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Summary

This thesis describes experimental investigations and astrophysical network calculations
relevant for the nucleosynthesis of the p nuclei. These 35 proton-rich isotopes cannot
be produced by neutron-capture reactions which is the general production mechanism
for elements heavier than iron in the r and s processes. Therefore, other mechanisms
like photo-disintegration reactions on heavy seed nuclei (γ process) or proton-capture
reactions are taken into account.

The modelling of these processes relies on a hugh amount of reactions which mostly occur
for unstable isotopes. This demands, in combination with the contribution of excited
states to the stellar rate, the prediction of the rates by a suited theoretical approach:
the Hauser-Feshbach statistical model. To improve the reliability of the predictions,
systematic experimental investigations are performed within this work for the nuclear
input to the calculations. The study of charged-particle optical model potentials using
the activation approach for the investigation of (α,n) and (p,n) reactions is described as
well as the investigation of (γ,n) reactions in a broad mass range of 140 ≤ A ≤ 210.

However, there are also key reactions which are of special interest for the nucleosynthesis
of individual p nuclei. An impressive example is the puzzle about the production of
the most abundant p nucleus 92Mo. Within this work, the results of an experiment
using high-resolution in-beam γ-spectroscopy for the study of the 90Zr(p,γ) reaction are
summarized. In addition, the efforts to investigate the 91Nb(p,γ) reaction in standard
kinematics by the production of target of the unstable isotope 91Nb to be used with
the high-intensity proton-beam provided by the accelerator of FRANZ, Frankfurt, are
discussed.

Finally, the influence of experimental results in astrophysical network calculations is
discussed using post-processing nucleosynthesis methods for the γ process in type II
supernovae.





Zusammenfassung

Diese Arbeit beschreibt experimentelle Untersuchungen und astrophysikalische Netzw-
erkrechnungen, die dem Verständnis der Nukleosynthese der p-Kerne dienen. Diese 35
protonenreichen Isotope können nicht mittels Neutroneneinfangreaktionen produziert
werden, die der generelle Mechanismus zur Erzeugung von Elementen schwerer als Eisen
sind. Daher werden andere Mechanismen vorgeschlagen wie die Photodesintegration
einer Verteilung schwerer Saatkerne (γ-Prozess) oder Protoneneinfangreaktionen.

Die Modellierung dieser Prozesse basiert auf der Kenntnis einer großen Anzahl von
Reaktionen, die meistens an instabilen Kernen auftreten. Um außerdem die Beiträge an-
geregter Kernzustände zur stellaren Reaktionsrate zu bestimmen, ist deren Vorhersage
mit einem geeigneten theoretischen Ansatz notwendig: dem Hauser-Feshbach Statistis-
chen Modell. Um die Verlässlichkeit der Vorhersagen zu verbessern, sind systematische
experimentelle Untersuchungen in dieser Arbeit durchgeführt worden. Optische Kern-
potentiale für geladene Teilchen wurden durch Experimente mit der Aktivierungsmeth-
ode zu (α,n)- und (p,n)-Reaktionen bestimmt und in einem breiten Massenbereich von
140 ≤ A ≤ 210 wurden (γ,n)-Reaktionen untersucht.

Allerdings gibt es auch Schlüsselreaktione, die von besonderem Interesse für die Nuk-
leosynthese einzelner p-Kerne sind. Ein beeindruckender Fall ist das Rätsel um die
Produktion des häufigsten p-Kerns 92Mo. In dieser Arbeit werden die Resultate eines
Experiments mit hochauflösender γ-Spektroskopie zur Reaktion 90Zr(p,γ) zusammenge-
fasst. Außerdem werden die aufwändigen Schritte beschrieben, die notwendig sind, um
die Reaktion 91Nb(p,γ) in direkter Kinematik zu untersuchen: die Produktion eines Tar-
gets aus dem instabilen Isotop 91Nb und sein Einsatz an der Hochstrom-Protonenquelle
von FRANZ, Frankfurt.

Abschließend wird der Einfluss experimenteller Resultate in astrophysikalischen Netzw-
erkrechnungen diskutiert. Hierzu wurde der γ-Prozess in einer Typ II Supernova mit
Methoden der

”
post-processing nucleosynthesis“ untersucht.
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1
Introduction

Astronomical observations always fascinated mankind and found applications in daily
life. The first ancient highly developed cultures in Mesopotamia and Egypt used the
changes in the heavens to construct a calendar and predict the occurrence of periodic
events such as, e.g., the flooding of the Nile river, respectively. The Greeks already knew
about the sphericity of earth, sun, and moon and developed first ideas to measure the
distances between the three of them and to estimate their masses.
The great achievements of the Greek scientists found a lasting highlight in the Ptole-
maic model which served as an explanation for astronomical observations for centuries.
Astronomy, as based on these classical ideas, was taught as part of the quadrivium of
the seven liberal arts which were rediscovered in Central Europe during the reign of
Charlemagne (768 to 814) and were installed as educational standard at medieval Euro-
pean universities (e.g., Bologna 1088, Paris around 1160, Oxford 1167). This geocentric
model relied on a complicated application of epicycles to maintain the earth as orbital
center of all celestial bodies.
As the Ptolemaic model supported the idea of mankind being the center of the Creation
the heliocentric model was not established before the end of the fifteenth century when
Nicolaus Copernicus (1473 to 1543) published his ideas in the book De revolutionibus

orbium coelestium. Johannes Kepler (1571 to 1630) and Sir Isaac Newton (1642 to
1726/7) refined the model by postulating elliptical orbits instead of spherical ones and
by applying the physical laws observed on earth to the motions of the celestial bodies,
respectively.
The last century brought the combination of astronomy, astrophysics, and nuclear
physics in the newly developed research field of nuclear astrophysics. The fusion of
hydrogen to helium was recognized as the energy source for the long-lasting first evolu-
tion stage of stars. Nuclear reactions provided the opportunity to synthesize all known
elements starting from protons and neutrons. In 1957, the quartet of E.M. Burbidge,
G.R. Burbidge, W.A. Fowler, and F. Hoyle [1] as well as A.G.W. Cameron [2] inde-
pendently published their ideas on the nucleosynthesis of the elements and founded the
second pillar of nuclear astrophysics besides the explanation of stellar evolution.
In [1], eight processes are proposed to synthesize all known stable and long-lived unstable
isotopes: hydrogen burning, helium burning, capture of α particles (α process), nuclear
reactions in statistical equilibrium (e process), neutron-capture reactions at low and
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1 Introduction

high neutron densities (s and r processes), proton-capture reactions (p process) and the
production of deuterium, lithium, beryllium, and boron (x process).
Not all proposed processes survived the last nearly 60 years of research without signif-
icant corrections. Today, the production of deuterium and lithium is mostly explained
by primordial nucleosynthesis right after the Big Bang while the synthesis of beryllium
and boron is thought to be based on the spallation of heavier elements. In contrast, the
ideas developed for the synthesis of elements heavier than iron in the s and r processes
are still the base of today’s existing models. An interesting case is the p process being
responsible for the production of the proton-rich isotopes which are shielded from the
reaction fluxes of the s and r processes. The initial idea of proton-capture reactions still
occurs in different processes, e.g., the rp and νp processes but the bulk of the so-called
p nuclei is produced by photo-disintegration reactions in the γ process.
This habilitation treatise deals with the different experimental approaches to provide
the nuclear physics input for the simulation of the nucleosynthesis of p nuclei in vari-
ous scenarios. Chapter 2 will introduce the astrophysical background and discuss the
different sites and scenarios where p nuclei are thought to be produced. The nuclear
physics basics including the calculation of reaction rates are described in Chap. 3 while
the different experimental methods as applied within this treatise are summarized in
Chap. 4. In Chap. 5, experiments on charged-particle induced reactions and on photon-
induced reactions including their analysis are explained. The possible consequences for
the nucleosynthesis of p nuclei derived from these experimental results are discussed in
Chap. 6 before the treatise finishes with a summary and an outlook in Chap. 7.
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2
Astrophysical basics

All elements around us are built in stars from the remainders of primordial nucleosyn-
thesis – hydrogen and helium (see, e.g., [3] and references therein). In nuclear fusion
processes, the stars not only find a long-lasting source of energy to stabilize against
gravitational pressure but also produce isotopes with increasing mass numbers and,
thus, heavier elements (see, e.g., [4] and references therein). Due to the maximum of the
binding energy per nucleon reached in the iron-nickel region, the process stops here forc-
ing heavy stars to finish their evolution in the bright event of a core-collapse supernova
[5].
It is during such an event when elements beyod the iron-nickel region are created by
a combination of radiative neutron-capture reactions and β decays. Since the neutron
densities and temperatures are incredibly high, very exotic neutron-rich isotopes are
produced in this rapid neutron-capture process (r process) [6]. After several milli-
seconds, the explosive event passes off and the unstable isotopes reach the valley of
stability by a series of successive β decays. About half of the amount of heavy elements
beyond the iron-nickel region are produced in that way while the other half stems from
a more quiet scenario settled during late stages of stellar evolution.
The conditions during the slow neutron capture process (s process) force the reaction
path to remain near the valley of stability [7]. The neutron-capture rates are low,
therefore, β decay takes place when an unstable isotope is reached. Due to the over-
all long times of neutron exposure, all elements up to lead and bismuth are produced
eventually. Two distinct scenarios are known today where these conditions are realized:
Elements between iron and the Sr-Y region are synthesized in the weak s-process dur-
ing carbon-shell and helium-core burning, respectively [8]. The main s-process occurs
in thermally-pulsing asymptotic giant branch (TP-AGB) stars and produces elements
from the Sr-Y region up to lead and bismuth [9].
The signatures of these different processes are clearly depicted in the solar abundance
distribution if plotted as a function of mass number A (compare Fig. 2.1). By far, the
dominating elements are hydrogen and helium followed by carbon, oxygen, and other
so-called α elements produced in stellar burning phases. The peak in the iron-nickel
region stems from nuclear statistical equilibrium – realized in thermonuclear supernovae
[11] – which is only survived by the most tightly bound isotopes. Beyond this iron-
peak region, the abundances decrease dramatically since neutron-capture processes are
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Figure 2.1:
The solar abundance distribution. The abundances in the solar systems basically derived
from spectroscopy of the sun and the analysis of meteorites are plotted as a function of
mass number A. The lightest elements, hydrogen and helium, are produced in primordial
or Big Bang nucleosynthesis (BB). Charged-particle fusion reactions (CP) and reactions
in nuclear statistical equilibrium (NSE) are responsible for the elements up to the iron-
nickel region. Beyond that region, neutron-induced reactions and β decays synthesize
all other known elements in the r and s process. For details, see text. Data taken from
[10].

needed to produce these elements. The fingerprints of the r and s processes are the
depicted double-peak structures being related to closed neutron shells reached for exotic
neutron-rich isotopes and at the valley of stability, respectively.
Some major questions like, e.g., the astrophysical site(s) of the r process, are yet to be
answered. In addition, a closer inspection in terms of isotopic abundance ratios reveals
some puzzles. Especially, there are about 35 proton-rich isotopes beyond iron which
are passed by or shielded from the reaction flows of the r and s processes [12] and are
usually referred to as p nuclei after the name of their production process in [1].

Characteristics of the p nuclei The p nuclei are found on the proton-rich side of the
valley of stability for elements beyond iron with the lightest one being the isotope 74Se
and the heaviest one being the isotope 196Hg. They are passed by the s process since
their mass number A is smaller than the one of the most neutron-rich stable isotope of
lighter elements and they are shielded from the β-decay chains after the r process by a
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stable isobar with smaller proton number Z (compare Fig. 2.2).
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Figure 2.2:
Shielding of p nuclei from r - and s-process reaction paths. The reaction path of the s pro-
cess (without branchings, green arrows) and the β-decay chains subsequent to r -process
conditions (blue arrows) are shown in the mass region of strontium to molybdenum. The
p nuclei 92Mo and 94Mo (red boxes) are shielded from the reaction paths.

Their isobaric abundance is usually smaller compared to isotopes originating from r -
and/or s-process nucleosynthesis as illustrated in Fig. 2.3. E.g., the heavier p nuclei are
an order of magnitude less abundant compared to isotopes produced in the s-process.
This low isobaric abundance is also reflected in their small isotopic abundance as listed
in Tab. 2.1. Although also amounts in the percent range occur for, e.g., 92,94Mo and
96,98Ru, their isotopic abundance is usually in the per-mill range or even below.
Whether their origin is of primary or secundary nature is still discussed as a number of
different production scenarios is available including both primary and secundary sites.
Due to their small isotopic abundances, it is very unlikely that they are directly observed
in stellar spectra. Thus, an assignment by comparison to typically primary elements like,
e.g., xenon or typically secondary elements like, e.g., barium is hindered.

Possible production processes The origin of the p nuclei is not completely understood
and there is evidence that more than one process in more than one astrophysical scenario
is relevant for their production [17]. The original suggestion in [1] – proton-capture
reactions on stable seed isotopes in supernovae – failed as source of all p nuclei due to the
high proton densities and high temperatures needed to overcome the Coulomb barriers
in case of the heavy p nuclei [18]. However, the idea revived recently for the lightest
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Figure 2.3:
Isobaric abundances synthesized in the p-, r -, and s-processes. The double-peak struc-
tures in the solar abundance distribution (compare Fig. 2.1) separately stem from the
r and s process. The p nuclei exhibit significantly lower abundances. Data from [13, 14].
Taken from [15].

p nuclei when it was independently found by Kusakabe et al. [19] and Travaglio et al.

[20] that there are significant contributions of proton-capture reactions in thermonuclear
supernovae to the abundances of the lightest p nuclei up to 92Mo and 94Mo.

A currently accepted mechanism to explain the abundances of the majority of the p nuclei
is the so-called γ process [21]. As explained lateron in detail, there are several astro-
physical sites where explosive conditions are realized in a way that a seed distribution
stemming from r - and s-process nucleosynthesis encounters a series of photodisintegra-
tion reactions. At first, (γ,n) or photo-neutron reactions lead the abundances towards
neutron-deficient isotopes. Thus, the neutron-separation energy becomes higher and,
eventually, (γ,p) and/or (γ,α) reactions start to compete. The isotopes at which the
reaction rates for the photon-induced emission of neutrons compared to charged parti-
cles, i.e., protons and α particles, are of the same order of magnitude are referred to
as branchings [22]. Here, the abundances reach lower charge numbers and are usually
closer to stability due to the enhanced neutron-to-proton ratio. As shown in, e.g., [22]
and [23], (γ,p) reactions compete at lower masses while (γ,α) reactions are important
for higher masses. This interplay continues as long as the temperature is high enough.
Afterwards, residual unstable isotopes are converted to their nearby stable isobar in a
chain of β+- and/or e.c.-decays. Fig. 2.4 displays the reaction flow in the mass region of
zirconium to ruthenium for a typical temperature of 2.5 GK.
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Table 2.1:
List of the 35 p nuclei as defined in [12]. The isotope are sorted by their charge number
Z. Their isobaric abundances IA as plotted in Fig. 2.3 and their isotopic abundances I%

[16] are listed.

isotope IA / % I% / % isotope IA / % I% / % isotope IA / % I% / %
74Se 1.322 0.89(2) 114Sn 5.129 0.65(1) 156Dy 0.317 0.06(1)
78Kr 1.263 0.35(2) 115Sn 6.814 0.34(1) 158Dy 0.448 0.10(1)
84Sr 0.417 0.56(1) 120Te 0.377 0.096(2) 162Er 0.354 0.14(1)
92Mo 16.57 14.84(4) 124Xe 1.525 0.10(1) 164Er 3.636 1.61(2)
94Mo 10.91 9.25(3) 126Xe 0.655 0.09(1) 168Yb 0.470 0.13(1)
96Ru 12.30 5.52(6) 130Ba 0.246 0.106(2) 174Hf 0.347 0.162(3)
98Ru 5.350 1.88(6) 132Ba 0.309 0.101(2) 180Ta 0.012(2)
102Pd 4.808 1.02(1) 138La 0.0902(2) 180W

0.261
0.13(4)

106Cd 4.808 1.25(4) 138Ce
0.107

0.25(1) 184Os 0.339 0.02(1)
108Cd 3.578 0.89(2) 136Ce 0.283 0.19(1) 190Pt 0.104 0.01(1)
113In 3.865 4.3(2) 144Sm 3.775 3.1(1) 196Hg 0.184 0.15(1)
112Sn 8.667 0.97(1) 152Gd 0.975 0.20(1)

An alternative process leading from lower towards higher mass numbers is the rp pro-
cess [24]. If a neutron star accretes matter from the hydrogen- and helium-rich envelope
of a massive developed companion star in a binary system a thermonuclear runaway oc-
curs after helium burning is ignited. Since the energy is mostly released in form of X-ray
radiation the event is called an X-ray burst [25]. It is when the thermonuclear run-
away starts with the triple-α reaction and, afterwards, the reaction 15O(α,γ) provides
a break-out from the hot-CNO cycle that the rp process starts. Sequences of (p,γ) re-
actions and β decays lead to neutron-rich unstable isotopes close to the proton-dripline
(see Fig. 2.5). There are several so-called waiting points on the reaction path which have
to be passed by (α,γ) or (α,p) reactions as their half-lives are on the order of seconds
and the cross sections for (p,γ) reactions are small. A natural termination might be
the so-called SnSbTe cycle [26]. Although especially the light p nuclei are produced in
the rp process, thus, their underproduction in the γ process being bridged, the question
remains how the newly synthesized isotopes can escape the gravitational attraction of
the neutron star and enrich the interstellar medium.

The νp process occurs in the innermost supernova ejecta made of proton-rich neutrino-
heated matter [27]. During the cooling, mostly N ≈ Z are produced in an α-rich
freeze-out while protons capture neutrinos and convert into neutrons and positrons. The
reaction network looks very similar to the rp process besides the fact that (n,p) reactions
pass by the waiting points. As the amount of neutrons available depends directly on
the electron fraction Ye, this stellar parameter strongly influences the abundances of the
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Figure 2.4:
Reaction network of the γ process in the mass region of zirconium to ruthenium. Photo-
neutron reactions (green arrows) produce isotopes with lower N/Z ratios until (γ,p)
and/or (γ,α) reactions start to compete. The situation is shown for a typical temperature
of 2.5 GK as presented in [22]. For details, see text.

produced light p nuclei [28].
Besides these three production processes, the charged-particle (α-)process in the high-
entropy wind scenario of type II supernovae [29] and a pn process [30] were discussed to
contribute to the production of all p nuclei. In contrast, the ν process occuring in the
inner layers of the ejecta of core-collapse supernovae contributes only significantly to the
abundances of the extremely rare odd-odd p nuclei 138La and 180Ta due to the extremely
low interaction probability of neutrinos for (ν,ν’n) and (νe,e−) reactions [31, 32].

Astrophysical sites of the γ process The nuclear reactions occuring in the γ process
are mainly induced by photons in the MeV-energy range. According to the Planck distri-
bution (see Eq. (3.6), temperatures of the order of several 109 K are required to provide
a sufficient amount of these projectiles. Such temperatures are realized within explosive
events like, e.g., supernovae. Explosive events also provide the correct timescale of sev-
eral seconds – if the photon intensity would last for longer times the seed distribution
would completely convert to light isotopes without leaving p nuclei behind.
In an early work of Woosley and Howard [21], it was discovered that different condi-
tions are required to produce the complete range of p nuclei form 74Se up to 196Hg.
Therefore, different density and temperature profiles were dedicated to different layers
of material of a core-collapse supernova. A typical range of peak temperatures is 2 GK
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Figure 2.5:
Part of the reaction network of the rp process in the mass region of magnesium to
potassium. A series of radiative proton-capture reactions (green arrows) and β decays
(blue arrows) occurs. Waiting points, i.e., isotopes with a half-life on the order of seconds
and small cross sections for a (p,γ) reaction, like 30S (red box) must be passed by, e.g.,
(α,p) reactions to allow the continuation towards higher mass numbers A. For details,
see text.

to 3 GK while maximum densities vary between 2·105 g/cm3 and 6·105 g/cm3. A combi-
nation of a density profile and a temperature profile is often referred to as “trajectory”.
These trajectories vary significantly for different astrophysical sites fulfilling the general
conditions.

In contrast to the r and s process, the abundances produced in the γ process vary
significantly with the composition of the seed distribution. Detailed studies performed
by the Brussels group [33] showed that an enrichment of weak s-process material allows
for a sufficient production of the molybdenum and ruthenium p nuclei. At the same time,
the overproduction factors of the lighter p nuclei were further increased. In addition,
the necessary enhancement of the reaction rate of the neutron source 22Ne(α,n) was
experimentally expulsed lateron [34]. Therefore, a variation of the seed distribution
alone cannot solve the underproduction of the molybdenum and ruthenium p nuclei.

The most intensely studied astrophysical site for the γ process is the O-Ne-rich layers of
massive stars passed by a shockfront of a type II supernova (see, e.g., [21, 22, 23, 35]).
Typical overproduction factors are shown in Fig. 2.6 for all p nuclei. If the lightest
p nuclei 74Se and 80Kr are ignored, on average, a monotonic increase is observed with
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2 Astrophysical basics

increasing mass number. This trend cannot be corrected by nuclear physics uncertainties
as shown in [17] but is based on the model. E.g., the heaviest p nuclei only survive in
the outermost layers with the lowest peak temperatures (compare Chap. 6) – an effect
which might be overestimated in the current models. Usually, the seed composition is a
mixture of r - and s-process nucleosynthesis as found in the solar abundance distribution
(compare Fig. 2.1). However, the total amount of p nuclei produced in one event and
the expected rate of type II supernovae explosions do not match the absolute observed
abundances.

Figure 2.6:
Overproduction factors of p nuclei in type II supernova of 25 M⊙ star. left : The light
p nuclei 92,94Mo and 96Ru are most strongly underproduced [23]. right : Nuclear uncer-
tainties indicated by the vertical bars are not the only source for the observed trends
[17]. For details, see text.

