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Bits and Pieces for the Nuclear Puzzle

Exploring light exotic nuclei with radioactive ion beams
RoONJA M. A. THIES

Department of Physics

Chalmers University of Technology

Abstract

Atomic nuclei are a fascinating case of many-body systems governed by quan-
tum behaviour. This fact and the complex nuclear interaction are reasons why
there is not yet a complete theory describing all atomic nuclei. Both exper-
imental and theoretical efforts are needed to change this situation. Stable
nuclei have been studied extensively, but more exotic nuclear systems are not
yet well understood, and it is there where we expect to find improvements to
our understanding of the complex nuclear interaction.

Beams of light exotic nuclei have become accessible for experiments, and to-
gether with recent advances in detection systems, they open up possibilities
for studying extreme nuclear systems up to and beyond the driplines, into the
continuum. Experiments with light exotic beams deliver important data from
extreme nuclear systems, which help to improve the description of atomic nuc-
lei in general. This thesis is focused on light neutron-rich nuclei, and studies
them in different ways. Proton-removal cross sections from boron and car-
bon isotopes are used to test the reaction model ABRABLAO7. The agreement
is surprisingly good, but the need for a better understanding of the induced
excitation energy is demonstrated. Unbound nuclei beyond the dripline are
produced via proton-knock-out reactions and studied. The data on the oxy-
gen isotopes agree well with 3N-interaction shell-model calculations. The rare
(Bp) decay channel is observed in the halo nucleus 'Be. Nuclear reactions
also play an important role in astrophysics and the question of how heavy ele-
ments are generated in our universe. Coulomb dissociation cross sections can
be used to determine astrophysically important (n,y) rates. Measured cross
sections for 2%-2IN and !7C provide improved input for r-process network cal-
culations.
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1. Introduction

The size of human beings is on the length-scale of a meter. We are made of
cells, and those are made of molecules. Molecules consist of atoms, which are
composed of electrons surrounding atomic nuclei. The atomic nucleus has a
size of a few fm, 10"'> m. To give a feeling for this length scale, Table 1.1 lists
different length scales and examples of objects with that approximate size at
intervals of 10° (the scaling factor between a meter and a millimeter). The
atomic nucleus is built of neutrons and protons, held together by the nuc-
lear interaction, a residual of the strong force, which binds quarks together to
neutrons and protons (and also to other hadrons). How do the neutrons and
protons hold together to form atomic nuclei? This is the key question we want
to answer in nuclear physics.

The answer to this question is not only interesting on the scale of the atomic
nucleus. This answer also governs the life of stars and how stars and super-
nova work, as it is in these huge (approximately 10° m large) objects that
elements! are formed. The energy freed by the formation of heavier elements
is causing the stars to shine. Understanding and being able to describe the
nuclear interaction will also improve our understanding of these huge objects
out in the Universe.

Even though we, at present, know almost 4000 isotopes (of which only around
300 do not decay), there exists no theory which can describe all nuclei and all
their relevant properties. Nuclear physicists around the world work in order
to improve this situation.

In this thesis I present experiments with beams of light neutron-rich nuclei

IHydrogen, (not all) helium and some amount of lithium have been formed in the big-bang.

m mm um nm pm fm
humans | grain of sand | cells | molecules | atoms* | atomic nucleus

Table 1.1: Length scales and examples of objects of the corresponding size.
Each length scale is 0.001 of the length scale to its left. x This is very approx-
imate; atoms are a little larger: rather 10 - 100 pm in radius.



Introduction

which aim at improving our understanding of atomic nuclei. These exper-
iments, focused on one part of the nuclear landscape, cover a broad range
of different aspects of nuclear physics: we measure reaction cross sections
and try to improve model calculations with these. We prove the existence of a
predicted decay channel and try to understand the dynamics of this decay. Un-
bound nuclear systems are created and studied to improve our understanding
of nuclei at the limit of existence. Extending to astrophysics we experimentally
determine neutron capture cross sections, which are important for the under-
standing of the formation of the elements our world is made of in astrophysical
objects (like stars and supernova explosions).

Structure of the thesis

This chapter gives an introduction to nuclear physics in general, explains ra-
dioactive ion beam production and why light neutron-rich nuclei — the core
of this work — are particularly interesting. The second chapter introduces ex-
perimental methods and observables of interest for this work. Ch. 3 gives an
overview of the radioactive ion beam facilities and experimental setups used.
Chs. 4 - 6 deal with the specific physics cases of the appended papers. In Ch.
4 we look at 1pxn removal cross sections for neutron-rich boron and carbon
beams at relativistic energies. We also explore how well model calculations
can reproduce these cross sections. Ch. 5 summarizes results from nuclei at
the neutron drip line and beyond. Unbound 2>2°0 and '°B are studied and
a previously unobserved decay channel from !!Be is observed. Ch. 6 presents
results from Coulomb dissociation of neutron-rich carbon and nitrogen iso-
topes, which are of interest for astrophysical production rates of heavier ele-
ments.

Finally, Ch. 7 discusses the impact of the results in this thesis, and Ch. 8
presents an outlook.

1.1 Introduction to Nuclear Physics

Atoms consist of electrons surrounding the nucleus which is made of protons
and neutrons. Though protons and neutrons are about 2000 times heavier
than the electrons, they cluster together in a tight core: the diameter of the
electron cloud of an atom is about 10000 times larger than its nucleus [1, 2].
Neutrons interact only by the strong and weak (nuclear) forces®. But since
protons are electrically charged, there are two forces governing the interac-
tions of nucleons (protons and neutrons), the electromagnetic and the strong

nuclear force. These two forces determine whether a certain combination of

2In first approximation. From their internal quark structure they have a non-vanishing mag-
netic moment - which means they also interact electromagnetically.

2



Introduction to Nuclear Physics

protons and neutrons can exist in a bound state, forming a nucleus. They can
only form a nucleus if the potential energy of the individual nucleons alone
is larger than the potential energy of them forming a (bound) nucleus. The
difference of these energies is the binding energy, and represents the work
required to take all the nucleons apart again. It is often more convenient to
regard the energy it takes to remove a single proton or neutron, which is called
the separation energy.

The weak force turns protons into neutrons and vice versa, so bound nuclei
can decay by turning protons into neutrons and the other way around (called
B-decay). In general, if the binding energy can be increased by f-decay, the
nucleus will do so (eventually). There can be more than one isotope which is
stable against 3-decay per isobar® (but only for even mass number, A). Those
nuclei, which do not decay, are situated in the so-called valley of B-stability,
and form the centerpiece of the atoms we encounter in our everyday lives.
For light nuclei, the valley of -stability approximately corresponds to nuclei
having the same amount of protons (Z) as neutrons (N), while for heavier nuc-
lei the valley moves to more neutron-rich nuclei as protons repel each other
electromagnetically, decreasing the binding energy. (See e.g. the interactive
nuclear chart and other comprehensive tables at the NNDC [3].)

Starting in the valley of B-stability, adding protons or neutrons to a nucleus
turns it into a more and more exotic? nucleus, which has shorter and shorter®
B-decay half-lives until the dripline is reached. The driplines mark where it is
not possible to add a further proton (proton dripline) or a neutron (neutron
dripline) to a nucleus such that it is bound. This is like adding balls to a ball-
net: at one point the net is full and no further ball(s) can be added. The tricky
aspect in nuclear physics is that the balls inside the net determine how large
the net is, and which type of balls are allowed into it (protons or neutrons).
The first microscopic theory to successfully describe the properties of atomic
nuclei is the nuclear shell model [4], developed by Maria Goeppert-Mayer
around 1950. It predicts magic numbers, spins and magnetic moments of the
at that time known, mostly stable, nuclei correctly, excluding odd-odd® nuc-
lei”. Predicting the properties of stable nuclei and those close to shell closures

3 An isobar is the ensemble of all nuclei with the same amount of nucleons A.

“Nuclear systems which are far away from stability and difficult to produce and study and
decays that have only been observed a few times are called exotic. Which nuclei and decays are
considered exotic might change over time as new facilities and detectors allow us to push the
borders of difficult. This is very much in line with “Yesterday’s sensation is today’s calibration.”
(R. P. Feynman) “...and tomorrow’s background.” (V. L. Telegdi).

5This describes the general trend. The details of the nuclear interaction and decay are more
intricate and thus the behavior is more complicated.

6The term odd-odd indicates that the number of protons and the number of neutrons is odd.
If both N and Z were even one would have stated even-even nucleus.

7Goeppert-Mayer states that the coupling between the spins of the two odd nucleons is not
known, but that it evidently not couples to zero. The single-particle orbitals for the odd nucleons
are correctly assigned by the shell model, for those five nuclei which had been measured.
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very well, this model lays the foundation of our understanding of the nuclear
interaction and governs the nomenclature in nuclear physics.

The shell model is limited since it uses a mean-field potential instead of the po-
tential each single nucleon experiences due to its interactions with all the other
nucleons in the nucleus. Away from shell closures shell model calculations
become computationally extremely challenging, since there are many valence
nucleons and residual interactions allow for configuration mixing. These prob-
lems can be amended by introducing effective residual interactions in a phe-
nomenological way — but that limits the predictive power of the model [5].
Since the development of the shell model, nuclear theory has advanced a lot.
Newer approaches are e.g. based on the nucleon-nucleon interaction and ef-
fective field theories (see e.g. Ref. [6]). All nuclear physics theories have so
far one thing in common: they are successful in certain areas of the nuclear
landscape or applicable for certain nuclear physics questions, but limited in
other ones. Difficulties arise from the underlying complexity of the problem:
an atomic nucleus is a many-body system with quantum behaviour and the
interaction is a complex remnant of the strong force.

1.2 Radioactive Ion Beam production

The limitation imposed by the use of beams consisting of stable (or long-lived)
isotopes hampered advances in nuclear physics experiments for a long time.
Nuclear physics has made a large step forward with the development of radio-
active ion beam facilities in the late 1980s. Nowadays, we can create more
and more isotopes, and prepare beams of almost all known. This opened pos-
sibilities to study isotopes further and further away from beta-stability and for
a quest of new features, which give us clues about what needs to be improved
in our understanding of nuclei, and how.

Producing a beam of a certain isotope is not at all a straightforward process
and requires large accelerator facilities. A recent review [7] summarizes RIB
facilities and techniques. There are two basic approaches to produce a beam
of a certain isotope, and those are introduced in the following.

1.2.1 The ISOL approach

The Isotope Separator OnLine (ISOL) technique uses beams of stable light
particles (often protons) at high kinetic energies impinging on a thick heavy
target (e.g. uranium-carbide) to produce all kinds of lighter isotopes via frag-
mentation, fission and spallation reactions of the target nuclei. A detailed,
comprehensive description of this technique can be found in e.g. Ref. [8]. The
target is usually heated such that the produced isotopes can diffuse out quicker
and more easily. The isotopes need to be ionized so that they can be acceler-

4
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ated, separated and guided to the experiment. Typical techniques are surface,
plasma, and resonant laser ionization. By using photons from a laser whose
energy is specifically tuned to resonant excitation of the electrons, it is pos-
sible to more efficiently and more selectively ionize the isotope of interest as
compared to using surface or plasma ionization [9]. Laser ionization can be
used in principle for all elements and would be preferential because of its se-
lectivity, but efficient ionization schemes are not available for all elements. In
surface ionization the target and ionization cavity are heated such that atoms
ionize on contact [10]. Surface ionization is also very selective in terms of the
element number, and thus very suitable, but has the limitation that the ion-
ization potential needs to be smaller than 7 €V or the electron affinity larger
than 1.5 eV. Volatile elements can typically not be ionized by any of the two
former methods. They are ionized by plasma ionization (through collisions
with electrons) [11], which is capable of ionizing all isotopes, but lacks ele-
mental selectivity. For a summary of which element can be best ionized with
which technique see Ref. [7].

After ionization the ions are accelerated, most often using a static potential
(of typically several tens of kV). After the acceleration, the ion trajectories are
bent using a magnet, thus enabling the separation of the different isotopes
according to their magnetic rigidity, and thus mass, selecting the isotope(s) of
interest [8]. The beam can now be guided directly to an experimental setup,
it can be further accelerated (to at maximum a few MeV/nucleon at present
facilities), or it can be purified using e.g. an ion trap [7].

This method of beam generation has a few challenges. Due to the need of
diffusion and ionization, chemistry plays an important role in which isotopes
can be extracted, while at the same time providing an important selectivity.
Furthermore, this process takes time, so the lifetimes of the isotope of interest
needs to be at least about 10 ms. Due to the low kinetic energy, molecules and
different charge states can cause impurities in the beam.

ISOL-type facilities around the world are e.g. CERN-ISOLDE (Switzerland),
JYFL (Finland), TRIUMF-ISAC (Canada), and GANIL-SPIRAL (France).

