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Abstract

This thesis presents the nuclear structure studies of nuclei near the
7 = 28 and Z = 50 shell closures, presenting case studies of the odd-
odd nuclei ™*""™Cu and the even-even nucleus '2Sn. Level schemes
are presented for ™7¢"™Cu for the first time, shedding light into the
Cu isotopic chain as well as the Ni isotopic chain, and providing
information on the proton-neutron interaction for neutron-rich Cu
isotopes near doubly magic "®Ni. Data on ™7%™Cu are obtained
by fission-induced 3 decay of ™7%"Ni, performed at the RIKEN
Nishina Center during the EURICA campaign. In '2°Sn, an excited
0" state is observed for the the first time through a two-neutron
transfer reaction experiment performed at IFIN-HH. With excited 0™
intruder states observed for all even Sn isotopes between ''°Sn and
12481, the newly observed excited 07 state in '25Sn is the next step
in the shape coexistence studies along the Sn isotopic chain. Isotopic
chains along shell closures serve as important benchmarks for nuclear
structure studies, and the experimental results presented in the thesis
are compared to shell model calculations where possible.






Sammendrag

Denne avhandlingen omhandler kjernestruktur naer de magiske tallene
Z = 28 og Z = 50 og presenterer studier av odd-odd kjernene
™T68Cu og like-like kjernen '?Sn. Nivaskjema er for forste gang
presentert for "™7%™Cu, som gir mer innsikt i bade rekken av
Cu-isotoper og Ni-isotoper naer den dobbelt-magiske kjernen T8Ni.
T4.76,78Cyu-data er tatt ved fisjon-indusert B-henfall fra ™7678Nj i et
eksperiment pa RIKEN Nishina Center under EURICA-kampanjen.
En eksitert 07-tilstand er observert for fgrste gang i ?Sn gjennom
et to-ngytron-overforingseksperiment gjennomfert pa IFIN-HH. 0
intrenger-tilstander er tidligere observert for alle like-like Sn-kjerner
fra 19Sn til '24Sn, og den nyobserverte 0"-tilstanden i '2°Sn er det
neste steget i studiet over sameksistens av former gjennom rekken av
Sn-isotoper. Isotop-rekker langs skallgap er viktige for kjernestruktur-
studier og de eksperimentelle resultatene fremlagt i denne avhandlingen
er sammenlignet med skallmodelberegninger der dette har vaert mulig.
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Chapter 1

Introduction

1.1 Nuclear structure

Nuclear science has come a long way since the discovery of the basic structure
of atoms, with protons and neutrons forming the atomic nucleus and electrons
outside the nucleus. Nuclear physics is the study of the protons and neutrons
making up the nucleus, and how these interact with each other. The shape and
structure of a nucleus is governed by the number of protons and neutrons in the
nucleus and the orbitals they occupy.

The atomic nucleus is a complicated many-body quantum system. There is yet
not a single unifying theory that explains all characteristics exhibited by nuclei,
and calculating different nuclear properties from first principles is only possible for
the lightest nuclei with few protons and neutrons. Different nuclear models are
therefore developed to simplify the many-body problem and to explain phenomena
observed across the nuclear chart.

At the quantum scale, only specific energies are allowed for the nucleus.
[ustrations of the various quantum states in a nucleus with their energies, spins
and parities, and the decay pattern between them are called nuclear level schemes.
In colloquial terms, this can be seen as the finger print of the nucleus as every
nucleus has its own unique level scheme. In addition to describing the various
energies of the nucleus, the level scheme can also give unique insight into different
nuclear properties.

The total energy of the nucleus is determined by the energies of the orbitals that
the protons and neutrons occupy, and by the interactions between the nucleons.
As protons and neutrons are fermions, only certain numbers of them are permitted
to occupy specific orbitals, following the Pauli principle. The nuclear shell model
describes the occupation and interaction of nucleons in the various orbitals that
are characterised by their angular momentum and parity. A schematic drawing
of the shell model is shown in Figure 1.1. Between some of the orbitals there are
larger energy gaps, indicating that more energy is needed to excite a nucleon to
the next orbital. These large shell gaps are called magic numbers, and indicate
that nuclei with these specific numbers of protons or neutrons are more tightly

bound.
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Figure 1.2: Illustration of the tensor force between the 7 f7/5 and v f5/; orbitals, pushing
the neutron orbital as protons are removed from the proton orbital. As the v f5/, orbital
gets pushed up in energy, both N = 32 and N = 34 emerge as semi-magic numbers in
4Ca. Figure obtained from [7].

The traditional magic numbers, as presented in Figure 1.1, were all first
discovered for nuclei close to stability. They can be calculated by using a modified
harmonic oscillator potential and adding an angular momentum term proportional
to [? and spin-orbit coupling term proportional to [- g, as first shown in Refs. [2,
3]. With these terms, all magic numbers that were observed experimentally in
nuclei close to stability could be calculated correctly. However, after eventually
gaining more knowledge on nuclei far from stability, it became apparent that some
magic numbers break down far from stability, while new magic numbers emerge.
Examples include the breaking of the N = 8, 20, 28 magic numbers at the so-called
islands of stability [4—6]. Similarly, the semi-magic numbers N = 32 and N = 34
were seen to appear in °*Ca [7]. Compared to the shell model as illustrated in
Figure 1.1, this is explained by the v f5/, orbital being pushed up in energy when
protons are removed. Eventually the vfs/, crosses the vp;/, orbital, leaving a
larger energy gap between the vp,/, and vp;p orbitals, and creating a new shell
gap between the vp;/; and v f5,, orbitals. This is illustrated in Figure 1.2. To
explain this, yet another term is needed to correctly calculate the magic numbers
that arise when moving away from stability. The tensor force was introduced as
a robust general feature [8] which acts between single-particle orbitals of protons
and neutrons. It is this tensor force which is responsible for the shell evolution
along isotopic and isotonic chains.

The shell model is only one of the models used to simplify the nuclear many-
body problem and to explain energy levels in nuclei, and is best suited to describe
nuclei near closed shells (magic numbers). For other nuclei far from magic numbers,
mean-field based and collective models are more appropriate. In this thesis, nuclei
at or near closed shells are studied, and it is therefore this model that is in focus
here.

As the effects of the tensor force are most clearly seen near shell closures,
magic nuclei are important benchmarks when studying nuclear structure and
deformation. This thesis is centred around two magic isotopic chains: the Sn
chain along the Z = 50 magic number and the Cu chain, one proton away from
the Z = 28 magic number. We will also look specifically into the structure near
mid-shell between 1°°Sn and '32Sn and the neutron-rich side near the doubly magic
nucleus "Ni.



Chapter 1. Introduction

1.1.1 Proton-neutron interactions

Each nucleon carries a given spin and parity based on which orbital it occupies.
The short-range nature of the strong nuclear force favours antiparallel coupling,
and a proton-proton or neutron-neutron pair in the same orbital will couple
together with antiparallel alignment to spin 0. In an even-even nucleus, i.e. a
nucleus with even numbers of both protons and neutrons, the ground state will
therefore always be 0%. In an odd-odd nucleus, where there is an odd number of
both protons and neutrons, the two unpaired nucleons of each type will couple
to each other. Since the nucleons are of different types, they are not bound by
the Pauli principle, and can couple to different spins, giving all possible spins
from parallel |jx| + |7,| to antiparallel |j.| — |7,|. The proton-neutron interaction
produces a multiplet of different states and spins. Because of these multiples, the
ground state spin of an odd-odd nucleus is difficult to predict without experimental
investigations.

When an orbital is almost filled, but not completely, it is sometimes convenient
to think of the lack of particle as a "hole’, and describe the interactions with this
hole. We then get a situation where an unpaired nucleon can couple to another
nucleon (particle-particle), or to a hole (particle-hole). An empiric study of odd-
odd nuclei across the nuclear chart has found parabolic trends for the energies
of states belonging to a given spin multiplet as a function of I(I + 1) [9], where
I is the total angular momentum of a given state, more conventionally called
‘spin’.  Because of the short range nature of the interaction, the two nucleons
try to maximise their overlap, leading to parallel and antiparallel coupling being
favoured. Plotting the energies along I(/ + 1), this gives a negative parabola,
with the highest and lowest spins energetically favoured. With a large difference
in the preferred spins, there is a high probability to find isomeric states at low
energies. In the particle-hole coupling case, the maximum overlap is gained from
the perpendicular coupling. For the particle-hole coupling, we thus get a positive
parabola with intermediate spins being energetically favoured.

Experimentally determined multiplets can be used to characterise the proton-
neutron interaction. By experimentally measuring all the states in a multiplet
relative to the ground state, we can translate the energy of each state into the
binding energy if the mass is known. The total energies Fy(j,, j,) for a given state
of spin I with nucleons in orbitals j, and j,, are called the Two-Body Matrix
Elements (TBME). The spin-weighted TBME is called the monopole interaction,
and is given as [10]

o 221+ 1) X Er(jx, ju)
Jnde > (21 +1)

This monopole interaction can be further broken down into three different
components: the central part, the spin-orbit part, and the tensor part. The central
part depends only on the relative distance between the two particles. The spin-
orbit part depends on the orientation between the orbital angular momentum
between the two particles and their intrinsic spin. Finally, the tensor part depends
on the orientation of the distance vector and the intrinsic spin of the two particles.

(1.1)

It is the tensor part of the monopole interaction that is responsible for the
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Figure 1.3: [llustration of the relative energies between the 7 f5/5 and mp3/y orbitals. As
more neutrons fill the vgg /o orbital, the relative energies of the 7 f5/5 and 7p3/5 orbitals
shift. The tensor interaction is repulsive between the mp3/5 and vgg,, orbitals, pushing
the mp3 /9 orbital up in energy, and attractive between 7 f5 /o and vgg 9, pulling the 7 f5 /5
orbital down in energy as the vgg/, orbital is filled. Figure from [14].

shell evolution when moving away from stable nuclei [8]. Using the neutron-rich
odd-odd Cu isotopes as an example, the vggs (I = 4,j = +3) orbital gradually
gets filled with neutrons for increasingly heavier isotopes. The unpaired neutron
can couple to the unpaired proton either in the 7ps;, (I = 1,5 = —|—%) or in the
Tfs2 (I = 3,5 = —%) orbital. The tensor force is repulsive if the proton and
neutron have the same coupling between orbital angular momentum and spin,
either j = [+ s or j = | — s, and attractive if they have the opposite coupling,
one having j = [ + s and the other j = [ — s. This leads to the mp3/, orbital
being pushed up in energy and the 7 f5/2 being pulled down in energy when adding
neutrons to the vgg/, orbital.

With the increasing number of neutrons in the vgg/, orbital the effect of the
tensor force on the mpz/; and 7 f5/, becomes so strong that the two orbitals cross
each other for the heavier Cu isotopes. For an odd nucleus in its ground state,
with a single unpaired proton or neutron, the whole spin of the nucleus will be
given by the unpaired nucleon. The odd-even Cu isotopes from neutron-deficient,
stable and up to neutron-rich Cu all have ground state spin 3/27, based on
the single uncoupled proton in the 2ps/, orbital. However, previous studies [11-13]
have found that the odd-even Cu isotopes “77Cu have a ground state spin of 5/27,
based on the uncoupled proton being in the 7 f5/, orbital. This indicates that with
enough neutrons in the vgg/, orbital, the mf5/, orbital is pushed down in energy,
and the mps/, up in energy, enough to cross each other. The effect is illustrated
in Figure 1.3. It is the same mechanism that explains the effect illustrated in
Figure 1.2, where the v f5/, orbital is pulled down in energy when adding protons
to the 7 f7/, orbital. In addition to being responsible for the new or disappearing
magic numbers, the consequences of the tensor interaction can also be seen in the
single-particle energies in odd-mass nuclei.

One accessible way to study proton-neutron interactions is by studying odd-
odd nuclei, where the unpaired proton and neutron couple to each other (particle-
particle) or an unpaired proton couples to a neutron hole (particle-hole). This
will reveal the tensor interaction better, and can be used to fine-tune future shell
model calculations even further from stability.
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1.1.2 Shell Model Calculations

While experimental results are valuable on their own, the gain in understanding
of the nuclear structure is greater when compared to theoretical calculations. It is
when theoretical predictions and experimental results come together that we can
gain the greatest knowledge, as the consistency between predictions and results
can reveal more about how well our understanding is. A significant part of the
papers in this thesis is therefore devoted to comparing the experimental results to
calculations.

