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Abstract

The isomeric decay of *>?*Se has been studied by means of y-ray decay spec-
troscopy, in order to explore the nuclear structure of these very neutron-rich exotic
nuclei far way from the ‘stability line’. The experiment was conducted in March
2015 at the Radioactive Ion Beam Factory of the RIKEN Nishina Center (RIBF-
RIKEN) located in Japan. A radioactive beam of exotic nuclei was delivered by the
BigRIPS fragment separator, tuned to select the desired products of the in-flight
fission of a 23U primary beam on a °Be target. This secondary beam impinged
on a liquid Hydrogen (LH,) target, producing Selenium nuclei via different nu-
cleon knock-out reactions. The final products passed through the ZeroDegree mass
spectrometer, where they were identified on an event-by-event basis by means of
determination of the proton number (Z) and mass-to-charge ratio (A/Q), and were
finally implanted into a stack of silicon layers of the AIDA detector system. The ex-
istence and subsequent decay of isomeric excited states of these nuclei was studied
with the EURICA y-ray HPGe detector placed around the AIDA layers. New spec-
troscopic information has been obtained for both isotopes, leading to an extension
of their level schemes. In particular, the isomeric state of *Se has been observed
for the first time. The possible causes of isomerism in these nuclei have been dis-
cussed and compared with the results, and it has been found that the presence of
oblate-deformed quasiparticle states play an important role in the description of the
isomerism phenomenon. The level schemes obtained have been compared with the
predictions of different state-of-the-art beyond mean-field calculations, which pro-
pose all a prolate-to-oblate shape transition with increasing neutron number taking
place between N=56 and N=60 (°>294Se). Based on the observed structure of the
level schemes and the deformation character of the isomeric states, the idea of a
shape transition into an oblate structure at N=60 is supported.




Zusamenfassung

Der isomere Zerfall der >°*Se Kerne wurde durch y-Zerfallsspektroskopie unter-
sucht, um die Kernstruktur dieser neutronenreichen Isotope fernab des Tals der
Stabilitdt zu erkunden. Das Experiment wurde im Méarz 2015 in der Radioactive
Ion Beam Factory des RIKEN Nishina Center (RIBF-RIKEN) in Japan durchgefiihrt.

Ein radiaktiver Strahl exotischer Kerne wurde vom BigRIPS Fragmentseparator
zur Verfiigung gestellt. Dieser Strahl wurde optimiert, um die gewiinschen Pro-
dukte der Spaltung des priméiren 233U Strahls an einem °Be Target im Flug zu
selektieren.

Dieser sekundire Strahl traf auf ein fliissiges Wasserstofftarget (LH,), um
Selenkerne durch verschiedene Nukleonen-Knock-Out-Reaktionen zu erzeugen.
Die Produkte durchliefen das ZeroDegree Massenspektrometer, in dem sie auf
einer Event-by-Event-Basis, durch Bestimmung der Protonenzahl und des Masse-
Ladungsverhaltnisses, identifiziert und letztendlich in einer Silikonschicht des
AIDA-Detektorsystems implantiert wurden. Die Existenz und der anschlieende
Zerfall der angeregten Isomerzustédnde dieser Kerne wurde mit dem EURICA HPGe-
Detektorarray, der die AIDA-Schichten umgab, untersucht.

Es wurde neue spektroskopische Information fiir beide Isotope erhalten und
dies ermoglichte eine Erweiterung des Levelschemas. Insbesondere wurde der
Isomerzustand von **Se zum ersten Mal beobachtet.

Die moglichen Ursachen der Isomerie dieser Kerne werden diskutiert und mit den
Ergebnissen verglichen. Auflerdem wurde beobachtet, dass die Anwesenheit von
oblaten, deformierten Quasiteilchenzustinden eine wichtige Rolle in der Beschrei-
bung des isomeren Phinomens spielt.

Die erhaltenen Levelschemata wurden mit Vorhersagen neuster Beyond Mean-
Field Rechnungen verglichen, die einen Formiibergang von prolat zu oblat mit
zunehmender Neutronenzahl zwischen N = 56 — 60 vorschlagen.

Basierend auf der Struktur der beobachteten Levelschemata und dem Defor-
mationscharakter der unstersuchten isomeren Zustiande, wird die Hypothese des
Formiibergangs in eine oblate Struktur bei N=60 unterstiizt.
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1 Introduction

The understanding of nature at scales much smaller than the typical atomic dis-
tances (< 107'2m) has shaped and challenged the human perception of the uni-
verse at all scales of space and time, from processes in the early universe to the
astrophysical events that regulate abundance of the chemical elements in the ob-
servable universe. Simultaneously, countless applications have been derived from
this scientific activity in varied fields such as medicine, energy, security or indus-
try, pushing forward the technology and, ultimately, the quality of life of modern
societies.

Subatomic physics, developed mainly in the last 130 years, started with the dis-
covery of the electron by Thomson in 1887 [1]. Early in the twentieth century, the
experiments of Rutherford, Chadwick, and others helped to clarify the existence of
the atomic nucleus [2], a system inside the atom containing most of its mass and
composed by two types of particles, protons and neutrons, confined in a scale of
just about 107* m. It was understood sooner that the chemical elements, such
as carbon, oxygen or hydrogen, are defined by the number of protons in their nu-
clei. Variants within each element, with a different number of neutrons, were also
discovered and are nowadays known as isotopes. These nuclei of the same ele-
ment have the same chemical properties but different masses and different nuclear
properties [3].

A systematic representation of all the known nuclei is presented in the nuclide
chart, a two-dimensional plot in which one axis corresponds to the number of neu-
trons (N) and the other to the number of protons (Z) in an atomic nucleus, see
Figure 1.1. The stable isotopes, those which do no transmute into a nucleus with a
different (N, Z) combination, define the ‘valley of stability’, a group of 288 nuclides
covering most of the chemical elements [4, 5]. The unstable nuclei are character-
ized by an unbalanced N /Z ratio, and are found by moving away from the valley
of stability, defining the ‘proton-rich’ and ‘neutron-rich’ regions. Most of these nu-
clides do not exist on Earth, as they have half-lives in time scales often so short that
in some hours (or much less) they have transmuted into stable nuclei.

The initial nuclear models -such as the liquid drop model proposed by Gamow in
1935 [6]- were created from empirical data to explain the general trends of nuclear
properties such as the mass or binding energy of a large set of nuclei of different
elements, but did not shed light on the internal nuclear dynamics and structure.
Sooner, experimental evidence was collected of nuclei with some precise values
of protons or neutrons presenting a particularly high nucleon separation energy
(relative to the neighboring even-even isotope). Moreover, the systematics of other
nuclear properties of nuclei accessible at that time (mainly excitation energies,
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spin, magnetic moments, 3-decay), also presented special behaviours for these
specific numbers of nucleons (see Figure 1.1), so that all these observations gave
rise to the idea of a nuclear shell structure [8], in analogy to the atomic physics
case.

An adequate theoretical description was introduced in 1949 by Mayer, but also
independently by Jensen and collaborators [9, 10], for which they received jointly
the Nobel prize in 1963. Commonly referred as the independent particle shell
model, it postulates that the nucleon-nucleon interaction can be replaced, to first
order, by an effective (spherical) central potential in which the nucleons are im-
mersed and move independently from each other. The inclusion of a spin-orbit
interaction, combined with the Pauli exclusion principle, allowed to reproduce the
large gaps of single-particle energies (SPE) for nuclei with 2,8,20,50, 82 and 126
proton or neutron numbers, and explaining much of the special properties observed
for these nuclei with magic numbers of nucleons.