1.2.2 The in-flight approach

The in-flight approach uses fragmentation (and fission) of a heavy beam im-
pinging on a light target (often beryllium) to produce beams of exotic iso-
topes. The primary beam can have energies of a few tens of MeV/nucleon up
to several GeV/nucleon, depending on what the accelerator can deliver. See
Table 1.2 for an overview of major in-flight facilities and the maximum mag-
netic rigidity of their beams, and Ref. [12] for a detailed introduction. Due to
the high kinetic energies and the reaction mechanism, the resulting fragments
are moving at almost incoming beam velocity. Due to that, no chemistry is in-
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max Bp [Tm] [ Facility | Country

3.2 GANIL France
3.5 NSCL USA

8 FRIB* USA

9 RIBF Japan
18 GSI Germany
207 FAIR* | Germany

Table 1.2: In-flight facilities around the world and their maximum magnetic
rigidity. = This facility is still under construction. ¥ The accelerator of this fa-
cility is designed to accelerate beams with up to 100 Tm rigidity, the separator
can only work with (secondary beams) up to a maximum of 20 Tm.

volved in extracting the ions of interest from the target. Since they move at al-
most incoming beam velocity the ions do not need post-acceleration after pro-
duction. The isotopes of interest are selected via bending magnet(s), slits, and
degraders, and then guided to the experimental area [7]. The shortest possible
lifetime of the produced isotopes depends on the time of flight between pro-
duction target and experimental setup, which is typically a few hundred nano-
seconds in the laboratory frame of reference [12]. The shorter transport time
in comparison to the ISOL method enables studies of less stable beams, but
also introduces impurities by isomeric states®. In comparison to ISOL beams,
the in-flight beams have a higher emittance, requiring tracking of the incom-
ing beam. Though in-flight beams are often fully stripped for light to medium
mass ions, this is not always the case for heavy ions. For these, charge-states
can pose difficulties in beam identification.

1.3 Light Exotic Nuclei

With the tools to produce exotic nuclei at hand, these have been the focus
in recent years. This thesis presents experimental results on light neutron-rich
nuclei, and a few reasons why this region is particularly interesting are presen-
ted in the following.

Exotic atomic nuclei can test extreme cases that highlight specific properties of
the nuclear interaction and, as already hinted at in Sec. 1.1, this is where the
biggest improvements of our understanding of the nuclear interaction are ex-
pected. The nuclei in the vicinity of the driplines (on both sides) are the most
extreme cases possible. While the proton dripline is already quite well estab-
lished, reaching the dripline is more difficult on the neutron-rich side. The

8This of course also allows to study these isomeric states.



Light Exotic Nuclei

neutron dripline is only well established experimentally up to oxygen [13],
and though experimentally observed 3'F, 3*Ne and 3’Na are expected to be
drip line nuclei, this is not yet experimentally established [14]. Nuclei at and
beyond the dripline (and its location) give important clues about the transition
from bound nuclei to the continuum.

In this "transition zone”, phenomena which are only found near the driplines
occur. One important phenomenon are halos in nuclei, first discovered in 1Li
by Tanihata et al. [15] and interpreted by Hansen and Jonson [16]. A nuclear
halo develops when a part of the wave function(s) of certain nucleon(s) ex-
tends too far outside of the core into the classically forbidden region. This can
happen for low angular momentum states if they are not strongly bound [17].
The most common halos consist of one or two of either neutrons or protons.
Other systems exist, like 8He, but it is unclear whether this nucleus should be
regarded as a nucleus with a four neutron halo or as a nucleus with a neut-
ron skin [17]. Two-nucleon halo nuclei are typically borromean, meaning that
their subsystems of nucleon-core and neutron-neutron or proton-proton are
unbound [18].

Another interesting phenomenon which has been observed for light neutron-
rich nuclei, is the disappearance of traditional shell closures (magic numbers)
and appearance of new shell closures. N = 8 is not magic for He, Li and Be
[19], while it is for nuclei closer to stability. This is explained by the 2s7,9
orbital being lower in energy than the 1p;/, orbital for these nuclei, which is
not the case for the isotopes closer to stability. In other words the 2s;,, orbital
intrudes into the p-shell [19].

Also the neutron-rich oxygen isotopes are intriguing: 24O appears to be doubly
magic [20], thus having a shell closure at N=16, while it also is the most
neutron-rich bound oxygen isotope. This introduces a new shell closure which
is not present for nuclei in the valley of B-stability. 220 was expected to be
bound and doubly magic, but is unbound [21] and thus the dripline for oxy-
gen is at A=24, while it extends to (at least [14]) A=31 for fluorine. This is
called the oxygen anomaly. The nucleus is also remarkable as it is one of very
few doubly magic dripline nuclei known so far. (Other candidates are *®Ni and
1005

Also for other nuclei, namely neutron-rich Ne, Na, and Mg nuclei, the tradi-
tional shell closure at N = 20 is not present, and this area is called the ”island
of inversion” [22]. Deformation was identified early on as a cause [23, 24],
these first interpretations suggested the intrusion of the f;/, orbital. Recent
reviews [25, 26] refer to shape coexistence as the reason for deformation and
disappearance of shell closures.

Another interesting phenomenon is beta-delayed particle emission which oc-
curs close to the driplines (though not restricted to light nuclei). The  de-
cay of the mother nucleus feeds excited states above particle threshold in the
primary daughter nucleus, which subsequently emits the particle(s). Known
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particle emissions are proton-, neutron-, deuteron-, triton, alpha-particle-, and
even two-neutron-, two-proton-emission and multi-particle decays [27]. Beta-
delayed decays can proceed via specific states in the primary daughter, as de-
scribed above, but can also proceed directly to the continuum. These decays
offer therefore an opportunity to study the coupling to the continuum.

The phenomena described above are exotic behaviours which theories of nuc-
lear physics need to be able to explain and predict. Light exotic nuclei exhibit
fascinating properties, which new theories can benchmark against, while still
being computationally accessible to theories that describe nuclei based on bare
nucleon-nucleon forces, due to the few nucleons involved in each nucleus.



2. Observables and
Experimental Tools

There exists a broad range of experimental observables which can be extrac-
ted in nuclear physics experiments. In order to learn about a certain aspect
of atomic nuclei one needs to choose a suitable combination of experimental
method and observable. The following section summarizes selected observ-
ables relevant in (but not restricted to) the mass region addressed in this
thesis.

The combination of experimental method and observable(s) to be extracted
imposes requirements on the experimental setup to be used. Different nuclear
reactions and how they can be used to probe certain aspects of nuclear struc-
ture are introduced in the second section of this chapter. For completeness, the
last section introduces the concept of inverse kinematics, which is important
for Papers I, III, IV, and V.

2.1 Observables

Observables can be defined in different ways. A rigorous definition of an ob-
servable is that the expectation value(s) of its corresponding hermitian oper-
ator do not change. I would like to use a more relaxed definition in this work
in order to be able to differentiate between measured quantities we observe
in our detectors, and quantities we reconstruct from these measurements and
use for comparison and input to model calculations. The latter are called ob-
servables in this work.

Measured quantities are e.g. energy-loss, time-of-flight, and position. From
these, we can reconstruct particle properties such as momentum, particle type,
etc. With that information, selection of reaction channel and reaction recon-
struction is possible and the quantities, subsequently called observables, can
be extracted. The observables used in this work are model independent (and
thus compatible with the strict definition) unless indicated otherwise. Inter-
pretation of the observables generally needs model-dependent input.
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Cross Sections

The cross section of a nuclear reaction is a measure for the probability of the
reaction channel when projectile and target nuclei scatter. This probability
depends on the following parameters: kinetic energy of the nuclei, impact
parameter, polarization and, of course, on which isotopes collide. The kinetic
energy, polarization and isotopes can be experimentally controlled, while the
impact parameter cannot.

The cross section (o) is calculated from the number of ions that underwent
the reaction divided by the total number of incoming ions and the number of
ions in the target per area.

_ Nreac
]vin N, 2

target,cm™~

c 2.1)
One can measure total cross sections, but also energy- or angle-dependent dif-
ferential cross sections.

Total interaction cross sections can be used to deduce the matter radius of
nuclei - that way halo nuclei were discovered [15]. Scanning energy-ranges,
and thus measuring energy-dependent differential cross sections, one can for
example find resonances (energies for which the cross section is enhanced),
which can be relevant for e.g. astrophysical reaction rates.

A few of the other observables which are introduced (the relative energy, mo-
mentum distributions, fractional energies) are in principle also cross section
measurements, the cross section is here measured as a function of the other
observable.

Relative Energy

When unbound nuclei or (excited) states above the particle emission threshold
are populated, the relative energy is an interesting observable, which gives in-
formation about the energy of the system before particle emission. Through a
fit of the relative energy spectrum with Breit-Wigner resonance functions [28],
one can also deduce the orbital angular momentum of the emitted particle(s).
The relative energy is reconstructed from the difference of the invariant masses
of the system before and after the emission, subtracting the excitation energy
emitted via y-rays. It can therefore be calculated from the four-momenta of
the outgoing fragment and the emitted particle(s). (The complete set of them
can only be measured in inverse kinematics at high enough energies, which
requires a relativistic approach.) For one-particle emission the relative energy
is calculated, as derived from the invariant mass, according to:

Ef”:\/M%JFM?—z'Vf'Vp(l—ﬁf-ﬁp)—(Mi) (2.2)
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with M denoting the restmass, 8 the velocity in units of ¢ and y the Lorentz
factor of the fragment (f) and emitted particle (p). M; denotes the rest mass
of the ground state of the decaying system; for unbound nuclei this is equal to
(My+M,).

Excitation Energy

In a similar manner to the reconstruction of the relative energy, it is also pos-
sible to reconstruct the total excitation energy from the invariant mass. That
requires detection of all emitted y-quanta and the reconstruction of their en-
ergy in the rest-frame of the emitter. One can then calculate the total excitation
energy of a system by summing the relative energy (if particles were emitted)
and the energy emitted by y-emission. This can be used to obtain information
on the state the fragment is in after, e.g., particle emission.

Transversal Momentum

Nucleons in different single-particle-states have different momenta: d-state
nucleons have higher momenta than p-state nucleons, which in turn have
higher momenta than s-state nucleons. This can be understood from Heis-
enberg’s uncertainty principle, and the spatial extension of the single particle
orbitals for the different states. Single particle orbitals with higher angular
momentum are more localized, as the extension and form of the orbitals are
governed by Spherical Harmonics. When removing one of the nucleons via
knockout, and, to a good approximation, not interacting with the rest of the
nucleus, the width of the transversal momentum distribution of the remaining
fragment depends on the single-particle state of the removed nucleon only.
The momentum parallel to the beam axis holds the same information and, de-
pending on the accuracy of the measurement, it is beneficial to analyse either
the parallel or the transversal momentum (since usually one has better exper-
imental resolution). More information can be found in e.g. Ref. [29].

In order to extract the single-particle-state (or the different components if the
states are not pure), the distribution needs to be compared to theoretical es-
timates of widths for the different states. To calculate the expected distribu-
tions, a typical approach uses the Glauber model together with the sudden
approximation and either the Monte-Carlo black disc approach or the eikonal
optical potential. For further reading on these types of calculations, see e.g.
Ref. [30].

Profile Function

When using knockout reactions of nucleons in the halo of borromean nuclei, it
is possible to correlate the information of transverse momentum with the rel-

11
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ative energy into a profile function, as done in Ref. [31]. The profile function
is the width of the transverse momentum distribution as a function of relative
energy, i.e. for the events in small relative energy intervals the width of the
transverse momentum is determined, and plotted as a function of the relat-
ive energy. As explained above, the transverse momentum carries information
about the angular momentum of the knocked-out nucleon, while the reson-
ances in the relative energy can be assigned to different angular momenta of
the unbound nucleon.

By comparing to theoretical calculations of the variance for removal from
states with different angular momenta, it is possible learn more about the
population of single-particle states by both nucleons (those removed and those
subsequently unbound) simultaneously. Therefore it is possible to reconstruct
the initial population of single-particle states by the two halo nucleons.

B-decay half-lives

Half-lives of $-decaying nuclei can serve to improve the understanding of the
structure of mother and daughter nuclei, and as important input to astrophys-
ics calculations of heavy element production.

Generally the half-lives of decays to certain states in the daughter nucleus are
of interest, which can be translated into branching ratios of these decay paths
and vice versa. From that one can calculate the matrix element of the trans-
ition, which in turn gives information about the structure of the mother and
daughter nuclei and the decay process.

The equation describing half-lives of $-decay is:

K

_ (2.3)
g3 Br + g3 Bor

ftl/z:

with Br and Bgr being the matrix elements for Fermi and Gamow-Teller de-
cay respectively, f the phase space of the decay and K /g7 = 6144.2(16) s and
ga/gv = —1.2694(28) [32], g4 denoting the axial and gy the vector coupling
constants, respectively.

For nuclear astrophysics, additionally to total half-lives, the detailed inform-
ation of branching ratios are important as decays to certain (excited) states
might be of importance due to resonant behaviour, long half-lives or allow for
particle emission breaking out of r- or p-process paths.

B-spectroscopy, where energies of the outgoing particles are measured, is an
even more powerful tool, as it allows for a better reconstruction of decays and
the involved states.

12
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2.2 Inverse kinematics

Due to the nature of the radioactive ion production, and the short half-lives
involved, it is not possible to machine a target out of highly unstable nuclei!,
thus they have to be used as the beam.

Traditionally nuclear physics experiments were performed by scattering a light
beam (i.e. of electrons, protons or a-particles) off the heavier nucleus. Since
this is not possible for exotic isotopes, the heavier nucleus is used as beam,
scattering off the lighter target. This is called inverse kinematics and brings
several advantages additionally to making scattering experiments with exotic
nuclei possible. The biggest advantage is that the heavy nucleus, which is the
subject of study, leaves the target and can be detected (provided that the beam
energy is high and the target thickness small enough), significantly improving
the possibilities of reaction reconstruction. This is not usually possible for
direct kinematics, and the reaction channel has to be deduced from the other
outgoing particles in that case 2.

