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Abstract

In this work, the production of neutron-rich isotopes via neutron capture cascades in a single-
component target irradiated by pulsed laser-driven neutron sources is theoretically investi-
gated. Two sets of nuclides are considered as the seed nuclei, the first set consisting of 75

33As,
126
51 Sb, 176

71 Lu, 187
75 Re, 192

76 Os, 226
88 Ra, 233

91 Pa, and 244
95 Am, and the second set comprising 171

69 Tm,
193
77 Ir, 19779 Au, 22789 Ac, and 255

99 Es. The laser-driven neutron sources used in our calculations are
modeled after those proposed for Petawatt-class laser facilities and currently running inertial
confinement fusion facilities. By investigating the enrichment of target nuclei with these two
neutron sources in one and multiple pulses, we study the effects different numbers of neutrons
per pulse and different repetition frequencies have on the resulting populations of neutron-
rich isotopes. We also study the maximal abundances that can be produced with such neutron
sources by investigating different saturation conditions. The calculations are performed using
cross section data from the ENDF/B-VIII.0 and the TENDL-2019 library, and the precision of
our results, as well as the influence of different cross section data taken fromNON-SMOKER on
our results is studied too. Our results show that successive neutron capture of up to 4 neutrons
are possible. This promises new experimental possibilities to produce neutron-rich isotopes
and simulate neutron capture nucleosynthesis in the laboratory.

In dieser Arbeit wird die Produktion von neutronenreichen Isotopen über
Neutroneneinfangskaskaden in einem Target, das aus Atomen eines einzelnen Isotops besteht
und das mit Neutronenpulsen aus lasergetriebenen Neutronenquellen bestrahlt wird, theo-
retisch untersucht. Als Ausgangskerne werden zwei Sätze von Nukliden betrachtet: Der erste
Satz besteht aus 75

33As, 12651 Sb, 17671 Lu, 18775 Re, 19276 Os, 22688 Ra, 23391 Pa und 244
95 Am und der zweite aus

171
69 Tm, 19377 Ir, 19779 Au, 22789 Ac und 255

99 Es. Die laserbetriebenen Neutronenquellen, die in unseren
Berechnungen verwendet werden, sind denen nachempfunden, die entweder für Petawatt
Lasereinrichtungen geplant sind oder diemomentan in Trägheitsfusionseinrichtungen betrieben
werden. Indem wir die Anreicherung von Targetkernen in einem und mehreren Pulsen dieser
beidenQuellen untersuchen, erforschenwir die Effekte, die unterschiedliche Anzahlen an Neu-
tronen pro Puls und verschiedene Pulsfrequenzen auf die Populationen an neutronenreichen
Isotopen haben. Weiterhin untersuchen wir die maximal möglichen Populationen von mit
Neutronen angereicherten Isotopen, die mit solchen Neutronenquellen produziert werden kön-
nen, indem wir zwei verschiedene Sättigungsbedingungen betrachten. Für unsere Berechnun-
gen verwenden wir Wirkungsquerschnitte aus den Bibliotheken ENDF/B-VIII.0 und TENDL-
2019, und wir untersuchen auch die Präzision unserer Resultate und den Einfluss, den die Ver-
wendung von anderen Wirkungsquerschnitten aus den NON-SMOKER Datensätzen auf die
Ergebnisse hat. Unsere Resultate zeigen, dass sukzessive Neutroneneinfangsreaktionen von
bis zu vier Neutronen möglich sind. Damit offenbaren unsere Ergebnisse neue experimentelle
Möglichkeiten, um neutronenreiche Isotope zu produzieren und die Nukleosynthese von schw-
eren Elementen über Neutroneneinfangsreaktionen im Labor zu simulieren.
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1 Introduction

The production of heavy elements in the laboratory has always been a goal of humankind.
While in the mid-ages, alchemists were aiming to produce gold in, admittedly, unscientific
ways, modern scientists have developed countless methods [1] of producing heavy isotopes
that have either never been produced before in the laboratory to study their nuclear quanti-
ties, or that have applications in medicine or industry. Still, about half of all predicted isotopes
are currently not experimentally accessible [1–3]. While most proton-rich nuclides up to the
proton drip line have been produced, neutron-rich isotopes are not as easily created in the lab-
oratory [1–4], and the neutron drip line has only been investigated until Neon [4].

Therefore, the experimental production of neutron-rich isotopes is subject to extensive re-
search [3], as they are scientifically relevant in many different ways. Firstly, the access to very
neutron-rich nuclides in the laboratory could make it possible to improve our understanding
of the nuclear structure and strong interaction, as well as to test and improve nuclear mod-
els [2, 5–8], by measuring quantities like the nuclear mass or investigating low-lying nuclear
states spectroscopically. Furthermore, neutron-rich isotopes are important for applications in
nuclear medicine and cancer therapy [9–12], as well as in the industry [13, 14].

Moreover, producing neutron-rich isotopes in the laboratory and investigating their mass, β-
decay rates, and cross sections is crucial for a better understanding of the astrophysical slow
and rapid neutron capture processes of nucleosynthesis [15, 16], which are each responsible
for the production of about 50% of all heavy elements found in the universe. Despite the fact
that these processes have been studied extensively since the 1950s [17], there are still numer-
ous open questions. In fact, the origin of heavy elements in the cosmos was on the list of the
”Eleven GreatQuestions for the 21st Century” that the US National Research Council published
in 2003 [18]. Among the greatest uncertainties is the the astrophysical site of the r-process [16,
19–22]. However, also the stellar models for the s-process are under investigation, for which
research is carried out especially on the s-process branching point nuclides [15, 23, 24]. Fur-
thermore, because the current models for the nucleosynthesis of heavy elements do not yet
reproduce the abundances of heavy nuclides everywhere in the universe perfectly, there have
been several new processes proposed [15, 25–29] to account for differences, which could also
be tested better if data was available for more neutron-rich nuclides relevant to these processes.
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1 Introduction

Currently, most neutron-rich nuclides are produced in reactors or accelerator-based facilities,
with the most important production processes being neutron capture, fusion, spallation, frag-
mentation, and fission. Projectile fragmentation and fission, as carried out at the leading facil-
ities like the Rare Ion Beam Facility at RIKEN in Japan [30, 31], are currently the most promis-
ing way of producing extremely neutron-rich nuclides [2–4]. Such facilities, however, are very
expensive and space-consuming [32–34]. As in the last decades, there have been many ad-
vancements in laser technology, high-power lasers are now able to generate highly intense
neutron beams, offering the opportunity to produce neutron-rich isotopes via neutron capture
[35–46]. The neutron production mechanisms in such facilities vary from interactions of laser-
accelerated light ions [35–37, 46] or electrons [38] with a secondary target (beam-target inter-
action) to neutron production via thermonuclear reactions [40–45]. At the National Ignition
Facility (NIF) at Lawrence Livermore National Laboratory (LLNL) in the USA, it is currently
possible to produce neutron pulses with over 1016 neutrons per pulse by inertial confinement
fusion [41], and studies for neutron beams produced in beam-target interactions [35, 38] sug-
gest that with Petawatt-class lasers at future facilities such as ELI-NP [47], neutron beams with
up to 1012 neutrons per pulse will soon be possible. Though these pulse numbers are lower than
for accelerator-based spallation sources [32], for instance, the sub-nanosecond durations of the
neutron pulses generated with the considered neutron sources lead to peak neutron fluxes of
up to 1026 cm−2s−1 [41] at the NIF, and at ELI-NP, fluxes up to over 1020 cm−2s−1 [38, 47]
are proposed. Therefore, laser-driven sources promise the production of neutron fluxes higher
than accessible for any conventional neutron sources [32] at comparably small facilities, which,
hence, make the production of neutron-rich nuclides accessible also at hospitals or universities.
Furthermore, because of the high neutron fluxes, it is possible to study neutron capture cas-
cades similar to those in nucleosynthesis. Therefore, experiments with such neutron sources
would allow for the first time to study nucleosynthesis processes in the laboratory, giving us
the chance to understand the r- and s-process of nucleosynthesis better [38, 45, 48].

In this thesis, starting from the work of Hill andWu in Ref. [49], we investigate the production
of neutron-rich nuclei via successive neutron capture reactions for pulsed laser-driven neutron
sources irradiating a solid-state target made out of nuclei of a single seed nuclide. In Ref. [49],
Hill andWu have studied the production of neutron-rich isotopes of 95 of the heaviest nuclides
available in the ENDF/B-VIII.0 library [50] from Z = 3 to Z = 100. A laser-driven neutron
source with 1012 neutrons per pulse and a repetition rate of 1Hz for 1 pulse and for 104 pulses
has been considered. Especially good performances in these calculations have been found for
two sets of seed nuclides, with the first set consisting of 7533As, 12651 Sb, 17671 Lu, 18775 Re, 19276 Os, 22688 Ra,
233
91 Pa, and 244

95 Am, and the second set comprising 171
69 Tm, 19377 Ir, 19779 Au, 22789 Ac and 255

99 Es. The
results in Ref. [49] show that for the chosen parameters, the production of isotopes enriched

10



with up to 2 neutrons is possible already for one pulse, and in 104 pulses, neutron capture
cascades with up to 4 neutrons can be observed. Furthermore, their results show that the total
number of nuclei with i more neutrons N tot

i than the seed nuclide scales approximately with
the number of pulses applied to the power of i as long as saturation does not occur due to
competition amoung neutron capture, radioactive decay, and loss of neutron-rich nuclides due
to nuclear transmutations. Moreover, studies with different numbers of neutrons per pulseNp

have shown that the abundances Ni left after a specific number of pulses scale with N i
p/A

i−1,
where A is the target area, before saturation occurs.

In the present work, we implement the TENDL-2019 [51] cross section data for the neutron-rich
isotopes to the calculation, as in TENDL-2019 more reaction channels, models and experimen-
tal data are included in this library than in the NON-SMOKER data [52, 53] used in Ref. [49].
In Ref. [49], a target area of only A = 25 µm2 has been assumed. In a realistic laser facility,
however, only a significant fraction of the emitted neutrons could hit such a small target if it
were placed directly at the neutron source, which, in reality, is not the case. Therefore, in this
work, we study the irradiation of a larger, more realistic target of seed nuclides (A = 104 µm2)
with laser-driven neutron sources. As target materials, we use the two sets of seed nuclides
that have been found to perform well in Ref. [49]. Furthermore, we do not only investigate
a neutron source delivering 1012 neutrons per pulse at a repetition rate of 1Hz, but we also
study the same neutron source operating at repetition rates of 10Hz, and one pulse per minute.
Therefore, all repetition rates proposed for the laser-driven neutron source at Petawatt-class
laser facilities such as ELI-NP in Romania, after which the neutron yield of 1012 neutrons per
pulse is modeled, are investigated. Moreover, we study another neutron source generating
pulses of 1016 neutrons three times per day, which is based on the inertial confinement fu-
sion source at the NIF. For these two neutron sources and the 13 seed nuclides, we study the
neutron-enrichment of the target after 1 and multiple pulses of neutrons, as in Ref. [49]. How-
ever, our larger target allows us to make more accurate estimations of the possibilities in the
current and planned laser sources under investigation, and for multiple pulses, the influence
of different repetition rates and, therefore, the effect radioactive decay in between pulses has
on the results can be investigated systematically. Moreover, the saturation due to competition
between the gain of nuclei of a specific isotope with the loss of such nuclei due to radioactive
decay and nuclear transmutation is thoroughly investigated in the present work by studying
two saturation conditions, i.e. when the maximal populations of each isotope are reached, and
when the differences between the populations after s and s− 1 pulses is smaller than the pop-
ulation after 1 pulse. Even though the yields of neutron-enriched nuclei for the first neutron
source considered that are calculated in this work are smaller than those in Ref. [49], as we are
using more realistic target dimensions, our calculations show that the observation of neutron
capture cascades with up to 4 neutrons are still possible. In fact, the analysis of the maximal
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1 Introduction

abundances shows that for the first neutron source considered and a repetition rate of 10Hz,
such cascades can be observed for all of the considered seed nuclides, and that nuclei enriched
by 4 neutrons can be produced in quite high abundances for some seeds.

The thesis is structured as follows. In chapter 2, the basic quantities and reaction processes
involved in the calculations are explained. An overview about the three nuclear data libraries
ENDF/B-VIII.0, TENDL-2019, and NON-SMOKER that we use the cross section data of for our
calculations is also given. In Chapter 3, the astrophysical processes involved in neutron-capture
nucleosynthesis in the s- and r-process are addressed. The main purpose of this chapter is to
show the astrophysical conditions under which these processes occur and illustrate the issues
of current research on neutron-capture nucleosynthesis, for the motivation in astrophysics
of the present study. Chapter 4 presents an overview on the laser-driven neutron sources,
including neutron production mechanisms in the laser-driven neutron sources, comparisons
with reactor- and accelerator-based neutron sources, and comparisons with the neutron fluxes
during the r- and s-process. In chapter 5, the theoretical approach employed in the present
work, which is taken from Ref. [49], and the approximations made in the calculations are
explained and discussed. Chapter 6 focusses on the discussion of the numerical results for the
two neutron sources. Results after one pulse, as well as multiple pulses are presented, and the
saturation of neutron-enrichment is investigated on the basis of two saturation conditions. In
chapter 7, we make comparisons of the results we achieve with our calculations when using
cross section data from different nuclear data libraries, including ENDF/B-VIII.0, TENDL-2019
and the NON-SMOKER data to check the precision of our results. Finally, the present work
concludes in chapter 8 with a summary of the most important results and an outlook.
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2 Nuclear Reactions and Cross Sections

Generally, nuclear reactions can be described as a process in which a projectile a reacts with
a target nucleus A to the (possibly changed) nucleus B and one or several particles bi. Such a
reaction will in the following be written as

A+ a → B + b ≡ A(a, b)B. (2.1)

If for a certain reaction all quantum numbers are defined (e.g. types of the particles, relative
wave vector, energy for the relative movement of the particle and the nucleus, angular mo-
menta of the particle, the nucleus and their coupling…), it is common to speak of a ”channel”
over which the reaction occurs [54]. In the same way, the entrance channel and exit channel of
a nuclear reaction are defined. For these channels, it is important that some nuclear quantities
are conserved during the reaction, i.e. the total electric charge, the total energy of the system,
if it is isolated, the total angular momentum and its projections on the z-axis, and, lastly, the
isospin for strong interaction.

The incoming particle a can generally be any kind of charged particle, nucleus, nucleon or pho-
ton, but as we will be focusing on processes induced by a laser-driven neutron source hitting
a target of seed nuclides, the focus in the following will lie on neutron-nucleus reactions that
will be further addressed in this chapter.

It has been proven that for incoming neutron energies greater than 1eV, the atoms in a target
do not affect each other in neutron-nucleus interactions, so that even though only one target
nuclide will be assumed in the following considerations, they can be transferred to the situa-
tion of a neutron beam bombarding a target made out of many nuclides [55]. Also, for such
energies, the cross section is dominated by the interaction of the neutron with the nucleus and
not the atom as a whole.

To classify the probability of a nuclear reaction, nuclear cross sections σ are used. A cross
section of a nuclear reaction is given in units of area, more specifically in barns with 1b =

10−24 cm2. Therefore, the so-called total cross section σtot indicating the probability for any
reaction to occur can intuitively be regarded as the area that the neutron ”sees” when being shot
at a specific nuclide [55], even though this picture is not physically correct. However, the total
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2 Nuclear Reactions and Cross Sections

cross section σtot is not the only one that is interesting to us. Because neutrons are uncharged
particles, they do not face a Coulomb barrier upon interacting with the nucleus of an atom,
so that neutron-nucleus reactions can occur at virtually any energy from thermal energies to
a few hundred MeV [55], [54]. Therefore, abundant reaction mechanisms are possible, which
are represented with so-called partial cross secions σp that make up the total cross section at a
given energy [55] and that dominate at different energy ranges.

σtot =
∑

σp (2.2)

The most important of these will be addressed in the following, with a focus on reactions that
can occur in the energy range regarded in the calculations carried out in the present work, i.e.
50 keV - 10MeV.

2.1 Types of Neutron Reactions and Cross Sections

2.1.1 Scattering Reactions

The first class of possible neutron-nucleus reactions are scattering reactions. These reactions
include all reactions in which the only particle b emitted from the nucleus during the reaction
is a neutron [55]. Scattering processes can, again, be divided into elastic and inelastic scatter-
ing. The former is characterized by the fact that during an elastic process (which defines the
elastic cross section σel), the sum of the kinetic energies of target and projectile remains con-
stant, as does the outer and inner configuration of the particles. It can therefore be described
as a A(n, n)A reaction, and will be referred to as (n, n) in the following. Elastic Scattering
processes usually dominate at energies lower than 200 keV [56].

A cross section commonly used in describing nuclear processes is the so-called non-elastic cross
section, describing all processes inwhich the energies and inner structure of the particles before
and after the reaction is changed in some way. This cross section can, therefore, be calculated
via

σnon−el = σtot − σel. (2.3)

This cross section therefore also includes inelastic scattering processes with the inelastic cross
section σinel, for which the sum of the kinetic energies of the nuclides in the entrance and exit
channel is not the same andwhich occur dominantly in an energy range between 0.2 and 4MeV
[56]. In this kind of process, the incoming neutron enters the nucleus and transfers part of its
energy either to a single nucleon inside the target nucleus or to the whole nucleus, exciting a
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2.1 Types of Neutron Reactions and Cross Sections

collective movement (e.g. vibration or rotation) and therafter leaves the nucleus with changed
energy [54]. Therefore, inelastic scattering can be described as A(n, n′)A∗ or, in short, (n, n′).

2.1.2 Nuclear Transmutation

In contrast to the scattering reactions, all other reactions of neutrons with nuclei do not pre-
serve the initial nuclide, but it is changed during the process - nuclear transmutation occurs.
The cross section for these will, therefore, be referred to as the transmutation or species-loss
cross section σtr in the following.

σtr = σtot − σel − σinel (2.4)

= σnon−el − σinel (2.5)

2.1.3 Nuclear Reaction Mechanisms

Before going into detail on the types of nuclear transmutation reactions that exist, the differ-
ent nuclear reaction mechanisms shall be addressed that each contribute to all processes but
dominate at different energy ranges. Generally, it would be best to describe every nuclear reac-
tion in ab-initio calculations. However, such calculations accounting for the strong interaction
between the incoming neutron and all nucleons have only been achieved for very simple re-
actions and target nuclei (see, for example, Refs. [57, 58]). Therefore, models describing the
reaction dynamics in a more simple way had to be developed based on the observations of
the cross section values. Historically, reactions were first differentiated by the typical reaction
time, and a classification in direct and compound nuclear statistical reactions was made [59].

For direct reactions, the interaction time is on the order of the time of transit of the incident
particle, in our case a neutron, across the nucleus, which amounts to about 10−23 − 10−22 s
[54]. With that short reaction time also comes a weak dependence of direct cross sections on
energy [59]. Such direct reactions can be described to occur in only a few steps in which the
nucleus transfers part of its energy to the nucleus, either to collectively excite all nucleons in
the nucleus like in a giant resonance or to tranfer its energy to a specific nucleon or particle in
the nucleus. Therefore, for only a few steps to suffice for reactions to occur, direct processes
dominate for relatively large incoming neutron energies.

In contrast to the direct processes, the reaction time for so-called compound nucleus reactions
is several orders of magnitude higher as it totals 10−19−10−15 s [60]. Therefore, the compound
nucleus cross section also heavily depends on the energy of the incoming particle. In fact, the
cross sections for neutron-nucleus interactions exhibit considerable resonance structures for
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2 Nuclear Reactions and Cross Sections

energies between 1 eV and 1 keV. These resonances also indicate that for compound nuclear
reactions, nearly bound states of the nucleus consisting of the incoming particle and the target
nucleus with well-defined quantum numbers must exist. Therefore, unlike the direct reactions,
compound reactions cannot be described as occuring in only a few steps. Instead, numerous
internuclear interactions take place and in complicated process, the energy is distributed be-
tween the nucleons in the nucleus, resulting in thermal equilibrium of the neutron and the
nucleons of the target nucleus that by that time are assumed to have become indistinguishable.
The neutron and the nucleus then form a highly excited so-called compound nucleus. This
concept was first introduced by Bohr in 1936 in Ref. [61], who also formulated the hypothesis
that for a reaction in which such a compound nucleus is created, the process leading to the
forming of the compound nucleus and the process of its decay can be assumed as independent
(apart from the one condition that conservation laws have to apply). Usually, the lifetime of
such a compound nucleus state is finite and after its formation, it can either undergo a γ-decay
to a lower-energy state, split in two smaller nuclei (nuclear fission) or, if by chance enough
energy is transferred to one or several nucleons or other kinds of nuclear fragements, emit one
or several particles. The emitted particle can, of course, be a neutron again, so that elastic or
inelastic scattering can occur via compound nucleus reactions [62] as well as direct processes.
Else, nuclear transmutation occurs. Generally, compound nuclear reactions dominate for rel-
atively low energies of up to 20MeV. It is also only for a small energy window that single
resonances of the compound nucleus can be found in the nuclear cross section, which is due
to the fact that with increasing energy, the spacing between the nuclear levels gets tighter and
exit channels become available, so that an isolated resonance being present becomes unlikely
and instead, averages over the fluctuations must be taken in the statistical theory of compound
reactions [59].

In between the direct and the compound nucleus reactions, there is another reaction mecha-
nism, in which the reaction occurs neither after only a few interactions of the neutron with the
nucleus nor after the statistical equilibrium is fully developed and, therefore, the compound
nucleus is fully formed, but during the process of establishing said equilibrium [54]. This type
of reaction is, hence, called a pre-equilibrium reaction. Such reactions significantly contribute
to nuclear cross sections for energies above 4MeV, and at energies above 10MeV already a
significant part of reactions take part in pre-equilibrium processes [56].

2.1.4 Types of Nuclear Transmutation Reactions

Finally, types of nuclear transmutation reactions that are of importance to the present work
shall be addressed. The transmutation process that is most important for our calculations is the
neutron capture reaction (n, γ), in which a neutron is captured by the nucleus, which there-
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2.1 Types of Neutron Reactions and Cross Sections

after undergoes a γ-decay. After such a reaction, the target nucleus is, hence, enriched with
one neutron, so that this nuclear interaction is the foundation of the formation of heavy and/or
neutron-rich isotopes during stellar nucleosynthesis and in the experiments with laser-driven
neutron sources that are simulated in this work. Therefore, it makes sense to attribute a specific
neutron capture cross section σn−cap to those reactions. Neutron capture can occur at very low
energies because the energy does not have to suffice for the ejection of any nucleon and, as
already explained, neutrons do not have to overcome the Coulomb barrier of the nucleus as
they carry no charge. In fact, neutron capture dominates especially for low energies and, to-
gether with elastic scattering, is the preeminent reaction for energies lower than 200 keV, while
for increasing energy, the neutron capture cross section generally decreases as other reaction
channels become available [56]. At these low energies, neutron capture for medium to heavy
nuclei near the valley of nuclear stability is dominated by compound nuclear neutron capture
in which a compound nucleus is formed first of the neutron and the target that then under-
goes a subsequent γ-decay [63]. However, especially for nuclides with a very limited number
of compound nucleus states, direct capture also plays a dominant role in which a direct elec-
tromagnetic transition to a bound final state occurs instead of the formation of a compound
nucleus. For higher incident energies of around 4MeV, neutron capture can also happen via
pre-equilibrium processes.

If the energy transferred from the incident neutron to another particle in the nucleus, like a
nucleon or an α-particle, either directly or via the statistical equilibrium of a compound nu-
cleus, is large enough, it can be ejected [54]. Generally, reactions in which a particle is emitted,
though they can happen at lower energies, are generally suppressed at energies below a few
MeV and they only begin to dominate above approximately the separation energy of this parti-
cle. For direct particle emission reactions, it makes sense to classify so-called pick-up reactions,
in which the incident neutron ”picks up” another nucleon or particle from the nucleus to form
the ejectile because the projectile does not lose its identity as it is the case for compound nuclear
reactions [60]. If the projectile consisted of several particles, also so-called stripping reactions
could occur, in which the projectile transfers one or more nucleons to the target. Further-
more, knock-out reactions can occur as direct reactions, in which the projectile knocks out an
additional particle from the target nucleus. Such reactions, in which three or more nucleons
or nuclei are present after the collision, can also occur via compound or pre-equilibrium re-
actions. After a binary particle emission, either in pre-equilibrium or after the formation of
the compound nucleus, the residual nucleus could contain enough excitation energy to emit a
second particle in a so-called multiple emission [51]. This is only possible for incident energies
above the neutron separation energy, i.e. 7-10MeV for nuclides near the valley of stability.
For energies lower than 40MeV, this secondary emission only happens after a statistical equi-
librium of the nucleons is established in the residual nucleus, but for higher energies, such a
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secondary emission could even occur in a pre-equilibrium process if the residual nucleus’ exci-
tation energy is so high that further fast particles inside this nucleus, which can be imagined as
strongly excited particle hole-pairs that result from the primary emission, become possible [56].

Finally, nuclear fission could occur when a heavy nucleus is bombarded with a neutron. This
process occurs via the formation of a compound nucleus, which splits into two lighter nu-
clei [62]. For fissile nuclides, for which the change in binding energy due to the addition of
a neutron alone is sufficient for the nucleus to overcome the energy barrier for fission, this
is possible even with thermal neutrons. Fissionable nuclides, on the other hand, also include
those for which generally higher energy neutrons are required as the binding energy of the
neutron is lower than the critical energy needed for fission, so that extra kinetic energy of the
neutron is needed to overcome the barrier.

2.2 Experimental Data and Codes Used in this Work

For the calculations of neutron-capture processes with laser-driven neutron sources, three dif-
ferent sets of cross sections are used and compared. Those are the ENDF/B-VIII.0 library[50],
the TALYS-based TENDL-2019 library[51, 56, 64, 65] and the cross section library based on the
NON-SMOKER code[52, 53, 66]. Those libraries, as well as the way the cross sections in each
are obtained will be discussed in the following.

2.2.1 The ENDF/B-VIII.0 Library

The ENDF/B-VIII.0 library is the latest release of the US-American ENDF (Evaluated Nuclear
Data File) library project and has been published in 2017 [50]. It consists of experimental nu-
clear data that has undergone an evaluation, in which the measured data (for instance nuclear
cross sections) are combined with the forecasts of nuclear model calculations to ultimately
try to find the ”true” values [67], which then are parametrized, reduced to tabular form and
saved in the evaluated nuclear data files. The ENDF library project, which started in 1968, is
coordinated by the Cross Section Evaluation Working Group (CSEWG) and includes experi-
mental nuclear data from the US and from all over the world, with notable contributions from
libraries like the European JEFF (Joint Evaluated Fission and Fusion) file, the Japanese JENDL
(Japanese Evaluated Nuclear Data Library), and from South Korea [50]. Since the release of
the first ENDF/B-I file in 1968, the library has been improved frequently with data that has
become newly available as well as newer nuclear models, but only after rigorous extensive
testing of the new data [67], so that today, it is often used as a standard reference library of
nuclear data. The ENDF/B-VIII.0 library itself is structured in different sublibraries for various
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projectiles¹ as well as special libraries for e.g. radioactive decay data. These sub-libraries each
contain separate evaluated nuclear data files for different target nuclides. The single incoming
particle - target nuclide files in the ENDF/B-VIII.0 library are provided in the standard ENDF-6
format for nuclear data, which is one data file separated in different sub-files, with e.g. the
MF1 subfile giving general information, MF2 containing resonance parameters and MF3 listing
the tabulated cross sections in a minimal energy range of 10−5 eV to 20MeV for the available
reaction branches [67]. These three first files are also the most important for the data needed
in this work.

Especially for low energies and incident neutrons, resonances have a high impact on nuclear
cross sections. Therefore, the resonance contributions to the cross sections for both the re-
solved and the unresolved energy range are stored in MF2 [67]. These contributions, how-
ever, are not stored as pointwise cross sections, but as parameters of different models and
self-shielding factors, with which the resonance contributions to the cross sections can then
be calculated. For the resolved energy range, in which the level density is not high enough
for the resonances to overlap and the individual resonances can also be resolved in experi-
ments, the parameters for individual resonances are preferred to be stored for a single-level
or multilevel Breit-Wigner representation, but if the agreement with the experimental data is
significantly better, the Adler-Adler or Reich-Moore model or an R-Matrix representation in
limited format is used [67]. For the unresolved energy range, in which the resonances still
do not overlap but the resonances cannot be resolved due to experimental constraints, only
the single-level Breit-Wigner representation is used and the resonance self-shielding has to be
treated statistically. For details on these models, regard Ref. [67].

However, not even in the resonance ranges are the cross sections calculated from the param-
eters stored in MF2 the only contributions to the cross sections values, which is mostly due
to resonances outside the range, inadequacies of the representation or competing cross sec-
tions. Therefore, the experimental values of the cross sections without the explicit resonance
contributions and self-shielding factors are stored in MF3. Because it is usually not possi-
ble to experimentally determine absolute cross section values, they are measured relative to
cross section standards, of which the IAEA has published new ones in 2017 [68] and which
are mostly incorporated in ENDFB-VIII.0 as well [50]. The measured cross sections are then
saved as a function of energy at only so many energy points in an energy range of at least
10−5 eV until 20MeV as needed to represent the cross section accurately [50]. For interme-
diate energy points, an interpolation scheme is specified in the data file. The experimentally
most well-known cross section is the total cross section [67]. However, next to the total cross
section, the partial cross sections of most important reactions and sums of reactions are stored

¹i.e. photons, neutrons, protons, deuterons, tritons, 3He, α-particles and electrons

19



2 Nuclear Reactions and Cross Sections

in the ENDF/B-VIII.0 library as well. For these, it is made sure that the elastic and non-elastic
type cross sections from MF3 add up to the total one. However, the partial cross sections have
higher inaccuracies than the total one [67].

In the current library ENDF/B-VIII.0, which, according to the paper published with the release
”represents the biggest change to the ENDF library in years”[50], the neutron sub-library that
we work with in our calculations contains data for as much as 557 isotopes as target nuclei,
which is an improvement of 32% compared to the former release ENDF/B-VII.1. This major
growth is, however, not only due to the availability of new experimental data, but in the cur-
rent version of the library, there are also nuclides for which data has been obtained from the
TENDL-2015 [69] library in combination with the EMPIRE code, which both use theoretical
models for the calculation of nuclear cross sections. This is the case for all unstable nuclides
with T1/2 > 1 h that have no experimental data available, but also some data for As, Au and Pt
was adapted from TENDL-2015. For a detailed description and analysis of the origin of the data
for each target nuclide, please refer to the release note Ref. [50] of the ENDF/B-VIII.0 library.

To be able to use data in an ENDF format for evaluation, the files have to be preprocessed
first. In our case, we are using the PREPRO 2018 codes[70] for this task. These codes consist
of 18 codes dedicated to preprocessing ENDF format data files and make the data evailable for
evaluation in all kinds of programming languages [71]. For this, the data is first converted
to C, C++ and FORTRAN readable form with the ENDF2C code. Subsequently, the PREPRO
codes are used to interpolate between the energies at which the cross sections are defined in the
ENDF-6 file. Another important code is RECENT, which reconstructs the true cross sections by
adding the MF3 cross section values to the resonance contributions from MF2. If only a self-
shielding factor was stored in MF2 for a specific energy range, the cross sections from MF3
are simply multiplied with it [67]. Furthermore, the cross sections are doppler-broadened,
the activation cross sections are calculated and the angular distributions of the cross sections
are calculated or corrected [71]. Finally, it is made sure that the cross sections consisting of
different contributions are exactly the sum of all subchannel cross sections and the general
information is updated.

2.2.2 The NON-SMOKER Code

The second set of nuclear cross sections that are used in this work are those calculated with the
NON-SMOKER code [52, 53, 66] and stored in the NON-SMOKER database. Contrary to the
ENDF/B-VIII.0 library, which consists mainly of experimentally determined nuclear data, the
cross sections and reaction rates of this dataset are of purely theoretical nature, with the only
experimental data going into the calculations being nuclear masses and information about the
ground and excited state levels, where they are available. That only little experimental data is
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used is due to the goal of the NON-SMOKER code to provide consistent cross section data for
all nuclides from the valley of stability to the neutron and proton drip lines. To achieve this
global description, locally larger deviations from experimental values are accepted than if all
possible experimental data was used. Furthermore, because many quantities like separation
energies or the Q-values of reactions depend on and are sensitive to mass values, which, for
heavy nuclides are mostly unknown, two different theoretical mass models were implemented
in the code, the Finite Range Droplet Model (FRDM) [72] and the extended Thomas-Fermi ap-
proach with Strutinski integral (ETFSI-Q) [73]. These mass values are used if no experimental
data is available, and the different models lead to two different sets of calculated cross sections.

The focus in the NON-SMOKER code lies on the theoretical calculations of nuclear quantities
relevant to the investigation of stellar nucleosynthesis and astrophysical energy generation
processes, as most of the relevant nuclides for these processes are not accessible in the labo-
ratory for experimental investigations. Therefore, it calculates nuclear reaction cross sections,
astrophysical reaction rates, maxwellian averaged cross sections and nuclear partition func-
tions for an astrophysical energy range[74] of thermal energies up to a few MeV. For the cross
sections specifically, all kinds of caption cross sections as well as cross sections for all processes
with Q > 0 involving neutrons, protons and α particles as pro- or ejectiles are calculated.

All calculations performed with the NON-SMOKER code base on the Hauser-Feshbach statis-
tical model [75] for compound nucleus reactions. Therefore, for the cross sections calculated
with this model to describe reality sufficiently, the compound framework has to be applicable,
i.e. the reaction has to occur via the formation of a compound nucleus that must reach the
equilibrium before breaking apart, and the level density of the target nucleus at the energy of
the incoming particle has to be high enough so that the resonances overlap completely. In this
case, instead of describing the single resonances, averaged transmission coefficients T can be
introduced to describe absorption via the imaginary part of optical nucleon-nucleus potential.