Therefore, type Ia supernovae were investigated as an additional site [36, 37]. In total,
the same trend was observed as shown in Fig. 2.6 for type II supernovae. The underpro-
duction of the molybdenum and ruthenium p nuclei was less pronounced may be due
to the slightly higher temperatures. Although the total amount of p nuclei produced
in one event is higher than for type II supernovae the less frequent occurrence of type
Ia supernovae reduces their contribution to the observed abundances [38]. Two recent
studies [19, 20] confirm these findings, although the underproduction of 92,94Mo and
96,98Ru is further decreased by an additional contribution to their abundances stemming
from proton capture reactions.
Thus, a combination of both type Ia and type II supernovae is needed to match the
absolute observed abundances. Their might be additional but small contributions from
events occurring less frequently like, e.g., sub-Chandrasekar mass supernovae [30] or
pair-creation supernovae [39]. As for type Ia supernovae, processes besides the γ process
also contribute at these more exotic sites.
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3
Nuclear physics basics

This chapter will briefly summarize the nuclear physics properties and relations which
are required to understand the lateron described experimental setups, the analysis of the
data, and the significance of the results. This includes the cross section σ, the S factor
S, and the rate r of a nuclear reaction as well as the Maxwell-Boltzmann and Planck
distribution for particles and photons, respectively. Furthermore, reactions mechanisms
are discussed shortly.

The measure for the probability of a nuclear reaction to occur is its cross section σ
defined as

σ =
Nreaction

Nprojectile · Ntarget

. (3.1)

Usually, the unit of a cross section is an areal unit like cm2 or b = 10−24 cm2, i.e.,
the number of projectiles Nprojectile or the number of target nuclei Ntarget is expressed in
units of cm−2 dependent on whether the beam diameter is smaller or bigger than the
diameter of the target. In addition, the number of reactions Nreaction is measured per
time intervall. Thus, the number of projectiles is expressed as a current for charged
particles or as projectiles per time intervall in case of neutrons or photons. Typically,
the cross section is dependent on the energy Ec.m. available in the center-of-mass system
of projectile and target nucleus.

In nuclear astrophysics, the S factor S(Ec.m.) was introduced for charged-particle
induced reactions to get rid of all energy dependency of the cross section induced by
Coulomb repulsion. The cross section σ(Ec.m.) can be rewritten as

σ(Ec.m.) =
1

Ec.m.
exp(−2πη)S(Ec.m.) (3.2)

with the Sommerfeld parameter η

η = 31.39 · Zprojectile · Ztarget ·
�

µ

Ec.m.

�1/2

(3.3)

where Zi are the charge numbers of projectile and target isotope, respectively, µ is the
reduced mass in units of amu, and the center-of-mass energy Ec.m. is in units of MeV.
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3 Nuclear physics basics

Then, the S factor is supposed to change only slightly with energy as long as nuclear
resonances do not affect the reaction.

In a stellar environment, the particles follow a velocity or energy distribution Φ(T, Ec.m.)
determined by the temperature T . Due to the energy dependency of the cross section
σ, the reaction probability is expressed as a reaction rate r(T ) convoluting both
quantities and multiplying with the number densities Ni of projectiles and target nuclei:

r(T ) = NXNY

� ∞

0

�
Ec.m. · σ(Ec.m.) · Φ(T, Ec.m.) · dEc.m.. (3.4)
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most probable energy: Emp =
kBT
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mean energy: Erms =
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kB T = 25 keV

Figure 3.1:
Maxwell-Boltzmann distribution for particles in thermal equilibrium. The probability
distribution described in Eq. (3.5) is shown for a temperature of kT = 25 keV. The most
probable energy Emp = kBT/2 and the mean energy Erms = 2kBT/2 are indicated. For
non-relativistic cases, the energy corresponds to the velocity according to E = m/2 · v2.

In case of thermal equilibrium, the Maxwell-Boltzmann distribution ΦMB is applied
if the reaction is induced by particles:

ΦMB(T, Ec.m.) · dEc.m. =
2√
π
· 1

(kT )3/2
·
�

Ec.m. · exp

�
−Ec.m.

kT

�
· dEc.m.. (3.5)

An example is illustrated in Fig. 3.1. The convolution with the typical energy depen-
dency of a charged-particle induced reaction being dominated by the tunnelling proba-
bility results in the implementation of the so-called Gamow window as shown in Fig. 3.2.
As the reaction rate r(T ) is almost completely determined within the Gamow window,
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Figure 3.2:
Gamow window of charged-particle induced reactions. The reaction rate r is derived
by a convolution of the Maxwell-Boltzmann distribution and the cross section domi-
nated by the tunnelling probability. The integrand exhibits a peak-like structure which
approximately follows a Gaussian distribution defined by the mean energy E0 and the
width ∆E.

the cross section σ(Ec.m.) should be investigated in this energy range, lateron also re-
ferred to as astrophysically relevant energy range.
If the nuclear reaction is induced by photons, the Planck distribution ΦPlanck deter-
mines the reaction rate r(T ):

ΦPlanck(T )dE =
1

π2(�c)3
· E2

exp(E/kT )− 1
· dE. (3.6)

An example is illustrated in Fig. 3.3. Usually, photon-induced reactions are endotherm,
i.e., the reaction only occurs if the photon energy Eγ enhances a certain threshold energy
Ethr. E.g., the threshold energy of a (γ,n) reaction is the neutron separation energy Sn

of the target nucleus. If the reaction rate r(T ) is calculated according to Eq. (3.4)
using the Planck distribution and a typical threshold behaviour for (γ,n) reactions, i.e.,
σ(γ,n)(Eγ) ∝

�
Eγ − Sn, the integrand has a maximum close to Eγ = Sn + kT/2. Thus,

a Gamow-like window can also be determined for photon-induced reactions (compare
Fig. 3.4).

A nuclear reaction can proceed via different reaction mechanisms which are not easily
disentangled by experiments. However, for the theoretical prediction of the cross section
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3 Nuclear physics basics
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Figure 3.3:
Planck distribution for photons. The probability distribution described in Eq. (3.6)
is shown for a temperature of T = 2.5 GK. The most probable energy is found by
Emp ≈ 1.6 · kBT . The energy corresponds to the frequency ν and the wave length λ of
the electro-magnetic wave representing the photon according to E = hν = hc/λ.

(or the reaction rate) it is mandatory to know the reaction mechanism to allow modelling
the nuclear process correctly. In the energy range covered by nuclear astrophysics, two
major categories occur: direct reactions and resonant reactions [40]. The former directly
connects the initial and final states of target and product nucleus and is possible for all
energies as spare energy is emitted as electromagnetic radiation. The later only takes
place if the energy of projectile and target nucleus matches exactly a nuclear level in
the compound nucleus (CN) to be formed. At these energies, the cross section of the
reaction is increased significantly and exhibits a resonance-like behaviour. Therefore, a
nuclear level is often referred to as resonance.

If the compound nucleus is produced at very high excitation energies as it is often the
case in explosive astrophysical scenarios, the level density ρ can be so high that the
average level spacing �D� = 1/ρ is smaller than the average resonance width �Γ�, i.e.,
the levels are largely overlapping. In that case, the reaction can be described by average
resonance properties instead of taking into account the usually unknown properties of
all individual resonances. This is realized by the Statistical or Hauser-Feshbach
Model [41] which is broadly applied for the prediction of reaction rates in explosive
astrophysical scenarios [42].
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3.1 Calculation of reaction rates
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Figure 3.4:
Gamow-like window of photon-induced reactions. The reaction rate r is derived by a
convolution of the Planck distribution and the cross section of a (γ,n) reaction dominated
by the threshold behaviour. The integrand exhibits a peak-like structure close above the
reaction threshold with a maximum located near Eγ = Sn + kT/2.

3.1 Calculation of reaction rates

In explosive astrophysical scenarios, the center-of-mass energy of projectile and target
nucleus is below 20 MeV. Thus, the resonant reaction mechanism is dominating at
usually high level densities. This compound-nucleus (CN) reaction is described within
the Statistical Model as

Aµ + a → C∗ → Bν + b (3.7)

with the target nucleus A in the initial state µ, the compound nucleus C in a high-energy
excited state, and the product nucleus B in the final state ν. Projectile and Ejectile
are denoted a and b, respectively. In case of a radiative capture reaction, the compound
nucleus is already the product nucleus and only γ rays act as ejectiles.
The typical life-time of the compound nucleus is much longer than the transit time of
the projectile across the target nucleus. Therefore, the energy available in the compound
nucleus is equally distributed to all its constituents and the information about its forma-
tion is lost. According to the independence hypothesis by Niels Bohr [43], the formation
and the decay of the compound nucleus are two distinct processes and can be described
individually to derive the total cross section of the compound-nucleus reaction:

σA+a→B+b
CN

= σA+a
form

· σB+b
decay

. (3.8)

Both factors in Eq. (3.8) can be written as function of averaged resonance widths �Γ� or
in terms of transmission coefficients T derived from the optical model [44]. The variables
used in the following equations are explained in Fig. 3.5. If width fluctuations are not
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3 Nuclear physics basics

corrected the cross section σCN is given by

σµ
CN

=
π

k2
µ

1 + δAa

(2Jµ
A + 1)(2Ja + 1)

�

J,π

(2J + 1)
T µ

A · T ν
B

Ttot

(3.9)

with the wave number of the initial state kµ, the transmission coefficient for the formation
of the compound nucleus from the target nucleus A in state µ T µ

A, the transmission
coefficient for the decay of the compound nucleus to the state ν of the product nucleus
B T ν

B and the total transmission coefficient Ttot represented by the sum of all allowed
decay channels to the same final state ν:

Ttot =
�

chn,ν

T ν
chn

. (3.10)
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residual nucleus
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A, Jµ

A, πµ
A
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projectile a

la, Ja, πa

E, J, π
T ν

b

ejectile b

lb, Jb, πb

C

B

Eν
B, Jν

B, πν
B

Figure 3.5:
Schematic view of a compound-nucleus reaction Aµ(a, b)Bν . Thereaction of target nu-
cleus Aµ in state µ and projectile a forms the compound nucleus C in a highly excited
state. The probability of this transition is described by the transmission coefficient T µ

A.
Similarly, the decay of the compound nucleus C in an energetically allowed channel
composed of the product nucleus Bν in state ν and the ejectile b is represented by the
transmission coefficient T ν

B. Both transmission coefficients depend on the energies Ei,f ,
spins Ji,f , and parities πi,f of the corresponding initial and final states i and j, respec-
tively. The grey-shaded area mark exemplarily the energy range where a calculated level
density ρ is used instead of information of discrete levels. Similar to [45].

The transmission coefficients for the formation and decay of the compound nucleus
depend on energy E, spin J , and parity π of the target and product nuclei as well as of
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3.1 Calculation of reaction rates

the compound nucleus:

formation : T µ
A = T µ

A(Eµ
A, Jµ

A, πµ
A, E, J,π)

decay : T ν
B = T ν

B(Eν
B, Jν

B, πν
B, E, J,π). (3.11)

If the calculated cross section is to be compared to the result of a measurement in
which the populated states in the product nucleus are not distinguished the transmission
coefficient for the decay of the compound nucleus T ν

B must be replaced by the sum of all
possible states ν:

T total

B =
�

ν

T ν
B. (3.12)

The Hauser-Feshbach model is realized in a variety of codes like e.g., SMARAGD [44]
and TALYS [46]. While the implementation of the formalism described above is similar
in each of the codes, numerics are treated differently. However, discrepancies between
results derived with the different codes usually stem from different standard inputs for
the nuclear physics like optical model potentials, the γ-ray strength function, nuclear
level densities, and nuclear masses, respectively. Table 3.1 provides an overview for the
mentioned codes.

Table 3.1:
Standard nuclear inputs of different implementations of the Hauser-Feshbach model.
Usually, the nuclear physics input like optical model potentials (OMP), the γ-ray
strength function (γSF), nuclear level densities (NLD), and nuclear masses (NM) can be
varied within the codes. The default settings for the codes SMARAGD [44] and TALYS
[46] are listed.

SMARAGD [44] TALYS [46]
n-OMP semi-microscopic [47, 48] phenomenological [49]
p-OMP semi-microscopic [47, 48] phenomenological [49]
α-OMP phenomenological [50] folding potential [51]
γSF lorentzian with low-energy tail [42] Brink-Axel lorentzian [52, 53]
NLD updated parametrization [54] generalized superfluid model [55, 56]

plus parity distribution [57]
NM microscopic [58, 59] microscopic [60], experimental data [61]

The Optical Model Potentials (OMP) describe the average interaction between a
particle and a nucleus without using a detailed internal nucleonic structure of both. They
are generally described by complex functions U(r) taking into account the absorption
of the projectile described by the imaginary part of the strong interaction W (r), the
scattering of the projectile described by the real part of the strong interaction V (r), and
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3 Nuclear physics basics

the Coulomb interaction VC(r) for charged projectiles:

U(r) = VC(r) + V (r) + iW (r). (3.13)

The name stems from the analogue approach for the complex refraction index in optics.
There are different approaches to construct such a potential. Phenomenological poten-
tials are parameterizations which are based on and fitted to a selection of experimental
data (e.g., [62] for α particles) and usually provide reliable predictions only within the
used data base. The parameters of typical nuclear potentials of Woods-Saxon, Gauß and
Fourier-Bessel type, respectively, can be determined from elastic scattering only. How-
ever, these fits are not directly applicable to nuclear reactions because of continuous-like
and discrete-like ambiguities. The former are due to correlations of the fit parameters
like the depth and width of Woods-Saxon type potentials. The latter is referred to as
family problem (see, e.g., [63]) and relies on the wave function of the nuclear interior
not affecting the cross section for elastic scattering.
In contrast, microscopic potentials are calculated using a certain nucleon-nucleon inter-
action and only an absolute adjustment is based on experimental data (e.g., [47] for
protons), thus, globally applicable potentials are aimed for. Combining both approaches
yields a semi-microscopic approach where, e.g., the real part of the nuclear potential
stems from microscopic calculations and the imaginary part is adopted by a phenomeno-
logically derived shape. The potential for α particles by [64] shows the success of this
approach if the internal structure of the projectile cannot be neglected completely.

The γ-ray Strength Function (γSF) describes the electro-magnetic interaction of
photons and nuclei with the main conrtibutions stemming from E1 and M1 transitions.
Usually, the E1 transitions dominate the cross section, thus, M1 transitions are ne-
glected [17]. However, it was recently found that this assumption might not be valid
for the zirconium isotopes [65, 66]. As for optical model potentials, γ-ray strength
functions can be eiter parameterized by Lorentzian functions [67] or calculated from
microscopic approaches based on, e.g., Quasiparticle Random-Phase-Approximation on
top of Hartree-Fock calculations [68, 69].
The largest uncertainties for nuclear astrophysics applications stem from the unknown
behaviour of the γ-ray strength function at very low energies. Based on experimental
data, this behaviour is usually extrapolated and varies significantly [70] even though
low-energy components like the pygmy dipole resonance [71] are taken into account.
Therefore, new setups providing experimental access to this energy range were recently
developed [72].

The Nuclear Level Density (NLD) as a function of the energy of excited states Ex

as well as their spin Jx and parity πx relates the averaged resonance widths �Γ� to the
transmission coefficients T . For isotopes at or close to the valley of stability, the prop-
erties of excited states are known experimentally. However, a complete list of discrete
levels is needed for the calculation of a cross section. Therefore, codes like TALYS or
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3.1 Calculation of reaction rates

SMARAGD apply a cut-off energy as soon as one of the properties is not known without
ambiguities and use descriptions of the nuclear level densities for higher energies.
Phenomenological models include the Backshifted Fermi Gas Model (see, e.g., [54]), the
Constant Temperature Model [73], and the Generalized Superfluid Model [55] being a
combination of the former ones. Microscopic and pairing corrections are crucial and
extracted from mass models [42]. Completely microscopic models are available based
on Hartree-Fock calculations [74] and on the Shell Model Monte-Carlo method [75] and
provide similar precision.

The Nuclear Masses (NM) are used to calculate the particle separation energies or
the Q value of a nuclear reaction and, thus, determine the excitation energy available in
the compound nucleus. If different nuclear masses are used a variation in open reaction
channels and allowed transitions is expected. In addition, the reciprocity relation of
reaction rates is strongly influenced by the Q value of the reaction [44].
Most mass models describe known masses with roughly the same accuracy but differ sig-
nificantly for extrapolated values [76, 61]. Although phenomenological approaches are
available (e.g., [77]), nuclear masses are usually determined from microscopic calcula-
tions. The Finite Range Droplet Model (FRDM) is used with shell-model corrections by
Duflo and Zuker [78] and in a semi-microscopic approach by Moller et al. [58]. Another
example is the Extended Thomas Fermi Theory with Strutinski Integral (ETFSI-Q)
[79, 59].
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4
Experimental methods

A variety of reactions is of interest for the modelling of the nucleosynthesis of the p nu-
clei. The experimental investigation of these reactions relies on a number of different
experimental methods. The general features of the activation approach, the in-beam
technique, and the usage of inverse kinematics as used within this work are explained.
As a guideline for the applicability of the three methods, a table summarizes their spe-
cial characteristics, advantages, and limitations. Details of the realization of experiments
related to p-process nucleosynthesis will be presented in Chap. 5.

4.1 Activation approach

The most widely used method in recent studies related to p-process nucleosynthesis is the
activation approach (see, e.g., [80, 81, 82, 83, 84, 85, 86, 87] and references therein). This
is on account of the low isotopic abundances of the p nuclei preventing the availability
of large amounts of highly enriched target material. Thus, the activation approach is
often the only method with sufficient sensitivity and selectivity to yield in an analyzable
signal-to-background ratio.
An experiment using the activation approach is realized in two separated steps. At first,
the target is irradiated at an accelerator facility with the projectiles of interest. After-
wards, the number of reactions is determined in an environment optimized regarding
the signal-to-background ratio. Since, on the one hand, no limitations of choosing a
measuring method occur due to the decoupling from the irradiation site and, on the
other hand, shielding against natural background combined with an ideal geometry are
possible, lowest activities become detectable. Therefore, the restricting combination of
low amount of target material and small cross sections can be overcome.
However, there has to be a fingerprint of the reaction which is detectable after the
reaction occured. In general, radioactive decay provides such a signature if the half-life
is in an appropriate time range that the induced activity is detectable. The γ rays
emitted after α or β decay show a unique energy and branching pattern to be used
as signal of the reaction. High-resolution γ spectroscopy with high purity Germanium
(HPGe) detectors is widely used to measure the decay spectra of the reaction products.
The high resolution can be used to separate the peaks at energies of interest into contri-
butions of signal and background. Furthermore, the usage of naturally composed targets
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4 Experimental methods

is possible if the decay patterns of isotopes produced by different reactions do not over-
lap completely which is only the case if different reactions lead to the same radioactive
isotope. If the energies of the γ transitions are alike by chance different half-lives of the
decaying isotopes allow disentangling the single contributions by observing the activity
for a sufficient amount of time (see Fig. 4.1). If naturally composed material is used
several reactions can be investigated with one activation experiment. Thus, the method
is perfectly suited to perform systematic studies for an isotopic chain [88] or investigate
different reactions induced by the chosen projectile simultaneously [89].
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Figure 4.1:
Influence of half-life on activity. (a) Disentanglement of decays with different half-lives.
If the activity in a given energy range of the spectrum stems from more than one decay
the different contributions can be determined by observing the activity as a function of
time. (b) Limitation of remaining activity. Due to the radioactive decay of the produced
isotopes, there is a maximum amount of activity producible for a given production rate
β. For more details, see text.

The half-life of the reaction product significantly influences the applicability of the ac-
tivation approach. Certainly, reactions with stable product isotopes are excluded. Very
long half-lives might reduce the activity below the detection limit of γ spectroscopy but
other methods like, e.g., accelerator mass spectrometry (AMS) might be used instead
[90]. In contrast, a half-life being too short can prevent from the production of suffi-
cient remaining nuclei at all. The maximum amount of remaining radioactive nuclei, the
saturation limit Nmax, is given by

Nmax =
β

λ
(4.1)

with the production rate β and the decay constant λ of the reaction product. Generally,
0.875 Nmax and 0.984 Nmax are reached after three and six half-lives t1/2, respectively
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4.2 In-beam technique

(compare Fig. 4.1). If saturation is reached, a further activation is not desirable. The
production rate β is limited by the reaction cross section σ and characteristics of the
beam Φ and the number of target nuclei Ntarget, respectively:

β = Ntarget · σ · Φ. (4.2)

For charged-particle induced reactions, the beam is characterized by its current in units
of s−1 and the amount of target nuclei is given as an areal density in units of cm−2

derived from the mass, thickness, and density of the target material. While the current
can be measured very precisely and also accurately if an electron suppression potential
is applied, the determination of the areal density with small uncertainties is difficult.
Average values are derived measuring the target mass and area. In contrast, Rutherford
Back-Scattering yields the thicknesses of the irradiated spots at the target’s surface.
Usually, a combination of both methods is applied as the former one yields smaller
uncertainties but the assumption of homogeneity needs verification with the latter one.
For photon-induced reactions, the beam is characterized by its intensity in units of
s−1cm−2 and the amount of target nuclei is given as a unitless number proportional to
the target’s mass. Since all sources of high-energy photons with adjustable energy deliver
a spectrum of different energies the distribution must be derived and normalized in the
experiment. In case of bremsstrahlung photons, the spectral distribution is simulated
using the Monte-Carlo technique as provided by, e.g., the simulation toolkit Geant4 [91].
Then, the absolute value is determined, e.g., from a measurement relative to a standard
reaction with well-known cross section. Usually, the determination of the intensity yields
rather high uncertainties up to 10%.
Furthermore, the analysis of data derived from the activation approach relies on a pre-
cise knowledge of characteristics of the observed decay, such as the half-life t1/2 and the
emission probability of the detected γ transitions Iγ (for derivation, see Subsec. 5.1.1).
Using an activated target, these properties can be determined with the needed accuracy.
In contrast, the determination of the absolute detection efficiency ε with a small uncer-
tainty is a very challenging task. Again, simulations are combined with measurements
using appropriate calibration sources. In case of complicated decay patterns, summing
effects are usually determined with an activated target.
Although the experimental setup needed for the activation approach is in some degree
basic compared to the setups needed for the techniques described in the following sec-
tions, the precise and accurate knowledge of the parameters of the analysis request a
very detailed and sophisticated scheduling of the experiment and does not allow post-
experimental adjustments.