Atomic nuclei are complex, and when all particles interact with each other, the
computation times scale exponentially for each particle added to the calculation.
Ab-initio calculations, where all interactions are treated by first-principal physical
forces, are therefore only currently possible for light nuclei with few nucleons.
In order to overcome higher-dimension problems, it is necessary to simplify the
calculations. Shell model (SM) calculations are one way of simplifying the many-
body problem. In addition to restricting how many high-lying orbitals are included
in the calculation, SM calculations also use an inert core that does not interact
with any of the particles in the valence space. Doubly magic nuclei are often
chosen as the inert core. In addition, it is possible to make further truncations by
limiting the number of nucleons allowed to be excited to specific orbitals.

SM calculations are successful for relatively light nuclei, but not always for
heavier cases that require larger model spaces or core-excited states. As they
restrict or do not allow for single-particle excitation across shell gaps or intruder
states, they can not be used to calculate nuclei with these types of excitations.
To overcome this problem, Monte Carlo Shell Model (MCSM) calculations have
been developed [15, 16], which apply Monte Carlo techniques to determine which
configurations are most important and exclude less important configurations.
MCSM calculations can thus calculate more complex problems than classical shell
model techniques and include a larger number of valence orbitals compared to
traditional SM calculations [17]. Specifically, it is possible to include more than
one major shell in the valence space, allowing calculations of intruder states that
are based on excitations across shell gaps. However, both the traditional and
the Monte Carlo Shell Model require experimental input to be able to treat the
interactions between the nucleons properly.

Any shell model calculation requires a model for the nucleon-nucleon
interaction that is adapted to the model space. This is referred to as the effective
interaction. The effective interaction can be obtained from the bare nucleon-
nucleon interaction, or by fitting the single-particle energies and the TBME to
experimental data. In order to refine these effective interactions, experimental
results for the mass-region of interest are needed. This can both be used to estimate
the validity of the theoretical calculations, and to improve calculations for even
more unstable nuclei. For the Cu isotopic chain, the new data on ""%"™8Cu are
the most exotic experimental results on odd-odd nuclei in the "®Ni-region. While
previous experiments on the odd-even Cu isotopes have revealed single-particle
structures that can be used to tune the SM calculations, the new results add
important information about the proton-neutron interaction for the first time in
this mass region.

8



1.1. Nuclear structure

In the shell model, the wave function is expanded in the basis of the single-
particle orbitals. When the orbitals are close in energy, the wave function of
a particle can be spread over multiple orbitals. One output of SM calculations
are occupation numbers, which show how many protons or neutrons occupy the
different orbitals. For ’clean’ and well defined states, the occupation numbers are
close to whole numbers for each orbital. If the numbers are not close to whole
numbers, the states are said to be more mixed and the wave function is more
spread.

1.1.3 Shape coexistence

Nuclei take on different shapes. While nuclei near closed shells generally have
spherical shapes, nuclei with open shells usually gain energy by assuming a
deformed shape. Prolate quadrupole shapes are the most common form of
deformation, but in some cases oblate quadrupole shapes or octupole (pear) shapes
are favoured. Shape coexistence refers to nuclei that can take on different shapes
based on their energy level [18, 19]. In a strict sense, shape coexistence involves
states that can be associated with distinct and well separated minima in the
potential energy surface, and whose configurations do not strongly mix. However,
mixing is generally present, and structures are often interpreted in terms of shape
coexistence even in the presence of configuration mixing.

Shape coexistence appears in widely different nuclei across the entire nuclear
chart, and different underlying dynamics appear to lead to shape coexistence in
different regions [18]. Because of this variation in underlying mechanisms and the
lack of a unified picture, the theoretical description of shape coexistence can be
challenging. Shape coexistence lies in-between the single-particle and macroscopic
pictures, as it can be driven by single-particle excitations but only seen specifically
in the macroscopic picture.

The direct measurement of nuclear shapes is very difficult, and in some cases
even impossible. It is therefore common practice to base arguments for shape
coexistence on indirect, but more accessible measurements. Especially band
structures, with their energy spacing and electromagnetic transition probabilities,
often provide a first indirect indication for shape coexistence. In any case,
spectroscopic 'fingerprinting’ is of great importance to investigate and establish
shape coexistence. Specific structures of the level schemes, especially y-decay
patterns between states, can be used to interpret the coexistence of shapes.

Another common argument for shape coexistence is the probability of
populating specific states through different reactions. An example of this is the
nucleon-pair transfer reaction at and near singly closed shells, which has been
shown to effectively populate 0T excited states at relatively low energies.

Isotopic chains along the singly-closed shells have been shown to exhibit shape
coexistence, with deformed excited 0 states with a deformed rotational band on
top. A textbook example of this phenomenon is the Sn isotopic chain. With 50
protons, the Sn isotopic chain lies on a magic number, and at the neutron-rich
and proton-rich sides we find doubly magic ®Sn and !32Sn. Excited 07 states
are found in all even-even Sn isotopes from ''°Sn to '?4Sn, many of which carry
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Figure 1.4: A literal textbook example, showing the development of the 0% excited
intruder states in Sn with rotational bands on top. Obtained from D.J. Rowe and J.L.
Wood, Fundamentals of Nuclear Models [21].

rotational bands on top. The rotational character of the bands built on the excited
0" states clearly suggests the presence of deformation. In addition, their strong
population in two-proton transfer reactions supports their interpretation as two-
proton-two-hole intruder states [20]. However, experimental data with evidence
for this excited 07 state is missing for more neutron-rich nuclei from 2°Sn and the
systematics across the entire shell is not yet completed. To shed more light on this
we have studied 2°Sn. It is known that the energies of the 0T deformed states are
lowest at mid-shell, but in order to properly understand how these evolve over the
entire shell, data on more exotic Sn isotopes are needed.

Another closed shell isotopic chain is the Ni chain. Figure 1.5 shows the
predicted 07 core excited states. For the neutron-rich Ni isotopes, the 0 state
is known experimentally for only ®Ni, which MCSM calculations predict to be
0" prolate intruder states. Only theoretical SM values were used in the Figure for
the heavier Ni isotopes. The 0T excited states show the same parabolic structure
as is seen in other closed-shell intruder states, indicative of shape coexistence.
According to the calculations, the excited 07 states in Ni are based on particle-
hole excitations across the Z = 28 shell gap. Their energies should therefore follow
the same trend as the energies of the core-excited = f7 /5 states in Cu, with a hole in
the 7 f7/, orbital. The figure compares the excitation energies of the core-excited
states in odd-mass Cu isotopes with the energies of excited 0" states in even-even
Ni isotopes. Cu isotopes are more accessible experimentally than their Ni isotones,
and we can learn more about shape coexistence in Ni from studying Cu. The 7/2~
states seem to follow the same parabola from %°Cu to ™Cu, indicating that both
the 0T states in Ni and the 7/2~ states in Cu are based on intruder configurations.
Similarly to how the 0% excited states in the Sn isotopic chain have a rotational
band of 2%, 47 6% on top, the 9/27 and 11/2~ states can be interpreted as
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Figure 1.5: Systematics of 0% intruder states in even-even Ni isotopes and the
corresponding intruder states in Cu. Figure from [14]. The Ni states are presented
in red and Cu states are presented in black. Stippled lines are MCSM predictions, while
filled lines are experimentally observed.

rotational excitations on top of the 7/27 states in the odd-mass Cu isotopes. In
order to completely confirm that these really are deformed bands, measuring the
B(E2) values is needed. However, the structure of the decay patterns and the
parabola across the shell give strong indications that shape coexistence should
also be expected for the Ni isotopes at the Z = 28 shell closure.
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Chapter 2

Introduction to the papers

This thesis presents case studies of nuclear structure for neutron-rich nuclei, both
far from stability and closer to the valley of stability. All nuclei studied are near
or at closed shells, and the experimental results are compared to shell model
calculations. While the first three papers present the structure of odd-odd nuclei
476,78 Cu, the fourth paper discusses the structure and shape coexistence in 126Sn.
In this way, this thesis includes both analysis of odd-odd nuclei only one proton
away from magic numbers (Cu, Z = 29), and an even-even magic nucleus (Sn,
Z =50).

The data presented in these papers are from two different experimental
campaigns. The Cu data were obtained in a large experimental campaign aimed
at studying many nuclei in the “Ni region. The Sn data are from a separate
experiment specifically designed for studying specific states in the nucleus of
interest. The two experiments and main analysis methods are presented below,
before the papers are included in their entireties following this chapter.

2.1 The Cu experiments

The data used for this analysis were gathered at two experiments performed in
2012 and 2013 at the RIKEN Nishina Center, Japan, as a part of the EURICA
campaign [22, 23]. The EURICA campaign was a large collaborative effort between
several institutes from different nations, where 12 Germanium Cluster detectors
[24] from the EUROBALL collaboration [25], each consisting of seven individual
HPGe detectors, were set up at the RIKEN facility [22]. The presented papers on
776,78 Cy are part of a long list of publications from these experiments, which aimed
at measuring highly exotic nuclei in the “®Ni region. The detector calibration and
pre-sorting of the data was done by Zhengyu Xu, who is a co-author of all three
Cu papers and the author of the PhD thesis [26] and paper [27] presenting the
measurement of 20 previously unknown [S-decay half-lives of neutron-rich nuclides
in the region around "®Ni from the same two experiments. The Oslo group was
responsible for analysing the data on ™~ ""Cu, where " Cu were analysed by
Frank Bello Garrote [12, 13]. The ™Cu data were later obtained from Megumi
Niikura, the main spokesperson of the experimental campaign, by request after
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Figure 2.6: A schematic drawing of the RIKEN facility (a) [28], with a highlight of the
decay station with EURICA and WAS3ABI, and a photo of the WAS3ABi detector (b).

7=T"Cu were analysed. An introduction to the experiment is presented in the
following section.

For heavy nuclei, the most stable isotopes have increasingly larger neutron-to-
proton ratios and fission of these heavy nuclei therefore results in fission fragments
that are relatively neutron rich. Taking advantage of this, a fission reaction
experiment was used to produce the neutron-rich exotic nuclei in the "®Ni region.
A beam of #8U is accelerated by four ring cyclotrons up to 345 MeV/u and
directed at a “Be target. The collision between the beam and target induces fission,
and the fission fragments were identified in the BigRIPS fragment separator and
the Zero-degree spectrometer. For an illustration of the facility, see Figure 2.6.
In BigRIPS, the fission fragments were separated and identified based on their
respective mass, atomic number, and charge. The separator was tuned to accept
nuclei in the region of interest which then reach the decay stations at the end of
the ZeroDegree spectrometer. The decay station was equipped with DSSSD silicon
strip detectors (WAS3ABI) organised in eight layers for particle detection and the
12 HPGe EUROBALL detectors for v detection. The highly pixelised WAS3ABi
detected the implantation of ions and the subsequent electron emitted in S decay,
and through time correlations the immediate v rays following the § decays could
be assigned to their nucleus of origin. Although the setup for the two experiments
was mostly the same, slightly different tuning of BigRIPS was used. While the first
experiment was tuned to optimise for "®Ni, the second experiment was optimised
for 81Zn. Data from both experiments were used for the analysis of all three nuclei,
but initial steps of the analysis had to be done for the two experiments separately
and then later combined.

2.1.1  Analysis of the Cu data

Before the presented analysis of the Cu isotopes, no excited states were known
for any of them. Level schemes are obtained by studying v-v coincidences, where
data is sorted into coincidence matrices, i.e. two-dimensional energy histograms of
~ rays that were detected within a prompt time window. Slicing the coincidence

14



2.1. The Cu experiments

- 1532
S
:_(3 S 1327
Y ?
' ; 1052
[sY]
Tyl
=
' 0

Figure 2.7: Partial level scheme for “Cu, showing four of the strongest transitions that
together establish three excited states. States and v transitions are marked by their
energies in keV.

matrix at the energy of a specific transition, so-called gating, produces a one-
dimensional spectrum of the coincident transitions. Investigating which ~-ray
transitions are coincident and which are not allows constructing the level scheme.
However, the time resolution for v ray detection is not sufficient to tell in which
order they were emitted. To place them in the correct order, one can either study
their intensities or look at other transitions to determine the decay pattern. An
example is shown in Figure 4 in Paper I. When gating on the 1052 keV peak in the
~v-v spectrum, several peaks are seen. One of them is the 480 keV peak. Gating
on this one only returns the 1052 keV peak. This indicates that the 480 keV peak
should be on top of the 1052 keV peak. Likewise, the 275 and 205 keV peaks are
in mutual coincidence, but the 275 keV transition is more intense, which can only
be explained if the transition receives feeding both from the 205 keV transition
and from [ decay directly. To compare transition intensities, one has to take the
energy-dependent efficiency of the detectors into account. The two transitions of
275 keV and 205 keV are not in coincidence with the 480 keV transition, but the
sum of them is 480 keV. This is a clear indication that they form a parallel cascade
to the 480 keV transition. The corresponding level scheme is then drawn as shown
in Figure 2.7 based on this y-y coincidence analysis example. The systematic
analysis of coincidence relationships, energy sums and differences, and intensity
arguments allowed constructing the final level schemes step by step.