In the decade of the fifties, a new type of nuclear excitation was discovered
where not one but several nucleons contribute coherently to the excitation. Differ-
ent types of collective motion were found to be related to specific types of nuclear
deformation, a term used to refer the deviation of the nuclear shape with respect
to a spherical one. Maybe the most remarkable of these excitation modes observed
were the harmonic-vibrator spectra of spherical nuclei (such as 18¢d), as well as
the rotational spectra of axially (symmetric and asymmetric) deformed nuclei (such
as the Hf, Sm stable nuclides). Furthermore, it was realized that the deformation
and collectivity were not exclusive of nuclei with random number of nucleons, but
they develop more or less gradually as a function of the neutron or proton number:
From non-deformed shapes for nuclei close to the shell closures to very deformed
shapes for nuclei in mid-shell regions [11].

The very different behaviour of the single-particle and the collective motions
made it difficult to relate to each other. However, in 1955 the model of Nilsson
[12] of a single-particle in a deformed mean-field that can couple to intrinsic rota-
tional states, paved a new perspective to understand nuclei from a microscopic/-
macroscopic point of view. The addition of pairing, fundamental to understand not
only the extra-binding of even-even nuclei and their J = 0 ground-state angular
momentum, but also nuclear superfluidity, led to an ‘unified model’, an extensive
work for which A. N. Bohr, Mottelson and Rainwater were awarded jointly the No-
bel prize in 1975: "For the discovery of the connection between collective motion
and particle motion in atomic nuclei and the development of theory of the structure
of the atomic nucleus based on this connection".

Despite the tremendous progress in understanding the nuclear dynamics, most
of the available spectroscopic data were limited either to the stable nuclides or
the unstable ones close to the valley of stability. The idea that the shell structure
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-and so the magic numbers- remains static for very exotic nuclei, with a largely
unbalanced N/Z ratio, was cast in doubt both from theoretical and experimental
sides. On the one hand, it was pointed out that the accumulation of effects due
to the ‘residual’ part of the nucleon-nucleon interaction can change the relative
location of the single particle energies [13, 14], leading to a reduction of the gaps
at the magic numbers. On the other hand, cases such as the ground-state spin of
Be [15], or the appearance of deformed shapes in neutron-rich N = 20 nuclei
such as %Mg20 [16] revealed a re-arrangement of the single particle orbitals as a
function of the nucleon number. Naturally, the question of how the nuclear structure
evolves in the exotic regions of the nuclear chart became one of the main pillars of
nuclear structure research [8, 11, 13, 14].

The technological developments occurring steadily since the decade of the seven-
ties allowed the production and exploitation of exotic nuclei in forms of Radioac-
tive Ion Beams (RIB). A better comprehension of the reaction mechanisms that
produce nuclei in specific regions of the nuclear chart inspired the design and con-
struction of facilities with larger accelerators and powerful magnetic spectrometers
allowing to synthesize and identify exotic nuclei with a production efficiency and
mass-resolution good enough for the execution of spectroscopic experiments. Two
RIB production methods were developed and are currently widely used, namely:
the Isotope Separation On-Line technique (ISOL), and the in-flight fission tech-
nique [17]. They are employed by the large-scale facilities that have pioneered
different aspects of the RIB research, such as ISOLDE at CERN (Switzerland), GSI
(Germany), MSU (USA), GANIL (France), and RIKEN (Japan).

Simultaneous to the development in the production of exotic nuclei, the detec-
tors used for spectroscopy improved tremendously increasing their sensitivity to
the radiation emitted by the nuclei. Significant progress in the detection of y-rays
following nuclear reactions enabled extracting physical information of experiments
with low-intensity beams [11]. In particular, the development of ‘large arrays’ of
detectors with digital data acquisition covering a large fraction of the solid angle of
the reaction point, improved critical properties such the efficiency, high-counting
rates, and high-granularity to localize individual y-rays. Besides, the advent of
semiconductor detectors offering a high-energy resolution, such as the high-purity
Germanium detectors, led to the construction of powerful arrays such as Gamma-
sphere [18] or Euroball [19], that continue producing some of the most relevant
nuclear structure physics results after 20 years of operation. The more recent detec-
tor break-through corresponds to the development of the AGATA and GRETA arrays
in Europe and the USA, respectively, designed as 4n spheres of germanium detec-
tors employing the technique of y-ray tracking [20] which allow to reconstruct the
interaction point of the y-ray inside the detector volume, openening new physics
possibilities for the field.
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1.1 Motivation

For the most neutron-rich isotopes -so far produced- of Ge (Z = 32), Se (Z = 34),
and Kr (Z = 36), few or no spectroscopy data had been measured before 2015.
They are localized in the region of the nuclide chart defined by N >50 and
28< Z <40 (see Figure 1.2), which has been of interest during the last decades
for the nuclear structure field since there it is unknown the evolution of the col-
lectivity and deformation after the neutron shell closure at N=50 and above the
proton shell closure at Z=28. These mid-mass nuclei were the focus of the 2015
experimental campaign of the SEASTAR scientific program [21], a project con-
sisting on the systematic search for new spectroscopy in the wide range of the
neutron-rich nuclei accessible with the Radioactive Ion Beam Factory (RIBF) of the
RIKEN Nishina center located in Japan [22], one of the world leading RIB facilities
that currently produces the strongest beams on this exotic mass region. Some of
the results from the campaign have been already published, see Refs. [23-26].

The systematics of the 27 excitations energies, the B(E2;27 — 0%) decay
strengths!, and the R, /2 = E(47)/E(27) ratios reported to date for the region are
shown in Figure 1.2. The recent measurements of the 2 and the corresponding
B(E2 ]) strengths for the N =50 isotones revealed that indeed a shell closure occurs
-at least- down to g?)Zn [28, 29]. Beyond the shell closure (N >50), the trends of
the Sr (Z = 38) and Zr (Z = 40) isotopes present a strong decrease (increase) of
the energy (decay strength) from N=56 to N=60. The Zr isotopes have a spheri-
cal ground-state up to N=56 and suddenly become highly deformed at N=60, as
it can be seen on the Ry, ratios. This systematic stands as one the most drastic
ground-state shape transition observed so far within the span of just few nucleons
[30, 31].

In 2016, the decay strengths between low-lying states of *°Zr were extracted
by means of a model-independent approach in an experiment conducted at the S-
DALINAC at T.U. Darmstadt [32]. The good quantitative agreement of that study
with recent Large-scale Monte Carlo shell-modell calculations [33], provides evi-
dence that observed shape transition is caused by the coexistence of two different
structures (deformed and spherical) almost not interacting with each other. The
calculations provide a microscopic description on the formation of both coexisting
structures: For the isotopes with N <58 the deformed low-lying 03 state is caused
by proton excitations from the fp (sub) shell promoted to the gy, orbital coupled to
a neutron excitation from the ds, orbital promoted to orbitals of the sdg shell. The
increase in the occupation of different orbitals enhances the effect of the monopole

1 For %87z, the decay strength B(E2 |) is not known, but a maximum upper limit [27], which is

used in this plot.
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Figure 1.2: Systematics of E(2]) excitation energy, Ry, = E(47)/E(2]) ratio, and
B(E2;27 — 0%)/A decay strength for the nuclei in the region of the nuclide chart de-
fined by N >50 and 28< Z <40, focus of the SEASTAR 2015 experimental campaign.
part of the tensor force [34] which re-arranges the relative positioning of the SPE
levels, in a mechanism known as ‘Type-II shell evolution’.