4.2 In-beam technique

The term in-beam technique is used for a large variety of experimental methods with the
common feature of determining the number of occured reactions during the irradiation
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of the target. Thus, the major advantage of the in-beam technique compared to the
activation approach is its general applicability since the reaction products need not be
measurable off-line. Possible realizations are manyfold and optimized to the investigated
reaction. In the following, calorimetric and spectroscopic measurements of charged-
particle induced radiative capture reactions are taken into account.
In standard kinematics, the product nuclei of a radiative capture reaction usually do
not yield a sufficient amount of energy to escape from the target. Therefore, the prompt
γ rays emitted during the instantaneous de-excitatition of the product nuclei are detected
as signature of the nuclear reaction. Basically, two approaches can be distinguished. If
the Q value of the reaction serves as its fingerprint the complete emitted energy must be
detected. This approach yields information about the total cross section and is called
calorimetric. In contrast, a spectroscopic measurement observes the energies of the
individual γ transitions of the de-excitation. The analysis of the data is more complex
and relies to some extent on the knowledge of the level scheme of the product nucleus.
In exchange, a lot of additional information is included in the data. E.g., partial cross
sections, i.e., the probability for the population of a certain excited state in the nuclear
reaction, can be extracted from the data.

In calorimetric measurements, the efficiency to detect all emitted γ rays is to be
optimized. Therefore, the detector materials should provide a high intrinsic efficiency
for γ rays in the energy range of about 100 keV to several MeV are chosen. The
energy resolution of the material is of less importance. This results in the application of
anorganic scintillator detectors like, e.g., NaI(Tl) [92, 93] or BaF2 [94, 95]. As the γ rays
are emitted in the full solid angle, the detector material should completely surround the
target in a 4π geometry.
One possible realization is a monocrystal with a borehole for the beam-line with the
target at the end [92]. The resulting spectra ideally contain a single peak, the so-called
sum peak, with the energy of the Q value of the observed reaction. The area of the peak
yields the total cross section even though the multiplicities of the events, i.e., how many
γ transitions occured, is unknown. The volume of the monocrystal can be read-out by
several photomultipliers in addition to the core signal similar to so-called polarimeters
[96]. Then, the multiplicities can be determined and used to derive the corresponding
efficiencies of the sum peak by means of Monte-Carlo simulations. This is important to
identify background contributions in the sum peak.
The second realization is to surround the target by a so-called detector array, i.e.,
individual detector modules are read-out in coincidence to collect the complete emitted
energy in one spectrum [93, 94]. In that case, the multiplicities can be extracted from
the number of detector modules measuring a signal. Background events are excluded by
unlikely multiplicities and by the trigger conditions of the coincidence. If the detector
becomes highly segmented [95], higher detection rates can be measured. However, the
detector response of an individual module influences the relation between the multiplicity
of the event and the number of detector modules measuring a signal. In any case, Monte-
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Carlo simulations are mandatory to derive the detection efficiency of the system.

In spectroscopic measurements, detectors with a high energy resolution are needed
as the different γ transitions must be distinguishable in the measured spectra. Therefore,
HPGe detectors are usually applied [97, 98]. It is important to cover different angles
with the detectors with respect to the incoming beam as the the measured yield of
a certain γ transition exhibits an angular correlation. This aim is reached with one
detector per angle and successive measurements [97] or with a detector array [98]. In
both cases, the energy and time information of the signals are detected and analyzed.
The singles spectra of the different detectors can be added or analyzed in coincidence
mode to suppress background. If needed, the statistics in the full-energy peaks can be
enhanced by an addback algorithm to adjust for the detector response.
As explained in detail in Subsec. 5.1.2, the analysis of the data depends on the knowledge
of the level scheme of the product nuclei. Usually, the level schemes are not completely
known up to the energies of the populated entry states. Therefore, the total cross section
derived from the analysis of a spectroscopic measurement is always a lower limit of the
actual one. The lower the energy of the entry state, i.e., the lower the energy of the
projectiles, the less influence is expected. Thus, the method is well-suited to study cross
sections in the astrophysically relevant energy range.
The complex data provides more information than the total cross section. E.g., partial
cross sections are determined if the transitions depopulating the entry state are analyzed.
As shown in [99], partial cross sections allow testing the reliability of Hauser-Feshbach
predictions in more detail and, sometimes, yield valuable information on nuclear struc-
ture features like the observation of doublet states.

No matter which one of the described methods for the detection of the prompt γ rays
is used, a major task using the in-beam technique is the reduction of background in
the measured spectra. The background consists of components stemming from the beam
and the target. Natural sources can usually be neglected. Beam-induced background
stems from the beam reacting with, e.g., residual gas in the beam-pipe or other material
in the vicinity of the target. The contribution to the measured spectra is sometimes
overwhelming despite the cross sections of the corresponding reactions being orders of
magnitude lower than for the reaction of interest as the amount of corresponding target
nuclei is enlarged in the same degree. An improvement is possible by a minimization of
background-inducing target material with, e.g., special coatings of target chambers [98].
In general, the application of inverse kinematics can significantly reduce beam-induced
background due to further reduced cross sections (compare Sec. 4.3).
Target-induced background has to be divided in two different contributions. In general,
the signals expected of the observed reaction can overlap with reactions induced on other
isotopes available in the target material. Therefore, the usage of highly-enriched target
material is usually mandatory. If the enrichment is not sufficient due to the very low
natural abundance of the p nuclei the contributions of other reactions to the spectra
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have to be subtracted and introduce an additional uncertainty (see, e.g., [66]).
The second contribution stems from the target material itself either if other reactions
such as scattering occur or if other reaction channels are open. Here, the background
signals usually differ from the ones expected for the reaction of interest or only influence
part of the signals [100]. However, the additional amount of data can significantly enlarge
the dead-time of the detection systems and render the measurement impossible.

In case of photon-induced reactions, the in-beam technique provides an additional ad-
vantage compared to the activation approach. As mentioned in Sec. 4.1, high-energy
photons are not available as adjustable monochromatic projectiles. Therefore, the acti-
vation approach always yields an energy-integrated cross section (compare Subsec. 5.2.1).
In an in-beam experiment, high-energy photons can be tagged, i.e., their energy is as-
signed by the measurement of the energy loss of the electron which produced the photon
by bremsstrahlung [101]. If the signature of the reaction is detected in coincidence, the
cross section σ(E) is determined without the application of a deconvolution procedure
[102]. A similar rationale is valid for neutrons as projectiles if their time-of-flight for a
given distance is used to determine their energy [103].

4.3 Inverse kinematics

A nuclear reaction is generally described with a reaction equation analogue to chemistry:

A + a → B + b or A(a, b)B (4.3)

where A and B are the heavy target and product nuclei and a and b denote the light
projectile and ejectile, respectively. In a fixed target experiment or in standard kinemat-
ics, the projectiles a are usually accelerated up to the desired energy and hit the target
nuclei A. However, at energies relevant in nuclear astrophysics, this can result in huge
contributions to the background by the interaction of the projectiles with, e.g., rest gas
atoms in the beam-pipe close to the target. Since the Coulomb barrier is higher for the
heavier target nuclei A this contribution can be suppressed by performing the experi-
ment in inverse kinematics where the role of target nucleus and projectile is exchanged
[104]. Therefore, the reaction equation reads:

a + A → B + b or a(A, b)B. (4.4)

Another application of inverse kinematics is the usage of a so-called recoil mass separator
experiment [105]. In standard kinematics, the heavy product nuclei do not have sufficient
energy to escape from the target. Now, the heavy projectiles A hit the lighter target
nuclei a usually provided as a gas target. Due to the kinematics, the reaction products
B are boosted towards the same direction as the projectiles A. The challenge of a recoil
mass separator consisting of several stages of momentum, velocity, and mass dependent
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filters is to distinguish between projectiles A and reaction products B with the former
ones exceeding the amount of the latter ones by many orders of magnitude [106].
Nowadays, the a popular application of inverse kinematics is in combination with ra-
dioactive or rare ion beams (RIB). Although a number of long-lived radioactive isotopes
can be produced and prepared as a target (compare Subsec. 5.1.2) it is generally not
possible the study reactions with radioactive target nuclei A in direct kinematics as
described by Eq. (4.3). It is still challenging to produce a RIB either by the ISOL or
the in-flight method. However, the range of nuclei accessible with sufficient intensity to
perform reaction studies is further growing with new facilities like, e.g., RIKEN (Japan),
FRIB (U.S.A.), SPIRAL-2 (France), and FAIR (Germany).
If the energies of the RIBs are in the energy range of astrophysical interest they can be
used in inverse kinematics with the same techniques as used for stable beams. E.g., the
recoil mass separator DRAGON [107] was successfully used to measure several reaction
cross sections relevant for novae explosions. The ISOL facility ISAC at TRIUMF pro-
vides also RIBs with higher mass numbers. In future, DRAGON might also be used to
measure reaction cross sections relevant for p-process nucleosynthesis. The suitability
of DRAGON’s magnets was already proven with stable beams [105]. The 74Se(α,γ) re-
action was recently studied in the low-energy range of the Gamow window applying for
p process nucleosynthesis [108].
A possibility to use RIBs efficiently and, in addition, provide them with the low energies
of only several MeV per nucleon as needed for studies related to p-process nucleosynthesis
is their feeding in a storage ring like, e.g., the Experimental Storage Ring (ESR) at the
GSI Helmholtzzentrum für Schwerionenforschung (GSI), Darmstadt, Germany. The
stored ions hit a gas jet target consisting of hydrogen or helium to study proton- or
α-induced reactions, respectively. In that way, the reactions 96Ru(p,γ) and 124Xe(p,γ)
were investigated as first test cases [109].
If photon-induced reactions are to be studied the construction of a photon target is a
further challenge. At GSI, relativistic radioactive ion beams are used to study Coulomb
dissociation in inverse kinematics [110]. The extraction of a cross section relies on the
invariant mass method, thus, the detection setup must provide the possibility to study
the complete kinematics of the reaction. An application for the rp process investigated
resonances in the cross section of the 30S(p,γ) reaction [111]. A specially designed
low-energy neutron-detector array LENA [112] allows extracting information about the
electron capture decay of excited states by the study of (p,n) reactions [113]. The
application of the method for the investigation of the cross section of the 100Mo(γ,n) is
described in detail in Sec. 5.2.2.
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5
Experiments and analysis

The previous chapter gave a short summary about the characteristics of different ex-
perimental approaches used within this work. The realization of experiments performed
to understand p-process nucleosynthesis is discussed in the following sections. The two
parts deal with charged-particle induced reactions and photon-induced reactions. Both
can be used to perform systematic studies related to a better knowledge about the
nuclear physics input for the prediction of reaction rates within the Statistical model
(compare Sec. 3.1). Each of the sections starts with the description of a systematic
study performed within this work. Afterwards, the experimental study of reactions with
particular influence for the production of the p nucleus 92Mo is explained in detail, e.g.,
the 90Zr(p,γ) and 91Nb(p,γ) reactions are discussed in the first section.

5.1 Charged-particle induced reactions

Although charged-particle induced reactions – such as (p,γ) or (α,γ) reactions – are
implemented in the network codes to simulate p-process nucleosynthesis in the γ pro-
cess they are usually not very important for the reaction flow since the Coulomb barrier
permits the corresponding reaction rates to become sufficiently large. An exception
are radiative proton-capture reactions in the case of light p nuclei as explained in Sub-
sec. 5.1.2.
However, the study of (p,γ) and (α,γ) reactions is of importance since the principle of
detailed balance provides the possibility to calculate the reaction rates of the correspond-
ing inverse (γ,p) and (γ,α) reactions, respectively. In fact, the theoretical prediction of
the stellar reaction rate, i.e., contributions of excited states are taken into account, is
better based on data of the inverse reaction [42]. Detailed knowledge about (γ,p) and
(γ,α) reactions in the stellar environment is important to understand where their compe-
tition with (γ,n) reactions leads to a bending of the reaction flow towards elements with
lower charge number Z. The location of these so-called branchings of the γ process are
important for the final abundance distribution (compare Sec. 6.1). Figure 5.1 indicates
the (α,γ) and (p,γ) reactions for which published data is available close to the Gamow
window.
A famous example is the study of the 144Sm(α,γ)148Gd reaction by E. Somorjai and
co-workers [115]. They used the activation method to investigate the cross section in an
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Figure 5.1:
Overview of experimentally investigated (p,γ) and (α,γ) reactions. In this part of the
nuclidic chart, isotopes are highlighted if the (p,γ) reaction (orange) and/or the (α,γ)
reaction (red) are experimentally investigated in the energy range relevant for the nu-
cleosynthesis of the p nuclei in the γ process. Data from [114].

energy range of 10.5 MeV to 13.4 MeV, thus, well-covering the complete Gamow window.
The extracted reaction rate of the inverse 148Gd(γ,α)144Sm reaction was a factor of ten
to six smaller than the one predicted within the Statistical model at that time. This
allowed the discussion of the possibility of a late contamination of the solar system by
one or several core-collapse supernovae by the examination of the 146Sm/144Sm ratio in
the solar abundance distribution.

Since the investigation of the inverse reaction in direct kinematics relies on the fact
that the product nucleus is stable the majority of the predicted key reactions is not
accessible in this way (compare Tab. 6.1). Therefore, it is mandatory to provide reli-
able predictions of these reaction rates. As described in Sec. 3.1, this task is usually
performed within the framework of the Statistical model and it is necessary to provide
approved nuclear physics input such as optical model potentials (OMP). The following
Subsec. 5.1.1 summarizes the efforts towards globally applicable particle-nucleus OMPs
and highlights recent results using (α,n) and (p,n) reactions, respectively.
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5.1 Charged-particle induced reactions

5.1.1 Studies to improve optical potentials

Optical model potentials (OMP) are used in the framework of the Statistical model to de-
rive the transmission coefficients if particles interact with the nucleus (compare Sec. 3.1).
There are different ways to test the reliability or derive a parameterized description of an
OMP. All of them rely on the comparison of experimental data and the corresponding
predicted values. In case of the derivation, the parameters are determined by a fit to the
experimental data. All relevant data should be used for the fit simultaneously to ensure
a global applicability as needed for p-process nucleosynthesis.
Once the parameterization is available its reliability can be tested applying it to further
reactions or new data. Here, one has to distinguish between the description of the
energy dependence of the data and the prediction of the absolute values. Therefore, the
agreement between prediction and data cannot be measured by a single value. E.g., a
χ2 test provides a measure for the agreement on an absolute scale but neglects whether
the energy dependence is correctly described.
The selection of the data sets included to the fitting procedure and the adjustment of the
theoretical prediction based on its comparison to experimental data, respectively, rely
on the sensitivity of the chosen reaction to the nuclear physics input of the prediction.
A measure for the sensitivity S is described in [44]:

S =

�
fσ−1

fT−1
, if fσ < 0, fT < 0 or fσ > 0, fT > 0

1−fσ

(fT−1)fσ
, if fσ < 0, fT > 0 or fσ > 0, fT < 0

(5.1)

Here, fT is the ratio of the modified transmission coefficient T � and the original transmis-
sion coefficient T : fT = T �/T . Accordingly, fσ describes the ratio of the corresponding
cross sections: fσ = σ�/σ. The sensitivity S ranges from S = 0 to S = 1 with S = 0
indicating that a change of the transmission coefficient T has no influence on the cross
section σ and S = 1 showing that the cross section σ changes by the same factor as the
transmission coefficient T .
To derive a parameterization of the OMP at astrophysically relevant energies, only those
reactions should be taken into account for which the sensitivities on all nuclear physics
inputs are similar in the energy region accessible by experiment. The easiest way to
achieve this situation is to investigate a reaction for which only one OMP enters the
calculation as in the case of elastic scattering. However, there are two drawbacks for
this approach. Firstly, the scattering cross sections have to be determined from spectra
that are vastly dominated by Rutherford scattering (see, e.g., [116, 117, 118, 119]). Thus,
a very high angular resolution is mandatory. Secondly, the fit of an OMP to scattering
data is not unambiguous since the same behaviour can be achieved by the variation
of different parameters (compare Sec. 3.1). This is known as the family problem and
was discussed in [63]. Furthermore, the OMPs derived using elastic scattering data like
the widely used McFadden& Satchler OMP [50] overestimate the cross sections in the
low-energy region (see, e.g., [119] and references therein). As discussed in [115], this
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might stem from the fact that elastic scattering probes the interaction with the surface
of a nucleus while nuclear reactions include all nucleons.
Now, one might think that radiative-capture reactions are a good choice to determine
the parameterization for an OMP as their study was so useful if information about
the inverse reaction was needed for p-process nucleosynthesis (see Sec. 5.1). But the
investigation of this type of reactions is limited in energy range due to the enormously fast
decreasing cross sections once the energy is below the Coulomb barrier. Unfortunately,
the sensitivity of the cross section to the different transition coefficients is generally
different in the energy range which is accessible to experiments compared to the Gamow
window for p-process nucleosynthesis. An example for the reaction 168Yb(α,γ) is shown
in Fig. 5.2 where the dominating sensitivity in the Gamow window stems from the
α width, i.e., the transmission coefficient calculated from the α-nucleus OMP, while the
neutron width as well as the γ width significantly contribute in the measured energy
range. Thus, an adjustment using a combination of the three widths leads to a good
description of the measured results. However, this combination is not necessarily unique
and, in addition, the optimized α-nucleus OMP is not necessarily a good description in
the Gamow window [82].
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Figure 5.2:
Sensitivities s of the laboratory cross section of the 168Yb(α,γ) reaction. The α, neutron,
γ, and proton width, i.e., the corresponding transmission coefficients in Eq. (5.1), are
separately varied by a factor of two. The absolute value of s is shown - the variation
of the neutron width actually yields negativevalues as the threshold for the 168Yb(α,n)
reaction is reached at Ec.m. ≈ 11.8 MeV. The astrophysically relevant energy range for
T = 3.0 GK is marked by the shaded area. Taken from [45].

To determine an OMP, it is necessary to find a reaction showing a similar sensitivity
in the experimentally accessible energy range as the reaction of astrophysical interest
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exhibits in the Gamow window. Recently, charged-particle induced reactions with neu-
trons as reaction ejectiles were found to be an appropriate tool since they generally show
only a small sensitivity to the neutron OMP but are dominated by the charged-particle
OMP in the measurable energy range (see, e.g., [119, 89, 120, 80]). This approach to
study (α,n) and (p,n) reactions for the determination of α-nucleus and proton-nucleus
OMPs can be interpreted as an indirect method to determine the cross sections of (γ,α)
and (γ,p) reactions, respectively.

The study of (α,n) reactions

The study of (α,n) reactions to determine α-nucleus OMPs became recently a widely
used tool to overcome the lack of experimental data in the relevant energy range for
p-process nucleosynthesis (see, e.g., [119, 89, 120, 80]). In general, the study of (α,γ)
reactions is only possible near the high-energy end of the Gamow window due to the
fastly decreasing reaction cross sections and is usually performed using the activation
approach as the beam-induced background hinders the analysis of in-beam γ-ray spec-
troscopy. Therefore, the number of (α,γ) reactions on p nuclei being explorable is still
limited by the need of an unstable reaction product (compare Sec. 4.1). However, the
corresponding (α,n) reaction leads in many cases to an unstable isotope, thus, they
are accessible with the activation technique. As a typical example, the experiments
performed and analyzed in [80] will be explained in detail in the following.