The ~-ray intensities are not only important to build up the level scheme, but
also to determine the [-decay feeding intensity into the excited states. Using the
Radware gf3 software [29], the peaks are fitted for the two experiments separately
using the single y-ray spectra without any time restrictions. These fits give a curve
with a corresponding centroid (energy) and area (counts), both with uncertainties
from the fit, as illustrated in Figure 2.8. The energy of a peak is calculated as the
mean of the two energies obtained from the two experiments. The ~-ray intensity is
found by correcting the peak areas from the Radware fit for the detector efficiency,
still separated into experiment one and two because the efficiency curves for the
detectors were slightly different for the two experiments. The intensities from the
two experiments are then summed to find the total intensity of the transition. This
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Figure 2.8: An example of the peak fitting. The black line is the fit of the red histogram
containing the experimental energy histogram. The program finds and subtracts the
background level and gives the area and energy of each peak as output. Energies are
given in keV and areas are given in number of counts.

is divided by the number of ions detected! to give the absolute intensity. These
are the intensities presented for each transition in the Cu papers.

The absolute intensities for the v-ray transitions are used to calculate the
feeding to each state, which is a measure of how strongly the different states are
directly populated in the 5 decay. The [ feeding is calculated by summing the ~-
ray intensities of transitions from a state, and subtracting the feeding to the state.
An example is showed in Figure 2.9. The state X is fed directly by 5 decay and
by two vy-ray transitions from higher-lying states, 400 keV with absolute intensity
7% and 250 keV with absolute intensity 5%. State X then decays by two 7-ray
transitions, at 100 keV and 200 keV, with intensities 10% and 20%, respectively.
The ( feeding is then calculated as

B(X) = I1(200) + I1(100) — I(400) — I(250)

=20% + 10% — 7% — 5% = 18%

In addition to -feeding to each state, another useful tool to describe the feeding
to each state are log ft values [30]. These were obtained from the experimental
intensities using the NNDC log ft calculator [31]. The strength of g-decay is
classified into allowed transitions or transitions of various degrees of forbiddenness
depending on the spin difference between the mother and daughter nucleus. These
different decays have characteristic log ft values. For example, allowed Gamow-
Teller 0% to 17 transitions typically have 4 < log ft < 6 [30]. Based on these
values, it is possible to constrain spin values for the states in the §-decay daughter
nucleus and in some cases also assign spin without measuring it directly. However,
the log ft distributions for different spins overlap, as illustrated in Figure 2.10, and

!The method of finding the number of ions is described in Paper III.
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Figure 2.9: Illustration on how to calculate the g feeding to a given state, X.

can therefore not always be used for firm spin assignments, but rather to constrain
possible spin values. A more direct way of measuring spin is presented in the
context of the 126Sn analysis.

In the articles, we present the logft values as lower limits and (-decay feeding
as upper limits and argue that this is due to missing feeding and the so-called
Pandemonium effect [32]. The Pandemonium effect appears in §-decay studies of
highly unstable nuclei with high )s-values. For more stable nuclei with relatively
low Qs values, the total S-decay feeding is usually shared between observed states.
For an exotic nucleus with a high ()g-value, the 3 decay feeds several states in the
daughter nucleus, including high-energy states. The following ~-ray transitions
from these high-lying states might go unobserved due to the limited efficiency for
high-energy + rays in the detectors. In these cases, the § feeding to lower-lying
states will mistakenly be larger than they in reality are, as the observed feeding to
these states are the sum of the real [ feeding and the unobserved ~ feeding. An
example is illustrated in Figure 2.11. Here, a hypothetical state at 2 MeV receives
10% of the ( feeding, while the state at 6 MeV receives 4% of the feeding. However,
the state at 6 MeV goes unobserved in the experiment due to low statistics for the
high-energy v rays. As only the v decay from (and not to) the 2 MeV state is
observed, the feeding to the 2 MeV state is erroneously observed as 14%, instead
of 10%. Consequently, the logft-value will be calculated as if the state receives
14% feeding, and the log ft will be lower than the correct value.

2.2 The Sn experiment

The '26Sn data are obtained from an experiment carried out at the Tandem
Laboratory of the Horia Hulubei National Institute for Physics and Nuclear
Engineering (IFIN-HH), Romania, during the autumn of 2019. The main objective
of this experiment was to find evidence for excited 07 state(s) to be able to continue
the systematics of the isotopic chain, where excited 0T states are observed for the
even-even isotopes between A = 110 and A = 124. For the excited 0" states near
neutron mid-shell around 1°Sn there is strong evidence that they are built on
deformed intruder configurations with particle-hole excitations across the Z = 50
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Figure 2.11: Tllustration of missing feeding. In reality, the mother nucleus feeds both
the 2 and 6 MeV states. However, only the state at 2 MeV and its decay are observed.
Because the [-feeding to each state is not measured directly but calculated based on
outgoing and incoming v rays, the S-feeding to the state at 2 MeV is mistakenly measured
as 14%.

shell closure [33]. The experiment on '*°Sn had the goal to learn more about the
nature of excited 0% states by extending their systematics towards heavier isotopes.
Previous studies of 2Sn provided information about excited states through the 3
decay of 1%In [34], similar to the way the Cu isotopes are studied in this thesis.
However, 3-decay from ?6In to '26Sn originates from the 3(*) ground state or the
(87) isomeric state. With -decay from higher spin-states, it is much less likely to
populate 0 states.

As the 07 excited state(s) were the main motivation to study '?°Sn, the
experimental method was chosen specifically for its ability to populate excited
0" states. The ideal reaction to study deformed 0" states based on two-particle-
two-hole excitations in 2°Sn would be the two-proton transfer reaction on '?*Cd,
e.g. 1?2Cd(3He,n)'?Sn. This would require a radioactive 1**Cd beam, a *He target,
and the detection of neutrons, all of which are experimental challenges. On the
other hand, two-neutron transfer reactions have been shown to populate excited
0" states, including deformed intruder states, although with lower cross section
(33, 35].

The '26Sn experiment was inspired by a similar experiment using the two-
neutron transfer reaction at IFIN-HH to populate excited 07 states in %Ni,
showing evidence for three previously unobserved 07 states [35]. An 'O beam
was accelerated by the 9 MV Tandem accelerator to 56 MeV, slightly below the
Coulomb barrier, and directed at a '24Sn target. As the O beam contains two
excess neutrons outside a doubly magic core, this projectile has a relatively high
probability of transferring a neutron pair in a nuclear reaction. However, other
possible reactions using the same beam and target also have high cross sections
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and the data shows high amounts of both fusion evaporation reactions and «
transfer reactions. The 124Sn target was mounted in the HPGe array ROSPHERE
[36] for y-ray detection, using the SORCERER [37] particle detector to detect
ejected fragments after the collision. By applying energy and time conditions on
the events detected with SORCERER and allowing only ~-ray events detected in
coincidence with this, the v ray spectra could be greatly cleaned by suppressing
fusion evaporation channels, and to some extent also a transfer reactions.

2.3 Analysis of the '*°Sn data

As '26Sn is less exotic than the ™76"8Cu isotopes, a partial level scheme of '?6Sn
was already known from previous experiments with the first spectroscopy studies
being performed as early as the 1970s [34]. This is the first time that a two-neutron
transfer reaction is used in combination with high-resolution 7-ray spectroscopy.

The first step of the analysis was to expand the level scheme and look for
new excited states. This is done using -y coincidence relations, similar to the
analysis of the Cu isotopes. Most importantly, we were looking for 0% candidates,
likely to be populated directly in the reaction and then decay to the 2% excited
states. Other new states are also of interest even if they are not 0" candidates,
and a thorough v-v coincidence analysis was performed to look for those. After
establishing the expanded level scheme and finding 0™ candidates, the next step
was to study the spins to firmly assign possible 07 states.

In theory, if the orientation of a nucleus is known, it is possible to measure the
angular distribution of the emitted ~ rays with respect to the spin orientation of the
nucleus, which provides information on the multipolarity of the ~-ray transition.
If the spin of either the initial or final state is known, the multipolarity of the
transition constrains the spin of the other state. However, the orientation of a
nucleus is usually unknown and indirect methods must be applied in order to utilise
angular distributions. One method is to measure the relative angles between two
~-ray emissions in a cascade. The detection of the first v ray at a specific angle
puts constraints on the spin orientation of the nucleus in the intermediate state,
and the angular distribution of the second transition is then measured with respect
to this anisotropic spin orientation. Using a setup with y-ray detectors covering
a large range of angles, it is possible to determine the angular correlation as a
function of relative emission angles and compare this with theoretical functions
for different spin sequences.

The angular distribution of y-ray emission is given by the difference between
spin I; of the initial state and spin I of the final state. When looking at subsequent
~ transitions in a cascade, their angular correlation is given by the function

W(0) =14 AyPs(cos ) + AyPy(cosh), (2.1)
where the P,(cosf) are Legendre polynomials, and A, and A, are angular

correlation coefficients that depend on the spins, multipolarities, and mixing angles
of the states and transitions in the cascade. The theoretical angular correlation
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Figure 2.12: Theoretical distribution of angles between two ~ rays in a cascade for
different spin transitions assuming pure multipolarities with no mixing.

coefficients, which can be calculated or found in Tables [38] have to be corrected
for the finite opening angles of the detectors.

This method could be used to obtain the spin of the newly observed states
in 126Sn. In practice, the theoretical angular distribution between two 7 rays is
plotted for several possible spin assignments and compared with the experimental
data. A plot of the theoretical angular correlation for cascades with various spin
sequences is shown in Figure 2.12.

To perform the angular correlation analysis, the angle between each individual
detector pair was used. With 25 HPGe detectors the total number of detector
pairs is 25 x 24/2 = 300. Detector pairs of similar relative angles are grouped
together to increase statistics for each data point. Exploiting the fact that the
angular distributions for different spin transitions are symmetric about 90 degrees
(see Figure 2.12), the angles above 90 degrees are instead grouped with their
counterpoint below 90 degrees, giving more data points to each angle under study.
The different groups are presented in Table 2.1.

Because the groups have different numbers of detector pairs, and thus also much
variation in the amount of statistics, the number of events have to be normalised.
An example case is presented in Figure 2.13, showing two transitions decaying
to the first excited 2% state, which further decays to the 07 ground state. The
909 keV transition decays from a known 4" state, and the 1068 keV decays from
a state with unknown spin. It is the spin of this state that we are trying to
measure. In order to perform the analysis we need both significant statistics in
the 1068 keV and the 1141 keV transition in coincidence and another transition
(909 keV) feeding into the 1141 keV state from an excited state of known spin.
The ~-ray coincidences are sorted into -y matrices depending on the relative angle
between the detector pair that detected the event. For each angle group, we gate
on the 1141 keV transition in the v-v matrix and measure the area of the 909 and
1068 keV transitions. The area of the 1068 keV transition is then normalised to the
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Table 2.1: Table presenting the eight groups of detector angles giving one data point
each. In each group, there are slightly different angles between the detector pairs, which
are presented in the second column. The two columns to the right present the number
of detector pairs per angle and the total number of detector pairs per group.

Group | Angles in group | # detector pairs | # in group
21 20 20 40
21 20
33 20
34 34 20 50
36 10
40 10
42 41 60 110
43 40
53 53 40 40
58 20
60 61 40 100
63 40
67 20
70 70 20 50
72 10
73 73 60 70
74 10
79 80
81 81 20 140
84 40
=7
1=4"
1068
909
=2"
1141
1=0" A4

Figure 2.13: An example level scheme, showing a 1068 keV transition decaying from a
state with unknown spin. In order to properly normalise the data, the intensity of all
three transitions needs to be measured.
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Table 2.2: Theoretical angular correlation coefficients A, and A4 for selected spin
sequences [38, 39], assuming pure multipolarities with no mixing.