Inverse kinematics is not suitable for all kinds of measurements. For example,
recoils in the low-energy region cannot be measured.

2.3 Nuclear reactions as experimental tools

Though it is not possible to control what kind of nuclear reaction takes place
when two nuclei interact, it is possible to tune the experimental conditions
such that the desired reaction has a high probability. The beam energy and
the target type and material are the main parameters. The different reactions
(combined with the right observables) reveal different properties of nuclei.
The following discussions assume that the reaction takes place in inverse kin-
ematics, i.e. the beam is the nucleus to be studied and the target is the nucleus
used as probe.

Knockout Reactions and Quasi-free Scattering

Knockout reactions are reactions in which one or two nucleons are removed
from the nucleus under study due to a direct nuclear interaction between
the nucleon(s) and the probe nucleus. Knockout reactions can be used with
several different goals and are usually performed at beam energies of 100 -

IThere exist targets made of long-lived unstable nuclei such as tritium targets. They are com-
plicated to handle, though.

21t might seem that Coulomb excitation at relativistic energies, does not fulfill the criterion of
lighter target than beam, since the target material is usually lead or a similar high-Z material. The
reaction of interest is though the nucleon scattering with a photon in the Coulomb-field of the
target nuclei, and the photon is the lighter particle.

13
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1000 MeV/nucleon and rather light targets like hydrogen, beryllium or car-
bon. They proceed in such a way that the probe nucleus only interacts with
the nucleon(s) it knocks out from the beam nucleus, and thus leaves the rest of
the nucleus unperturbed (except that nucleons are missing). This defines the
lower border of energy range given above: the kinetic energy needs to be large
enough such that the de Broglie wavelength of the colliding nucleons is on the
scale of single nucleons and not on the scale of the nucleus. This requirement
is met for roughly 100 MeV/nucleon (2.8 fm). Knockout reactions offer there-
fore the opportunity to study the properties of the nucleon in the nucleus it
was removed from, by studying e.g. the transverse or parallel momentum of
the remaining fragment. These reactions can also be used to populate excited
states in the fragment in order to study them by y-spectroscopy. The creation
of unbound nuclei is another important use of knockout reactions. Those, and
any excited states that allow for particle emission can be studied by relative
energy (and y-spectroscopy), which give information about the properties of
the state(s) of the emitted nucleon before emission.

A special case of knock-out reactions are quasi-free (QF) knockout reactions.
Quasi-free means that the target-nucleus interaction is so unlikely that, in in-
verse kinematics, the target penetrates into the beam nucleus and can probe
deeply-bound states. This is achieved as follows: The target nuclei should be
as small as possible, thus protons are an ideal choice. The beam energy needs
to be tuned such that the nucleon-nucleon cross section is as small as possible,
rendering the likelihood of the proton to interact with a nucleon independent
of the position of the nucleon in the nucleus. For p-p collisions the smallest
cross section is in the range of 200 MeV/nucleon to 2000 MeV/nucleon while
for p-n collisions the cross section decreases with increasing beam energy and
is constant above about 700 MeV/nucleon [33].

This reaction type has the advantage that it is possible to probe also nucleons
in deeply bound states [34]. Especially the generation of unbound nuclei on
the neutron-rich side benefits if the knockout reaction proceeds in a quasi-free
manner, since there usually a deeply bound proton needs to be removed to
create an unbound nucleus.

Fragmentation Reactions

Fragmentation reactions are less selective than knockout reactions and com-
mon for larger projectiles and targets. Usually one can still divide the nuclei
of projectile and target each into participants and spectators, but typically
more nucleons are removed. In a geometric picture, the whole overlap zone
between beam and target is abraded from both nuclei. This generally leaves
the projectile-fragment in a highly excited state, which decays by particle-
evaporation and y-emission.

Fragmentation reactions are used to generate secondary beams using the in-
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flight method (described in Sec. 1.2). They are also used to study the result-
ing fragment via y-spectroscopy. Paper I reports measured fragmentation cross
sections and uses them to test fragmentation models.

Coulomb Excitation and Dissociation

In Coulomb excitation or dissociation the nucleus interacts with the electro-
magnetic field of a target nucleus, and gets excited by that interaction. In
order to achieve a significant cross section in comparison to nuclear interac-
tions, the electrostatic potential needs to be strong. Thus, targets with high Z,
like gold or lead are preferred. Beam energies range from a few MeV/nucleon
for “safe Coulomb excitation” to a few GeV/nucleon for relativistic beams.

Coulomb excitation is usually combined with y-spectroscopy to study the states
the beam nucleus is excited to. When the nucleus is excited to states which
allow for particle emission, that process is called Coulomb dissociation. The
measurement of (y,p) and (y,n) cross sections is of astrophysical importance,
as these can be transformed, using the principle of detailed balance, to cross
sections for (p,y) and (n,y) reactions. Those reactions are relevant for astro-
physical proton and neutron capture processes. The latter reaction has been
measured for nitrogen and carbon isotopes and is reported in Papers IV and V.
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3. RIB facilities and
experimental setups

The experiments forming the basis of the papers pertinent to this thesis were
performed at two RIB facilities, CERN-ISOLDE and GSI Helmholtz Centre for
Heavy Ion Research. This chapter describes the facilities and experimental
setups used.

3.1 CERN-ISOLDE

The ISOLDE (Isotope Separator On Line DEvice) facility is located at CERN
and uses proton beams with kinetic energies of 1 GeV or 1.4 GeV provided by
the Proton Synchrotron Booster (PSB)! [36]. As its name indicates, it uses
the ISOL method to create and separate radioactive isotopes. ISOLDE has two
independent separators (see Fig. 3.1), the General Purpose Separator, GPS,
and the High Resolution Separator, HRS. Each of them has its own target
station. To ionize the ions produced in the target, surface, plasma, and laser
ionization (c.f. Sec. 1.2.1) can be used at ISOLDE. The acceleration in both
separator branches can be chosen to be 30 to 60 keV. The GPS uses one 70°
magnet to separate the ions and has a mass resolving power (M/AM) of 2400
[36]. Two beam lines, both leading to collection stations, can only be reached
via the GPS (c.f. Fig. 3.1). The HRS, as its name indicates, achieves a better
mass resolving power of up to 15000. This is achieved by two magnets with
different bending directions and electrostatic elements for higher order beam
corrections [36]. After passing through the HRS, the beam enters an RF cooler
(with bunching capabilities), the RFQ, which focuses the beam from having an
emittance of around 30 7 mm mrad to an emittance of 3 # mm mrad [37].

Downstream of the cooler and the two collector beam lines at the GPS the
beam lines from the GPS and the HRS are joined, and all subsequent beam

ISince 1992 it is situated there, the earlier ISOLDE facility received beams from the Synchro-
Cyclotron at CERN.
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Figure 3.1: Sketch of the ISOLDE facility, modified from Ref. [35]. Radioact-
ive beams can be created via the General Purpose Separator (GPS), or with
the High Resolution Separator (HRS). The experiment reported here uses the
HRS separator. The experimental setup used was located at the second arm
for “travelling setups” as indicated. For details see text.

lines and experiments can be reached by beams from both separators. Steering
is done via electrostatic kickers and quadrupoles.

ISOLDE has a post-accelerator called REX, which is currently upgraded from
being able to accelerate ions up to 3 MeV/nucleon to being able to accelerate
ions up to 10 MeV/nucleon, which is expected to be achieved in 20182 [38].
Most experiments at ISOLDE are stationary installed setups (in most small
modifications are possible). There are two beam lines at ISOLDE for so called
“travelling setups”, at one of which the setup used in Paper II was installed,
see Fig. 3.1.

3.1.1 The setup for collection of 'Be

The experiment was performed to determine the branching ratio of 'Be(S p)
and is divided into two parts: the collection of 'Be and the measurement of
10Be, The latter was performed with the accelerator mass spectrometer at the
Vienna Environmental Research Accelerator, VERA, a dedicated machine for

2The facility is running again after a longer break, and the remaining upgrades are performed
during the shut down periods in winter.
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Figure 3.2: Schematic drawing of the experimental setup for the collection of
11Be at CERN-ISOLDE (not to scale). The distance between Ge-detector and
implantation plate (sample) is 43.2 cm.

AMS (Accelerator Mass Spectrometry). More information about VERA can be
found in Ref. [39]. The setup for the collection is what is considered “experi-
mental setup” in this context. The beam of 'Be was generated by bombarding
a uranium-carbide target with 1.4 GeV protons. The created radioactive spe-
cies were ionized using laser ionization with the RILIS ion source [40], which
provided the first selection (in element number). The HRS was used to select
11Be. With its resolution it is no problem to separate ''Be from possible con-
taminants like 'Li, as also shown in the paper. With the selection done by the
HRS, the rest of the setup has two main tasks: to collect !'Be and to count
how many ions were implanted in the collector plate.

The dedicated setup, shown in Fig. 3.2, therefore consists of three circular col-
limators and the collector plate, each of which have a current reading, and a
co-axial germanium-detector. The current reading of the collimators enables
on-line monitoring of beam focus and steering. The current reading from the
collector plate, made of copper, delivers an on-line estimate of the number of
implanted ions. The germanium detector is used to detect v emission associ-
ated with the 3-decay of 'Be from which the total amount of implanted !!Be
can be determined.

The collimator and collector pieces were designed specifically for that exper-
iment, while the germanium-detector is a standard detector available at the
ISOLDE facility.

3.2 GSI Helmholtz Centre for Heavy Ion Research

Exotic beams at the GSI Helmholtz Centre for Heavy Ion Research in Darm-
stadt, Germany are created using the in-flight technique at its fragment separ-
ator FRS [41].
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Figure 3.3: Schematic drawing of the fragment separator FRS at GSI. Beam
steering and monitoring devices except time-of-flight (ToF) detectors are not
indicated. For details see text.

The stable beams at GSI are generated from plasma ion sources® [42] and ac-
celerated up to 20 % of the speed of light in a linear accelerator called UNILAC.
From that they are injected to the SIS18, a synchrotron able to accelerate the
beam up to magnetic rigidities of 18 Tm, which can be up to 90 % of the speed
of light, depending on the ion. This primary beam is then guided to the FRS,
the fragment separator at GSI, where production and selection of the exotic
ions takes place. Impinging onto a production target* as indicated in Fig. 3.3,
the beam collides with the nuclei in it. Fragmentation, knock-out and, if the
beam is heavy enough, fission reactions create a wide range of lighter isotopes.
From these, the isotopes of interest need to be selected.

The selection uses the Bp — AE — Bp technique [41, 44]: The beam is guided
through two magnets bending in opposite directions. Together with slits, these
perform a first selection on the magnetic rigidity of the ions. The acceptance
of the FRS is + 1.5 % for the momentum of the transmitted beam [45], thus
the momentum is rather fixed. At the focal plane behind the two magnets
(called S2, c.f. Fig. 3.3), the time of the ions passing through a plastic scin-
tillator is measured, to enable fime-of-flight (ToF) measurements at the FRS
and between FRS and experimental setups. A wedge-shaped degrader can be
introduced to decelerate the beam. Since the energy loss in scintillator and
degrader is proportional to the charge squared of the ions (for a given mo-
mentum), the ions are slowed down depending on their charge. The selection
is completed by a second set of bending magnets, performing a second selec-
tion on the magnetic rigidity, which has changed depending on the charge of
the ion due to the energy loss in degrader and scintillator. At the focal plane
behind the last two bending magnets (called S8, c.f. Fig. 3.3), another time
measurement of the ions passing through a plastic scintillator detector is per-

3There are several different kinds of plasma sources used at GSI: Electron Cyclotron Resonance
(ECR), Penning lonization Gauge (PIG), MUIti Cusp Ion Source (MUCIS), Cold or HOt Reflex
Discharge Ion Source (CHORDIS), MEtal Vapor Vacuum Arc Ion Source (MEVVA), Vacuum ARc
Ton Source (VARIS) and ECRIS CAPRICE. See Refs. [42, 43] for more information.

4A standard production target material is beryllium.
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Figure 3.4: Schematic drawing of the S393 experiment at the LAND/R3B setup
in top view (not to scale).

formed for the same purpose of ToF measurements as at S2. Thus three ToF
measurements are possible S2 — S8, S2 — experiment, and S8 — experiment.
At this stage the creation and selection of the exotic beam is completed and
the beam is guided to the experimental setup. Experiments with exotic beams
can be performed at the FRS itself, at the storage ring ESR [46] or in the ex-
perimental hall. The LAND/R®B setup used for the s393 experiment, leading
to papers I, III, IV and V, is located in the experimell hall, in the area called
“Cave C”.

3.2.1 The LAND/R3B setup

The papers appended to this work, which use the LAND/R3B setup, use it in
the s393 version which is sketched in Fig. 3.4.