In contrast, the 21’ and R, /2 trends of Z < 36 (Ge, Se and Kr isotopic chains) show
a very different behaviour: The excitation energy decreases gradually up to N=60.
The Ry, ratios increase from values < 2 at N=>50, to ~2.5 at N=54, and decrease
smoothly afterwards up to N=60 showing that the sub-shell closure around N =56
plays little influence in these isotopes [23, 24, 35-37]. For % 52Ses, 54 and the
neighbouring 84_23Ge52_56 the lowest non-yrast levels were also identified, and it
was noticed that the proposed 27 states are rather lower than the 4. This fact
combined with the Ry, values around 2.5 provide an experimental signature of
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quadrupolar deformation in the y-degree of freedom [11]. The data has been
compared to the predictions obtained from different state-of-the-art Gogny beyond
mean-field calculations [31, 38], revealing that the deformation in this region is
characterized by ‘y-softness’, so the deformation is not rigid with respect to axial-
symmetric deformations, and even experimental evidence of triaxiality was found
in the case of 86Ge [23]. From the shell model point of view, the fact that the
strong shape transition at N = 60 also occurs for Sr but not for Kr or Se, could
result from a too small occupation of the 7gy/, orbital to trigger both the proton-
neutron correlations and consequently the large deformation for Z >38 [37].

Additional calculations predict different shape transitions for Z=34 around
N~60 [24, 39-41]. All of them point interestingly to an oblate ground-state defor-
mation for **Se and a prolate-oblate shape-coexistence situation in the neighobur-
ing even-even isotopes. However, the current experimental information (see Ap-
pendix B) is not sufficient to test the predictions since the Ry, ~ 2.4 corresponds
to a transitional value between the spherical and rigid rotor limits, and a shape
transition can undergo without a sharp change of R4/, values, as it occurs in the
well-known case of prolate-oblate shape coexistence in °%7%72Se [42-45]. For this
reason, more data is needed to clarify the evolution of the deformation, providing
a consistent picture from Z=40 up to Z=34 along N~60 isotones, and from N=50
to N>60 along the Z=34 isotopes. This is the central motivation of the present
thesis.

This document is organized as follows: In Chapter 2, the fundamental concepts
of nuclear structure relevant for the discussion are introduced. In Chapter 3 is
presented the description of the methods used in the state-of-the-art beyond-mean-
field calculations on the nuclei analyzed. In Chapter 4, the fundamental concepts
of the electromagnetic decay of the nucleus are discussed, with emphasis in y-ray
emission. Nuclear isomerism is also presented, since it is the experimental process
studied in this thesis. In Chapter 5, the experimental setup and the techniques
used to study “>°4Se are discussed. In Chapter 6, the general steps of the data
analysis conducted to identify the nuclei and their associated deexcitation radiaton
are described. The results obtained are presented in Chapter 7, and discussed
afterwards in Chapter 8. Finally, the conclusions and remarks of the present work
are mentioned in Chapter 9.

1.1 Motivation 7



2 Fundamentals of Nuclear Theory

The theoretical description of the nucleus is a many-body problem of a finite system
of fermions interacting via the Coulomb and Nuclear Force. While the former is very
well known, the latter is an interaction whose universal expression valid across the
whole nuclide chart has not yet been developed due to its inherent complexity.

The most fundamental solution of the atomic nucleus would be to use the
quantum-chromodynamics to model the strong interaction of the most basic de-
grees of freedom in the nucleus: quark and gluons. This description is still far to
be applied for the most of the nuclei, however, there are very good progress in
describing light and mid-mass nuclei with internucleon forces that are inspired by
QCD symmetries constrained to experimental data [46]. These ab-initio calcula-
tions are still far from the exotic mass region of the present thesis.

Currently, calculations of the nuclear dynamics under an unique theoretical
model are possible only for partial regions along the nuclide chart. A descrip-
tion valid over a wide range of nuclei is very challenging not only because of the
high computing power rapidly increasing with the number of nucleons, but also
because it has to consider the many peculiarities of the nuclear dynamics that man-
ifest in different mass regimes. For instance, the characteristic nuclear excitation
modes change drastically for different specific (Z,N) combination of nucleons, and
are not easily reproduced by an unique framework. Moreover, nuclear observ-
ables such as the excitation energy spectrum, the binding energy, or nuclear mass,
have very different energy scales, from few keV to hundreds of MeV. Hence, a
model representing fairly enough the interactions as well as very accurate calcu-
lation methods are both needed to have trustworthy predictive power over such
different regimes.

Despite the complexities stressed above, the systematics of much of the experi-
mental data measured so far can be understood with rather clear physical concepts,
some of them already introduced in Chapter 1. In this chapter, the general ideas
behind the single particle and collective models of the nuclei are discussed, as well
as the concept of nuclear deformation (Sections 2.1-2.3). The Nilsson model, a
single-particle model for deformed nuclei that also allows collective excitations is
disscussed afterwards, (Section 2.4).

2.1 The nuclear shell model

In a very general manner, the Hamiltonian of a nucleus with A particles can be
expressed as

A 592 A
H=T+V =324 57 v (7 -1, M
i=1

L i>k=1
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where the interaction V;; is -in a first approximation- considered as a two-body
nucleon-nucleon potential. An exact solution of this problem is cumbersome not
only due to the complexity of the interaction involved but also due to the large
amount of degrees of freedom involved. Instead, a mean-field approach is adopted,
so that the interaction is replaced by an average potential U(7¥) caused by the nu-
cleons themselves, so the Hamiltonian can be re-expressed as

H= Z( ﬁ2+U(r)) {Z Vi (75— 73) — ZU(r)} 2)

i=1 i>k=1

=Ho =Hpes

with H,, the single-particle Hamiltonian, and H,,, the residual effects of the inter-
action. Though H,.,, is not necessarily small, especially in very deformed nuclei, it
can be solved through perturbative methods using the solutions of H,. The idea
of a nuclear shell model based on a spherical mean-field potential already existed
around 1920 but the first one to be really succesfull was the independent particle
model of Mayer and Jensen and collaborators [8-10]. They proposed to modify
the potential as a surfaced-corrected isotropic harmonic oscillator plus a strong
attractive spin-orbit interaction,

UF) = %ﬁwrz +DI*—CI -3, (3)

together with a small residual H,,, term so that the particles move almost inde-
pendent of each other, except for the Pauli exclusion of fermions. In this manner,
the wave function of the nuclear ground state corresponds to the product of the
Slater determinant for the protons and the one for neutrons, obtained by filling the
lowest energy levels (known as orbits). As a consequence of the central character of
the potential, the wave function is separable in the angular and radial coordinates,
with the former given by the Spherical Harmonics, which have defined orbital an-
gular momentum [ and magnetic sub-states m. The effective potential given by
a harmonic oscillator corrected by a ‘surf’ term proportional to T2 (the correction
term bounds more the high-l orbitals, which are in average closer to the surface),
is a better description of the approximate constant character of a realistic potential
inside the nuclear volume compared to a bare harmonic oscillator, and also breaks
the degeneracy of the major shell number N = 2(n— 1) + [ into sub-levels of de-
fined orbital angular momentum and principal quantum number; l n, respectively.
The total angular momentum number is given by the coupling ] =145, so that
the corresponding quantum number j = [ £ 1/2. The proposed spin-orbit interac-
tion favours the parallel alignment [ + 1/2 over the [ — 1/2, breaking in this way
the degeneracy of the orbital-angular momentum levels, resulting into final single

2.1 The nuclear shell model 9



particle energies characterized by n, [, and j. The single particle energies of this
potential are shown in Figure 2.1.