The Optical Model Potential

Measured neutron cross sections σ, especially for low energies, can fluctuate heavily with even
small changes in the energy because of resonances that occur due to complicated interactions
with the nucleons in the target nucleus [54]. However, when averaging over energy, the re-
actions and corresponding cross sections can be described as the interaction of the incoming
particle with a mean-field potential U in the so-called optical model, which introduces a po-
tential U = V + iW consisting of a real and an imaginary part with which the average cross
sections can be calculated. The imaginary part W is introduced to account for the ”absorp-
tion” of the incoming particle into the potential of the target nucleus and, therefore, all nuclear
reactions other than shape-elastic scattering [54], [76]. In the NON-SMOKER code, optical po-
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tentials are used to determine the average transmission coefficients for the compound nucleus
decay.

To achieve consistency for all nuclides, the optical potentials implemented in theNON-SMOKER
code are all global. For incoming (and exiting) neutrons and protons, the microscopic potential
developed in Ref. [77] is used with corrections to the imaginary part [53]. For α-particles, the
optical potential used is the one that was introduced in Ref. [78], even though this approach
introduces uncertainties, especially for heavier nuclei [53], because of its phenomenological
nature. Lastly, for deformed nuclei, an effective spherical potential of equal volume is used
that is based on averages of the deformed potential over the angles between the nucleus’ ori-
entation and the incoming particle.

The Hauser-Feshbach Statistical Model

The calculation of the cross sections in NON-SMOKER is carried out in the Hauser-Feshbach
formalism for compound nuclei [53]. In thismodel, the cross section for the reactionAµ
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Here, ECM is the center of mass energy, Etot is the total energy of the compound nucleus, k
the wave number for the relative motion of projectile and target nucleus, s is the spin of the
projectile, Iµ0 the spin of the target nucleus and Πµ

0 the parity of the excited target nucleus
state µ. For the exit channel, the quantities I, E and Π have a subscript f and a superscript ν
instead, indicating the remaining nucleusAf and its energy state ν. Etot, J andΠ are the total
energy, the total angular momentum and the parity of the compound nucleus state via which
the reaction occurs, and Etot is defined by Etot = Sprojectile + ECM + Eµ

0 with the separation
energy Sprojectile of the projectile in the compound nucleus [56]. The total transmission coef-
ficient is the sum of the transmission coefficients for all possible ejectiles and energies of the
residual nucleus T ′

tot =
∑

a′,ν T
ν
a′ .

In Eq. (2.7), the concept of compound nucleus reactions is illustrated quite well. The fact
that the transmission coefficients of the projectile entering the target nucleus and forming a
compound system, Tµ

a , and the transmission coefficient of the ejectile leaving the compound
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nucleus in the exit channel, T ν
a′ , are decoupled, is due to Bohr’s independence hypothesis of

the formation and the decay of the compound nucleus being independent. That conservation
laws apply despite this independece hypothesis is indirectly included in the formula via the
dependences of the transmission coefficients on the quantities Etot, J and Π which all have to
be conserved during the reactions.

Because in an experiment, usually the cross section with µ = 0 and every possible ν, σlab =∑
ν σ

0ν are measured, the laboratory cross sections in the NON-SMOKER data that we use in
our calculated are computed via Eq. 2.7 with the transmission coefficient T ν

a′ replaced by a
transmission coefficient Ta′ including all states ν of Af .
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Ta′(Etot, J,Π, Ef , Jf ,Πf )ρ(Ef , If ,Πf )dEf (2.8)

where Sf,a′ is the channel separation energy, E the excitation energy of the compound nu-
cleus and νf is the highest experimentally known state. In the NON-SMOKER code, up to 19
experimentally known levels are employed for each nuclide, using experimental data from Ref.
[79], before the sum turns into an integral over the coefficients multiplied with a continuous
level density.

The transmission coefficients Tµ
a are calculated by summing over all partial waves that are

quantum mechanically allowed, Tals, with the orbital angular momentum l and the channel
spin s [53]. In case a or a′ are particles, which for neutron-nucleus interactions is definitely
true for a, the transmission coefficients Tals (or Ta′l′s′ , respectively) are calculated by solving
the Schrödinger equation with the optical potentials introduced in a former paragraph of this
section. For radiative transmission coefficients, i.e. transmission coefficients if a or a′ are γ-
rays, only the dominant transitions of electric and magnetic dipole transitions (E1 and M1) are
taken into account when calculating the cross sections. For the M1 transition coefficients, the
simple single particle approach is used [53, 80]. For E1 transitions, the transmission coefficients
are calculated using the Lorentzian representation of a giant dipole resonance, which is caused
by the protons and neutrons in the compound nucleus oscillating against each other [53], with
the resonance parameters calculated by global models. In the models used, it is assumed that
the γ-ray transmission coefficients are independent of spin and parity, an approximation that
is valid as long as the wave functions of the highly excited states show a high degree of mixing
[81].
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The Hauser-Feshbach formula is based on the assumption that forming and decay of a com-
pound nucleus are independent processes. However, the decay is actually not fully statistical,
but there is some memory left in the compound system on the way it was formed. Especially
the elastic channel has to be enhanced compared to the formula (2.7) because the particle can
be immediately emitted before the equilibrium in the compound nucleus is formed [53]. This
enhancement of the elastic reaction channel is taken account of in the NON-SMOKER code
with width fluctuation corrections W (a, a′, J,Π) with which the elastic channel is multiplied
and to which the other transmission coefficients are renormalized [53].

The level densities used for the calculations in (2.8) in NON-SMOKER are calculated with the
phenomenological back-shifted Fermi-gas model combined with the constant temperature for-
mula [82] at very low excitation energies, as the back-shifted Fermi-gas model diverges at low
energy [83]. For the back-shifted Fermi-gas model, an energy-dependent level density param-
eter a as well as microscopic corrections from nuclear mass models are moreover applied [83].
The level densities present one of the biggest uncertainties in the calculation of cross sections in
the Hauser-Feshbach model with width fluctuation corrections [53], because extrapolating the
phenomenological models used in NON-SMOKER for nuclei far off stability is highly uncertain
[81] as well.

Corrections to the NON-SMOKER data

Due to deficiencies in the estimates of the nuclear structure in the global model parameters
employed for the Hauser-Feshbach models in the NON-SMOKER code, especially the micro-
scopic correction factor of the FRDMmodel in the level density calculations, the cross sections
exhibit a systematic deviation from experimental values depending on the neutron number,
with the greatest deviations for magic numbers [84]. Therefore, correction factors depending
on the neutron number have been derived in Ref. [84] for the nuclides for which experimental
values were available and that can also be applied for neutron far off stability for which no
experimental values are present.

Applicability of the NON-SMOKER Code

As described above, the NON-SMOKER code provides two different mass models, and, there-
fore, also two sets of cross sections. For the first dataset, the FRDM is used for the cross section
calculations for all nuclides with 9<Z<84, from the proton drip line to the neutron drip line.
For the second dataset, the ETFSI-Q model is used, and the range of atomic numbers of nu-
clides for which the calculations are performed is smaller with only 23<Z<84. Even though
the FRDM range is higher, this model suffers inconsistencies around shell closures, so that the
cross sections for isotopes in these areas suffer higher inaccuracy.
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For the calculations with the NON-SMOKER code, the Hauser-Feshbach statistical model for
nuclear reactions is used, as for most astrophysical reactions, this model is applicable. How-
ever, one has to preceed with caution when using the NON-SMOKER cross sections in simu-
lations of experiments because this model is only applicable if the level-density of the target
nucleus around the peak of the incoming particle’s energy is high enough to be treated statis-
tically [53] and the resonances are completely overlapping [52]. Futhermore, the compound
nucleus picture on which this model is based on only dominates for relatively low energies
smaller than 20MeV.

While the second condition is fulfilled for our calculations as we only consider an energy range
of 50 keV to 10MeV for the incident neutrons, the first condition causes problems for very light
nuclei, nuclei with many neutrons and, thus, low separation energies, and nuclei near shell clo-
sures, as the level densities of these nuclei are too low to be assumed as statistically distributed.
To describe the cross sections of these nuclei correctly, single resonances and direct capture
contributions would have to be considered.

However, even with those inaccuracies in the statistical assumption and the FRDM model, the
cross sections calculated with NON-SMOKER only deviate from experimental data by a factor
of up to 1.5-2 with an even lower average deviation or 1.3-1.4 on average for neutron capture
cross sections [52].

2.2.3 The TENDL-2019 Library and the TALYS Code

The last reaction data library used in the present work is the TENDL-2019 [65] (TALYS Eval-
uated Nuclear Data Library) library based on the TALYS code. Just like the ENDF/B-VIII.0
library, it is provided in the ENDF-6 format and, therefore, also has to be preprocessed with
the PREPRO 2018 [70] codes. In contrast to the ENDF/B-VIII.0 library and the NON-SMOKER
data, however, TENDL has the ambition to be a complete nuclear data library, as the philoso-
phy behind this collection of data is that ”every nuclear reaction process which is expected to
take place in reality should be present in a nuclear data library, measured or not measured”[64].
While the ENDF/B-VIII.0 library consists of incomplete experimental data from different eras
of nuclear data evaluation since the 1960s, therefore causing big quality differences even for
different reaction channels of the same isotopes, and the NON-SMOKER data only comprises
data important for astrophysical nuclear processes, the TENDL-2019 library is based on com-
plete theoretically calculated nuclear reaction data for neutrons, photons, protons, deuterons,
tritons, He-3 particles and α-particles as projectiles and all 2813 isotopes from Hydrogen to
Moscovium that are either stable or have a half-life longer than 1 second as target nuclides
[65]. With this complete basis of nuclear reaction data, the TENDL library is improved by the
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incorporation of experimental data, either by directly including the data from ENDF/B-VIII.0 as
it is the case for very light or very well-examined nuclides² or by adjusting the input parame-
ters of the TALYS code, which are by default taken from the Reference Input Parameter Library
RIPL [85], until the calculated cross sections agree with the experimental data [64]. The mass
values stored in this library are primarily the experimental values from the 2003 Audi Wasptra
table [86] and, therefore, a new version of the table used in NON-SMOKER. In case there are
no experimental values, however, the values come from Goriely’s mass table based on Skyrme-
Hartree-Fock-Bogoliubov calculations [87].

Figure 2.1: Theoretical models the TALYS code is based on [51].

The theoretical calculations for the TENDL library are mainly executed with the TALYS code.
However, TALYS does not provide resonance information, the average number of neutrons
from fission, prompt fission neutron spectra and complete covariance information. Therefore,
to generate data for these processes and quantities, the codes TARES, TAFIS, TANES and TAS-
MAN have to be used, respectively. Finally, the TEFAL code takes all of the information com-
puted by the other codes and converts it into the ENDF-6 format.

TALYS is a code for analyzing and predicting nuclear reactions with the projectiles n, γ, p, d, t,

²For the TENDL-2019 neutron sublibrary, this is the case for 1,2,3H, 3,4He, 6,7Li, 10,11B, 7,9Be, 12,13C, 14,15N,
16,17,18O, 19F, 232Th, 233,235,238U and 239Pu[65].
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3He and α for energies from 1 keV to 200MeV and target nuclides with A > 5, enabling the
calculation of nuclear reaction cross sections from the unresolved energy range up to interme-
diate energies and, thus, for the neutron energyies considered in this work [51]. The TALYS
code itself is based on various nuclear physics models illustrated in Fig. 2.1 the predictive abil-
ities of which the calculations heavily rely on. Because the Hauser-Feshbach statistical model
with width fluctuation corrections is used here as well for many calculations, the TALYS code -
just like the NON-SMOKER code - suffers from inaccuracies for lighter nuclides. However, for
those light nuclei, the TENDL-2019 library incorporates nuclear data directly from ENDF/B-
VIII.0, therefore making it sufficiently reliable also for lighter nuclides. Another difference to
theNON-SMOKER data is that for TENDL-2019, some direct capture processes, pre-equilibrium
processes, fission as well as single resonances are actually calculated or adapted from experi-
mental data [64] so that instead of just averaged cross sections with only the most important
effects in the astrophysical energy range, TALYS accounts for most physically possible pro-
cesses for the regarded projectiles and target nuclei. For neutron capture, for example, not
only calculations with the Hauser-Feshbach model are performed, but also pre-equilibrium
and direct capture is taken account of, and for low energies, single resonances are calculated
as well.

In the following, the nuclear models for calculating the nuclear data available in TENDL-2019
will be illustrated, with the focus lying on the calculation of processes that are actually relevant
to our work. Generally, more phenomenological models are used in the TALYS code than in
NON-SMOKER because there is more experience in fitting these parameters to experimental
data than for microscopical models. However, as explained for the NON-SMOKER level densi-
ties, such models are quite uncertain when extrapolating them to nuclei for which little to no
experimental data is available.

The Optical Model Potential

In TALYS, not only the particle transmission coefficients for the Hauser-Feshbach formula, but
also quantities like the total cross section, the reaction cross section and the shape elastic an-
gular distribution [64] are calculated with the optical model. Furthermore, the direct reaction
formalisms employed in TALYS also based on this model.

In contrast to NON-SMOKER, where a global, microscopical OMP is employed, the optical po-
tentials used in the TALYS code for the computation of the TENDL library are of phenomeno-
logical nature, meaning that instead of the potentials basing on microscopical calculations of
nucleon-nucleon interactions, a Wood-Saxon potential is adapted and fitted to experimental
data. Specifically, for non-actinide targets and nucleons as projectiles, the optical model po-
tential of Koning and Delaroche [88] is used, for which different potential terms representing

27



2 Nuclear Reactions and Cross Sections

the volume-central, the surface-central and the spin-orbit potential, as well as the Coulomb
term for charged projectiles are fitted to experimental data for each target nucleus individu-
ally, therefore constructing a so-called local OMP. If, however, not enough data is available, a
global parametrization developed in Ref. [88] is employed, calculations with which, however,
are subject to relatively high uncertainties since it is not possible to describe the differences in
the nuclear structure even between adjacent nuclei adequately in a smooth function of Z and
A [88].

For actinides, the global optical potential developed in Ref. [89] is used. Lastly, for deuterons,
tritons andHelium-3 particles as ejectiles or projectiles, a simplification of the folding approach
of Watanabe [90] is used on the Koning and Delaroche potential to determine the OMP, and
for α-particles, the optical potential is that of Avrigeanu et al. [91].

Direct Reaction Calculations with TALYS

In TALYS, direct reaction calculations are performed for each nuclide. For these calculations,
several different methods are implemented in TALYS: (1) the Distorted Wave Born Approxi-
mation (DWBA) for (almost) spherical nuclides [51, 92], (2) coupled-channels calculations [51,
93], (3) the weak-coupling model for nuclei with an odd mass number [51], and (4) a model to
include giant resonance contributions in the continuum [51]. For details on these models and
their implementation in TALYS, see Refs. [92], [93] and [51, 56]. Furthermore, while with the
other models prevailingly inelastic cross sections are calculated, it is also possible to estimate
the direct neutron capture contribution with TALYS, which is important for light nuclides, nu-
clides near shell closures, and heavy neutron-rich nuclides with no resonance states available
[94]. The used framework for this is the perturbative approach of the potential model, which
is further described in [95] and [63].

Level Densities used in TALYS

For most nuclides, the level density model used in calculations with TALYS is the back-shifted
Fermi-gas model that has already been introduced in the section about the NON-SMOKER code
[64]. However, there are some differences in the implementations of this model, as explained in
Ref. [51], i.e., slightly different Fermi gas spin distributions and different choices of parameters
as compared with the NON-SMOKER code. Moreover, instead of combining this model with
the constant temperature model as it is done in NON-SMOKER, the divergence of the density
at low energies is handled by introducing a density ρ0. For more details, see Ref. [96].

While for most nuclides, the back-shifted Fermi-model is used, the ordinary Fermi-gas model
is applied for some nuclei in combination with the constant-temperature model [51]. Further-
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more, for very low energies, the Generalized SuperfluidModel (GSM) is implemented. Formore
details on this, see Refs. [51, 96]. Moreover, for deformed nuclides, correction terms describing
collective effects of the level densities, for which the expressions can be found in Ref. [51], can
be applied as well. The parameters of all level density models have been adjusted to the discrete
level data in the RIPL database [85], as well as average neutron resonance spacings. With that,
the parameters are the same as in Ref. [96]. In addition to these phenomenological models,
microscopic models for level densities are also implemented in TALYS for some nuclides [51].

Gamma-Ray Transmission Coefficients

The γ-ray transmission coefficients for a Xl transition, which enter the Hauser-Feshbach as
well as the pre-equilibrium model for several l to calculate cross sections with γ-emission, are
calculated in TALYS according to

TXl(Eγ) = Gnorm2πfXl(Eγ)E
2l+1
γ (2.9)

for the photon energy Eγ and the so-called gamma-ray strength function fXl(Eγ). The factor
Gnorm is a normalization factor determined by the radiative capture width Γγ .

For the calculation of these γ-ray strength functions, two phenomenological models are used
for the computation of the TENDL library, which, as already mentioned for the NON-SMOKER
data, also assume the independence of the transmission coefficient of parity and spin. For most
El and Ml transitions, the underlying form of the function used in TALYS is the Brink-Axel
option with a standard Lorentzian describing the giant dipole resonance shape, which is also
used in the NON-SMOKER code for E1 transitions. Only for E1 giant resonances fXl(Eγ) is
assumed to have another shape, that of a generalized Lorentzian developed by Kopecky and
Uhl [97]. For E1, there are also experimental GDR parameters stored in the RIPL library, while
for the other transitions, global parameter formulas are used for the calculations [51]. Finally,
there are microscopic strength-functions for E1 transitions implemented in TALYS [51].

Fission

The last quantities left entering the TALYS compound nucleus reaction cross sections are the
transmission coefficients for nuclear fission. In TALYS, the calculation of those is based on
the transition state hypothesis formulated by Bohr and the Hill-Wheeler expression for the
the probability of tunneling through the fission barrier [51]. According to Bohr, when fission
occurs, the nucleus goes through a transition state which can be described by nuclear levels on
the fission potential barrier. Furthermore, it is assumed that at each point of the process, the
system equilibrates [98]. The Hill-Wheeler expression then gives the transmission coefficient
for tunneling through the fission barrier with heightBf and the width ℏωf via a transition state
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with energy εi above the barrier if the compound nucleus has an excitation energy E [51]:

Tf(E, εi) =
1

1 + exp
(
−2πE−Bf−εi

ℏωf

) . (2.10)

Even though experimental values for the fission barrier parameters are taken from the RIPL
database [85], the fission transmission coefficients are oftentimes further normalized to exper-
imental results from other nuclear data libraries [64]. This is due to the fact that fission channel
calculations are difficult so that the theoretical fission calculations are a weak point of TENDL.

Compound Nucleus Reactions

Now that the computation of all transmission coefficients entering the Hauser-Feshbach for-
mula for compound nucleus reactions - particle emission, γ-emission and fission - and all other
important quantities for the calculation of those cross sections like level densities and the opti-
cal model potentials have been explained, the TALYS calculations for binary compound nucleus
reaction cross sections will be addressed in the following. Besides the variations of the quanti-
ties entering Eq. (2.7), the compound nuclear cross section in the laboratory is calculated very
similarly in TALYS as in the NON-SMOKER code. However, because manymore transmutation
coefficients are calculated in TALYS than in NON-SMOKER, there are not only transmission
coefficients for particle emissions as well as M1 and E1 γ-emissions, but also for nuclear fission
and γ-ray transmission coefficients of higher polarity. Therefore, when calculating Ttot, more
processes have to be accounted for. In addition, the Moldauer model [99] is used in TALYS for
the width fluctuation corrections.

Furthermore, TALYS takes into account that the Hauser-Feshbach model is not fully applicable
when direct reactions and pre-equilibrium reactions are present [100] by multiplying the cross
sections for single reactions from a specific entrance channel to a specific exit challenge calcu-
lated with Eq. (2.7) with a so-called depletion factor Dcomp. Therefore, instead of integrating
over the transmission coefficients as in Eq. (2.8) to determine the laboratory cross sections,
the integral has to be carried out over the single cross sections for TALYS. The factor Dcomp

reduces the cross section for the formation of a compound nucleus by subtracting effects based
on direct and pre-equilibrium processes [51]:

Dcomp = (σreac − σdirect − σpre−eq)/σreac. (2.11)

The underlying assumption that direct, pre-equilibrium and compound cross sections can be
added incoherently is technically not quite correct [100], however, it reduces computational
effort.
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The Preequilibrium Model

Apart from cross section calculations for direct and compound nucleus processes, TALYS also
performs computations of cross sections for pre-equilibrium reactions, which are based on the
two-component exciton model. In this model, it is assumed that when the incident particle en-
ters the nucleus, it creates more and more complex states of excited particles and holes (divided
in proton and neutron particles and holes) in the system consisting of the incident particle and
the target nucleus step by step. Therefore, the memory of the incident particle’s initial energy
and direction is gradually lost [101]. Transitions between these exciton states are assumed
to occur due to intranuclear two-body interactions. Therefore, the cross sections mainly de-
pend on a general matrix element determining the damping of more and more complex exciton
states, as well as the particle-hole density of both neutrons and protons. This model is further
explained in Ref. [101]. Furthermore, nucleon transfer, break-up, and knock-out reactions are
considered separately based on phenomenological models by Kalbach [102], because reactions
in which the particle number of the projectile and ejectile differ are not included in the exciton
model.

Multiple Emissions

For incident energies above the neutron separation energy, a secondary particle can be emitted
by the residual nucleus remaining after a first binary reaction in a so-called multiple emission
[51]. For multiple Hauser-Feshbach decays, which are relevant in the energy range considered
in this work, the only differences between binary and multiple emissions are that width fluc-
tuations are not included in the latter and that the compound nucleus energy Etot is replaced
by the excitation energy bin E of the mother nucleus for multiple emissions.

Resonance Data for the Neutron Sublibrary

In TALYS, single resonances are not calculated as for most calculations, statistical and optical
models are used that, due to their averaging nature, are not suitable for calculating cross sec-
tions in the resolved energy range [56]. Still, resonance data for this range is included for all
nuclides in the neutron sub-library, which comes either from existing experimental libraries,
the Atlas of Neutron Resonances [103] or, if no experimental resonance parameters are given
there, calculations of the TARES code are performed using the so-called High Fidelity Reso-
nance approach, in which the optical model calculations performed with TALYS are extended
to virtually 0 eV to compute average parameters that are used to compute statistical resonances.
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Production of the TENDL library

The TENDL library is produced for all nuclides and formatted in ENDF-6 in one process by us-
ing the so-called T6 codes, amongwhich are TALYS and TARES, in a way that makes the library
reproducible and the data traceable [51]. For many nuclides, the TALYS input parameters are
adjusted to fit the experimental data, for very important or very light nuclides, experimental
data is directly included in the library, and for nuclides with hardly any available data, the de-
fault TALYS calculations based on global models and parameters are executed. To estimate the
uncertainties of the calculated values that don’t come with an experimental covariance matrix,
the input parameters are varied to generate statistical covariance matrices in this way.

The considerations about the two libraries of nuclear data, the NON-SMOKER data and the
TENDL-2019 library, show how many models and approximations are necessary to calculate
nuclear cross sections, and they illustrate how a plethora of (slightly) differing models for the
same quantities exist, even though both codes only use well-established ones that show good
agreement with experimental data. However, such experimental data is not available for many
neutron-rich isotopes, so that for such nuclides, especially current phenomenological models
are highly uncertain. New and better models for quantities crucial to nuclear reaction calcu-
lations are still subject of intensive research. This further emphasizes the necessity of cross
section measurements for neutron-rich nuclides and, therefore, for experiments as proposed
in this work. In chapter 7, comparisons of TENDL-2019 and NON-SMOKER data to ENDF/B-
VIII.0 data will be carried out, respectively, to investigate the accuracy of cross sections from
these datasets.

32



3 Neutron Capture Nucleosynthesis

Most light elements in the universe are produced by nuclear fusion reactions [17]. However,
such reactions come to an end once atoms around iron are reached, as the binding energy per
nuclide peaks for 56Fe, and the production of even heavier elements via fusion becomes en-
ergetically unfavourable. However, when regarding the abundance curve of isotopes in the
solar system, one can see that there is a non-negligible amount of so-called ”heavy elements”
with A>56, and that the distribution of these shows clear peaks at specific mass numbers (see
Fig. 3.1). This structure is what led Burbridge, Burbridge, Fowler and Hoyle (often referred to
in literature as B2FH) in their famous paper Ref. [17] to deduce that there must be different
mechanisms of producing such heavy elements - processes they called the s-, r- and p-process.
(The abundance curve shown in their original paper [17] can be seen in Fig. 3.1.)

This distinction in three processes has been made because in the solar abundance curve mea-
sured at this time (Fig. 3.1), a low fraction of proton-rich nuclides has be found, and the two-
peak structure for the solar abundances of heavy, neutron-rich nuclides, has suggested two
different processes producing such nuclides, with one of the processes occuring near the val-
ley of stability, while in the other one, very neutron-rich nuclides far off stability are produced,
which then β-decay back to stable nuclides, as it is illustrated in Fig. 3.2 [17]. The production
process of proton-rich isotopes mainly through proton capture (p, γ) has, consequently, been
named the p-process. The two other processes both rely on neutron capture reactions (n, γ) to
produce heavy elements at different speeds, so that they have been called the slow and rapid
neutron capture process (s-process and r-process), respectively. Both these processes are of
great astrophysical relevance because approximately 50% of all produced heavy nuclides in the
universe are assumed to be created in either of them [16]. However, despite extensive research
on the r- and s-process, some problems remain unresolved, first and foremost the astrophys-
ical site(s) of the r-process. Therefore, neutron capture studies on nuclides relevant to these
processes with neutron fluxes similar to those present in the astrophysical environments could
help understand the production of heavy nuclides in the universe better. In the following, the
basic mechanisms and models describing the s- and r-process will be illustrated. Furthermore,
the environments in which the processes occur will be described, and lastly, a few issues of
current research will be adressed for which the present work might be relevant.
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Figure 3.1: Schematic atomic abundance curve as a function of atomic weights according to
the measurements of [104], with assignments of the abundances to apecific processes made by
B2FH in Ref. [17].

Figure 3.2: Chart of nuclides with the paths of the r- and s-process illustrated, taken from Ref.
[47]. The nuclides marked in black are stable (valley of stability).
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As mentioned above, both the r- and the s-process are based on neutron capture and successive
β-decay [105]. They, therefore, rely on a sufficient amount of neutrons being present together
with so-called seed nuclei that capture the nuclei. The conditions under which these processes
occur and the ways of production of those neutrons and seed nuclei, which differ heavily for
the two processes, will be discussed in the following sections. For now, we simply assume that
seed nuclei and neutrons are both present to discuss the fundamentals of both processes.

When a seed nucleus is exposed to a neutron flux, it will capture a neutronwith the capture rate
Rn−cap = nnnAσn−capv depending on the neutron density nn, the relative thermal velocity v

between neutrons and seed nuclides, the density of seed nuclides nA, and the cross section
σn−cap for the neutron capture process [105]:

(Z,A) + n → (Z,A+ 1) + γ. (3.1)

If the nuclide with (Z,A+1) is stable, a new stable isotope of the former element is produced
that can then again capture another neutron to produce a new nuclide. If, however, (Z,A+1)

is a β-emitter, two different processes could happen: Firstly, the nuclide could experience a
β-decay to (Z +1, A+1) first and then capture another neutron, or it could capture a second
or even multiple neutrons before finally decaying. What process happens depends on the rel-
ative reaction rates of the neutron capture process and the β-decay, and it is also the ratio of
reaction rates that distinguishes the s- from the r-process.

If the neutron flux, for example, and, therefore, the neutron capture rate is so low that the
β-decays of elements happen before another neutron can be captured, the neutron capture
process occurs uninterrupted as long as it produces stable isotopes [105]. However, if a ra-
dioactive nuclide is reached, it most certainly decays before it can capture another neutron.
Because in this kind of process, neutrons are captured on a rather long timescale, this is called
the slow neutron capture process, or s-process. Therefore, especially nuclides near the valley
of stability are produced in this process (see Fig. 3.2) [105]. The s-process terminates in a cycle
starting with 209Bi and ending with the same nuclide, so that no heavier stable nuclides are
produced [106].

If the neutron flux and, therefore, the neutron capture rate is much higher than the β-decay
rates of most isotopes, successive neutron capture cascades occur with no β-decays in between
captures [105]. Thus, such a process is called rapid neutron capture process or r-process. The
capture chains of this process can extend to the so-called neutron drip line, which is the line on
the chart of nuclides beyond which no stable nuclides can exist as additional neutrons would
have a negative separation energy [107]. Therefore, the r-process yields especially neutron-
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rich isotopes [105], and it can produce elements with higher Z than the s-process.

3.1 The S-Process

Of the two processes, the s-process is quite well investigated. The astrophysical sites on which
this process occurs, for example, are identified as low mass AGB stars, as well as massive stars
that explode as supernovae type II, for which quite well-established stellar models exist [15]. In
such stellar models, the astrophysical conditions for neutron capture processes are simulated as
a function of time, with the variations based on the changing astrophysical conditions [24]. In
this changing environment, a reaction network consisting of the processes in which neutrons
are produced as well as neutron capture and β-decay reactions is employed to simulate the
produced abundance of s-process isotopes. The astrophysical conditions under which the s-
process occurs and current challenges of the s-process models are illustrated in the following.

3.1.1 Models, Conditions and Sites of the S-Process

The Main S-Process in AGB Stars

It was found by Iben and Renzini [108] and Hollowell and Iben [109] that the production of
most s-process nuclides in the so-called main process of slow neutron capture nucleosynthesis
can be associated to the stellar site of low mass stars in the asymptotic red giant branch (AGB).
Stars in this phase of stellar evolution consist of a degenerate core made of mainly 12C and16O
surrounded by a helium burning shell, a helium- and carbon-rich intershell, a hydrogen burn-
ing shell and a highly convective envelope [110]. This is illustrated in Fig. 3.3. The AGB phase
stars undergo two processes that are crucial for the synthesis of s-process elements: thermal
pulses (TP) and the so-called third dredge-ups (TDU).

In a thermal pulse (TP) in an AGB star, a large amount of energy is released due to He-burning
in the He intershell, leading to convection in this intershell, in which a huge quantity of 12C is
produced through the triple-alpha-process in partial He-burning [108] 4He(α, γ)8Be(α, γ)12C.
Furthermore, the convective envelope expands and the H-burning is shut off. After a few of
these pulses, in a phase where the convective zone in the He intershell is extinguished and He
burning shuts off as well, a so-called thrid dredge-up (TDU) can occur [15]. In such a TDU, the
convective envelope penetrates the He-intershell, so that the elements produced in this shell
during several thermal pulses are brought to the surface of the star.

For the s-process to occur, free neutrons must be present that can be captured by already ex-
isting seed nuclei in this secondary neutron capture process [15]. In the main s-process, two
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Figure 3.3: Schematic sketch of an AGB star prior to a thermal pulse, taken from Ref. [110].

sources for neutron-production are suggested by most stellar models of AGB stars. The first
possible neutron source is the 13C(α, n)16O reaction [15]. Most models suggest that the 13C
needed for this reaction are produced via 12C(p, γ)13N(β+ν)13C during the TDU when protons
from the H-rich envelope can enter the He intershell, which is rich in 12C [111]. The models,
furthermore, propose that the 13C atoms then form a pocket in the intershell, in which neutron
densities of about 106 − 108 cm−3 can be produced at temperatures of about 0.9× 108 K, cor-
responding to neutron energies of about 8 keV and a neutron flux of 104 − 106 cm−2s−1 [15].
However, no hydrodynamical models have been developed for the formation of the 13C pocket.
Furthermore, in lower mass stars, protons can also be ingested into the intershell during a TP
[111]. When the temperature is higher than 2.5×108 K at the bottom of the convective zone of
the He intershell during a TP, neutron production via the 22Ne(α, n)25Mg reaction is possible
as well, leading to a neutron density of up to 1010 cm−3 and neutron energies of about 23 keV
[15] and, therefore, a neutron flux on the order of 7× 107 cm−2s−1. The 22Ne needed for this
can be produced from the abundant 12C during the course of a TP [108]. As opposed to the
about 10,000 years that the 13C(α, n)16O neutron source is active, the s-process via 22Ne(α,
n)25Mg neutrons is only supposed to last for a few years [15].

The neutrons produced in these processes then interact with present seed nuclides, and the
relatively high neutron fluences allow for an equilibrium between neutron captures and β-
decays to establish [15]. The resulting s-nuclide abundance, which is highest for nuclides with
low neutron capture cross sections, is transported to the surface of the star via the next TDU
[15]. From there, they are are carried away into the interstellar medium via wind during the
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AGB phase, due to ejection of planetary nebula or after explosions as a superonova [108].

Due to the thermal pulses, TDUs and the convections in the shells, the s-process is highly
dynamic with varying temperature and neutron density. Therefore, correctly modeling the
s-process relies heavily on advanced hydrodynamical models of the astrophysical conditions,
some of which have not been developed yet [111]. To test such models against the measured
s-process abundances, especially nuclides at so-called branching points are important. De-
spite that when classifying the s-process, we distinguished it from the r-process by postulating
that β-decay happens at a faster rate than the slower neutron capture, the rates of β-decay
Rβ = nseed ln(2)/T1/2 and neutron capture Rn−cap are comparable for some s-nuclides [15].
For these nuclides, the two processes compete and so-called branching occurs [15], so that
some nuclides might decay, while others might capture an additional neutron, creating dif-
ferent ”branches” of the s-process on the chart of nuclides. Because the β-decay and neutron
capture reaction rates depend heavily on the stellar temperature and the neutron density during
the process, the abundances of nuclei at branching points are a sensitive test for the dynamics
of the stellar environment of the s-process and, therefore, stellar models. Such an improve-
ment to the stellar models could not only make the s-process predictions better, but also have
a strong impact on studies on the Milky Way, as well as surrounding galaxies [15]. However,
for reliable information to be deduced about the s-process conditions from branching point
abundancies, the unstable nuclides involved in s-process branchings and, especially, their cross
sections must be examined experimentally with a high precision. These isotopes, however, are
largely unexplored in experiments because of their relatively low half-lives [15]. Therefore, ob-
serving neutron capture processes for such nuclides and producing more neutron-rich nuclides
near the branching points of the s-process, as it is simulated in the present work, for further
investigation of the quantities relevant to the s-process, like β-decay properties or different
cross sections, could highly improve our understanding of the s-process of nucleosynthesis.

