MeV]
=== lw 0.80 Iwl 1.40 Iv 0.50 Iw 0.80 1wl 1.40 Iv 0.90 Iw 0.80 1wl 1.40 Iv 1.30
== Iw0.80 Iwl 1.40 Iv 0.60 Iw 0.80 1wl 1.40 1v 1.00 Iw 0.80 1wl 1.40 Iv 1.40
1w 0.80 Iwl 1.40 Iv 0.70 Iw 0.80 1wl 1.401v 1.10 === 1w 0.80 lwl 1.40 Iv 1.50
= Iw0.80 1wl 1.40 Iv 0.80 Iw 0.80 1wl 1.401v 1.20 ~—e— Blaser 1951

Figure B.35: Variation of lwadjust = 0.8 and lvadjust = 1.4 with different values of lvladjust,
employing 7-ray strength model 10 for proton-induced reactions on 8"Rb. The influence on predicted
cross sections is slightly greater than for variations of lwvladjust in the presented energy region. The
upper panel shows the predicted isomeric (p,n) cross sections in comparison with the experimental data
from Reference [139]. The overall energy dependence is reproduced reasonably well, although not all
data points are accurately described. A similar behavior is observed in the lower panel, which compares
the predicted and experimental cross sections for the (p, ) reaction.
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B.8 Variations of lwadjust, lvadjust and lvladjust utilizing y-strength model 10

10°¢ E
~ SRb(p,y)*sr '
107 E
z‘ L 4
o
= 10" TALYS 2.14 =
& LD 5ySF 10 -
10°= E
10-1 T '\ !‘ ‘ T T T ‘ T T T T T ‘ T T T ‘ T T ‘ T T T ‘ T T T ‘ T T
15 2 25 35 4 45 5 55
E. . [MeV]
=== 1w 1.10lv0.50Iv1 0.50 - 1w 1.10 1v 0.50 Iv1 0.90 = 1lw 1.101v 0.50 Iv1 1.30
== 1w 1.10 v 0.50 Iv1 0.60 == 1w 1.101v 0.50 Iv1l 1.00 Iw 1.10 v 0.50 Iv1 1.40
— lw 1.101v 0.50 Iv1 0.70 == 1w 1.101v 0.50 Iv1l 1.10 === 1w 1.101v 0.50 Iv1 1.50
- 1lw 1.101v 0.50 Iv1 0.80 — 1w 1.101v 0.50 Iv1 1.20 —e— This Work
10%¢ E
L 87Rb(p,n)87er ]
10'e E
— 10°L §
g 10 - E
= ¢ TALYS 2.14 -
e10 - LD 5 ySF 10 _
102 E
10-3 T T T ‘ T T T ‘ T T T T T ‘ T T T ‘ T T ‘ T T T ‘ T T T ‘ T T
15 2 25 35 4 45 5 55

=== 1w 1.101lw1 0.50 Iv 0.50
== 1w 1.10lw1 0.50 Iv 0.60
— 1w 1.101w1 0.50 Iv 0.70

- lw 1.10 w1 0.50 v 0.80

E [MeV]

““““ Iw 1.10 w1 0.50 Iv 0.90
== 1w 1.10 w1 0.50 Iv 1.00
Iw 1.101w1 0.50 Iv 1.10
— 1w 1.101w1 0.50 Iv 1.20

- 1w 1.10 w1 0.50 Iv 1.30

Iw 1.10 w1 0.50 Iv 1.40

=== 1w 1.10lw1 0.50 Iv 1.50
~—e— Blaser 1951

Figure B.36: The same as before with lwadjust = 1.1 and lvadjust = 0.5.
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284

103 E
- 87Rb(p,y)38Sr i
< - i
o
= 10" TALYS 2.14 =
o — -
& LD5ySF10 -
100 =
10-1 ‘ T T T ‘ T T T T T ‘ T T T ‘ T T ‘ T T T ‘ T T T ‘ T T
1.5 2 25 35 4 4.5 5 55
E. . [MeV]
=== 1w 1.30lv0.701v1 0.50 = 1w 1.30 v 0.70 vl 0.90 - 1w 1.301v 0.70 Iv1 1.30
== 1w 1.30Iv 0.70 Iv1 0.60 === 1w 1.30 Iv 0.70 Iv1 1.00 Iw 1.301v 0.70 Iv1 1.40
— 1w 1.30Iv 0.70 Iv1 0.70 == 1w 1.301v 0.70 Iv1 1.10 === 1w 1.301v 0.70 Iv1 1.50
-=--1w1.301v0.70 Ivl 0.80 — lw 1.30Iv 0.70 Iv1 1.20 —e— This Work
10%¢
1 B 87Rb(p,n)87er i
10" = E
— 109L 4
g 10 : E
= I TALYS 2.14
S101 LD 5 ySF 10
102 E
10-3 T T T ‘ T T T ‘ T T T T T ‘ T T T ‘ T T ‘ T T T ‘ T T T ‘ T T
1.5 2 2.5 35 4 45 5 55