Notice that the parity m = (—1) of the orbitals in a shell tend to be the same,
with the exception of one level with opposite parity lying high in the shell, namely,
the 1gg/, in the 28-50 shell, or the 1h;;/; in the 50-82 shell. Also, a subshell at
nucleon numbers 40, 56, or 64 may appear depending on the specific values of the
parameters. These subshells are indeed important: For example, as it was men-
tioned in the motivation, the Zr isotopic chain (Z=40) behaves as a shell closure
from N=50 to N=56 with ings(,, or é36Gd82 exhibiting features of doubly magic
nuclei.

5
3p
2f
—1h 22
Thyy pp
4 S 3; ,,,,, :,,,—,='2d3/2
— 381/
2d e 1gyp
50 2dsp
1
g 189s2
40
QY — B 2p - —_— 2Dip
=l
. 28 P32
1f RO, - A,
1f7/2
20
2s —1d.
e ==l
1d : 1d5/2
8
| ——— e 1p ) —1pip
' 1ps/z
-
1
0 . A - —— 1syp
\ . J ! —r J
N s.h.o. + iz + j-s

Figure 2.1: From Source [11]. Single-particle energies for a harmonic oscillator (left),
plus a 12 correction (middle), and a potential considering spin-orbit interaction (right).
The maximum number of particles in certain level is given by 2j + 1, a consequence of
the Pauli exclusion. For some values of a total number of particles (shown in circles), the
energy gap with the inmediate next high level is considerable large, giving rise to the shell
structure and the magic numbers. Levels with positive (negative) parity are indicated in
blue (red).
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The strict validity of this model may be limited to closed shells (and single-
particle -or hole- states built on them), but it provides a framework for more
complex situations mainly because of two reasons: First, its solutions are often
used as the basis of more complex calculations since the harmonic-oscillators so-
lution offer a basis with good quantum numbers well defined. Second, the eigen-
functions of a many-body problem are represented as a linear combination of the
single particle solutions [8].

2.1.1 Pairing interaction and quasi-particle excitations

The pairing interaction is one of the most important ‘residual’ interactions in all
the models considered so far. The most clear evidence of its existence corresponds
to the behaviour of the nucleon separation energies along an isotopic chain: For
even masses it is considerably higher than the adjacent odd ones [4]. Moreover,
in even-even nuclei not only this extra-binding energy is the highest, but also the
ground state is always J™=0. This suggests that there must be an interaction that
favours the coupling of nucleons in pairs, with the peculiarity that for two identical
nucleons in the same j-orbit, the favoured coupling is ﬂ+ j;=0. Formally, the
interaction is defined by [11]:

.. .. 1,0 1
(1172 Vpairlzjad ') = =G \| U1 + E)(h + 5)5]‘1;‘2 05346505705 4

where G is the strength of the pairing force. The effect is quite clear: only pairs
of identical particles in the same orbital j; =j, and coupled to J=0 are affected by
this interaction (e.g. antiparallel coupling). The ‘scattering’ of the coupled pair to
a different orbit is possible, as long as it still satisfies J,+ j,=J'=0.

In the discusion of pairing, the so called gap parameter is defined in terms of a
sum over orbits i, j as

A=GY U, (5)
%

with U; V) the occupation (emptiness) factors of the orbits, so Vk2+U,f=1. The
effect of the Pairing interaction is to generate a smooth distribution of occupancy
in the orbitals near the nucleus Fermi surface €, over an energy range A [11].
Without pairing, the Fermi surface would be simply the last orbital / level filled,
and €; — €; would be the energy needed to excite one of the last nucleons into the
orbit €; above the Fermi level. Due to Pairing, the excitation energy of a quasi-
particle in the level i is given by

E;=+/(e;—€p)?+ A2 6)

For the cases when €; ~ € then E; ~ A, establishing a minimum value for E;.
However, that is not the minimum energy of an excited state. The pairing causes

2.1 The nuclear shell model 1



the occupation to be distributed over several levels, above and below the Fermi
surface so the excitation can come from any of the quasiparticles in this partially
occupied levels, with energy €,. Thus, in odd mass nuclei the lowest quasiparticle
excitation energy is obtained subtracting the quasi-particle energy of the ground
state to the quasi-particle energy the level i on top:

Epve =E—E;=+/(e;—€p)? + 82— /(6o —€;)2 + A2, )
where E, is the quasi-particle energy of the closest level (e,) to the Fermi surface
(ep). Therefore Eéx . can be very small, considering that both E; and Eq~ A for
levels sufficiently close to the Fermi level, such that €; — e, < A.
In contrast, for even mass nuclei the pairing establishes a minimum value for
quasi-particle excitations. To create such an excitation, a pair must be broken, so

that the lowest quasiparticle excitation energy is
Eij :Ei_ES: '\/(ei_eF)2+A2+‘\/(EJ_EF)2+A2, (8)

exc
where i and j correspond to the orbits of the two quasi-particles involved. The

minimum value is EJ, =2A, giving the ‘pairing gap’ a minimum limit ~1-2 MeV.

2.2 Nuclear deformation

The deformation of the nuclear shape is a fundamental property of the atomic
nucleus. To understand its connection with the collective nuclear motion, consider
the multipole expansion of the nuclear surface in the (0, ¢p) direction at the time t
[47],

R(O,6,6) =Ro{1+ X752 arm()Vin(0, 9D}, ©)
where R, = 1.2-A'/® fm, corresponds to the mean value of the nuclear radius.

The case a;,,(t) = 0 V (I,m) represents an static spherical or ‘non-deformed’
shape. In deformed nuclei, the a; ,(t) coefficients provide the amplitude of the
nuclear shape at the multipole order (I,m). Hence, they act as the collective co-
ordinates of the nucleus, being the Y;,,(6, ¢) the directional vectors. In principle,
deformations at all multipole orders (I € [0, 00)) are possible. However, there is
no evidence of pure deformations for [ > 4 [47], so here only the lowest multipole
orders are described, see Figure 2.2.

The monopole deformation, [ = 0, corresponds to an oscillation of the nuclear
radius of spherical shape. A large amount of energy is needed for such a compres-
sion of nuclear matter, so this mode is far too high in energy (~ 20 MeV) [47] in
comparison to the low-energy spectra around few MeV studied here.

The dipole deformations, [ = 1, correspond to displacements of the nuclear cen-
ter of mass. The characteristic excitations are the Giant Dipole Resonance (GDR),
interpreted as a resonance due to the oscillation of the proton distribution and
neutron distribution against each other. The displacement of much of the nuclear
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Figure 2.2: Schematics of low-order multipolar deformations. For simplicity, only the
axially symmetric shapes are shown: The m=0 pear-like shape of the octupolar order
(I=3), and the m=0 prolate ellipsoidal shape of the quadrupolar order (I=2).

matter demands considerable excitation energy, so this mode is typically around
~8-20 MeV. Pigmy resonances, starting around 5 MeV and below the nucleon
separation threshold, have also been found [48]. There is; however, a low-lying
magnetic dipole excitation? occurring in heavy deformed nuclei at roughly 3 MeV
and corresponds to the vibration of the proton and neutron distributions against
each other, each one conserving their shape, and oscillating in a scissors type of
motion, different to the linear vibrations of GDR [11, 50].

The octupolar deformation, [ = 3, has a bigger influence in the non-axially sym-
metric deformed shapes associated with negative parity collective states. The m=0
component, with an axially symmetric pear-like deformation, was recently found
only for heavy nuclei (A~220) [51].