At first, the basic principles of the data analysis of an activation experiment are ex-
plained. To determine the number of reactions from the measured decays, several steps
of analysis are necessary (for the definition of the variables, compare Fig. 5.3). The
number of measured decays Nmeas is proportional to the number of decays Ndec that
really occurred during the measurement time τmeas = tmeas − twait:

Nmeas ∝ Ndec = Nstart −Nstop = Nstart · (1− exp(−λ · τmeas)) (5.2)

The factor of proportionality generally includes the detection efficiency ε, a correction
for possible dead-times of the detection system fdead = tlife/treal, and a normalization of
the observed signal to the number of decays which is the γ-ray intensity Iγ in case of
using a γ-decay pattern:

f = ε · fdead · Iγ (5.3)

To calculate the amount of produced nuclei remaining after the activation Nrem, the
decay law can be applied directly:

Nstart = Nrem · exp(−λ · τwait), τwait = twait − tact (5.4)

The number of produced nuclei which is equal to the number of reactions amounts to:

Nrem =
Nprod

λ · τact

(1− exp(−λ · τact)) , τact = tact (5.5)
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Figure 5.3:
Number of reaction products as function of time. During the duration of the activation
τact = tact, a number of Nprod reaction products are produced. Due to their radioactive
decay, only an mount of Nrem nuclei remains after the activation. During the time
between activation and determination of the reaction yield τwait = twait−tact, this amount
is further reduced to Nstart. If the determination takes a measurement time of τmeas =
tmeas − twait a number of Ndec = Nstart −Nstop nuclei is decaying.

if the production rate β is constant during the activation and, thus, simply yields the
number of produced nuclei by Nprod = β · τact.
In case of a varying production rate, e.g., due to changes of the beam intensity or to
losses of target material, it is mandatory to monitor it as a function of time and take
this data into account to replace Eq. (5.5) with

Nrem =
1− exp(−λ∆t)

λ
·

M�

k=1

βk · exp (−λ(M − k)∆t) . (5.6)

The total duration of the activation τact is in this case divided into M intervals of
duration ∆t. The time intervals ∆t are chosen such that the corresponding production
rates βk are constant.
In total, the number of reactions can be derived from the measured decays using

Nprod = (fact · fwait · fmeas · f)−1 · Nmeas (5.7)

with the correction factors fact = 1 − exp(−λτact)/(λτact), fwait = exp(−λτwait), and
fmeas = 1 − exp(−λτmeas) from Eqs. (5.5), (5.4), and (5.2), respectively. In case of a
varying production rate, Eq. (5.6) has to be used instead of fact.
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The 165Ho(α,n) and 166Er(α,n) reactions were investigated with the activation approach
at the Institute for Structure and Nuclear Astrophysics, University of Notre Dame,
Indiana, U.S.A. and the data was analyzed as described above. Figure 5.4 shows the
sensitivities of the (α,γ) and (α,n) reactions for the Gamow window and the studied
energy range, respectively. In both cases and for both isotopes 165Ho and 166Er, the
dominant effect is induced by the α-particle OMP. The (α,n) reactions were studied at
nine and eight energies Elab, respectively, using naturally composed targets with areal
densities between 700 µg/cm2 and 900 µg/cm2 (compare Tab. 5.1).
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Figure 5.4:
Sensitivities s of the laboratory cross sections of the reactions 166Er(α,γ), 166Er(α,n),
165Ho(α,γ), and 165Ho(α,n) [114]. The depiction is similar to Fig. 5.2. For the (α,γ)
reactions, the sensitivities in the Gamow window and the experimentally investigated
energy range differ drastically while the (α,n) reactions show a nearly exclusive sensi-
tivity to the α width. Taken from [15].
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Table 5.1:
Characteristics of the holmium and erbium targets used for the study of the reactions
165Ho(α,n) and 166Er(α,n). The identification number (ID) of the targets is listed with
the corresponding areal densities derived from the mass and area of the targets (dORNL)
and RBS measurements (dtarget), respectively, and activation energies Eα.

target dORNL dtarget Eα target dORNL dtarget Eα

ID [µg/cm2] [µg/cm2] [MeV] ID [µg/cm2] [µg/cm2] [MeV]
Er-05 806 860±42 11.40 Ho-10 823 861±44 11.01
Er-01 885 828±42 11.75 Ho-11 888 879±45 11.39
Er-13 841 827±42 12.12 Ho-08 876 834±43 11.77
Er-03 840 783±40 12.50 Ho-07 769 777±40 12.30
Er-12 837 865±44 13.00 Ho-06 798 700±36 12.80
Er-10 831 858±44 13.50 Ho-05 740 792±40 13.33
Er-07 807 755±39 14.00 Ho-04 824 798±41 13.83
Er-06 774 823±39 14.85 Ho-03 708 797±41 14.35
Er-04 772 787±40 15.00 Ho-02 825 772±39 14.85

Ho-12 825 895±46
Ho-01 738 741±38 15.35

The energy loss of the projectiles was taken into account by the introduction of an
effective energy Eeff which was iteratively determined using the constraint

� Eeff

ECM−∆Etarget

σ(E)dE =

� ECM

Eeff

σ(E)dE (5.8)

where ECM is the energy available in the centre-of-mass system and ∆Etarget is the total
energy loss in the target foils calculated with the stopping power SM(E):

dtarget =

� Elab

Elab−∆Etarget

1

SM(E)
dE. (5.9)

After the irradition, the activity of the samples was determined by γ-ray spectroscopy
in a very close geometry to allow the measurement of very small activities as yielded
for the lowest activation energies Elab. Due to the complicated decay schemes of the
reaction products 168Tm and 169Yb, respectively, summing effects were corrected for
using reference targets which were activated at higher energies Elab. A comparison of the
activity determined from a measurement in the very close geometry and a measurement
without summing effects yielded a normalization factor for the given decay pattern.
Sample spectra are shown in Fig. 5.5.
The experimentally determined cross sections are listed in Tab. 5.2 for both reactions.
Using these values, a comparison with calculations based on different α-particle OMPs
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Figure 5.5:
Spectra measured after the activation of naturally composed holmium and erbium targets
with α particles. The γ rays emitted after the β decays of the produced unstable isotopes
are measured. The transitions corresponding to the decay of 168Tm and 169Yb, the
product nuclei of the reactions 165Ho(α,n) and 166Er(α,n), respectively, are marked with
grey-shaded areas.

and different γ-ray strength functions was performed. The results are summarized in
Fig. 5.6 in terms of S factors as function of effective energies Eeff . As concluded in
[80], the deviations between prediction and experiment can also be assigned to other
transmission coefficients. However, the presented solution for the α-nucleus OMP was
also valid for other α-particle induced reactions in that mass region (compare, e.g., [120,
119, 89]). Therefore, the idea of introducing an energy-dependent term in the imaginary
part of the α-nucleus OMP can be an important step towards a global description to
be used for predictions of cross secetions of α-particle induced reactions relevant for the
nucleosynthesis of p nuclei.

The study of (p,n) reactions

The lack of experimental data on proton-induced reactions in the energy range relevant
for the nucleosynthesis of p nuclei is not as severe as in the case of α-particle induced
reactions (compare Fig. 5.1). In general, the lower Coulomb barrier allows to access
this energy range also for (p,γ) reactions, therefore, the ground-state cross section is
accessible experimentally. However, the determination of the stellar reaction rate still
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Table 5.2:
Cross sections of the reactions 166Er(α,n) and 165Ho(α,n) for activation energies Eα and
effective energies Eeff , respectively.

166Er(α,n) 165Ho(α,n)
Eα [MeV] Eeff [MeV] σ [mb] Eα [MeV] Eeff [MeV] σ [mb]

11.40 11.066+0.065

−0.082
3.24(29)·10−4 11.01 10.677+0.067

−0.085
2.66(50)·10−4

11.75 11.411+0.062

−0.077
1.25(41)·10−3 11.39 11.055+0.067

−0.085
8.20(117)·10−3

12.12 11.777+0.062

−0.075
2.96(46)·10−3 11.77 11.431+0.064

−0.078
2.43(29)·10−3

12.50 12.148+0.058

−0.068
9.54(61)·10−3 12.30 11.952+0.059

−0.070
9.68(70)·10−3

13.00 12.631+0.063

−0.074
3.23(24)·10−2 12.80 12.446+0.053

−0.060
3.57(23)·10−2

13.50 13.121+0.061

−0.072
9.97(57)·10−2 13.33 12.954+0.058

−0.067
1.16(7)·10−1

14.00 13.616+0.054

−0.061
2.91(16)·10−1 13.83 13.438+0.058

−0.065
3.31(20)·10−1

14.85 14.439+0.057

−0.063
1.57(8) 14.35 13.956+0.057

−0.063
8.87(52)·10−1

15.00 14.593+0.054

−0.060
1.87(10) 14.432+0.062

−0.070
2.32(17)

14.85
14.442+0.054

−0.060
2.18(14)

15.35 14.936+0.051

−0.056
4.92(29)

relies on theoretical modelling as the contribution of populated excited states has to
be calculated. In addition, some of the (p,γ) reactions being important for the final
abundance pattern produced within the γ process (see Tab. 6.1) are not measurable
without a radioactive beam due to the instability of the target and product isotope,
respectively.

The determination of a proton-nucleus OMP which is reliable across the whole mass
range covered by γ process nucleosynthesis is therefore also mandatory to avoid uncer-
tainties based on nuclear physics. As in the case of α-particle induced reactions, the
study of (p,n) reactions is a useful tool as they usually show sensitivity to the proton-
nucleus OMP only. To check for a possible influence of unpaired protons to the general
description of the proton-nucleus OMP, the (p,n) reactions on 169Tm (Z = 69) and on
175Lu (Z = 71) are investigated.

The experiments were performed using the activation technique at the Institute for
Structure and Nuclear Astrophysics, University of Notre Dame, Indiana, U.S.A. The
targets were of natural composition with areal densities between 1850 µg/cm2 and 2500
µg/cm2 (compare Tab. 5.3). This translates to a similar energy loss as in the case of the
erbium and holmium targets described in the previous paragraph. Therefore, a similar
uncertainty of the activation energy is taken into account by the introduction of an
effective energy as described in Eq. (5.8).

The number of reactions was determined using γ-ray spectroscopy in a very close geom-
etry to allow the measurement of very small activities. The summing effects occuring in
the spectra were corrected in the same way as described in the previous paragraph. In

38



5.1 Charged-particle induced reactions

1

10

S
-f

ac
to

r
[1

0
2

9
M

eV
b
]

10 11 12 13 14 15
ECM [MeV]

experiment
McF
SW
FIT

166
Er( ,n)

1

10

S
-f

ac
to

r
[1

0
2
9

M
eV

b
] experiment

McF
SW
FIT

165
Ho( ,n)

Figure 5.6:
Experimental S factors of the reactions 165Ho(α,n) and 166Er(α,n) compared to theory.
The Hauser-Feshbach code SMARAGD is used with different α-particle OMPs: McFad-
den& Satchler [50] (blue), Sauerwein-Rauscher [120] (green), and adjusted Sauerwein-
Rauscher (red) potentials, respectively. The free parameter of the Sauerwein-Rauscher
potential, the smoothing factor of the Fermi function is adjusted to a = 5 MeV in
agreement with [119]. Taken from [15].

case of the 166Er(α,n) and 169Tm(p,n) reaction, the reaction product is 169Yb. Thus, the
observed summing effects are identical and can be determined with either of the targets.
The experimentally determined cross sections are listed in Tab. 5.4 for both reactions.
In case of the 169Tm(p,n) reaction, experimental data is available in a similar energy
range [121, 122]. The energy resolution of these measurements is worse as very thick
target material was used, and their results do not agree on an absolute scale hinting to
a systematic deviation in the absolute determination of the proton energies. The results
of this work agree with those of [122] in the overlapping energy range. However, they
were not used to extend the energy range for comparison with theoretical predictions as
the worse energy resolution does not allow to do so.
The available data is compared to calculations based on different proton-nucleus OMPs
in Fig. 5.7. Globally determined OMPs like the ones derived by Jeukenne, Lejeune, and
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Table 5.3:
Characteristics of the thulium and luthetium targets used for the study of the reactions
169Tm(p,n) and 175Lu(p,n). The identification number (ID) of the targets is listed with
the corresponding areal densities dORNL and dtarget, respectively, and activation energies
Ep (compare Tab. 5.1).

target dORNL dtarget Ep target dORNL dtarget Ep

ID [µg/cm2] [µg/cm2] [MeV] ID [µg/cm2] [µg/cm2] [MeV]
Tm-11 2.06 2.04±0.12 3.30 Lu-02 2.50 2.38±0.12 3.50
Tm-08 2.09 2.04±0.12 3.70 Lu-03 2.56 2.49±0.13 3.99
Tm-12 1.95 1.93±0.11 4.00 Lu-04 2.56 2.37±0.12 4.49
Tm-07 1.95 1.85±0.11 4.50 Lu-05 2.50 2.29±0.12 5.00
Tm-05 1.91 1.96±0.11 5.00 Lu-06 2.50 2.38±0.12 5.50
Tm-09 1.90 1.88±0.11 5.50 Lu-07 2.56 2.42±0.12 6.00
Tm-02 1.90 — 6.20 Lu-08 2.50 2.52±0.13 6.50
Tm-06 1.82 — 7.00 Lu-01 2.40 2.16±0.11 7.00

Table 5.4:
Cross sections of the reactions 169Tm(p,n) and 175Lu(p,n) for activation energies Ep and
effective energies Eeff , respectively.

169Tm(p,n) 175Lu(p,n)
Ep [MeV] Eeff [MeV] σ [mb] Ep [MeV] Eeff [MeV] σ [mb]

3.30 3.244+0.036

−0.043
9.70(78)·10−4 3.50 3.439+0.040

−0.048
1.58(13)·10−3

3.70 3.644+0.034

−0.040
6.04(35)·10−3 3.99 3.936+0.039

−0.046
1.31(11)·10−2

4.00 3.945+0.031

−0.036
2.23(14)·10−2 4.49 4.424+0.035

−0.040
7.91(64)·10−2

4.50 4.444+0.029

−0.031
1.26(8)·10−1 5.00 4.938+0.033

−0.036
3.65(27)·10−1

5.00 4.942+0.028

−0.031
5.13(31)·10−1 5.50 5.436+0.032

−0.035
1.22(10)

5.50 5.441+0.026

−0.028
1.67(10) 6.00 5.937+0.031

−0.033
3.42(25)

6.20 6.139+0.024

−0.025
6.78(37) 6.50 6.432+0.031

−0.032
8.31(58)

7.00 6.936+0.022

−0.022
2.33(12)·10+1 7.00 6.934+0.026

−0.026
1.84(14)·10+1

Mahaux (JLM) [47] and by Bauge, Delaroche, and Girod (BDG) [123] cannot reproduce
the measured energy dependency. This situation drastically changes if the isovector
component of the OMP by JLM is enlarged in order to enhance the imaginary part.
Although the measured data is still underestimated by a factor of 1.6, the energy de-
pendence is almost perfectly reproduced.
To introduce this modification to the OMP by JLM as a standard component, it is
mandatory to study its dependency on nuclear properties such as mass or charge number.
If systematic studies reveal and confirm such dependencies in the future, the result would
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Figure 5.7:
Experimental S factors of the reactions 169Tm(p,n) and 175Lu(p,n) compared to theory.
The Hauser-Feshbach code SMARAGD is used with different proton OMPs: JLM [47]
(blue), Bauge [123] (red), and modified JLM [124] (black) potentials, respectively. The
energy dependence is almost perfectly reproduced by the modified JLM potential. For
an absolute adjustment, a factor of 1.6 must be applied [15].

be a microscopic proton-nucleus OMP with a correction for low-energy absorption being
globally applicable.

5.1.2 Proton-capture reactions on light nuclei

As mentioned in Sec. 2, the production of the lightest p nuclei up to molybdenum was
recently shown to be realised by successive radiative proton-capture reactions at least in
a measureable amount [19, 20]. The underlying mechanism and the studies performed in
a post-processing network will be explained in detail in Sec. 6.2. As expected from such
small reaction chains, the produced abundances become sensitive to selected reaction
rates in contrast to the γ process as described in Sec. 5.1.1. In addition, the target
nuclei are close to stability or stable. Thus, a complete experimental investigation of
the involved reactions becomes possible.
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Figure 5.8 shows the reactions involved for the production (and destruction) of 74Se,
80Kr, 84Sr, and 92Mo. The isotope 92Mo is the most abundant p nucleus with an isotopic
abundance of I% = 14.84% (compare Tab. 2.1). It has one of the smallest overproduc-
tion factors in the γ process [17] (compare Fig. 2.6). A chain of radiative proton-capture
reactions on the stable neutron-magic N = 50 nuclei might be an additional produc-
tion mechanism as proposed in [19, 20] for type Ia supernovae. Due to the increasing
Coulomb barrier, the proton-capture cross sections on 90Zr and 91Nb decrease compared
to the other neutron-magic isotopes with N = 50. Thus, the corresponding reaction
rates determine how much 92Mo can be produced in the explosive scenario of a type Ia
supernova.
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Figure 5.8:
Radiative proton-capture reactions producing the lightest p nuclei. As investigated in
[19, 20], the lightest p nuclei are also produced by chains of radiative proton-capture
reactions in a type Ia supernova. These reactions are shown in the corresponding extract
of the nuclidic chart.

As an unstable isotope, 91Nb is not available in the seed distribution. Thus, every 91Nb
nucleus has to be produced before it can capture a proton to become 92Mo. Therefore,
the cross sections of the 90Zr(p,γ) and 91Nb(p,γ) reactions are the most important ones
to understand the production of 92Mo in this scenario. Besides the production of 92Mo
via radiative proton-capture reactions, its destruction by the same reaction type has to
be taken into account, too. However, the produced 92Mo will not be destroyed directly
because of the low rate of the 92Mo(p,γ) reaction which was recently experimentally
confirmed by [81].
In case the reactions leading to the production of 92Mo are strongly influenced by the
astrophysical environment, its observed abundance can be used as a benchmark test for
the astrophysical conditions realized in different scenarios and nucleosynthesis network
calculations. Then, it can be used as a tracer and provides an interesting look to the
inside of, e.g., a type Ia supernova.

Investigation of the reaction 90Zr(p,γ) The 90Zr(p,γ) reaction was recently studied
by A. Spyrou and co-workers [125] to solve the unambiguity of the old data sets available
in [126, 127]. A 4π summing detector was used to determine the reaction yield and total
cross section via γ calorimetry. The results of [125] confirm those of [126] who used the
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5.1 Charged-particle induced reactions

thick target yield method to determine the total cross section. Thus, the agreement of
the two measurements as stated in [125] was not surprising. To exclude an influence of
the level scheme, especially of an isomeric state in 91Nb (Eγ = 104 keV, t1/2 = 60.86 d),
we investigated the reaction using the same technique as in [127]: high-resolution in-
beam γ-spectroscopy.

Figure 5.9:
Illustration of HORUS target chamber. (a) Overview. The target chamber is equipped
with a cooling finger, a silicon detector for RBS measurements, and a removable cup
closely behind the target. (b) Interior view of target chamber. A coating with tantalum
prevents from background due to reactions on the aluminum housing. Taken from [45].

We used HORUS at University of Cologne, Germany, with a target chamber optimized
for measurements of radiative particle-induced reactions in the astrophysically relevant
energy range [98]. Thirteen high-purity Germanium (HPGe) detectors are placed at five
different angles with respect to the incoming beam to determine the angular dependency
of the prompt γ rays in order to extract the total cross section (compare Fig. 5.9).
The observation of the depopulation of the so-called entry-state (marked with γi in
Fig. 5.10) yields the partial cross sections (p,γi) [99]. Their sum equals the total cross
section. However, the experimental determination of all corresponding transitions is
usually hampered by a lack of knowledge of the complete level scheme up to the energy
of the entry-state.
Therefore, the total cross section is usually determined from the transitions of excited
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Figure 5.10:
Scheme of prompt γ transitions of the 90Zr(p,γ) reaction (not all levels shown). The
γ transitions depopulating the entry state (grey band) are marked with γi and correspond
to the partial cross sections (p,γi). In order to determine the total cross section, all
γ transitions ending in the ground state (red) and the isomeric state (yellow) are analyzed
and their contributions are added. Contributions stemming from the 91Zr(p,n) reaction
populating low-energy excited states in 91Nb further complicate the analysis. Data from
[128].

levels to the ground state (marked in red in Fig. 5.10) which collect the contributions of
all possible cascades from the entry state. Since there is an isomeric state in 91Nb which
serves also as an end point of cascades (transitions marked in yellow in Fig. 5.10) the
contributions to the ground state and the isomeric state must be added in this special
case to derive the total cross section.

For the targets, we used isotopically enriched material consisting of 97.65% 90Zr and,
besides other Zirconium isotopes, 0.96% 91Zr. As indicated in Fig. 5.10, the 91Zr(p,n)
reaction feeds the same γ transitions as the 90Zr(p,γ) reaction to be investigated up to a
certain energy. Therefore, we also prepared targets consisting of 89.20% 91Zr and 5.99%
90Zr and performed measurements with both targets for each energy. This will allow
us to disentangle the contribution of both reactions from the observed reaction yields
and, thus, determine the total cross sections separately. The targets were prepared as
self-supporting foils with thicknesses of about 530 µg/cm2. To stop the proton beam in
the target chamber, they were placed with a gold foil in the target ladder. Since the
protons were stopped in the gold foil, the corresponding contributions in the spectra are
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determined using additional measurements with the target ladder being rotated by 180◦,
thus, the proton beam directly impinged the gold foils [100].
An exemplary spectrum measured with a HPGe detector positioned at 90◦ with respect
to the beam axis is shown in Fig. 5.11. The transitions corresponding to the depopulation
of the entry-state are marked similar as in Fig. 5.10. In addition, a selection of the
transitions needed for the determination of the total cross section are marked in red and
orange, respectively.
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Figure 5.11:
Single spectrum of a HPGe detector placed at 90◦ with respect to the beam axis in
HORUS. The γ transitions marked in red and yellow correspond to transitions to the
ground state and isomeric state of 91Nb, respectively, and determine the total cross
section. The γ transitions labeled γi corresponds to the depopulation of the entry state
in 91Nb and determine the partial cross sections (compare Fig. 5.10).

As indicated in Sec. 4.2, the difficulty in the extraction of the cross section from the
spectroscopic data is based on the angular distribution of the emitted prompt γ rays,
i.e., the γ yield at different angles ϑ with respect to the proton beam. The measured
counts N j→i

pγ+pn(ϑ) for a transition from energy level j to energy level i in 91Nb, containing

45



5 Experiments and analysis

contributions from the reactions 90Zr(p,γ) and 91Zr(p,n) is given by

N j→i
pγ+pn(ϑ) = (σj→i

pγ (ϑ)Ipγ + σj→i
pn

(ϑ)Ipn)εγ(E)mTNp (5.10)

with the product of the cross section σ and the angular distribution W (ϑ) to σj→i(ϑ) =
σj→iW j→i(ϑ) as unknown variables, the relative isotopic abundances Ipγ and Ipn of
90Zr and 91Zr, respectively, the detection efficiency ε for the energy E of the observed
transition, the areal density mT of the zirconium target, and the number of protons
Np impinging the target. The corresponding values for the γ transition of the seventh
excited state in 91Nb to its ground-state with energy Eγ = 1790.62 keV are shown for
both zirconium targets in Fig. 5.12. The angular distribution varies greatly between both
targets due to the different entry states of both reactions resulting from their different
Q values.
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Figure 5.12:
Efficiency-corrected events for the investigation of the 90Zr(p,γ) and 91Zr(p,n) reaction.
left : Angular distribution for target 1 enriched in 90Zr. right : Angular distribution for
target 2 enriched in 91Zr. For details, see text. Taken from [129].

The unknwon product σj→i
pγ (ϑ) is derived from the data measured with the two zirconium

targets 1 and 2 as characterized above using the equation

σj→i
pγ (ϑ) =

N j→i,1
pγ+pn(ϑ)

εγ(E)m1

T
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p
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·
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pγI
1
pn

/I2
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. (5.11)

The integration of a sum of Legendre polynomials fitted to the data as shown in Fig. 5.13
for the transition of the seventh exited state in 91Nb to its ground-state yields the cross
section derived from the observed γ transition.
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Figure 5.13:
Angular distribution of the contribution of the 90Zr(p,γ) reaction to the γ transition from
the seventh excited state of 91Nb to its ground-state. The results of the data analysis
(blue) according to Eqs. (5.10) and (5.10) is used to fit a sum of Legendre polynomials
(red). For details, see text. Taken from [129].

Figure 5.14 shows preliminary results for the total cross section in comparison with the
cross section data [127, 125]. The total cross sections published in [127] include estimated
cross sections of the unobserved γ rays terminating in the ground or first excited state.
Our experimental results agree with the data of [127] very well. The data by [125] yields
higher cross sections, especially at higher energies. Furthermore, the experimental results
are compared with theoretical cross section predictions by the TALYS code [46]. The
cross section predictions are sensitive to the γ-ray strength function and the proton
optical model potential. Hence, the cross section predictions were calculated with all
variations for this nuclear physics input available in TALYS. Our experimental results
agree very well with the theoretical predictions using the default settings of the TALYS
code (compare Tab. 3.1).
Besides the total cross sections, we have analysed partial cross sections as well. Up to
date, we have obtained partial cross sections for the transitions terminating in the ground
state and three excited states. As an example, the partial cross section to the ground
state is depicted in Fig. 5.15. It is compared to TALYS calculations using the default
settings (compare Tab. 3.1). A remarkable agreement of both the energy dependence
and the absolute values is found.
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Figure 5.14:
Total cross section of the reaction 90Zr(p,γ). The results of this work (green circles) are
depicted with the results published in [127] (blue triangle) and in [125] (red squares),
respectively. In addition, cross sections predicted using the TALYS code are shown.
Different combinations of proton OMPs and γ-ray strength functions are used as input.
Different line styles represent the used proton OMP: [49] solid and [123] dashed, respec-
tively. Different line colors represent the used γ-ray strength function: [69] lightgreen,
[52, 53] blue, [68] cyan, [69] magenta, and [130] red. For details, see text. Taken from
[131].