The Weak S-Process in Massive Stars

In the main s-process, too little s-isotopes with A>90 are produced. Therefore, another process
must exist that contributes to the production of those nuclides. According to the stellar models
for this process, which is called the weak s-process, it occurs in massive stars withM > 8M⊙
and high metallicity that explode as supernovae type II.

In the case of the weak s-process, the neutrons to be captured are all produced by the 22Ne(α,
n)25Mg reaction, both in in the phase of He-burning in the convective core of the star and in
the consecutive phase of convective shell C-burning [15]. According to current stellar models,
the weak s-process during core He-burning occurs at temperatures of T ∝ 3 × 108 K, corre-
sponding to neutron energies of 26 keV and the temperature during shell C-burning amounts
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to approximately T ∝ 1 × 109 K and, therefore, a thermal energy of 90 keV [15, 24]. Thus,
the weak s-process happens at significantly higher temperatures than the main process. The
neutron densities are assumed to amount to about 106 cm−3 for core He-burning, and for shell
C-burning, an initial neutron density of approximately 1011 − 1012 cm−3 is predicted, which
then quickly decreases exponentially [24]. Therefore, the neutron fluxes have values around
105 cm−2s−1 and up to 1010 cm−2s−1 in the two scenarios of the weak s-process.

Because of the quite low timescales on which the weak s-process occurs, especially in the con-
vective shell, the neutron fluence for the weak s-process is not high enough to achieve reaction
flow equilibrium as opposed to the main process, and only nuclides of relatively low mass are
produced [24]. Furthermore, this means that instead of a neutron capture cross section for one
nuclide only influencing the abundance of said nuclide itself, as it is the case for the main s-
process, the cross section has an effect on the abundances of the heavier isotopes on this branch.

It is, hence, hard to correctly calculate the contribution of the s-process, especially the weak
s-process, to the solar system abundances of heavy elements with stellar models and nuclear
reaction network, as there are still high uncertainties on neutron capture cross sections, espe-
cially for nuclides with low half-lives between Fe and Se. Therefore, experimental access to
cross section measurements for relevant s-process nuclei is essential to the predictive power
of the s-process stellar models [15, 24].

3.2 The R-Process

3.2.1 Models and Conditions for the R-Process

As already described in the introduction to this chapter, the r-process produces highly un-
stable nuclei far from the valley of stability. Therefore, this process allows the production of
heavy nuclei up to U and Th and very neutron-rich isotopes [16]. However, the nuclear struc-
ture quantities and cross sections for such unstable heavy isotopes are poorly known and rely
heavily on theoretical models, models which, as illustrated in chapter 2, differ for diverse nu-
clear datasets. Furthermore, the solar r-abundance curve which a possible r-process site should
reproduce is object to uncertainties of the s-process and p-process models, which are used to
calculate the solar r-process abundances by subtracting them from the total abundance curve.
(The resulting curve is shown in Fig. 3.4 for nuclides up until the termination point of the
s-process, 209Bi). These are just some of many reasons that make the determination of the r-
process site difficult, and why this site is heavily under debate [16, 81, 112, 113], even though
the process itself has been introduced more than 60 years ago [81]. Despite the astrophysical
site of the r-process still not being fully known, some conditions that characterize the r-process
site can still be identified based on the observed r-process abundances. The most important is
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Figure 3.4: Solar r-process and s-process abundances, taken from Ref. [114].
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a high neutron density of more than 1020 cm−3 [115], without which the neutron capture rate
could not be significantly higher than the β-decay rate. For the production of the heaviest el-
ements, neutron-to-seed ratios exceeding 100 are needed [113]. Furthermore, the abundances
suggest an explosive environment as the site of the r-process [19], with the process occuring at
a timescale on the order of seconds [81]. With these assumptions and the goal of reproducing
the r-abundance curve, several site-independent models have been developed with which the
r-processes in the different environments can be calculated. The basic underlying concepts of
these will be briefly introduced in the following.

Hot R-Process

Generally, sites for the r-process can be divided into hot and cold sites [81]. For a hot r-process
to occur, the temperatures have to be high enough for photodisintegration, i.e. (γ, n) reactions,
to become efficient, which corresponds to temperatures of T ⪆ 109 K or neutron energies of
more than 86 keV. In this case, the amount of nuclides that can be captured by each seed
nucleus is mainly dependent on the competition between (n, γ) and (γ, n) reactions as well
as β-decay half-lives of the nuclei, and it was proposed already by B2FH[17] that a so-called
(n, γ) ↔ (γ, n) equilibrium is established, if only the temperature and density are high enough
[116, 117]. Further studies have found that this is even the case in dynamical environments
[117], so that such equilibria are assumed to establish in most hot r-process environments. For
a (n, γ) ↔ (γ, n) equilibrium, it is assumed that seed nuclides rapidly capture neutrons up
to so-called waiting point nuclides, which are determine by a specific Q-value of the capture
reaction depending on the neutron density and temperature of the environment for the equi-
librium, where they await β-decay and the iso-Z neutron capture chains are connected. In
this model, these waiting point nuclides define the r-process path, and the abundances that are
reached are only determined by the temperature, the neutron density, the masses of the nu-
clides, which are needed to calculate the separation energies, and the β-decay half-lives, which
determine how many nuclides accumulate at the waiting points before decaying.

However, the system, even in initially hot environments, eventually falls out of equilibrium, for
example because the highly temperature dependent (γ, n) reactions decrease as the r-process
site, usually consisting of some kind of ejecta, cools down and expands [112]. Directly after
such a freeze-out, current models assume that the neutron density is still high enough that
competition of neutron capture, β-decay, and even (γ, n) reactions occurs, so that even in the
hot r-process case, neutron capture reactions play a role for determining the final abundances
[118].
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Cold R-Process

A cold r-process occurs when the temperatures in the environment are not high enough for
(γ, n) reactions to be efficient, so that the evolution of the abundances during the r-process is
a result of the competition between neutron capture cross sections and β-decay [16, 81, 118].
Therefore, while for the hot process, especially nuclear masses for the calculation of separation
energies, as well as β-half-lives of the nuclides are important, modelling of the cold process is
dominated by β-half-lives and neutron capture cross sections.

High Density Environment and Fission Cycling

For very high neutron densities or very high neutron-to-seed ratios of about 150 [19], nuclides
as heavy as the actinides can be produced in the r-process from seed nuclei withA between 50
and 100. In these cases, neutron-induced as well as spontaneous fission of heavy, neutron-rich
isotopes influences the r-process abundances of nuclei heavier than A ≈ 130 (which corre-
sponds to the second peak of the abundance curve) [119] in a process called fission cycling, in
which fissioning nuclides from the trans-uranium region decay into fragments aroundA = 130

[119]. Once produced, these nuclides can function as seed nuclides for the r-process [119].
However, because especially for the heavy neutron-rich nuclides involved in the r-process not
many fission properties have been measured, the exact dynamics of fission cycling are still a
subject of current research [119].

From the considerations above, it can be seen that for different environments, different nuclear
quantities determine the abundances of r-process nuclides and the dynamics of the r-process.
Because of the dynamical nature of the r-process and in order to account for all effects, even if
they only contribute minutely, all current models for r-processes at different sites base on reac-
tion networks. In these, neutron capture reactions (n, γ), photodisintegrations (γ, n), β-decays
like (β, γ) reactions and β-delayed neutron emissions (β, n) are included. Furthermore, for
high densities and neutrino-rich environments, fission processes and interactions with neu-
trino fluxes have to be taken into account as well. One example for such a network can be
found in [120].

3.2.2 Astrophysical Sites of the R-Process

When it comes to the astrophysical sites of the r-process, the comparison of the r-abundances
in the most metal-poor stars in the galaxy [19, 121] with solar abundances suggest a unique
process for heavy elements with 56 < Z < 70 throughout the galactic evolution. R-process
elements with lower Z , however, might be produced at (several) different sites. Though the
general concepts and reactions underlying the r-process are known, the sites of the r-process
are still not unambiguousely identified. Themost promising of sites that have been investigated
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thorougly during the last years are neutrino winds emitted by core collapse supernovae, as well
as different kinds of ejecta of neutron starmergers. These scenarios andwhether the production
of r-process elements is probable there will be briefly discussed in the following.

The R-Process in Neutrino-Driven Winds Emitted by Core Collapse Supernovae

Since the 1960s, the site of neutrino-driven winds emitted after core collapse supernovae has
been thought to be the most promising for the r-process [19]. Such core collapse supernovae
occur at the end of the lifetime of stars with M > 8M⊙ [22]. Though the details of such su-
pernovae are still under investigation, it is known that after the explosion, the proto-neutron
star left after the supernova cools down by emitting neutrinos, which can then drive a wind
of protons and neutrons consisting of ablated matter from the proto-neutron star surface [16].
The material in the neutrino-driven wind is usually assumed to be very hot (with temperatures
higher than 1010 K) and have a low density and, therefore, a high entropy. Shortly after the
ejection, the matter of the ejecta is then in nuclear statistical equilibrium, so that primarily
nuclides up to the iron group are produced [122]. However, with the expansion and cooling of
the material, the wind freezes out of equilibrium at about T = 3 × 109 K in an α-rich freeze-
out [19] due to which elements heavier than He are less abundant than for NSE, but shifted to
higherA values, therefore providing heavy seed nuclides, which can then capture free nuclides
available in the wind.

The exact conditions for the proposed r-process like the seed nuclide distribution, the tempera-
ture and the neutron density present during the neutron capture process are highly dependent
on the entropy, the expansion time and the initial electron fraction of the ejecta [16]. The tem-
perature and neutron density are then simulated over time by calculating the time evolution of
these quantities along different trajectories of different ejecta [22]. However, due to the uncer-
tainties about the supernovae themselves, also the models for these trajectories and, therefore,
the conditions for the r-process are subject to uncertainties. Generally, the temperatures dur-
ing the r-process are assumed to range between values at or slightly above the charged-particle
freeze-out to temperatures as low as T ∝ 108 K, depending on the exact conditions assumed for
the environment and if the process is mainly hot or cold [16, 20, 113, 123]. This corresponds to
neutron energies between 8 keV and 300 keV. For the neutron densities, values between 1020

and 1027 cm−3 are assumed in most models [20, 123], so that the neutron flux ranges between
1019 cm−2s−1 and 1027 cm−2s−1 Early simulations like in Ref. [124] have predicted extremely
high entropies in the wind, resulting in relatively low seed abundances and high neutron den-
sities, so that these early models predicted the production of even the heaviest r-nuclides of the
3rd abundance peak. However, with newer hydrodynamical models lower entropies are pre-
dicted, so that the neutron-to-seed ratio calculated in these simulations is too low to produce
high-A nuclides beyond the second peak at A ∝ 130 [16, 19, 118, 123, 125]. Furthermore, it
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has been found recently with simulations including a detailed description of time-dependent
neutrino physics that too many neutrons are converted into protons by νe + n → p + e−, so
that due to the hence lower neutron density only r-process nuclides up to silver (A=109) can
be produced [22].

If a high magnetic field, however, accompanies the supernova, it has been shown that the en-
tropy is increased [126], and if the magnetic field is paired with rotational movements, jet-like
supernovae can occur, in which, due to the high emission velocities, only few neutrons are con-
verted into protons [22]. Therefore, in suchmodified supernovae environments, the production
of third-peak nuclides could indeed be possible, but doubt has been casted recently on this site
producing enough third-peak nuclides as well in Ref. [127]. To ultimately confirm or rule out
neutrino-driven winds in supernovae as an astrophysical site of the r-process, maybe even for
the production of high-A nuclei, the predictions of the models for such scenarios would have
to be more precise and, therefore, nuclear quantities for the neutron-rich nuclides involved in
the process would have to be known well.

The R-Process in Mergers

The astrophysical site that is currently seen as the most promising for producing also heavy
r-process elements are mergers of either two neutron stars, one neutron star and one black
hole, or two black holes. Such merger events have been considered as a possible source for
some time with the first calculations performed in Ref. [128], but the scenario in supernovae
had been favoured because the neutron merger abundances did not seem to fit the abundance
patterns in metal-poor stars [129]. However, more recent investigations have shown that the
only infrequently occuring but high-yield neutron merger events could, in fact, be the domi-
nant r-process source in the universe [130, 131]. The relevance of merger processes as an r-
process environment has, furthermore, rapidly increased since the observation of the neutron
star merger event GW170817 in 2017 [132], for which gravitational waves have been observed.
Observations of this event with several telescopes (e.g. [133]) have confirmed the emission
of a kilonova afterglow powered by the radioactive decay of heavy nuclides produced in an
r-process, which has been predicted in Ref. [134], which confirmed the production of a wide
spectrum of heavy r-isotopes [22].

The light and heavy elements produced in neutron star mergers are believed to be created in
different phases of the merging process, the hydrodynamical evolution of which can be simu-
lated using GR codes [19, 135]. After the merging process of the neutron stars, an extremely
massive, compact neutron star is created surrounded by an accretion disc [22]. The neutron
star can then, if it does not immediately turn into a black hole, emit neutrinos, which can drive

44



3.2 The R-Process

a wind of the material in the accretion disk similar to the neutrino-driven winds ejected after
core collapse supernovae. However, because of the high neutrino density, again not enough
neutrons per seed nucleus are present in these winds to produce elements beyond the second
peak [22]. Heavier nuclides are produced in so-called dynamical ejecta emitted from the neu-
tron star during the merging either from the interaction region of the two neutron stars (hot
ejecta) or colder matter, which could be ejected by tidal torques [134] and is assumed to be
shock-heated to energies above 1MeV[136]. Because dynamical ejecta are extremely neutron-
rich [134] with initial neutron densities between 1033 and 1035 cm−3 [136] and neutron-to-seed
ratios of up to 1000 [21], especially nuclides from the second peak to the third peak of the r-
process abundances are produced in these ejecta acccording to current models [130]. Further-
more, the expansion time is assumed as long enough for all neutrons to be captured [21], so
that for the r-process in these ejecta, regardless if it starts out hot or cold, the nuclear reactions
during the freeze-out highly determine the resultant abundances. Similar conditions can also
be found in black hole accretion disk winds powered by viscous heating [21] after the compact
neutron star has eventually turned into a black hole [19]. Generally, all ejecta of binary merg-
ers are, assumed to be either sufficiently hot when ejected or heat up sufficiently for NSE with
subsequent freeze-out of charged particle reactions to occur, and the r-process is supposed to
occur both in hot and cold processes, depending on the initial conditions and the evolution of
the ejecta [21]. The temperature range in which the r-process occurs is, therefore, the same
as for supernovae. However, especially for dynamical ejecta, the neutron densities are higher
[16], so that the neutron flux can exceed the values for the r-process in supernovae.

A quite astonishing fact about the r-process in dynamical ejecta and black hole accretion disk
winds is that in different simulations and with different astrophysical parameters used, the
resultant abundances for heavy isotopes with A > 130 do not change significantly [22, 134],
thereforemaking these sites, in fact, a good candidate for the production of the unique r-process
abundances. This is due to the fact that because of the high neutron densities, the r-processes
in these ejecta proceeds very closely to the neutron drip line and fission cycling plays a great
role as well [19, 130, 134], so that the abundances are almost entirely determined by the nu-
clear properties. High uncertainties about the properties of neutron-rich nuclides might also
very likely be the reason why the abundances calculated in the different simulations are not in
complete agreement with the observed values [22].

In conclusion, several uncertainties still surround the r-process, and especially the site is not
unambiguously identified. These are partly due to uncertainties in the hydrodynamical models
describing the different ejecta that are possible candidates for sites, but the main reason for
the uncertainties is that the neutron-rich nuclides involved in the r-process are experimentally
highly uninvestigated, so that the nuclear reaction networks for the r-process are subject to
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high uncertainties [112]. The influence of these uncertainties is especially high for cold pro-
cesses or the part of the r-process occuring when the system is frozen out of equilibrium, as
well as for nuclides so heavy that the highly uninvestigated fission cycling plays a role. Espe-
cially for the r-process producing heavy nuclides up until the trans-uranium region, moreover,
the nuclides around the N = 126 waiting point are interesting. This waiting point is the last
point at which the r-process path approaches the valley of stability before the production of
the heaviest nuclides because of the low binding energy and the high half-life at the shell clo-
sure. Therefore, nuclides around this point are both important for producing third abundance
peak and for producing elements higher than that. Therefore, measurements on quantities like
β-decay rates or neutron capture cross sections on very neutron-rich nuclides that are either
relevant to fission cycling or that lie around the N = 126 waiting point, and which could be
produced in the investigated scenario of laser-driven neutron sources, could heavily improve
the predictions of the r-process models and, therefore, help identifying the site of the r-process,
for example by confirming or ruling out neutrino-driven winds with high magnetic fields or
neutron star mergers as the unique source for the production of heavy nuclides. Moreover, if
it is possible to observe neutron capture cascades similar to those in the r-process at similar
neutron fluxes as in r-process environments in experiments with laser-driven neutron sources,
the process itself could be studied in the laboratory and, therefore, understood better.

To conclude our discussions of nucleosynthesis processes for heavy nuclides, we want to note
that in recent years, several more processes other than the r-, s- and p-process, for example
the i-proces [25, 26], the Lighter Element Primary Process [15, 27], the νp process [28], and
the rp-process [29] have been suggested to account for differences of observations of nuclear
abundances at different astrophysical sites. However, such processes hardly influence the so-
lar abundances. Still, especially the understanding of the i-process, which is thought to occur
in CEMP stars via the 13C(α, n)16O at neutron densities slightly higher than for the s-process
could be improved with neutron capture experiments with laser-driven neutron sources. Fur-
thermore, because slightly different parameters for the main s-process could also make a LEPP
redundant [27], the investigations of the s-process branching nuclides could also confirm or
rule out the need for such a source.
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In the present work, simulations of neutron capture processes in targets irradiated with laser-
driven neutron sources. Therefore, different methods of neutron production with such sources
that are either currently possible or will be in the near future are addressed in the following
to illustrate the neutron pulse parameters possible with such sources and compare them to
conventional neutron sources as well as those at the astrophysical sites of the r- and s-process.
To be able to conduct such comparisons, the conventional methods for neutron production will
be briefly introduced first.

4.1 Conventional Neutron Sources

Until recently, the experimental production of high neutron fluxes relied mostly on large re-
actor and accelerator based facilities. Reactor facilities base on nuclear fission chain reactions,
in which thermal neutrons are absorbed by a fissile nuclide like 235U, which then splits in two
lower-mass nuclides, emitting 2-3 neutrons in the process [33]. Of these, one neutron is needed
to maintain the chain reaction, whereas the other neutrons can be used for experiments that
are usually carried out by placing the sample to be studied in the reactor. Because of the con-
tinuous nature of the chain reaction, the neutrons produced in such a reactor are not pulsed but
there is a continuous flux and the spectra of the neutrons are polychromatic. The number of
neutrons produced in a fission reactor scales with its thermal energy production and amounts
to about 7.5× 1016 neutrons per second and megawatt of energy produced, which, for leading
reactor facilities, means that a total neutron flux of over 3 × 1015 cm−2s−1 and thermal neu-
tron fluxes of above 2×1015 cm−2s−1 can be achieved with reactors like the HFIR [137] at Oak
Ridge, Tennessee, as can be seen in Fig. 4.1. For fast neutrons, for instance the peak neutron
flux of the FRM-II reactor in Munich, amounts to about 5 × 109 cm−2s−1 [37]. However, the
energy output and, therefore, the flux of such reactor facilities is limited by reactor safety con-
siderations.

The second important class of conventional neutron sources are accelerator based facilities that
produce neutrons in single pulses in contrast to the continuous production in reactors [33].

Firstly, there are small accelerator sources, in which accelerated ions, often protons, produce
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Figure 4.1: Thermal neutron flux achieved by conventional neutron sources, taken from Ref.
[32].

neutrons in reactions like 7Li(p, n)7Be or 18O(p, n)18F [15]. The advantage of such sources is
that in these reactions, neutron spectra similar to those present in the s-process can be simu-
lated and there is only a very low background. However, the neutron beam is not very intense
for such sources. Small accelerator sources are primarily used to conduct activation measure-
ments.

Higher neutron fluxes are possible with neutron sources based on electron linear accelerators
like e_LIBANS in Italy, ORELA at Oak Ridge, Tennessee [15] or Tohoku e-linac in Japan, with
which a thermal neutron flux of 1012 cm−2s−1 is possible as can be seen in Fig. 4.1. For fast
neutrons, e_LIBANS, for instance, produces a peak neutron flux of about 5 × 105 cm−2s−1.
The number of neutrons per pulse totals about 1011 for ORELA. In such facilities, electrons
are accelerated with a LINAC and subsequently shot at a high-Z target, causing the emission
of high-energy bremsstrahlung. These photons then produce neutrons of a continuous energy
spectrum via (γ, n) reactions in a further target, with the neutron energy ranging between
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thermal energies to some tens of MeV. Because there is a strong γ-flash where the electron
beam hits the target, measurements with such a neutron source have to be carried out at large
distance to the source. Such a large neutron flight path allows a very high energy resolution of
measurements with this source with time-of-flight filtering techniques. Furthermore, electron
accelerator based facilities have the shortest pulse widhts of all conventional sources of only a
few nanoseconds [138].

Finally, the accelerator sources with the highest intensities are spallation sources. In such
sources, either positive or negative hydrogen ions are accelerated in vacuum up to energies
on the order of 1GeV and thereafter injected into a proton storage ring, where they are con-
verted to proton bunches, which are directed towards a high-Z spallation target [33]. When
bombarded by the protons, the nuclides in the target undergo spallation, i.e. they break up into
several fragments, among them a number of neutrons. This number varies for different spal-
lation sources with about 20 neutrons per proton for the LANCSE facility at the Los Alamos
National Laboratory in the USA and up to 300n/p in the case of the n_TOF facility at CERN
[15]. In the case of LANCSE, this leads to about 6 × 1014 neutrons per pulse [34] and in the
case of n_TOF to 1.1 × 107 with about 105 per energy decade [139]. The emission in such
sources is isotropic, however, so that in cases in which a small target should be irradiated with
neutrons or the neutrons are supposed to be moderated to lower energies, which is almost
always the case, only a fraction of these neutrons are available [138]. For LANCSE, for ex-
ample, only about 1013 of the initially produced neutrons are available for moderation [33].
n_TOF is the only spallation source with a pulse duration, which, with 7 ns, is comparable to
those for electron acceleration facilities [138]. For LANSCE or the SNS source in the US, for
instance, the pulse duration are on the order of several hundred nanoseconds instead. With
the latter spallation source, a thermal neutron peak flux of over 1017cm−2s−1 is possible, while
for the thermal neutron source of LANCSE, Lujan, it is slightly larger than 1015 cm−2s−1. For
fast neutrons, LANCSE produces a peak neutron flux of about 5×106 cm−2s−1 [37]. There are
plans for spallation sources with even higher peak neutron fluxes like the ESS facility [32] with
thermal neutron fluxes of up to 1018 cm−2s−1, but they are planned to be delivered in relatively
long neutron pulses, as already the proton pulses will be 3ms long, therefore making such a
source unsuitable for processes for which a high temporal resolution is required. A problem
for building even better or even more spallation sources is that for ultra-short neutron pulses
with a high number of neutrons to be achievable, large storage rings and pulse compressors
are required [33] which not only are extremely big but also very expensive - the cost of ESS
exceed 1 billion dollars [34]. Therefore, especially for smaller institutions like universities or
hospitals, such sources are not feasible.

Instead, in the last few years, laser-driven neutron sources have been developed that provide
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ultra-short neutron pulses with high numbers of neutrons per pulse. These sources are far more
compact than comparable conventional neutron sources and have many other advantages that
shall be addressed in the following.

4.2 Neutron Production with Light Ion Beams

One method of laser-driven neutron production is achieved using laser-generated light ion-
beams. This method has been studied and tested by several authors at different laser facilities
like Roth et al. [35] at the TRIDENT laser at Los Alamos National Laboratory in the USA,
Kleinschmidt et al. [37] with the PHELIX laser at GSI in Darmstadt, Germany, and Kar et al.
[46] with the Vulcan laser at the Central Laser Facility of STFC in the UK.

For such a laser-driven neutron source, a pitcher-catcher setup is used like it is shown in Fig.
4.2, where the first target (pitcher) is used to produce light ions, usually protons and deuterons,
which then react with the second target (catcher) to produce neutrons in nuclear reactions. For
the production and acceleration of the protons and deuterons in the target, several different
mechanisms can be employed, all basing on the acceration of these ions in electron-generated
electric fields. Conventionally, a mechanism called TNSA (target normal sheath acceleration)
is used, in which the ultra-intense laser pulse deposits energy into the electrons in the pitcher
target, causing fast electrons to travel through the target and creating a ”sheath” on the rear
surface, where a large electric field of ∝ 10TVm−1 accelerates the ions on the surface of the
target [140]. This acceleration mechanism, which has been used in [37] and [46], for example,
favours protons and only utilizes ions at the surface. The neutron yield can be improved using
other acceleration mechanisms available at laser intensities higher than 1021Wcm−2, the so-
called break-out afterburner (BOA) and the radiation pressure acceleration (RPA) mechanisms.
For BOA, on the one hand, which has been used by Roth et al. [35], if the pitcher target thick-
ness is comparable to the laser skin depth, the laser pulse creates a concomitant electron beam
in the target and, due to instabilities in the plasma, electromagnetic waves are produced that
resonate with the ions and accelerate ions from the whole target volume to higher energies
than possible with TNSA. For RPA, on the other hand, the radiation pressure of the laser is
directly transformed to the objects to be accelerated, which increases the intensity scaling of
the ion beam energy compared to TNSA significantly [141]. The ions that are accelerated with
TNSA and BOA typically have energies up to 94MeV for protons and a few MeV/u for heavier
ions, while for RPA, proton energies above this value have been reported [142].

The light ions accelerated like this are then shot at the catcher target, which is typically made
out of a low-Z material like Li or Be, similar to the small conventional accelerator sources
introduced above. There, several nuclear reactions take place. First of all, compound nuclear
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Figure 4.2: Schematic drawing of the experimental setup for neutron generation with laser-
accelerated light ion beams, taken from Ref. [34].

processes occur, which lead to a isotropic neutron emission, but as the energy of the incoming
protons is tens of MeV high, a significant part of the neutron yield is also due to pre-equilibrium
reactions and - in case of d - direct stripping and break-up reactions for high energy ions. Be-
cause for these reaction mechanisms, the incoming ions do not lose their identity, as it is the
case for compound nuclear reactions, the neutrons produced in these processes are character-
ized by their forward-directionality. In fact, when comparing the TNSA and BOA mechanism,
Roth et al. [35] found that for the former, the isotropical emission dominates the emitted neu-
tron pulse, while the neutrons emitted for BOA-produced ions were mainly directed foward.
Using the BOA setup at the 0.1 PW laser at the TRIDENT laser facility operated with 600 fs
pulses, a power of 200TW and an energy of 70 kJ per pulse, 1010 neutrons per pulse and stera-
diant and a total of up to 1011 neutron per pulse could be produced in the forward direction
with sub-nanosecond neutron-pulse widths and energies mainly from 0.1 - 10MeV before mod-
eration [35], [143]. Therefore, the duration of neutron pulses generated by such laser-driven
neutron sources is significantly lower than for conventional neutron sources, and the energies
of the neutrons are generally higher than, for instance, at spallation sources. Thus, also the
peak neutron flux produced with laser-driven light ion neutron sources is higher than possible
with currently available conventional spallation sources, amounting to 6 × 1017 cm−2s−1 for
the peak flux achieved by Roth et al. [35]. Still, the pulse duration, as well as the width of the
energy spectrum can be further improved by focusing the proton beam with techniques like
laser-triggered plasma-based microlenses [39].

For the LANCSE and TRIDENT facilities in Los Alamos National Laboratory, the latter of which
achieves one the highest neutron fluxes for a light ion laser-driven neutron source, a quantita-
tive comparison carried out in Ref. [34] shows that while the peak neutron flux is higher and
the pulse duration is lower at TRIDENT, the number of neutrons shot through the beamline
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and at the moderators is about several orders of magnitude higher at LANCSE. According to
[34], however, this difference could be decreased to only one order of magnitude only by using
higher energy lasers that are already available and a different pitcher target than it was used
for TRIDENT, leading to neutron yields of up to 1012 neutrons per pulse in the forward direc-
tion.

Because the neutron yield scaleswith the laser intensity and energy of the laser beam [34], these
quantities are seaked to be improved in future laser facilities. One laser facility promising to
be a high-yield neutron source is the High Power Laser System (HPLS) at ELI-NP in Romania
[47], for which the construction has just been finished in March 2019 [144]. The HPLS consists
of two simultaneously operating arms that each have three outputs that can be used one at a
time:

• a 100TW beam with a pulse frequency of 10Hz

• a 1 PW beam with a pulse frequency of 1Hz

• and a 1 PW beam with a pulse frequency of at least 1/minute.

With these lasers, it will be possible for the first time to reach focal beam intensities of 1022 −
1023Wcm−2 [47]. Therefore, the boundaries of laser power and intensities will be expanded
with the HPLS by orders of magnitude compared to the currently running laser sources.

But not only the laser beam intensity is increased: because the ELI laser-driven neutron sources
based on light ions are supposed to use the BOA and RPAmechanisms to produce the light ions,
the maximal proton energy is expected to increase to up to 200MeV [48]. Therefore, much
higher neutron yields and also higher possible neutron energies as well as greater forward-
directionality are to be expected with the HPLS. In the present work, simulations for the laser-
driven neutron sources based on the ELI-NP laser system are carried out.

4.3 Neutron Production via Photonuclear Reactions

With the High Power Laser System, neutrons are not only supposed to be produced with laser-
driven light ion beams but, especially for the 10 PW beam, also via photonuclear reactions in a
setup that even allows the simultaneous operation of the two mechanisms [47].

The production of neutrons via photonuclear reactions has been studied intensively by Pomer-
antz et al. in Ref. [38] with the Texas Petawatt Facility in Austin, Texas, using a 90 J, 700TW
laser with ultrashort laser pulses of 150 fs FWHM.The experimental setup used in these studies
can be seen in Fig. 4.3. To produce the electron beam required for the production of photons
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Figure 4.3: Schematic drawing of the experimental setup for laser-driven neutron generation
via photonuclear reactions as used by Pomerantz et al. [38], taken from Ref. [38].

for the (γ, n) reactions, a thin plastic target is irradiated with the laser beam. Furthermore,
already∝ 100 ns before the main beam reaches the target, low level laser light deposits energy
into the target, therefore turning it into an expanding ”plasma plume” [38]. When the main
laser beam reacts with this plume, relativistic electrons are generated with a mean energy of
around 10MeV in case of the studies by Pomerantz et al. [38], which thereafter propagate
along the laser beam direction. These electrons then interact with a high-Z - in case of Ref.
[38] copper - converter target, where bremsstrahlung and, therefore, high energy photons are
produced, which, when they are stopped in the converter, produce up to 4× 109 isotropically
distributed neutrons with energies up to several MeV in (γ, n), with the energy spectrum cen-
tered at 0.5MeV in reactions with the converter nuclides.

Because the electron emission and the target-to-converter temporal dispersion both happen in
less than 1 ps in [38], neutron pulses with a duration of less than 50 ps could be produced with
the used laser, which has a pulse duration of 150 fs. This neutron pulse duration is significantly
lower than for both the conventional sources and the laser-driven light ion neutron production
sources introduced in the sections above. With that low pulse duration, a peak neutron flux
of 1.1 × 1018 cm−2s−1 has been reached in the studies in Ref. [38], which, again, exceeds the
fluxes available for all neutron sources presented above.

If higher-Z converters and higher power laser facilities than the laser used in [38] are used, as
it will be the case for ELI-NP, the peak neutron flux is expected to exceed 1020 cm−2s−1 [38,
47].
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4.4 Neutron Production in Thermonuclear Fusion Reactions

Other than through the two aforementioned laser-driven production mechanisms that will be
employed at ELI-NP in the near future, it has been proposed by Wu in Ref. [40] that an intense
neutron beam could also be achieved via thermonuclear reactions, i.e. the reaction 2H(d, n)3He,
in plasmas generated by the interaction of Petawatt lasers with either D2 gas jets or solid CD2

targets. When using such Petawatt lasers with low intensities ≤ 1018Wcm−2, the plasma is
expected to exist long enough to be able to equilibrate so that thermonuclear reactions can
occur [40]. In [40], simulations for the experimental setup of a 1018Wcm−2 laser beam with a
pulse duration of 100 fs have been carried out, predicting a neutron yield of up to 109 neutrons
being emitted isotropically per laser pulse with a laser energy of 500 J. Therefore, compared
to the well established sources based on laser-driven light ion beams studied in [35], the yield
is two orders of magnitudes lower. However, also the spectral width of the beam simulated in
this work is smaller by two orders of magnitudes than that in Ref. [35], with a FWHM on the
order of 100 keV instead of 10MeV, making such a source also suitable for studying the energy
dependence of the neutron capture experiments studied in this work as it provides neutron
beams with gaussian-shaped spectra with significantly less energy uncertainty than the neu-
tron beams produced in the mechanisms described above.