0-2-0 | 1-2-0| 2-2-0 3-2-0 4-2-0 5-2-0
A | 0.357142 | -0.25 | 0.249999 | -0.0714286 | 0.102041 0.178571
Ay | 1.142857 0 0 0 0.00907129 | -0.00432900

area of the 909 keV transition, taking the angular correlation of the 4-2-0 cascade
into account, as described in Paper IV. Normalising in this way by a transition
of known multipolarity eliminates the dependence of the angular correlation on
the detector efficiencies and opening angles. The normalised angular correlation
angular correlation data can then be directly compared with theoretical angular
correlation functions for different hypotheses for the unknown spin of the initial
state.
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Nuclei in the vicinity of ®Ni are important benchmarks for nuclear structure, which can reveal changes in the
shell structure far from stability. Spectroscopy of the odd-odd isotope "8Cu was performed for the first time in an
experiment with the EURICA setup at the Radioactive Isotope Beam Factory at RIKEN Nishina Center. Excited
states in the neutron-rich isotope were populated following the 8 decay of "®Ni produced by in-flight fission and
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separated by the BigRIPS separator. A level scheme based on the analysis of y-y coincidences is presented.
Tentative spin and parity assignments were made when possible based on the §-decay feeding intensities and
y-decay properties of the excited states. Time correlations between 8 and y decay show clear indications of an
isomeric state with a half-life of 3.8(4) ms. Large-scale Monte Carlo shell-model calculations were performed
using the A3DA-m interaction and a valence space comprising the full fp shell and the 1g9,, and 2ds,, orbitals
for both protons and neutrons. The comparison of the experimental results with the shell-model calculations
allows interpreting the excited states in terms of spin multiplets arising from the proton-neutron interaction. The
results provide further insight into the evolution of the proton single-particle orbitals as a function of neutron
number, and quantitative information about the proton-neutron interaction outside the doubly magic "*Ni core.

DOI: 10.1103/PhysRevC.107.044301

I. INTRODUCTION

One of the fundamental questions in nuclear physics is
how nuclear structure changes when moving away from
well-known stable nuclei towards exotic nuclei with large
proton-neutron asymmetry. Doubly magic nuclei and their
neighbors play a crucial role for understanding the mecha-
nisms that affect the energies and ordering of single-particle
orbitals and the size of shell gaps [1,2]. The nucleus "®Ni is
of particular interest for studies of shell evolution. With 28
protons and 50 neutrons, it has the largest neutron-to-proton
ratio of all closed-shell nuclei with traditional magic numbers.
The doubly magic character of ®Ni was recently confirmed in
a spectroscopic study that identified the first excited 27 state at
a high excitation energy of 2.6 MeV [3]. Robust shell closures
for both Z =28 and N =50 are consistent with B-decay
half-lives of nuclei in the region [4] and with the masses of
neutron-rich Cu isotopes [5]. Nuclei with few valence parti-
cles or holes outside a "®Ni core represent therefore important
benchmarks for theoretical models. The nucleus *Cu with
Z =29 and N =49 is ideally suited to obtain information
about the proton-neutron interaction outside the ®Ni core.
Properties of nuclei in the vicinity of "®Ni, in particular masses
and B-decay half-lives but also the occurrence of isomeric
states, are furthermore important for modeling the nucleosyn-
thesis in the region of the first 7-process abundance peak [6,7].

Earlier experiments in the "*Ni region have seen evidence
for an inversion of the proton 72p3,, and m1fs,, orbitals
[8,9]. The ordering of the two states becomes inverted in Cu,
where the ground state was found to have I = 5/27 [8], and
an isomeric 3/27 state was found at very low excitation en-
ergy [10]. The excitation energy of the 3/2~ state continues to
increase relative to the 5/2~ ground state in ”’Cu [9] and ”°Cu
[11], consistent with the crossing of the 7 1fs,, and w2p3),
orbitals. The change in single-particle energies was explained
by the monopole component of the tensor interaction, which is
attractive between the v1gog/, and 7 1 f5, orbitals but repulsive
between the vlgg,» and w2ps3,, orbitals [12]. In 8Cu, with
only one proton and one neutron hole outside the doubly
magic core, relatively pure configurations are expected. The
ground state and excited states at low excitation energy are
expected to be dominated by the negative-parity multiplet
arising from the coupling of an odd proton in the m1fs),
orbital with a neutron hole in the v1gy,, orbital.

The easiest way to couple the valence particles to positive-
parity states is by neutron excitation from the v2p;, into

the v1gg,, orbital, leaving an unpaired neutron in the v2p;/,
orbital. Positive-parity states are expected to be found at
higher excitation energy, and those with low spin are expected
to be strongly fed in B8 decay by allowed transitions.

Shell-model calculations for the heavy odd-odd Cu iso-
topes were performed earlier by Van Roosbroeck et al. using
schematic § and quadrupole-quadrupole (QQ) interactions for
single proton and neutron shells outside a *Ni core, as well
as using a larger valence space comprising the pf and 1g9/,
orbitals for both protons and neutrons with a more realistic
interaction [13]. The results of the calculations reflected the
transition from particle-particle to particle-hole coupling as
neutrons fill the vige,, orbital, consistent with expectations
from the parabolic rule [14].

Monte Carlo shell-model (MCSM) calculations [15] based
on a larger valence space outside a “°Ca core with the
A3DA-m interaction [16] were able to reproduce detailed
spectroscopic data for both 7’Cu [9] and 7Cu [11]. Extending
the experimental spectroscopic information to heavier odd-
odd Cu isotopes is crucial for understanding the interaction
between proton particles and neutron holes outside the "*Ni
core and to provide additional benchmarks for the MCSM
calculations. It was furthermore shown that residual proton-
neutron interactions between the pf and sdg shells have
implications for calculating electron-capture rates during core
collapse supernovae [17].

Before the present experiment, no excited states in BCu
were known. Its half-life has previously been measured to be
330.7 £ 2.0 ms [4]. Magnetic-dipole and electric-quadrupole
moments have been measured for the ground states up to A =
78 [18], which found a tentative assignment of (6~) for "3Cu.
The present work provides the first spectroscopic information
on the odd-odd isotope "Cu. Experimental details and the
data analysis are described in Secs. II and III, respectively.
Results including spectra, level schemes, and spin-parity as-
signments, are presented in Sec. IV. The results are discussed
and compared with MCSM calculations in Sec. V, followed
by a summary and conclusions in Sec. VI.

II. EXPERIMENTAL SETUP

The data presented in this article were obtained in exper-
iments carried out at the Radioactive Isotope Beam Factory
(RIBF) of the RIKEN Nishina Centre for Accelerator-based
Science outside Tokyo, Japan, during two separate beam times
as part of the EURICA campaign [19]. A primary beam of
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238y was accelerated subsequently by four cyclotrons to an
energy of 345 MeV per nucleon with an average intensity
of 10 pnA. In-flight fission reactions of the incident 23U
projectiles were induced on a °Be target of 555 mg/cm?
areal density, which was located at the FO focal point at the
entrance of the BigRIPS fragment separator [20]. The fission
fragments were separated in the first stage of the BigRIPS
separator by using the Bp-AE-Bp method [21]. Particle iden-
tification (PID) was performed in the second stage of the
fragment separator by combining information on the time-of-
flight through the separator with the magnetic rigidity Bp and
the characteristic energy loss AE of the fragments. The ions
of interest were further transmitted through the ZeroDegree
spectrometer [21] to the focal point F11, where their 8 decay
and subsequent y-ray emission were detected. A resulting PID
plot can be found in Ref. [4]. The settings of the BigRIPS
separator were optimized for the transmission of "8Ni and
817n, respectively, during the two experiments.

The separated fission fragments were implanted into the
wide-range active silicon-strip stopper array for beta and ion
detection (WAS3ABIi) [22], which consisted of a stack of
eight double-sided silicon strip detectors (DSSSDs). Each
detector had 60 horizontal and 40 vertical strips of 1 mm
pitch, resulting in a total of 2400 pixels of size 1 x 1 mm?
per detector. Each detector had a thickness of 1 mm, with
0.5 mm separation in depth between the detectors. To ensure
that the ions were stopped in the center of WAS3ABI, a thin Al
degrader was located in front of the detectors. The WAS3ABiI
array was surrounded by the EURICA array of 12 Euroball
Cluster detectors. Each Cluster detector consisted of seven
HPGe detectors, yielding a total of 84 Ge crystals with an ab-
solute photopeak efficiency of ~6.5% for 1.3 MeV y rays. Ion
implantation, 8 decay, and y decay events were recorded in
time-stamped list mode, allowing the correlation of y-decay
events with the B decays of specific fission fragments that
were identified in mass and atomic number. More details on
the experimental setup can be found in Refs. [19,22].

II1. DATA ANALYSIS

As a first step, subsets of data were generated according
to the atomic number Z and mass number A of the ions that
were identified in BigRIPS and implanted into WAS3ABi.
Ion implantation events were correlated in time and posi-
tion with subsequent 8 decays. A total of 7.2 x 103 "8Ni
ions were implanted, and 3.0 x 103 correlated B-decay events
were detected. The -decay half-life of *Ni was found to be
Ti/» = 122.2(51) ms in a separate analysis of the same data
[4], while the Qg value is 9910 (400) keV [23]. Finally, y
rays detected in the Ge detectors were correlated in time with
B-decay events in the Si detectors. The data from the two
experiments were analyzed separately, and the resulting y-ray
spectra and y-y coincidence matrices were combined after-
wards. The individual steps of the data analysis are described
in more detail in the following.

Signals from heavy-ion implantation in the DSSSDs are
easily distinguished from the detection of B-decay electrons
by their signal amplitude. For each implantation event of a
8Ni ion, the data were scanned for the subsequent 8 decays

within a given time window of 2 s. If more than one S-decay
event were registered within the correlation time window, only
the first one was considered. To reduce the number of random
coincidences between implantation and 8-decay events, it was
required that the implanted ion and B-decay electron were
detected in the same, a neighboring, or next to neighboring
pixel of the same DSSSD layer.

Finally, correlated events between implanted ions and
B decays were used to select y rays that were promptly
following the B decay of 7®Ni, within a time window of
approximately 200 ns. The information on the time difference
between B decays and detected y rays was furthermore used
to search for isomeric decays. In the case that two neighboring
crystals within the same Ge cluster detector gave coincident
signals, their energies were summed to account for Compton
scattering and to increase the detection efficiency for y rays
with high energy.

y-ray singles spectra were sorted for different correlation
time windows between the ion implantation and B-decay
events. Because the detection efficiency for electrons in the
DSSSD is less than 100%, the B decay can remain unde-
tected. In case a subsequent 8 decay (or B-delayed neutron
decay) occurs within the correlation time window, y rays from
the decay daughter or even granddaughter can appear in the
spectrum. Limiting the correlation time to short intervals of
the order of the half-life of 7®Ni strongly suppresses y rays
originating from subsequent decays but also removes y rays
occurring within *Cu. The relative suppression of y rays as
a function of correlation time was used to assign unknown
y rays to *Cu. Known y rays following the decay of "8Cu
into 8Zn, [13] were used to validate the procedure. After the
assignment of the strongest y rays to '8Cu, the strict time
constraint between implantation and 8 decay was relaxed to
search for y-y coincidences and to construct the level scheme
in a compromise between high statistics for the y rays of
interest and suppressing y rays from daughter decays.

Figure 1 shows a y-ray singles spectrum for "8Cu. To max-
imize the level of statistics, a relatively long correlation time
window of 2 s was used, resulting in stronger contributions
from the daughter decays in 77-’8Zn. All peaks that are la-
beled by their energy were assigned to "Cu. Some transitions,
however, could not be placed in the level scheme because
of lacking y-y coincidence relationships. These transitions,
which are labeled by their energies in parentheses, were as-
signed to "Cu based only on their time correlation with the
B-decay detection. Where possible, coincidence relationships
between y rays were used to validate their assignment to
8Cu. Examples for gated coincidence spectra are shown in
Fig. 2. Only y rays that could be placed unambiguously were
included in the level scheme.