Investigation of the reaction 91Nb(p,γ) The reaction 91Nb(p,γ) is not experimentally
studied so far. Measurements in inverse kinematics using a storage ring or a recoil
mass separator (compare Sec. 4.3) are not realized yet and a measurement in standard
kinematics requires the availability of a radioactive target sample of 91Nb isotopes. As
the amount of target material is limited by the activity of the sample, the measurement
has to be performed using γ calorimetry due to the higher sensitivity (see Sec. 4.2).
Among the unstable isotopes acting as target nuclei in Fig. 5.8, the isotope 91Nb has
by far the longest half-life with t1/2 = 680 a. Therefore, it is the most promissing
candidate for the production and usage of a probe to be used in an experiment in
standard kinematics.
One possible method to produce a small amount of 91Nb to be used as a target is the
irradiation of a molybdenum target enriched in 92Mo with protons of energies between 15
MeV and 25 MeV energy [132]. Due to the closed neutron shell, the dominating reaction
channels in this energy range are 92Mo(p,2p), 92Mo(p,pn), and 92Mo(p,2n). Since 91Nb is
either produced directly or via subsequent electron capture decays the produced niobium
is isotopically almost pure. As can be seen from Fig. 5.16 the production of 93Nb by the
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Figure 5.15:
Partial cross section of the reaction 90Zr(p,γ). The results of this work (red squares)
are compared to a prediction using the TALYS code in its default settings (compare
Tab. 3.1). For details, see text. Taken from [131].

reaction 92Mo(p,γ) is hampered by the much lower reaction cross section as well as by
the very large half-life of 93Mo (t1/2 = 4000 a).
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Figure 5.16:
Production of target sample of 91Nb. The irradiation of an enriched 92Mo target with
protons between 15 MeV and 25 MeV leads to the almost isotopically pure production
of 91Nb. For details, see text.

The chemical purification of the sample material has to be optimized for the reduction of
molybdenum in the sample. However, even if some 92Mo remains in the sample material
the contribution from the reaction 92Mo(p,γ) to the measured spectra can be easily
separated because of its different Q value (Q = 4087 keV) compared to the reaction
91Nb(p,γ) (Q = 7462 keV).
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The cross sections shown in Fig. 5.16 were calculated using the TALYS code [46]. Be-
sides the reactions presented there, the calculations also predict a non-vanishing contri-
bution of the reaction channel (p,pα) producing the unstable isotope 88Zr which decays
with a half-life of t1/2 =83.4 d via 88Y (t1/2 =106.6 d) to 88Sr. To check the valid-
ity of the predictions and investigate contributions of other molybdenum isotopes, an
activation experiment was performed at Physikalisch Technische Bundesanstalt (PTB)
Braunschweig, Germany [132].

Naturally composed molybdenum foils with areal densities of about 10.28 mg/cm2 were
irradiated with protons in the energy range of Ep = 15 MeV to 19 MeV. For each energy,
a short irradiation (about 15 minutes) as well as a long irradiation (about 8 hours) were
performed to account for the wide range of half-lives of the radioactive isotopes expected
to be produced. Fig. 5.17 shows a typical spectrum measured directly after a short
irradiation using a 100% HPGe detector provided by PTB Braunschweig, Germany.
The dominating peaks correspond to the γ transitions after the β decays of 94Tc and
94mTc. The decay of 91Mo feeding the abundance of 91Nb is also observed. For the long
irraditions, the targets were stored for several weeks, thus, these short-lived isotopes
disappeared. Then, another γ spectroscopy of the targets takes place using a Low-
Energy Photon-Spectrometer at Goethe University Frankfurt, Germany. The setting is
optimized to monitor the X rays emitted in the decay of 91Nb to determine the total
production yield for different proton energies. These measurements are still ongoing. The
comparison of yield-to-contaminent ratios will determine the optimum incident proton
energy and target thickness for the production of 91Nb from highly-enriched 92Mo.

If the cross section shown in Fig. 5.16 are experimentally confirmed, a 91Nb sample
can be produced by irradiating a molybdenum target enriched in 92Mo with protons of
energies of 20 MeV energy. An amount of 1.2·1016 91Nb nuclei yields after the irradiation
of 300 mg sample material enriched to 95% in 92Mo with a current of about 80 µA for
about 24 hrs.

Experiments with high-intensity proton-beams at FRANZ The current layout of
the FRANZ facility is shown schematically in Fig. 5.18. The protons are produced in
a volume-type ion-source to allow beam currents of up to Ip = 200 mA with energies
of Ep = 120 keV. The Low-Energy Beam-Transport (LEBT) section consists of four
solenoids to transport the beam and a chopper system to provide beam pulses with a
length of about 100 ns at repetition rates of 250 kHz. The LEBT prepares the beam
to characteristics accepted by the Radio-Frequency Quadrupole (RFQ). This linear ac-
celerator component further focusses the beam and accelerate it so that it matches the
requirements of the interdigital H-mode (IH) drift tube linac. After passing this second
stage of acceleration, the beam has an energy of Ep = 2 MeV with a spread of roughly
1% due to the high space-charge density. The design current is up to Ip = 20 mA in a
quasi continuous-wave mode as the time structure of the RFQ and IH with a repetition
rate of 175 MHz and bunch lengths of 1 ns persists.
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Figure 5.17:
Typical spectrum after the activation of natMo with protons. The target was irradiated
for 15 minutes with Ep = 19 MeV. The spectrum was measured directly after the
activation with a 100% HPGe detector at PTB Braunschweig. The γ transitions of the
β decay of 91Mo feeding 91Nb are marked in blue. The main activity stems from 94Tc
and 94mTc produced, e.g., by the 94Mo(p,n) reaction. For details, see text.

This Medium-Energy Beam-Transport (MEBT) section is completed by a cross-bar H-
mode (CH) rebuncher which allows the variation of the beam energy by 10%, therefore,
energies from Ep = 1.8 MeV to 2.2 MeV are provided for the High-Energy Beam-
Transport (HEBT) section serving the experimental setups [133]. The dipole magnet of
the HEBT allows the deflection in three different beam-lines. The beam-dump is located
straightforward while two experimental setups are available at deflection angles of 40◦

and 80◦, respectively.

The beam-line at 80◦ is dedicated to experiments using the activation technique with
neutrons as projectiles. The proton beam impinges on a neutron production target of 7Li.
Neutrons are released in the energy range of several keV up to 200 keV corresponding
to the exact proton-beam energy and target thickness [103]. The beam-line at 40◦ is
optimized for in-beam experiments using a 4π BaF2 calorimeter [94] for the detection of

51



5 Experiments and analysis

1 
2 

3 

beam dump 

targets 

RFQ & IH structure ion 
source CH rebuncher 

Chopper 

LEBT MEBT HEBT 

Figure 5.18:
Schematic layout of the FRANZ facility, Frankfurt a.M., Germany. For details, see text.

prompt photons emitted in a radiative proton- or neutron-capture reaction, respectively.
A doublet of quadrupole magnets is used to focus the beam on either the neutron pro-
duction target or the target for proton-capture. Table 5.5 lists the main characteristics
of the magnets. A camera system is used as a diagnostic tool in a twofold way. First, it
monitors the position of the beam-spot and allows adjustment via steering to ensure the
alignment with the target. Second, it allows the determination of the power deposition
in the sample during the experimental run by the observation of the thermal radiation
emitted of the sample material to know the beam intensity profile and use it during the
analysis of the data.

Table 5.5:
The basic components of the HEBT section at FRANZ is the deflecting dipole magnet
and a doublet of quadrupole magnets to focus the beam. Their main characteristics as
derived within this work are listed.

dipole magnet quadrupole magnets
maximum field B: 1.0 T maximum field gradient G: 7.6 T/m
bending radius R0: 216 mm maximum pole tip field B0: 0.41 T
bending angle φ: 20–90◦ effective magnetic length Leff : 150 mm
pole iron gap d: 40 mm overall length of singlet Loverall: 260 mm
pole base width W : 150–300 mm aperture diameter d: 105 mm
current I: 175 A current I: 137 A
voltage U : 17 V voltage U : 13 V
power P : 3 kW power P : 1.8 kW

Figure 5.18 shows the results of the beam-transport simulation through the HEBT sec-
tion using the simulation software TraceWin [134]. The envelope of the beam in x and
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5.1 Charged-particle induced reactions

y direction, i.e., the 3σ range where 99.7% of the beam intensity is located, is depicted
with magnet settings optimized for target position 2 in Fig. 5.18. At distance 0 cm,
the beam is delivered by the CH rebuncher with a diameter of 17 mm and 12 mm in x

and y direction, respectively. The dipole magnet deflecting the beam into the 40◦ beam
line is located at a distance of 38.3 cm. It focusses the beam in x direction, i.e., in the
deflection plane. Neglecting fringe fields, its influence in the y direction is negligible,
thus, the high space charge of the beam yields defocussing.
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Figure 5.19:
Simulation of beam transport in HEBT section of FRANZ. The left panels show the
change of the envelope of the beam as a function of its position in the HEBT section.
The right panel depicts the dimension of the beam at target position 2 in Fig. 5.18. For
details, see text.

The quadrupole doublet at a distance of 184 cm focusses first in x and then in y direction.
It is possible to confine the beam diameter at target position (325 cm distance) to values
of ∆x =11 mm and ∆y =11 mm. Compared to beams with lower intensities as delivered
from, e.g., tandem accelerators, the resulting beam spot is quite large. However, the
high intensity and the resulting high power deposition require a broad area where the
beam hits the target to avoid damage of the target. Intrinsically small beam spots are
broadened by defocussing or wobbling to avoid damage of the targets. In our case, the
areal power density is about 105 W/cm2 – a manageable value if sophisticated cooling
methods are applied.

Development of high-power resistive targets Different techniques are applied to
avoid damage of targets when they are heated by the power deposition of a charged-
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particle beam. Corresponding to the expected heating of the target, cooling by ventila-
tion, by high-pressure water-flow, or indirectly by liquid nitrogen with a cooling finger are
used in varying realizations. In case of the study of proton-induced reactions at FRANZ,
the total power deposition is as high as Pdep =10 kW for a beam with Ep =2 MeV and
Ip =5 mA.
In contrast to experiments with well-collimated beams, the power deposition occurs on
a rather broad area. Therefore, cooling by a high-pressure water-flow might still be
sufficient if an optimized combination of target and backing material is found. When
investigating the 91Nb(p,γ) reaction using calorimetry of the prompt γ rays, as foreseen
at FRANZ, the Q values of all reactions occuring in the backing material should be
much lower than Q(91Nb(p,γ)) = 7458 keV. Thus, the background stemming from the
backing material occurs at lower energies in the measured spectra and does not interfere
with the signal. Nethertheless, the cross section for radiative proton-capture reactions
should be small to avoid high background-induced count rates in the detection system.
Due to the small range of the low-energy protons, the power will be deposited in the
front of the backing material while the cooling is applied in the back. Therefore, a high
thermal conductivity is mandatory to ensure a sufficient heat transfer from the backing
material to the water cooling and the melting temperature must be high. In addition,
the material should be available in metallic form with highest elemental purities and
provide easy machining [135].

(a) (b) (c) 
Figure 5.20:
Exemplary simulation of high-pressure water-flow cooling. (a) Geometry of the inlet and
outlet apertures. (b) Velocity distribution of water-flow projected on backing material.
(c) Temperature distribution in the backing material. Composed from [135].

Taking into account the constraints on the backing material in the listed order, the most
suitable material for the 91Nb(p,γ) reaction is tungsten. The highest Q value of its iso-
topes is reached for the most neutron-rich stable tungsten isotope: Q(186W) = 5997 keV.
The cross section for the 186W(p,γ) reaction at Ep = 2 MeV is about eight orders of
magnitude smaller compared to the 91Nb(p,γ) reaction. In addition, its thermal con-
ductivity amounts to k = 174.0 W m−1K−1. It can be ordered from stock as metallic
foil in varying thicknesses with elemental purities of up to 99.95%.
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5.1 Charged-particle induced reactions

Different geometries for the water flow were simulated using Autodesk� Simulation
Computational Fluid Dynamics [136]. Figure 5.20(a) illustrates the geometry of the
inlet and outlet apertures and the water flow resulting in the lowest peak-temperatures.
The water is injected to the center of the disk of backing material, flows towards its
edges, and is reabsorbed with an outlet at the center. The velocity of the water flow
is slowed down from the center to the edges as shown in Fig. 5.20(b). Therefore, the
temperature of the backing material is efficiently reduced in the center but rises towards
the edges of the beam-spot as depicted in Fig. 5.20(c). For a proton current of Ip = 2 mA,
the temperature will not exceed 200◦C, thus, neither the target material nor any of the
material used for mounting will be damaged [135].
The distribution of protons within the area of the beam-spot was chosen homogeneously
for these first simulations. However, the implementation of the intensity profile of the
proton beam as extracted from Fig. 5.19 is mandatory to receive a more realistic temper-
ature distribution. Before a prototype is built, a draft of the target chamber including
all supply lines is needed to examine whether the presented geometry fits well into the
4π BaF2 calorimeter.

Draft of target chamber to study (p,γ) reactions at FRANZ The 4π BaF2 calorime-
ter to be used for the study of (p,γ) reactions at FRANZ was originally designed and
optimized for the study of (n,γ) reactions. Therefore, the space inside the detector’s
spherical shell is very limited and it is also in short supply of feedthroughs. A draft of
the target chamber takes into account the basic requirements to investigate radiative
proton-capture reactions: an extension of the beam-line into the detector’s spherical
shell, a cold trap to reduce deposits of residual gas at the target’s surface, a measure-
ment of the current impinging the target, and a cooling mechanism as described in the
previous paragraph [137].
The beam-line at FRANZ has a broad diameter of 10 cm (compare Fig. 5.19). If one
of the detector modules with pentagonal section is removed the maximum diameter
available amounts to 48 mm. Therefore, the extension of the beam-line is cone-shaped
as shown in Fig. 5.21. The cold-trap consists of a hollow cylinder made of copper which
is indirectly cooled from a reservoir of liquid nitrogen located outside the calorimeter
by a thin copper bar with rectangular section. The length of the section is determined
to 25 mm by an available feedthrough of the calorimeter. The width was varied in
a simulation to optimize the final temperature of the hollow cylinder. An acceptable
trade-off between heat transmission and losses was found for a width of 8 mm if no heat
insulation was applied [137].
The measurement of the current impinging the target is accompanied by the construction
of an aperture and the application of an electron suppression potential. The former is
needed to control the position of the beam-spot at the target and – if needed – to
adjust this position by a set of steerers located after the focussing quadrupole doublet
(compare Fig. 5.18) with the aim of centering the beam-spot to the target. The latter
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Figure 5.21:
Half-section of 4π BaF2 calorimeter with cone-shaped end of beam-line. A detector
module with pentagonal section is removed to insert a cone-shaped part of the beam-
line. The cone reduces the diameter from 100 mm to 48 mm. The cylindrical end is
needed to mount the target chamber and to house apertures for beam diagnostics and
electron suppression (compare Fig. 5.22). Taken from [137].

Figure 5.22:
Half-section of target chamber for 4π BaF2 calorimeter with cone-shaped end of beam-
line. On the left, the mounting structure for the target including the inlet and outlet
of the high-pressure water cooling is shown in blue. The size of a typical beam-spot is
indicated in green. The cold-trap is located between the end of the beamline and the
target chamber (brown). The magenta aperture is used to apply an electron suppression
potential while the yellow one controls the position of the beam-spot. Taken from [137].

is mandatory for a correct measurement of the absolute current stemming from the
proton beam. Secundary electrons emitted from the target are deflected to the target
by the applied potential to avoid an incorrect measurement of the current at the target.
The space and location of both devices is defined (compare Fig. 5.22) but the final
characteristics are not yet fixed.
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The final design of the target chamber and its construction in combination with high-
power resistive targets are realized within a recently started Master thesis [138].

5.2 Photon-induced reactions

As explained in Chap. 2, photon-induced reactions play a major role in the γ process
producing the p nuclei. After the excitation of the target nucleus above the particle-
separation threshold, neutrons or charged-particles are emitted in a (γ,n), (γ,p) or (γ,α)
reaction. High temperatures of several 109 K provide a continuous-energy spectrum
of photons with a significant amount in the MeV-energy range as described by the
Planck’s distribution. However, due to these temperatures, nuclear states in the MeV-
energy range can be populated as described by the Boltzmann equation. Therefore, the
experimental determination of the corresponding stellar reaction rate is hampered.
To mimic this situation as close as possible, the inverse reactions are usually studied
experimentally (compare Sec. 5.1) and the cross section of the photon-induced reaction
is derived by the principle of detailed balance. If the photon-induced reaction is di-
rectly studied only the contribution of the ground-state to the stellar reaction rate is
determined. As stated in [139], the amount of this contribution is generally far below
the percent range. Therefore, . . .The fact that photodisintegrations play a role in certain

astrophysical processes, specifically in the γ process, often gives rise to the misconception

that a photodisintegration measurement will directly help with determining the astrophys-

ical reaction rate. (quote from T. Rauscher, [140]). However, . . . the experimental study

of γ-induced reactions can provide useful information for certain nuclear properties rele-

vant to heavy element nucleosynthesis. (quote from T. Rauscher et al., [139]), especially,
if the partial cross sections are measured in addition to the total cross section (compare
Sec. 7).
The following subsections focus on recently performed studies with photon-induced re-
actions. In Subsec. 5.2.1, a systematic approach for (γ,n) reactions in a wide mass range
of 140 ≤ A ≤ 204 is presented. Since many unstable isotopes are part of the reaction
network for the γ process, the usage of inverse kinematics is mandatory to study the
most influential reactions. The example of (γ,n) reactions on molybdenum isotopes is
explained in Subsec. 5.2.2.

5.2.1 Systematic studies with real photons

Real-photon beams are available from different sources with varying characteristics. Dur-
ing the 1950s to 1970s, photons from in-flight positron annihilation were widely used to
study giant dipole resonances systematically [141]. Later, other groups performed sim-
ilar studies using bremsstrahlung sources, e.g., [142]. However, studies related to the
nucleosynthesis of the p nuclei have to cover the energy range right above the particle
separation threshold (compare Fig. 3.4). Recently, measurements were performed us-
ing bremsstrahlung sources, e.g., [143, 144, 88, 87, 145] as well as quasi-monoenergetic
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photons from Laser Compton Backscattering, e.g., [65, 146, 147] and [148] as review.
Also tagged photons are available in this energy range with high energy resolution at
the low-energy photon tagger NEPTUN at the S–DALINAC, Darmstadt [101].
Studying charged-particle induced reactions, the cross section of a reaction is determined
experimentally and the reaction rate is calculated from a deconvolution of the cross
section and the Maxwell-Boltzmann distribution (compare Chap. 3). In the case of
photon-induced reactions, continuous-energy bremsstrahlung yields the cross section σ
only for the complete energy range of the bremsstrahlung spectrum which ranges from
0 to the energy of the electron beam Emax producing the bremsstrahlung spectrum.
Thus, an energy-integrated cross section Iσ is usually introduced and the reaction yield
Y equals:

Y = NT · Iσ(Emax) = NT

� Emax

S

σ(E) · Nbrems

γ (E, Emax) · dE (5.12)

with the number of target atoms NT , the reaction threshold S, the maximum energy
of the bremsstrahlung distribution Emax, and the number of photons per unit area and
energy Nbrems

γ (E, Emax). Therefore, a deconvolution of the cross section σ(E) is needed.
This can be realized using assumptions on the energy dependence [149] or sophisticated
deconvolution methods [150].
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Figure 5.23:
Approximation of a Planck distribution by bremsstrahlung spectra. The exponential tail
of a Planck distribution nPlanck at a temperature of 2.5 · 109 K is shown (green) in the
energy range of 5 MeV to 10 MeV. The red line is the sum of several bremsstrahlung dis-
tributions Nbrems

γ,i (E, Emax,i) weighted with temperature dependent factors ai(T ) (blue)
with different maximum energies Emax,i and approximates the Planck distribution in the
grey shaded area.