Finally, neutrons can be produced in laser-induced thermonuclear deuterium-tritium fusion
reactions by inertial confinement fusion (ICF). This method is carried out, for instance, at the
National Ignition Facility (NIF) at Lawrence Livermore National Laboratory in the USA [41, 43–
45]. For ICF to occur, a spherical target capsule made out of a CH shell, part of which is doped
with Si, surrounding a deuterium-tritium (DT) ice shell and a DT fuel core, is placed in the
center of a cylindric hohlraum made out of gold or uranium [41, 44]. With laser pulses, energy
is delivered to the hohlraum shell, which then emits x-rays that are absorbed by the capsule,
resulting in the ablation and expansion of the CH-shell material [45]. Therefore, a reaction
force occurs, accelerating the rest of the capsule including the enclosed DT fuel core inward
[43], compressing and heating the fuel in the process. Consequently, a ”hot-spot” forms in the
center of the capsule surrounded by a colder layer of DT-fuel. If the temperature and density
are high enough, thermonuclear deuterium-tritium fusion reactions d(t, n)α occur, yielding
neutrons as well as α-particles, which, as they quickly thermalize, continue to contribute to
heating the core. The neutrons in the d(t, n)α reaction are emitted with an energy of 14MeV,
so that most neutrons produced by this source have energies near 14MeV, with a few neutrons
with different energies due to thermalization or secondary reactions.

Using the ICF technique, a neutron yield of 1.9 × 1016 has been produced in one pulse with
a duration on the order of 100 ps by Le Pape et al. [41] at NIF, therefore leading to a peak
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Figure 4.4: Comparison of the peak neutron fluxes achieved in different neutron sources [32,
35, 38, 48, 137].

neutron flux on the order of 1026 cm−2s−1. Thus, this neutron souce overtrumps all of the re-
garded neutron sources - conventional and laser-driven - in terms of flux and neutron yield and
is therefore especially suitable for the simulations of neutron capture reactions astrophysically
relevant to the r- and s-process.

In Fig. 4.4, the total (and in case of the spallation source, thermal) peak neutron fluxes achiev-
able at neutron production facilities of different types that have been introduced in this chapter
are shown, with the peak fluxes taken from Ref. [137] for the HFIR reactor, Ref. [32] for the
JSNS spallation source, Ref. [35] for neutrons generated with laser-driven ion beams at Los
Alamos National Laboratory, from Ref. [38] for laser-driven photonuclear reaction sources at
the Texas Petawatt Beam Facility, and from Ref. [41] for the ICF. Furthermore, the prediction
of the possible neutron fluxes of over 1020 at ELI-NP is shown in the figure as well.

This comparison also shows that with all of these neutron sources, even with reactors, neutron
fluxes higher than those for the s-process can be produced. However, only with the proposed
laser-driven source at ELI-NP and the currently operating ICF facility at the NIF is it possible
to produce neutron fluxes sufficiently high to simulate the fluxes higher 1019 cm−2s−1. Thus,
with these laser-driven neutron sources it is possible for the first time to simulat neutron fluxes
similar to those in r-process scenarios like the neutrino-driven winds that are ejected by core
collapse supernovae or ejecta of neutron mergers, both possible r-process sites. Such neu-
tron fluxes could, therefore, enable the opportunity to study neutron capture cascades similar
to those in the r-process in the laboratory for the first time, and such experiments could im-
mensely contribute to the further understanding of the r-process and the identification of the
sites for this process.
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5.1 Neutron Capture in Beam-Target Interaction

The purpose of this thesis is to calculate neutron capture cascades and, therefore, the pro-
duction of neutron-rich isotopes in a setup where a target of seed nuclides is irradiated by a
laser-driven neutron source. In order to calculate the neutron-enrichment of the target nu-
clides, we follow the theoretical approach developed in Ref. [49]. In this section, we give an
overview of this framework.

For our calculations, we regard a single-component target of thickness L and area A that is
irradiated by neutron pulses withNp neutrons per pulse at different incident neutron energies.
When carrying out such an experiment, the energy spectrum of the incident neutrons is not
necessarily given by a Maxwell-Boltzmann distribution as it is the case for processes in stellar
environments, but it is determined by the energy spectrum delivered by the neutron beam,
which, in our case, we assume as gaussian shaped like the spectrum for neutrons produced by
thermonuclear reactions [40, 41]. The raw cross sections from the nuclear data libraries have to
be averaged over this gaussian spectrum with relative standard deviation σrel = σgaussian/Einc

to compute the cross section values with which the calculations are performed:

⟨σ⟩(Einc) =

∫
σ

1√
2πσrelEinc

exp
(
−1

2

(
E − Einc
σrelEinc

)2
)
dE. (5.1)

For simplicity, however, the brackets ⟨⟩ indicating the integration over the neutron spectrum
will be left out in the following equations and it is implicitly assumed that all appearing cross
sections have been averaged over energy according to Eq. (5.1). Furthermore, it should be
noted that we do not assume any spatial variations of the beam intensity, but it is assumed
that all neutron-target interactions occur in the target volume a · L, and that the number of
these interactions is the same at every point of the area A.

Because in our calculations, we are interested in the production of neutron-enriched isotopes
of the seed nuclides, we will only be calculating the abundances of those. To make a realistic
estimate of the yield of these neutron-enriched nuclides, several different processes have to be
taken into account: neutron capture, loss of nuclides via transmutation, the damping of the
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neutron beam inside the target and radioactive decay.

Neutron capture (n, γ) is the process during which the enriched isotopes the abundances of
which we calculate are created. Because during this process, the nuclide is changed as it gains
mass in form of neutrons, radiative capture is a nuclear transmutation process. However, as
discussed in chapter 2, it is not the only one that can occur, with processes like neutron-induced
particle emission or fission also possible, and whatever transmutation happens, the nucleus of
a specific species undergoing such a process changes its species in the process. To distinguish
these species, an isotope of the seed nuclide enriched by a specific number i of neutrons will
be called the i-species isotope of the seed in the following. Furthermore, we regard the damp-
ing that the neutron beam experiences due to all kinds of interactions possible with the seed
nuclides. This damping reduces the interaction rate for nuclides further away from the surface
of the target that is hit with the beam. Finally, radioactive decay is regarded as another way of
losing nuclei of a regarded species.

By only including these processes and only calculating the populations of neutron-enriched iso-
topes of the seed nuclides, we make a few approximations. Firstly, we disregard ”looped” trans-
mutation processes like 177Lu(n, p)177Yb(β−)177Lu in which transmutation processes other
than neutron capture can lead the original nuclide to be restored again. This effect, however,
can be assumed as small, because for such a process to happen, a particle emission reaction
must occur, and cross sections for such processes are small below incident energies corre-
sponding to the particle separation energies and, therefore, a few MeV. Consequently, such
looped transmutation processes could only affect our results for the higher energies regarded.
Other than this, we make the approximation to disregard that any secondary particles emitted
in the nuclear reactions of the neutrons with the target nuclei could react with the nuclei in
the target again. However, because, again, reactions producing secondary particles only begin
to become significant for energies above a few MeV, the number of emitted secondary parti-
cles is several orders of magnitude smaller than the number of neutrons in the pulse, and the
cross sections for charged particle reactions are lower than those for reactions with neutrons
as projectiles due to the Coulomb barrier of the nuclei, these effects are negligible for our pur-
poses. It should be noted that, for example in Refs. [145, 146], more sophisticated approaches
to modeling neutron capture processes, including loops, have been developed.

5.1.1 Neutron Captures During One Neutron Pulse in a Thin Target

Firstly, a framework will be developed describing what happens to the populations of seed and
neutron-enriched nuclei during one single pulse. To be able to neglect damping for now, we
regard a thin target that has a thickness L much smaller than the minimal penetration depth
of the neutron beam in the target material. Another approximation we make is that we as-
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sume the interaction time of Tp of the neutron pulse with the target to be much smaller than
all lifetimes of the regarded seed nuclides, as well as the neutron-enriched isotopes, so that
we can safely assume that no radioactive decays occur during the interaction. Considering
the extremely low pulse durations of laser-driven neutron pulses for the sources introduced in
chapter 4 of less than a nanosecond, this approximation applies for many nuclides.

Therefore, with the assumptions made above, the only two effects that have to be regarded
for the description of the number of seed nuclides and neutron-enriched isotopes during one
neutron pulse are nuclear transmutation and neutron capture. Let now N0 be the number of
seed nuclei and Ni, i > 0 the numbers of nuclei of the i-species. Only these populations are
accounted for in our calculations, so that becauseN0 has the lowest neutron number, it cannot
grow due to neutron capture but just lose nuclides in nuclear transmutation. Therefore, the
development of N0 during one neutron pulse can be described with the following differential
equation:

Ṅ0(t) =− σtr,0
A

N0(t)Rinc (5.2)

Here, Rinc is the rate at which neutrons from the neutron source irradiate the target. This rate
can be calculated from the neutron current density jinc via

Rinc = jinc ·A, (5.3)

which is generally time dependent. Furthermore, σn−cap,i are the (energy-averaged) neutron
capture cross sections and σtr,i the nuclear transmutation species-loss cross sections for nu-
clides with i more neutrons than the seed. A big part of the nuclear transmutation reactions
of the seed nuclei will usually occur due to neutron capture, so that when regarding the abun-
dance of N1 nuclides during one pulse, the number grows due to neutron capture of the seed
nuclides and decreases, just like N0, due to transmutation processes, making the differential
equation of N1

Ṅ1(t) =
σn−cap,0

A
N0(t)Rinc −

σtr,1
A

N1(t)Rinc. (5.4)

For all other neutron-enriched species, the differential equations follow the same scheme as
Eq. (5.4). However, in our calculations, the abundance of the species with i neutrons more
than the seed will be smaller than species i − 1, so that we can make the approximation that
for a certain number k of captured neutrons, the abundance Nk is so small that Nj , j > k, as
well as the transmutational loss of Nk are negligible. For these species, we then assume the
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differential equations:

Ṅk(t) ≈
σn−cap,k−1

A
Nk−1(t)Rinc (5.5)

Ṅj(t) ≈ 0 ∀j > k. (5.6)

Therefore, we have a complete set of coupled differential equations describing the species gain
and loss due to neutron capture and nuclear transmutation processes during one neutron pulse:

Ṅ0(t) =− σtr,0
A

N0(t)Rinc (5.7)

. . .

Ṅi(t) =
σn−cap,i−1

A
Ni−1(t)Rinc −

σtr,i
A

Ni(t)Rinc ∀i < k (5.8)

. . .

Ṅk(t) ≈
σn−cap,k−1

A
Nk−1(t)Rinc (5.9)

Ṅj(t) ≈ 0 ∀j > k. (5.10)

To eliminate the time dependence of Rinc, a new variable can be introduced:

τ(t) =
1

Np

∫ t

0
Rinc(t

′)dt′ (5.11)

⇔ dt =
Np

Rinc(t)
dτ, (5.12)

which is essentially equivalent with replacing Rinc(t) with Np and t with τ in the equations
above. Because in our calculations, we are only interested in the evaluation of the populations
at the end of one pulse, i.e. after Tp with τ(Tp) = 1, we might as well rename τ → t and
evaluate the populations at t = 1. Moreover, the quantities

µi =
σn−cap,i

A
Np; ηi =

σtr,i
A

Np (5.13)

can be introduced for further simplification of Eqs. (5.10).

With these simplifications, the system of differential equations can be written as

Ṅ = BN0 (5.14)

59



5 Theoretical Approach of the Present Work

with the matrix

B =



−η0 0 0 . . . 0 0 0

µ0 −η1 0 . . . 0 0 0

0 µ1 −η2 . . . 0 0 0
...

...
... . . . ...

...
...

0 0 0 . . . µk−2 −ηk−1 0

0 0 0 . . . 0 µk−1 0


(5.15)

and the vectors of populations during N = (N0, N1, ..., Nk)
T and before the pulse N0 =

(N0
0 , N

0
1 , ..., N

0
k )

T. The solution of this set of differential equations can then easily be identified
asN(t) = eBtN0, so that at the end of one pulse, i.e. at t = 1, we get

N(1 pl) =

 ∞∑
j=0

Bj

j!

N0. (5.16)

5.1.2 Neutron Captures During One Neutron Pulse in a Thick Target

The next step is to include the damping of the neutron beam into the calculation. It is assumed
that every kind of neutron interaction makes this neutron unable to interact with any more
target nuclei, so that the rate at which the incoming neutrons hit target nuclides can be de-
scribed by the following differential equation when neglecting spatial variations of the target
nuclide density nT:

dRinc(x) = −nTσtot,0dx, (5.17)

where it is assumed that most of the nuclides present in the target are the seed nuclides, and
therefore, the cross section for those nuclides is used in Eq. 5.17, along with the total number
of target nuclides NT. With the initial condition Rinc(0) ≡ R0

inc, the solution is given by

Rinc(x) = R0
ince

−x/λ (5.18)

with the approximate penetration depth

λ =
1

nT · σtot,0
. (5.19)

Because the rates of incoming neutrons are different at different depths x of the target, the
production of new nuclides with i neutrons more than the seed also varies, as does the total
number of neutrons Np(x) that reach different depths and that can be described by Np(x) =

Npe
−x/λ. Therefore, it makes sense to regard only the infinitesimal number of nuclides dNi in
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an infinitesimal interval dx. If we assume that the distributions of i-species isotopes present in
the target before the pulse, N0

i , are all homogeneous in the target of length L, namely dN0
i =

N0
i
L dx, and substitute the new expression for the neutron number in the values of µi and ηi,
Eq. (5.16) transforms into the following differential equation in x:

dN(1 pl) =

 ∞∑
j=0

(
e−x/λB

)j
j!

N0
dx
L

(5.20)

where e−x/λ has been factored out of the matrix. When integrating over the length of the
target L, one gets for the abundances N after one pulse

N(1 pl) =

 ∞∑
j=0

γjB
j

j!

N0 ≡ MN0 (5.21)

with factors γj = λ
jL(1− e−jL/λ) and γ0 = 1.

5.1.3 Neutron Captures for Multiple Neutron Pulses in a Thick Target

The considerations so far have only been for one pulse. However, we will regard up to several
billion neutron pulses for a single target in this work. In pulsed neutron sources as considered
in the calculations in the present work, these pulses are delivered with a certain repetition rate
frep, so that there is a delay time Tdel = 1/frep in between pulses. Let us now assume that
s − 1, s ∈ N pulses have already been delivered, and consider the sth pulse. Because it is
assumed that the duration of the pulse is much smaller than the half-lives of all nuclides, the
decay during the pulse can be neglected when calculating the populationN(s) right after the
sth pulse, so that the formula for the population directly after the pulse is almost exactly the
same as Eq. (5.21) for calculating the population directly after one pulse.

N(s) = MNd(s− 1) (5.22)

The subscript d for the abundance vectorNd(s− 1) is supposed to indicate the fact that at the
time when the sth neutron pulse is shot at the target, and with the assumption Tp ≪ Tdel also
approximately the time directly after the pulse, the populationN(s−1) has undergone decay.
To include this decay, each population has to be multiplied by a factor e−Tdel/τi

Ni,d = e−Tdel/τiNi (5.23)

where τi is the half-live of the i-species isotope, if it exists. In this equation, it is again assumed
that Tp ≪ Tdel, so that Tdel − Tp ≈ Tdel and the duration of the time window from after the
s− 1th pulse to the sth pulse, in which the decay is assumed to occur, is approximated as Tdel.
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In vector notation, the decay can be interpreted as a matrix multiplication of a ”decay matrix”
D with the vector N(s) to obtain Nd(s):

Nd(s) =


e−Tdel/τ0 0 . . . 0

0 e−Tdel/τ1 . . . 0
...

... . . . ...
0 0 . . . e−Tdel/τk


︸ ︷︷ ︸

≡D

N(s). (5.24)

In case a nuclide is stable, e−Tdel/τi would have to be substituted with 1, whereas for instantly
decaying nuclides, 0 would have to be written on the corresponding diagonal element of D.

Eqs. (5.22), (5.23), and (5.24) then allow to directly calculate the abundances of the seed nuclei
as well as all i-species isotopes with i > 0 after an arbitrary number of pulses with the neutron
beam via

N(s) = (MD)s−1MN0 (5.25)

⇔ N(s) = D−1(DM)sN0. (5.26)

Approximations

For some more qualtitative insight into the theoretical approach for multiple pulses, one can
disregard the decay between the pulses (τi = ∞) and neglect the damping (γk = 1 ∀k) [49],
so that Eq. (5.26) becomes

N(s) = M sN0 = esBN0 =

∑
j

sjBj

j!

N0. (5.27)

On this formula, a taylor expansion can be made if sηi ≪ 1 and sνi ≪ 1. If, furthermore,
N0 = (Nt, 0, ..., 0)

T is assumed, the leading order terms for Ni appear in Bi, so that the
populations approximately scale with

Ni(s) =
si

i!

i−1∏
j=0

µj

Nt, i > 0. (5.28)

Therefore, if decay and damping are neglected, the abundances Ni scale polynomically with
the pulse number according to si. This scaling, as investigated in Ref. [49], is caused by the
accumulation of neutron-rich nuclides during multiple pulses if the decay is neglected.

If decay and damping are taken into account, no such direct approximative formula as the
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one in Eq. (5.28), which has been developed by [49], can be found anymore. However, for
qualitative insight, one can still evaluate the recursive Eq. (5.22) up to a few orders. For this
to work, it is only required that µi, ηi ≪ 1. If the same initial condition N0 = (Nt, 0, ..., 0)

T

is considered, the leading order expansion of Eq. (5.22) in µ and η including terms from all
populations Nj , j ≤ i and, therefore, from B0 −Bi is given by

Ni(s+ 1) =Ni(s)e
−Tdel/τi +

i−1∑
l=0

e−Tdel/τlNl(s)

i−1∏
j=l

µj

 γi−l

(i− l)!
. (5.29)

It should be noted that if several pulses are applied, because of the sj-scaling deduced in Eq.
(5.28), the Nj(s) terms in Eq. (5.29) have a higher influence on Ni(s + 1) the higher j is if ηj
and µj are comparable. Therefore, this approximative equation shows that most enrichments
occur via the capture of exactly one neutron during one pulse.

Finally, when including one more order for each populationNj , j < i, the effect of the nuclear
transmutation can be seen as well in the expansion:

Ni(s+ 1) =Ni(s)e
−Tdel/τi +

i−1∑
l=0

e−Tdel/τlNl(s)
γi−l

(i− l)!

i−1∏
j=l

µj


−

i∑
l=0

Nl(s)e
−Tdel/τl

γi−l+1

(i− l + 1)!

 i∑
j=l

ηj

i−1∏
j=l

µj

 (5.30)

where for i = k, ηi = 0 has to be assumed.

5.1.4 Total Number of Produced Nuclides

Finally, a further quantity relevant to our calculations is not only the number of nuclei of
a specific species Ni+1 after a certain number of pulses, but also the number of pulses that
are produced in total with all pulses during the experiment. The differential equation for this
quantity during the interaction with the neutron pulse reads

Ṅ tot
i+1 = µiNi(t) (5.31)

whereNi(t) is the number of i-species isotopes during the interactionwith the pulse (i.e. t < 1)
calculated via Eq. (5.21), in which t is inserted for the time instead of 1:

Ni(t) =

 ∞∑
j=0

γjB
jtj

j!

N0


i

. (5.32)
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After integrating Eq. (5.31) from t = 0 until the end of the pulse, i.e t = 1, one gets for the
total number of nuclides after one pulse

N tot
i+1(1 pl) = µi

 ∞∑
j=0

γjB
j

(j + 1)!

N0


i

≡ µi

[
M ′N0

]
i

(5.33)

When generalizing for multiple pulses, the operator in front ofN0 has to be applied on the de-
cayed populations after all pulse numbers l leading up to the sth pulse,Nd(l), and the resultant
abundances have to be added, so that the total number of produced nuclei of the i+ 1-species
isotope yields:

N tot
i+1(s) = µi

s−1∑
l=0

[M ′Nd(l)]i. (5.34)

withNd(0) = N0, as we assume the first pulse to be applied directly at the start of the exper-
iment.
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5.2 Neutron Sources and Targets

In the current work, the framework introduced in the last section is employed to calculate
the populations of nuclides enriched by up to 4 neutrons (Expressed in the conventions of
the former section, this corresponds to k = 4). For the neutron beams causing the neutron
enrichement, two laser-driven neutron sources are considered:

1. One neutron source that yields 1012 neutrons per pulse with three different repetition
rates of

a) 10Hz
b) 1Hz
c) 1 pulse per minute

2. and a second neutron source that yields 1016 neutrons per pulse with a repetition rate
of 3 pulses per day.

Therefore, we do not only employ the first neutron source at a repetition rate of 1Hz, as done
in Ref. [49], but the investigation of the influence of different repetition rates is possible in this
work, and a second neutron source is studied as well. The first neutron source (called neutron
source 1 in the following) represents a laser-driven neutron source at Petawatt-class laser sys-
tems like ELI-NP [47]. The number of neutrons per pulse, 1012, is expected to be produced at
this facility in sub-nanosecond pulses with laser-accelerated high-ion beams and with laser-
driven electron based photonuclear reactions. For the second neutron source, an ICF-driven
source at NIF is considered, which has been shown to produce even slightly more than the 1016

neutrons per pulse considered here.

Neutron beam energiesEinc between 50 keV and 10MeV with the gaussian energy spectrum in
Eq. (5.1) are considered. Therefore, a great range of the available neutron energies in current
and planned laser-driven neutron sources is covered (see chapter 4), and we limit us to ener-
gies for which our assumptions that secondary particle emissions do not play too big of a role
apply. Especially the low energies of up to a few hundred keV are of great importance because
these are the energies at which the weak s-process (90 keV) and the r-process are considered
to operate. The gaussian energy spectrum is selected because it is the spectrum that neutrons
produced in thermal reactions exhibit [40]. For the relative standard deviation of the gaussian
profile, σrel = σgaussian/Einc = 10% is assumed, and the averaging calculation is executed on
an energy grid in the interval [−4Eincσrel, 4Eincσrel] with 1000 grid points. We note that with
these parameters, it is not our goal to exactly reproduce the conditions at the laser facilities at
ELI-NP and NIF, but rather to employ the total numbers of neutrons per pulse and the repeti-
tion frequencies of these sources in calculations in which a broad range of energies available at
any laser driven neutron source is investigated for a quite high energy resolution. To achieve
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energy spectra comparable to those used in our calculations, the neutrons of the ELI-NP and
the NIF source would have to be filtered and/or moderated, so that the number of neutrons per
pulse would most possibly be reduced compared to that used in the calculations.

For the considered neutron sources and the incident neutron energies, the irradiation of a target
with a target area of A = 104 µm2 and a length of L = 100 µm is considered. Therefore, the
target area is significantly larger and more realistic than for the target assumed in Ref. [49].
For this target, it is assumed that only consists of one type of seed nuclides at the beginning.
The following two sets of seeds are considered in the present work:

• Nuclides I: 7533As, 12651 Sb, 17671 Lu, 18775 Re, 19276 Os, 22688 Ra, 23391 Pa and 244
95 Am

• Nuclides II: 17169 Tm, 19377 Ir, 19779 Au, 22789 Ac and 255
99 Es

These nuclides have been chosen for the following reasons. Firstly, these isotopes are the heav-
iest available for each element in the ENDF/B library and they each are characterized by the
fact that at least one of the neutron-enriched nuclides has a lifetime longer than one hour.
Such long-lived neutron-enriched nuclei are both promising to produce a high number of nu-
clei enriched by even more neutrons, and a long half-life makes it possible to conduct further
experiments with the neutron-enriched nuclides. Furthermore, the selected seed nuclides have
been found to perform well in the production of neutron-rich isotopes with neutron capture
cascades in Ref. [49] in the interaction of a laser-driven neutron beamwith a single-component
target. Lastly, most of the nuclides considered in this work are relevant to the astrophysical r-
and s-process.

176Lu, for instance, is an s-only nuclide and, in fact, a highly temperature-sensitive branching
point nuclide of the s-process [147] because of the fact that in stellar environments, 176Lu and
176mLu with lifetimes 4 × 1010 years and 3.68 hours are both present with the distribution
depending highly on the temperature of the environment. Moreover, 171Tm is an s-process
branching nuclide as well [23], and 126Sb lies near both the s-process branchings of 122Sb and
121Sn. Furthermore, 187Re, which is predominantly produced in the r-process, is an important
chronometer for the r-process as its decay contributes to the abundance of the otherwise s-only
nuclide 187Os [148], and 187Re is also right next to the 186Re s-process branching point. More-
over, 75As and its enriched nuclides are all produced in the weak s-process, and 75As is near
the branching point of 75Ge [24]. As explained in chapter 3, a precise knowledge of the quan-
tities for such nuclides in the region of branching points and the simulation of the behaviour
of these nuclides in environments of high neutron flux could help improve s-process models
and provide information on the dynamical environments for the s-process. Because especially
in the weak s-process, the neutron capture cross sections of the individual nuclei are relevant
for the final abundances of all nuclides on a branch, the investigation of the neutron-enriched
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nuclides of 75As and the simulation of neutron capture cascades on these nuclides are of great
importance.

126Sb and more neutron-rich isotopes of this nuclide can be produced by fission of actinides, so
that a better understanding of the cross sections of the nuclides for Sb, but also the investigation
of the fission probabilities of the regarded actinide nuclides is crucial for the understanding of
fission cycling in the r-process [149–151]. Moreover, the neutron-enriched nuclides and seed
nuclides of Tm, Lu, Re, Os, Ir, and Au are close to the N = 126 waiting point of the r-process,
which is the last point at which the r-process path comes close to the valley of stability before
producing the heaviest elements. Therefore, as explained in chapter 3, investigating neutron
capture cascades with laser-driven neutron sources delivering neutron fluxes similar to those
in the r-process in this region and producing neutron-rich nuclides for these seeds with which
further experiments can then be conducted is crucial in understanding the production of very
heavy nuclides in the r-process. This is especially true regarding the fact that with the laser
sources under investigation, neutron fluxes comparable to those in the r-process can be pro-
duced. Some neutron-rich nuclides relevant to the r-process that are considered in the present
work (195Os, 196Os, 172Tm, 191Re, 128Sb, and 129Sb) have also been investigated in a sensitivity
study by Mumpower et al. [112], which has shown that the neutron capture cross sections
of these nuclides, especially that of 195Os, have great influence on the r-process abundances
produced in several current models of both supernovae and binary mergers. Therefore, explor-
ing the reaction cross sections of these seed nuclides in experiments with laser-driven neutron
sources could help identify the r-process site.

Moreover, three of the nuclides that can be produced from the seed nuclides by capturing 3 or 4
neutrons, i.e. 258Es, 259Es, and 248Am have never been produced in the laboratory before [1–3].
Furthermore, 129Sb has been recently shown to be a good nuclide for studying nuclear collec-
tivity [152]. Finally, some of the neutron-rich nuclides that we aim to calculate the production
of, like 177Lu [12], 198Au [9], 199Au [11] and 188Re [10], have medical applications. Thus, if our
calculations show a significant production of these nuclides, laser-driven neutron sources could
provide a space-saving and relatively cheap alternative for reactor- and accelerator-based fa-
cilities currently used to produce such nuclides for hospitals [33]. Therefore, nuclear medicine
could become more broadly available.

The half-lives, mass densities and minimal penetration depths of these seed nuclides and the
isotopes that can be created by neutron capture of up to 4 more nuclides are shown in Table
5.1. The half lives in this table are taken from the ENDF/B-VIII.0 decay sublibrary[50] and half-
lives of neutron-enriched nuclides greater than 1 h are printed in bold letters. If only a bound
is known to the lifetime, this bound is used for the calculations, and in case that the half-life is
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Seed ρ (g/cm3) λ (mm) T1/2 T+1n
1/2 T+2n

1/2 T+3n
1/2 T+4n

1/2

75
33As 5.75 23 stable 1 d 2 d 2 h 9 min
126
51 Sb 6.68 48 12 d 4 d 9 h 4 h 40 min
171
69 Tm 9.32 30 2 y 3 d 8 h 5 min 15 min
176
71 Lu 9.84 28 4E10 y 7 d 28 min 5 h 6 min
187
75 Re 20.80 9 4E10 y 17 h 1 d 3 min 10 min
192
76 Os 22.59 9 stable 1 d 6 y 9 min 35 min
193
77 Ir 22.56 11 stable 19 h 2 h 52 s 6 min
197
79 Au 19.30 14 stable 3 d 3 d 48 min 26 min
226
88 Ra 5.00 54 2E03 y 42 min 6 y 4 min 2 h
227
89 Ac 10.00 27 22 y 6 h 1 h 2 min 8 min
233
91 Pa 15.40 19 27 d 7 h 24 min 9 min 9 min
244
95 Am 12.00 25 10 h 2 h 39 min 23 min 10 min
255
99 Es 8.84 37 40 d 25 min 8 d 2 min -

Table 5.1: Half-lives and minimal penetration depths of the selected seed nuclides and their
neutron-enriched isotopes

not known at all, it is assumed as zero. One case of such an isotope with zero half-life is 259Es,
for which it is hence assumed in the calculations that any produced nucleus of this isotope
instantly decays, so that the abundancesNi are assumed as 0. For the other nuclides, however,
the half-lives are so high that the approximation that the pulse duration, which amounts to less
than a nanosecond for the considered laser-driven neutron sources, as illustrated in chapter 4,
is negligible compared to the half-lives of the nuclei is applicable for all of the regarded nuclides.

The mass densities of the elements are taken from the 97th edition of the CRC Handbook of
Chemistry and Physics [153] and the data provided by the Royal Society of Chemistry [154].
For Es, the value is predicted in [155]. With these values of the mass densities, the masses of
the nuclides, and the total cross sections σtot,0 for neutron interactions with the seed nuclei
taken from the ENDF-B library [50] in the considered energy range of 50 keV to 10MeV, the
penetration depths, furthermore, have been approximately calculated according to Eq. (5.19).
The minimal penetration depths listed in Table 5.1 are the smallest values of λ for energies in
the considered energy range. From the λ values it becomes apparent that because even the
smallest one with 9mm is still 90 times as great as the length of the probe, the influence of
neutron damping in the target as regarded in section 5.2 is small. At most, the average neutron
number ”seen” by a nucleus decreases from the original one by 1.2% at the rear of the target.

Apart from the neutron enrichment of the seed nuclides after 1 and several pulses, as done in
Ref. [49], we also analyze the saturation of neutron enrichment in the present work. For this,
the following two conditions are considered for each of the populations Ni:
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5.3 Cross Section Data

• Saturation Condition 1:
The population Ni is maximal.

• Saturation Condition 2:
The difference of the population Ni after s pulses and s − 1 pulses is smaller than the
enrichment after one pulse.

Ni(s)−Ni(s− 1) < Ni(1pl) (5.35)

The first saturation condition, therefore, is important to investigate as it indicates how many
nuclei of a specific species can be present at once and, therefore, are simultaneously available
for further experiments. The second saturation condition is of importance as it indicates when,
for example, the target should be changed to uphold the production speed of new nuclei.

5.3 Cross Section Data

As explained in section 5.1, the required cross sections for our calculations are the neutron
capture cross section σn−cap, the cross section for nuclear transmutations, σtr, and the total
cross section σtot for all neutron-nucleus interactions. While the neutron capture cross section
is readily available in all of the regarded libraries and the total cross section can be obtained
from ENDF/B-VIII.0 and TENDL-2019, this is not the case for the transmutation cross section.
In order to calculate it according to Eq. 2.5, we need the elastic neutron scattering cross section
σel, the inelastic neutron scattering cross section σinel and the non-elastic neutron interaction
cross section σnon−el.

All cross sections for the seed nuclides are obtained from the ENDF/B-VIII.0 data that has been
preprocessed using the PREPRO 18 codes. However, for most of the nuclides, and in fact for all
nuclides on which we focus in the present work (see Table 5.1), the non-elastic cross section
is not provided in the ENDF/B-VIII.0 data. Therefore, this cross section has to be estimated
by Eq. (2.3). Comparisons of this estimate with the value directly taken from ENDF-B for the
cases that this data exists show that the mean relative error of σnon−el calculated by Eq. (2.3)
is on the level of less than 1% for most of the heaviest nuclides for which a file exists in the
ENDF/B-VIII.0 library [49]. Just 41Ar exhibits a relatively large relative deviation of 16%. These
deviations are most probably caused by misalignments on the energy grids of the elastic and
the inelastic cross sections of the nuclides. With the non-elastic cross section calculated like
this, the cross section for any kind of species-loss of the seed nuclides σtr can be calculated
according to Eq. (2.5).
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5 Theoretical Approach of the Present Work

As explained above, the seed nuclides used in this simulation are each the highest-A iso-
topes available for the corresponding nuclide, so that no cross section data is available for
the neutron-enriched isotopes in the ENDF/B-VIII.0 library. Thus, for the isotopes enriched by
neutrons, we use the cross sections from the TENDL-2019 library preprocessed with PREPRO
18. This library is used because, as explained in chapter 2, it includes models for most important
processes and as much experimental data as possible. Therefore, the cross section data used
for the calculations of the numerical results presented below differs from those used in Ref.
[49].Like for the seed nuclides, the neutron capture cross sections can be taken directly from
the preprocessed TENDL library. Furthermore, because of the ambition of TENDL-2019 to be
a complete nuclear data library, non-elastic cross section exist in the corresponding TENDL
datafile for all of the nuclides considered in the present work, i.e. the isotopes in the two sets
of nuclides as well as their neutron-enriched isotopes, so that estimates via Eq. (2.3) do not
have to be made here. From these non-elastic cross sections, the species-loss cross sections for
the neutron-enriched nuclides are then calculated according to Eq. (2.5). Because there has
been misalignment on the energy grid when calculating the non-elastic cross section from the
ENDF-B data, we have checked for any kind of energy grid misalignment between the non-
elastic and the inelastic cross sections in the TENDL data as well and came to the conclusion
that for the preprocessed TENDL data, there are none.