The absolute intensity of S-decay feeding was determined
from the intensity balance of y rays feeding and depopulating
a given state, which was corrected for detection efficiency
and internal conversion and normalized to the number of
implanted ions. However, because of the incomplete level
scheme and missing y-ray feeding from above, this apparent
B feeding is only a limit, and a conversion into log ft values is
not meaningful. The probability for S-delayed neutron emis-
sion was measured to be P, = 25.8(38)% [24]. The observed
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FIG. 1. y-ray singles spectrum for "*Cu. Note that the higher-energy regions of the spectrum were scaled by the indicated factors. An ion-f
correlation window of 2 s was used. Peaks marked by their energy (in keV) are transitions assigned to "*Cu. Energies are given in parentheses
for transitions that were assigned to "*Cu but could not be placed in the level scheme. Transitions following the subsequent 8 and S-n decay
of "8Cu are labeled as *Zn and 7’Zn, respectively. The 505 keV transition appears in both 3Cu and the 8-n daughter "'Zn.

apparent 8 feeding accounts for less than 58% of the decays
of implanted ions. Taking into account P,, less than 78% of -
decay feeding was observed. The values for the total observed
feeding represents only upper limits and a significant fraction
of feeding strength could therefore remain unobserved.

IV. RESULTS

The decay scheme for ®Cu is shown in Fig. 3. The
information presented in the decay scheme is furthermore
summarized in Table I, together with information on y-ray
intensities and uncertainties for all quantities. It should be
noted that no excited states were known prior to the present
experiment. The analysis of time correlations allowed asso-
ciating 16y-ray transitions with ’Cu, as indicated in Fig. 1.

Of these, seven could be placed in the decay scheme based on
their coincidence relationships.

The ground-state spin of "®Cu was previously assigned as
(4,5)” [13] based on the feeding of states in the B-decay
daughter 787n, and, in later works, as (67) [25] and (57) [26].
A laser spectroscopy experiment showed best agreement with
I = 6, suggesting a ground-state spin-parity of (67) [18].

The three strongest transitions, with energies of 49, 79,
and 156 keV are in mutual coincidence, as shown in Fig. 2.
Because they are much stronger than any other transition, it is
reasonable to assume that they form a cascade built on the
ground state. It can be furthermore assumed that the low-
energy transitions connect members of the negative-parity
mlfs; x vl gg/lz multiplet, because other configurations are
only expected at higher excitation energy. The intensities
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FIG. 2. y-y coincidence spectra for BCu gated on the (a) 49 keV, (b) 79 keV, (c) 156 keV, (d) 859 keV, and (e) 1503 keV transition.
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FIG. 3. Experimental level scheme for 8Cu and comparison to MCSM calculations (see text for details).

of the three transitions are approximately the same when
taking electron conversion into account and assuming M1
multipolarity. Other multipolarities for transitions between
negative-parity states would result in significantly higher con-
version coefficients. As an example, the conversion coefficient
for a 49 keV transition of M1 multipolarity is 0.385, whereas
itis 8.98 for £2 multipolarity [27]. Other multipolarities than
M1 would therefore either require strong B feeding, which
would be highly forbidden, or strong y feeding that is only in
coincidence with one or two transitions within the cascade, for
which there is no evidence in the data. Higher multipolarity
for transitions with such low energy would in addition result in
relatively long lifetimes and delayed coincidences, whereas all
three transitions are in prompt coincidence. It can therefore be
concluded that the three strongest transitions form a cascade
of M1 transitions feeding a (6~ ) ground state from a (37) state
at 284 keV. However, the data do not provide any indication
for the ordering of the three transitions. According to the

empiric rule established by Paar [14], the energies in proton-
neutron multiplets with particle-hole character are expected
to follow a parabolic trend with /(/ + 1) and a minimum at
spin I = j; + j, — 1, which is equal to six in the case of the
mlfs; X vlg;/l2 configuration. With the ordering of the three
transitions within the cascade as shown in the level scheme of
Fig. 3, the states fit the expected parabolic trend well, which
seems to justify this choice.

The singles spectrum in Fig. 1 shows a transition of 283
keV, and one would be tempted to place this transition as
the decay from the 284 keV state. However, the 283 keV
transition is not in coincidence with any of the transitions
feeding the 284 keV state, as can be seen in Figs. 2(d) and 2(e).
Furthermore, the transition would have M3 multipolarity if it
was depopulating the 3~ state and would therefore unlikely
be prompt. Any other ordering of spins for the low-energy
states that would allow a prompt 283 keV transition would
be in conflict with the observed intensities for the low-energy
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TABLE I. y-ray energies and intensities, along with their initial-
state excitation energies, spin and parity, and g feeding.

E, (keV) L, (%) E; I B feeding (%)
X 1143+ X Ov™)

49(1) 43(4)* 49(1) 57) 0
79(1) 44(1)* 128(2) “4) <11
156.1(2) 33(1)* 284(2) 37) <14
282.6(7) 12(1) 14257+ X (1) <12
464.5(5) 12(1)

505(2) 9(1)

575(3) 10(1)

779.9(6) 7(1)

859.0(6) 13(1) 1143(2) 2%

984.5(6) 16(1) 2128(2) <16
1293(3) 2(2)

1503(4) 6(2) 1787(4) <6
1778(4) 3(2)

1960(2) 2(1)

2130(3) 2(1)

2525(3) 2(1)

2Corrected for internal conversion assuming pure M 1 character.

transitions. It is therefore concluded that the 283 keV transi-
tion is originating from a state at higher excitation energy.

The 859, 985, and 1503 keV transitions were clearly seen
in the y-ray singles spectrum (see Fig. 1). Based on their
time correlations with 8 decay, they can be identified as be-
longing to "8Cu. All three transitions are in coincidence with
the cascade of three low-energy transitions, as can be seen
in Fig. 2. In addition, the 859 and 985 keV transitions are
in mutual coincidence. Consequently, the 859 and 1503 keV
transitions are placed on top of the (37) state at 284 keV
excitation energy, and the 985 keV transition on top of the
859 keV transition, feeding a state at 1143 keV excitation
energy. With only few transitions placed in the level scheme,
the observed B feeding is incomplete and cannot be used
for spin assignments. Because the higher-lying states are less
likely to be affected by unobserved y feeding, they are likely
to have low spin. The proposed decay scheme is therefore
consistent with bridging the large spin gap between states that
are fed by allowed g transitions and a (6~) ground state.

The analysis of time correlations in the decay of ®Cu
revealed clear evidence for an isomeric state, as is illustrated
in Fig. 4. The spectrum in Fig. 4(a) shows y rays following the
implantation of ions identified as "*Cu [7},2 = 330.7(20) ms]
within 200 ms. As expected, the spectrum shows the known
transitions in "®Zn and 7’Zn [26]. The spectrum also shows
hints of the 156 and 859 keV transitions originating from
excited states in *Cu. When selecting a short correlation time
of 5 ms, as shown in Fig. 4(b), the cascade of low-energy
transitions and the 859 keV transition of "8Cu appears in the
spectrum. The spectrum of Fig. 4(b) was further cleaned by
selecting events where a low-energy signal was detected in
the same DSSSD pixel as the ion implantation, reducing the
efficiency for f-decay events and enhancing events originat-
ing from conversion electrons. The delayed y-ray spectrum
shows the 859 keV transition, but not the one at 985 keV.
This confirms the ordering of the cascade, and clearly shows
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FIG. 4. (a) Decay spectrum of "Cu ions within 200 ms from
implantation in the DSSSDs, revealing known transitions in 8Zn and
the 115 keV transition in ”’Zn. The small peaks at 156 and 859 keV,
originating from excited states in ®Cu, indicate the presence of an
isomeric state. (b) Decay spectrum of "®Cu within 5 ms, with an ad-
ditional condition that a low-energy signal was detected in the same
DSSSD pixel as the ion implantation. (c) Time difference between
implantation of "Cu ions and detection of low-energy signals in
the DSSSD, with an additional condition that one of the four y-ray
transitions following the decay of the isomer [as seen in spectrum
(b)] was detected in EURICA. The exponential fit yields a half-life
of Ty, = 3.8(4) ms.

that the isomeric state is located above the state at 1143 keV.
The absence of the 283 keV transition in the delayed spectrum
furthermore confirms that it does not originate from the (37)
state. Because the 283 keV transition is relatively strong, but
not seen in coincidence with any other transition, it seems
likely that it is feeding the isomeric state.

The time spectrum of the isomeric decay is shown in
Fig. 4(c), from which a half-life of 7, = 3.8(4) ms can be ex-
tracted. The spectrum shows the time difference between the
implantation of a "®Cu ion and the detection of a low-energy
signal in the same pixel of the DSSSD, with an additional
condition that one of the four y-ray transitions following the
decay of the isomer was detected. The fact that the decay from
the isomer to the state at 1143 keV remained unobserved could
be explained by a small energy difference and consequently a
large conversion coefficient, consistent with the conversion-
electron signal observed in the DSSSD.

Any spin assignment with / > 1 for the isomer would be
incompatible with the observed half-life of 3.8(4) ms. For a
17" state, for example, a M2 transition of at least 859 keV to
the (37) state would likely result in a half-life of nanoseconds
rather than milliseconds. A 1~ assignment or any higher spin
would result in prompt decay to one of the low-lying states.

52 044301-6



FIRST SPECTROSCOPIC STUDY OF ODD-ODD "#Cu

PHYSICAL REVIEW C 107, 044301 (2023)

TABLE II. Occupation of proton and neutron orbitals in f pgo,»ds/ spaces.

E MeV) J” w112 T2p3p w1fsp T2p1p wlg9s 7w lds), vlfip v2p3pn vlfs), v2pip vigy, vlds)
0.000 6~ 7.73 0.25 0.96 0.02 0.04 0.01 7.99 3.99 5.99 1.99 8.86 0.19
0.046 5” 7.71 0.33 0.87 0.03 0.04 0.01 7.99 3.99 5.99 1.99 8.85 0.20
0.178 4= 7.71 0.35 0.84 0.05 0.04 0.01 7.99 3.99 5.99 1.98 8.83 0.21
0.221 3~ 7.74 0.46 0.73 0.02 0.04 0.01 7.99 3.99 5.99 1.99 8.86 0.18
0.477 5” 7.70 0.87 0.30 0.07 0.04 0.01 7.99 3.99 5.99 1.98 8.84 0.21
0.562 4= 7.74 0.84 0.34 0.03 0.04 0.01 7.99 3.99 5.99 1.98 8.85 0.19
0.921 6~ 7.71 0.95 0.25 0.03 0.05 0.01 7.99 3.98 5.99 1.98 8.88 0.18
0.987 2" 7.63 0.26 1.04 0.02 0.04 0.01 7.99 3.92 5.92 1.15 9.78 0.24
1.018 3* 7.60 0.26 1.07 0.02 0.04 0.01 7.99 3.95 5.88 1.15 9.76 0.26
1.074 0~ 7.58 0.29 1.03 0.05 0.04 0.01 7.98 3.92 5.92 1.89 8.13 1.15

Also a 0 assignment seems highly unlikely for the isomeric
state. An E3 transition of at least 859 keV and a strength of 1
Weisskopf unit would result in a half-life of less than 10 us,
500 times shorter than the observed value. The most likely as-
signment for the isomeric state is therefore 0~. A possible M3
decay to the state at 284 keV would be sufficiently hindered
for it to be unobserved. Instead, a low-energy decay to the
state at 1143 keV would become competitive, consistent with
the conversion electron signal in the DSSSD. The state at 1143
keV would in this case most likely have spin-parity I™ = 2.
The half-life of 3.8(4) ms can be explained by an energy
difference of ~50 keV between the two states and a M2
transition of 1 Weisskopf unit. Such a transition would have
a conversion coefficient of ~6, consistent with the DSSSD
signal and the nonobservation of a y ray. Although it is not
possible to determine the precise excitation energy of the
isomeric state in this way, a 0~ assignment and a low-energy
M2 transition of a few tens of keV to a 27 state at 1143 keV
is the only scenario that can explain all observations.

The data are insufficient to determine whether the isomeric
state is directly fed by B decay. It is likely that some of the
prompt y-ray transitions that were observed in the singles
spectrum for 78Cu feed the isomer. The fact that prompt co-
incidence relationships are lacking for the relatively strong
283 keV transition suggests that this transition is feeding the
isomeric state directly. The resulting state has an excitation
energy of (1427 + X) keV, with X being the energy difference
between the isomer and the state at 1143 keV.

V. DISCUSSION

To understand the nature of the experimentally observed
states, shell-model calculations are necessary. In the present
work, we compare the experimental results with Monte Carlo
shell-model (MCSM) calculations [15] using the A3DA-m
effective interaction, which has successfully described the
structure of nuclei in the 7Ni region [9,11,16,28]. The va-
lence space comprised the full pf shell together with the
1g9/2 and 2ds, orbitals for both protons and neutrons without
restrictions. Calculated states up to an excitation energy of
2.5 MeV, for both negative and positive parity, are compared
with the experimental level scheme in Fig. 3. Table II shows
the occupation numbers for protons and neutrons found in the
MCSM calculations for the ten lowest states.