2.2.1 Quadrupolar Deformations

The quadrupolar order [ = 2, describes the most common nuclear deformations
associated to low-lying collective excitations. It is convenient here to consider also
the expression of the collective coordinates a,, in terms of the three Euler angles
and two intrinsic variables (f3,7):

1 .
Qoo = f2COSY, gy =0y 5= Eﬂz siny. (10)

As a convention 8, = 8 and 0° < y < 60°. In the cases when y=0, 60°, the
simplest possible deformations occur, which corresponds to an axially-symmetric
ellipsoid. Its shape is given by

R(8) =Ry [1+ pY5(0)], (11)
where the quadrupole deformation parameter 3 is related to the length difference
between the major and minor axis of the ellipsoid 6R, by

4 [moR

p=22y3 7 (12)
0

2 Discovered with electron-scattering experiments in 1983 at T.U. Darmstadt [49].
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The +(-) case occurs when y=0°(60°), so the major-axis of the ellipsoid is par-
allel (perpendicular) to the symmetry axis. Each case is known as prolate (oblate),
respectively. Experimentally, oblate nuclear shapes are much less common than
prolate ones [4]. A larger 3 represents a more deformed nucleus, and =0 is the
spherical shape. When the elongation of the ellipsoid is different in the three axis,
the nuclear deformation is axially asymmetric, also known as triaxial. In such a
case the shape is expressed by Equations 10, in particular 0° < y < 60°. A con-
venient representation of the quadrupolar shapes is given by the (f,y) plane, see
Figure 2.3.

Triaxial

.

Spherical

Figure 2.3: (3, v) plane or triaxial map of all possible quadrupolar deformations. For >0,
the limit cases y = 0° and y = 60° correspond to the prolate and oblate deformations. For
B = 0, the spherical shape. For the intermediate values 3 > 0, 0 < y < 60°, axially-
assymetric triaxial shapes.

2.3 The Collective model

Bohr and Mottelson introduced a nuclear model where the amplitude of the dif-
ferent multipolar deformations played the role of the nuclear coordinates, instead
of the positions of individual nucleons. Restricting the discussion to quadrupolar
deformations, the five-dimensional collective Hamiltonian is given by [52]

Hcoll = Tvib + Trot + V(ﬂ, Y): (13)
1 . | )
Tp = ED[j/}ﬁz +Dg, By + EDWYZ, (14
3 3 2
1 1w If
Troe = = pi== ) <. 15
rot zkzl:skwk sz:;Sk ( )

The quadrupole deformation parameters (f3,y) and the Euler angles ¢, are
treated as the dynamical variables; the quantities D;; in the vibrational kinetic

14 Contents



energy part, T,;,, represent inertial masses for the vibrational motion and are func-
tions of (3, 7); and the 3, and I, terms in the rotational kinetic energy part, T,,;,
correspond to the moments of inertia and angular momenta components with re-
spect to each axis of the intrinsic body-frame axis, respectively. V(f3,y) corresponds
to the potential energy as a function of the quadrupolar deformation.

The Hamiltonian H,,; is a general form of collective possible excitations at a

quadrupolar deformation level. It is better understood considering the important
specific cases of pure rotational and vibrational modes.

2.3.1 Axially symmetric rotors

Around the decade of the 50’s, quantized rotational motion had been already iden-
tified as a standard excitation mode in molecules, so it was somehow expected that
nuclear rotational motion would either be a property of all nuclei or none, and if
so, it would have an associated moment of inertia close to the rigid body value, the
same way as in the molecular case [53]. The data, however, soon proved that the
real situation was less simple: For even-even nuclei far from the shell closures, the
lowest-lying transitions were found to have a strength around 100 of times stronger
than the Weisskopf estimates®, and the excitation energy of the levels followed a
characteristic sequence I(I+1), with I the angular momentum of the level. See, for
example, the mid-shell regions around Z~66 (Dy), A~170; or Z~40 (Zr), A~100 .

The explanation of this type of spectrum is one of the biggest successes of the
Collective model. Consider the rotation of a nucleus with the simplest possible de-
formation, e.g. an axially symmetric quadrupolar shape, such that the correspond-
ing angular momentum forms some angle with respect to the symmetry axis. The
component of the rotation parallel to the symmetry axis has no physical changes on
the state of a quantum mechanical system due to the rotational invariance, so only
the perpendicular component can exist (that is the reason why spherical nuclei do
not have ground-state rotational bands). The rotation can be represented by the
quantized Hamiltonian of a rotating body with fixed axis, obtained from Equation
(13) for T,;;,=0, as well as I;=0, I, =I,=I, so the Hamiltonian reduces to:

I? mAI(I+1)
H.o = o E = Y
23 23
with 3 the nuclear moment of inertia. In a spherical nucleus all 2] +1 intrinsic mag-
netic substates are degenerate in energy, however, it is not the case for a deformed
nucleus (see Section 2.4). Instead, the projection K of the angular momentum on
the symmetry axis defines the energy level, remaining a degeneracy for the levels

(16)

3 e.g. atransition caused by a single nucleon, see Section 4.2.4
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with projection values K and -K. The nuclear wave function must reflect this, so it

is represented by [11]
Wy > aglIK); %)
K=0

2I+1 _
k) = \ m(D;M%K+(—1)J DL k) (18)

When K=0, The wave function collapses for odd values of I, so only the even
values I=07,2%,4%.., are allowed for even-even nuclei. This set of states with simi-
lar K is said to define a rotational band. Given the quantum nature of the nucleus,
the comparison of § with a classical rigid rotor is of interest. From Equation (16),
the moment of inertia in thze transition between two consecutive states is

EI _EI—Z = ;—L_S (4I _2) = Sexp = %hza (19)
this expression allows obtaining § from experimental data since the energy differ-
ence between the states involved in the I — I — 2 transition corresponds to the
energy of the y-ray emitted by the nucleus (Section 4.2.1). For most of the I = 27
states of deformed nuclei, the y-ray energy of the decay to the ground state is
around 80-500 keV [4]; for instance, E(2]) = 221 keV for '®°Zr, leading to 3,,,~

13.5 k%/ MeV.

On the other hand, for a rigid ellipsoid rotating perpendicularly to the symmetry
axis, the classical moment of inertia is given by [54]

Srigia = Sopn (1 + (V/45/16m)B/3) ~ 2MR3 (1 +0.314) /5, 20)
Evaluating for '°°Zr, A=100 and f3,=0.343. Besides, M=myA, my=937 MeV/c?,
and i ¢c=197 MeV-fm, so

Siea = (2/5)(937 MeV/c?-A) (1.24'/% fm)” (14 0.3148) h2/MeV
A 33.20°/MeV > 53,,,.

This feature is characteristic of the nuclear rotational movement, so it is not en-
tirely equivalent to the molecular case. § can change along the states of a rotational
band since it is not known whether or not the positions of the nucleons with re-
spect to each other remain independent of the excitation energy. For constant 3,
the energy ratio of the lowest rotational states, E(47) and E(27), is given by

E(4]) 4(4+1) 20
"= EGn = zgz + 1% =% % @D
1
This value is one of the most used signatures to identify rigid axially symmetric
deformed states of even-even nuclei. Naturally, the strong simplifications assumed

in this treatment do not necessarily remain valid in many real situations. The shape
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deformation can have small non-axially symmetric contributions so the deforma-
tion is not rigid but soft, leading to lower Ry values [47].