In general, less approximations have to be made when using TENDL cross section data than
NON-SMOKER data, as is done in [49], for neutron-rich nuclides in our calculations. To check
the precision of the TENDL data and, therefore, the validity of our results, the TENDL-2019
data is compared to the ENDF data in chapter 7.
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6 Numerical Results

6.1 Numerical Results for Neutron Source 1

6.1.1 Results after 1 Pulse

Now, we turn to analyzing the numerical results of our calculations. We first consider the
case of one pulse of the first neutron source. This case has already been studied in Ref. [49],
however, a target of different area and different cross section data has been used in that work.
The framework established in section 5.1 is used to calculate the abundances of the neutron-
enriched isotopes in a thick target. Moreover, 300 energies from 50 keV up until 10MeV are
included in the calculations. The resulting populations of the neutron-enriched isotopes with
up to 4 neutrons more than the seed directly after this one pulse and, therefore, without any
decay included, are shown in Fig. 6.1 for the nuclides from the first set and in Fig. 6.2 for the
second set of nuclides.

It can be seen in Figs. 6.1 and 6.2 that the populationsNi decrease with higher incident neutron
energies, therefore making the production of neutron-rich isotopes most efficient with low in-
cident neutron energies. The highest abundances of neutron-enriched isotopes after one pulse
can generally be found for the Am, Pa, Lu and Re isotopes for the first nuclide set. Further-
more, the Ra and Os isotope abundances have distinct maxima for a few MeV. For the second
set of nuclides, the populations are generally the highest for the Ir isotopes and lowest for the
Es isotopes. Because of the low deviations between the populations of the second set nuclides,
all of the second set abundances lie in between the highest and lowest of the first set.

More careful analysis shows that the features of the abundance N1 depends mainly on the
neutron capture cross section of the seed nuclide. For larger i, however, the abundance Ni

depends on a combination effect of all neutron-caption cross sections σn−cap,j , j < i. Such
feature is expected because with our theoretical approach, the abundance after one pulse is
calculated via

Ni(1pl) =
1

i!

(
i−1∏
k=0

µi

)
Nt (6.1)
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Figure 6.1: Populations Ni, i ∈ {1, 2, 3, 4} of neutron-enriched isotopes directly after 1 pulse
of 1012 neutrons for the first set of nuclides.

in leading order and neglecting damping, with µi being directly proportional to σn−cap,i. This
also explains the observation that the abundancesNi get lower by a factor of at least 108−1011

for each added neutron, depending on the energy, as µi ∝ Np
At

·σn−cap,i = 1016cm2 ·σn−cap,i =

10−11...10−8.

That the populations mainly depend on the neutron capture cross sections and that they get
lower by a factor corresponding to µi has also be found in Ref. [49]. However, when compar-
ing the one pulse results from Ref [49] to ours, it can be seen that the relative position of the
abundance curves, as well as the course of these curves themselves differ. This can be explained
by Eq. (6.1), as different cross section data is used in Ref. [49]. Moreover, it can be seen that
our results for theNi populations are significantly lower than those in Ref. [49] for i > 1. This
can be explained by the lower neutron-to-seed ratio in the larger target employed in this work
and, therefore, by the scaling ofNi withN i

p/A
i−1, which results from the theoretical approach

and which has been investigated in Ref. [49].

Even though the populations resulting from our calculations are significantly lower than those
for the same number of neutrons per pulse in Ref. [49], as shown in Figs. 6.1 and 6.2, our
results still suggest that with only one pulse of 1012 neutrons, a large number of nuclides of
the 1-species can be produced for all seed nuclides and at all considered energies, with over
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Figure 6.2: PopulationsNi, i ∈ {1, 2, 3, 4} of neutron-enriched isotopes directly after 1 pulse of
1012 neutrons for the second set of nuclides. Because 259

99 Es has no half-life,N4 for this nuclide
is not shown in subplot d).

108 nuclei at low energies for all seed nuclides except 226Ra, for which the population only
reaches slightly above 5×107 though the neutron capture cross sections for this nuclide being
comparable to those for the others, as this seed nuclide has the lowest number density and,
thus, the lowest number of seed nuclei Nt in the target.

Furthermore, for some nuclides, i.e. Lu, Re, Pa, Am, Tm, and Ir, the abundancesN2 are greater
than 1 at low mean neutron energies around 50 keV. Therefore, even for the larger, more real-
istic target considered, one pulse of neutron source 1 with 1012 neutrons is sufficient to make
the capture of multiple neutrons on unstable nuclides, as they occur in the r-process, possible.
However, N2 is only slightly greater than 1 for the mentioned nuclides, and for the others,
it is improbable that a nuclide enriched by more than 1 neutron is even produced. Isotopes
enriched by more than 2 neutrons are even more unlikely to be created with only one pulse,
with the abundances all below 10−8. Thus, multiple pulses seem to be needed to observe the
production of even more neutron-rich isotopes with this neutron source.
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6 Numerical Results

6.1.2 Results after 104 Pulses

We now turn to the case of 104 pulses of the first neutron source. For this pulse number, we
will only be regarding the seed nuclides for the first set of nuclides. Furthermore, 100 energies
between 50 keV and 10MeV are considered as mean incident neutron energies for the calcu-
lations of the results for 104 pulses. In the case of multiple pulses, not only the cross sections
and number densities of the nuclides are of importance, but also the repetition rates frep, with
which the pulses are delivered, as after each pulse (for which the duration Tp is assumed to
be much smaller than the delay time Tdel between the pulses), the populations of unstable nu-
clides decay. In case of the first neutron source, three repetition rates are examined: 1Hz,
10Hz and 1 pulse per minute. Because of the possibility of the produced nuclei decaying and
transmutation to occur, the total number of produced nuclei are shown as well as the enriched
nuclei left directly after the 104 pulses, for the last of which the decay therefore is not included.

The totally produced numbers of neutron-enriched nuclei, as well as the ones present after 104

pulses delivered with a repetition rate frep = 1Hz are shown in Fig. 6.3 for the first set of nu-
clides. Therefore, the results shown in this figure correspond to those investigated for multiple
pulses in Ref. [49], just with a more realistic target and different cross section data used in the
calculations. According to Eq. (5.28), the populations should, in leading order, scale approx-
imately with 104i compared to the enrichment after one pulse if the decay and damping are
neglected. And in fact, the populations of nuclides present after 104 pulses are much higher
than those after just one pulse, while still following the same course of the abundance curves.
With a repetition rate of 1Hz, up to 6.6 × 1012 nuclei of the 1-species are present at the end
of the 104 pulses for Pa, and apart from Ra, all other nuclides reach N1 values of over 1012 as
well. Furthermore, while for one pulse hardly above one nucleus of the 2-species is produced
for any of the seeds, over 108 nuclei of the 2-species are present for Re after the 104th pulse at
low energies, and the other nuclides all also reach abundances above 106. Thus, the calculated
abundances N1 and N2 are both significantly above 1, which suggests that in the setup under
consideration, nuclides enriched by both 1 and 2 neutrons can be produced in large quantities
with the laser-driven neutron source 1.

The biggest difference to the 1 pulse case is, however, that with 104 pulses, 3-species isotopes
can be produced for all of the seed nuclides, and for all of the seeds, such neutron-enriched
isotopes are still present at the end of the 104 pulses. At low energies, even more than 103

nuclei of the 3-species isotopes 179
71 Lu, 19075 Re, 23691 Pa and 247

95 Am are produced, with more than
103 still remaining at the end for 247

95 Am and 179
71 Lu. Nevertheless, the production of 4-species

isotopes is still neglible, even though N tot
4 has increased from up to 1.6× 10−17 for one pulse

to up to 8.1× 10−2 for 104 pulses, both for Am at 50 keV.
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Figure 6.3: Populations Ni, i ∈ {1, 2, 3, 4} as well as total produced abundances N tot
i , i ∈

{1, 2, 3, 4} of neutron-enriched isotopes directly after 104 pulses of 1012 neutrons each deliv-
ered with a repetition rate of 1Hz for the first set of nuclides.

Therefore, while the results in Ref. [49] suggest the capture of up to 4 neutrons for all seed
nuclides, this is not the case when using the target area employed in our work. However,
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6 Numerical Results

when analyzing the abundances as a function of the pulse number, it becomes clear that all
populations have reached their maximum at the last, 104th pulse. Therefore, the populations
of neutron-enriched isotopes produced with the first neutron source operating at a repetition
rate of 1Hz are likely to be improved by simply applying more pulses.

Comparison of abundance curves in Fig. 6.3 with the populations after one pulse of the same
neutron source in Fig. 6.1 shows that the relative location of the abundance curves Ni for
different seed nuclides is different for 1 and 104 pulses. In order to investigate this effect, we
analyze the ratios of Ni after 104 pulses to the corresponding abundances after 1 pulse. The
analysis shows that the energy dependence of this ratio is very weak for all the considered
nuclides. Furthermore, the approximate scaling with N i

pulses is quite accurate for some nu-
clides, especially for those of populationN1 andN2, while forN3 andN4, the scaling becomes
weaker thanN i

pluses. The approximation yielding theN i
pluses scaling does not take into account

higher order terms including nuclear transmutation, damping of the beam in the target as well
as the decay that occurs between beams. Because the target thickness is at least about two
orders of magnitude smaller than any of the minimal λ values from Table 5.1, the damping
effect is quite low. Furthermore, species-loss due to nuclear transmutation is decreased com-
pared to the leading order by a factor of up to (108 − 1011) × 104 (the order of magnitude of
µi ×Npulses), as according to Eq. (5.30), ηi operates on Ni and µi operates on Ni−1 in leading
order. Therefore, the main reason for the weaker scaling in our theoretical approach is the de-
cay, and indeed, the abundances increase least for nuclides for which the half-lives are low. The
duration of the interactions, which amounts to 2 h, 48min and 39 s, is longer than the half-lives
of several of the neutron enriched isotopes and especially higher than all half-lives of the 3-
and 4-species isotopes of the considered seed nuclei (see Table 5.1). Consequently, many nuclei
decay and, thus, do not remain at the end of the 104 pulses anymore, and cannot contribute to
the production of isotopes with more neutrons. This leads to a dependence of the abundances
Ni firstly on the half-live of the i-species, T+in

1/2 , but also on all half-lives T+jn
1/2 for j < i, as

it can be quantitatively seen in the approximate formula Eq. (5.29). The dependence on T+in
1/2

can be seen, for example, for the Ra and Am N1 abundances, which, of all set-1 nuclides, have
increased the least compared to the 1 pulse populations because they have the lowest T+1n

1/2 .
Furthermore, even though the 2-species Radium isotope has the longest lifetime, the factor is
still one of the lowest. There, the effect comes into play that when Nj , j < i decreases due to
decay, this also means a lower Ni.

However, not only the abundancesNi at the end of the 104 pulses are object to decay, but also
the totally produced abundances N tot

i . For these abundances, the decay of the i-species itself
is not included (see Eq. (5.34)). Still, a lower number of nuclei of i-species isotopes can be
produced in total if nuclei of the j-species with j < i decay during the interaction. Therefore,
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6.1 Numerical Results for Neutron Source 1

we find the scaling of N tot
i , which has also been investigated in Ref. [49], to be more than 1

order of magnitude lower than 1016 for theN tot
4 populations of Ra and Re, the nuclides with the

lowest T+3n
1/2 of the first set, and we observe that generally, the scaling is lowest if all nuclides

contributing to the capture cascade leading to the i-species have low half-lives. Therefore, we
can confirm the observation in Ref. [49] that the scaling for N tot

4 is noticeably lower than ex-
pected if T+3n

1/2 is short and generalize this observation.

We now turn to the case of the first neutron source with a repetition rate of 10Hz and, there-
fore, the first case that has not been investigated in Ref. [49]. The numbers of totally produced
nuclei and those still present at the end of the 104 applied neutron pulses for this repetition
rate are shown in Fig. 6.4 for the first nuclide set. Because of the lower delay time Tdel = 0.1 s
between the pulses compared to Tdel = 1 s for the 1Hz repetition rate, the total duration of the
interaction amounts to only 16min 39.9 s. Therefore, the decay of the nuclei has less influence
on the populations than for frep = 1Hz. Thus, especially for species enriched by multiple neu-
trons and short lifetimes, N tot

i as well as Ni are higher than for 10Hz.

To compare the isotope abundances for the different repetition rates, we analyze the ratios of
the populations at 10Hz and 1Hz. The totally produced abundances N tot

i for frep = 10Hz are
hardly higher than twice the abundances for frep = 1Hz for i < 4. For the 1-species isotopes
of stable seed nuclides, the totally produced abundances are in fact the same, as no decay in-
fluences the produced nuclides of the 1-species for these seeds. However, because of the low
half-lives for the 3-species, the abundances N tot

4 are up to 8 times higher for 10Hz than for
1Hz in case of Radium, and up to 6.9 times as high for Palladium. These two nuclides also have
the lowest half-lives for the 3-species with 3min and 4min, respectively. Generally, the totally
produced abundances N tot

i become significantly higher for higher repetition rates in cases in
which the j-species isotopes with j < i have low half-lives, as for 10Hz, the populations of
these species then do not decrease as much due to decay as with 1Hz because of the lower
delay time. Consequently, the more abundant j-species also produce more +in-nuclides in
neutron capture cascades.

In the case of the populations remaining at the end of the 104 pulses, Ni, the enhancement
factors for 10Hz compared to 1Hz are even higher than for N tot

i because in these cases, the
decay of the i-species also comes into play. For 10Hz, up to 3 times as many low-half-life
2-species nuclei are left after the 104 pulses as for 1Hz, andN3 increases by a factor up to over
10. For the 4-species, 32 times as many Palladium nuclides are left than for 1Hz. Nevertheless,
for seed nuclides with generally long lifetimes like 126Sb or also 75As, the improvement for the
increased repetition rate is not too high.
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Figure 6.4: Populations Ni, i ∈ {1, 2, 3, 4} as well as total produced abundances N tot
i , i ∈

{1, 2, 3, 4} of neutron-enriched isotopes directly after 104 pulses of 1012 neutrons each deliv-
ered with a repetition rate of 10Hz for the first set of nuclides.

In conclusion, a higher reptition rate enhances the abundances for nuclides with low half-lives
significantly, both the totally produced populations and the populations remaining after the
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6.1 Numerical Results for Neutron Source 1

last pulse. As an example, for the 4-species isotope of Re, the neutron cross section of which
has been shown to influence the predicted r-process abundances, the abundance Ni could be
improved by over a factor of 21 by employing a repetition rate of 10Hz instead of 1Hz. In con-
trast, for relatively long-living nuclides like Sb, which is relevant to both the branching points
of the s-process and the r-process, the improvement of a higher repetition rate is not too high
and the 10Hz populations Ni and N tot

i are never higher than 1.2 times the 1Hz populations.
Nevertheless, even though the abundancesNi andN tot

i are higher than for the lower repetition
rate, the production of 4-species isotopes is unlikely as shown in Fig. 6.4, as the total abun-
dances of 4-species isotopes are not higher than 1. However, just like for 1Hz, all abundances
Ni reach their maximum at the last pulse, thus the abundances promise to increase by applying
more pulses.

Lastly, we turn to the case of the first neutron source with the repetition rate of one pulse per
minute. The total duration of the interaction, thus, amounts to 6 d, 22 h and 39minute. The
number of nuclei of the isotopes enriched by one to four neutrons produced in total, N tot

i , as
well as their populationsNi remaining after the 104 pulses are shown in Fig. 6.5. As expected,
the populations of neutron-enriched isotopes produced in 104 pulses deliveredwith a repetition
rate of one pulse per minute are much smaller than those produced with the other investigated
repetition rates. Not only is it very improbable for nuclei of the 4-species to be produced in this
experimental setup, but the N3 and N tot

3 abundances drastically decrease as well compared to
higher repetition rates. Only for very low energies and the long-living 3-species isotopes of Lu
and As isN3 above 1 after the last pulse, and for Am, not even 2-species nuclides remain at the
end of the interaction. This drastical decrease is due to the exponential nature of the decay.

The most striking feature of Fig. 6.5 is how low the abundances Ni and N tot
i of the nuclide

Am are compared to the other nuclides, especially because the Am nuclide abundances are
among the highest for the other two repetition rates because of its high cross sections for
neutron capture. The reason for the low abundances are the generally low half-lives of the Am
isotopes, including the seed nuclide 244Am, which only has a half-life of 10 h, which is 16 times
shorter than the time it takes for the considered neutron source to deliver all neutron pulses.
Consequently, after already about 2015 pulses, less than 10% of the initial seed nuclei left so
that the production of neutron-enriched nuclides decreases rapidly¹. N1 of Am is actually so
low that for a mean neutron energy of 10MeV, less than one nuclide enriched by one neutron
is left after all pulses.

¹and therefore, the approximation that the seed nuclides are the most abundant species in the target, which is
needed if the penetration depth is calculated according to (5.19), is no longer valid. However, the damping of
the neutron beam has quite a low effect on the final abundance, so that the error made should not be too high.
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Figure 6.5: Populations Ni, i ∈ {1, 2, 3, 4} as well as total produced abundances N tot
i , i ∈

{1, 2, 3, 4} of neutron-enriched isotopes directly after 104 pulses of 1012 neutrons each deliv-
ered with a repetition rate of 1 pulse per minute for the first set of nuclides.

Moreover, all populationsNi for Am are even smaller after 104 pulses than they are after only
one pulse.
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6.1 Numerical Results for Neutron Source 1

Following the considerations above, it is not surprising that the Ni populations of the Am
nuclides are already beyond their maximum after 104 pulses. That the abundances reach their
maximum during the 104 applied pulses is also the case for all Pa isotopes because of the short
half-life of 27 days for the seed nuclide, and for the N1 population of Radium, with a half-life
of 42 minutes for the 1-species isotope. For Sb, even though the seed nuclide has a half-life of
12 days, however, the maximum is not reached for any Ni because of its relatively high half-
lives for neutron-enriched isotopes. Therefore, for Sb and all other nuclides of the first set of
nuclides except Am and Pa, higher abundances of nuclides Ni are probable to be reached by
using more pulses.

6.1.3 Saturation Condition 1

Now, we turn to the investigation of the saturation conditions for the first neutron source.
While a population reaching its maximum before the end of all pulses has been observed with
the 2-species isotope of Es in Ref. [49], the saturation has not been systematically investigated.
This will be done in the following. First, we study how high the maximally possible abun-
dances are for each nuclide and repetition rate and after how many pulses they are reached.
In other words, the first saturation condition is analyzed for the first neutron source. For this,
the bombarding of a seed nuclide target is calculated for 80 mean incident neutron energies
from 50 keV to 10MeV, 40 of which are logarithmically distributed over the entire range, and
another 40 are distributed in the range between 1MeV and 10MeV.

Before analyzing the numerical results, some general considerations for saturation condition
1 shall be made. Generally, the maximal population of Ni, NC1

i , is reached when, with more
pulses applied than the numberNC1

pulses,i required for the maximum, the growth of the popula-
tion due to neutron capture of the j-species with j < i is smaller than the loss of nuclei of the
i-species through nuclear transmutation and decay. For an approximate quantitative formula
describing the main dependencies of the populations Ni, i > 0, Eq. (5.30) can be applied, in
which, as explained in section 5.1.3, the terms includingNj generally become more influential
with increasing j for many pulses. Therefore, the loss ofNi is mainly determined by ηi and the
decay probability 1− e−Tdel/τi , both operating on the population produced with one pulse less
than the regarded population and, consequently, the absolute loss increases with increasingNi.

For most neutron-enriched isotopes, the decay during the delay time between the pulses has
a greater influence on the species-loss than nuclear transmutation reactions because of the
low half-lives, as has been seen when investigating the results after 104 pulses for different
repetition rates, where the abundances of short-lived nuclides have been shown to drastically
decreased for lower frep. For the 4-species, it is even assumed in our calculations that the
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transmutation is negligible, which, regarding the low half-lives of 2 hours or less, is a good
approximation. However, for the 2-species isotopes of Ra and Os, which both have half-lives
of more than 6 years, the decay is dominated by the neutron-induced transmutations for low
delay times. The transmutational loss of Ra is higher than the loss through radioactive decay
during the delay time of 0.1 s at a repetition rate of 10Hz at all energies, as well as at energies
between 1.5 and 4MeV and those above 7MeV for 1Hz. For Os, the loss induced by ηi is greater
than that of the decay as well for most energies for a repetition rate of 10Hz, and at energies
greater than about 7MeV for a repetition rate of 1Hz. For frep = 1/60Hz, however, the de-
cay dominates for these nuclides as well. When it comes to the seed nuclides, it is the other
way around: in most cases, more nuclei of the 0-species are lost due to the neutron-induced
transmutation than through decay, especially for the stable seed nuclides. However, this is
not the case for Am, Sb, Ac, Pa and Es, where the loss through decay dominates that through
transmutation for all repetition rates in the cases of Am, Sb, Pa and Es, for 1/60Hz, 1Hz and
some energies for 10Hz in the case of Tm, and for 1/60Hz and some energies for 1Hz in the
case of Ac. Even for Ra, the decay dominates in case of frep = 1/60Hz for a few energies of
several MeV.

The number of nuclei of the i-species isotope gained per pulse depends in leading order on
neutron capture of less neutron-rich isotopes of the j-species with j < i. For the 1-species,
therefore, the gain of nuclei depends mainly on the populationN0, which constantly decreases
with every pulse in our theoretical model. The gain of nuclei enriched by more than 1 neutron,
however, does not decrease instantly because even though N0 decreases, the populations Nj

increase at first. Therefore, given that especially for multiple applied pulses, the nuclide gain
from neutron capture of isotopes of the j-species increases with higher j, i.e. the neutron cap-
ture of one neutron is more probable than a capture cascade involving multiple neutrons in one
pulse, as the considerations in section 5.1.3 show, the gain of i-species nuclei should increase
at first as well. More precisely, the gain should be mainly dependent on the magnitude of the
population Ni−1 and the corresponding neutron capture cross section.

However, we note that because differences between gain and loss have to be considered when
determining the maximum, even lower orders can play a decisive role when it comes to the
exact pulse number at which the maximum is reached.

We consider at first the saturation condition 1 for a repetition rate of 1Hz. To reach the maxi-
mum, we make calculations up to 3× 109 pulses. Furthermore, we note that we only save the
pulse numbers and populations for every 100 pulses due to the limit of computational power,
hence the number of pulses needed to reach the population maximum are determined with an
uncertainty of 100 pulses. The maximal populations, therefore, have an uncertainty as well.
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6.1 Numerical Results for Neutron Source 1

This error is negligible, however, because for all considered nuclides, the relative deviation of
the abundances within 100 pulses near the saturation condition is less than a few times of 10−5.

Figs. 6.6 and 6.7 show the maximal abundancesNC1
i , as well as the numbers of pulsesNC1

pulses,i
at which the maximal populations and, thus, the first saturation condition is reached. It is
shown that the lowest number of pulses required for reaching the first saturation condition for
the first set of nuclides is 2.13× 104 for the 1-species isotope of Am, which has been expected
from the analysis of the 104-pulses results for the repetition rate of 1 pulse per minute. For the
second set of nuclides, the maximal N1 abundance of Es is already reached after 1.68 × 104

pulses for some energies, because Es has not only a relatively short lifetime of the seed nu-
clide with T1/2 = 40 d but also the shortest half-life for N1 of only 25 minutes. Therefore, the
numbers of pulses required to reach saturation condition 1 is lowest if both the seed nuclides
decrease fast and the loss of the 1-species is high as well (low half-life of the 1-species isotopes).
The highest number of pulses required to reach the maximal abundance ofN1 is the one for Lu,
due to its extremely long-lived seed nuclides and the 1-species half-life of over 7 days, which
is the highest for all considered 1-species isotopes.

In addition, it is shown that there is an energy dependence inNC1
pulses,1. This energy dependence

is mainly due to the transmutational loss of seed nuclides. For most seed nuclides, loss due to
transmutation dominates over that through radioactive decay, and the transmutation cross
sections σtr,0 decrease up to a few MeV, from which on they increase again because particle
emission reactions become dominant. At the energies where the seed nuclide transmutation
cross sections are low, the seed nuclides available to capture neutrons, consequently, decrease
slowly, and so does the nuclide gain per pulse of N1. Therefore, the saturation condition is
reached after more pulses of neutrons with incident energies for which the seed nuclide trans-
mutation cross sections are low than for those with high values of σtr,0. This also explains
why for nuclides for which the seed nuclides are extremely long-lived and for which the trans-
mutation cross sections vary most with energy, the pulse numbers show the greatest energy
dependence. For rather short-lived, fissile seed nuclides, for which loss through radioactive
decay plays a role or the cross sections do not show much variation with energy, the energy
dependence of the pulse numbers is hardly visible. The effect of seed nuclide decay on the
energy dependence of the pulse number can be seen, for example, when comparing the pulse
numbers of Au and Tm, the latter of which, despite having comparable σtr,0 to Au, shows
hardly any energy dependence in the pulse numbers because of the relatively short half-life of
the seed nuclide of 2 years. Furthermore, Am, for which T1/2 is lowest with 10 hours and for
which σtr,0 is nearly constant as a function of energy, is the only nuclide which shows no en-
ergy dependence in the pulse numbers. For Lu, the variation of the pulse number with energy
is highest.
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Figure 6.6: Maximally reached abundances NC1
i , i ∈ {1, 2, 3, 4} of neutron-enriched isotopes

for the first set of nuclides as well as the numbers of pulses NC1
pulses,i, i ∈ {1, 2, 3, 4} it takes

to reach them with a neutron source with 1012 neutrons per pulse that delivers pulses with a
repetition rate of 1Hz.
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Figure 6.7: Maximally reached abundances NC1
i , i ∈ {1, 2, 3, 4} of neutron-enriched isotopes

for the second set of nuclides as well as the numbers of pulses NC1
pulses,i, i ∈ {1, 2, 3, 4} it takes

to reach them with a neutron source with 1012 neutrons per pulse that delivers pulses with a
repetition rate of 1Hz. Because 259

99 Es has no half-life,NC1
4 andNC1

pulses,4 for this nuclide are not
shown in subplots g) and h), respectively.
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This is also due to the long half-life of the 1-species, such that the transmutational loss of the
N1 nuclides is up to only one order of magnitude lower than that of the decay. Therefore, not
only does the nuclei gain decrease slower for low σtr,0, but the loss of the 1-species is also lower
for a few MeV, so that it takes even longer to reach the maximal population for these energies
than with a solely constant loss rate due to decay.

This can also be seenwhen analyzing the pulse numbers of Ra andOs. For the 2-species isotopes
of these seed nuclides, the species-losses due to neutron-induced transmutation and radioac-
tive decay are around the same order of magnitude for a delay time of 1 s. Therefore, the loss is
not only very low, leading to generally very high pulse numbers to reach saturation, it is also
highly dependent on the transmutation cross section σtr,2. Another observation to be made for
NC1

pulses,2-NC1
pulses,4 is that for almost all nuclides, the number of pulses NC1

pulses,i increases with
increasing i. This increase is especially high if the half-life of the i-species is far longer than
that of the i− 1-species, as it is the case e.g. for Ra fromN1 toN2. The only nuclide for which
there is no increase of pulse number is the 3-species of Ir, for which NC1

pulses,2 is the same as
NC1

pulses,3 for some energies because of the low half-life T+3n
1/2 = 52s. This, however, is at least

partly due to the pulse number resolution of only 100 pulses. Thus, the numerical results con-
firm the theoretical considerations that for the gain of new neutron-rich nuclei of the i-species
after several pulses, the neutron capture contributions from the (i − 1)-species are most rel-
evant, so that the maximal population of Ni can only be reached simultaneously or after that
of Ni−1. Therefore, even though the half-life of the i-species of a nuclide might be low, as it is
the case for the 3-species of Ra and Os, the pulse number required to reach the maximum, as
well as the energy-dependence of the pulse numbers are still high if the (i− 1)-species is very
long-lived.

As explained above, it takes a very long time to reach the maximal abundances NC1
2 − NC1

4

for Ra and Os. The pulse numbers for Os even exceed 109 pulses because the 2-species of Os
has both the highest half-life and a relatively small transmutation cross section, so that more
than 30 years would be necessary to reach the maximal populations of these nuclides with the
considered neutron source, operating at frep = 1Hz, at all energies, and for Ra more than 20
years would be necessary as well. This, therefore, is highly unrealistic experimentally. For the
rest of the nuclides from set 1, the maximal abundances can be reached in under 95 days for
all energies, and if one disregards Lu, which, because of its long T+1n

1/2 , also requires relatively
high pulse number of almost up to 9 × 106, the abundances can even be reached in under a
month. In case of Am, all maximal abundances can even be produced in under 8 hours. For
the nuclides from set 2, the highest number of pulses is needed to reach the first saturation
condition for Au, but the condition is still fulfilled in under two months. Finally, the other
maximal abundances for the second set can be reached in less than 22 days.

86



6.1 Numerical Results for Neutron Source 1

Now that the pulse numbers needed to reach the maximal abundances have been discussed,
we focus on the abundances NC1

i themselves. These are significantly increased compared to
the populations after both 1 pulse and 104 pulses. However, the scaling with N i

pulses no longer
applies once the first saturation condition is reached because of the large influence of the de-
cay and the fact that, for example for Ra and Os, the approximation sµi, sηi ≪ 1 is no longer
correct. Furthermore, some scaling factors compared to the one pulse results show a similar
energy dependence as the pulse numbers, especially forN2−N4 for Os and Ra and for all pop-
ulations of Lu, implying that the maximal abundances depend to a high degree on the nuclear
transmutation cross sections of the longest-lived neutron-rich nuclides. This energy depen-
dence is due to the energy dependence of the loss through nuclear transmutation, as well as
the effect of the nuclear transmutation on the saturation condition.

In general, the nuclides for which the pulse numbers required to reach the saturation condi-
tion are high oftentimes have high maximal populations as well, especially for the 1-species
isotopes. However, this is not always the case, especially for abundances of short-lived nu-
clides, for which the reason why many pulses are needed to reach the saturation condition is
that a j-species with j < 1 has a low half-life, or for nuclides for which the abundances for 1
pulse are low already due to low neutron capture cross sections. For Lu, for example, the N3

and N4 populations are higher than those for Ra for low energies even though requiring sev-
eral orders of magnitude less pulses because of the extremely high T+2n

1/2 and the relatively low
T+3n
1/2 and T+4n

1/2 for Ra, as well as the low number of seed nuclides for this nuclide. Further-
more, the Re nuclides perform quite good despite their relatively low pulse number needed for
achieving the maximal population, with abundances greater than those for As in case of NC1

2

for all energies, NC1
3 for some energies between a few hundred keV and a few MeV and NC1

4

for most energies except very high and very low ones. In case of NC1
2 , the abundance of Re is

even higher than that of Lu for all energies. Therefore, the Re-isotopes, which are important
for both the r- and the s-process, could be studied well with this neutron source. Moreover, the
abundance of Au is always among the highest. Es, however, has one of the lowest abundances
for all neutron-enriched species even though requiring one of the highest numbers of pulses
of the second set of nuclides for NC1

2 and NC1
3 , which is due to its low neutron capture cross

sections and its low lifetimes.

The maximal abundances NC1
1 of the considered nuclides can, in the case of Lu, exceed 1014,

making improvements of the abundances of up to 2 orders of magnitude possible compared to
those after 104 pulses. The improvements compared to 104 nuclides are even larger for isotopes
enriched by more than one neutron. If one were to wait more than 30 years for the produc-
tion of the maximal Os population NC1

2 , it would be possible to have more than 1012 nuclides
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at once available for experiments. Furthermore, the maximal Ra population, with Ra having
one of the lowest populations of those for the first nuclide set after 1 pulse, also exceeds 1011

2-species nuclei for the saturation condition of N2. Moreover, Re, Lu, As, Au and Tm all also
have NC1

2 values greater than 1010. When it comes to the 3-species, all seed nuclides from set
1 have maximal abundances greater than 103 nuclides, and those from set 2 all reach maximal
abundances of at least 92. Au, Lu and Os can even reach NC1

3 values greater than 106, and for
all nuclides but Es, Ac, Ir, and Am, abundances higher than 104 can be achieved. Furthemore,
the abundance of 258Es is supposed to be over 100 nuclei high, so that this nuclide, which has
never before been discovered in the laboratory [1–3], could be produced in quite a large num-
ber, therefore making it available for studying.

The probably most important observation is, however, that when simulating the neutron en-
richment up to the maximal Ni values, it is very probable to observe nuclides enriched by
more than 4 neutrons. For Au, Os, Lu, Ra, As and Re, abundances NC1

4 are possible. For Au
and Os, even more than 10 nuclides of this species are present in our simulation for low en-
ergies of up to about 100 keV. For Ra, these nuclides even have a half-time of more than 2
hours, for Os T+4n

1/2 = 35min, and for Au one of 26 minutes, therefore making experiments
with these nuclides possible. The half-lives of the other produced 4-species with observable
maximal abundances lie between 6 and 10 minutes. Though the maximal abundances of the
other nuclides do not exceed 1 according to our calculations, the total abundance of those is
still higher than 1 after all pulses applied for this simulation except for 259Es, so that for these
nuclides, the observation of neutron capture cascades with up to 4 neutrons could still be ob-
served.

We now turn to the case of the first neutron source with the repetition rate of frep = 10Hz. Up
to 6× 109 pulses are calculated to reach the saturation for all isotopes. Furthermore, we only
save the abundances after every 1000 pulses, so that there is an uncertainty of 1000 pulses for
the saturation condition 1 and its maximal abundances. For the latter, this only leads to relative
deviations on the order of up to 10−5 from the determined maximal population, however. The
results for the maximally reached abundances and the pulse numbers required to reach them
are shown in Fig. 6.8 for the first set of nuclides and in Fig. 6.9 for the second set.