However, the information of astrophysical interest is the reaction rate λ(T ) for a given

58



5.2 Photon-induced reactions

temperature:

λ(T ) =

�
c · nPlanck(T ) · σ(E) · dE. (5.13)

Instead of determining the cross section σ(E) and calculating the rate using the Planck
distribution nPlanck(T ) (compare Eq. (3.6), the rate is directly determined if the Planck
distribution can be approximated experimentally.
Figure 5.23 illustrates that a sum of bremsstrahlung spectra each weighted by a temper-
ature dependent factor ai(T ) reproduces the Planck distribution in the astrophysically
interesting energy range (compare Fig. 3.4). Thus, the Planck distribution is approxi-
mated by

c · nPlanck(T ) ≈
�

ai(T ) · Nbrems

γ,i (E, Emax,i). (5.14)

the reaction rate can be rewritten using Eqs. (5.16) and (5.12) to

λ(T ) ∝
�

ai(T ) · A(Emax,i) (5.15)

with A(Emax,i) being proportional to the reaction yield Y . However, the data are derived
under laboratory conditions, i.e., no excited states are populated in the target nuclei.
Therefore, it is more appropriate to call the results derived with this method ground-
state reaction rates.
We used the activation approach in combination with high-resolution γ spectroscopy
(compare Sec. 4.1). In this case, A(Emax,i) is determined by

A = εγ · Iγ · τ · tL
tR

· Y (5.16)

with the detector efficiency εγ, the branching factor Iγ of the observed decay line, and the
dead-time correction tL/tR. The factor τ corrects for the continuous decay of produced
unstable nuclei during the activation, waiting time and γ spectroscopy. Its detailed
composition was already explained in Subsec. 5.1.1.
During the last years, a systematic study of (γ,n) reactions in the mass region 140 ≤ A ≤
210 was performed with the described approach at the Darmstadt High-Intensity Photon
Setup (DHIPS) [145]. The ground-state reaction rates were determined measuring and
analyzing spectra as shown exemplarily in Fig. 5.24 for the activation of natYb, natHg,
and natPb with photons. Tables 5.6 and 5.7 list the investigated reactions and the
corresponding characteristics of the experiments like the target properties, activation
energies and durations, half-life of the reaction product and observed γ transitions,
respectively. The results of measurements are shown in Fig. 5.25. The aim of this
systematic study was the test of the reliability of reaction rates predicted within the
Hauser-Feshbach statistical model. Thus, the experimentally determined ground-state
reaction rates are compared to predicted values with the standard settings of the TALYS
code [46] (compare Tab. 3.1). As shown in Fig. 5.25, no systematic deviations were
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Figure 5.24:
Spectra after irradition of natYb, natHg, and natPb with photons. The spectra were mea-
sured with different HPGe detectors after the activation of the targets at DHIPS, Darm-
stadt [145]. For detailed information on the corresponding experiments, see Tab. 5.6.

found and no deviation bigger than the normally stated accuracy of a factor of 3 for
(γ,n) reactions [22] occured.
In addition to this systematic study, quasi-monoenergetic photons from Laser Comp-
ton Backscattering (LCB) were used to investigate (γ,n) reactions with the activation
approach [146, 152, 147, 153]. The High Intensity γ-ray Source (HIγS), at Triangle
Universities Nuclear Laboratory, U.S.A., provides today the most intense LCB photon
beam in the MeV-energy range [151]. Due to the different shape of the produced photon
spectrum (compare Fig. 5.26), the extraction of the ground-state reaction rate as de-
scribed above is not possible but the cross section can be derived as a function of energy.
Although the systematic uncertainties are different if bremsstrahlung or LCB photons
are used the extracted reaction rates agree well within uncertainties [147].
Using LCB photons for an in-beam experiment meets the demands of T. Rauscher et al.

quoted in the beginning of Sec. 5.2 [139] for experimental information of the partial cross
section of (γ,n) reactions. For that purpose, the neutrons must be detected in coincidence
with the prompt γ rays emitted if an excited state is populated in the product nucleus.
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Figure 5.25:
Comparison of measured to predicted (γ,n) rates of (γ,n) reactions. The ratio of the
experimentally determined reaction rate λexp to the rate λTALYS predicted with the
standard settings of the TALYS code [46] is shown. The picture summarizes data of the
experimental campaigns listed in Tabs. 5.6 and 5.7.

At HIγS, the γ3 setup is available to detect these prompt γ rays with a combination of
HPGe and LaBr detectors [72]. This setup will be extended with neutron detectors and
the determination of partial cross sections of the reaction 87Rb(γ,n) will be investigated
next year [154].
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Figure 5.26:
Spectral composition of photon beams from different sources. at DHIPS and HIγS. top:
Bremsstrahlung spectrum produced with an electron beam of an energy of 9950 keV
at DHIPS, Darmstadt. [145]. middle: LCB photons produced at HIγS, U.S.A. Both,
position and width of the peak are adjustable (see [151]). bottom: Tagged photons
produced at NEPTUN, Darmstadt [101]. The energy resolution of the tagged photons
allows the identification of the detector response of the used HPGe detector.
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5.2 Photon-induced reactions

5.2.2 (γ,n) reactions with virtual photons

Extending the systematic studies described in the previous subsection towards unstable
nuclei relies on the usage of radioactive ion beams in inverse kinematics. Compared to
particle-induced reactions, the situation is complicated for photon-induced reactions as
a target of photons has to be provided. This is realized by the technique of Coulomb
excitation in which a target of a high-Z element is bombarded with a radioactive ion
beam of relativistic energies. E.g., if the reaction AZ(γ,n)A−1Z is of interest, the reac-
tion Pb(AZ,A−1Z+n)Pb is studied. Due to the Lorentz contraction of the electromagnetic
field of the target nuclei, the radioactive projectiles pass a high-energy field of so-called
virtual photons. If the interaction leaves the projectiles in excited states above the par-
ticle separation threshold the process is called Coulomb dissociation (CD). The reaction
products are kinematically focused in forward direction and have similar energies as the
incident ion beam. This process is schematically shown in Fig. 5.27.

Figure 5.27:
Schematic view of a Coulomb Dissociation reaction. The high-energy projectile impinges
on the Lorentz contracted Coulomb field of a high-Z target. If it is left in an excited
state above the neutron separation threshold Sn, a neutron is emitted. All reaction
products are focussed into forward direction.

The energy of the projectiles is choosen as high as possible due to several reasons. First
of all, the higher the energy of the projectile the more the Coulomb field of the high-Z
nucleus is distorted, thus, leading to a higher fraction of E1 excitations. Secondly, the
used detection systems cover 4π solid angles due to the fact that all reaction products are
predominantly focussed in forward directions. At last, CD dominates the nuclear back-
ground for small scattering angles, hence, avoiding low statistics after the subtraction
of this background component.
The excitation energy E∗ is determined by the invariant-mass method. All projectile-
like decay products are detected in a kinematically complete experiment. Additionally,
the γ rays emitted by the excited projectile near the target position are measured yield-
ing information whether an excited state of the product nucleus was populated. The
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excitation energy E∗ is then derived by

E∗ = c2

����
N�

i

m2
i +

N�

i�=j

γiγjmimj(1− βiβj cos θij)−mprojectilec
2 + Eγ. (5.17)

Here, mprojectile is the rest mass of the projectile and Eγ is the energy of the prompt
γ rays in the projectile rest frame. The variables βi,j, γi,j, and mi,j are the velocities,
Lorentz factors, and rest masses of N outgoing particles, respectively. The angle between
their momentum vectors �pi,j is denoted θij.
The cross section of a photon-induced reaction σγ is related to the differential CD cross
section dσCD/dE∗ by

dσCD

dE∗ =
1

E∗nλ(E
∗) · σγ,λ (5.18)

with the excitation energy E∗ and the number of virtual photons, nλ, of a given multi-
polarity λ [158]. In contrast to real photons, the multipolarity is not equally distributed
in a virtual photon field. The energy dependence of the different multipolarities as well
as their relative distribution depends on the chosen kinematics and is calculated based
on the approach by Weizsäcker and Wiliams [159]. An example is shown in Fig. 5.28.

Figure 5.28:
Virtual photon spectra for different multipolarities. Unlike in case of real photons, the
virtual photon field depends on multipolarity. The energy dependencies as well as the
relative amounts of the different multipolarities are determined by the chosen kinematics.
The photon fields are shown for 100Mo impinging with 500 AMeV on a Pb target. Taken
from [160].

The CD cross section σCD is derived from the reaction probability P which is determined
by how often the outgoing channel was observed in comparison to the number of incoming
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5.2 Photon-induced reactions

particles:

P =
# outgoing reacted ions

# incoming ions
≈ # reacted ions

# unreacted ions
. (5.19)

However, the CD cross section σCD cannot be determined by the reaction probability
of a lead target PPb only. First of all, there is a non-negligible probability that the
dissociation reaction takes place at the setup material instead. This probability Pempty is
derived from a measurement without a target and its contribution is simply subtracted.
Furthermore, nuclear break-up as another reaction mechanism has to be considered
as well. This probability is determined by a measurement with a low-Z target like,
e.g., carbon for which Coulomb excitation is negligible because of the Z2 dependence of
the amount of virtual photons. As the lead and carbon nuclei provide different radial
dimensions, a scaling factor α is introduced to normalize the components.
This scaling factor can be calculated from a geometrical approach, the so-called black-
disk model, to

αblack disk =
A1/3

proj
+ A1/3

Pb

A1/3

proj
+ A1/3

C

. (5.20)

Another approach is the analysis of reaction channels which do not occur due to Coulomb
excitation as their reaction threshold is close to or above the so-called adiabatic cut-off
energy Ecut−off = �γβc/bmin which is the maximum energy transferred to the projectiles
by electromagnetic excitation. To derive the value of αcut−off , it is adjusted until the
peaks corresponding to these reaction channels vanish in the spectra.
No matter how the scaling factor α was derived the CD cross section is derived from the
different reaction probabilities by

σCD =

�
MPb

dPbNA

�
PPb − α

�
MC

dCNA

�
PC −

�
MPb

dPbNA
− α

�
MC

dCNA

��
Pempty (5.21)

with the molar masses Mi and thicknesses di of the lead and carbon targets, respectively.

Experimental setup at GSI, Darmstadt, Germany An experimental setup to perform
measurements in complete kinematics is available at GSI Helmholtzzentrum für Schw-
erionenforschung GmbH (GSI), Darmstadt, Germany. It was sometimes named by the
dipole magnet separating the outgoing particles by their mass-to-charge ratio and the
neutron detector: ALADiN-LAND setup. At the upcoming accelerator complex FAIR,
Darmstadt, Germany, this setup will be extended to match the higher beam intensi-
ties and beam energies to be delivered. At its final stage, the setup will be called R3B
describing the fact that Reactions with Relativistic Radioactive Beams will be stud-
ied. Meanwhile, the various detection systems undergo upgrades or are newly built.
Therefore, the current status of the setup is referred to as LAND-R3B setup at times.
Figure 5.29 depicts schematically the accelerator complex at GSI, Darmstadt, Germany
[160]. The UNIversal Linac ACcelerator (UNILAC) provides the primary beam with
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energies up to 10 MeV/nucleon. It is delivered to the heavy-ion synchrotron SIS where
energies up to 1 GeV/nucleon and intensities of about 1010 ions/s are reached depending
on the accelerated nuclei. Radioactive beams are produced by the in-flight method using
a Be production target with a thickness of 4 g/cm2 for fragmentation of the primary
beam particles. The fragment separator FRS [161] is used to select the fragments of
interest according to their magnetic rigidity. Furthermore, scintillation detectors as
indicated by S2 and S8 in the inlay of Fig. 5.29 are placed in the FRS beam-line to
determine the masses of the fragments by time-of-flight measurements.

Figure 5.29:
Overview of the accelerator facility at GSI, Darmstadt, Germany. The UNILAC accel-
erates the primary beams which are further accelerated in SIS18. The radioactive ion
beam is created in-flight by fragmentation. The FRS sorts the species of interest out
and delivers the beam to the experimental setup in Cave C. The inlay shows the position
of two scintillator detectors S2 and S8 in the FRS. Composed from [160].

An ALADiN-LAND setup is exemplarily shown in Fig. 5.30. Besides ALADiN and
LAND, the detectors are usually varied to optimize detection efficiency and energy reso-
lution. Therefore, the combination used in the lateron discussed experimental campaign
S295 is presented here. Although the detection systems varies from experiment to ex-
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5.2 Photon-induced reactions

periment, the main purposes of the setup persist: identification of incoming particles
(incoming ID), measurement of prompt γ rays, separation of neutrons and fragments
(ALADiN), measurement of neutrons (LAND), and measurement of heavy fragments.

Figure 5.30:
Example of an ALADiN-LAND experimental setup (not to scale). The basic components
are the ALADiN magnet for the separation of neutrons and fragments and the LAND
detector for the observation of neutrons. Together with S2 and S8 (see Fig. 5.29), the
detectors PSP1, POS, and PSP2 provide the identification of incoming particles. The
CsI detector surrounds the target and provides information about prompt γ rays. The
heavy fragments are tracked and identified in the so-called fragment arm consisting of
GFI1, GFI2, GFI3, and TFW. Taken from [160].

The POS detector is a thin, square-shaped plastic scintillator detector which is read out
by four photomultipliers and used to measure the time-of-flight with start signals from
S2 and S8. In front and behind the target, the position of the beam is determined by Si
pin-diodes called PSP in Fig. 5.30. The dimension of the beam spot and its emittance
is defined by a system of active slits called ROLU [162] located between PSP2 and the
target. The Pb target is placed at the beginning of the CsI detector [163, 164] which is
used to measure the γ rays being emitted by the excited projectiles. Each of the single
crystals covers a solid angle which is defined by the aim to realize the Doppler correction
by suitable amplifications of the single signals. Thus, the energy of the emitted photons
in the rest frame of the emitting source can be measured directly.
A large gap dipole magnet (ALADiN [165]) separates the charged fragments and the
neutrons emitted in the reaction. To determine the trajectories of the charged fragments,
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another Si pin-diode before the magnet (PSP3 in Fig. 5.30 and several large-area fiber
detectors [166] behind the magnet are used. By defining the deflection angle in the
magnetic dipole field, the magnetic rigidity of the particle is fixed and, thus, its mass-
to-charge ratio. The Time-of-Flight Wall (TFW in Fig. 5.30 determines the charge of a
fragment by measuring its energy loss. It can also provide information about its velocity
if another POS-type detector is placed close to the target.
The LAND neutron detector [167] provides with its 2×2 m2 active area a 100% ac-
ceptance for the emitted neutrons with kinetic energies up to 5.6 MeV. Using the two
far-end sides of the one meter thick detector array time-of-flight and position information
is available. A detailed description of this setup is given in [160].
In the experimental campaign S295, the (γ,n) cross sections of the isotopes 92,93,94,100Mo
should be derived from the corresponding CD cross sections [168]. To study the stable
isotopes 94Mo and 100Mo the corresponding beams were delivered as primary beams by
the synchrotron SIS. The beam of 93Mo and 92Mo nuclei was produced by a primary
94Mo beam via one and two neutron removal, respectively. However, the cross sections
of these two isotopes have been measured one after the other due to an easier analysis.
As the analysis of the CD experiment on 94Mo is still ongoing [169], the fundamental
steps will be described using the analysis presented in [160] as an illustrating example.
The thesis work [160] and the results presented therein are not part of this work.

Fundamental steps of the analysis To determine the CD cross section from the mea-
sured data, several fundamental steps are needed in the analysis. In detail and complex-
ity, they can vary significantly depending on factors like, e.g., the usage of primary or
secondary beams.
Generally, the desired reaction channel is chosen from a variety of reactions present in
the data due to the high energy of the beam and due to its mixed composition. At first,
the identification of the incoming particles is performed by a combination of time-of-fligt
and energy-loss measurements. The time-of-flight stems from a correlation of the FRS
detectors S2 and S8 with the POS detector and provides the mass-to-charge ratio of a
particle. The charge is known from its energy loss in the PSP detectors. A typical result
for a secondary beam is shown in Fig. 5.31a).
The second and more complex step is the determination of the outgoing channel. Here,
several cuts which determine certain conditions for the different detectors must be ap-
plied and combined. If absolute data on a cross section is needed the knowledge about
the efficiency of these cuts as well as about the introduced systematic deviations is cru-
cial but not easily determinable. E.g., a cut on a one-neutron event in LAND misses
some events as the detection efficiency is only close to 100% but, for the same reason,
two-neutron events might be counted as one-neutron events. Therefore, these efficiencies
usually stem from extensive simulations of the given experimental situation as discussed
in [170].
LAND is very commonly used to determine the outgoing channel as it either provides

70



5.2 Photon-induced reactions

Figure 5.31:
Fundamental steps of analyzing data of Coulomb Dissociation measured at ALADiN-
LAND setup. a) Identification of incoming particle. The charge Z is determined from
the energy loss of the particle in detectors PSP1 and PSP2 (see Fig. 5.30). The mass-
to-charge ratio A/Z stems from a time-of-flight measurement between detectors placed
at the FRS (S2, S8 in Fig. 5.29) and the POS detector in Cave C. b) Determination of
charge Z in outgoing reaction channel. The energy loss in PSP3 and TFW is compared
and an elliptical cut on molybdenum is used. c) Illustration of tracking procedure. The
mass-to-charge ration in the outgoing reaction channel stems from the magnetic rigidity
of the particle in ALADiN. Its track is determined from its positions in detectors in front
of ALADiN (e.g., PSP3) and behind ALADiN (e.g., GFI1). d) Velocity cut for neutrons
detected by LAND. The velocity is deduced from a time-of-flight measurement and has
to be within a certain range (marked with dashed lines) if the neutrons stem from a
reaction at the target position. Composed from [160].

cuts on the neutron multiplicity or is used as a veto if no neutrons occur in the outgoing
channel. To avoid contributions from scattered neutrons, a velocity cut must be applied
as shown in Fig. 5.31d). The number of heavy fragments stems from the detectors in
the so-called fragment arm. The charge Z is determined by the energy loss, e.g., in the
TFW and PSP3 (see Fig. 5.31 b). The mass-to-charge ratio is deduced from a tracking
procedure for which the positions measured in PSP3 in front of ALADiN and in the
GFI detectors behind ALADiN are used. As shown in Fig. 5.31c), possible flight paths
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are reconstructed and, using a field map of ALADiN, the magnetic rigidity yields the
mass-to-charge ratio.
To extract the energy dependence of the CD cross section, the data must be interpreted
as a function of the excitation energy E∗. For each event fulfilling the constraints on
the incoming particle and chosen reaction channel, the excitation energy E∗ is calcu-
lated with Eq. (5.17). As described in detail in [160], the CsI detector caused severe
problems in the analysis as its efficiency could not be determined unambiguously for the
complete energy range. Therefore, the energy emitted by prompt γ rays denoted Eγ

in Eq. (5.17) was not available and the results of the experimental campaign S295 are
limited to integral cross sections. To compare these values with results stemming from
experiments using real photons [171], the E1 and E2 components of the cross section
σγ were calculated from systematics of giant quadrupole resonances in molybdenum iso-
topes [172]. As shown in Fig. 5.32, a convolution with the corresponding virtual photon
spectra yields the expected CD cross section σexp

CD.

Figure 5.32:
Determination of CD cross section based on the data by Beil et al. [171]. left : The total
photoabsorption cross section σγ (black) is splitted to an E1 component (red) and an
E2 component (blue) based on systematics in the molybdenum region [172]. right : A
CD cross section σexp

CD is derived by a convolution with the virtual photon spectra shown
in Fig. 5.28. Composed from [160].

Applying this method, an integral CD cross section of (997±61) mb results for the
reaction 100Mo(γ,n). A scaling factor of (0.8±0.1) is needed to match the value of
(799±81) mb derived from the experimental data of campaign S295. This factor is within
a well-known correction for results of the Saclay group and stems from the efficiency of
their neutron detector [173]. It was also reported by other measurements with real
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photons in this mass region [174, 175]. Thus, a reliable agreement for the integral
cross section derived from Coulomb dissociation and experiments with real photons was
found.
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6
Consequences for p-process

nucleosynthesis

This chapter focusses on the question how experimental results influence our picture of
the processes contributing to the nucleosynthesis of the p nuclei. As in the previous
chapter, two different approaches are presented. At first, general findings related to
systematic experimental studies and the overall production of the p nuclei are presented.
Afterwards, the role of key reactions for the production of the most abundant p nucleus
92Mo is discussed as an example how the knowledge about such key reactions can alter
our understanding of the importance of different production sites and scenarios of the
p nuclei.

6.1 General remarks

As already explained in detail in Chap. 2, there is a number of processes related to a
bunch of astrophysical sites where conditions occur to produce the p nuclei from different
seed distributions. All in common is the explosive character, i.e., the processes occur
on short timescales with high temperatures and span a broad part of the chart of nuclei
including a number of radioactive isotopes. Only one process is able to produce all
known p nuclei from the lightest one, 74Se, up to the heaviest one, 196Hg. However,
the γ process fails in reproducing the p nuclei in correct ratios even though nuclear
uncertainties are taken into account (compare Fig. 2.6).
As these uncertainties were derived from the usage of different nuclear input to Hauser-
Feshbach based calculations of cross sections it is important to check experimentally
whether the used nuclear input provides reliable data across the part of the chart of
nuclei which is covered by the γ process, i.e., stable and proton-rich isotopes with mass
numbers between about 70 and 210. This is realized in systematic investigations similar
to those introduced in Subsecs. 5.1.1 and 5.2.1. Based on such studies, it is nowadays
known that the predicted reaction rates are reliable within a factor of 3 if neutrons or
protons occur as projectiles or ejectiles and factors up to 10 if α particles are involved
[22]. These numbers are valid for so-called global nuclear input, i.e., parameterized
functions fitted to the available experimental data in the complete mass range covered
by the γ process.
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6 Consequences for p-process nucleosynthesis

Therefore, the need of broader data bases especially in the case of reactions involving
α particles is obvious to reduce these uncertainties. However, it is not yet clear whether
all nuclear aspects are taken into account sufficiently in the parameterized functions
serving as base of the global input. This might be well-known but as yet not well-
describable nuclear aspects like, e.g., the influence of closed neutron or proton shells on
level densities or parity distributions. In addition, there might be some hidden traps in
the fitting process itself when the reaction mechanism is not fully described. A recent
example is the assumption that the deviations for reactions including α particles stem
from so-called sub-Coulomb excitation [139]. As the influence of this effect is coupled to
low-energy E2 excited states it is mandatory to improve the knowledge about this nuclear
structure data in combination with measured cross sections to test this assumption.
Another approach for a test is the investigation of reactions with α particles as ejectiles
as in [176].
As the nuclear uncertainties are an undebatable fact their influence on branchings of the
γ process was tested in [22]. As explained in Chap. 2, a branching of the γ process is
indicated when the (γ,p) and/or (γ,α) reaction rates is comparable to the (γ,n) reaction
rate. In the low-mass region, these branchings occur near or even at the valley of stability
and usually for (γ,p) reactions. In the high-mass region, branchings are dominated by
(γ,α) reactions occuring four to eight mass units off the valley of stability [17]. As the
location of the branchings determines the mass number for which a lighter element is
reached and, thus, the abundance ratios of the p nuclei it is important to constrain
their location. Therefore, the reactions with the highest impact on the location of
branchings were extracted in [22] and recommended for experimental studies to get rid
of the uncertainties stemming from the global nuclear input. Some of these reactions
are only accessible using radioactive ion beams (compare Tab. 6.1).
Another approach to determine key reactions in huge reaction networks is the brute-
force method of varying a certain type of reaction rates by a given factor and compare
their influence on the final abundance distribution. This was performed in [23]. In
this case, the influence of systematic uncertainties related to a certain type of reaction
rates is determined. In addition, a benchmark is derived which uncertainties do not
generally change the final abundance distribution. As listed in Tab. 6.1, the overlap of
the reaction rates found in [22] and [23] is limited to four reactions: 92Mo(α,γ)96Ru,
102Pd(α,γ)106Cd, 116Sn(α,γ)120Te, and 124Xe(α,γ)128Ba. It is remarkable that both a
neutron-magic nucleus (92Mo, N = 50) and a proton-magic nucleus (116Sn, Z = 50) are
included. Thus, independent of the approach, nuclear structure seems to be of some
importance. In combination, these studies showed that there is indeed a set of key
reactions for the γ process highlighting roughly 50 reactions out of the 10,000 reactions
involved in the network calculation.
References [22] and [23] were published in 2006. Since then, a number of the recom-
mended reactions were investigated experimentally or – like in the case of 91Nb(p,γ) –
are to be investigated soon. Therefore, Tab. 6.1 comments on the current status of ex-
perimental investigation emphasizing already published results (method and reference).
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6.1 General remarks

Table 6.1:
Most important reaction rates in the γ process. Two different approaches led to a set of
key reactions of the γ process which were recommended for experimental investigation
by [22] with highest priority or [23]. The reactions recommended in both publications
are highlighted in bold font. The entries in the columns are sorted by the mass number
of the target isotope. Note that in case of radiative capture the inverse reaction usually
plays the important role in the γ process (compare Sec. 5.1). As comments, either the
current status of experimental investigation is listed or the half-lives of involved unstable
isotopes.