The incoming beam detectors are POS, ROLU, PSP and two SST detectors. The
POS is primarily a timing detector, but can also supply energy-loss and position
information. It is a sheet of plastic scintillator with PMT read-out on all four
sides. ROLU is an active veto detector, which is solely used to define the size of
the beam spot, and is made of four movable plastic scintillators. The PSP (Posi-
tion Sensitive Pin diode) supplies mainly energy-loss information, but can also
be used for position measurements. The anode of the detector has four points
for current read-out, one in each corner, and the cathode has one point for
that purpose. By the charge collection through a resistive contact, the charge
difference between different anode read-out points can be used to reconstruct
the position of the impinging particle. The first two SST detectors are placed
upstream of the target and are used primarily for position measurement. Each
detector is a double-sided silicon strip detector with a pitch size of around 100
um. They also supply energy-loss information.

Surrounding the target area are more SST detectors, and a Nal(Tl) array,
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called Crystal Ball (XB) [47]. Around the target, light particles (n and p)
as well as y-rays need to be detected. This is realized with the Nal array which
features a dual read-out [48]: one with a range adjusted to y-ray detection
and one range adjusted to the much larger energy deposited by protons and
neutrons. In order to give a better angular resolution and to aid differentiation
between protons and neutrons, the SST detectors are grouped as a box around
the beam axis just downstream of the target. Due to the relativistic forward fo-
cusing, no protons or neutrons are emitted backwards in the laboratory frame
of reference. Unfortunately the box detectors did not deliver proper data dur-
ing the experiment this thesis is concerned with.

Two further SST detectors are positioned downstream of the SST box, in the
beam axis to identify the direction of the outgoing fragments and protons in
that direction.

All particles emitted inside a 7.5° cone with respect to the beam axis enter the
(large-acceptance) dipole magnet ALADIN, where they are deflected accord-
ing to their magnetic rigidity. Neutrons, not being affected by the magnetic
field, continue straight ahead and impinge, after about 12 m flightpath from
the target, on the neutron detector LAND [49], which is made of horizontal
and vertical bars of sandwiched layers of (passive) iron and plastic scintillat-
ors. Using the LANDSHOWER algorithm [50], multiplicity, position and time of
the neutrons impinging onto LAND, can be reconstructed.

Fragments and unreacted beam particles are deflected and first detected by
two GFI detectors [51]. These are made of vertical scintillating fibres with a
cross section area of 1 mm?, thus giving position information in the bending
direction. The detector area is 50 x 50 cm?. At about 10 m flightpath from
the target the fragments are detected in the TFW (180 x 140 cm? active area).
It is made out of plastic scintillator paddles in both the horizontal and the
vertical direction. The primary information supplied by this detector are time
and energy-loss. It also supplies a coarse (around 5 cm resolution) position
information.

Protons are bent more than the fragments and have significantly smaller en-
ergy loss when passing through matter, requiring a separate set of detectors
in the forward direction. High-resolution position information in the bending
direction is supplied by the PDCs, which are drift chamber detectors. Down-
stream of those, another ToF wall, the DTF, is located. Similarly to the TFW, it
consists of horizontal and vertical plastic scintillator paddles. It supplies time,
energy-loss and coarse position information.

More details about the detectors and how they are calibrated can be found in
my Licentiate thesis [52].
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4. 1pxn removal cross
sections

In this chapter I will summarize motivation, experiment and analysis of the
one-proton removal cross sections measured for neutron-rich boron and car-
bon isotopes. I will also describe the reaction models used, and give a sum-
mary of the comparison.

4.1 Physics motivation

Nuclear physics observables (in combination with the reaction mechanism)
need different levels of model-dependent input to be extracted. Angular mo-
mentum, which can e.g. be extracted from momentum distributions, is an
example an observable depending heavily on the model used. Fragmentation
cross sections on the other hand are model-independent, and therefore they
are of excellent use to improve model calculations.

But also without comparison to model calculations, cross sections can lead
to various discoveries: interaction cross sections measured by Tanihata et al.
[15] were used to extract the radii of different Li-isotopes and led to the dis-
covery of halo-nuclei.

Fragmentation cross sections and especially model-calculations predicting these
are crucial for planning experiments at accelerator facilities. With the current
analysis we want to extend the presently available data on fragmentation re-
action cross sections towards the light exotic region and to compare these
results with model calculations. Even though fragmentation of such light nuc-
lei is likely not important for yield calculations for accelerator facilities, these
cross sections hopefully lead to an improved overall understanding of frag-
mentation reactions. This in turn benefits accelerator facilities.

With the growing field of using heavy ion beams for cancer treatment, espe-
cially beams of '2C, the fragmentation reaction cross sections of the lighter
carbon and boron isotopes can contribute to a better knowledge of nuclear
reactions which occur during these treatments, and thus to a better under-
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standing and calculations of dose-deposition.

4.2 Experiment

The data was collected during a larger experimental campaign with 10 days
of beamtime using the LAND/R®B setup at GSI described in Sec. 3.2. The
campaign was designed as an overview experiment for light nuclei with Z=3
to Z=9, with a focus on neutron-rich isotopes, but also covering proton-rich
isotopes. Its diversity is illustrated by the fact that Papers I, III, IV, V use
data from the same experimental campaign, while studying different aspects
of light nuclei.

The goal of the experiment is to generally improve the understanding of light
exotic nuclei, but it has also a few more concrete goals: to create and study
unbound nuclei like B, 13Be and 2>2°0 in (p,2p) reactions on hydrogen. The
statistics of the collected data made (p,2p) reaction tagging difficult. The res-
ults of 25260 are published in Paper III and Ref. [52] describes 1°B.

Another objective of the experiment is to measure (n,y) rates for light, neutron-
rich nuclei which are relevant for the astrophysical r-process. Results for 17C
and 92N are published in Paper V and Paper IV, respectively. The third goal
is to extract spectroscopic factors using (p,2p) and (p,pn) reactions. Specific
focus lies on the oxygen isotopes, but other elements are also to be studied.
Several PhD theses have been published with (preliminary) results, see e.g.
Refs. [53, 54, 55].

The exotic beams were created by impinging an “°Ar beam with a kinetic
energy of 490 MeV/nucleon onto a 4 g/cm? beryllium target. The GSI FRS
was used to, among the produced isotopes, select ions to be transmitted to
the setup. With a total of six different settings of the magnetic rigidity for
the secondary beam, the chart of nuclei from stable/proton-rich to the neut-
ron dripline was scanned. The ions had energies in the interval from 390
- 440 MeV/nucleon when entering the setup. Several reaction targets were
used during the experiment: carbon, plastic, lead and an empty frame, see
Table 4.1 for an overview of thicknesses. The measurements described in this
chapter use only data collected with the carbon targets and the empty frame.
The calibration of the setup I have discussed in detail in Ref. [52], thus this is
not repeated here, and I describe only the analysis in the following section.

4.3 Analysis
As described previously, in order to calculate cross sections one needs to de-
termine the amount of incoming ions and the amount of ions which underwent

the reaction of interest. In the present case this only requires that we identify
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Analysis

Target | thickness [mg/cm?|
Carbon 935*
Carbon 558*

Lead 2145™
Plastic 922°

empty frame — T

Table 4.1: Overview of the different targets and their thicknesses. Targets
marked with « indicate the targets used in the analysis which is the topic of
this chapter. e marks the targets used in Paper III which is described in the
next chapter, while 1 marks the target used in Paper V and Paper IV which are
discussed in Ch. 6.

the incoming and the outgoing ions. The following illustrates how this identi-
fication is done in Papers I, III, V, IV.

The incoming beam is identified through measurement of time-of-flight and
energy-loss together with the magnetic rigidity defined by the fragment separ-
ator. The ToF and the well-defined flight path give the velocity. The energy-loss
is used to determine the charge of each projectile according to the Bethe-Bloch

formula [1]:
dE _ DZ%n, 2me B2 o 8(Y)
- = 5 <ln( i >—[3 —2> “4.1)

with % being the energy-loss per unit length, Z the charge of the ion, and 8
the velocity of the ion in units of ¢, D = 5.1.1072> MeV cm?, n, the number
density of electrons in the material, I the ionization energy of the material,
and &(y) the dielectric screening correction (depending on Lorentz factor of
the ion). From velocity, charge and magnetic rigidity it is then possible to
determine the mass of the ion. Fig. 4.1(a) shows the incoming isotopes as
identified in this experiment.

For the cross section measurement, using only the energy-loss measurement
in the PSP detector leads to too many misidentifications. Therefore, additional
energy-loss measurements in the POS and SST2 detectors are used to increase
the reliability of the charge measurement, as illustrated in Fig. 4.1(b).

The identification of the outgoing fragments uses the same basic principles.
But in contrast to the separation by selective transmission at the FRS, only one
magnet is used and different magnetic rigidities are supposed to be transmit-
ted. Another big difference is the material along the beam trajectory: while
the beamline to the target holds vacuum, the ALADIN magnet is filled with he-
lium, and behind that the ions travel through air. Together with the material
in the detectors, this sums to a significant matter thickness, and thus reaction
probability, in comparison to our target. The identification process is therefore
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Figure 4.1: Hlustration of how the incoming beam is identified. (a) shows the
standard method of plotting Z versus A/Z and selecting the incoming isotope
by 20 cuts (determined from a 2D gaussian fit). The charge is determined
from the energy loss in the PSP detector. (b) shows an additional means to
ensure correct Z-identification, by plotting the energy-loss in two additional
detectors (POS and SST2) for a selected isotope (indicated by the ellipse in
(a)) and applying an additional 2c-cut.

more complicated, to ensure that reactions in the setup are excluded as much
as possible. The charge identification is thus performed with two energy-loss
measurements, one directly behind the target and one at the end of the setup.
This is illustrated in Fig. 4.2(a).

To disentangle different masses, the positions of the fragment when traversing
the SST and the GFI detectors, together with the magnetic field are used. The
mass can be determined from the magnetic rigidity of the fragment. The mag-
netic rigidity is influenced by the velocity, which in turn is deduced from the
ToF and the flight path. The flight path depends on the rigidity. This means
there is an interdependence of these quantities and therefore they are determ-
ined by an iterative procedure. Since the system is also overdetermined, the
iteration is accompanied with a minimization of the x> of actual measure-
ment and calculated path. This is also necessary, since there are substantial
effects of (energy and angular) straggling in the setup. This procedure for re-
constructing mass, direction and velocity of the fragment behind the target is
done using the LAND/R3B TRACKER software [56].

This overall identification and reconstruction procedure is done in approxim-
ately the same way for the LAND/R®B papers (Papers I, III, IV, and V).

In order to determine 1pxn cross sections, the Opxn and 1pxn selections exem-
plified in Fig. 4.2(a) are tracked and the mass spectra fitted (as shown for the
18C—18-1-xB reaction in Fig. 4.2(b)). With the fits the amount of ions in the
unreacted and the 1pxn channels are determined from which the cross sec-
tions are calculated. For the different cases of unreacted and reacted beam, it
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Figure 4.2: Identification of the outgoing beam, using the incoming selection
shown in Fig. 4.1. (a) shows energy-loss measurements at the end of the
setup in the TFW versus directly behind the target in the SST3. The solid
ellipse indicates the selection of events with unchanged charge, and the dotted
ellipse indicates the selection of the 1p removal channel. (b) shows the mass
spectrum after tracking for the 1p removal channel selected in (a). The red
line is a fit of the spectrum.

is necessary to use different hardware trigger' conditions to obtain sufficient
statistics. For the unreacted beam the “fragment trigger” requiring a signal in
POS and in TFW is used. This trigger was unfortunately downscaled? strongly,
such that the statistics of the reacted beam is not sufficient. Therefore, for se-
lecting the reacted beam, the “XB trigger” is used which requires additionally
to the POS and TFW signal also a signal in the XB calorimeter surrounding
the target. The trigger efficiency of the “XB trigger” was experimentally de-
termined to be (85.3 + 2.5)% of the “fragment trigger”. The procedure for
determining the trigger efficiency can be found in App. A.

4.4 Reaction models

There exist several reaction models which are, as quite common in nuclear
physics, applicable in specific region(s) of the nuclear chart and certain type(s)
of reaction(s)®. Common types of reaction models for projectile fragmentation
are: empirical parametrizations, intranuclear cascade models, and abrasion-

LFor more information about triggers see Ch. 2.3 of my Licentiate thesis [52].

2Downscaling a certain trigger with a factor n means that only every n™ event which generates
this trigger is stored to disc. If dealing with high beam rates and having triggers which are very
likely, but not all of theses events are needed, downscaling is a means to reduce the load on
the data acquisition. An example of triggers which are downscaled are triggers corresponding to
background events of which a small fraction are needed for monitoring or calibration.

31f we do not have a unified model for all nuclei, how should we have a unified model for all
reactions?
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ablation models. Examples of these model types are Epax [57], INC [58], and
ABRABLA [59] respectively. Paper I compares EPAX3 and ABRABLAO7 calcula-
tions to the data. Therefore these two are introduced briefly in the following.

4.4.1 Eprax3

EpAX3 is based on an analytic approach, and its main advantage is that it is
very fast. EPAX3 uses one formula to calculate the cross section of producing
a certain isotope (A,Z) depending on projectile and target isotopes:

R
G(A,Z) =Y, ﬁe—”pmb—zl” (4.2)

The parameters used are the mass yield Y, the charge of the isotope with the
largest cross section Z,,,5, and two parameters for the shape: R for the width
of the distribution, and U for the (a)symmetry of the distribution.