When analyzing the pulse numbers, one can see that they show even more variation with
energy than for 1Hz because the loss of nuclei due to the decay of a population is lower as the
delay time amounts to only 0.1 s, so that more pulses are needed to reach the saturation and
the transmutation cross sections have a higher influence on both the maximal abundances and
the pulse numbers when they are reached. Consequently, even the Am pulse numbers show
quite strong energy dependence for 10Hz.
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Figure 6.8: Maximally reached abundances NC1
i , i ∈ {1, 2, 3, 4} of neutron-enriched isotopes

for the first set of nuclides as well as the numbers of pulses NC1
pulses,i, i ∈ {1, 2, 3, 4} it takes

to reach them with a neutron source with 1012 neutrons per pulse that delivers pulses with a
repetition rate of 10Hz.
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Figure 6.9: Maximally reached abundances NC1
i , i ∈ {1, 2, 3, 4} of neutron-enriched isotopes

for the second set of nuclides as well as pulse numbersNC1
pulses,i, i ∈ {1, 2, 3, 4} it takes to reach

them with a neutron source with 1012 neutrons per pulse that delivers pulses with a repetition
rate of 10Hz. Because 259

99 Es has no half-life, NC1
4 and NC1

pulses,4 for this nuclide are not shown
in subplots g) and h), respectively.

90



6.1 Numerical Results for Neutron Source 1

For the 2-species isotopes of Ra and Os, the transmutation even dominates over the radioactive
decay. Therefore, the pulse numbers required for reaching the saturation condition for the 2-
to 4-species isotopes of these nuclides even vary with the energy by up to almost 2 orders of
magnitude in the case of Os. Furthermore, our results show that the numbers of pulses needed
to fulfill the first saturation condition are up to 10 times as high than those for 1 Hz for the
considered nuclides, indicating a scaling of the pulse numbers of up to frep. This increase in
the pulse numberNC1

pulses,i compared to that for 1Hz is especially high for nuclei for which the
seed nuclides have low half-lives, such as Am and Pa, and for which the transmutation cross
sections are additionally especially low, like for Sb. For these three nuclides, the enhancement
factor for 10Hz is greater than 9 for all energies, while for all populations of Lu as well as for
NC1

pulses,2- NC1
pulses,4 of Ra and Os, the scaling factor is as low as 4.82, 1.08 and 1.13, respectively.

These lowest values are reached for very high energies, because the scaling factor is energy-
dependent and generally increases with lower transmutation cross section and, therefore, more
influence of decay on NC1

pulses,i. This can be seen, for example when regarding the pulse num-
bers NC1

pulses,2 for Ra, which are almost identical for 10MeV to NC1
pulses,2 for a repetition rate of

1Hz, with a scaling factor of only 1.08 as the contribution of neutron-induced nuclear trans-
mutation to the loss of nuclides dominates for these energies for both 1Hz and 10Hz, while for
a few MeV, where σtr is lowest and decay dominates species-loss for 1Hz, the pulse number
is over 4.6 times as high for 10Hz than for 1Hz. Therefore, the pulse numbers vary most for
different repetition rates for nuclides with low seed nuclide half-lives and least for isotopes for
which the pulse number is highly influenced by the transmutation of a long-lived neutron-rich
isotope. However, for nuclides for which neither of these conditions applies, the values of the
scaling factors cannot be so simply determined from considerations of single half-lives, sug-
gesting that the saturation condition for these nuclides is influenced by multiple effects and
also higher-order terms. Therefore, future investigations of the saturation conditions for such
nuclides with more elaborate theoretical approaches are of great interest.

That the pulse numbers of most nuclides are not exactly 10 times higher than for 1Hz and,
therefore, the scaling of the pulse numbers is generally weaker than frep, especially for iso-
topes which either have very long half-lives or are produced by neutron capture cascades in
which a neutron-rich isotope with long half-life is encountered, means that it takes less time
for the maximal abundances to be reached with neutron source 1 operating at 10Hz than at
1Hz. To reach the maximal abundances of Lu, for example, it does not take longer than 72
days for all energies, and the longest times to reach the maximal abundances of Ra and Os
decrease to under 4.4 and under 16.7 years, respectively. The other nuclides from set 1 reach
the maximal abundances even in under 24 days. For Au, NC1

i is reached in under 48 days, and
for the rest of the nuclides of set 1, even hardly more than 3 weeks are required.
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In case of the abundances NC1
i , it is shown that the maximal populations reached with frep =

10Hz increase compared to frep = 1Hz by a factor of up to 10i, indicating a scaling with up
to f i

rep. Just like in case of the pulses, the scaling factors are lowest for nuclides for which the
saturation condition is heavily influenced by the transmutational loss of a neutron-rich nuclide
instead of radioactive decay. There is an energy dependence for this scaling as well, making
the factors higher for lower values of the transmutation cross sections. For all nuclides ex-
cept Es, Lu, Ra and Os, NC1

i increases by more than a factor of 9 × 10i−1 for all populations,
while for Es, Lu, Ra and Os, which have neutron-rich nuclides with the four lowest half-lives
of all regarded neutron-enriched nuclei, the factor goes down to 6.87 × 10i−1, 6.79 × 10i−1,
1.08 × 10i−1 and 1.08 × 10i−1, respectively, after the neutron capture cascades for these iso-
topes encounter nuclides with relatively long half-lives and, thus, high influence of nuclear
transmutation compared to decay on the saturation condition. Still, the scaling of the popula-
tions with f i

rep applies generally better than that of the pulse numbers with frep.

Because of the increase in the abundances, over 1015 N1-nuclides can be reached with frep =

10Hz for Lu, and apart from Am, Ra, Ac and Es, all other N1-populations exceed 1014 as well
for low energies, which is only possible with Lu for frep = 1Hz. Because of the approximate
scaling being non-linear in i, the populations increase more the more neutron-rich the nuclides
are. In case of the 2-species, Os reaches a population greater than 1014, therefore exceeding
the maximal NC1

1 abundances of Am, Ra, Ac and Es. Furthermore, apart from those for Ac
and Am, all populations NC1

2 exceed 1010 nuclides, with the populations of Ac and Am still
over 109 for energies up to about 1MeV. Moreover, it is notable that because of the relatively
low increase that both Ra and Os experience for populations of the i-species with i > 1 com-
pared to 1Hz due to their long T+2n

1/2 and, therefore, low influence of decay, the abundances of
these nuclides are relatively low compared to those of the other seed nuclides for frep = 10Hz
when comparing the curves to those for 1Hz. For example, NC1

2 of both Re and As exceed
the corresponding Ra population, and while Os has the largest population for all i in case of
frep = 1Hz, NC1

3 of Lu and Au are higher than that of Os for some energies for frep = 10Hz.
The maximal populations NC1

3 for these three nuclides exceed 109, and frep = 10Hz allows to
produce more than 106 nuclides for all seeds of the first set, as well as Au, Ir and Tm. For Es
and Ac, the maximal abundances are higher than 105 and 9 × 104 nuclides of the 3-species,
respectively, for low energies. Furthermore, with this repetition rate, it is possible for the first
time for the population NC1

3 to exceed 1 nucleus of the 3-species at all considered energies, as
the simulation indicates this to happen for Os, As, Sb, Lu, Re and Au.

Lastly, the results suggest that with a repetition rate of frep = 10Hz, it is possible to achieve
maximal populations of more than one nucleus of the 4-species isotope for all of the regarded
nuclides except Es, for which the 4-species has a negligible lifetime anyway, and Ac. With this
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repetition rate, it is even possible for over 105 such nuclides to exist at one time for Au and Os.
For all nuclides of the first set as well as Au and Tm, NC1

4 moreover exceeds 100 nuclides, and
with Ir, at least up to 42 nuclides are present when saturation condition 1 occurs. Therefore,
over 100 nuclei of the 4-species isotope of Am, 248Am, which has never been produced in a
laboratory before [1–3], show the possibility to be present at once with the this neutron source
operating at 10Hz.

Though the populations NC1
4 are smaller than 1 for Es and Ac, the total number of produced

nuclei after 6 × 109 applied pulses do show values higher than 1 for both of these nuclides.
Therefore, the observation of neutron capture cascades of up to 4 neutrons is possible for all
regarded seed nuclides, even for 259Es, though we assume this nuclide to decay instantly after
production, so that it does not remain after the interaction with the neutron pulse. Therefore,
another nuclide that has never been produced in the laboratory before [1–3] could be accessi-
ble through neutron capture experiments with laser-driven neutron sources.

In conclusion, reaching the maximal abundances does not only generally take less time with a
higher repetition rate because of the relatively great deviations from the scaling of the pulse
numbers with frep, but because of the scaling with f i

rep, which applies quite well, the popula-
tions produced with the higher repetition rate are also far higher, especially for very neutron-
rich nuclides. Therefore, the production of the maximal abundances of neutron-rich nuclides
is more efficient for higher repetition rates than for lower ones.

Finally, we turn to the analysis of the first saturation condition for the first neutron source
operating at the repetition rate frep = 1/60Hz, i.e. 1 pulse per minute. For this source, 3×108

pulses are calculated to reach the maximal populations of all nuclides. Moreover, we save the
populations for every pulse in this case. The maximal abundancesNC1

i and the pulse numbers
NC1

pulses,i needed to reach them are shown in Figs. 6.10 and 6.11 for the first and second set of nu-
clides, respectively. Because, only Tm, Os, Lu, As, and Ra show potential of producing nuclides
only enriched by 3 neutrons and the maximal 4-species abundances are smaller than 1 for all
nuclides, the populationsNC1

4 and the corresponding pulse numbers are not shown in this case.

As shown in the figures, the pulse numbers required to reach the saturation condition decrease
compared to the pulse numbers needed for the repetition repetition rates of 1Hz and 10Hz.
They are up to 60 times lower than for 1Hz, with especially high decreases for the nuclides
Am, Pa, Sb and Es, for which the pulse number are at least 59 times smaller than for 1Hz at
all energies. For all populations of Lu and NC1

pulses,2-NC1
pulses,4 of Os and Ra and, therefore, the

nuclides with both long-living seed nuclides and the longest half-lives of neutron enriched
nuclides, however, the pulse numbers are a factor of down to only 30, 4.7 and 4 times smaller

93



6 Numerical Results

than for 1Hz, with the lowest scaling factors, again, for very high energies. Furthermore,
generally, the pulse numbers scaling factors are energy dependent with them decreasing more
at energies for which the transmutation cross section is low.
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Figure 6.10: Maximally reached abundancesNC1
i , i ∈ {1, 2, 3} of neutron-enriched isotopes for

the first set of nuclides as well as pulse numbers NC1
pulses,i, i ∈ {1, 2, 3} it takes to reach them

with a neutron source with 1012 neutrons per pulse that delivers pulses with a repetition rate
of 1 pulse per minute. Contrary to the other repetition rates, NC1

4 is not shown here because
the maximal population of the 3-species is already hardly above 100.

Therefore, reaching the maximal abundances takes generally more time with this lower repe-
tition rates than with 1Hz or 1/60Hz, with the times only comparable for Am, Pa, Sb and Es
as their seed nuclides have low half-lives. The maximal times it takes to reach the saturation
condition 1 are shown in Fig. 6.12 for all repetition rates.
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Figure 6.11: Maximally reached abundances NC1
i , i ∈ {1, 2, 3, 4} of neutron-enriched isotopes

for the second set of nuclides as well as pulse numbers NC1
pulses,i, i ∈ {1, 2, 3, 4} it takes to

reach them with a neutron source with 1012 neutrons per pulse that delivers pulses with a
repetition rate of 1 pulse per minute. Contrary to the other repetition rates, NC1

4 is not shown
here because the maximal population of the 3-species is already hardly above 100.

Furthermore, the energy dependence of the pulse numbers is weaker for frep = 1/60Hz due to
the lower influence of nuclear transmutation. This is especially visible for the pulse numbers
NC1

pulses,2-NC1
pulses,4 of Ra, which hardly show the distinct peak for a few keV that is the signa-

ture of the influence of σtr,2 because, in case of the delay time of 60 s, the species-loss of the
2-species isotope of Ra is dominated by radioactive decay, the loss due to which is greater by
more than one order of magnitude for this repetition rate.
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Figure 6.12: Maximal time in hours it takes to reach the first saturation condition for each
nuclide with the first neutron source and the three different repetition rates. For comparison,
lines are shown indicating one day (blue), one week (orange), 1 month (red) and one year
(green).

In the case of the abundances, it can be seen that they decrease compared to 1Hz by a factor
of up to 60i. Again, the decrease of the abundances for the lower repetition rates is generally
lowest for Ra, Os, Es, and Lu because of their low half-lives and, therefore, high influence of
the transmutation cross section on the species-loss for 1Hz. However, the NC1

3 abundances
also show low scaling factors NC1

3 (1Hz)/NC1
3 (1/60Hz) for Re, Ac and Ir, where Re even shows

a lower scaling factor than Lu for the 3-species, and that for Ir is lower than that for Es, while
for the comparison between 1Hz and 10Hz, all of these nuclides and nuclides with relatively
low half-lives in general have rather shown high scaling factors. The comparably low scaling
factors might be partly due to the fact that the abundances of every 100th pulse are saved for a
repetition rate of 1Hz compared to every pulse being saved for 1/60Hz, so that, especially for
Ir, the time for the 100 pulses equals almost twice the decay time, so that the populations could
significantly vary after reaching the maximum for these nuclides. However, as comparisons
of the maximal abundances of these isotopes for a repetition rate of 1Hz with the populations
with 100 pulses less and more applied show, which exhibit low relative deviations of not more
than 10−4, this is most probably not the only reason. As already investigated for the scaling
of the pulses between 1Hz and 10Hz, one reason for this might be that the saturation condi-
tion of these nuclides might be subject to influences of multiple effects and higher-order terms.
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6.1 Numerical Results for Neutron Source 1

Therefore, further studies should be performed on the saturation condition. For this, firstly, the
abundances should be saved after every pulse, and calculations using more elaborate models
as in Refs. [145] and [146] including non-dominant processes, which could still influence the
sensitive saturation conditions, could paint a more realistic picture on the saturation.

The maximal numbers of nuclei of the 1-species isotopes are higher than 1011 at low energies
for all seed nuclides but Ra, Es, and Am, for which only abundances greater than 1010, 1010,
and 109 can be reached, respectively, due to the low half-lives T1/2 and T+1n

1/2 and the low
abundance of seed nuclei, in case of Ra. Thus, the NC1

1 values are even lower than the NC1
2

populations reached with 1Hz in most cases. When it comes to the population NC1
2 , over 104

nuclei of the 2-species isotopes can be reached for all seed nuclides, with abundances over 109

for Os. However, the simulated maximal abundance of N2 nuclides with a repetition rate of
1/60Hz is not higher than 1 for Es, Ac, Pa and Am for high energies, so that with highly en-
ergetic neutrons, only nuclides enriched by at most 1 neutron can be studied for these seeds
with this source. Lastly, it is only possible for Os, Au, Lu, As and Ra to produce nuclei of the
3-species isotope for low energies, and the populationNC1

4 is lower than 1 for all nuclides and
energies.

6.1.4 Saturation Condition 2

In this next section, the second saturation condition Eq. (5.35), is investigated, which deter-
mines the pulse number s from which on the difference of the abundances of neutron-enriched
nuclides after pulse s and s− 1 is lower than the abundance gained for one pulse.

At first, the condition is analyzed for frep = 1Hz. For the analysis of the second saturation
condition, the same data is used as for the first saturation condition, so that the populations
are only available for every 100 pulses. Therefore, the saturation condition cannot be simply
determined using Eq. (5.35), but this formula has to be adapted according to

(Ni(s)−Ni(s− 100))/100 < Ni(1 pl) (6.2)

This, however, brings some uncertainties with it, because it could be that, even though con-
dition (5.35) is fulfilled in the regarded intervall [s − 100, s], the average difference (Ni(s) −
Ni(s − 100))/100 is still lower than Ni(1 pl), so that there is an error in the pulse number
NC2

pulses,i larger than 100 pulses. The only case in which the saturation is calculated explicitly
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Figure 6.13: Numbers of pulses NC2
pulses,i, i ∈ {1, 2, 3, 4} needed to fulfill the second saturation

condition for the abundances of populations Ni, i ∈ {1, 2, 3, 4} of neutron-enriched isotopes
for the first set of nuclides with a neutron source with 1012 neutrons per pulse that delivers
pulses with a repetition rate of 1Hz as well as the abundances NC2

i , i ∈ {1, 2, 3, 4} at these
pulse numbers.
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Figure 6.14: Numbers of pulses NC2
pulses,i, i ∈ {1, 2, 3, 4} needed to fulfill the second saturation

condition for the abundances of populations Ni, i ∈ {1, 2, 3, 4} of neutron-enriched isotopes
for the second set of nuclides with a neutron source with 1012 neutrons per pulse that delivers
pulses with a repetition rate of 1Hz as well as the abundances NC2

i , i ∈ {1, 2, 3, 4} at these
pulse numbers. Because 259

99 Es has no half-life,NC2
4 andNC2

pulses,4 for this nuclide are not shown
in subplots g) and h), respectively.
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via Eq.(5.35) is forN1, for which the abundances are saved for every pulse of the first 100 pulses.

This is done because, as it is shown in Figs. 6.13 and 6.14, where the pulse numbers NC2
pulses,i

to reach saturation condition 2 as well as the corresponding abundances NC2
i are plotted,

NC2
pulses,1 = 2 for all energies and nuclides. This makes sense because the abundance of seed nu-

clei decreases with every pulse due to either neutron-induced transmutation during the pulse
or radioactive decay in the delay time between the pulses. Furthermore, the abundance N1 it-
self decreases during the time between the first and second pulse due to decay, so that in each
case, the difference between N1(2 pl) and N1(1 pl) is lower than N1(1 pl).

For the populationsNC2
i , i > 1, of isotopes enriched by more than one neutron, the argument

is not that easy because, as can be seen, for example, in Eq. 5.30, nuclei of the i-species isotopes
can be gained from neutron-enrichment of any j-species isotopes with j < i, not only the seed
nuclei, with the neutron capture of exactly one neutron by a i − 1-species nuclide generally
the most probable phenomenon. Therefore, the gain of i-species nuclei does not constantly
decrease as it is the case forN1, but it experiences a rise at first due to the growing populations
Nj , j < i, with the gain decreasing again at the latest once all populations Nj , j < i have
reached their maximum. For neutron source 1 operating at a repetition rate of frep = 1Hz, the
number of nuclei of the i-species isotopes with i > 1 gained in the second pulse are, there-
fore, higher than the number of nuclei lost of this species due to decay and transmutation and
the population Ni(1 pl) added together. Thus, the second saturation condition is not already
reached after the second pulse for all i-species isotopes with i > 1. Instead, the pulse numbers
NC2

i , i > 1, needed to reach saturation condition 2 are all in the same order of magnitude as
the pulse numbers required for saturation condition 1, NC1

i , i > 1, and when analyzing the
gain and loss of nuclei of the i-species isotopes in leading order around the saturation condi-
tions, it becomes apparent that Ni(1 pl) is several orders of magnitude smaller around these
pulse numbers than both the gain and loss. Therefore, just like for the maximal abundance, the
number of pulses it takes to reach the saturation condition 2 depends mostly on the difference
of the gain and loss of neutron-rich nuclei of the i-species.

It is shown in Figs. 6.13 and 6.14 that the pulse numbersNC2
pulses,i, i > 1 have values around the

same order of magnitude asNC1
i , i > 1. A thorough comparison with Figs. 6.6 and 6.7 shows,

however, that, especially forNC2
pulses,2, the pulse numbers of some nuclides, especially Lu, Ir, Ac,

Re and As, are lower thanNC1
pulses,2, by factors of up to 1.18 in case of Lu, especially at energies

where NC1
pulses,2 is maximal. Consequently, the pulse numbers for the second saturation condi-

tion also show less energy dependence for these nuclides than for the first condition. For Lu,
Ir and Ac, the saturation condition 2 for N2 is even reached before the maximal abundance of
the 1-species isotopes. What these nuclides have in common is that they all have neither very
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short-living 0- and 1-species isotopes nor too long half-lives of the 2-species isotopes T+2n
1/2 .

If a nuclide has long half-lives T1/2 and T+1n
1/2 , the gain of new nuclei of the 2-species reaches

its maximum only relatively late, with the gain only slowly changing around the maximum.
If a nuclide has a low half-life of the 2-species, moreover, loss of nuclei of the 2-species istope
increases quickly, so that loss and gain are around the same order of magnitude long before
the abundance has reached its maximum and often even before the nuclide gain is maximal.
Therefore, both these features combined contribute to the differenceN2(s)−N2(s− 1) being
small quite early on and to it only decreasing slowly, so that for nuclides for which both of
these conditions apply, N2(s) − N2(s − 1) can be lower than N2(1 pl) several pulses before
eventually decreasing to values lower than 0². With the same logic, it can also be explained
why the difference between the pulse numbers NC1

pulses,2 and NC2
pulses,2 is especially high for

energies for which σtr is low, because for these energies, the gain of i-species nuclei reaches
its maximum later and varies slower around this maximum, leading to even lower values of
N2(s)−N2(s− 1). Lastly, a factor influencing the pulse number difference between the two
conditions, is the magnitude of N2(1 pl), which is among the highest for Lu, Ir and Re.

While for most nuclides, the pulse numbers for the first condition are greater than those for
the second one, the 2-species isotopes of Sb and Am, which have the lowest lifetimes for the
seed nuclides, require even 100 pulses more to reach the second saturation condition compared
to the first one. This is due to the fact that saturation condition 1 can be formulated as

Ni(s+ 100)−Ni(s) < 0 (6.3)

so that if one were to assume N2(1 pl) as 0, the second saturation condition would be reached
100 pulses after the maximum. Because of their low seed nuclide lifetimes, the gain of new
nuclei of the 2-species isotopes decreases extremely quickly once the maximal gain is reached
for these nuclides, so that the differences (Ni(s + 100) − Ni(s))/100 never have a positive
value below N2(1 pl) and, therefore, Eq. (6.2) corresponds to the same condition as Eq. (6.3)
with s → s+ 100.

For nuclides enriched by even more neutrons, the pulse numbers NC2
pulses,i amount to

NC1
pulses,2 + 100 for most nuclides. For the 3-species isotopes, the only nuclide for which more

than just a few hundred pulse numbers less are needed to reach the second saturation condition
than the first one is Ir. Lastly, in case of the 4-species isotopes, NC2

pulses,4 = NC1
pulses,4 + 100 ap-

plies even for all considered nuclides. Therefore, the energy dependence of the pulse numbers
also gets more distinct with higher i. This could be explained by the fact that the populations
of neutron-enriched isotopes are several orders of magnitude higher around the saturation

²This consideration also shows in general that especially for nuclides with low half-lives following such with long
ones, the saturation conditions could be subject to the influence of higher-order terms.
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condition than the population after only one pulse. The difference between Ni(1 pl) and NC2
i

increases for populations of i-species isotopes with higher i because of the scaling of the pop-
ulations in leading order with N i

pulses, which, even though it is not fully applicable due to the
high influence of decay, still applies in so far that the populations of isotopes enriched by i neu-
trons increase significantly more with the pulse number for higher i than for lower ones. For
example, the saturation abundance NC2

4 is over 20 orders of magnitude higher than N4(1 pl).
This, consequently could be the reason why also the difference N4(s) − N4(s − 1) decreases
faster than for N4(1 pl) to make a difference in the saturation condition.

We now turn to the analysis of the second saturation condition for a repetition rate of 10Hz.
The pulse numbers NC2

pulses,i and the abundances NC2
i at which the saturation condition 2 is

reached are shown in Figs. 6.15 and 6.16 for the two sets of nuclides. Because the abundances
are only stored for every 1000 pulses in the data used for the determination of the second
saturation condition, the condition has to be reformulated to

(Ni(s)−Ni(s− 1000))/1000 < Ni(1 pl) (6.4)

for a repetition rate of 10Hz.

Like for frep = 1Hz, however, the N1 populations are saved after every pulse for the first 100
pulses, so that Figs. 6.15 and 6.16 show that for 10Hz the second saturation for all 1-species
isotopes is also reached already at the second pulse. For the pulse numbers NC2

pulses,i, i > 1

of the isotopes enriched by more than 1 neutron, the figures show that the pulse numbers are
very close to the values NC1

pulses,i for the first saturation condition. In the case of the 2-species
isotopes, NC1

pulses,i is only up to 1.007 times higher than NC2
pulses,i for Ir and Ac, and only up to

1.005 times higher for Lu. For even more neutron-rich isotopes of both the 3- and 4-species,
the pulse numbersNC2

pulses,i for all nuclides are exactly 1000 pulses higher thanNC1
pulses,i. There-

fore, for this higher repetition rate, Ni(1 pl) has even less influence on the second saturation
condition than for 1Hz. This is due to the fact that because of the higher gain and the lower
loss of nuclei of the i-species due to the lower delay time and, therefore the lower influence
of decay, the populations after s and s − 1 pulses vary highly, especially at the beginning,
and, thus, the second saturation condition is only reached after a significantly higher pulse
number and at significantly higher abundances than for 1Hz. Because the abundances around
the saturation condition are then up to 10i times as high as for 1Hz, both the absolute loss
and the gain of i-species nuclei, as well as the variations of these quantities with the pulse
number are higher than for 1Hz, even despite the relative loss of nuclides being smaller due
to the shorter delay time. This is especially true for nuclei enriched by many neutrons. Thus,
(Ni(s)−Ni(s− 1000))/1000 does not reach positive values smaller than Ni(1 pl), so that
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Figure 6.15: Numbers of pulses NC2
pulses,i, i ∈ {1, 2, 3, 4} needed to fulfill the second saturation

condition for the abundances of populations Ni, i ∈ {1, 2, 3, 4} of neutron-enriched isotopes
for the first set of nuclides with a neutron source with 1012 neutrons per pulse that delivers
pulses with a repetition rate of 10Hz as well as the abundances NC2

i , i ∈ {1, 2, 3, 4} at these
pulse numbers.
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Figure 6.16: Numbers of pulses NC2
pulses,i, i ∈ {1, 2, 3, 4} needed to fulfill the second saturation

condition for the abundances of populations Ni, i ∈ {1, 2, 3, 4} of neutron-enriched isotopes
for the second set of nuclides with a neutron source with 1012 neutrons per pulse that delivers
pulses with a repetition rate of 10Hz as well as the abundances NC2

i , i ∈ {1, 2, 3, 4} at these
pulse numbers. Because 259

99 Es has no half-life,NC2
4 andNC2

pulses,4 for this nuclide are not shown
in subplots g) and h), respectively.
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the second saturation condition is reached directly after reaching the maximal populationNC1
i

for the 3- and 4-species. For 10Hz, the second saturation condition for the i-species is also
only reached after the first saturation condition of the i− 1-species.
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Figure 6.17: Numbers of pulses NC2
pulses,i, i ∈ {1, 2, 3} needed to fulfill the second saturation

condition for the abundances of populationsNi, i ∈ {1, 2, 3} of neutron-enriched isotopes for
the first set of nuclides with a neutron source with 1012 neutrons per pulse that delivers pulses
with a repetition rate of 1 pulse per minute as well as the abundances NC2

i , i ∈ {1, 2, 3} at
these pulse numbers. Contrary to the other repetition rates, NC2

4 is not shown here because
the population of the 3-species for the second saturation condition is already hardly above 100.

Lastly, we investigate the second saturation condition for the repetition rate of 1 pulse per
minute, frep = 1/60Hz. Because for this repetition rate, the populations are saved after every
pulse in the performed calculations, the second saturation condition can be determined with
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the original Eq. (5.35). The results for the pulse numbers NC2
pulses,i and the abundances NC2

i at
the second saturation condition are shown in Figs. 6.17 and 6.18 for the two sets of nuclides.
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Figure 6.18: Numbers of pulses NC2
pulses,i, i ∈ {1, 2, 3} needed to fulfill the second saturation

condition for the abundances of populationsNi, i ∈ {1, 2, 3} of neutron-enriched isotopes for
the first set of nuclides with a neutron source with 1012 neutrons per pulse that delivers pulses
with a repetition rate of 1 pulse per minute as well as the abundances NC2

i , i ∈ {1, 2, 3} at
these pulse numbers. Contrary to the other repetition rates, NC2

4 is not shown here because
the population of the 3-species for the second saturation condition is already hardly above 100.

Just like for the other repetition rates, the second saturation condition is reached at the second
pulse for the 1-species isotopes of all seed nuclides. Furthermore, Figs. 6.17 and 6.18 show that
for 1/60Hz the pulse numbers are even more reduced compared to those for the first saturation
condition, which is due to the same reasons why the deviation for 1Hz are higher than for 1Hz.

106



6.2 Numerical Results for Neutron Source 2

Thus,NC1
pulses,2 of Lu is up to 3.2 times higher thanNC2

pulses,2, and for Ir the factor increases up to
2.6. Therefore, there is hardly any energy dependence of NC2

pulses,2 for these nuclides anymore.
Furthermore, also other nuclides for which virtually no deviations in the pulse number occur
for the other repetition rate have pulse numbers NC2

pulses,2 lower than NC1
pulses,2, most notably

Au with ratios NC1
pulses,2/N

C2
pulses,2 of up to 1.5, and Pa and Ra with ratios up to 1.23, as for Ra

the loss of nuclei of the 2-species isotope is around the same order of magnitude around the
saturation condition as N2(1 pl).

Because of the high loss of nuclei of the i-species due to decay, while the gain of nuclei through
neutron capture per pulse stays approximately the same or is even lower due than for the other
repetition rates due to decay of the j-species isotopes with j < i, the second saturation con-
dition for this repetition rate is reached for N2 before the maximal population of N1 for all
nuclides but Ra, Os, Sb, Am and Es and, therefore, the nuclide with among the lowest seed
nuclide half-lives or the highest T+2n

1/2 . For the 3-species isotopes, the condition is actually
reached before the maximum of N2 for all nuclides but Am and Sb. These are also the only
nuclides for which NC2

pulses,3 = NC1
pulses,3 + 1, while for the 2-species this is the case for none

of the considered seed nuclides. This, however, is most probably not only due to the lower
repetition rate but also due to the better pulse resolution.

6.2 Numerical Results for Neutron Source 2

After having discussed the populations that can be reached with the first neutron source, the
results of the second neutron source and, therefore, an ICF-based source are illustrated in the
following.

6.2.1 Results after 1 Pulse

We start with the case of 1 pulse. In Figs. 6.19 and 6.20, the abundances directly after one
pulse are illustrated for the two sets of seed nuclides, so that no decay is included. The calcu-
lations are performed for the same 300 mean incident neutron energy values between 50 keV
and 10MeV as for the first neutron source.

The populations Ni of neutron-enriched isotopes achieved with one pulse of this neutron
source are almost exactly 104i times higher than those for the first neutron source. The rela-
tive deviations of the populations produced with one pulse of neutron source 2 from the results
from the first source multiplied by 104i for the different energies are in fact only on the order of
up to 10−4. This is due to the fact that in leading order, the populationsNi after one pulse scale
exactly with N i

p in our theoretical approach (as also investigated in Ref. [49]). Because no de-
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cay is taken into account for this one pulse, which is fair regarding the sub-nanosecond pulse
duration of the NIF ICF neutron source that is considered here, the second neutron source,
therefore, achieves populations slightly higher than those possible with 104 pulses with the
first neutron source. The abundances N3 and N4 of Re, for example, are up to 2 times as high
as those for the first neutron source operating at 10Hz, as the 3-species isotope of Re has a
lifetime of only 3 minutes. The abundances after one pulse of the second neutron source are
even higher than the maximally possible populations NC1

i with neutron source 1 operating at
1/60Hz for all nuclides but the 2-species isotopes of Ra and Os.

With only one pulse of the second neutron source, neutron cascades leading to nuclides en-
riched by up to 3 more neutrons can be observed for all seed nuclides from both sets. Up to
almost 1013 nuclides enriched by one neutron can be produced with this source for low en-
ergies. For N2, the populations of Lu, Pa, Re and Am even exceed 109 nuclei, which wis not
possible with 104 pulses of the first neutron source, even with the highest repetition rate of
10Hz. Furthermore, the populations for the 3-species isotope of Am even exceed 104. How-
ever, more pulses than just one are required for the second source to be able to produce nuclides
of the 4-species.
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Figure 6.19: Populations Ni, i ∈ {1, 2, 3, 4} of neutron-enriched isotopes directly after 1 pulse
of 1016 neutrons for the first set of nuclides.
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Figure 6.20: Populations Ni, i ∈ {1, 2, 3, 4} of neutron-enriched isotopes directly after 1 pulse
of 1016 neutrons for the second set of nuclides. Because 259

99 Es has no half-life,N4 andN tot
4 for

this nuclide are not shown in subplots d).

6.2.2 Results after 100 Pulses

Because of the low repetition rate assumed for this source of only 3 pulses per day, corre-
sponding to a delay time of 8 hours, only 100 pulses are calculated for this source, which, still,
corresponds to a total duration of the interaction of 33 days. The populations Ni and N tot

i are
shown in Figs. 6.21 and 6.22 for the two sets of nuclides. For this calculation, the same 300
energies as for one pulse are employed.

When considering N tot
i , it can be seen in these plots that for all seeds, far more nuclides en-

riched by 1-4 neutrons are produced in 100 pulses than in only one. Therefore, N tot
4 is higher

than 1 for most nuclides except Sb, Ac and Es, at least for low energies, so that the observation
of neutron capture cascades with up to 4 captured neutrons seems possible for this neutron
source. For Lu and Re, even more than 103 isotopes of the 4-species are produced. However,
only for Lu, Re, Os, Ra, Au and Tm are there any nuclei of the 4-species left after the 100th pulse.
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Figure 6.21: Populations Ni, i ∈ {1, 2, 3, 4} as well as total produced abundances N tot
i , i ∈

{1, 2, 3, 4} of neutron-enriched isotopes directly after 100 pulses of 1016 neutrons each deliv-
ered with a repetition rate of 3 pulses per day for the first set of nuclides.
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Figure 6.22: Populations Ni, i ∈ {1, 2, 3, 4} as well as total produced abundances N tot
i , i ∈

{1, 2, 3, 4} of neutron-enriched isotopes directly after 100 pulses of 1016 neutrons each deliv-
ered with a repetition rate of 3 pulses per day for the second set of nuclides.