=== 1w 1.30lw1 0.70 Iv 0.50
== 1w 1.30 w1 0.70 Iv 0.60
— lw 1.301w1 0.70 v 0.70
=== "1lw 1301wl 0.70 Iv 0.80

E [MeV]

““““ Iw 1.30 1w1 0.70 Iv 0.90
== 1w 1.301w1 0.70 Iv 1.00
Iw 1.301w1 0.70 Iv 1.10
— Iw 1.301w1 0.70 Iv 1.20

- 1w 1.301w1 0.70 Iv 1.30

Iw 1.30 1wl 0.70 Iv 1.40

=== 1w 1.30 Iw1 0.70 Iv 1.50
~—— Blaser 1951

Figure B.37: The same as before with lwadjust = 1.3 and lvadjust = 0.7.



B.9 Variations of lwadjust, lwladjust, lvadjust and lvladjust utilizing ~y-strength model 10

B.9 Variations of Iwadjust, Iwladjust, Ivadjust and Ivladjust
utilizing v-strength model 10

10%¢
N 87Rb(p,n)87er b
107 . =
— 100 i
= 10% .
E ¢ ," :
Elol TALYS 2.14 ]
E LD 5ySF 10 3
102 E
1O 4 o e
1.5 2 2.5 35 4 4.5 5 55 6
E [MeV]
=== 1w 0.50 Iwl 1.30Iv 0.50 Iv1 0.50 == Iw0.501wl 1.301v 0.50 Iv1 1.10
== 1w 0.50 Iwl 1.30 1v 0.50 Iv1 0.60 — Iw 0.50 w1 1.30 Iv 0.50 Iv1 1.20
— Iw 0.50 Iwl 1.30Iv 0.50 Iv1 0.70 - lw0.50 Iwl 1.30 v 0.50 Ivl 1.30
=+ 1w 0.50 Iwl 1.30 1v 0.50 Iv1 0.80 Iw 0.50 w1 1.30 Iv 0.50 Iv1 1.40
Iw 0.50 Iwl 1.30 Iv 0.50 Iv1 0.90 === 1w 0.50 w1l 1.30 Iv 0.50 Iv1 1.50
=== 1w 0501wl 1.30 Iv 0.50 Ivl 1.00 —e— Blaser 1951
10%¢ E
- 8TRb(p,y)*8sr
10 E
—_ r B
2,0 ]
= l0's 4
g I TALYS 2.14 7
[ LD 5ySF 10 ]
10° E
o'
L5 2 2.5 3 35 4 45 5 55 6
E.m. [MeV]
=== 1w 0.50 lwl 1.30Iv 0.50 Iv1 0.50 == Iw0.50 1wl 1.30 v 0.50 Iv1 1.10
== Iw0.50 1wl 1.30 Iv 0.50 Iv1 0.60 — Iw0.50 Iw1l 1.30 v 0.50 Iv1 1.20
— Iw 0.50 lwl 1.30 v 0.50 Iv1 0.70 === lw0.50 Iwl 1.30 v 0.50 Ivl 1.30
== 1w 0.50 Iwl 1.30 v 0.50 Iv1 0.80 Iw 0.50 w1 1.30 Iv 0.50 Iv1 1.40
Iw 0.50 Iwl 1.30 v 0.50 Iv1 0.90 === 1w 0.50 lwl 1.30 Iv 0.50 Iv1 1.50
=== 1w 0.50 1wl 1.30 Iv 0.50 Iv1 1.00 —— This Work