The parameter U is constant on the proton-rich and the neutron-rich side, but
differs depending on the side. All other parameters are fitted to experimental
data, and assumed to change smoothly as a function of the fragment, projectile
and target mass. A recent introduction is a scale factor for the cross sections
on the neutron-rich side, depending on the neutron excess of both projectile
and fragment. The code includes a few more additions to resolve a few finer
details which can be found in Refs. [60, 61, 62, 63], describing the code and
its development.

EpPAX3 is limited in the projectile mass region to masses between 40 and 209.
It also calculates energy-independent cross sections, which is a valid approx-
imation for sufficiently large beam energies. The lower limit is not clearly
defined: reaction cross sections at 140 MeV/nucleon are still well reproduced
while those at 64 MeV/nucleon are not, and that kinetic energy is considered
to be too low (see Ref. [62]).

EpAx3 is widely used for production rate estimates for secondary beams at fa-
cilities around the world. Even though our data is outside the specified mass
region for EPAX3, we still compare to it to see how far the use of the model
can be extended. Also previous works have compared to EPAX outside of its
specified mass region (e.g. Ref. [64]).

4.4.2 ABRABLAO7

ABRABLAO7 calculates fragmentation and fragmentation-fission cross sections
with the ansatz of dividing the reaction into an abrasion and an ablation part.
This is justified because of the time scales of the two reaction steps. The abra-
sion part describes how many nucleons are removed (abraded) in the collision
and how much excitation energy is induced. The time scale of this first part
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of the reaction is 102! s. The ablation part describes the de-excitation of the
remaining nucleus via light particle evaporation, y-emission, break-up, and,
where appropriate, fission [65]. The time scale of ablation depends on the
excitation energy and lies in the range of (1076 — 1072!) s for particle emis-
sion [59]. ABRABLAO7 has no formal restrictions in beam energy or mass of
the nucleus. The authors restrict the energy range in which the code is valid
to “relativistic beam energies” [59]. It is intended for, and has been tested
against, mainly medium-mass to heavy nuclei.

In the abrasion part, the number of removed nucleons is determined from the
geometrical overlap of target and projectile nucleus, which depends only on
the impact parameter. This is scaled with the total interaction cross section,
which is calculated using Karol’s approximation [66]. How many abraded
nucleons are protons or neutrons is determined assuming that each removed
nucleon has a statistical probability to be a proton or a neutron (depending on
the A/Z ratio of the projectile), which results in the hypergeometrical distribu-
tion. The excitation energy of the pre-fragment is calculated using the average
excitation energy. The latter is calculated by assuming a Woods-Saxon poten-
tial of -47.4 MeV depth, and a Fermi energy of 7.4 MeV. Assuming that the
single-particle level density is proportional to the excitation energy, the model
arrives at 13.3 MeV average induced excitation energy per removed nucleon.
This procedure assumes that thermalization of the excitation energy does not
play a role, which is supported by results from measurements on Ca and Mo
[59]. It also neglects any interaction between fireball* and spectators, which
is not always appropriate, and thus a factor of 2, called excitation energy mul-
tiplication factor (fgg), is introduced to cover this effect of final state interac-
tions [67]. The angular momentum of the pre-fragment, which is needed for
the ablation process, is calculated in analogy to Goldhaber’s [68] calculation
of momentum widths.

In the evaporation part, the probabilities for emitting certain particles are ob-
tained from the decay widths, which are calculated according to the Weilskopf-
Ewing formalism. The decay widths depend on the excitation energy of the
prefragment before and after the collision, the particle type, the kinetic en-
ergy of the particle, the level densities of initial and final state, the spin of the
particle, the Coulomb barrier (if the particle is charged), and the cross section
of the inverse process.

The level densities are calculated based on back-shifted Fermi-gas formula,
including corrections for pairing and shell correlations, and folded with en-
hancement factors for rotational and vibrational contributions, except at very
low excitation energies, at which the level densities are calculated using the

4At these energies where an abrasion-ablation model is valid, the colliding nuclei can be di-
vided in two parts: the spectators outside of the overlap zone which are assumed not to interact
with the other nucleus, and the participants in the overlap zone which are removed from their
respective nuclei. The latter form a hot region with energetic nuclei called the fireball.
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constant temperature approach. The cross section of the aforementioned in-
verse process is calculated by neglecting tunnelling through the Coulomb bar-
rier. The tunnelling is then taken into account using a parametrization of its
modifications to the decay width. The Coulomb barrier itself is approximated
for 1=0 particles using an empirical potential. The kinetic energy of the emit-
ted particle is sampled from the Maxwell-Boltzman distribution.

This approach for the ablation step so far completely neglects angular mo-
mentum. The distribution of possible angular momenta is calculated and the
angular momentum change is picked randomly from that distribution.

Fission and y emission compete with particle emission (under certain condi-
tions), and their decay widths are calculated in different processes. Especially
the calculation of the fission probabilities is rather intricate, and not of interest
for light nuclei.

Also y-emission is of interest mainly for heavier nuclei, and only in the last
deexcitation step(s) when the excitation energy < S,. The decay width for
Y-emission is calculated via the giant dipole resonance according to Ref. [69].
At large excitation energies, break-up dominates over fragmentation. In AB-
RABLAQ7, if the excitation energy of the pre-fragment exceeds 4.2 MeV per
nucleon, the pre-fragment is treated by the break-up routine, and split into
several intermediate mass fragments.

4.5 Results and comparison

The results of the cross section measurements are shown in Figs. 4.3 and 4.4
(black squares) together with the calculations performed with ABRABLAO7
(red stars, full green circles) and Epax3 (blue diamonds). The latter is not
successful at describing the experimental data. This is not surprising since the
nuclei examined here are lighter than the minimal mass specified in EpPAX3.
Structure effects at the limits of existence are not implemented in EpAx3, and
these light nuclei are always close to the drip lines in regard of these calcula-
tions.

ABRABLAO7 calculations using its standard configuration give the results shown
as full green circles. The agreement with the data is unsatisfactory. Unbound
isotopes are correctly treated, but otherwise are the cross sections often under-
estimated and even-odd staggering has the wrong magnitude. Changing the
feE in steps of 0.1 between 0.2 and 2.0, yields an fgr = 0.6, which has the best
overall fit to the data. This calculation is shown as red stars. The minimization
routine to determine the best fit calculation is described in App. B. The best
fit calculation is significantly closer to the experimental data than the original
configuration of ABRABLAO7. The agreement, though not perfect, is surpris-
ingly good for a model that was developed for the description of medium-mass
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Figure 4.3: Result of the cross section measurement (black full squares) for
carbon. The results from the EpAX3 calculation are shown as blue diamonds.
The standard ABRABLAO7 calculation with fgg = 2 is shown as green full
circles. The best ABRABLAQ7 calculation with fgg = 0.6 is shown as red stars.
Lines are only drawn to guide the eye. Other experimental results are shown
for 12C: orange open square - Ref. [70] at 600 MeV/nucleon, green open circle
- Ref. [71] at 250 MeV/nucleon, purple bold stars - Ref. [72].
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Figure 4.4: Result of the cross section measurement (black full squares) for
boron. The results from the EpAX3 calculation are shown as blue diamonds.
The standard ABRABLAO7 calculation with fgr = 2 is shown as green full
circles. The best ABRABLAQ7 calculation with fgg = 0.6 is shown as red stars.
Lines are only drawn to guide the eye.

to heavy nuclei.

From the argument of fireball-spectator interaction, given in Ref. [67] when
introducing an fgg of 2, one could conclude that the interaction should scale
with the size of the fireball and the size of the spectator. In order to test this
hypothesis, we used the same optimization procedure as above (see App. B),
for frr values between 0.2 and 4, on 1pxn cross sections (x € [0,5]) reported in
literature, Refs. [70, 73, 74, 75, 76, 77, 78, 79]. For each of the beam isotopes
from literature and from this work the best fit fgr was determined. The result
is displayed in Fig. 4.5, where one can observe a clear trend of increasing frg
with increasing mass. The results also show a significant spread indicating
that the mass of the incoming projectile is not the only parameter influencing
the excitation energy. Especially for light isotopes, structure effects may play a
bigger role as the induced excitation energy can vary strongly between differ-
ent removed nucleons. Even peripheral collisions penetrate comparably deep
into a small nucleus compared to a heavy one. For small nuclei the approach
of an average excitation energy might be too simplistic.

It should be noted that the present results for the heavy nuclei do not contra-
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Figure 4.5: Optimal excitation energy multiplication factor versus mass of the
beam isotope. Error bars are estimated from the optimization procedure, see
App. B for details. Red dots represent the present data and orange squares as
well as blue bold crosses represent data from literature. The orange squares
show data for beam isotopes with lower neutron-than proton separation en-
ergy, the blue crosses indicate the opposite case. The trend of increasing frg
with increasing mass is clear.

dict previous results that yielded an fgg of 2. We restrict here to peripheral
collisions (1pxn, x € [0,5] removal) while the authors of e.g. Ref. [67] analyse
a much larger range of created fragments. Instead, the difference between
their result and ours indicates that the reaction mechanism (e.g. the impact
parameter) also plays a role for the (average) excitation energy, as one would
expect.
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5. Experiments at the
neutron dripline

Light exotic nuclei are expected to provide insights which improve our under-
standing and description of atomic nuclei (as also discussed in Sec. 1.3). Close
to the dripline we find exotic decay modes such as f3-delayed particle emission.
Usually the B-decay and its subsequent particle emission change the nucleus
in the same direction on the nuclear chart, towards stability'. That means
B~ -delayed neutron emission is common on the neutron-rich side, while -
delayed proton emission is common on the proton-rich side (8" -delayed «
emission is more common for heavy proton-rich nuclei) [27]. S-delayed deu-
teron and triton emission are less common, but have been observed. Even the
multiparticle fpa decays (Bpa), (Bap), B2p and B2n have been identified
[27], and are used to study the structure of the intermediate and final states.
Due to the more complicated detection of neutrons than protons (affecting
also resolution), proton emitters are better studied than neutron emitters.
But there are also decays which do not bring the daughter significantly closer
to the valley of stability, which are energetically allowed in a few neutron-
or proton-rich nuclei. Such a decay would e.g. be (37 p) decay, illustrated in
Fig. 5.1. The most favourable case for this decay mode is predicted to be the
1Be nucleus [80, 81]. The branching of (8~p) decay in this nucleus is estim-
ated to be 10~8 [81], with a calculated Q-value of 285.74+0.2 keV [82]. 11Be
is a one-neutron halo nucleus and the (~p) decay could proceed as a direct
decay of the halo neutron into the continuum [83]. That would offer a new
way to study the halo. Sec. 5.1 summarizes the discovery of the (f~p) decay
of 'Be reported in Paper II.

Close to, and at the driplines, we find halo-nuclei and unbound systems just
on the other side of the dripline. The latter are not necessarily featureless,
but form resonances. The resonances correspond to different discrete ener-
gies in the system and are comparable to the level structure in bound nuclei.

LThis is natural as the separation energy of those nucleons which are in excess in comparison
to the stable isobar, is smaller.
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Figure 5.1: Illustration of the path of (8~ p) decay, of a neutron-rich nucleus
with N neutrons and Z protons.

By studying the resonances of unbound nuclei, we can learn more about the
nuclear interaction close to and in the continuum. Some of the unbound nuc-
lei are subsystems of bound halo nuclei. These are particularly interesting to
study, as one can learn more about the corresponding halo nucleus through
its subsystem. Lastly, there is no other way to determine the location of the
dripline than by measuring which nuclei are bound and which are not.

5.1 Exotic decay near the dripline: (8° p)

Trying to observe (8~ p) decay, it is natural to attempt the most favourable
case, which has been theoretically predicted to be 'Be [80, 81], with a half-
life of 13.4 s. This case is particularly interesting, since the decay might involve
only the halo neutron, and thus offer a new way to study the halo.

The (theoretical) branching ratio, estimated to be 10°® [81], is experimentally
challenging. Due to the small branching ratio and low Q-value of 285.7 +
0.2 keV, it is presently not possible to detect the proton and the S-particle in
coincidence, allowing for a direct detection of the decay channel. Instead, we
detect the decay channel indirectly through its daughter isotope '°Be. This
is possible since 1°Be is sufficiently long-lived (1.5 -10° years [84]). The ap-
proach is to collect 1'Be by implanting it into a Cu plate, and determine the
amount of ions both through recording the implantation current and through
the detection of the 2124 keV y-photon emitted in 34.94 % of the B-decays
of 1'Be [85]. The amount of 1°Be, the daughter nucleus of 'Be(8p), in the
sample is then determined by AMS.

A previous attempt [81] could not separate the signal properly from the back-
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ground and determined a branching ratio of (25 + 25)-107%, compatible with
zero. The VERA facility used for the AMS measurement has now a detection
efficiency of 5-107#, about a factor of 10 better than in the experiment of
Ref. [81] in 2001 [86]. Also the yield of !'Be at ISOLDE has been improved.