Because of the higher delay time in between pulses for the repetition rate of 3 pulses a day at
which the second neutron source operates in this simulation, the differences betweenN tot

i and
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Ni are even higher than for all repetition rates of the first neutron source, with ratiosNi/N
tot
i

never greater than 0.2 for i > 2. For Am, these ratios are even lower because no population of
this nuclide is higher than 10−11. This is, again, due to the low half-life of the Am seed nuclide,
which, with 10 h, is only slightly longer than the delay time, so that while during the first few
pulses quite many nuclides are produced due to the high neutron capture cross section of this
nuclide, the seed nuclide abundance is lower than 1 from 71 pulses on.

Thus, no new nuclides can be produced from there on and the remaining enriched species decay
quickly as well, as their half-lives are significantly lower than the delay time. Therefore, not
even nuclides of the 1-species of Am are left after the 100 pulses. But Am is not the only nuclide
of which the population has already surpassed its maximum in the span of 100 pulses. This is
the case for all nuclides but for all nuclides but Lu and the N2 −N4 populations of Ra and Os.
Still, the abundances after 100 pulses are higher than after one pulse for most nuclides except
the N1 populations of Ra, Pa and Es and all Am abundance.

6.2.3 Saturation Condition 1

Now, we turn to the analysis of the saturation condition 1. The maximal abundances of the
regarded nuclides as well as the required pulse numbers can be seen in Fig. 6.23 for the first
set and in Fig. 6.24 for the second set of nuclides. For the calculation of this data, 500 energies
logarithmically distributed between 50 keV and 10MeV are used, and the populations and pulse
numbers are saved for every pulse.

The second neutron source has both a higher pulse number and higher delay times than the
first one, so that both the nuclide loss rate through radioactive decay in between pulses and
through nuclear transmutation are higher. For the seed nuclides, transmutation dominates for
all nuclei but Es, Am, Pa, Tm, Sb and a few intermediate energies of Ac, and for the neutron-
enriched nuclides, only η2 of Ra is higher than the decay probability for high energies. Still,
when analyzing the pulse numbers needed to reach the maximal populations NC1

pulses,i, it can
be seen that the pulse numbers of most nuclides show an energy dependence just like for the
first neutron source. The only isotopes for which this is not the case are those of all species
for Sb, Pa and Am and the 1-species isotopes of Es and Ra. The lack of energy dependence is
most probably due to their low half-lives of the seed or neutron-rich nuclides, so that there is
virtually no dependence of the saturation condition on the transmutation cross sections of the
nuclides. Because of the high half-lives T+2n

1/2 = 8 d of Es and T+2n
1/2 = 6 h of Ra, however,

NC1
pulses,2-NC1

pulses,3 of Es vary slightly with energy, though, and the pulse numbers NC1
pulses,2-

NC1
pulses,4 of Ra are the second highest, showing high variations with energy as well.

Just like for the first neutron source, the pulse numbers needed to reach the maximal popula-
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tions do not decrease with higher i. However, for most nuclides of the 3- and 4-species, the
increase of NC1

pulses,i compared to NC1
pulses,i−1 amounts to only one pulse, and for several short-

lived nuclides, the maximal abundances NC1
i are even reached at the same time as NC1

i−1.

Furthermore, it is worth mentioning that, because of the low half-lives of both the seed and the
1-species of Es and Am, these nuclides have already reached their maximum of N1 at the first
pulse, and for the same species of Ra, only two pulses are needed. In fact, most nuclides reach
their maxima within 100 pulses and, therefore, 33 days. The only seeds for which this is not
the case are, Au, Lu, Ra and Os. To reach the maximal populations of all neutron-enriched Au
nuclides for all energies, 63 days and 8 hours are needed, 104 days for Lu, and for Os and Ra,
over 45 and 29 years are required, respectively. Therefore, more time than for the first neutron
source operating at a repetition rate of 1Hz or 10Hz is required to reach the maximal abun-
dances of these nuclides, but less time than for frep = 1/60Hz. For the high-Z nuclides Am, Pa,
Ac and the N1 abundances of Ra and Es for which only a few pulses are required to reach the
maximum, however, the times are lower than for all repetition rates of the first neutron source.

When it comes to the maximal abundances NC1
i that can be reached with the second neutron

source, it is apparent that the abundances are all higher than those reached with the first neu-
tron source operating at frep = 1/60Hz (which is also the case for only one pulse of this source
for most nuclides), but lower than all abundances for frep = 10Hz. Furthermore, the popu-
lations are even higher than the maximal ones to be reached with neutron source 1 at 1Hz
for nuclides with low half-lives. For instance, the maximal abundances NC1

1 of Ra, Am and
Es, which are all reached within 1-2 pulses, are significantly higher than for neutron source 1
operating at 1Hz, and NC1

4 for the second neutron source is even higher than the abundances
produced with neutron source 1 at 1Hz for all nucides but Au and Sb. The reason for this is
that to produce the same abundance as with one pulse of neutron source 1 with neutron source
2, more 104 pulses are needed, during which the produced nuclides decay, however. Therefore,
especially for the nuclides like Ra, Es and Am with NC1

pulses,1 only slightly higher than 104 for
neutron source 1 and frep = 1Hz, as well as for those nuclides for whichNC1

pulses,i is only a few
pulses higher than NC1

pulses,i−1 like it is the case for the 3- and 4-species of most nuclides, the
maximal abundances for neutron source 2 are higher. Therefore, when comparing the relative
magnitude of the abundance curves of the different nuclides, it is apparent that especially the
Am and Pa abundances are relatively high, while the abundances of rather long-lived nuclides
like the neutron-enriched isotopes of As, Au or Sb have relatively low abundances.
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Figure 6.23: Maximally reached abundances NC1
i , i ∈ {1, 2, 3, 4} of neutron-enriched isotopes

for the first set of nuclides as well as the numbers of pulses NC1
pulses,i, i ∈ {1, 2, 3, 4} it takes

to reach them with a neutron source with 1016 neutrons per pulse that delivers pulses with a
repetition rate of 3 pulses per day.
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Figure 6.24: Maximally reached abundances NC1
i , i ∈ {1, 2, 3, 4} of neutron-enriched isotopes

for the second set of nuclides as well as the numbers of pulses NC1
pulses,i, i ∈ {1, 2, 3, 4} it takes

to reach them with a neutron source with 1016 neutrons per pulse that delivers pulses with a
repetition rate of 3 pulses per day. Because 259

99 Es has no half-life, NC1
4 and NC1

pulses,4 for this
nuclide are not shown in subplots d).
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The maximal abundances for the 1-species produced with neutron source 2 reach up to over
1014 in case of Lu, and all nuclides but Ra also reach populations higher than 1012. Nuclides
enriched by one or two neutrons can be produced for all energies for all seed nuclides, and
the abundances NC1

2 reach up to over 1012 for Os and over 1010 for Ra, Lu, and Au. Further-
more, all nuclides but Ac reach N2-abundances higher than 108. Also, nuclides enriched by 3
neutrons can be produced for all seeds up to energies of a few MeV, and NC1

3 higher than 103

can be achieved with this neutron source for all nuclides at low energies. For Os, the maximal
abundance even exceeds 107 nuclides. When it comes to the 4-species isotopes, the maximal
abundance reaches over 102 nuclei for Os. Furthermore, NC1

4 is greater than 1 for Tm and Pa,
which is not the case for neutron source 1 operating at 1Hz. However, not for all seed nuclides
can abundances greater than 1 be observed for the 4-species isotopes: for Am, Sb, Ac, Es, and
Ir, this is not the case. At least for all nuclides but Es, however, the number of totally produced
nuclei of the 4-species over the course of 104 pulses of the second neutron source is greater
than 1, so that for almost all nuclides, neutron capture cascades with up to 4 neutrons could
still be observed.

6.2.4 Saturation Condition 2

Lastly, we analyze the second saturation condition for the second neutron source. The data for
this condition is the same as for the first saturation condition, with the same 500 energies used
and the populations saved after every pulse. Therefore, the pulse numbers NC2

pulses,i to reach
the condition are caclulated directly with Eq. (5.35). The results for the pulse numbersNC2

pulses,i
and abundances NC2

i are shown in Figs. 6.25 and 6.26 for the two sets of nuclides.

These figures show that for neutron source 2, the saturation condition forN1 is reached at the
second pulse as well. However, the isotopes of the 1-species are not the only ones for which
the saturation condition is reached so early. For the 2-species isotopes of Ac, Pa and Es, as well
as all considered neutron-enriched isotopes of Am this is also the case, and the pulse numbers
for the 3- and 4-isotopes of Ac and Pa only have values as low as 3. The reason for this is
that all these nuclides have relatively short half-lives of the seed nuclides and half-lives of the
1-species isotopes that are smaller than the delay time. Therefore, for Ac, Es and Am, the gain
of new nuclei of the 2-species via neutron capture is already lower at the second pulse than
for one pulse. For Pa, this is not quite the case, but the loss of nuclei of the 2-species isotope
between the first and second pulse is so high due to the short half-live T+2n

1/2 = 24min that the
saturation condition is still reached at the second pulse. For Am, Ac and Pa the low half-lives
of the 3- and 4-species are then responsible that only few pulses are needed for reaching the
saturation conditions for these species as well. For Es, on the other hand, T+2n

1/2 is quite long
with 8 d, so that NC2

pulses,3 and NC2
pulses,4 are significantly higher than 2.
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That NC2
pulses,2 is very low for a nuclide despite a high T+2n

1/2 is also true for Ra. While, just like
for Es, the pulse numbersNC2

pulses,2 for this nuclide only slightly deviate from those for the first
saturation condition for the first neutron source, this is not the case here. In fact, the pulse
numbers NC2

pulses,2 for this nuclide do not exceed 8 pulses and, therefore, are over 3 orders of
magnitude lower than NC1

pulses,2. The reason for this is, again, the low half-life of the 1-species,
which amounts to only 42 minutes, so that there is virtually no neutron capture contribution
from the 1-species isotope to the population N2. However, because of the long half-life of the
seed nuclide, the gain decreases more slowly than, for example, for Am or Es, and the loss of
nuclides is quite low due to the long T+2n

1/2 , the condition is not already fulfilled at the second
pulse. Another striking detail about the Ra pulse number is that it depends heavily on en-
ergy, while some significantly higher pulse numbers of other nuclides do not. This could be
explained by the loss of nuclei, which depends highly on transmutation and, therefore, energy
for Ra, so that the relative loss is over twice as high for 10MeV than for 7MeV, for example. Be-
cause of the high T+2n

1/2 , however, the pulse numbers for the 3- and 4-species isotopes to reach
the second saturation condition are only up to 3.8 and 2.3 times lower compared to NC1

pulses,3
and NC1

pulses,4, respectively.

But not only for isotopes for which the seed or 1-species isotopes have extremely short half-
lives are the ratios NC1

pulses,i/N
C2
pulses,i high due to the extremely low repetition rate. This is also

the case for nuclides with quite high half-lives of the 1-species isotope, as the high influence
of decay leads to both a low increase of the gain of nuclei of the i-species isotope and a high
loss of those. Therefore, the populations for different pulse numbers do not deviate much and
the second saturation condition is reached quickly. In fact, saturation condition 2 is reached at
such low pulse numbers and relatively low abundances due to the high influence of decay that
Ni(1 pl) is only 1-2 orders of magnitude lower than Ni itself and several orders of magnitude
higher than the influence of the transmutation cross sections on the abundances. Thus, the
saturation condition 2 is reached long before the maximal abundance, and the only nuclides
for which the pulse numbers show a significant energy dependence are the long-lived Ra and
Os due to the high influence of transmutation on the loss.

For higher i, the deviations of the pulse numbersNC2
pulses,i fromNC1

pulses,i generally decrease just
like it is the case for the first neutron source. Because of the low number of pulses applied and
the high influence of decay, however, the pulse numbers for the second saturation condition
are still significantly lower than the pulse numbers for the first saturation condition for the 3-
and 4-species isotopes, and an energy dependence ofNC1

pulses,i only develops for Tm, Au and Lu
for the 3- and 4-species isotopes.
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Figure 6.25: Numbers of pulses NC2
pulses,i needed to fulfill the second saturation condition for

the abundances of populations Ni, i ∈ {1, 2, 3, 4} of neutron-enriched isotopes for the first
set of nuclides with a neutron source with 1016 neutrons per pulse that delivers pulses with a
repetition rate of 3 pulses per day as well as the abundancesNC1

i , i ∈ {1, 2, 3, 4} at these pulse
numbers.
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Figure 6.26: Numbers of pulses NC2
pulses,i, i ∈ {1, 2, 3, 4} needed to fulfill the second saturation

condition for the abundances of populations Ni, i ∈ {1, 2, 3, 4} of neutron-enriched isotopes
for the first set of nuclides with a neutron source with 1016 neutrons per pulse that delivers
pulses with a repetition rate of 3 pulses per day as well as the abundancesNC1

i , i ∈ {1, 2, 3, 4}
at these pulse numbers. Because 259

99 Es has no half-life, NC2
4 and NC2

pulses,4 for this nuclide are
not shown in subplots d).
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Because, as explained above, the abundancesNi for different pulse numbers produced with the
second neutron source are quite similar, the abundancesNC2

i differ fromNC1
i by less than one

order of magnitude, except for the populations for the 2-species isotope of Ra. Furthermore,
Figs. 6.25 and 6.26 show that, contrary to the first neutron source, for whichNC2

2 is higher than
NC2

1 for all repetition rates, the abundancesNC2
1 for the 1-species isotopes are higher thanNC2

2

for the second neutron source due to the high loss of 2-species nuclei due to decay.
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7.1 Comparing the 1 Pulse N1 for TENDL and ENDFB Data

To analyze quantitatively howwell the calculated cross sections in the TENDL-2019 data, which
are used for the calculations of the results shown above, live up to the experimentally deter-
mined cross sections in the ENDF/B-VIII.0 data, we study the effect that the use of cross sections
from the ENDF-B or the TENDL data has on the resulting populations of nuclides that have
captured one neutron after one neutron pulse. This comparison is carried out in the following
way: The population N1 after one neutron pulse with Np = 1012 neutrons is calculated in
leading order according to

N1(1 pl) ≈ µ0NTµ0 = NTNpσn−cap/A (7.1)

for the heaviest isotopes of all nuclei between Z = 3 and Z = 100 that are available in the
ENDF/B-VIII.0 library, once using the neutron capture cross-section from the ENDF/B-VIII.0
data and once using the TENDL-2019 cross. This calculation is executed for 300 logarithmically
spaced energies from 50 keV to 10MeV. Then, for each nuclide and each energy, we compute
the relative deviation between the N1(1pl) values for the different datasets via:

relative deviation =
N1(1 pl)TENDL −N1(1 pl)ENDF

N1(1 pl)ENDF
(7.2)

This leading order estimation is a good approximation to the complete calculation, as compar-
isons with TENDL cross sections of this approximation to a complete calculation with the full
matrix exponential show relative deviations of the populationsN1 after one pulse on the order
of only 10−3.

For the populations N1 obtained by this calculation, the maximal, minimal and mean relative
deviation are calculated for each nuclide by considering all 300 different energies. The result-
ing values for the nuclides for which a TENDL file exists can be seen in Fig. 7.1, where we use
the same parameters as above for our calculations: a target area of 104 µm2, a length of 100 µm,
and a neutron beam with a gaussian energy distribution with a width-maximum ratio of 10%.
As shown in Fig. 7.1, there are no deviations between the TENDL and ENDFB-B data for the
nuclides Li, Be, B, C, N, O and F because as already explained in chapter 2, the evaluated files
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for these nuclides in the TENDL-2019 library have been taken from the ENDF/B-VIII.0 data.
For higher Z nuclides, there is, however, a deviation, so that the mean relative deviation for
the heaviest nuclides in the ENDF data from Z = 3 to Z = 84 and from Z = 88 to Z = 100

amounts to 299% on average, with an average relative standard deviation of 765%. If only the
nuclides are regarded for which the TENDL data is not taken from ENDF/B-VIII.0, the devia-
tion is higher with a mean relative deviation of 323% on average and an average mean standard
deviation of 826%. These significant deviations indicate that even though the TENDL library
includes models for the most important processes, these still do not fully describe reality, as
these models are only approximations to reality, so that not every single physical process is ac-
counted for and the models are subject to uncertainties. It can be seen that the highest relative
deviations occur especially for nuclides with either very high or very low Z . For high-Z nu-
clides, this might be due to the uncertainties of fission transmission coefficients in the TENDL
library, and for nuclides with low Z , the reason could be that the Hauser-Feshbach model with
transmission coefficients calculated from the optical potential is not fully applicable for such
light nuclei, as the level density cannot be assumed to be high enough to be treated statisti-
cally and the resonances are not quite overlapping. Therefore, if only the nuclides in the range
between Z = 10 and Z = 83 (which is the range for the FRDM NON-SMOKER data) are
considered, the average mean relative deviation is slightly lower with only 307% and the mean
relative standard deviation 708%.

For the nuclides considered in the present work, the mean relative deviation amounts to 236%
on average, and the average relative standard deviation is as high as 1144%. Most of the con-
sidered nuclides actually only show a mean relative deviation significantly smaller than one, as
can be seen in Fig. 7.1, with the only nuclides for which the mean relative deviation is higher
being 244Am and 255Es. For 244Am, the mean relative deviation of the N1 populations is even
greater than 10 due to very high deviations of both the neutron capture cross section for high
energies by up to 3 orders of magnitude and high deviations of the transmutation cross section
of up to over one order of magnitude in the complete considered energy range. Therefore, this
high deviation accounts for the relatively high average. If only the nuclides are considered
which are also present in NON-SMOKER data, i.e. nuclides with Z < 84, the mean relative
deviation even is as low as 38% on average. We can, therefore, conclude that for our seed nu-
clides, the TENDL and ENDF data produce comparable results for the population of nuclides
enriched by one neutron, with only the deviation of 244Am being high.

When it comes to the cross sections of the nuclides, an analysis shows that most TENDL cross
sections, both for neutron capture and transmutation, deviate from those of the ENDF data by
no more than one order of magnitude in the considered energy range, with larger deviations
only for high-Z nuclides like Ra or Am at high energies.
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7.2 Comparing the 1 Pulse N1 for NON-SMOKER and ENDFB Data

It should be noted, however, that for the nuclides for which these comparisons are conducted,
experimental data is available to adjust the input parameters of TENDL to. Therefore, for more
neutron-rich isotopes under investigation in the present work, the deviations are likely to be
higher.
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Figure 7.1: Comparison of the populations N1 of the seed nuclides that are enriched by 1 neu-
tron after one applied pulse with 1012 neutrons when either ENDFB-data or TENDL-data are
used for the neutron-caption cross sections.

7.2 Comparing the 1 Pulse N1 for NON-SMOKER and ENDFB
Data

Apart from the results analyzed above inwhich TENDL-2019 data is used, the same calculations
are also carried out for different datasets in which NON-SMOKER FRDM cross section data is
employed. Therefore, we make further comparisons of N1 after one pulse calculated with the
cross section data from the ENDF/B-VIII.0 library and the FRDM NON-SMOKER data. The re-
sults can be seen in Fig. 7.2 for the complete Z-range available in this dataset, Z = 10 − 83.
For the nuclides in this range, the mean relative deviation of the populations amounts to 723%
on average, with a mean standard deviation of 973%. It is obvious that especially the light
nuclei suffer from a large deviation, which could, again, be explained by the fact that for light
nuclei, the Hauser-Feshbach model with which the NON-SMOKER cross sections are calcu-
lated, is not well applicable. In fact, if one leaves out the mean relative deviation of Ne, which
amounts to over 4×102, the average mean relative deviation of the nuclides is only 92%. Com-
parison with Fig. 7.1 shows that for such low-Z nuclides, the mean relative deviations for the
TENDL cross sections are generally lower than for the NON-SMOKER data, which is due to
the fact that in TENDL, more models and experimental data is included, which is especially
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relevant for such low-Z nuclides for which the sole use of the Hauser-Feshbach model is not
justified. Finally, for those nuclides considered in the present work that also are included in the
NON-SMOKER data, the mean relative deviation amounts to only 35% on average, with a mean
relative standard deviation of 19%. Therefore, the mean relative deviations for those nuclides
are comparable to those for the TENDL data, with the deviations for the NON-SMOKER data
even slightly lower than for TENDL.

In Ref. [49], Hill and Wu have carried out comparisons of the NON-SMOKER data with ENDF-
B data not only for the FRDM but also the ETFSI-Q dataset for Z = 23− 83. They have found
that the deviation of the neutron capture cross sections for the same nuclides are never larger
than one order of magnitude. Furthermore, they have investigated the relative deviation of the
N1 populations similarly to how it is done in this work, only with slightly different parameters,
i.e A = 25µm2 and a neutron pulse number of Np = 1011. With these parameters, they have
found that the relative deviation between the populations calculated in leading order with the
neutron capture cross sections of the ENDF and the NON-SMOKER data are on the level of 50%
on average for both the FRDM and the ETFSI-Q NON-SMOKER data in the range Z = 23−83,
so that both of these codes can be considered equally good, which makes it legitimate for us to
use the FRDM data because of the greater range of nuclides it covers.

N
e

N
a

M
g

A
l

S
i P S C
l

A
r K C
a S
c

T
i V C
r

M
n F
e

C
o

N
i

C
u

Z
n

G
a

G
e

A
s

S
e

B
r

K
r

R
b S
r Y Z
r

N
b

M
o

T
c

R
u

R
h

P
d

A
g

C
d In S
n

S
b

T
e I

X
e

C
s

B
a

L
a

C
e

P
r

N
d

P
m

S
m E
u

G
d

T
b

D
y

H
o

E
r

T
m Y
b

L
u

H
f

T
a

W R
e

O
s Ir P
t

A
u

H
g T
l

P
b B
i

10−4

10−3

10−2

10−1

100

101

102

103

re
la

ti
ve

d
ev

ia
ti

on
in
N

1

mean relative deviation for NON-SMOKER

max relative deviation for NON-SMOKER

min relative deviation for NON-SMOKER

Figure 7.2: Comparison of the populations N1 of the seed nuclides that are enriched by 1 neu-
tron after one applied pulse with 1012 neutrons when either ENDFB-data or NON-SMOKER-
data are used for the neutron-caption cross sections.
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7.3 Comparison of the Results for Different Cross Section
Datasets

In the calculations the results of which have been explained in detail above, solely TENDL-2019
cross section data has been used for the neutron-enriched isotopes. However, there are also
other data available for cross sections, as discussed in section 2.2. In Ref. [49], for instance, a
combination of ENDF-B data and NON-SMOKER data has been employed. To investigate the
precision of our results, the original results will be compared to those for two other datasets
(denoted as dataset A and dataset B) in the following, to determine how much and in which
way the potential differences of the cross sections calculated using different models and pa-
rameters influence our results, and the differences of which nuclear quantities have the highest
influence on which pulse numbers or populations. For datasets A and B, the cross section data
for seed nuclides is taken from the ENDF/B-VIII.0 library as well, as this is the most reliable li-
brary of the three considered due to its focus on experimental data. However, the cross section
values for neutron-enriched nuclides differ from the ones used in the original dataset, as both
datasets include NON-SMOKER neutron capture cross section values so far they are available.

For dataset A, the cross sections for neutron-enriched isotopes are calculated in the same way
as in Ref. [49]. For 10 < Z < 84, the neutron capture cross section are taken from FRDM
NON-SMOKER data. For the nuclides where the cross section is not available from the NON-
SMOKER data, the neutron capture cross sections are approximated by the cross section of the
seed nuclide from the ENDFB data. Concerning the species loss cross of the neutron-enriched
isotopes, the ηi values are estimated from the NON-SMOKER µi values with the following
formula:

ηi = µi + η0 − µ0 (7.3)

where η0 and µ0 can be exactly calculated with the ENDF cross sections of the seed nuclides.
This approximation is best if the species-loss cross section is dominated by the neutron capture
cross section. However, this condition is not valid anymore for larger energies, as can be seen
when regarding the TENDL σtr values, due to the fact that particle emission reactions begin to
dominate at about 7MeV. Furthermore, for fissile isotopes of, for example, Es, Am, Pa, and Ac,
the condition is truly applicable at non of the considered energies. However, NON-SMOKER
data does not exist for these isotopes anyway.

In dataset B, data from both the NON-SMOKER FRDM data and the TENDL-2019 data are em-
ployed to determine the neutron capture and species-loss cross sections for neutron-enriched
isotopes. For this, the neutron capture cross sections are, just like for dataset A, taken from
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the FRDM NON-SMOKER data as long as they are available, i.e. as long as the atomic number
of the nuclide lies between 10 and 83. For the rest of the nuclides, the neutron capture cross
section is taken from the TENDL library. To calculate the species-loss cross sections for com-
puting the ηi values, we proceeded as follows. If there is NON-SMOKER data available for the
nuclide, the species-loss cross section is calculated according to

σtr,i = σTENDL
tr,i − σTENDL

n−cap + σNON−SMOKER
n−cap (7.4)

= σTENDL
non−el,i − σTENDL

inel,i − σTENDL
n−cap + σNON−SMOKER

n−cap (7.5)

where in the second equation, Eq. (2.5) is used. For these calculations, it had to be checked if
there is any misalignment on the energy grid for the neutron capture cross section, the non-
elastic and the inelastic cross section of the TENDL data. And even though there are some
energy misalignments on the energy grid between the inelastic cross section and the neutron
capture cross section, this does not lead to any unphysical species-loss cross sections. The
cross sections calculated according to Eq. (7.5) largely follow the course of the NON-SMOKER
neutron capture cross sections for lower energies, while for higher energies, they are almost
the same as the TENDL species-loss cross sections. In the cases for which no NON-SMOKER
data is available, the species-loss cross sections from TENDL-2019 are used.

In the following, the numerical results for the first neutron source calculated with dataset A and
Bwill be compared to the original results shown in chapter 6. For this, the relative deviations of
the abundancesNi and, for the saturation conditions, the pulse numbersNpulses,i are calculated
according to

relative deviation =
|Ni(Dataset A/B, frep)−Ni(frep)|

Ni(frep)
(7.6)

relative deviation =
|Npulses,i(Dataset A/B, frep)−Npulses,i(frep)|

Npulses,i(frep)
, (7.7)

respectively, for dataset A/B. These deviations are calculated on the same energy grids as used
for the calculation of the results in chapter 6. Therefore, energy ranges between 50 keV and
10MeV are considered, with 300 and 100 logarithmically spaced energies for 1 and 104 pulses of
the first neutron source, respectively. For the saturation conditions, the energy grid consists of
80 grid points. Of these, 40 are distributed logarithmically spaced over the whole energy range,
and 40 more energy grid points are found in the interval between 1 and 10MeV, because the
pulse numbers required to reach the saturation vary most there. Therefore, when considering
the mean relative deviations for the saturation condition results, it should be noted that the
deviations for high energies are given more weight than those for low ones.
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7.3.1 Comparison of the Original Results with the Results Calculated From
Dataset A

At first, a comparison of the original results shown in chapter 6 with the results calculated with
dataset A is performed. The minimal, maximal, and mean relative deviations are shown in Fig.
7.3 for the two sets of nuclides. It is illustrated in this figure that for isotopes enriched by only
one neutron, the deviations are much smaller than those of the other populations, with the
mean relative deviations between 7.1×10−11 for Sb and 8.6×10−9 for Es. The reason for this
is that the populations, in leading order in µi and ηi (see Eq. (5.28)), depend on the µi values
and, therefore, the neutron capture cross sections for the nuclides with less neutrons, which,
in the case of the 1-species, are only the seed nuclides. Because for those, ENDF/B-VIII.0 data
is used in both of the datasets, the µ0 values are the same. The deviations come from higher
order terms. For N1, they are especially due to the different ηi values, which amount to 10−12

and 10−8, depending on the mean neutron energy, just like the mean relative deviations of
N1. Therefore, the N1 relative deviations are greatest where the σtr values differ most for the
different datasets, like the fissile, heavy nuclides Es and Am, as for these nuclides the transmu-
tation cross section for dataset A is approximated with that of ENDF, and the TENDL library’s
greatest uncertainty is the determination of fission transmission coefficients, as discussed in
chapter 2.

For the populations N2 − N4 of isotopes enriched by more than 1 neutron after one pulse,
the mean relative deviations are significantly higher than forN1 with mean deviations greater
than 2.5 × 10−1 for all of the nuclides and populations. Therefore, it is plausible to say that
these deviations mainly depend on the deviations of the neutron capture cross sections used
in the different datsets on which the populations depend in leading order. It becomes clear
from the significant relative deviations that occur for the nuclides with Z < 84, for which
NON-SMOKER neutron capture cross sections are used for the calculations of µi, i > 0, that
the cross sections calculated from these two codes differ. As explained in chapter 2, the TALYS
code, onwhich TENDL-2019 is mainly based, includes pre-equilibrium and direct effects, which
is not the case for NON-SMOKER, and even in the calculations of compound reaction cross sec-
tions with the Hauser-Feshbach model, which should mainly dominate for these nuclides and
the considered energy range, that are implemented in both TALYS and NON-SMOKER, the
two codes differ in the parameters of the nuclear level densities, the calculation of the width
fluctuation correction factors, the way the transmission coefficients are calculated and which
transmission coefficients are regarded at all.

For those nuclides (As, Sb, Tm, Lu, Re, Os, Ir and Au), the mean relative deviations forN2−N4

are always in the range between 2.5×10−1 and 9×10−1 except Sb, for which the mean relative
deviation forN4 reaches over 2× 100. Generally, the deviations increase with larger i because
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Figure 7.3: Relative deviations of the populationsNi directly after one pulse of neutron source
1 calculated with dataset A from the population calculated with the original dataset for both
sets of nuclides. The deviations for the +4n nuclide of Es are not shown in subplot d) because
it has no half-life.

for growing i, more neutron capture cross sections influence the population of the i-species,
cross sections that deviate from one dataset to the other. However, this is not the case for Ac,
for which the deviation of N3 is smaller than that for N2. This is due to the fact that σn−cap,1

for TENDL is lower than the ENDF cross section for most energies, while σn−cap,2 is higher, so
that the deviations cancel each other out to some degree.

Among the two sets of nuclides are also several seeds withZ > 84 for which noNON-SMOKER
data is available. For these nuclides - Ra, Ac, Pa, Am and Es - the mean relative deviations for all
Ni are significantly higher than for those for which NON-SMOKER data is used for the µi and
ηi values for i > 0 in dataset A. ForN3 andN4, all mean relative deviations for these nuclides
exceed 100 apart from Am. For the population of the 3-species, the mean relative deviation for
Es even reaches 80. The highest relative deviations - at least for the populations for which their
half-time is not zero - are those for the neutron-enriched isotopes for 255Es. This is due to the
fact that for Es, the TENDL neutron capture cross sections for the neutron-enriched nuclides
are at least about one order of magnitude smaller than the ENDF cross section for the seed for
all energies.

Apart from the relative deviations, we have investigated the ratios between the populations
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calculated with the original dataset and those for dataset A. The analysis of these ratios con-
firms that the deviations of N1 are due to variations in σtr,1, and the deviations of N2 − N4

are mainly caused by the different neutron capture cross sections. For N1, the ratios all show
extrema around the energy where the rapid rise of σtr due to particle emission reactions sets
in, as this point is different for the ENDF and TENDL transmutation cross sections. Moreover,
the ratios indicate that the populations N1 for dataset A are slightly higher than those for the
TENDL data in the original dataset. Like the deviations, the ratios between the populations
deviate more from one for N2 − N4, with typical values of the ratios between 10−1 and 101

for energies up to a few MeV. For high energies, the ratios are mostly lower for the nuclides
with Z < 84, for which the neutron capture cross sections in the TENDL data experience a
rise, while this is not the case for most NON-SMOKER cross sections. Especially, however, the
ENDF cross section for Am, which is used in dataset A, shows a steep decrease for high ener-
gies, while the TENDL cross section does not, leading to ratios as low as 10−4 for this nuclide.
Generally, the populations produced with dataset A are lower than the original results for most
energies, except for Sb, Am, Pa and Es, for which the opposite is the case. One of the reasons
that the original abundances are higher than for dataset A is most probably the fact that in the
TENDL data, more models and processes are incorporated than in NON-SMOKER, making the
neutron capture cross sections generally higher.

Knowing that the abundances of most nuclides for dataset A are lower than the original ones,
the mean relative deviations of up to 9× 10−1 for the nuclides for which NON-SMOKER data
is available can be interpreted as the abundances for dataset A being one order of magnitude
lower than the original results.