The calculations reproduce the sequence of negative-parity
states that was established by the cascade of M1 transitions
very well, including /™ = 6~ for the ground state. The oc-
cupation numbers illustrate that these states have a relatively
pure particle-hole character based on the 71fs5/, x ulgg/l2
configuration. This is consistent with the inversion of the
7 1fs/ and w2p3/, orbitals near N = 48, which was observed
previously [9]. The calculations predict the remaining 2 and
7, members of the multiplet to be at much higher excitation
energy, with the negative-parity states based on the 72p3,, x
vl g;/lz configuration in between. The latter comprises the 55,
45,65, and 3; states.

The MCSM calculations predict a 0~ state at 1074 keV,
close to the excitation energy of the observed isomeric state,
which lends further support to the (07) assignment for the
isomer. The calculations find a relatively pure w1f5,,v2ds/,
configuration for the 0~ state. The excitation energy of the
isomeric state contains therefore not only information on the
interaction energy between the m1fs,, and v2ds,, orbitals,
but also on the size of the N = 50 shell gap. The good
agreement between the experimental and theoretical excita-
tion energy indicates that both quantities are well described
by the A3DA-m interaction. The 7 1f5,,v2ds;, configuration
gives rise to a multiplet of negative-parity states comprising
the 07, 1, 55, 45, 35, and 2; states. The experimental state
at 1427 + X keV excitation energy is a potential candidate for
the 17 state, as strong M1 transitions are expected between the
states of the multiplet, although such an assignment remains
speculative.

All calculated low-lying positive-parity states are based on
a neutron excitation from the v2p;, to the vlgy,, orbital.
The coupling between an odd neutron in the v2p;, orbital
and an odd proton in the 7 1fs/, orbital results in a doublet
of the 2% and 37 states. The occupation numbers of Table II
show that the 2 and 3] states are indeed dominated by the
7 1f5,2v2p1,2 configuration. The experimental state at 1143
keV, which is tentatively assigned as (2%1), agrees reason-
ably well with the calculated 2] state at 987 keV and is
consequently a candidate for a member of the 7 1f5,,V2p;/,
doublet. The coupling of a v2p;,, neutron with a 72ps3/,
proton results in a doublet of the 1] and 27 states, which
are calculated to be at higher energy around 1.5 MeV. The
calculated O state at approximately 2.5 MeV, finally, is found
to be based on the 72p;,»v2p,/» configuration. It would be
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FIG. 5. (a) Excitation energies of the negative-parity multiplets with predominant 7 1f5/,v1 g;/lz, 72p3vl g;/lz, and 7 1 f5,,v2ds, configu-
rations from the MCSM calculations as a function of /(I + 1). The symbols indicate the experimental excitation energies for those states for
which a tentative spin assignment and association with the multiplet was possible. (b) Two-body matrix elements (TBME) extracted for the
7 fs /zvg;/lz spin multiplet from both the experimental and calculated excited states (see text for details).

speculative to associate any of the higher-lying experimental
states with any of the calculated states.

Figure 5(a) shows the excitation energies of the negative-
parity states from the MCSM calculations as a function
of the squared angular momentum /(I + 1). The calculated
occupation numbers were used to assign the states to the
multiplets with predominant 771 f5,,v1 gg/lz, 72p3pvl gg_/lz, and
7 1f5,2v2ds,, configuration. Experimental excitation energies
of states with a tentative spin assignment are also included in
Fig. 5(a), which illustrates again the rather good agreement
between the MCSM calculations and experiment. The multi-
plets involving a hole in the v1gg/, orbital show a parabolic
dependence on angular momentum, with the extreme cou-
plings I = j, &+ j, having the highest energy, as expected for
particle-hole coupling [14]. The 71 f5/,,v2ds;, multiplet, on
the other hand, has particle-particle character, which favors
(anti-)parallel coupling.

The observed excited states in the odd-odd Cu nuclei allow
determining the proton-neutron monopole interaction, which
is responsible for changes in single-particle energies, i.e., for
the shell evolution far from stability. A description of the
procedure to extract two-body matrix elements (TBMEs) from
experimental excitation energies of proton-neutron multiplets
can be found in Ref. [1]. In the following we apply this
procedure for the case of "*Cu. As can be seen in Table II,
the negative-parity states of the w1f5,,v1 g;/lz multiplet have
relatively pure single-particle (hole) configurations. The re-
sults are therefore well suited to extract experimental TBME
for the interaction between a 1f5,, proton with a 1 g;/lz neu-

tron hole. Starting from a 78Ni core, the contributions of a
noninteracting proton particle and neutron hole are obtained
from the binding energies of ”Cu [5] and "’Ni [23] for the
1f5/> proton and the 1gg/» neutron hole, respectively. The
resulting value is found to be 74 keV lower than the experi-
mental binding energy for the ground state of *Cu [29], which

includes the repulsive residual interaction between the 1fs/,
proton and the 1g9/, neutron hole when coupled to spin 6.
The TBME for the various spin couplings are consequently
shifted by 74 keV compared with the excitation energies of
the corresponding states. It should be noted that the masses
of 7’Ni and 7®Ni are not known experimentally, and that the
extrapolated values have an uncertainty of 400 keV [23].
The absolute values of the experimental TBME depend there-
fore strongly on the extrapolated masses of the Ni isotopes.
The experimental values are compared with TBME of the
A3DA-m interaction in Fig. 5(b), where the theoretical TBME
for the  f5,> vgg/l2 particle-hole interaction were obtained by
applying the Pandya transformation [30] to the correspond-
ing particle-particle TBME. The comparison shows that the
A3DA-m interaction describes the relative size of the TBME
well. The experimental results on the excited states in *Cu
can be used to refine the shell-model interaction once more
precise mass values for ’Ni and "*Ni become available.

VI. SUMMARY AND CONCLUSIONS

Excited states in *Cu have been observed for the first time
following the 8 decay of "®Ni. The neutron-rich "®Ni isotopes
were produced at the Radioactive Isotope Beam Factory at
RIKEN Nishina Center, Japan, by in-flight fission induced by
a primary beam of 2%y at 345 MeV per nucleon incident
on a °Be target. The secondary beams were separated by
the BigRIPS separator and transported to the decay station,
where they were implanted into the WAS3ABi detector. The
HPGe detectors of the EURICA array were used to detect y
rays following the B decay of *Ni. An isomeric state with a
half-life of 3.8(4) ms was discovered in *Cu and tentatively
assigned as (07). The combination of information from yy-
coincidence data and the decay of the isomeric state allowed
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building a partial level scheme for "8Cu. Spins and parities
could be tentatively assigned for some of the states.

The experimental results were compared with large-scale
MCSM calculations using the A3DA-m interaction and a va-
lence space Comprising the 1f7/2, 2])3/2, 1f5/2, 2p1/2, 1g9/2,
and 2ds,, orbitals for both protons and neutrons. The shell-
model calculations show a remarkable agreement with the
experimental results. Combining the experimental results with
the calculations, it was possible to interpret the low-lying
states in terms of spin multiplets arising from the coupling
of an odd proton in either the 7 1f5/, or w2p3,, orbital with
an odd neutron in the v1gg>, v2pi2, or v2ds,, orbital. The
results confirm the previously observed crossing between the
m2psj and 7 1 f5,, orbitals. The interpretation of the isomeric
state as based on the 7 1fs5/2-v2ds;, configuration provides
information on the N = 50 shell gap. Because configurations
are pure, it was possible to extract experimental two-body
matrix elements for the 71 f5/5-v1 gg/lz interaction, which rep-
resent important input for future shell-model calculations in
the "®Ni region. Extending the work to *Cu would represent
an important step for investigating the proton-neutron interac-
tion beyond "®Ni.
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4-A14.2 L.G. PEDERSEN ET AL.

Excited states in "®Cu were observed for the first time following the 3
decay of "®Ni created by in-flight fission of 238U. Based on the coincidence
relationships between the observed ~-ray transitions, it was possible to
construct a level scheme comprising eight excited states with tentative spin
assignments for 5 of them. In addition to the v-decaying states, an isomeric
state with a lifetime of 3.8(4) ms was found to decay by internal conversion.

DOI:10.5506/ APhysPolBSupp.16.4-A14

1. Introduction

The doubly magic "®Ni represents an important benchmark for nuclear
structure studies, providing information on the consequences of a large neu-
tron excess. The properties of nuclei in the region of ®Ni are furthermore
important for the understanding of the astrophysical r-process. With one
additional proton and one neutron hole relative to "®Ni, ®Cu is an ideal
nucleus to study the proton—neutron interaction in this region of the nuclear
chart. Probing the structure of “®Cu can therefore reveal important aspects
of nuclear structure beyond “®Ni. Previous studies of odd—even %~7?Cu have
shown that the proton ps/, and f5/o orbitals shift in energy and cross when
moving away from stability and approaching N = 50 [1-3]. Low-energy
states in “®Cu are therefore expected to form a multiplet based on the cou-
pling of the 7 f5/,o and 1/99_/12 orbitals. Given the large spin differences that

may arise from the multiplet structure in odd—odd nuclei, isomeric states
are common and may also be expected in “®Cu.

2. Experimental details and results

The experiment took place at the RIKEN Nishina Center, Saitama,
Japan, during the EURICA campaign [4]. A beam of 238U at 345 MeV /u
was incident on a “Be target, producing a wide range of fission fragments,
which were separated and identified in the BigRIPS fragment separator.
The separator was optimized for the transmission of nuclei in the vicinity of
"8Ni, and ions of interest were implanted into the WAS3AB;i array of DSSSD
detectors, which was surrounded by the EURICA array of HPGe detectors.

In the first step of the analysis procedure, the S-decay half-life of “®Ni was
determined. Figure 1 shows the total decay curve for "®Ni, corresponding to
the time difference between ion implantation and detection of S-decay elec-
trons within the same or neighboring pixel of WAS3ABi. The decay curve
contains not only B-decay events from "®Ni, but also subsequent daughter
decays, including those populated by beta-delayed neutron emission. The
known half-lives and probabilities for neutron emission P, [5] for the daugh-
ter decays were fixed in the fitting procedure, leaving only the half-life of
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"8Ni and the total number of decay events as free parameters. The latter
can be used to determine the detector efficiency and is needed to determine
decay intensities. The half-life of ®Ni was found to be 122.2(51) ms [6].
Details of the procedure can be found in Ref. [7].
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Fig. 1. Total observed number of detected beta decays fitted with the corresponding
number of decays from implanted ®Ni and its daughters and grand-daughters.