2.3.2 Excitations for axially-asymmetric deformations

The next simplest deformation beyond axially symmetric ellipsoids, corresponds to
the quadrupolar deformations where the axial-symmetry is actually not preserved,
so the elongation of the nuclear shape (ellipsoid) along the three principal axis is
different, see Figure 2.3. In terms of the parametrization used so far, these kind of
deformations correspond to non-zero values of (3, 7).

The ideal case of a rigid axially asymmetric nucleus was first studied by Davydov

and Filippov [55]. It has a Hamiltonian given by

3.2 o

Hiypigx = ) —, S =4Bﬁzsin2{y——i}, (22)

— 25; 3
with I; the angular momentum projector operators, and 3; the moment of inertia
along the axis i=1,2,3 of the body-fixed coordinate system, respectively. Though
the stationary states for this Hamiltonian have a defined angular momentum, the
projections along the different axis do not have defined values. Hence, the energy
levels cannot be specified by K, and each value of angular momentum leads to
21+1 energy levels.

The energies for the lowest-lying rotational levels have in fact analytical expres-
sions, their derivation can be seen in detail in Ref. [56]. Particularly important are
the two lowest levels with angular momentum I = 2, labeled as 27 and 23. Their
energies as a function of the (3, y) parameters are given by

9(1— 4/8sin?(37)/9)

E2p)= sin?(3y) ’
91+ +/8sin*(3y)/9)
E2)= sin?(3y) ’

E(2]) 3+4/9—8sin?(3y)

2R 3—Jo—8sin?(3y)

where the energies are expressed in units of 12/4BB2. Additionally, it is also

satisfied that E(37)=E(2])+E(2]). The ratio R, /2 can be very useful since it allows

to estimate the degree of triaxiality directy from the spectroscopy information, its
behaviour is shown in Figure 2.5.

The behaviour of the lowest excited levels as a function of y is shown in Figure
2.4. In the limit of y — 0° the rotational band of the ground-state corresponds to
the spectra of the axially-symmetric rotor. For increasing v, the set of states 27, 37,
4%, 57 (which are sometimes labeled with ’y’) go drastically down in energy. After

> (23)
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l l Level scheme comparison
50 — | | Triaxial rotor y = 30° | y-soft (Wilets - Jean)
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Figure 2.4: (Left) Energy levels as a function of y for the rigid triaxial rotor model. (Right)
Comparison of the level schemes obtained for the triaxial rotor at y=30° and the y-soft
model of Wilets-Jean. The levels of the so-called y-band correspond to 2;=2;, 3;r=3;r,

4;f=4'2*, 5;’=51’ and so on. Based on [57].
y = 22° it occurs that E(23)<E(47) and E(3])<E(47), which is a useful signature
that can be directly evaluated from spectroscopy data. The maximum degree of
axial asymmetry (e.g. the degree of triaxiality) is reached when y=30°; afterwards,
the behaviour is symmetric for the intervals 0° < y < 30° and 30° < y < 60°.
Therefore, the relative positioning of the levels cannot offer insights to distinguish
between prolate and oblate rigid deformations. The Davydov model also provides
analytic formulas for the reduced quadrupole transition probability between two
states with the assumption that the intrinsic shape does not change for different
states,

B(E2;2} — 01)+B(E2;2} — 01) =1
3—2sin%(3y) )
v/ 9—8sin?(3y) ’

1
B(E2;27 = 07) = 5 (1 +

-2
B(E2 2t — 0ty = L[ 71— 3=280°Gr)
2 o2 v/9—8sin?(3y) ’

with the B(E2) values normalized to eZQ% /167, and Q,=3ZR?B/+/57 the intrinsic
electric quadrupole moment of a nucleus only with axial deformation 3. The be-
haviour of the ratios of these quantities as a function of the triaxiality is shown in
Figure 2.5. The transition 25 — 27 is much stronger than the transition 2} — 07

18 Contents



for all values of triaxiality, which is a useful signature since it can be compared to
experimental branching ratios. The ratio of the decay strength for the transitions
27 — 07 and 27 — 07 increases from 1.43 at y=0 towards infinity in the limit of
y = 30°. In contrast, the ratio of the decay strength between the 25 — 07 and
2] — 07 transitions is much lower, with a peak around y = 22°, and vanishing for
y= 0 and 30°.

e E@g B(E2;2,-24) _|
E(Zl) B(E2,22*>01)

14— —

12— —

10— _

g — _
| B(E2;2,504) _

6 B(E2;2,-0) *

41— —]

[}

0 I |
0° 10° 20° 30°
14

Figure 2.5: Predictions of the Davydov model for several observables: R,,, the energy
ratio of the first 2* states; the decay strength ratio for the transitions 2 — 27 and 2} —
07; and the decay strength ratio for the transitions 25 — 07 and 2] — 07. Based on [11].

The Wilets and Jean model [58] represents another important limit case of the
Collective Hamiltonian known as y-soft. It considers the case when the nucleus
is not rigid but free to vibrate in the y degree of freedom, condition known as
‘r-instability’. In this situation the potential is totally independent of y, so the
Hamiltonian becomes separable in these two coordinates since the potential is of
the form V(B,y) = f (). Furthermore, when V is harmonic in  around a non-zero
B, value,

2
V(B) = 5C(B—Bo) = 5C Y o, — @, OF,

27 &

then the energy of each state is given by [11, 58]
Ey_(A)=0AA+3); A=0,1,2,3,...,
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where ¢ is anologous to #2/23 and the quantum number A keeps the degeneracy
relation with the angular momentum shown in Table 1.

A J

0 0

1 2

2 2,4

3 034,06

Table 1: Degeneracy between A and J values in the Wilets-Jean model.

The band structure representation of the lowest levels is shown in Figure 2.4. In
particular, the yrast levels follow the relation J = 2A(A + 3), and they have very
similar energies to the case of the triaxial rigid rotor at y=30°. The R/, ratio is
given by

E(4])
e

The signatures to distinguish between both models are related to the to the char-

acteristics of their y-bands. In the first place, the R, , ratios are given by

(24)

Ry’ =25, Ry, (y=30°)=2.0. (25)
Also, for the triaxial rotor the states group as (2;, 3h), (4;, 5; .., while for the

Wilets-Jean case they group as (2;), (3;,4;), (5:,6;). This feature induces the
definition of a signature to distinguish both cases, known as staggering [571,
(B4 — Es;) - (Es;r - Ez;)

Y
S(4)= Ez;) s (26)
the values for the ideal models considered so far are:
S(4) = 1/3 (symmetric rotor),
S(4) = 5/3 (yrigid- 30°),
S(4) = —2 (y-soft). 27)

2.3.3 Vibrational excitations

For some near-spherical nuclei close to the shell closures (such as the Z=48 Cd iso-
topes) neither the independent particle model nor the collective rotations explained
the low-lying spectra. The origin comes from vibrations around the spherical shape
at some multipole order [ of the nuclear deformation. The harmonic oscillations
of the a;,,(t) coordinates around the equilibrium values can be expressed in a
collective Hamiltonian [59]

ZHlmz Z{Bl|alm| +Cllagml?} (28)
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After a quantization process for the a; ,, and their associated conjugate momenta
Ty m=0L/ddy ,=Bia], (t), the introduction of the standard creation-annihilation

operators OlT > and Oy, is straightforward; so the Hamiltonian becomes
H = > Hu,=y {0 0,+1/2}; [0].0.]=1 29
I,m I,m

The vibrational collective states can be understood as combinations of excitations
between the different (I, m) oscillators in Equation (29). For the lowest non-trivial
multipole deformations with [ = 2 the Hamiltonian becomes

2 2
Ha Y hw{0},0,, +1/2} mhw{N+5/2}; N= >0} ,.0,, (30
m=—2 m=—2

N corresponds to the number of quadrupole phonons present. This expression

represents five harmonic oscillators, each with a value m. The eigenstates have the

general form |N, [, m), with [ the angular momentum, and its projection m. The first

excited states of this system can be deduced by means of successive applications of
the creation operators O;m to the ground state [47]:

e Ground state, [N = 0,1 = 0,m = 0). It has zero phonons (N=0), energy ghw,
and nuclear angular momentum [=0.