5.1.1 Possible contamination during sample collection

The Cu samples do not contain °Be, thus any contamination of the sample
would have to be deposited during the collection. That contamination could be
caused by isobars of 'Be decaying to 1°Be. This would only be 'Li decaying
by (Bn). Since ''Li is 0.02 mass units heavier than 1'Be, separation is not
a problem at the HRS. Additionally the yield of ''Li is much lower and can
be suppressed by opening the beam gate? only 150 ms after proton impact,
which is more than 15 times the half-live of ''Li. !!Be has a half-live of 13.81
s, and is thus not affected by the delayed beam gate. The other source of
contamination would be molecular '°Be in the form of BeH". It is much closer
than ''Li to the mass of ''Be, only 3-10~* mass units away. But since the
dissociation energy of this molecule is 3.26 €V and thus much smaller than its
ionization energy of 8.22 eV [87], none of these molecules should arrive at the
setup. This is confirmed by data from an older experiment [88], which did not
use the RILIS source and the RFQ cooler, both of which suppress transmission
of molecules.

5.1.2 Results

The amount of deposited ions in the main sample is determined to be (1.41 +
0.19)- 10'2 by the detected 2124 keV y-rays. From the AMS measurement the
amount of 1°Be atoms in the sample is determined to (1.17 & 0.05)- 107. This
yields a branching ratio of (8.3 + 0.9)- 10", which is in agreement with the
previous upper limit, but two orders of magnitude larger than the prediction.
The branching ratio is clearly larger than zero, and thus one can conclude that
B~ -delayed proton emission was observed for the first time.

The branching ratio has so far been calculated in one of two ways: either as
a decay through a narrow resonance or as a decay directly to the continuum.
Both are incompatible with the present decay rate. Interpreting the decay as
independent decay of the halo nucleon and a subsequent resonant interaction
between proton and core could explain the branching ratio. However, so far

2 Tons are not always accelerated and guided towards the separators, but only during a certain
period, the beam gate, after proton impact on the production target. This has two reasons: the
HV cannot be stabilized during proton impact, and thus the kinetic energy would be ill-defined,
and a certain time after proton impact radioactive species have decayed and the remaining stable
ones are not of interest.
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no resonance in !B, which would fit this decay mechanism, is known.
Presently the analysis of another measurement with the same setup is ongoing.

5.2 Dripline crossing: neutron-unbound nuclei

In this section the results on the investigated unbound nuclei will be presen-
ted. The measurements on 2>2°0 and '°B were performed with the LAND/
R3B setup, in the same experiment as described in Ch. 4. The identification
of the outgoing fragment is performed as described in that chapter. For recon-
struction of the unbound system, the unbound nucleon(s), in this case neut-
ron(s), need to be observed. Neutrons are detected in the LAND detector, and
their ToF(s), multiplicity and position(s) are extracted using the LANDSHOWER
algorithm. The energy of the unbound system is then reconstructed as the
relative energy, described in Sec. 2.1.

Initially these systems were intended to be studied by (p,2p) reaction tag-
ging, identifying quasi-free scattering when producing the unbound systems
and thus minimizing the effect of the production mechanism on the unbound
nuclei. Unfortunately a shortened beam-time® and reprioritization, as well as
lower yields than expected, led to significantly lower statistics, for the 1°B case
by a factor of 10 [52]. Therefore, the use of this more restrictive reaction se-
lection is not possible. For the oxygen case, all available targets are used. In
the analysis for boron only the data collected with carbon and plastic targets
are used.

5.2.1 The unbound oxygen isotopes

The reconstructed relative energy of the 2°0 system (reconstructed from 240
+ n) is shown in Fig. 5.2. The fit of the data with a Breit-Wigner function
with I =2, reproduces the data well. The width and position of the resonance
is given in Table 5.1, which summarizes the presently available data on the
ground states of 2>260.

The case for 2°0 is a little bit more intricate. The relative energy of the
240+4-n+ n system is shown in Fig. 5.3, using two different bin sizes. In the up-
per panel two Breit-Wigner shaped resonances are fitted without background.
The lower panel features the same Breit-Wigner functions with the same type
of non-resonant background as in the 2°0 case. The result of these fits is that
the lower-lying resonance is located at 25 + 25 keV and the higher-energy
resonance at around 4 MeV. Fitting the non-resonant background alone to the
data in 1 MeV wide bins (blue, dotted line), clearly shows that this does not
reproduce the data.

3Caused by problems in the accelerator.
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Figure 5.2: Relative energy of the 2°0 system. The red dotted curve indicates
the efficiency and acceptance of the setup. The magenta dashed curve shows
the modelled non-resonant background. Both are included in the blue solid
curve which shows a Breit-Wigner fit with [ = 2 to the data. Error bars are
purely statistical. Figure from Paper III.

As can be seen from the efficiency and acceptance curve in the top panel, the
setup has limited acceptance for very low relative energies. This is caused by
the need to separate the two neutrons impinging on the same detector, which
is not possible if they hit the detector close to each other. In that case only one
neutron will be reconstructed and the two neutrons will be mistaken for one.
These events thus show up in the 2F — 240 + 1 n channel, which has been
included in the fit shown in the top panel of Fig. 5.3.

With the given statistics, and since the resonance is at such a low energy where
the acceptance changes strongly, there is no possibility to extract the width
(and thus lifetime) of the ground state resonance from the fit of the spectrum.
Instead, one can use the reconstructed fragment mass spectrum to identify if

E,(*0) | ©(**0) || E(®0) | I'(*®*0) || Ref | Year
18(5) - 749(10) | 88(6) [13] [ 2016

- 4.5+ 3.4ps - - [89] | 2013
25(25) | <5.7ns 72573 | 207$% || Paper Il | 2013
150739, - - - [90] | 2012

- - 77073 | 172(30) [91] | 2008
Table 5.1: Summary of the experimental results on the ground state resonance

energy and width in keV for 2°0 and 2°0. Energies are measured in keV from
the ground state energy of 240.
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Figure 5.3: Spectrum of the relative energy of the 260 system. The data in
both panels is identical but analysed with different bin sizes, 200 keV in the
top and 1 M€V in the bottom panel. The top panel presents the efficiency and
acceptance curve of the setup for 2n events (red solid). Two states are fitted at
25 keV (blue dashes) and 4 MeV respectively (magenta dotted). The bottom
panel shows a fit if only the background function is used (blue dotted) and a fit
(black solid) using both resonances and the non-resonant background (dotted
red). Figure from Paper III.

there are any events that might originate from a surviving 2°0. If the 20 res-
onance lives longer than it takes to travel through the setup to the centre of
the magnet, it will be reconstructed at masses above 24. This flight time is
11.8 ns and one event could be identified, though it cannot be excluded that it
belongs to background. On the basis of this one event one can determine the
upper limit of the lifetime of this state, which at 95% confidence corresponds
to 5.7 ns or a width of at least 1.2 - 10710 keV.

The data, except for the width of the 2°0 ground state, agrees within error
bars with previously measured data, see Table 5.1. Very recently the data from
an experiment at RIBF have been published [13] having more statistics and
thus much smaller statistical uncertainties. The data agree within error bars
with the data presented here. Anyhow none of the other experiments were
able to extract a width of the 260 ground state, so the lower limit provided in
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Ref. | year | g.s. [keV] | /T (g.s.) | other

[93] | 1974 proof unbound

[94] | 1985 proof unbound

[95] | 1995 40(60)

[96] | 1996 191 ps

[971 | 2000 40(60) < 100 keV | excited state: 2.32(7) MeV
[98] | 2009 85(15) transverse mom., rel. energy
[99] | 2010 60(20) < 100 keV | rel. energy

Table 5.2: Summary of previous experimental work on 1°B.

Paper III is the only information at present. Ref. [89] published shortly after
Paper III derived a more restrictive lifetime of (4.5 4 3.4) ps from the velocity
shift between neutrons and fragment. A more restrictive limit on the width (or
lifetime) of the state would be necessary to determine the angular momentum
quantum number (or numbers in case of mixed states) of the resonance. It
cannot be determined even from the restrictive energy interval provided by
Ref. [13] and the limit from Paper III which still allow for a s-, p- and d-type
resonance when comparing to theoretical calculations from Ref. [92]. The
data from Ref. [89] basically excludes the s-state.

5.2.2 Unbound 1°B

The lightest unbound boron isotope, 1°B has been proven to be unbound by
Bowman et al. [93]. Since then several experiments on °B have been per-
formed, see Table 5.2. Shell model calculations [100] and microscopic cluster
calculations [101] have been performed, both predicting several low-lying ex-
cited states. We intended to produce 1°B with the exclusive (p,2p) reaction
mechanism and to record y-rays from the system for a first time.

The reconstructed relative energy for the 1°B system is shown in Fig. 5.4. The
data is not corrected for acceptance, but as shown in the previous section (see
Fig. 5.2), the acceptance is constant in the displayed energy interval. One can
see that the contribution of the random background is negligible (red data
points). The figure shows that there are no strong differences between car-
bon and plastic target data. The difference (in blue) is due to the hydrogen
in the plastic target. Unfortunately the statistics is not sufficient to perform
a deeper analysis with the contribution from only the hydrogen in the target.
Initially it was intended to study the hydrogen target* data with an additional
selection using the signature of protons stemming from a quasi-free (p,2p) re-
action. Since this cuts the amount of statistics by roughly a factor of 3 [52],

4The hydrogen target would be reconstructed, as above, from the plastic target with its carbon
contribution subtracted.
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Figure 5.4: Relative energy of the 1°B system produced in collisions with dif-
ferent targets, scaled to the same amount of incoming ions. Green shows the
data collected with the plastic target, and black data collected with the car-
bon target. Data collected with the plastic target with its carbon contribution
subtracted is plotted in blue. Data points in red are collected with an empty
target frame.
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Figure 5.5: Relative energy of the 1°B system from carbon and plastic target
(red). The non-resonant background (blue) was determined by event-mixing
(see text). Two resonances are visible above background.
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this analysis is not meaningful.

Instead the statistics from the carbon and plastic targets are added, which
gives the relative energy spectrum shown in Fig. 5.5 (red). The statistical
error bars are still significant. To avoid a fit of the non-resonant background
(shown in blue), the latter is determined from event-mixing. The event-mixing
works as follows: from the 1°B dataset neutrons and fragments from different
events are paired up randomly, and the relative energy of that system is com-
puted. The data and the non-resonant background indicate that the ground
state resonance of 1°B is located below 200 keV, and that there is a resonance
at around 1 MeV. The ground state resonance agrees with previous data in
Refs. [98, 99], producing '°B by proton removal at lower energies. However
none of them have observed an excited state. Kalpakchieva et. al [97], used
transfer reactions and their ground state is in agreement with the later works.
They have found an unconfirmed higher lying resonance at 2.32(7) MeV, but
none at 1 MeV.

The experiment recorded y-rays coincident with '°B for the first time, but no
clear evidence of y-emission could be found.
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6. Neutron capture cross
sections of light neutron-rich
nuclei

One of the key questions in nuclear astrophysics is where and how isotopes
heavier than Fe are synthesized. The p-process! and s-process (slow neutron
capture), which are rather well understood, account for the creation of about
half of the heavy elements [102, 103], but especially the abundances above
A=100 cannot be explained without another process [104]. So the other half
of the elements heavier than iron is believed to be created in the r-process
(rapid neutron capture process), in an environment of high temperature (~ 1
GK) and large neutron density (102° - 10?8 neutrons/cm?®) [105]. Candidate
sites are core-collapse supernovae, neutron-star mergers, (accretion discs of)
neutron-star black-hole mergers and y-ray bursts.

The r-process creates elements by adding neutrons to the nuclei at the site, the
seed nuclei, in a series of (n,y) reactions and thus proceeds through the very
neutron-rich region. Usually at some point equilibrium is established between
(n,y) and (7,n) reactions, and the rate of the creation of one isotope will thus
be larger than the subsequent ones. This isotope is called waiting point. §~ de-
cay from mainly that waiting point isotope (but also the other ones, depending
on half-lives and capture rates) feeds higher-Z elements. Thus the path (more
appropriately the web) of the r-process and the final abundance of the created
isotopes depends on masses which determine neutron capture and Coulomb
dissociation? cross sections, S-decay rates, (Bn)-decay rates, as well as the
pressure, temperature, neutron density, and the time-development of these
during the event. It also depends on the seed nuclei, which in turn depend on
the conditions listed above (and on the history of the object). There are dif-
ferent models calculating the isotopic yields adapted to different astrophysical

IThis was earlier thought to be a process of proton-capture, but nowadays is believed to pro-
ceed via Coulomb dissociation (y,p) (y, @) reactions.
2Another name of this process is photo-dissociation.
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scenarios. The nuclear physics input, so far, mainly relies on theoretical estim-
ates of masses, decay- and reaction rates, as there is very little experimental
data available this far from stability. These theoretical rates and masses have
large uncertainties since the nuclei are far from stability, and thus it is diffi-
cult to identify the astrophysical site of the event. Measuring the properties of
neutron-rich nuclei is therefore very important to advance the understanding
of the r-process.

Since there are hundreds of isotopes involved in the r-process, it is reasonable
to determine which reaction rates or masses have the largest influence on the
final abundances. This is done by systematically changing reaction rates and
masses in the calculation frameworks and by comparing the change in final
abundances, in sensitivity studies. For more details see, e.g., recent reviews
[106, 102].

6.1 Motivation

Most r-process model calculations focus on neutron-rich nuclei in the heavy
region, but only very few consider light nuclei away from stability, because
seed nuclei are expected to be heavy (A > 70). Extending the reaction net-
work for calculations to the neutron dripline for Z< 10 nuclei, Terasawa et al.
[107] show that these light exotic nuclei can play an important role as seed
nuclei in the r-process for models with high neutron density and rapidly drop-
ping temperature, as might be found in neutrino-driven wind® core-collapse
supernovae, prompt explosions of supernovae or binary neutron star mergers.
A subsequent sensitivity study identifies neutron capture rates on 1’C as im-
portant input data also because the theoretical uncertainty is large (a factor of
10) [108].