Based on the time correlations between ion implantation and 8 decay, it

was possible to associate y-ray transitions with the decay of excited states
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in keV. (b) Total projection y—y coincidence spectrum. (c) DSSSD signals for
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seen in the figure). (d) v-ray spectrum gated on low-energy DSSSD events below
200 keV and using a short time-gate of 5 ms.
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coincidences and place several of the observed transitions in a level scheme
for "8Cu, which is shown in Fig. 3. The three low-energy transitions at 49, 79,
and 156 keV are in prompt mutual coincidence with each other, and in coinci-
dence with the 859, 985, and 1503 keV transitions. Being by far the strongest
transitions, it is reasonable to assume that the cascade of low-energy tran-
sitions is feeding the ground state, which has been tentatively assigned as
I™ = (67) in a previous experiment [§8]. The three low-energy transitions
have comparable intensities when correcting for detector efficiency and elec-
tron conversion for M1 multipolarity. Other multipolarities for any of the
low-energy transitions would result in long lifetimes of the states and much
higher conversion coefficients, requiring a significant imbalance in either (3
or «v feeding, for which there is no evidence in the data. It is, therefore,
concluded that the three low-energy transitions form a cascade of M1 tran-
sitions from a (37) state at 284 keV to the (67) ground state. Although there
is no experimental indication for the ordering of the three transitions, the
empiric parabolic rule for proton—neutron multiplets [9] suggests an ordering
as shown in Fig. 3. These negative-parity states are interpreted as members
of the 7 f5/9 X ygg_/12 multiplet. The remaining 2~ and 7~ members of the

multiplet are unobserved and expected to lie at higher excitation energy.
The 859 and 985 keV transitions are in mutual coincidence and therefore
placed as a cascade feeding the (37) state. Besides the three low-energy
transitions, no coincident v rays were observed for the 1503 keV transition,
which is consequently also assumed to be feeding the (37) state. Due to the
lack of further coincidence relations and the resulting incompleteness of the
level scheme, it would be highly speculative to attempt spin assignments for
the higher-lying states.
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Fig. 3. Experimentally obtained level scheme.
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The three low-energy transitions and the 859 keV transition are seen as
weak lines in the decay following the implantation of “®Cu, which suggests
that they depopulate an isomeric state in ®Cu. Figure 2 (c) shows the en-
ergy signals in WAS3ABi during the first 5 ms after implantation (red/gray)
and during the first 200 ms after implantation (black). The low-energy signal
in the spectrum for short correlation time is consistent with the detection of
conversion electrons from a low-energy transition, whereas the spectrum for
the longer correlation time is characteristic for (S-decay electrons. Gating
on the low-energy electron signal and short correlation times below 5 ms
results in a very clean y-ray spectrum showing the 49, 79, 156, and 859 keV
transitions in “®Cu, as shown in Fig. 2 (d). This is a clear proof of an iso-
meric state at a small energy above the state at 1143 keV excitation energy,
and it determines the ordering of the 859 and 985 keV transitions. With a
clean tag on ~ rays and electron energy, the lifetime of the isomeric state
was found to be 3.8(4) ms. Based on the lifetime of the isomeric state, to-
gether with the observation of conversion electrons and the non-observation
of v rays, the transition that depopulates the isomer is most likely of M2
multipolarity. The isomeric state is therefore interpreted as a (07) state

based on the 7f5/5 X 1/d5_/12 configuration, with the state at 1143 keV ex-

citation energy assigned as (2%). This interpretation is supported by shell
model calculations [10].

The ~-ray singles spectrum shows a clear peak at 283 keV, as can be seen
in Fig. 2 (a). One could be tempted to place the transition in parallel to the
cascade of three low-energy transitions, as it corresponds approximately to
the energy sum of the three transitions. However, the 283 keV transition has
no coincidence relation with any other transition. This can be seen from its
absence in the total projection of the y—y coincidence matrix, which is shown
in Fig. 2 (b). Given the strength of the 283 and 859 keV transitions in the
singles spectrum, any coincidence relation between them should have been
observed. The absence of coincidences suggests that the 283 keV transition
is feeding the isomeric state. More details and evidence will be presented
in a forthcoming publication, together with a comparison to shell model
calculations [10].

3. Conclusions

To summarize, "8Cu has been studied by analyzing v rays following the
B decay of ™Ni, produced by in-flight fission. A ~v—y coincidence analysis
allowed constructing a partial level scheme for ®Cu, comprising eight ex-
cited states. A sequence of low-lying states is interpreted as members of
the 7 f5/9 X 1/99712 multiplet. The energies of these states provide direct in-

formation on the proton—neutron interaction outside "®Ni. In addition, an
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isomeric state with a half-life of 3.8(4) ms has been observed to decay by
electron conversion. This state is tentatively assigned as (07) and inter-
preted as based on the 7f5/9 X I/d5_/12 configuration, providing information

on the size of the N = 50 shell gap.
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Chapter 3

Detailed analysis

In scientific articles there is not always room (or interest) to include every aspect of
the data analysis. Sometimes, months of work is summarised in only a sentence or
two. In this chapter more details on some of these aspects are presented. For the
Cu analysis, this will mostly focus on how the $-decay half-lives and the number of
ions were obtained, and describe the hunt for isomeric states. For the Sn analysis,
this will focus on the data calibration process and the different gates used to clean
the spectra.

3.1 Cu analysis

In order to properly determine the absolute intensities of v-ray transitions, the
total number of [-decaying ions of interest are needed. In the first two papers,
these numbers are presented in tables but not discussed any further. First, the
number of background decay events were fitted by studying events with negative
time-stamps, i.e. decays that were detected before the implantation of an ion in
the WAS3ABI detector, which can only be explained as random background. To
obtain the number of # decays from the Ni isotopes of interest, the decay curve
was fitted using the Bateman equations. The production and decay of each nuclide
within a decay chain is described by a differential equation using the half-lives of
the decays. The total number of 5 decays are known from the data. In the fit, the
number of implanted Ni ions and their half-life were treated as free parameters.
Ratios of $-delayed neutron emission are also included. The procedure is presented
in Paper III, where the results of the ®Cu case is shown. Similar fits are shown
for ™Cu in Figure 3.1 and “®Cu in Figure 3.2. Table 3.1 also presents the number
of p-decay events assigned to the different nuclei and the background events.

3.1.1 Identification of y-lines

To identify peaks originating from the Cu isotopes under study, the time
correlation between the ion implantation and the § and v decay detection was
exploited. When sorting data to obtain ~ spectra, only v rays following the first
detected [-decay signal were included, whereas v rays following any subsequently
detected [-decay signal were excluded. If the efficiency of the § detector had been
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Table 3.1: Results from the fitting procedures to obtain the half-life of 7*Ni and “®Ni, and
the number of detected 8 decays assigned to each isotope within the 5 s time window.
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Total 302.9 x 10? Total 540.4 x 10?
Background 165.0 x 10® | Background 156.0 x 10?
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™Cu 56.7 x 10° "Cu 96.3 x 10°
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Figure 3.1: Fit of the decay curve for "*Ni.
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Figure 3.2: Fit of the decay curve for "®Ni.
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100% and it was possible to correctly associate all S-decay events with the nuclei
that emitted them, this would in theory be enough to exclude all events from
further § decays of the Cu isotopes. However, this is not the case, and even when
only including the first 5 decays there can still be contamination from daughter
decays, as the initial decay of the Ni mother might have been undetected. The
restriction also does not differentiate between normal § decay and [-n emissions,
and thus there can be contaminations from the A~*Cu nucleus in the 4Cu spectra.
In order to separate peaks from contaminants and the Cu isotope under study, the
time-window between the implantation of an ion and its subsequent [ decay can
be reduced the same scale as the half life of the isotope. For the various spectra
studied during the analysis, we had to find a compromise between high statistics
and clean spectra with good suppression of the daughter decays.

Figure 3.3 shows the difference between two "°Cu spectra with different time-
windows, while all other conditions were kept the same. The spectrum in a) is
produced with a time-window of 200 ms, slightly below the half life of °Ni. The
spectrum in b) is made with a time-window of 2 s, which is approximately ten
times the half life. In the 200 ms spectrum, only "®Cu peaks are clear peaks
standing out from the background, in addition to the 599 keV peak from "%Zn. In
the 2 s spectrum the overall statistics is increased, but the "Zn peaks are much
more prominent. Here, the "®Zn 599 keV peak is the fourth biggest peak, and
other "Zn peaks like the 698 peak are also clearly visible. By carefully studying
the difference in relative strength as a function of the time window between ion
implantation and (-decay detection, peaks could be either assigned to the Cu
isotope under study, or to its daughter isotope. This is how some peaks could be
assigned to the respective Cu isotopes without sufficient coincidence statistics to
place them in the level schemes. The 340 keV peak, which is a transition in both
Cu and "Zn is a clear peak in the 200 ms spectrum, but also increases more
than other "*Cu peaks in the 2 s spectrum. The relative increase of this peak had
to be studied in order to obtain the intensity of this peak stemming only from the
decay in “®Cu. This was done by measuring the peak area and studying the ratio
of the 340 keV peak and the 480, and 1052 keV transitions in the 200 ms spectrum.
Assuming that the ratio between the transitions remains constant, the areas of the
same peaks could then be measured in the ~-ray spectrum with the wider time
gate. The intensity of the 340 keV transition stemming only from ®Cu is then
obtained by using the ratios found in the 200 ms spectrum. Another peak that
does not follow the characteristic time dependence of the “®Ni or the Cu /3 decay
is the 75 keV peak. This is a known X-ray from Pb, arising from interactions
with Pb shielding in the experimental hall. Due to the lack of coincidences and its
characteristic energy seen in all spectra with the same relative intensity, it is safe
to conclude that this indeed is an X-ray contamination peak.

3.1.2 Searching for isomeric states

Previous studies have found indications for an isomeric excited state in "*Cu at
64.1 keV [40, 41], as mentioned in Paper I. No previous studies have found any
indications for isomeric states in “*Cu and “®Cu. Energy-time matrices can be
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Figure 3.3: Example spectra for Cu showing the difference between a 200 ms spectrum
(a) and a 2 s spectrum (b). In the 2 s spectrum, known "Zn transitions like 599 keV and
698 keV are much bigger peaks compared to in the 200 ms spectrum. Peaks originating
from 7°Cu have the same relative strengths in both spectra.

created to look for isomeric states. In these types of spectra, every 7-detection
event is plotted based on the detected energy and time difference between the
detection of a ~ ray (start signal) and a common stop signal. Because of this
sorting, time runs backwards in the plot, and any isomers would be seen as a
longer tail towards smaller time values. Energy-time matrices are shown for all
three nuclei in Figures 3.4-3.6. Note that the ®Cu data is from a slightly different
initial data sorting (by M. Niikura) than the ™7Cu (by Z. Xu), resulting in
different time value scales. If any of the transitions were isomers, we would see a
longer tail towards smaller time values. In “®Cu, there seems to be a low-energy
isomeric state, as the tail is stretched down towards zero. However, upon further
inspection this stems from X-ray contaminations from Pb at 75 keV. In other
words, the isomeric state at 64 keV is not seen in the current experiment. It is
however hard to determine if this is because the isomer is not populated in 3 decay
or if the statistics are simply too low. It can be noted that the MCSM calculations
presented in Paper I include high spin states at low energy with [ = 47,57,67.
It is thus not unreasonable to think that such a low-energy state at 64.1 keV with
a high spin will be only weakly (or not at all) populated in S-decay from a 0"
ground state.

For ™Cu, there is less data and no indications of isomers from the energy-
time matrix in Figure 3.6, although this is a matrix with relatively low statistics
overall. However, there is an isomeric state in “®Cu that could only be seen through
another method. This state is seen when analysing the data from S-decay of ®Cu
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Figure 3.5: Energy-time matrix for "®Cu.
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Figure 3.6: Energy-time matrix for ®Cu.

implanted in the decay station, instead of the data of implanted "®Ni. Evidence
for the isomeric state was first observed by Zhengyu Xu, who is a co-author of the
Cu paper and has been working on the data from the same experiment (among
many others as well) to measure their lifetimes using the data from the EURICA
campaign. While working on his own thesis, he saw indications of an isomeric state
in "®Cu when working on data of implanted "®Cu, initially used to study “®Zn, but
did not follow up with a detailed analysis of the state. He reported his observation
to us while we were working on the "®Cu data. To further investigate the isomeric
state and determine its properties, we received the data corresponding to the
implementation of “®Cu which was not a part of our original data sets, and could
then properly study and characterise the isomer. Our results gave firm evidence
for an isomeric state of 3.8(4) ms above 1143 keV, as presented and discussed in
Paper II.

In Paper II, we also discuss the 283 keV peak that is seen in the single y-ray
spectrum, but not in the ~-v coincidence matrix. 283 keV is close to the sum of
the 156, 79, and 49 keV transitions, and could naively be interpreted as a parallel
transition to this cascade. However, as the transition is not in coincidence with
any other prompt transition, it is concluded that this transition feeds into the
isomeric state at X 4 1143 keV. The ~-ray singles spectrum is compared to the
total projection of the -+ coincidence matrix in Figure 3.7.

After discovering the isomeric state, a crucial discussion was regarding its spin.
The long lifetime of the isomeric state and the fact that it does not decay by
rays to any of the low-lying states in ®Cu suggested 0~ as the most likely spin-
parity assignment, as discussed in Paper II. The original SM calculations did not
consider 0~ states, but new calculations found a 0~ state at a similar energy that
is consistent with the experimental results.
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Figure 3.7: "8Cu singles spectrum (a) and the total projection of the vy matrix (b).
Because the 283 keV peak is not seen in coincidence with any other transitions in ®Cu,
it is concluded that this transition feeds directly into the isomeric state. The singles
spectrum is created with a stricter time gate to exclude contamination lines, while the
-7 matrix is made with a wider time gate to not exclude events from "Cu.

3.2 Details on the analysis of '2°Sn

3.2.1 Calibration

Runs with 2Eu and **Co were performed before inserting the '2*Sn target for
~v-ray energy calibration. However, when doing the calibration later, it became
evident that the peaks from '»?Eu were much smaller than the 5Co ones. Instead
of performing the energy calibration with %2Eu and *¢Co, other known lines from
128Te, 135Ce and the 511 keV annihilation peak were used for calibration at low
energy together with the 5°Co data for calibrating higher energies.