Ref. [22] comment Ref. [23] comment
76Se(α,γ) in progress [108] 70Ge(α,γ)
79Br(p,γ) 71Ge(n,p) neutron counting [177] a

80Se(p,γ) γ spectroscopy [178] 72Ge(p,γ)
84Kr(p,γ) 74Ge(p,γ) γ spectroscopy [99]

89Y(p,γ) γ spectroscopy [179] 4π summing [180]
4π summing [181] 76As(n,p) activation [124] a

92Mo(α,γ) 4π summing [182] 73As(p,γ) b t1/2 = 80.3 d
93Nb(p,γ) γ spectroscopy [183] 75Se(n,p) neutron counting [177] a

94Mo(α,γ) 77Se(n,p)
96Ru(α,γ) 77Br(p,γ) b t1/2 = 57.0 h
97Tc(p,γ) t1/2 = 4·106 a 83Rb(p,γ) b t1/2 = 86.2 d
98Ru(α,γ) 85Sr(n,p) activation [184] a

102Pd(α,γ) 86Rb(n,p) t1/2 = 18.7 d
108Cd(α,γ) 91Nb(p,γ) b this work
110Cd(p,γ) 92Mo(α,γ) 4π summing [182]
116Sn(α,γ) 4π summing [182] c 95Tc(p,γ) t1/2 = 20 h
118Sn(p,γ) 99Rh(p,γ) t1/2 = 16 d
124Xe(α,γ) 102Pd(α,γ)
128Xe(p,γ) 103Ag(p,γ) t1/2 = 1.1 h
130Ba(α,γ) activation [185] 105Ag(p,γ) t1/2 = 41.29 d
134Ba(p,γ) 106Cd(α,γ) activation [186]
138Ce(p,γ) 109In(p,γ) t1/2 = 4.167(18) h [187]
141Pr(α,γ) activation [120] d 116Sn(α,γ) 4π summing [182] c

148Sm(α,γ) 118Te(α,γ) t1/2 = 6 d
150Gd(α,γ) t1/2 = 1.8·106 a 124Xe(α,γ)
152Gd(α,γ) 125Cs(p,γ) t1/2 = 45 m
154Dy(α,γ) t1/2 = 3·106 a 163Yb(α,γ) t1/2 = 11.1 m
168Yb(α,γ) activation [82] 192Hg(α,γ) t1/2 = 4.9 h
174Hf(α,γ)

a derived from measurement of inverse reaction
b reaction relevant for proton-capture chain (see [19] and [20])
c no particular results shown
d derived from measurement of 141Pr(α,n) reaction
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6 Consequences for p-process nucleosynthesis

6.2 The production of 92Mo

As explained in Chap. 2, the p nuclei of molybdenum and ruthenium are tremendously
underproduced in the γ process occuring during type II supernovae [22, 23]. Therefore,
an additional astrophysical site for the γ process or an additional production process
have to be considered to reproduce the observed solar abundances. Instead of changing
reaction rates in the complete reaction network and looking at the consequences for the
abundances it is also possible to apply local changes, i.e., only the rates of reactions in the
neighbourhood of the p nucleus of interest are varied. Then, more detailed investigations
of the influence of these reactions is possible as the amount of data remains manageable.
We performed such variations for the molybdenum and ruthenium p nuclei [169] and
used trajectories or tracers derived for a type II supernova (similar to [22, 23]) and for a
type Ia supernova (similar to [20]). As an independent tool compared to previous stud-
ies, the Post-Processing Nucleosynthesis (PPN) simulation framework provided by the
Nucleosynthesis Grid (NuGrid) research platform [188] is used. NuGrid offers trajecto-
ries or tracers obtained from simulations of stellar evolution with only energy-producing
nuclear reactions included [189, 190]. The PPN studies can use these data or import
similar information from other sources to solve a large reaction network including more
than 5,000 isotopes. The information about the rates of the corresponding 60,000 reac-
tions can be extracted from different nuclear data sets. In this work, the Basel Reaction
Library (REACLIB) [191] and the JINA Reaclib Database V1.1 [192] were used. The
complete investigation for 92,94Mo and 96,98Ru is explained in detail with a variety of
illustrations in [169]. In this work, the results for 92Mo are summarized and discussed.

PPN simulations for type II supernova model For type II supernova, the Hashimoto
trajectories for fourteen different layers as already used in previous studies [17, 22, 23]
were the input for the PPN simulations. These trajectories contain the evolution of
temperature in time and of density in time in the different layers. The innermost layer
experiences the highest peak temperature at the earliest time. Very rapidly, the peak
temperature is reached from a base temperature. Afterwards, an exponential decay
occurs. This behaviour is general for all layers although both the base and peak tem-
perature decrease in the outer regions. The peak temperatures range from about 2 GK
to 3 GK. The density profiles are of similar shape and cover a range of 2·105g/cm2 to
6·105g/cm2 (compare Chap. 2).
The overall production and destruction of isotopes during the post-processed event are
displayed using time-integrated fluxes f . The flux f is determined by the rate of the
nuclear reaction r and the abundance of the target nuclei Nt at a certain time [189,
190]. Their absolute values illustrate the importance of a certain reaction path in the
network calculation. If the fluxes of all production and destruction reactions, fprod and
fdestr, respectively, are evaluated relatively to each other, the difference represents the
net abundance yield of the simulation. To derive meaningful values, the sum of all
production fluxes is normalized to 100% and the normalization factor is also used for
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6.2 The production of 92Mo

the destruction fluxes. The difference fprod − fdestr indicates that the abundance of the
considered isotope increases during the PPN if the sign is positive and vice versa. The
absolute net production can be derived using the abundance of the isotope available in
the seed distribution. To constrain the illustrated information to a reasonable amount,
the fluxes below a chosen percentage are cut off. In this work, a cut-off value of 1% was
chosen.

14.53

92Mo

17.4 %
19.1 %

63.1 %

34.6 %

57.2 %

Figure 6.1:
Time-integrated production and destruction fluxes of type II supernova. left : Time-
integrated fluxes for 92Mo, 93Mo, and 94Mo. Colors indicate the order of magnitude of
the flux and the thickness of the arrows scales linearly with log10 f . right : Normalized
time-integrated fluxes for 92Mo. The arrows indicating production fluxes fprod (blue)
and destruction fluxes fdestr (red), respectively, scale linearly with the percentage. For
details, see text. Data from [169].

The time-integrated absolute fluxes f in the isotopic chain are dominated by (γ,n) and
(n,γ) reactions which are in the same order of magnitude for 95Mo to 100Mo. Therefore,
no significant net production is expected for these isotopes. For the p nuclei 92Mo and
94Mo, the situation is different since more reactions provide significant fluxes and the
situation becomes rather crowded as shown in Fig. 6.1. Therefore, the normalized time-
integrated fluxes for 92Mo are also shown. The main production flux of fprod = 63.1%
stems from the 93Mo(γ,n) reaction although the abundance of 93Mo (t1/2 = 4000 a) has
to be fed first. The reactions 96Ru(γ,α) and 93Tc(γ,p) contribute to the abundance of
92Mo similarly (fprod = 17.4% and 19.1%, respectively). The destruction is due to the
reactions 92Mo(γ,p) and 92Mo(n,γ) with fluxes of fdestr = 57.2% and 34.6%, respectively.

However, these values do not represent the importance of a reaction rate on their own as
the fluxes also rely on the abundances of the target nuclei. Therefore, sensitivity studies
were performed with the reaction rates being varied within the uncertainties stated in
[22]. The rate of reactions including a neutron or a proton was scaled with factors 0.2,
0.5, 2, and 5 while factors of 0.1, 0.2, 5, and 10 were applied for reactions including
an α particle. The sensitivity s is defined as the ratio of the relative change of the
input variable and the relative change of the output variable. In our case, the change
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6 Consequences for p-process nucleosynthesis

of the reaction rate r/rREF must be compared to the change of the isotopic abundance
N/NREF. Usually, a linear correlation is expected, i.e.,

s =
r/rREF

N/NREF

= const., (6.1)

and the change of the abundance can be predicted from the change of the rate. If the
correlation of an isotopic abundance to a certain reaction rate is known and, e.g., a
new experimental rate becomes available, the corresponding new isotopic abundance is
known without performing another PPN study. However, not all reactions producing
and destroying the p nucleus 92Mo and changing the 92Mo abundance by more than 5%
within the applied rate variations behave like this.
The reactions complying with the applied cut-off condition are not the same ones as those
yielding a relative flux above 1%. Firstly, the reaction 93Tc(γ,p) with fprod = 19.1% is
not depicted in the sensitivity study as its influence for the relative flux stems from the
abundance of 93Tc (t1/2 = 2.75 h) which has to be produced by photodisintegration of
ruthenium isotopes first. Secondly, reactions are considered which do not directly pro-
duce or destroy 92Mo but change the reaction path towards or away 92Mo. The 94Mo(γ,α)
reaction bypasses 92Mo and directly feeds 90Zr. Therefore, the 92Mo abundance is de-
creased with the corresponding rate being increased. In contrast, the 98Ru(γ,n) reaction
increases the amount of 96Ru being available. Thus, an increased rate results in a slightly
increased 92Mo abundance. In case of the 94Mo(n,γ) reaction, an increase of the rate
also results in an increase of the 92Mo abundance although the reaction path is changed
away of 92Mo. Here, the reduction of neutrons being available for the destruction reac-
tion 92Mo(n,γ) is an explanation.
The reaction 92Mo(γ,p) with the highest destruction flux fdestr = 57.2% shows the highest
sensitivity of all reactions although the relative flux of the most important production
reaction 93Mo(γ,n) is higher (fprod = 63.1%). To understand this behaviour, the inclusion
of the 94Mo(γ,n) reaction is necessary as this reaction initially produces the unstable
93Mo isotope (t1/2 = 4000 a). Indeed, the photo-neutron reaction of 94Mo has the
highest constructive sensitivity and, in combination with the constructive sensitivity of
the 93Mo(γ,n) reaction similar values result as for the 92Mo(γ,p) reaction.

So far, the results of the complete type II supernova model were discussed. Though, the
conditions in the integrated fourteen layers are very different (compare, e.g., [17]) and
there might be different trends if the layers are observed separately. For comparison,
the innermost layer with Hashimoto trajectory 1 and two midway layers with Hashimoto
trajectory 4 and 5 are considered in the following. First, the mass fractions as a function
of time for the isotopes related to the final abundance of 92Mo as well as for protons
and neutrons are discussed. The amount of free protons and neutrons is reduced by
two orders of magnitude in the midway layer 4 since, in total, less photodisintegration
reactions occur due to the lower temperatures. For both layers, the abundances of
the molybdenum and ruthenium isotopes achieve an equilibrium right after the peak
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temperature is reached, i.e., production and destruction reactions cancel each other. As
expected, the abundance of 92Mo is increased in both layers. However, this increase is
less pronounced in the innermost layer and, astonishingly, the p nucleus 94Mo is even
destroyed.
The relative time-integrated fluxes in the innermost layer 1 and the midway layer 5
provide an explanation (see Fig. 6.2). The high temperature in the innermost layer
allows for an efficient destruction of 92Mo by the 92Mo(γ,p) reaction. The destruction
flux in this layer is with fdestr = 66.8% almost 10% higher compared to the flux in the
complete model. In contrast, the main production flux by the 93Mo(γ,n) reaction is
reduced about 5%. This situation changes dramatically if the outer layers are taken into
account. In the midway layer corresponding to Hashimoto trajectory 5, the reaction
92Mo(γ,n) provides the only relative destruction flux higher than 1%. In addition to
the dominating production flux by the 93Mo(γ,n) reaction, proton-induced reactions
on niobium isotopes like 91Nb(p,γ) and 92Nb(p,n) start to contribute significantly with
fprod = 6.5% and 1.8%, respectively.

14.53

92Mo

16 %
24.3 %

59.2 %

32 %

66.8 %

14.53

92Mo

1.8 % (p,n)6.5 %

91.5 %

28.4 %

Figure 6.2:
Normalized time-integrated fluxes of 92Mo for different Hashimoto trajectories. As in
Fig. 6.1, the production fprod (blue) and destruction fluxes fdestr (red) are shown for left :
the innermost layer 1 and right : a midway layer 5. For details, see text. Data from
[169].

Therefore, the experimental investigation of the 91Nb(p,γ) reaction as described in Sub-
sec. 5.1.2 yields important information to understand the production of 92Mo in a type
II supernova model for a 25 M⊙. On the one hand, the reaction provides a significant
production flux in the outer layers. On the other hand, the inverse 92Mo(γ,p) reaction
supplies the most important destruction flux in the inner layers. As the astrophys-
ical rates of photon-induced reactions are usually deduced from the inverse radiative
particle-induced reaction (compare Sec. 5.1) the influence of the experimental data will
be twofold in terms of production and destruction fluxes and general in terms of the
application at different layers of the type II supernova model.
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PPN simulations for type Ia supernova model The temperature and density profiles
stem from a two-dimensional delayed detonation model of a White Dwarf accreting
material from a main-sequence or evolved companion star and eventually overcoming
the Chandrasekhar mass. The astrophysical model is described in detail in [193] while
the usage of tracer particles for the determination of characteristic temperature and
density profiles is explained in [194]. So far, we used two profiles of the 4,624 ones
derived for the general study described in [20]. The profiles were chosen from a smaller
set providing maximum production of the p nucleus 92Mo. The set was further reduced
by demanding a fixed peak temperature of 3.2 GK. Then, the tracer with maximum and
minimum abundance of 92Mo – tracer 1 and tracer 2, respectively, were selected for a
detailed study.
Although the detailed study is still in progress, it is already foreseeable that the results
will be similar to those for the type II supernova. I.e., the 92Mo(γ,p) reaction as well
as the 91Nb(p,γ) reaction contribute to the final abundance of 92Mo in the type Ia
supernova. Therefore, the need of an experimental investigation of the rates of these
reactions by studying the radiative proton-capture reaction is furthermore stressed.
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Summary and outlook

This work described the origin of the p nuclei and several experimental investigations to
understand the nuclear physics responsibe for their production at various astrophysical
sites in different processes. The modelling of these processes relies on the rates of
the nuclear reactions producing the p nuclei. Since these reaction networks consist
typically of several thousand reactions with mostly unstable target nuclei theoretical
predictions of the corresponding rates are performed within the framework of the Hauser-
Feshbach statistical model. In addition, theoretical input is needed to determine the
stellar rates which are dramatically different compared to the laboratory rates as the
target nuclei exist mostly in excited states due to the high temperatures in any of the
possible scenarios.

Systematic investigations aim at providing a broad data base to enhance the reliability
of the nuclear physics input to the Hauser-Feshbach statistical model including nu-
clear masses, nuclear level densities, particle optical model potentials (OMP), and γ-ray
strength functions. In this work, the investigation of proton and α-particle OMPs using
(p,n) and (α,n) reactions, respectively, is summarized. The study of the 165Ho(α,n) and
166Er(α,n) reactions [80] with the activation approach confirmed a recent correction of
the α-particle OMP [120]. Similarly, the study of the 169Tm(p,n) and 175Lu(p,n) reac-
tions [15] resulted in the application of a modification of the proton OMP as suggested
by [124]. However, further experimental investigations are needed in both cases to es-
tablish such corrections and modifications in globally applicable particle OMPs. E.g., a
change with charge and mass number should be investigated and the effect of unpaired
protons or neutrons must be understood.

As another example, the study of (γ,n) reactions in a broad mass range of 140 ≤
A ≤ 210 is described. The data was derived in several experimental campaigns using
bremsstrahlung photons at DHIPS, Darmstadt [145]. The ground-state reaction rates
were extracted from the data obtained by the activation approach and were compared
to predictions within the Hauser-Feshbach statistical model. The typical uncertainty of
a factor of 3 claimed for this type of reactions [22] was confirmed. However, photon-
induced reactions can also provide stringent tests for the nuclear physics input to the
calculations if the in-beam technique is used. An upcoming example is the applica-
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tion of so-called γ-n coincidences using an extended version of the γ3 setup [72] with
Laser-Compton Backscattering photons at HIγS. Partial cross sections of the reaction
87Rb(γ,n) will be investigated [154] and shed light on the γ-ray strength function and
nuclear level density as explained in [139].

Although the reaction network comprises several thousands of reactions there are of
course individual reactions which influence the produced abundance pattern more than
on average. For the most widely studied process for the synthesis of the p nuclei, the
γ process [21], a set of such reactions is collected in Tab. 6.1 from the investigations in
[22] and [23]. One of these reactions, the 74Se(α,γ) reaction, is currently studied at the
recoil mass separator DRAGON at TRIUMF, Canada [108]. The aim is to enable the
recoil mass separator which was designed for the study of the 15O(α,γ) reaction [107] to
measure (α,γ) and (p,γ) reactions with beams up to a mass number of A = 90.

As explained in detail in [139], the investigation of radiative capture reactions is favoured
to study the photon-induced reactions occuring in the γ process. In some cases, like the
production of the most abundant p nucleus 92Mo, these radiative capture reactions
play themselves a significant role in the nucleosynthesis processes (compare [19, 20]).
Therefore, this work also discusses the experimental investigation of the 90Zr(p,γ) and
91Nb(p,γ) reactions. For the previous one, data is available [127, 126, 125] and was
measured [129, 131] using different experimental methods. Although the uncertainties
of each measurement are rather small, systematic deviations between the data sets do
not allow the exclusion of one or another nuclear physics input of predictions within
Hauser-Feshbach statistical model (compare Fig. 5.14). Therefore, the identification and
prevention of systematic uncertainties remains an important task for experimentalists.

Completely different challenges arise if the target nucleus is unstable. In case of the
91Nb(p,γ) reaction, the efforts towards the production of a target of the unstable 91Nb
(t1/2 = 680 a) are described in this work. As the amount of available target material will
be very limited, a high-intensity proton beam is mandatory to investigate the reaction
in standard kinematics. The status of design and construction of an appropriate beam
line at the facility FRANZ, Frankfurt, as well as of the development of high-power
resistive targets and a low-background target chamber for a 4π BaF2 calorimeter are
reported. The developments will be investigated in test experiments once a proton beam
is available at FRANZ. In addition, the study of the 91Nb(p,γ) reaction might become
possible at DRAGON in inverse kinematics covering a somewhat lower energy range
than FRANZ. Measurements at a storage ring like the ESR at GSI Helmholtzzentrum
für Schwerionenforschung (GSI), Darmstadt, could yield the data to investigate the
Gamow window [109] also for higher energies.

The radioactive beams provided at GSI, Darmstadt, were also used to investigate the
cross sections of (γ,n) reactions at the ALADiN-LAND setup. The results for an ex-
periment using the method of Coulomb Dissociation in inverse kineamatics [168, 160]
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are briefly summarized as an example in this work. The analysis of the complex data is
still ongoing [169]. The upcoming R3B setup at FAIR, Darmstadt, will also allow the
study of (γ,p) reactions. The present layout of the R3B setup can be extended with
tracking detectors for α particles. The corresponding efforts in detector development
and optimized read-out of the data could lead to a world-wide unique setup to measure
the ratios cross sections of (γ,n), (γ,p), and (γ,α) reaction simultaneously. Then, the
experimental investigation of the branchings of the γ process is possible and provides an
important step towards a complete understanding of the nucleosynthesis of the p nuclei.
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8
Zusammenfassung

Die vorliegende Arbeit beschreibt experimentelle kernphysikalische Untersuchungen, die
dem Verständnis der Nukleosynthese der p-Kerne in verschiedenen astrophysikalischen
Szenarien und den entsprechenden Prozessen dienen. Damit ist sie im Forschungsgebiet
der Nuklearen Astrophysik angesiedelt, dass sich seit dem Erscheinen der Arbeiten von
E.M. Burbidge, G.R. Burbidge, W.A. Fowler, and F. Hoyle [1], sowie unabhängig davon
A.G.W. Cameron [2] im Jahr 1957 neben Fragen zur stellaren Entwicklung auch mit der
Synthese der Elemente schwerpunkthaft beschäftigt.

Die leichtesten Elemente Wasserstoff und Helium werden bereits in der Primordialen
Nukleosynthese direkt nach dem Urknall gebildet [3]. In Sternen entstehen daraus
durch Fusionsprozesse die Elemente bis zur Eisen-Nickel-Region. Durch die wachsende
Bindungsenergie pro Nukleon wird bei diesen Reaktionen Energie frei, die als Strahlungs-
druck dem Gravitationsdruck entgegen wirkt und so den Stern in einem stabilen Zustand
hält [4]. Schwerere Elemente als Eisen, d.h. Elemente mit einer größeren Ladungszahl
als Z = 26, werden durch Neutroneneinfangreaktionen und β-Zerfälle erzeugt. Man un-
terscheidet hier zwischen dem s-Prozess [7], der bei geringen Neutronendichten während
verschiedener stellarer Entwicklungsphasen abläuft, und dem r -Prozess [6], der in einem
explosiven Ereignis mit sehr hohen Temperaturen und Neutronendichten, wie z.B. einer
Kernkollaps-Supernova statt findet. Bereits in den Arbeiten [1] und [2] wurde fest-
gestellt, dass es etwa 35 Isotope auf der protonenreichen Seite des Stabilitätstals gibt,
die nicht in diesen Prozessen erzeugt werden können.