Through the inverse process of Coulomb dissociation, exploiting the principle
of detailed balance, we have measured neutron capture rates of 17C and 202N,

6.2 Experiment

The data was collected in the s393 experiment as described in Sec. 3.2. In
order to determine the neutron capture cross section, we measure the Cou-
lomb dissociation cross section. Apart from reconstructing the fragment mass
and four-vector, as described in Ch. 4, it is necessary to detect the outgoing
y-rays and their energy and to detect emitted neutrons and to reconstruct
their four-momenta. The latter is extracted with the help of the LANDSHOWER

3There are several models of how a core-collapse supernova evolves. One model assumes that
huge amounts of neutrinos are generated in the gravitational shock. These travel outwards and
heat the outer layers. This can lead to all nuclei dissociating into p, n, and «a particles, thus
removing heavy seed nuclei and generating light ones.
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Isotope state o [mb]
g.S. 32+£13
17¢ 15t exc. 40 £+ 8
2nd exc. 43+ 6
total 115+ 11
g.S. 15+ 16
20N 15t exc. 36+6
total 90 £ 12
g.S. 31+16
2IN 1t &2Mexc. | 47+ 8
total 75 + 13

Table 6.1: Summary of the Coulomb dissociation cross sections, measured in
Paper IV and Paper V. The errors are purely statistical.

algorithm. The detected y-energies were added in clusters of neighbouring
crystals (by the add-back routine, see e.g. [52]) and Doppler corrected*. The
y-energies were then used to gate on different states which are populated in
the dissociation reaction. Paper V used the energies of the different clusters,
while Paper IV used the XB detector as a calorimeter and uses the full sum of
Y-energies instead.

Gating on the different excited states, cross sections for Coulomb dissociation
to ground, first and second excited states as well as the total Coulomb dissoci-
ation cross section were determined.

6.3 Results

For dissociation to 17C, cross sections to ground, first and second excited state
could be derived. For dissociation to 1°N, cross sections to ground and first
excited state as well as to all excited states (up to 5 MeV) were determined.
Due to the experimental resolution it is not possible to separate the first and
second excited state of 2°N from the y-spectrum and thus the dissociation
cross sections to ground, sum of first and second excited state, and all excited
states (up to 5 MeV) were determined. The cross sections are summarized in
Table 6.1.
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Figure 6.1: Experimental stellar reaction rate for neutron capture on N (solid
line). The contributions of ground state (dotted) and first excited state (dash-
dotted) are indicated separately. The shaded area indicates the statistical un-
certainty. Calculations by Ref. [109] are shown for comparison. Figure from
Paper IV.

6.4 Impact on r-process calculations

Using the virtual photon theory and the principle of detailed balance it is pos-
sible to calculate the neutron capture cross section from the Coulomb dissoci-
ation cross section [110]:

226y +1) kj docp 1
= E* 6.1
Ony (2ot +1)(2Iy +1) k2, dE* ngy(E*) 6.1)

with ocp denoting the Coulomb dissociation cross section, E* the excitation
energy and ng; the number of virtual photons. I stands for the spin of the
neutron, the incoming and the outgoing ion of the Coulomb dissociation reac-
tion respectively, and k the momenta of the photon and the neutron-fragment
system, respectively.

In the context of astrophysics, the neutron capture cross section needs to be
folded with the distribution of the velocity of the neutrons to calculate reac-
tion rates (depending on temperature). As an example of the results, Fig. 6.1
displays the stellar neutron capture rate of °N. These capture rates can be

4Low energies in single crystals are background-suppressed.
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used as input to r-process calculations.

Running network calculations simulating the conditions of a neutrino-driven-
wind supernova scenario to determine the impact of the neutron capture rates
of nitrogen, the reference calculations used the rates of the sensitivity study
quoted above [108] and the neutron capture rate of °N from Ref. [109],
which is also shown in Fig. 6.1. Using the experimental reaction rates for ni-
trogen leads to a decrease of the abundance of fluorine by 10 % in comparison
to the reference calculations. The abundances of heavy elements are not af-
fected.

In order to determine the effect of the neutron capture rate of 1”C, calculations
modelling a neutrino-driven wind supernova and a neutron star merger were
performed. The same reaction rates as used by Sasaqui et al. in their sensitiv-
ity study [108], which identified 17C as important, were used. Also here the
reaction rate of !7C, though differing from the reference by about a factor of
two, did not affect the abundances of heavy elements (< 0.1 %). Some ele-
ments below mass 20 were affected.

Concluding, the measured reaction rates did not affect the final abundances of
heavy elements in the astrophysical conditions used here. They should how-
ever be included in future calculations, as they have proven relevant in other
studies [107, 108]. To identify the astrophysical site(s) of the r-process, more
experimental neutron capture cross sections and f3-decay rates are needed to
decrease the uncertainties.
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7. Discussion and
Conclusions

Paper I points out that the ability of ABRABLAO7 to describe fragmentation
reactions depends on the average induced excitation energy per nucleon. We
observe a mass dependence of the induced average excitation energy per nuc-
leon for the 1pxn (x < 5) reaction channels. This result, obtained with a re-
stricted set of reaction channels, disagrees with the average excitation energy

(per nucleon) derived from the full set of measured cross sections for gold
producing iridium and platinum (Ref. [67]), indicating that the reaction chan-
nel also influences the induced average excitation energy (per nucleon). This
dependence on the reaction channel can also be seen in other heavy nuclei,
e.g. in xenon, as shown in Fig. 7.1. In this figure the difficulty of describing
all measured 1pxn channels with the same average excitation energy per nuc-
leon (parametrized by the fgg) is clearly visible. Since the impact parameter
(which we cannot measure) determines how likely certain reactions channels
are, the selection of the latter is also a rough selection in impact parameter.
The impact parameter might thus be one important parameter determining
how much average excitation energy per nucleon is induced?, as the contribu-
tion of final state interactions seems to be coupled to it. Ref. [111] has found
that the average induced excitation energy depends on isospin. Together these
studies show that ABRABLAO7 would benefit from a more realistic description
of the excitation energy depending on mass, isospin and reaction channel or
impact parameter.

One might argue that a theory that can describe all isotopes, the goal of nuc-
lear physics research, is not furthered by a model like ABRABLAO7. But we
do not only need a theory which can describe atomic nuclei from first prin-
ciples, which will most likely rely on massive calculations and huge matrices,
we also need models which enhance our intuitive understanding of nuclear
processes. ABRABLAQ7 breaks the description down into smaller parts and ap-

IHere the emphasis is on the average per nucleon. The impact parameter also governs how
many nucleons are removed and through that how much excitation energy enters the system, but
that the average per nucleon depends on the impact parameter is not part of the model (so far).
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Figure 7.1: 1pxn cross section from '3®Xe on (black stars); data taken from Ref. [76]. Abrabla calculations with different
fee (colour coded) are compared to the data. One can see three different groups of reaction channels in the comparison
and that these yield different fg, if regarded separately.
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proximates the physics in these, e.g.: it calculates the total interaction cross
sections with Karol’s approximation.Independent of this approximation, the
impact parameter is used to calculate how many nucleons are removed. By
using approximations based on physics arguments in the different subparts
(as well divided with the help of physics arguments), ABRABLAO7 improves
our understanding and has shown to be surprisingly successful. Thus aug-
menting the description of the induced excitation energy in ABRABLAO7 based
on (intuitive) physics arguments will not only improve this model but also fur-
ther our understanding in general.

The unbound 2>2°0 measured in Paper III confirm the oxygen anomaly and
agree with previous and more recent data. The need of proper description of
three-nucleon interactions is emphasized as 2°0 cannot be correctly described
otherwise. The question of 260 decaying by 2n emission is, based on the
results in Paper III, rather likely as the ground state energy of 2°0 is larger
than that of 200. Kondo et al. [13] assume in their analysis that the ground
state of 20 decays by 2n emission, while they show that the first excited state
they found stems from sequential decay through 2°0. This paper shows also
what probably would have been possible if the experiment that delivered data
for Paper III and on '°B would not have suffered from beam-time shortening
and re-prioritization. With enough statistics we could have performed an ana-
lysis similar to the one by Kondo et al. already in 2013. The importance of
proper planning, preparation and execution of nuclear physics experiments is
illustrated by the insufficient statistics on B, which does not enable us to
improve on previous data. Nuclear physics experiments are challenging and
expensive, and thus it is seldom possible to rerun an experiment? which means
that everything has to work out or buffer time needs to be planned for.

Paper II finds (8~ p)-decay for the first time. The results point at an independ-
ent decay of the halo-neutron, which would be the first proof of this kind of
decay. If the decay proceeds in this manner we will be able to learn more about
the halo via decay spectroscopy. This would, however, require a high beam rate
due to the small branching ratio, which would generate a large background
from normal B-decay. Additionally is the Q-value rather low, yielding a small
kinetic energy of the proton and with that difficulties in the detection. For
spectroscopy, significant improvements of the detection system are necessary
to allow for a direct detection of the emitted proton.

Papers IV and V study astrophysical relevant neutron capture processes which
improve our understanding of the r-process. The results did not show a large
impact on the calculations performed in the papers, although that was ex-
pected from a sensitivity study [108] for the 7C(n,y)'8C rate. Sensitivity
studies are an important tool to give indications of which reaction channels
are important, but are not without challenges. Since the sensitivity studies
themselves rely on input parameters depending of the (so far unsettled) astro-

21t is not completely impossible. The smaller the experiment, the higher the chances of a rerun.
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physical site of the r-process, this induces a large uncertainty in the results of
the sensitivity studies: the reactions having a large impact in one scenario do
not need to have the same impact in another scenario. Thus, until the site of
the r-process is identified, it is rather difficult to judge the importance of these
reaction rates.

The nuclei and observables studied in this work are different and related at the
same time. The division in the previous chapters emphasizes the differences
between the different groups, but all the studies aim at a common goal: to
improve the description of atomic nuclei. They try to further our understand-
ing of the nuclear interaction in specific areas of nuclear physics, may it be
decay or astrophysics. This improved understanding (hopefully) spreads from
its specific corner and will reach the other realms of nuclear physics, since they
all belong together.

Concluding, the papers presented in this work all contribute small pieces to the
puzzle which is nuclear physics. At present we take small steps, but generally
research consists of a lot of small steps and a few bigger ones, breakthroughs,
once in a while. These breakthroughs are typically not seen before they hap-
pen, the next one might be just ahead of us.

Nuclear physics does not only contribute to a better understanding of how nuc-
lei work, it exports knowledge to other fields. The methodology developments
and technical progress in radiation detection we drive to enable our advanced
measurements, benefit monitoring detectors and sensors. Two well-known ex-
amples of nuclear physics inspired ideas in medicine are PET scanners and ion
beam therapy.

Additionally, the field of big data recently discovered event-based data, a basic
approach which has been used for a long time in nuclear physics. I think this
field could learn a lot about data treatment from the experience we have in
the field of nuclear physics. With the new facilities producing larger amounts
of data and theoretical approaches already heavily relying on computations,
nuclear physics might soon be driving certain computational aspects, too.
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8. Outlook

To continue the research in Paper I I would like to analyse the heavier isotopes
in the same dataset. Even more importantly one can extract cross sections on
other reaction channels like Opxn and 2pxn removal. Reaction channels from
removal of more than two protons might be possible to analyse especially for
the heavier isotopes. While the Opln and Op2n removal channels are not
problematic as far as detector acceptance is concerned, one needs to look at
the trigger patterns and their trigger efficiency for these channels. For the re-
moval of more protons, simulations of the acceptance are necessary. A proper
tool would e.g. be GGLAND, as a recent bachelor project [112] shows. The
simulations need to give a proper quantification of the acceptance for differ-
ent reaction channels. This might also enable an extension to more than 5
neutrons in the 1pxn removal channel. It would also be interesting to use the
data on heavier isotopes from literature and to see how the dependence of
the excitation energy (per nucleon) depends on the selected reaction channels
(and thus impact parameter) and how this can be understood.

Concerning the oxygen isotopes, Paper III has already been superseded by
Ref. [13]. To improve on these data, simultaneous collection of y-rays would
be interesting. Performing an experiment with conditions ideal for (p,2p) reac-
tions, it would be interesting to see if such a “minimally-invasive” production
mechanism has an impact on the observed relative energy. To determine the
width of the ground state of 2°0 is a challenge. Experimental resolution is
finite and will probably not increase sufficiently for a direct measurement in
the near future. Thus further lifetime measurements with more statistics and
a reliable analysis method are, in my opinion, the biggest chance of determin-
ing a width of the ground state. At the future R®B setup at FAIR, higher beam
intensities and a simultaneous detection of y-rays as well as (p,2p) reaction
tagging can be achieved. Another interesting aspect is 280, and the question
whether it is more or less bound than 2°0. Based on classical shell closures
it should be more bound than 200, but the shell closure at 24O indicates the
breakdown of the classical shell structure for neutron-rich oxygen isotopes. An
experiment recently performed at RIBF (with participation from the Chalmers
group), might provide an answer to that question.
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Analysis of another experiment as in Paper II is ongoing, to verify the result.
Spectroscopy of the proton would be very interesting as already mentioned
above. Unfortunately is the, still unexpectedly large, branching ratio, of (8.3
+ 0.9)-10°° very small. I thus do not expect that a spectroscopy experiment
will be possible in the near future.