For particle detection, the SORCERER detector was used. SORCERER
includes commercial solar cells as particle detectors. Si detectors for spectroscopy
applications have better resolution than solar cells, but used with heavy-ion beams
their resolution would degrade rapidly over the course of the experiment. The Si
detectors would then lose their resolution due to crystal defects caused by the
heavy ions. The degrading also happens to the solar cells, but because they are
mass produced and much cheaper to replace, it is more feasible to replace them
after each experiment with a heavy-ion beam. As the detectors degrade during the
experiment, the detected energy drifts significantly. This requires either constant
recalibration, or adapting the gating conditions over the course of the experiment.
Instead of calibrating the spectra, we chose to find new appropriate gates every 20
runs (out of a total of 188 runs). This is illustrated in Fig 3.8.
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Figure 3.8: Particle spectra from SORCERER showing the degradation of the solar cell
detectors over time. The spectra were produced by gating on the 1141 keV transition in
a particle-y coincidence matrix for different run times at the (a) beginning, (b) middle,
and (c) end of the experiment. The energy is given in arbitrary units, and the Si energy
gates were moved according to the new spectrum for every 20th run file.

3.2.2 Cleaning the spectra

Even though the ¥O beam contains two neutrons outside the doubly magic 16O
core, the two-neutron transfer reaction was not the strongest transfer reaction in
the experiment. As shown in the ~v-ray singles spectra in Paper IV, there are many
events from ?8Te created by a transfer. Instead of transferring the two neutrons
outside the %0 core, the reaction channel for transferring a tightly bound « core
is in other words stronger. There are also many v rays from !*8Ce, created by
fusion evaporation where the incident beam fusions with the target and emits four
neutrons. Although a relatively low beam energy just below the Coulomb barrier
was chosen, the sub-barrier fusion cross section was of similar magnitude as the
two-neutron transfer cross section. In addition to these reactions, there is also in
general a large Compton background, making the initial v ray spectra crowded
with many transitions that are not of interest.

Several steps were taken to clean the spectra by selecting events of interest and
suppressing events from contaminations. Figure 1 in Paper IV shows the Si particle
detector energy spectrum for particles detected in coincidence with ~ rays. The
low-energy peak is mostly due to events from light particles and electronic noise.
The neutrons emitted in the fusion-evaporation reaction do not produce a signal
in the Si detectors, and are not seen in the spectrum. The O and 4C ejectiles
from the two-neutron and « transfer reactions produce a large signal. Because
the Si detectors cover a large range of scattering angles, but with relatively poor
resolution, the signals from detecting O and *C overlap with each other and it
is not possible to make a clean selection. However, gating on prompt coincidences
between ~ detection in ROSPHERE and high-energy events in SORCERER largely
suppresses fusion-evaporation events, as is illustrated in Figure 1 of Paper IV. In
addition, a gate on the time spectrum showing the time between a detected particle
and 7 event could be chosen to exclude random events. The final gates regards
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Figure 3.9: Gates on the 1141 keV peak for different angles relative to the direction of
the 1141 keV v ray, showing the change in relative sizes of the peaks originating from
states of different spins.

the BGO shielding. The Compton suppression was performed in software, where
signals from the HPGe and BGO detectors were recorded separately, and events
where a Ge detector and a surrounding BGO detector gave coincident signals were
suppressed in the data sorting.

3.2.3 Angular correlations

Figure 3.9 shows - coincidence spectra gated on the 1141 keV transition for the
different detector angles. This illustrates how the relative size of the 1053 and
1068 keV peaks changes with the detection angle relative to the direction of the
1141 keV v ray. By measuring the areas of these peaks, and the 909 keV peak used
for normalisation, the angular correlation could be obtained, with the results as
presented in Paper IV.
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Chapter 4
Future Work

4.1 lifetime measurements

One of the original goals of the 25Sn experiment was to measure lifetimes with
two different methods, the Doppler-Shift Attenuation Method (DSAM) and the
Recoil-Distance Doppler Shift(RDDS) method. The DSAM uses a thick target in
which the recoil is stopped. Transitions from very short-lived states well below
1 ps produce characteristic line shapes if detected under forward and backward
angles from the change in Doppler shift as the recoils are being stopped in the thick
target. By comparing the experimental line shapes with simulations of the stopping
process, the lifetime of the state can be related to the time it takes to stop the
recoils [42]. The RDDS method uses a thin target and a stopper foil with a variable
distance in the micrometer range between the two foils. If the lifetime of the state
is of the order of the flight time between the target and the stopper, a transition
will be split into a Doppler-shifted and a stopped component. By measuring the
intensity of the two components as a function of distance, lifetimes in the range
between 1 ps and a few hundred ps can be measured [43]. The experimental
equipment at IFIN-HH is ideal for both methods, and the SORCERER detector
was designed with these types of experiments in mind. The present experiment
used a thick target, so the DSAM can in principle be applied. For an RDDS
measurement, the thick target needs to be replaced by a thin target and a stopper
foil in a device that allows controlling the distance, a so-called plunger. Figure
4.10 shows spectra for selected transitions in 24Sn and 126Sn, and how their line-
shapes are affected by their lifetimes. Spectra a) and b) are gated on the 1131 keV
transition in 124Sn and show the 1471 keV transition originating from the 3~ state
observed under forward (37°) angles. The state has a known half-life of 68(6) fs [44].
Because of the extremely short lifetime, which is much shorter than the stopping
time, the v ray is largely emitted with the full Doppler shift, resulting in the
large Doppler shifted peaks. Spectra c¢) and d) show the corresponding 1574 keV
transition from the 3~ state in '26Sn after gating on the 1141 keV transition. The
similar line shapes as compared to the 1471 keV transition suggest that the lifetime
of the 3~ state in '?°Sn is similar to the one in '**Sn. Spectra e) and f) show the
998 keV transition from the 23 state in 124Sn, which has a half-life of 0.8 (4+0.5,-
0.2) ps [45]. This much longer half-life is at the upper end of sensitivity range
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Figure 4.10: A look at different lifetimes that can be studied with the DSA method.

of the DSA method, where most of the recoils are stopped at the time of the
emission. The few events where the recoils are still moving are responsible for the
shoulders that are visible on the peak. Spectra g) and h) show the corresponding
970 keV transition from the 23 state in ?°Sn. Again the line shapes are very
similar to the ?*Sn case, suggesting that the 23 states have similar lifetimes.

A similar phenomenon is also seen in the singles spectrum, as briefly mentioned
in Paper IV, where the spread of the peak is caused by the characteristic line
shapes of transitions from very short-lived states. By analysing the line-shapes
and comparing them with simulations of the events, it is possible to use this to
obtain lifetimes of states with currently unknown lifetimes. The lifetime of the
new 0" state in '26Sn is too long to be measured by the DSAM. This, together
with time constraints of the PhD work, is the reason why a DSAM analysis was
not included in Paper IV. Nevertheless, it will be possible to determine the lifetime
of the 3~ and 27 states, which will be the subject of another publication in the
future.

For lifetimes in the ps range, the RDDS method can be applied with a plunger
setup using a thin target. Originally it was planned to mount a plunger setup
after sufficient amount of data was collected with the thick target. Unfortunately,
making a sufficiently thin !2*Sn target that could be stretched onto a plunger frame
was difficult, and this part of the experiment was rather unsuccessful. Different
12481 targets were produced by evaporating '2*Sn onto a thin Au backing. The Au
backing was necessary in order to stretch the target, producing a smooth surface,
and was facing the beam. The thick stopper foil was also made of Au. Making
the Sn target thin enough to perform the plunger method, while not breaking, was
not possible. The thinnest versions of these targets broke shortly after being hit
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Figure 4.11: One of the thin '?*Sn targets, that was mounted and stretched onto a
plunger frame, but later broke.

by the beams, as seen in Figure 4.11. The thicker versions did not break, but did
not produce enough events of interest compared to the background events, which
were dominated by Coulomb excitation of Au in the target backing and stopper
foil. A spectrum from the thicker version of the plunger is shown in Figure 4.12.

Another method to measure the longer half-lives in *2%Sn that can be applied in
future experiments would be to use different v detectors like LaBr3(Ce) with better
time resolution than the HPGe detectors. With this setup, lifetimes longer than
20-30 ps can be measured directly [46]. The ROSPHERE detector array can be
reconfigured to contain both high-resolution HPGe and fast LaBr3(Ce) detectors.

MCSM calculations similar to the ones done for the Cu isotopes under study
are also planned to be performed for '26Sn. If the calculations also produce a 0F
excited state at a similar energy as the one seen experimentally, this can be used
to better characterise the nature of the excitation. By studying the shell model
configuration and shape analysis of the 0T state, it can be discussed in more
detail whether this indeed is a deformed intruder state or not. A comparison of
calculated B(FE2;03 — 2) transition strength with an experimental value would
be very helpful, and a new attempt to measure the lifetime would be useful.

4.2 Current and future work in the Ni region

Research on the neutron rich Cu isotopes is ongoing. An experiment using the
proton knock-out reaction to study the odd-even 777 Cu isotopes was performed at
RIKEN under the SEASTAR experiment [47]. The previously mentioned proton
core-excited states are strongly populated in the "™Zn(p,2p)™""Cu reactions,
and the comparison of experimental and theoretical cross sections could help to
identify these states. The identification of core-excited states in the neutron-rich
Cu isotopes will also shed more light on shape coexistence in the Ni isotopes, as
illustrated earlier in Figure 1.5.

More research is required in order to properly understand the nature of
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the Coulomb excitation of Au.

the excited states in both the odd-even and odd-odd Cu isotopes. Lifetime
measurements in the Cu isotopes under study can be used to further understand
the structure of the newly observed states. A new experiment to measure lifetimes
in Cu has been proposed at RIKEN. It will use the same technique as the
experiments described in Papers I-III, but the EURICA HPGe detectors will be
replaced by a large array of fast LaBr3(Ce) detectors, which allow measuring
lifetimes above approximately 30 ps using the fast-timing technique [48, 49].

A total absorption spectroscopy study can be used to assign spin for more of the
excited states. Spin assignments have been difficult in the present work because
of unobserved feeding, which makes determining log ft values very challenging.
In a total absorption experiment, the (-decaying nuclides are stopped inside
a large 4m ~-ray detector, ensuring that all y-ray events are detected. Total
absorption spectroscopy can be used to determine the precise amount of [
feeding into the various excited states [50]. The combination of high-resolution
discrete spectroscopy and total-absorption spectroscopy is therefore powerful and
necessary for a more precise S-feeding analysis, which is needed for more complete
spin assignments. In these experiments, the issues with missing feeding to the
different states are eliminated and the feeding, and thus also log ft values and
spin assignments, are much less speculative.

A total absorption experiment would be particularly useful if a segmented
TAS was used. In this case the total detected energy determines the excitation
energy of the nucleus, while it is still possible to detect individual ~ rays. This
allows applying the so-called $-Oslo method to determine the level density and
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v-ray strength function [51]. These quantities are crucial ingredients to calculate
neutron-capture cross sections [52]. This can further be used to find the neutron
capture rates, and thus also improve astrophysical calculations. A sensitivity study
[53] found especially the neutron-capture rate of ™Cu to be important in such
calculations. A natural next step for these nuclei will be to perform 3-Oslo method
type experiments on these nuclei when this is experimentally accessible.

This thesis presents the first spectroscopy results for the most neutron-rich odd-
odd Cu isotopes studied so far. Especially the results of ®Cu provided important
information on the proton-neutron interaction only one neutron away from the
closed shell N = 50. Continuing the research on neutron-rich odd-odd Cu isotopes,
the next in line is ®Cu. Very little is known about this nucleus, but its half-life
at 0.17 (+11,-5) s is measured [54]. In future experiments where more events
are created and detected, together with detecting emitted ~ rays, a similar study
can be applied to this nucleus as well. While the current study of "®Cu revealed
the mechanics of particle-hole dynamics, a similar study of 3Cu will give greater
insight into the proton-neutron interaction with particle-particle coupling between
the 7 f5/2 and vds ) orbitals. This will give further insight into the structure beyond
the N = 50 shell closure, and will be useful for further shell model calculation codes
and an important step into the study of the structural changes in the Cu isotopic
chain towards the neutron drip line.
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