Der wohl am besten untersuchte Vorschlag zur Erzeugung dieser sogenannten p-Kerne
[12] ist der γ-Prozess [21], bei dem eine vorgegebene Saatverteilung, die meist der so-
laren Häufigkeitsverteilung (vergleiche Abb. 2.1) entspricht, einem hochenergetischen
Photonenbad ausgesetzt wird. Dies kann in verschiedenen astrophysikalischen Szenar-
ien vorliegen, denen eine sehr hohe Temperatur im Bereich einiger GK gemein ist, die
gemäß der Planck-Verteilung (siehe Gl. (3.6) für eine ausreichende Anzahl von Photo-
nen mit Energien im MeV-Bereich sorgt. Nun werden zunächst durch (γ,n)-Reaktionen
immer protonenreichere Isotope gebildet, bis schließlich die Neutronenseparationsen-
ergie so hoch wird, dass die Raten von (γ,α)- und/oder (γ,p)-Reaktionen eine ähnliche
Größenordnung erreichen. An diesen sogenannten

”
branchings“ (dt. Verzweigungen)
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führt die Reaktionskette dann zu einem leichteren Element. Nach dem raschen Abklin-
gen der Temperatur zerfallen die noch vorliegenden β-instabilen Isotope mittels Zerfalls-
ketten zurück zum Stabilitätstal und erzeugen so – neben Spuren anderer Isotope – die
p-Kerne (siehe Abb. 2.4).
Alternative Prozesse, wie z.B. der rp-Prozess [25] oder der νp-Prozess [27], bauen die
Häufigkeiten der p-Kerne durch eine Kette von Protoneneinfangreaktionen und β-Zerfällen
ausgehend von leichteren Elementen auf. Diese Prozesse können aber nicht die Existenz
der schweren p-Kerne jenseits der Sb-Sn-Te-Region erklären, da die stetig wachsende
Coulomb-Barriere zu einer Reduktion der Protoneneinfangwahrscheinlichkeit führt und
die kleiner werdenden Wirkungsquerschnitte die Prozesse stoppen [26].
Der γ-Prozess verläuft typischerweise bei Temperaturen im Bereich einiger GK und
Dichten einiger 105 g/cm3 und findet sowohl in Kernkollaps- als auch in thermonuklearen
Supernova-Explosionen statt. Beide Szenarien tragen dazu bei, die beobachteten solaren
Häufigkeiten der p-Kerne zu erzeugen.

Aus kernphysikalischer Sicht ist es für die Modellierung der Synthese der p-Kerne notwendig,
die Reaktionsraten eines über einige Tausend Isotope ausgedehnten Netzwerks zu ken-
nen. Die meisten der mehrere Zehntausende umfassenden Reaktionen finden an insta-
bilen Kernen statt und entziehen sich der experimentellen Untersuchung. Außerdem
muss die Anregung der Kerne in der heißen Umgebung berücksichtigt werden – Reak-
tionen am Grundzustand finden nur im Sub-Promillebereich statt [139]. Daher ist es
notwendig, die Raten in einem geeigneten Modell zu berechnen. Aufgrund der hohen
Niveaudichten wird dazu in der Regel das Hauser-Feshbach oder Statistische Modell [41]
verwendet.
Hierbei wird die Reaktion in zwei voneinander unabhängig ablaufende Teile zerlegt.
Zunächst wird ein sogenannter Compound-Kern C∗ in einem hoch-angeregten Zustand
aus der Reaktion des Targetkerns A und des Projektils a erzeugt. Anschließend zerfällt
der Compound-Kern in das Produkt B und das Ejektil b. Die Wahrscheinlichkeit für
das Auftreten eines jeden Teils wird unabhängig mit Hilfe von Transmissionskoeffizien-
ten berechnet. Aus diesen setzt sich dann der Wirkungsquerschnitt für die Reaktion
zusammen (vergleiche Gln. (3.7), (3.8) und (3.9). In die Berechnung der Transmission-
skoeffizienten gehen Informationen zu Energie, Spin und Parität der beteiligten Kern-
niveaus ein. Die Wechselwirkung von Teilchen wie Neutronen, Protonen oder α-Teilchen
mit dem Kern wird mit Hilfe von Optischen Teilchen-Kern-Potentialen beschrieben.
Im Falle von Photonen müssen Gamma-Stärkefunktionen verwendet werden. Daneben
müssen Kernmassen und Niveaudichten der Kerne bekannt oder modelliert werden. Bei
der Berechnung mit unterschiedlichen Codes wie z.B. SMARAGD [44] oder TALYS [46]
kommen Abweichungen dadurch zustande, dass unterschiedliche Beschreibungen dieser
kernphysikalischen Eingangsgrößen verwendet werden (vergleiche Tab. 3.1).

Um die Verlässlichkeit der vorhergesagten Wirkungsquerschnitte und Reaktionsraten zu
verbessern, ist es notwendig, dass global anwendbare Eingangsgrößen zur Verfügung ste-
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hen, die im gesamten durch die astrophysikalische Netzwerkrechnung abgedeckten Bere-
ich der Nuklidkarte gültig sind. Dazu sind systematische Untersuchungen notwendig,
die in der Regel mit Hilfe der Aktivierungsmethode durchgeführt werden. In dieser Ar-
beit werden die Optischen Teilchen-Kern-Potentiale für Protonen und α-Teilchen einem
solchen systematischen Ansatz unterzogen. Dazu wurden aufgrund von Sensitivitätsbe-
trachtungen anstelle der astrophysikalisch relevanten (p,γ)- und (α,γ)-Reaktionen die
(p,n)- und (α,n)-Reaktionen an den entsprechenden Targetkernen ausgewählt.
Die Reaktionen 165Ho(α,n) und 166Er(α,n) wurden mit Hilfe der Aktivierungsmethode
am Institute for Structure and Nuclear Astrophysics der University of Notre Dame,
Indiana, U.S.A., untersucht. Dünne metallische Folien mit natürlicher Isotopenzusam-
mensetzung wurden mit α-Teilchen im Energiebereich von etwa 11.0 MeV bis 15.5 MeV
bestrahlt. Danach wurde die Anzahl der Reaktionen gemäß der im Kapitel 5.1.1 beschrie-
benen Analyse aus Spektren bestimmt, in denen die im Anschluss an die β-Zerfälle der
instabilen Reaktionsprodukte emittierten γ-Übergänge detektiert wurden. Die daraus
gewonnenen Wirkungsquerschnitte der Reaktionen wurden mit den Vorhersagen aus dem
Hauser-Feshbach-Formalismus verglichen [80]. Dabei wurde die beste Beschreibung für
ein α-Kern-Potential gefunden, dass im entsprechenden Massenbereich mit Hilfe einer
energieabhängigen Korrektur schon mehrfach für gute Übereinstimmung gesorgt hat
[120].
Entsprechend wurden auch die Reaktionen 169Tm(p,n) und 175Lu(p,n) am Institute for
Structure and Nuclear Astrophysics der University of Notre Dame, Indiana, U.S.A., un-
tersucht. Die Bestrahlung erfolgte mit Protonen im Energiebereich von 3.3 MeV bis
7.0 MeV [15]. Auch hier konnte die Energieabhängigkeit die bestimmten Wirkungsquer-
schnitte mit einem modifizierten Protonen-Kern-Potential [124] sehr gut reproduziert
werden. Allerdings war eine absolute Anpassung um einen Faktor 1.6 notwendig.
Sowohl für α-Kern-Potentiale als auch für Protonen-Kern-Potentiale sind weitere system-
atische Untersuchungen notwendig, damit die bisher gefundenen Korrekturen und Mod-
ifikationen in global anwendbare Potentiale münden können. So ist es z.B. notwendig zu
verstehen, ob und wie sich die Korrekturen als Funktion von Massen- und Ladungszahl
verhalten, aber auch ob es z.B. Abhängigkeiten in Bezug auf ungepaarte Protonen und
Neutronen gibt.

Ein weiteres Beispiel für eine systematische Untersuchung ist die Messung von (γ,n)-
Reaktionen im Massenbereich 140 ≤ A ≤ 210. Die Daten wurden in mehreren ex-
perimentellen Kampagnen am DHIPS-Aufbau [145] der Technischen Universität Darm-
stadt gewonnenen. Dabei werden Targets mit natürlicher Isotopenzusammensetzung
mit einem Bremsstrahlungsspektrum aktiviert. Durch die Verwendung unterschiedlicher
Endpunktsenergien ist es möglich, die Reaktionsrate des Grundzustands des unter-
suchten Isotops direkt zu bestimmen, ohne den Wirkungsquerschnitt aus den experi-
mentellen Daten zu extrahieren. In den Tabn. 5.6 und 5.7 sind alle Reaktionen aufgeführt,
die am DHIPS-Aufbau untersucht wurden. Für die Vorhersage der Raten von (γ,n)-
Reaktionen wird eine Unsicherheit eines Faktors 3 angegeben [22]. Beim Vergleich der ex-
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perimentellen Daten mit den Vorhersagen der Standardeinstellungen des TALYS-Codes
[46] konnte dieser Faktor bestätigt werden.

Photonen-induzierte Reaktionen können aber noch wesentlich strengere Test, insbeson-
dere für die Gamma-Stärkefunktionen und die Kernniveaudichten bieten, indem man die
partiellen Wirkungsquerschnitte untersucht. In diesem Fall unterscheidet man, ob die
(γ,n)-Reaktion den Produktkern im Grundzustand oder in einem angeregten Zustand
hinterlässt. Dazu ist es notwendig, ein schmalbandiges Photonenspektrum zu verwen-
den, wie es mit den weltweit höchsten Intensitäten derzeit an der High Intensity γ-ray
Source (HIγS) [151] des Triangle Universities Nuclear Laboratory, U.S.A., zur Verfügung
steht. Unter Verwendung des γ3-Aufbaus [72], eines Detektorarrays aus hochauflösenden
Germanium-Halbleiterzählern und hocheffizienten LaBr-Szintillationsdetektoren, in Kom-
bination mit Neutronenzählern aus Flüssigszintillator können sogenannte Neutronen-
Gamma-Koinzidenzen detektiert werden. Damit werden in naher Zukunft die par-
tiellen Wirkungsquerschnitte der Reaktion 87Rb(γ,n) untersucht [154] und liefern so
die gewünschten Informationen.

Obschon die astrophysikalischen Netzwerkrechnungen einige Tausend Isotope und die
zugehörigen Zehntausenden Reaktionen umfassen, gibt es doch einige besondere Reak-
tionen die einen über den Durchschnitt hinausgehenden Einfluss auf die Produktion
der p-Kerne haben. Im Fall des γ-Prozesses wurden solche Schlüsselreaktionen mit
Hilfe unterschiedlicher Ansätze bestimmt: einerseits wurden diejenigen Reaktionen her-
ausgegriffen, die bei der Variation der Raten eines bestimmten Reaktionstyps einen
besonders großen Einfluss zeigten [23], andererseits wurden die Reaktionen ermittelt, die
einen besonderen Einfluss auf die Position der oben erwähnten Verzweigungen hatten
[22]. Interessanterweise gibt es nur vier Reaktionen, die in beiden Studien vorkommen:
92Mo(α,γ)96Ru, 102Pd(α,γ)106Cd, 116Sn(α,γ)120Te und 124Xe(α,γ)128Ba (vergleiche die
Übersicht in Tab. 6.1). In allen vier Fällen ist es die photonen-induzierte Umkehrreak-
tion, die in der Netzwerkrechnung besonders hervortritt. Die Auflistung anhand der
Teilcheneinfangreaktionen ist damit begründet, dass diese bei einer experimentellen Un-
tersuchung bevorzugt sein soll.

Aber es gibt auch Fälle wie die Produktion des häufigsten p-Kerns 92Mo in denen auch
die Teilcheneinfangreaktionen selbst eine signifikante Rolle im Nukleosyntheseprozess
spielen können (vergleiche dazu [19, 20]). Deshalb werden in dieser Arbeit auch die
Untersuchungen der Reaktionen 90Zr(p,γ) und 91Nb(p,γ) beschrieben. Für die erstge-
nannte Reaktion liegen bereits experimentelle Daten vor. Die Reaktion wurde mittels
der Methode der

”
Thick-target yield“ (dt. Dickes-Target-Ausbeute) [126], mittels γ-

Spektroskopie [127] und mittels γ-Kalorimetrie [125] im Strahl untersucht. Während
die Ergebnisse von [126] und [125] im Rahmen der Unsicherheiten gut übereinstimmen,
weichen die Resultate von [127] signifikant nach unten ab. Daher wurde die Reaktion
nochmals mittels γ-Spektroskopie im Strahl am Aufbau HORUS [98] der Universität
zu Köln untersucht bei verschiedenen Energien am oberen Ende des astrophysikalisch
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relevanten Energiebereichs untersucht [100]. Es konnte eine gute Übereinstimmung mit
den Resultaten von [127] gefunden werden. Dieser Fall zeigt, dass es nicht ausreicht,
die statistischen Unsicherheiten bei den verschiedenen experimentellen Ansätzen zu re-
duzieren, sondern dass es insbesondere notwendig ist, systematische Fehlerquellen zu
identifizieren und bestmöglich zu korrigieren. Andernfalls ist es nicht möglich, unter Ein-
beziehung aller vorhandenen experimentellen Resultate die Anwendbarkeit verschiedener
kernphysikalischer Eingangsgrößen des Hauser-Feshbach-Formalismus – in diesem Fall
die Gamma-Stärkefunktionen und die Protonen-Kern-Potentiale – einzuschränken.

Vollkommen andere Herausforderungen stellen sich, wenn der Targetkern einer zu un-
tersuchenden Reaktion instabil ist. Bei einer geeignet langen Halbwertszeit und aus-
reichend großen Produktionswirkungsquerschnitten ist es in Einzelfällen möglich, ein
Target zu erzeugen und in direkter Kinematik zu untersuchen. Im Fall der Reaktion
91Nb(p,γ) soll die Produktion durch Bestrahlung eines angereicherten 92Mo-Targets mit
Protonen im Energiebereich von 15 MeV bis 20 MeV statt finden. Um die nur theo-
retisch vorhergesagten Wirkungsquerschnitte experimentell zu untersuchen und eventuell
störende Reaktionen zu finden, wurden dünne Molybdänfolien natürlicher Isotopen-
zusammensetzung an der Physikalisch Technischen Bundesanstalt, Braunschweig, mit
Protonen im entsprechenden Energiebereich bestrahlt [132]. Da die Halbwertszeit von
91Nb mit t1/2 = 680 Jahren sehr groß ist, dauert die Spektroskopie der aktivierten Tar-
gets noch an. Erste vorläufige Auswertungen deuten jedoch daraufhin, dass der gewählte
Produktionsmechanismus erfolgreich angewandt werden kann.

Da die Menge des verfügbaren Materials bei einem solchen radioaktiven Target be-
schränkt bleibt, ist es notwendig mit möglichst hohen Projektilströmen zu arbeiten, um
ein detektierbares Signal zu erhalten. An der Frankfurter Neutronenquelle am Stern-
Gerlach-Zentrum (FRANZ) der Goethe Universität Frankfurt wird ein Protonenbeschle-
uniger realisiert, der Ströme von 2 mA in einem Energiebereich von 1.8 MeV bis 2.2 MeV
zur Verfügung stellt. Damit eine solcher Strahlstrom gezielt auf das Target transportiert
werden kann, ist es notwendig, die in dieser Arbeit vorgestellte Strahlführung [133] zu re-
alisieren. Außerdem wurden Kühlmechanismen entwickelt, die die im Target deponierte
Leistung effizient abführen und somit eine Beschädigung während des Experiments ver-
hindern [135]. Auch das Design einer Targetkammer für das zu verwendende 4π-BaF2-
Kalorimeter [94] ist bereits vorhanden. Sobald an FRANZ ein entsprechender Proto-
nenstrahl zur Verfügung steht, wird die Anwendbarkeit der gemachten Entwicklungen
in Testexperimenten untersucht.

Da der Energiebereich an FRANZ begrenzt ist, müssen weitere experimentelle Unter-
suchungen gemacht werden, um den kompletten für die Nukleosynthese von 92Mo rele-
vanten Energiebereich der Reaktion 91Nb(p,γ) abzudecken. Für Energien kleiner als die
von FRANZ zur Verfügung gestellten 1.8 MeV kommt der

”
mass recoil separator“ (dt.

Massenrückstoß-Separator) DRAGON [107] in Frage. Hier wird das Experiment in in-
verser Kinematik durchgeführt und die erzeugten Produktkerne nachgewiesen. Obwohl
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DRAGON für die Untersuchung von Reaktionen an leichten Kernen, insbesondere der
Reaktion 15O(α,γ), entwickelt wurde, konnte kürzlich gezeigt werden, dass die Anlage
auch mit Kernen höherer Massenzahl arbeiten kann. Die Reaktion 74Se(α,γ), die zu den
Schlüsselreaktionen für den γ-Prozess gezählt wird (vergleiche Tab. 6.1) wurde bereits
bei zwei Energien untersucht [108]. Eine Fortsetzung ist im Dezember 2014 geplant. Für
Energien oberhalb der von FRANZ zur Verfügung gestellten 2.2 MeV kann die inverse
Kinematik an einem Speicherring realisiert werden. Der ESR des GSI Helmholtzzen-
trums für Schwerionenforschung (GSI), Darmstadt, arbeitet bei höheren Energien bis
minimal etwa 5 MeV/u. Die Lücke wird durch den derzeit im Aufbau befindlichen
CRYRING geschlossen, der in Bereiche von etwa 3 MeV/u vorstoßen soll [109].

Die an der GSI, Darmstadt, zur Verfügung stehenden radioaktiven Strahlen konnten
auch verwendet werden, um die Wirkungsquerschnitte von (γ,n)-Reaktionen am ALADiN-
LAND Aufbau zu untersuchen. Dabei kommt die Methode des Coulomb-Aufbruchs in
inverser Kinematik zum Einsatz [168, 160]. Das benötigte Photonentarget wird durch ein
Target realisiert, dessen Material eine hohe Ladungszahl aufweist. Die auf Energien von
einigen 100 MeV/u beschleunigten Kerne werden dann durch das Lorentz-kontrahierte
elektromagnetische Feld der Targetkerne durch den Austausch virtueller Photonen so
hoch angeregt, dass ein Neutron emittiert werden kann. Die Analyse der Daten ist kom-
plex und zeitaufwändig, da die Messung in vollständiger Kinematik erfolgen muss, d.h.
die Impulse aller Reaktionsprodukte müssen bestimmt werden, um die Anregungsenergie
aus der sogenannten invarianten Masse zu bestimmen. Daher ist die Analyse aller in
der Experimentkampagne S289 gewonnenen Daten noch nicht vollständig abgeschlossen
[169].
Der im Aufbau befindliche Nachfolger für FAIR, der R3B-Aufbau, bietet die Möglichkeit
neben (γ,n)-Reaktionen gleichzeitig (γ,α)-Reaktionen zu untersuchen. Die bisherige
Anordnung des R3B-Aufbaus erlaubt es, auch die Detektion von α-Teilchen in Betra-
cht zu ziehen. Die Realisation ist allerdings anspruchsvoll, da sich die Flugbahnen der
α-Teilchen nach der Passage des separierenden Dipolmagneten wesentlich weniger von
denen der schweren Fragmente unterscheiden als die der Protonen. Der Aufwand in
Detektorentwicklung und Optimierung der Datenaufnahme würde allerdings dadurch
belohnt, dass eine weltweit einzigartige Anlage vorläge, die die Messung von Verhält-
nissen der Wirkungsquerschnitte von (γ,n)-, (γ,p)- und (γ,α)-Reaktionen ermöglichte.
Damit könnten die Verzweigungen des γ-Prozesses erstmals auch für radioaktive Kerne
untersucht werden und damit einen entscheidenden Schritt zum vollständigen Verständ-
nis der Nukleosynthese der p-Kerne beitragen.
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K. Zell, A. Zilges, Nucl. Phys. A916 (2013) 149.

[83] A. Palumbo, W. P. Tan, J. Görres, M. Wiescher, N. Özkan, R. T. Güray, C. Yalcin,
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H. Geissel, R. Gernhäuser, M. Heil, G. Ickert, H. T. Johansson, B. Jonson,
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[169] K. Göbel, Measurement of the
94

Mo(γ,n) reaction by Coulomb dissociation and

related post-processing nucleosynthesis simulations for the p-process , PhD Thesis,
Goethe Universität Frankfurt a.M., in progress.

[170] D. Rossi, Investigation of the Dipole Response of Nickel Isotopes in the Presence

of a High-Frequency Electromagnetic Field , PhD Thesis, Johannes Gutenberg-
Universität Mainz, 2010.

[171] H. Beil, R. Bergère, P. Carlos, A. Leprêtre, A. D. Miniac, A. Veyssière, Nucl. Phys.
A227 (1974) 427.

[172] A. Moalem, Y. Gaillard, A. M. Bemolle, M. Buenerd, J. Chauvin, G. Duhamel,
D. Lebrun, P. Martin, G. Perrin, P. de Saintignon, Phys. Rev. C 20 (1979) 1593.

[173] H. Beil, R. Bergère, A. Veyssière, Nucl. Instr. and Meth. 67 (1969) 293.

103



Bibliography

[174] B. L. Berman, R. E. Pywell, S. S. Dietrich, M. N. Thompson, K. G. McNeill, J. W.
Jury, Phys. Rev. C 36 (1987) 1286.

[175] M. Erhard, A. R. Junghans, C. Nair, R. Schwengner, R. Beyer, J. Klug, K. Kosev,
A. Wagner, E. Grosse, Phys. Rev. C 81 (2010) 034319.

[176] Y. M. Gledenov, P. E. Koehler, J. Andrzejewski, K. H. Guber, T. Rauscher, Phys.
Rev. C 62 (2000) 042801(R).

[177] C. H. Johnson, A. Galonsky, J. P. Ulrich, Phys. Rev. 109 (1958) 1243.

[178] S. Harissopulos, S. Galanopoulos, P. Demetriou, A. Spyrou, G. Kriembardis,
M. Kokkoris, A. Karydas, C. Zarkadas, R. Kunz, M. Fey, J. Hammer, G. Gyürky,
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namentlich aufzuführen, würde den Rahmen dieser Danksagung überschreiten. Daher
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