» First excited state, O;mIO, 0,0)=|N = 1,1 = 2,m). Characterized by one
phonon (N=1), energy %hw, and nuclear angular momentum [=2%. Its

degeneracy is given by -l < m < .

¢ Second excited state, Og’mll,Z, m)=|N = 2,1,m’). Characterized by two
phonons (N=2), and energy 3hw. Its degeneracy is given by [=0",2*,4%;
and —Il < m <1, for each [.

The ratio between the excitation energies of the two lowest transitions is given
by
E(4]) (9—5hw/2 _

2T E@RD) T (7-5)hw/2 31
and the decay strength ratio between the N = 2 and N =1 states:
B(E2; 0}, 2% 4% — 2F)
Bopja = 22 1__1-=2 (32)
B(E2;27 — 07)

2.4 The Nilsson model

The single-particle model with an effective mean-field potential which is not spher-
ical but deformed was proposed by S. G. Nilsson in 1955 [12]. Considering that
the effective potential should somehow follow the distribution of the nucleons, it
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is expected then to be deformed if a non uniform arrengement of particles takes
place, which is physically reasonable. This model applies then for those nuclei far
from the shell closures, where substantial deformations are observed. In a spher-
ical potential, the magnetic substates of the (nlj) level are degenerate in energy,
but the presence of a deformed potential breaks this degeneracy favouring energet-
ically some of these substates. The situation shown in Figure 2.6 shows a (simple)
prolate-deformed potential and two j-orbits with K; and K, the maximum and
minimum angular momentum projection in the symmetry axis, e.g. K;=+j and
K,=%£1/2. The particle in the K, orbit is in average closer to the potential bulk
than the particle in the K; orbit which is more perpendicular; therefore, K, (K;)
will be more (less) attracted than in the spherical-potential scenario. Geometrically,
the energy shift of each substate depends on the angle of its orbit with respect to
the symmetry axis, sinf ~ K/j. Given the symmetry of the deformation, both
orbits of the substates K = +m (m= 1/2, 3/2,...,j) have the same angle and so
the same single-particle energy variation. For an oblate-deformed potential the
situation is inverted so the orbitals with K; would be more attracted. Since the
interaction is short-range, the magnitude of the K-splitting in energy must be more
pronounced for larger deformations. A schematic illustration of the energy split-
ting for the spherical-orbital (nlj) into the (2j+1)/2 levels of different K values is
shown Figure 2.6.

t 0 b
K ? j-1
: .
m 1ilj
[}
S
=
z £ 3/2
Kz %)n 1/2
g
i K

Figure 2.6: Geometry of a ‘spherical’ orbit interacting with an axially symmetric deformed
potential. The strength of the interaction changes with the angle 6 between the orbit
plane and the symmetry axis, such that the the smaller the angle, the stronger(weaker)
the interaction for prolate (oblate) deformations. The split of the single particle energy for
the substates of an nlj spherical-level as a function of the deformation is also illustrated
schematically to the right.

The energy of the single particle levels in the Nilsson model depends obviously
on the parametrization used for the potential. In general, they are solution of the
single particle Hamiltonian
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=2
H=2 1v(@e)+p2—cls. (33)
2m

The effective potential V(r, 0) can be a deformed harmonic oscillator, a modified
Woods-Saxon, self-consistent Gogny-D1S, etc. [60]). A Nilsson diagram corre-
sponds to a plot of single-particle energies (SPE) for each K-level as a function of
the axial quadrupolar deformation f3, see Figures 3.2 and 3.3. In this axially de-
formed potential, the angular momentum is not anymore a good quantum number
but only K, so the energy levels are labeled as
K™[Nn,AJ, (34)
with m=(—1)' the parity of the orbital, N the number of the major shell, n, the
number of nodes of the wave function along the symmetry axis direction, and K
the sum of the projections of the orbital angular momentum and spin, K= A+1/2.
To correctly label the levels steming from each (nlj) in the diagram, notice that
for the ‘more aligned’ orbits to the axis the wave function is more extended along
Z, S0 n, takes its maximum value N. Besides, in that case the angular momentum
projection is minimum and equal to K=1/2. Notice that for positive (negative)
parity the possible values of n, + A must be even (odd) if N is even (odd), allowing
this to select the correct value of A (recall that K= A+1/2 in general). For instance,
for the 1g4,, proton orbital (71gy/,) in the diagram of Figure 2.7 it occurs that
l=4andn=1soN =2(n—1)+1=4and © = (—1)! = +1. Since N is even,
for the K™=1/2" level it must be that A=0. The level sequence is then given by
1/27[440], 3/2*[431], 5/2%[422], 7/2*[413], and 9/2%[404].

120/2 - mmom 4
R e 32
N 5/2%
---- 7/2F
9/2*
11/2%

-12

—1/2"
— 372"
S 5/2-
X — 72
«\ 7‘:\ 9 /2,
\ 11/2°

-
0.5

SPE. (MeV)
=

—
[=2)

/'2 Pz /23
sl 4 2;\

Figure 2.7: Evolution of single-Particle levels for protons (left) and neutrons (right) ob-
tained using the D1S Gogny effective interaction. Modified from [38].
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3 State-of-the-art Beyond-Mean-Field Calculations

The complexity of the nuclear many-body problem due to its mesoscopic nature
and the complexity of the nuclear interaction has motivated several approaches
and models to describe different nuclear properties. Nowadays, the large-scale
interacting shell model calculations [8, 34] stands as rather succesfull tool to com-
pute low-lying states and spectroscopic features along large regions of the nuclide
chart. It demands very high computing power since it relies on considering a very
large valence space for accurately results. Nevertheless, the optimal interaction
used for the calculation is still not shown to be universal along the nuclide chart
and somehow must be tuned to a particular mass region. There is another very
succesfull approach to perform calculations known as Beyond-Mean-Field methods
using density-dependent functional forces. The effective interactions used in these
type of calculations have already been fitted to describe bulk properties along the
nuclide chart [61], which confers them a global character so they can be expected
to have good predictive power on not explored regions so far. In general, state-of-
the-art Beyond-Mean-Field Theories (BMF) consist of the following steps:

1. Derivation of a self-consistent mean field potential via a method such as
the Constrained Hartree-Fock-Bogoliubov calculations. In particular, the particle-
number, angular-momentum and parity symmetries broken at the HFB level are
restored. Additional constraints on observables such as the deformation or the
angular momentum can be added in order to analyze the behaviour of specific
collective degrees of freedom of a nucleus.

2. A beyond-mean-field calculation to obtain the properties of excited states.
For this step, alternative methods have been developed with different degrees of
sophistication. For the neutron-rich Selenium nuclei studied in this thesis, there
are very recent publications using different approaches:

* A Symmetry-Conserving Configuration-Mixing (SCCM) calculations based on
the Generator Coordinates Method (GCM) using the variation after particle-
number-projection method (PN-VAP) to restore symmetries. For details see
Refs. [24, 31].