We now turn to analyze the deviations between the abundances after 104 pulses with the first
neutron source. The mean relative deviations of the abundances Ni are shown in Fig. 7.4. For
N1, the first thing that is noticeable is that the mean relative deviations for the regarded nu-
clides are up to four orders of magnitude higher than those for 1 pulse as the deviations are up
to 104 times as high as for one pulse. This is due to the fact that in every pulse, nuclides are
lost due to transmutation, so that the influence of this effect becomes greater with increasing
pulse number. Furthermore, it can be observed that the mean relative deviations of the abun-
dances of nuclides get higher with increasing repetition rate. Especially from frep = 1/60Hz
to frep = 1Hz, there is a significant increase for all considered seed nuclei, which is biggest for
the nuclides with the lowest half-lives of the 1-species isotope, i.e. Es and Ra with half-lives of
25min and 42min, respectively. Specifically for Es it is striking that, while the mean relative
deviation for this nuclide is highest for 1 pulse, it is the second lowest for frep = 1/60Hz after
that of Ra. Furthermore, for Lu, for which the deviations of the transmutation cross sections are
lower than those for Ac, Pa, Am and Es, the relative deviations are the highest of all nuclides for
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Figure 7.4: Mean relative deviations of the populations Ni directly after 104 of neutron source
1 calculated with dataset A from the population calculated with the original dataset for both
sets of nuclides. The deviations for the +4n nuclide of Es are not shown in subplot d) because
it has no half-life.

frep = 1/60Hz because the 1-species of Lu has the lowest half-life, so that the transmutation
has the greatest influence on Lu for this low repetition rate. Generally, the relative deviations
are, hence, lower the higher the repetition rate and the shorter the half-lives of the nuclides
of the 1-species are, and, thus, the more radioactive decay influences the populations, as for
a high influence of radioactive decay the differing cross sections play a comparably smaller role.

ForN2 −N4, the deviations seem to be the same for the different repetition rates. When com-
paring them directly, one can see that the ratios between the 10Hz and the 1/60Hz deviations
only differ from one by up to 10−4. Therefore, the effect of the different repetition rates is neg-
ligible when regarding themean standard deviations forN2−N4. In fact, the deviations for 104

pulses are not even significantly different than for only one pulse with the ratios between the
relative deviations differing from one by not more than 10−4 as well. Therefore, the deviations
of the neutron capture cross sections of the two datasets are the main reason for the deviations
of the populations N2 − N4, and the abundances for nuclides for which NON-SMOKER data
exists being about one order of magnitude smaller on average for the first dataset is applicable
here as well.

We now turn to compare the saturation condition 1. In Figs. 7.6 and 7.5, the mean relative
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Figure 7.5: Mean relative deviations of the maximal populations NC1
i calculated with dataset

A from the population calculated with the original dataset for both sets of nuclides and for
the three different repetition rates compared to the mean relative deviations after 1 pulse, all
calculated on the same energy grid. The deviations for the+4n nuclide of Es are not shown in
subplot d) because it has no half-life.
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deviations of the pulse numbers NC1
pulses,i to reach the first saturation condition as well as the

maximal abundances possible to reach with the first neutron source, NC1
i , are shown, respec-

tively. The deviations of NC1
1 , as the deviations of the populations N1 after 1 and 104 pulses,

vary in leading order only due to the different nuclear transmutation cross sections σtr,1 of
the 1-species. The mean relative deviations shown in Fig. 7.5 (a) vary from 10−9 for Ra at
frep = 1/60Hz to over 10−2 in case of Lu. For all nuclides, the mean relative deviations of the
maximal populationNC1

1 exceed those for 1 pulse, and the deviations are also higher than those
for 104 pulses for all nuclides and repetition rates except for Ra, Ac, Pa, Am and Es in case of
frep = 1/60Hz. That the deviations are higher for the maximal abundances is, firstly, due to
the fact that more pulses are applied than only 104 except for Ra, Ac, Pa, Am and Es in case of
frep = 1/60Hz. Furthermore, especially for 1Hz and 10Hz, the pulse numbers of long-lived
nuclides like Lu are also influenced by σtr,1, so that not only the loss of nuclei smaller for lower
transmutation cross sections, but also more pulses are applied at these energies, therefore mak-
ing the abundance greater. For Ra, Ac, Pa, Am and Es however, the maximal populations at a
repetition rate of 1 pulse per minute are all reached before 104 pulses and, as can be seen in
Fig. 7.6, the pulse numbers for frep = 1/60Hz do not even vary for Ra, Am, and Es for the two
datasets because of the low half-lives T+1n

1/2 .

For all 1-species isotopes, the loss due to decay is higher than due to transmutation. However,
the higher the repetition rate and the longer the half-lives of the isotopes, the more influential
neutron-induced transmutation reactions become. Therefore, and because for higher repetition
rates, more pulses are applied, the deviations of NC1

1 increase with increasing repetition rate.
For 104 pulses, it has, moreover, already beeen seen for a repetition rate of frep = 1/60Hz that
instead of the magnitude of the deviations only depending on how much the cross sections
themselves deviate, it is heavily influenced by the half-lives of the N1 nuclides with the devi-
ations being higher for higher half-lives. This is also the case for NC1

1 for all repetition rates,
so that, for example, Lu with the longest T+1n

1/2 has the highest deviation, but the Es isotopes,
which has the lowest half-live, still has a higher deviation than Ra because of its generally large
differences between the transmutation cross sections for the two datasets.

When analyzing the mean relative deviations ofNC1
2 −NC1

4 , one notices that for most nuclides,
they cannot be visibly distinguished for the different repetition rates. For most repetition rates,
they are even virtually the same as for one pulse and, therefore, dominated primarily by the
differences of the neutron capture cross sections. However, this is not the case for isotopes of
Es, Ra and Os with 2 or more additional neutrons and, therefore, the three nuclides for which
T+2n
1/2 is highest and the transmutation loss has the greatest influence. Furthermore, for all of

these nuclides, analysis on the nuclear transmutation cross sections shows that they vary for
the two datasets 1 and 2 by up to 1 order of magnitude. Therefore, as detailed a detailed analysis
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Figure 7.6: Mean relative deviations of the numbers of pulses NC1
pulses,i it takes to reach the

maximal populations NC1
i for dataset A from those calculated with the original dataset for

both sets of nuclides and for the three different repetition rates. The deviations for the +4n
nuclide of Es are not shown in subplot d) because it has no half-life.

of the ratios between the populations shows, the differeing deviations are due to the differing
σtr,2 values in the different datasets. Depending on whether the different neutron capture and
transmutation cross sections in dataset A cause the resulting abundancesNC1

2 −NC1
4 to change

in the same or in an opposite way, the deviations increase or decrease with higher repetition
rate and, therefore, a higher influence of nuclear transmutation.

For the relative deviations of the pulse numbers NC1
pulses,i, Fig. 7.6 shows that the deviations

increase with higher repetition rate, like the deviations of NC1
1 . There are even several nu-

clides for which relative deviations of the pulse numbers for frep = 1/60Hz are 0. This is
due to the fact that for frep = 1/60Hz, the energy dependence of the pulse numbers comes
mostly from the seed nuclide transmutation cross section for most of the considered nuclides,
which is the same in both datasets. The influence of the (differing) transmutation cross section
of the neutron-enriched nuclides on the pulse numbers is so small for all nuclides except all
Lu-isotopes and the 2- to 4-species isotopes of Ra, Os, and Es that the pulse numbers for the
different datasets vary by at most 1-3 pulses. Lu, Ra, Os, and Es, however, have neutron-rich
isotopes with sufficiently high transmutation cross sections and half-lives for the deviations to
reach values over 10−3 in case of Ra.
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Figure 7.7: Mean relative deviations of the populationsNC2
i at the second saturation condition

for dataset A from the population calculated with the original dataset for both sets of nuclides
and for the three different repetition rates. The deviations for the +4n nuclide of Es are not
shown in subplot d) because it has no half-life.

For all repetition rates, the deviations are highest for nuclides with a high half-life and a high
deviation of nuclear transmutation on the species-loss. For frep = 1Hz and frep = 10Hz, the
influence of nuclear transmutation is also high enough for most nuclides for the pulse numbers
to differ by significantly more than only 100 or 1000 pulses for frep = 1Hz and frep = 10Hz,
respectively. Therefore, the longest-lived nuclide 177Lu for N1 shows deviations of NC1

pulses,i
of over 10−2 for frep = 10Hz, while for N2 − N4 the relative deviations for Ra and Os even
exceed 10−1 for frep = 10Hz. The only nuclide for which there are not even deviations for
frep = 1Hz is Am, due to its generally low half-lives of both the seed nuclide and the neutron-
enriched isotopes.

Lastly, we compare the pulse numbers and abundances of the nuclides at the second saturation
condition. For this purpose, the mean relative deviations of the abundancesNC2

i and the pulse
numbers to reach saturation condition 2 are shown in Figs. 7.7 and 7.8. The analysis of the rel-
ative deviations of the abundances shows that because forN1, the second saturation condition
is already reached after 2 pulses, the deviations ofNC2

1 are up to two times higher than for the
N1 abundances after one pulse. Furthermore, the figure shows that for the short-lived Ra, the
mean relative deviations for a repetition rate of 1/60Hz are smaller than for the other two rates.
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Figure 7.8: Mean relative deviation of the numbers of pulsesNC2
pulses,i it takes to reach the second

saturation condition for dataset A from the population calculated with the original dataset for
both sets of nuclides and for the three different repetition rates. The deviations for the +4n
nuclide of Es are not shown in subplot d) because it has no half-life.

For NC2
i with i > 1, a comparison of Fig. 7.7 with Fig. 7.5 shows that the mean relative devia-

tions are very similar, especially for high repetition rates and high i. This is due to the fact that
especially for high frep and high i the pulse numbers required for the two saturation conditions
only differ by 100 for 1Hz and 1000 for 10Hz, so that the abundances are almost the same as
well. The mean relative deviations, in fact, only differ from those for the first saturation con-
dition by at most 10−5 for all NC2

i with i > 1, with the deviations for saturation condition 2
both slightly higher and lower than for the first condition, depending on the nuclide and the
repetition rate.

In Fig. 7.6 the mean relative deviations of the pulse numbers are shown for NC2
pulses,2-NC2

pulses,4.
For NC2

pulses,1, it does not make sense to show the deviations because for dataset A, the second
saturation condition for the 1-species isotopes is reached after 2 pulses for all seed nuclides too.
For the pulse numbersNC2

pulses,2, not only Am andAc do not show any deviations for a repetition
rate of 1/60Hz as it is the case for NC1

pulses,2 but also Pa, Sb, and Ir, as is the case for NC2
pulses,3.

Moreover, the deviations ofNC2
pulses,2-NC2

pulses,4 can be both higher and lower compared to those
for the pulse numbers for the first saturation condition, depending on the nuclide. This could be
due to the fact that while the influence of the transmutation cross section is decreased, that of
the populationNi(1 pl) is higher. Generally, the differences between the deviations for the two
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saturation conditions are highest relative to the deviations themselves for the repetition rate
of 1/60Hz, because for this repetition rate, the mean relative deviations for NC1

pulses,i as well as
NC2

pulses,i are only due to absolute deviations of a few pulses. For 1Hz, the deviations of the pulse
numbers for Sb and Pa are also only caused by variations of at most 100 pulses, so that the mean
relative deviations for NC2

pulses,2-NC2
pulses,4 for these nuclides also differ from those for NC1

pulses,2-
NC1

pulses,4 by values only one order of magnitude lower than the mean relative deviation itself.
For the other nuclides for a repetition rate of 1Hz and for all seeds for 10Hz, the differences
are at least two orders of magnitude lower than the mean relative deviations.

7.3.2 Comparison of the Original Results with the Results Calculated From
Dataset B
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Figure 7.9: Relative deviations of the populationsNi directly after one pulse of neutron source
1 calculated with dataset B from the population calculated with the original dataset for both
sets of nuclides.

Now, we turn to the analysis of the deviations between the original results and the results
calculated from dataset B. We first compare the Ni after one pulse of the first neutron source.
The mean relative deviations are shown in Fig. 7.9. We note that there is no deviation for all
nuclides with Z > 83. This is due to the fact that for these nuclides, for which there is no
NON-SMOKER data available, TENDL data is used. Hence, the cross sections are the same
for the two datasets, and so are the populations Ni. Furthermore, the N2 −N4 mean relative
deviations are virtually the same as the ones from the comparison for dataset A.The reason for
this is that for nuclides with NON-SMOKER data available, in both dataset A and B the neutron
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capture cross sections from the NON-SMOKER code are used, and the only difference lies in
the way the nuclear transmutation cross sections are calculated. As the abundances depend on
the neutron capture cross sections in leading order, which are the same for the datasets, the
deviations hardly differ for dataset A and B.

For the relative deviations of N1, the deviations mainly depend on η1. As analyzed when in-
troducing dataset B, η1 is dominated by the NON-SMOKER neutron capture cross section for
low energies and by the nuclear transmutation cross section in TENDL for higher energies.
Therefore, the relative deviations for N1 calculated with dataset B from the population of the
original results are all about a factor of 1-2 lower than the relative deviations for dataset A
because there are especially no high deviations of the transmutation cross sections at energies
at which particle emission reactions set in, and, therefore, in the energy range which is given
most weight due to the used energy grid.

We now turn to the comparison of the abundances after 104 pulses. The mean relative devi-
ations are shown in Fig. 7.10. It is shown that, like for the comparison of the original results
with those for dataset A, the mean relative deviations for N2 − N4 are virtually the same for
all repetition rates, and they do not even visibly differ from the deviations for one pulse. For
N1, the same phenomena as for the comparison with dataset A can be observed, i.e. that the
relative deviations have increased by up to 104 compared to 1 pulse and that they increase with
higher repetition rate, higher deviations of σtr,1 and higher T+1n

1/2 . Furthermore, just like for 1
pulse, the mean relative deviations for N1 are lower than for the comparisons for dataset A.

Now, the comparisons for the first saturation condition are carried out. The mean relative de-
viations of the pulse numberNC1

pulses,i required to reach the first saturation condition, as well as
the deviations of the maximal abundances NC1

i are shown in Figs. 7.12 and 7.11, respectively.
Because for the nuclides Ra, Ac, Pa, Am, and Es, the data used in the two datasets does not
differ, only the mean relative deviations of As, Sb, Tm, Lu, Re, Os, Ir and Au are shown in Figs.
7.11 and 7.12. The deviations of N1, as for the comparison for dataset A, grow with increasing
repetition rate. Moreover, it is shown that, as in the comparison for dataset A, the deviations
of the maximal populations do not only depend on howmuch the transmutation cross sections
deviate, but also on the half-lives of the nuclides. Furthermore, it can be seen that the devia-
tions are generally lower than in the comparison for dataset A because the transmutation cross
sections do not differ as much as in the case of the comparison for dataset A, especially for en-
ergy above 5 MeV. For the populations of even more neutron-rich isotopes, the deviations are
dominated by those of the neutron capture cross sections for the most part as well, so that most
deviations are similar to those for 1 pulse. However, the populations N2 of Sb, Tm, Lu, Re, Os
and Au, N3 of As, Tm, Lu, Re and Os, and N4 of Os show deviations that visibly differ from
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Figure 7.10: Mean relative deviations of the populationsNi directly after 104 of neutron source
1 calculated with dataset B from the population calculated with the original dataset for both
sets of nuclides.

those for 1 pulse. This can, again, be explained with the influence of the transmutation cross
sections on the maximal abundances, which grows larger for lower delay times and, therefore,
higher repetition rates.

For the mean relative deviations of the pulse numbers, the same effect can be seen as in the
comparison for dataset A: Again, the deviations increase with increasing repetition rate, and
the pulse numbers for frep = 1/60Hz hardly deviate. However, the deviations are gener-
ally smaller than in the comparison for dataset A because of the lower deviations between the
transmutation cross sections for high energies.

Lastly, we turn to the comparison of the results for the second saturation condition. In Figs.
7.13 and 7.14 the mean relative deviations of the pulse numbers and abundances at the second
saturation condition are shown. As shown in Fig. 6.25, the mean relative deviations of the
abundances NC2

1 at the second saturation condition and, therefore, after 2 pulses are up to 1.6
times as high as for 1 pulse. For the abundances of isotopes enriched by more nuclides, more-
over, the mean relative deviations vary from the deviations for the first saturation condition at
most by values on the order of 10−9. Therefore, the relative deviations of the abundancesNC2

i

calculated from dataset B from those calculated with the original dataset differ less from from
the deviations of NC1

i than it is the case for the comparison for dataset A. Furthermore, like
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Figure 7.12: Mean relative deviations of the numbers of pulses NC1
pulses,i it takes to reach the

maximal populationsNC1
i for dataset B from those calculated with the original dataset for both

sets of nuclides and for the three different repetition rates. Because there are no deviations for
Ra, Ac, Pa, Am, and Es, the deviations for these nuclides are not shown.

for the comparison of the NC2
i abundances for dataset A, the deviations of NC2

i can be either
higher or lower than those of the maximal abundances, depending on the repetition rate and
the nuclide.

In the case of the pulse numbers, those for the 1-species isotopes are not shown in Fig. 7.14 be-
cause for both datasets, the second saturation condition is reached at the second pulse. Thus,
the deviations of NC2

pulses,i are zero. For NC2
pulses,2-NC2

pulses,4, the mean relative deviations are,
again, very similar to those for NC1

pulses,2-NC1
pulses,4. A notable difference, however, is that there

is no deviation of NC2
pulses,2 between the datasets for Ir. Generally, the mean relative deviations

of the pulse numbers can, again, be either higher or lower than those forNC1
pulses,2-NC1

pulses,4, and
the differences relative to the mean relative deviations are greatest for frep = 1/60Hz.

To conclude the comparisons of the results for different datasets, it can be said that the relative
deviations for the results calculated with datasets A and B from the original results are very
similar for the NON-SMOKER nuclides in the cases that the neutron capture cross sections
dominate, especially the populations of nuclei of the 2- to 4-species isotopes, while for quan-
tities for which the differing transmutation cross sections of enriched seed nuclides are the
main reason for the differences, the deviations for the comparison with dataset A are generally
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Figure 7.13: Mean relative deviations of the populationsNC2
i at the second saturation condition

for dataset B from the population calculated with the original dataset for both sets of nuclides
and for the three different repetition rates. Because there are no deviations for Ra, Ac, Pa, Am,
and Es, the deviations for these nuclides are not shown.
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Figure 7.14: Mean relative deviation of the numbers of pulsesNC2
pulses,i it takes to reach the sec-

ond saturation condition for dataset B from the population calculated with the original dataset
for both sets of nuclides and for the three different repetition rates. Because there are no devi-
ations for Ra, Ac, Pa, Am, and Es, the deviations for these nuclides are not shown.
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7 Comparisons

slightly higher than for the comparison with dataset B. Such quantities, like the pulse numbers
for the saturation conditions, also do not show too high relative deviations in general, so that
for most nuclides, the predictions of the time it takes to reach the saturation illustrated in Fig.
6.12 applies quite well for all three datasets. However, for Ra and Os, the mean relative devi-
ations of over 10−1 correspond to quite large absolute differences, considering the theoretical
experiment durations for saturation amount to several decades. Moreover, for the populations
ofN1, for which there is experimental data for the seed neutron capture cross section available,
which is used in all three datasets, the mean relative deviations are low as well.

For the populations of nuclei of the 2- to 4-species isotopes, however, for which for at least one
neutron capture cross section no experimental data is available in the ENDF/B-VIII.0 library,
all mean relative deviations are greater than 25%, and they are mainly dependent on the dif-
fering neutron capture cross sections, with contributions from the transmutation cross section
deviations for the abundances at the saturation conditions. For dataset A, the deviations are
especially high for fissile nuclides, for which the TENDL data has relatively high uncertainties,
as shown in section 7.1, and for which the cross sections in dataset A are approximated by the
seed nuclide data. For nuclides like Es and Pa, the mean relative deviations of the abundances
even extend up to 102 for the deviations of N3 and N4, respectively. For Es, this is especially
relevant, because this nuclide has never been produced before in the laboratory before, and a
population 2 orders of magnitude higher or lower could highly influence how well it could be
studied in the proposed setup. Furthermore, our analysis has shown for both dataset A and B
that even for nuclides for which there is NON-SMOKER data available, the N4 abundances of
most nuclides are around 1 order of magnitude lower for the datasets A and B than for the orig-
inal data. The relatively high deviations of the calculated populations for the different datasets,
especially for populations of neutrons enriched with multiple neutrons, is most influential for
the populations N3 and N4, which are very low, depending on the setup, because a calculated
abundance one or two orders of magnitude higher or lower could make or break if our calcu-
lations predict the production of this isotope or not. For example, neutron capture cascades
with 4 neutrons cannot be observed for As and Re for the first neutron source operating at a
repetition rate of 1Hz according to the calculations with dataset A and B instead of the original
dataset.

The TENDL data has mainly been selected for the original datasets because more models, reac-
tion channels and experimental data are included, and cross section data is available for more
nuclides as well. The observations from the comparisons now show how highly the mod-
els and input parameters on which the calculated cross sections are based can influence our
results. This is especially astonishing because for the calculation of compound nuclear reac-
tions, which, following the considerations from chapter 2, should dominate for neutron capture
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7.3 Comparison of the Results for Different Cross Section Datasets

reactions for most energies in the considered range, both libraries base on Hauser-Feshbach
calculations, just with different transmission cross sections, width fluctuation corrections and
nuclear densities entering themodel. This shows that even though themodels used in the codes
are well established, they still are still subject to high uncertainties. Therefore, these compar-
isons with different datasetes suggest that experimental measurements of cross sections are
necessary to improve the current models for nuclear reactions. Furthermore, how highly our
results of neutron capture cascades of only a few nuclides are influenced by different cross
section data sets used for the neutron capture, but also the transmutation cross sections, also
emphasizes the importance of experiments for determining the cross sections of these nuclides
to provide better experimental data for the reaction networks in r- and s-process models and,
therefore, improve their predictions and help resolve current questions, as for models of these
processes even larger reaction networks with even more uncertainties are employed.
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8 Summary and Conclusion

In this thesis, neutron capture cascades and, therefore, the production of neutron-rich isotopes
occuring in single-component targets irradiated by laser-driven neutron sources operating at
different repetition rates have been investigated for 13 different seed nuclides (7533As, 126

51 Sb,
176
71 Lu, 18775 Re, 19276 Os, 22688 Ra, 23391 Pa, and 244

95 Am in the first set, and 171
69 Tm, 19377 Ir, 19779 Au, 22789 Ac,

and 255
99 Es in the second set). Two neutron sources have been considered in the present work.

The first neutron source with the repetition rates of 1Hz, 10Hz, and 1/60Hz and a neutron yield
of 1012 neutrons per pulse is expected to be achievable at ELI facilities. The second source rep-
resents the intertial confinement source at the NIF at LLNL in the USA that is currently under
operation, with Np = 1016 and a repetition rate of 3 pulses per day. It should, however, be
noted once again that it is not the goal of this work tomodel these sources as realistically as pos-
sible, but rather the repetition frequencies and total neutron yields possible for these sources
are taken to conduct neutron capture studies for a wide range of energies that are available
at different laser-driven neutron sources and that are suitable for the theoretical model used.
In this framework, we have studied the production of nuclei in one and multiple pulses, the
influence of different repetition rates and pulse numbers on our results, and the saturation of
the production of neutron-rich isotopes on the basis of two saturation conditions, which could
be of great importance when conducting further experiments with the produced nuclei.

For our calculations, we follow the theoretical approach developed by Hill andWu in Ref. [49],
in which neutron capture, nuclear transmutation, damping effects and β-decay have been in-
cluded. In Ref. [49], the production of neutron-rich nuclides in 1 and 104 pulses has already
been studied for neutron source 1 operating at a repetition frequency of 1Hz. However, our cal-
culations differ from those in Ref. [49] in so far that cross section data from the ENDF/B-VIII.0
and TENDL-2019 libraries have been employed in our calculations instead of NON-SMOKER
data, and we consider a larger area of the irradiated target of 104 µm2 instead of 25 µm2, so
that in the scenario of a realistic laser-driven neutron source, a significant amount of neutrons
could actually hit the target.

Therefore, to study the the production of neutron-rich nuclides for a more realistic target, the
neutron-enrichment of the seed nuclides after one pulse of neutron source 1 has been investi-
gated in this work as well. Our numerical results show, as in Ref. [49], that the populationsNi
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of neutron-rich nuclides are generally higher for low energies than for high ones and decrease
with increasing i. Further investigation of the abundance curves carried out by us illustrate that
the populations after 1 pulse mainly depend on the employed neutron capture cross sections
for the different nuclides involved in the capture cascades. Moreover, though the populations
of neutron-rich nuclides are smaller than in Ref. [49] due to the more realistic target size, our
results show that with one neutron pulse of the first neutron source, neutron capture cascades
with up to 2 captured neutrons can be observed for some nuclides. In case of the second neu-
tron source, which has not been investigated by Hill and Wu [49], even isotopes enriched by
3 neutrons can be observed after only one pulse according to our calculations. Therefore, our
results show that it is, indeed, possible to simulate neutron capture cascades similar to those
in nucleosynthesis in the laboratory with both investigated laser-driven neutron sources, even
if a more realistic, larger target size is chosen than in Ref. [49].

For 104 pulses of the first neutron source, our results show that it is possible to produce iso-
topes of the 3-species for all nuclides of the first set for the repetition rates 1Hz and 10Hz.
However, due to the large target area, our calculations of 104 pulses of the first neutron source
do not show the possibility of observing successive captures of 4 neutrons for any seed nu-
clides, contrary to the results presented in Ref. [49]. Our results, however, have allowed us to
study the influence of different repetition rates on the abundances of neutron-rich species. We
have found that the abundances decrease with decreasing repetition rate due to the influence
of β-decay, especially for the 3- and 4-species isotopes, which have relatively low half-lives.
Therefore, analyses on our results show that the scaling of the populations Ni and N tot

i with
the pulse numbers via N i

pulses, as proposed in [49], is only applicable for nuclides for which
all isotopes involved in the neutron capture cascade leading to the i-species isotope (or the
i− 1-species isotope in case of N tot

i ) have high half-lives, and that this scaling improves with
increasing repetition rate. That the half-lives of the nuclides influence the scaling of N tot

i has
already been proposed by [49], but only in this work is this dependence, as well as the influ-
ence of the repetition frequency on the scaling ofNi, thoroughly investigated. The scaling has,
furthermore, been found to be especially weak for nuclides for which the maximal abundance
has already been surpassed after the 104 pulses. In case of the 100 pulses of the second neu-
tron source, the results show that the production of isotopes of seed nuclides enriched by even
4 neutrons is possible for most nuclides, at least for low energies, except for Sb, Ac, and Es.
Therefore, neutron capture cascades with up to 4 neutrons can be observed within 100 pulses
of the second neutron source for several of the regarded seed nuclides.

The saturation of the production of neutron-rich nuclei with laser-driven neutron sources has
been studied in this work on the basis of two saturation conditions. By investigating the point
at which the maximal populations are reached for each nuclide and, the saturation condition 1,
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8 Summary and Conclusion

we have shown the limits of the production of neutron-rich isotopes, and investigated the time
when most nuclei of one species are available for further experiments at once. We have found
that, generally, the maximal population of an isotope of the i-species is reached no earlier than
that of the i − 1 species. Furthermore, the pulse numbers required for reaching the maximal
populations of a nuclide for a fixed neutron source and repetition rate are, in general, higher the
higher the half-lives of all isotopes contributing to the neutron capture cascade leading to this
nuclide are. Moreover, the pulse numbers show a dependence on the transmutation cross sec-
tions, especially on those of the most long-lived isotopes in the neutron capture cascade, with
the pulse numbers greatest where σtr is lowest. For the saturation conditions for the different
repetition rates of the first neutron source, approximate scalings of the pulse number with up
to frep and of the resulting maximal abundances of up to f i

rep have been found. Because, fur-
thermore, the scaling of the abundances applies better than that of the pulse numbers, which
is often significantly weaker than frep, the neutron source operating at a higher repetition rate
not only produces more neutron-rich nuclei, especially for isotopes of the 3- and 4-species,
but it also, generally, takes less time to reach the maximal abundance. In general, however,
the pulse numbers required to reach the maximal abundance do not take much longer than 1
month to deliver for most nuclides, except for neutron-rich isotopes of As, Au, Lu, Ra, and Os,
for the latter two of which reaching the maximum can take up to several decades, which is
experimentally unfeasible. With a repetition rate of 10Hz, our results suggest it is possible to
produce isotopes enriched by 4 neutrons and, therefore, to observe neutron capture cascades
of 4 neutrons for all seed nuclides, with maximal abundances NC1

4 greater than 1 for all nu-
clides but the 4-species of Ac and Es. Therefore, the production of the isotopes 248Am and
259Es, which have never been accessed in the laboratory before, is possible for neutron source
1 according to our calculations with a more realistic target, though it takes a larger number of
pulses and a higher repetition rate than according to Ref. [49]. However, as the nuclide 259Es
is assumed to decay directly after the production, there are no nuclei of this species remaining
after each neutron pulse interaction. Furthermore, the maximal abundances also show that for
all repetition rates, the 3-species isotope 258Es can be produced, which has been experimentally
unavailable as well so far. As the maximal abundances show for the second neutron source,
258Es can also be produced with this source, but the maximal abundances of the 4-species iso-
topes for several short-lived nuclides, including Am and Es, as well as Sb, Ac, and Ir, do not
exceed 1. However, our results still show that the production of 4-species nuclides could be
possible for all seed nuclides but Es over the course of 104 pulses, so that the production of
248Am is also possible with the second neutron source.

We have also analyzed another saturation condition, i.e. when Ni(s) − Ni(s − 1) is lower
than the abundance Ni after one pulse. This condition is of experimental importance as it,
for example, could indicate when to change the used target to uphold the production speed of
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new nuclei. The second saturation condition is always reached at the second pulse forN1. For
higher i, the pulse numbers are generally lower than those for the first saturation condition, but
the numbers are quite similar, with the pulse numbers for the two conditions growing closer
for increasing i and increasing repetition rate. The greatest deviations between the two condi-
tions can be seen, in case of the first neutron source, for nuclides for which neither the half-life
of the 2-species isotope is extremely long nor the half-life of the seed nuclide is too short, and
the differences are highest where the transmutation cross sections are lowest. For the second
neutron source, the pulse numbers for the second saturation condition for isotopes enriched
with more than 1 neutron are, moreover, comparably low if the 1-species decays quickly.

Lastly, the calculated results have been compared for different datasets including cross section
data from different libraries, among which is a dataset that uses the exactly same cross section
data as is used in Ref. [49]. The comparisons are carried out to check the precision of our results
and to illustrate the dependence of the different abundances and pules numbers investigated
in this work on variations in different cross sections. These comparisons show that the differ-
ences of the pulse numbers for the saturation conditions and the N1 populations exhibit quite
low relative deviations, which are mainly due to the differing transmutation cross sections.
For these quantities, the deviations also increase with the repetition rate and the half-lives of
the isotopes. For the populations N2 −N4, for which the mean relative deviations are mainly
dominated by the differing neutron capture cross sections, the mean relative deviations are
comparably higher and approximately the same for all pulse numbers, repetition rates and sat-
uration conditions, with influences of the transmutation cross section only on the deviations
for the saturated abundances. The quite high deviations, especially for N3 and N4 for some
nuclides, illustrate the high influence of different cross section datasets on our results, and em-
phasize the need for cross section measurements for the investigated neutron-rich isotopes.

Among the considered seed nuclides are several that are relevant to the r- and s-process of
nucleosynthesis, as the seed nuclides 177Lu, 198Au, 199Au, and 188Re lie at or near s-process
branchings, especially neutron-rich isotopes of Tm, Lu, Re, Os, Ir, and Au come near the r-
processN = 126waiting point, and the Sb nuclides, as well as the fissile, neutron-rich isotopes
of the regarded actinides, could be important in the not very well investigated fission cycling
of the r-process. As illustrated in chapter 3, there is an urgent need for the investigation of
quantities like β-decay rates, neutron capture cross sections, masses, and fission properties of
these nuclides to improve the models for the r- and s-process as well as their predictions. Such
improvements could finally make it possible to identify the r-process site, and to improve the
stellar models for the s-process as well, which could have a strong impact on studies on the
galaxies around us. Therefore, our calculations suggest the production of nuclides experimen-
tal studies on which could have an enormous impact on our understanding of the universe.
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8 Summary and Conclusion

Moreover, our considerations on laser-driven neutron sources have shown that it is possible
with them to achieve neutron fluxes similar to those in the r-process. And in fact, our results
confirm that neutron capture cascades similar to those in the r-process could be observed in
experiments with laser-driven neutron sources, so that not only the production and subse-
quent study of nuclides important to the r-process seems possible, but also the observation
of the r-process itself could be feasible in the laboratory for the first time with laser-driven
neutron sources. Moreover, not only nuclides relevant to the r- and s-process are shown to be
produced by these sources, but our results also suggest the production of 248Am, 258Es, and
259Es for the very first time. While 259Es is assumed to decay instantly, the other two iso-
topes can be produced in quite large quantities according to our simulations and, therefore,
could be experimentally investigated. Therefore, measurements on their nuclear quantities
like the mass or their low-lying levels could improve our understanding of the nuclear forces
in neutron-rich nuclei and help develop better microscopical models. Moreover, measurements
on fission properties or cross sections could be relevant to improving current models for these
processes as well. For studies on nuclear collectivity, 129Sb, which our simulations show to be
produced with all considered neutron sources, has been proven recently to be of great interest.
Lastly, several of the nuclides that can be produced with laser-driven neutron sources in great
abundances, according to our calculations, have medical applications (177Lu, 198Au, 199Au, and
188Re), so that laser-driven neutron sources could provide a good alternative to nuclear reac-
tors for producing such isotopes, which could make nuclear medicine more broadly available.

Finally, we note that our calculations could be improved by more elaborate codes, in which, for
example, looped processes and the interactions of secondary particles are included, such as the
VCINDER code [145] or the FISPACT-II simulation system [146]. Especially for the investiga-
tion of the saturation conditions, for which differences between abundances are of importance
and for which, therefore, higher-order effects could play a significant role, such codes could
give further insight in the mechanisms competing at saturation and allow us to investigate, for
example, the scaling of the pulse numbers and abundances for the first saturation condition
with the repetition frequency better. Furthermore, quantum mechanical effects like the Zeno
effect, which is not accounted for in the present work, could play a role in prohibiting decays
of neutron-rich nuclides for high repetition rates of the pulsed neutron sources, though the
influence of such an effect is expected to be small as the decay occurs releasing energies of a
few MeV, while the time between pulses is not lower than 100ms.
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