Figure B.38: Variation of lwadjust = 0.5, lwladjust = 1.3 and lvadjust = 0.5 with different values of
lvladjust, employing y-ray strength model 10 for proton-induced reactions on ¥"Rb.
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o 107 E
g © :
S0 TALYS 2.14
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107 E
10-3 B T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T
1.5 2 25 3 3.5 4 4.5 5 55 6
E [MeV]
''''' Iw 0.50 Iw1 1.30 v 0.54 Iv1 0.50 == 1w 0.50 1wl 1.30 Iv 0.54 Iv1 1.10
- Iw 0.50 Iw1 1.30 v 0.54 Iv1 0.60 — 1w 0.50 w1 1.30 Iv 0.54 Iv1 1.20
— 1w 0.50 w1 1.301v 0.54 1v1 0.70 ---- 1w 0.50 1wl 1.30 v 0.54 1v1 1.30
---- 1w 0.50 1wl 1.30 Iv 0.54 1v1 0.80 Iw 0.50 Iw1 1.301v 0.54 Iv1 1.40
“““““““ Iw 0.50 Iw1 1.30 v 0.54 Iv1 0.90 === 1w 0.50 lw1 1.30 Iv 0.54 1v1 1.50
----- Iw 0.50 Iwl 1.30 1v 0.54 1v1 1.00 —e— Blaser 1951
107 -
- 3"Rb(p,y)*¥Sr . i
0% { n 3
= i i
Z 10 o E
: Pt TALYS 2.14 -
C LD 5ySF 10
109 = =
10-1 (ﬁ‘\ T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T
1.5 2 25 3 35 4 4.5 5 55 6
E. . [MeV]

----- Iw 0.50 w1 1.30 1v 0.54 1v1 0.50
== Iw 0.50 Iw1 1.30 1v 0.54 1v1 0.60
— 1w 0.501w1 1.30 1v 0.54 1v1 0.70
---- 1w 0.501wl 1.301v 0.54 1v1 0.80
“““““ Iw 0.50 w1 1.30 1v 0.54 1v1 0.90
''''' Iw 0.501w1 1.301v 0.54 Ivl 1.00

== 1w0.50 1wl 1.30 v 0.54 Iv1 1.10
— 1w 0.50 1wl 1.30 v 0.54 1v1 1.20
---- 1w0.501wl 1.30 v 0.54 Iv1 1.30

Iw 0.50 Iw1 1.30 Iv 0.54 vl 1.40
----- Iw 0.50 Iw1 1.30 Iv 0.54 vl 1.50
—— This Work

Figure B.39: The same as before with lwadjust = 0.5, lwladjust = 1.30 and lvadjust = 0.54.
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B.9 Variations of lwadjust, lwladjust, lvadjust and lvladjust utilizing ~y-strength model 10
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101 ; 87Rb(p,n)87er ;
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o 107 E
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E [MeV]
----- Iw 0.521w1 0.90 1v 0.56 vl 0.50 - = 1w 0.521w1 0.90 Iv 0.56 Iv1 1.10
- Iw 0.52 1w1 0.90 1v 0.56 Iv1 0.60 — 1w 0.521w1 0.90 v 0.56 Iv1 1.20
— 1w 0.521w1 0.90 Iv 0.56 Iv1 0.70 - 1w 0.521wl1 0.90 Iv 0.56 vl 1.30
=== 1w 0.521w1 0.90 v 0.56 1v1 0.80 Iw 0.521w1 0.90 Iv 0.56 vl 1.40
““““““ Iw 0.52 1wl 0.90 Iv 0.56 Iv1 0.90 === 1w 0.521w1 0.90 v 0.56 Iv1 1.50
----- Iw 0.521w1 0.90 Iv 0.56 1v1 1.00 —— Blaser 1951
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Iw 0.521w1 0.90 1v 0.56 1v1 0.50
Iw 0.52 1w1 0.90 1v 0.56 1v1 0.60
— Iw 0.521w1 0.90 1v 0.56 Iv1 0.70
-- - Iw0.521w1 0.901v 0.56 1v1 0.80
Iw 0.521w1 0.90 1v 0.56 1v1 0.90
Iw 0.521w1 0.90 Iv 0.56 Iv1 1.00

Iw 0.521w1 0.90 Iv 0.56 Iv1 1.10
— 1w 0.521w1 0.90 Iv 0.56 Iv1 1.20
---- w0.521w1 0.901v 0.56 Iv1 1.30
Iw 0.52 1w1 0.90 Iv 0.56 1v1 1.40
Iw 0.521w1 0.90 Iv 0.56 Iv1 1.50
—e— This Work

Figure B.40: The same as before with lwadjust = 0.52, lwladjust = 0.90 and lvadjust = 0.56.
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