Concerning the r-process and experimental contributions, (n,y)-rates, beta-
decay rates, and (a,y)-rates are important to measure. Close collaboration
with model developments and sensitivity studies are necessary to identify the
most crucial reactions in this vast amount of unmeasured reactions, for which
theoretical predictions are not reliable. Also in this case the R®B setup at FAIR
and similar setups at RIBF and FRIB will be well suited to measure (n,y) reac-
tion cross sections of light and heavy nuclei. Due to the high beam energies of
FAIR, the cross sections will be most favourable there.

More generally the next-generation nuclear physics facilities are already oper-
ational or on the doorstep: RIBF started delivering beam in 2008, FAIR and
FRIB are under construction right now. The new and bigger facilities allow for
larger and more complex experiments. The consequences of that need to be
understood. Already now the time from proposal to experiment to published
data exceeds the time-span of the PhD education at the larger setups. All these
steps are, however, part of research and need to be experienced during the PhD
education. We also need to be aware that more complicated detector systems
need a higher degree of knowledge in order to allow for method development.
This means that it might not be possible to combine method development and
physics analysis in one PhD project, while both are important parts of nuclear
physics and should be honoured. The higher level of knowledge needed from
detector- (or reconstruction-) experts has also general consequences: the high
fluctuation rate of these experts, usually in the post-doc phase, leads to loss
of knowledge, which needs to be avoided. I can see two ways to improve the
situation: less fluctuation, by creating longer term positions for the detector
experts, or a higher degree of documentation and communication.

The higher complexity of the experiments naturally leads to larger collabora-
tions, as many people are needed to run the entire setup, because almost each
detector needs experts. Thus the experiment collaborations grow from about
20 people to several hundreds. While a team of 20 people is easily organized
and communicated with, several hundreds are different. We need to pro-
fessionalize the handling of collaborations and especially the communication
inside of them. I think it would be healthy to learn from the particle physics
community, which has taken this step already quite some time ago, with their
biggest experiments involving several thousand contributors nowadays.

A third consequence of the increased complexity is more intricate data hand-
ling and analysis. Nuclear physics is not the only field which treats huge
amounts of complicated data, apart from the exchange with particle phys-
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ics, we might be able to benefit from knowledge in astronomy and big data
and vice-versa. Also these developments should therefore be communicated
(i.e. published) such that they are accessible to other fields, which they are too
seldom at present.
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A. Experimental
determination of the trigger
efficiency

A.1 Background

In order to calculate cross sections it is necessary to determine the amount of
incoming and of reacted ions'. These two types of events do not necessarily
lead to the same signatures in our detectors, as reactions usually produce addi-
tional particles. In Table A.1, the different signatures leading to triggers (trig-
ger patterns) are summarized. The use of these hardware triggers is necessary
to selectively decrease the amount of collected data, so that all events of in-
terest are collected, but without saturating the data acquisition with events
of less interest (e.g. no nuclear reaction). Events were no nuclear reaction
takes place are the most likely, and even though enough of them need to be
collected, not all of them are needed. Therefore some trigger patterns (1, 2
and 6) are downscaled?. This downscale needs to be compensated for during
the analysis, meaning that events cannot be blindly mixed, since the trigger
pattern needs to be selected®. The trigger patterns 3 and 7 are for calibration
purposes only and are essentially switched off, except during data collection
for calibration. This leaves three reaction triggers which are not downscaled:
one indicating neutrons in the neutron detector, one signaling protons in the
proton arm, and one indicating energy deposit in the Crystal Ball (protons,
neutrons or y-rays). Note that these reaction trigger patterns all contain also
the requirements which are needed for the fragment trigger pattern (2).

The amount of incoming ions is usually determined from the amount of unre-

IMore precisely: the number of ions that underwent the reaction of which the cross section is
to be determined.

2That a trigger is downscaled by a factor d means that only every d™ event is stored to disc.

30f course, one can add data from different trigger patterns, but care must be taken to avoid
double-counting and the potentially different downscales need to be compensated for.
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7 Pix X - - - - - b:¢ X - -
8 Neutron X | x| x| - -] - - | x| a -

Table A.1: Table indicating which raw triggers have to be present in order to
generate the trigger patterns for inspill data collection. The generated trigger
patterns are listed in the first column and the needed raw triggers are indic-
ated by an “x” in the respective columns. An “a” indicates an anti-coincidence
requirement and “-” indicates no requirement. The highlighted rows show the
triggers of interest in this discussion.

acted ions, compensated for the reaction probability in the target. This choice
has the advantage that losses due to acceptance in the fragment arm of the
setup do not need to be considered, when comparing incoming to reacted
beam, as they, determined in this way, affect both the unreacted and the re-
acted ions, thus trigger pattern 2 is the natural choice to select these events.
The choice of the trigger pattern to select the events in which the reaction of
interest took place, depends of course on the reaction. In the present case of
(1pxn) removal cross sections, with no further selection than a reconstructed
fragment, in principle the fragment trigger pattern would have been sufficient.
Unfortunately that was downscaled by a factor of 64, rendering the statistics
of the reacted beam, collected with this trigger pattern, too small.

Instead, it turns out that the XB trigger pattern (4) triggered in most of the re-
actions. Therefore the trigger pattern 4 was selected for choosing the reacted
beam events.

In order to be able to calculate the cross sections, the trigger efficiency of the
trigger pattern 4 in comparison to trigger pattern 2 needs to be determined.
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Get first event.

no
Is tpat 2 set? Go to next event.

yes

Is it inside the incoming and
outgoing cuts for any isotope
and channel of interest?

no

yes

to corresponding

‘ Add count for tpat 2 |
ion and channel.

no
{Does the event also have tpat 4 set?]i

yes yes

Add count for tpat 4
to corresponding LAre there events left?]—
ion and channel.

no

Done counting. Cal-
culate efficiencies.

Figure A.1: Flowchart illustrating the event filtering flow to determine the
trigger efficiency. Trigger pattern is abbreviated with tpat. For details see text.
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A.2 Determining the trigger efficiency

The trigger pattern 4 (XB) is equal to the trigger pattern 2 (Fragment) plus a
trigger from the Crystal Ball#, c.f. Table A.1. In order to determine the trigger
efficiency of trigger pattern 4 it is, for our purposes, sufficient to determine
the relative trigger efficiency of trigger pattern 4 versus trigger pattern 2.

The procedure is the following: count for each isotope and each reaction chan-
nel how many events are tagged with trigger pattern 2 (countl), and how
many of these are also tagged with trigger pattern 4 (count2). Events must be
counted, since the low statistics does not allow for fits. The flowchart given
in Fig. A.1 illustrates the counting procedure. The formulation “inside incom-
ing and outgoing cuts” refers to the fragment identification as described in
Sec. 4.3, plus a condition on the outgoing mass to be at maximum 2¢ from an
outgoing mass of interest, to ensure a unique selection. The relative trigger
efficiency is calculated by dividing count2 by count1.

In this way the trigger efficiency for different reaction channels for different
isotopes can be determined and compared, as shown in Fig. A.2. In order to
cope with the large statistical fluctuations, the determined efficiency as a func-
tion of the amount of removed neutrons, averaged over all ions is shown in
Fig. A.3, together with the average of all reaction channels. From these two
figures, I conclude that the trigger efficiency of the XB trigger pattern relative
to the fragment trigger pattern does not, inside the statistical uncertainties,
depend on ion or reaction channel®, and that correcting for one average trig-
ger efficiency is reasonable. Averaging the results for the different reaction
channels, weighted according to their statistical uncertainties yields a trigger
efficiency for the XB trigger pattern of (85.3 £ 2.5) % of the fragment trigger
pattern (as also shown in Fig. A.3).

4The reader might have noticed the "late trigger” anti-coincidence too. This is needed to block
raw triggers from the Crystal Ball as they sometimes arrive too late.
5This conclusion is restricted to the investigated ions and reaction channels.
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Figure A.2: Overview of the trigger efficiencies calculated for different reaction
channels and incoming ions. The different data points are offset in (negative)
x-direction to improve readability, the number of removed nucleons is in these
cases the next larger integer. The plots show data collected with different
accelerator settings. The error bars are purely statistical.
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Figure A.3: Averaged trigger efficiency as a function of removed nucleons (red
stars). The total average is shown as (blue) line, with 10 uncertainty indicated
by the dashed (blue) lines. All errors are statistical errors only.
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B. How to find the best fit
ABRABLAOQ7 calculation

The goal is to determine which ABRABLAO7 calculation best describes the
experimental data, depending on the fgg (excitation energy multiplication
factor) used in the ABRABLAO7 calculation. This is determined for each in-
coming ion separately, using all its available channels of 1pxn removal, with
0 <x <5, together.

A typical example of the evolution of the calculated cross sections with chan-
ging fgg in comparison to the data is shown in Fig. B.1. This figure hints at
the difficulties: the overall trend of the cross sections should be reproduced,
but the overall magnitudes as well — and in some nuclei these are conflicting
requirements.

The natural choice is to determine a x> of the calculation in comparison to the
data. For that, all contributions to uncertainties are needed. The statistical
uncertainty of the experimental data we have at hand, and the systematic un-
certainty is estimated to (at least) 5 %. The square root of the sum the squares
of those two uncertainties for a specific ion and reaction channel is called A, ,.
This, and the further notation is summarized in Table B.1, and will not be ex-
plained in the text. Indices to the bottom left of a symbol mark its properties,
and indices to the top left mark the quantity the symbol relates to, while in-
dices to the bottom right indicate what the variable depends on. The upper

. . . . . . quantity qexponent .
right side of a symbol is reserved for its exponent. This gives | o S0 wpes in

short!. I use this notation, because it facilitates possible re-implementation in
computer code.

Aside from the statistical uncertainty of the model calculation which was ren-
dered negligible by simulating a sufficient number of events for all channels
of interest, there is no knowledge of the theoretical uncertainty or error of the
model. This needs to be estimated. For that we assume that the uncertainty of
the model calculation is the average difference between calculated and exper-

11f you need an example: %A, ,is the error (A) of the experimental (x) cross section (o) de-

pending on ion (i) and removal channel (k).
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Figure B.1: Cross section versus the number of removed neutrons in a 1pxn
removal reaction from '7C. The black crosses with error bars (statistical only)
show the experimental data. The different colours represent the different ex-
citation energy multiplication factors (fgg) used in the ABRABLAOQ7 calcula-
tions.

imental data for the the best fit calculation. This would require the knowledge
of which calculation fits best, which we aim at deriving. Therefore we approx-
imate the uncertainty in two steps. We first calculate a preliminary x> G xizf)
without taking the theoretical uncertainty into account: ’

1 & (O = Oiap)’

2 X ik tTLkf

pXif = E;—GA_kz : 3.1
X1,

2
For each ion we can find the minimal b xff, and from that the best fgg (M‘p ).

2
From the difference between the calculation with Axp f; and the data, we derive
the theoretical uncertainty. First the relative theoretical uncertainty of the
cross section is estimated as:

f
095 = — Z (|X°-i7k B At(’i,k| B ‘iA,-,k)z
M keH xo','7k2 (B.2)

f
M =AYk |0;) — At(’i,k| > SAir}
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Description

Uncertainty

Relative uncertainty

Cross section

fEE, excitation energy multiplication factor
Incoming ion

Reaction channel

Total number of elements in .#

setof k: .4 ={Vk: | .0;; — Atfci’k\ > %At
Total number of reaction channels (of one isotpe)
Marks an experimental value.

Marks a theoretical value (ABRABLAO7).
Marks a preliminary value.

Marks a final value.

Marks a minimized value.

>Q©”N>§§§?§‘“'\Q@JD

Table B.1: Description of the symbols used for describing the minimization
procedure. Indices to the left of a symbol mark its properties, while indices at
the bottom right indicate what the variable depends on. The upper right side
of a symbol is reserved for its exponent. This notation was chosen to facilitate
re-implementation in computer code.

from the data points were the difference between calculation and data is larger
than the experimental uncertainty for each ion. To obtain a total theoretical
uncertainty, %A, , the relative uncertainty is multiplied with the cross section:

Wiy = 10O s (B.3)

This is used for a final calculation of the 2 (4 xizf) which takes the theoretical
uncertainty into account:

1 & (0,,—.0, )

2 X ik tYiLkf

B ) Y L L (B.4)
MK A

2
From that we can find the fgg for which the x? is minimal, i.e. Axd f;- We would
also like to have a measure of how robust this result is, basically depending on

2
how steep the ; X,2  rises around Axd f;- The uncertainty of the ; X,zf is estimated

as:
2
MA =21/ (B.5)

2
To estimate the uncertainty of Axd f; we select all fgg which correspond to a

2
aXiy such that _x? hx? + " A,. The largest difference between the selected
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How to find the best fit ABRABLAO7 calculation

2 2 2
fee and /\Xd f; is determined for f > Axd fiand f < Ald f; respectively. The aver-

2
age of these two differences is considered the uncertainty of /\Xd fi-
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