¢ A Five Dimensional Collective Hamiltonian (5DCH) calculations, also based
on the GCM where the input parameters of the Hamiltonian such as the po-
tential, moments of inertia and mass parameters are obtained from the CHFB
calculations. For details see Refs. [38, 62].

* An Interacting Boson Model (IBM) calculation, where the mean-field as a
function of (f3,y) is mapped into the expectation value of the IBM Hamil-
tonian with configuration mixing in the boson condensate state. The resul-
tant Hamiltonian is used to compute excitation energies and electromagnetic
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properties. This type of calculations will be used for the data comparison but
will not be explained more extensively, since they do not provide information
on the single particle structure and their agreement with the data is the less
accurate. For details, the reader is welcomed to review Ref. [41].

3.1 Gogny effective interaction

In all the calculations here discussed, the Gogny interaction [63] was used as the

effective nucleon-nucleon interaction. Its expression is given by [61]
2

Viy = D¢ A (W, 4+ BP, — H P, — M;P,P.)
i=1
+Ws(G) + Gk x 67 — 7k
+V5 + Vpp. (35)
It consists of a central finite range part (first line), a spin-orbit interaction having

a zero range (second line), a Coulomb term for the interaction between protons
2

v =(1+27) (1 4+ 270) o (36)
and a density-dependent term
1
Voo = 51+ %P6 — o (37 + 7)), 37
where the density operator p(7) is given by
A
p()=> 6(F—7)). (38)
=1

There are several versions of this effective interaction, the better tested corre-
sponds to the ‘D1S’ and ‘D1M’ parametrizations [64]. In particular, the former was
used in the SCCM and 5DCH calculations and the latter in the IBM ones.

3.2 Constrained Hartree-Fock Bogoliubov method (CHFB)

The Hartree-Fock-Bogoliubov method is one of the most widely used mean-field
approaches to solve a many-body problem. In the case of nuclear physics, The goal
is to use an effective interaction and a trial wave function to find a self-consistent
potential and wave function such that the Hamiltonian is minimized with respect
to the energy of the system using the variational principle. In the HFB theory, the
Bogoliubov transformation defines the quasiparticle (qp) operators as [61]

= Z U + Vel (39

k

with c,ﬁ, ¢, the particle creation and annihilation operators in a trial basis {|y)},
normally the Harmonic Oscillator. U and V are the matrices to be determined with
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the variational principle. Due to the mix of both creator and annihilation operators,
the HFB wave function |¢) = [ [, @;|0) (|0) the qp vacuum) is not eigenstate of the
particle number operator. Furthermore, if the index k covers indiscriminately all
the states of the trial basis then |¢) mixes states with different parity, angular mo-
mentum, deformation, etc. The non-conservation of particles and the breaking of
symmetries such as parity or angular momentum are both critical problems since
nuclei have indeed defined values of particles and nuclear states have defined val-
ues of angular momentum and parity. The general solution consists on the use of
Lagrange multipliers {A;} during the minimization of the Hamiltonian using the
variational principle, so that the solutions are constrained to ‘restore the broken
symmetries’, which means finding a minimum energy and wave function that sat-
isfy the conservation of good quantum numbers s;, linked to the observables % of
interest. Concretely,

0=5{(plH— D L)}, A — (($lAlp)} =s5.. (40)

L

These observables can be specific nuclear properties such as the proton or neu-
tron particle numbers, the angular momentum, the deformation, etc, are selected
‘by hand’ according to the properties that are under study or must be imposed in
the system. The wave function obtained is only the particular self-consistent solu-
tion for a specific value s; of the constraints, e.g. |¢p) = |¢),. This approach can
be enough for explaining fair enough some ground-state properties using effective
interactions such as Gogny or Skyrme [64]. However, the minimization procedure
in Equation (40) yields only the lowest-energy solution (e.g. the ground-state) so
it is not adequate for calculations of higher energy-levels (e.g. excited states).

3.3 Generator Coordinates method (GCM)

A much more general solution to the many-body problem can be constructed using
the method of generator coordinates [65]. It consists on defining a trial wave func-
tion that is a linear combination of HFB solutions |¢), for different values of the
particular parameter represented by s ( referred as ‘generator coordinate’)

W)= "fil$) 1)

This apparently rather abstract approach in practice means choosing a range
of values for some of the coordinates s so that each value represents a different
physical state. For instance, the set of all the possible quadrupolar deformations
(B,7), or the set of states with defined parities, values of angular momentum, etc.

In principle, the larger the amount of coordinates that explore different nuclear
properties, the better the representation of the nuclear state obtained in the varia-
tional method now using the |¥) function. Nevertheless, these type of calculations
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demand high-computing power so only coordinates representing relevant aspects
should be included. This minimization procedure allows to obtain the coefficients
fs from the Hill-Wheeler-Griffin Equations, see Ref [65]. This Beyond-Mean-Field
approach produces a highly correlated and complete wave function that can be
used to compute properties for states beyond the ground-state, by imposing spe-
cific values of angular momentum, for example.

The calculations previously mentioned for the nuclei under study in this work
present some differences in the implementation of the CHFB and GCM methods
previously explained. In the following, some details on their implementation will
be shown, together with their predictions for 2°~?4Se.

3.4 Calculations for neutron-rich Selenium isotopes

3.4.1 Symmetry-Conserving Configuration-Mixing (SCCM) method

In the Symmetry-Conserving Configuration-Mixing calculations the many-body
states (Equation 41) are calculated as a linear combination (e.g. mixing) of HFB-
type wave functions of different quadrupole shapes (both axial and triaxial) and
with particle-number and angular momentum restored:
M) =" flo PL PVP? gy, ) (42)
BYK

where I, M,K correspond to the angular momentum and the z-axis projections
in the laboratory and intrinsic frame, respectively. PY?) are the neutron (proton)
particle projectors, PI{/IK the angular momentum projector, and o labels different
states for a given value of I.

The HFB states |¢p,) are obtained with the variational principle,

0=45 {(¢/3,y IEN4(B,7) — A30Qa0 — A‘22é22|¢[3,y>} ) (43)

where Q,, and Q,, are the operators determining the quadrupolar deformation.
The values of the Lagrange multipliers {A;} are obtained from the constraints

(¢[3,y|é20|¢/3,y) ={do> <¢[3,y|Q22|¢[3,y> =4y, (44)

and the coordinates q,, q, are directly related to the quadrupolar coordinates (f3, )

via
B =+/7/5¢/q%+3q%/A(r?), y=arctan «/5% (45)

0

The restoration of neutron and proton number is conducted instead projecting
the HFB wave function |¢ ) with the P, and Py operators determining the proton
and neutron numbers. This step, conducted before minimization with the varia-
tional method [Equation (40)] guarantees that only states with the right quantum
numbers are used in the minimization. This method recieves the name of variation
after particle-number-projection method (PN-VAP) [31].
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Finally, the term EN-2(3,y) corresponds to the potential energy surface in the
triaxial map:

(pp.,[HPy P71 g )
<¢/§,y|ﬁNﬁZ |¢[§,y>

where H is the Hamiltonian in which the potential component is defined using
the Gogny effective interaction. The calculation of the weights £/ 7 in Equation 42
are found using the Hill-Wheeler-Griffin Equations, which are not explicitely listed
to keep simplicity.

ENA(B,y) = (46)

3.4.2 5-Dimensional Collective Hamiltonian (5DCH) calculations

In the 5-Dimensional Collective Hamiltonian calculations the CHFB step is imple-
mented as

0=9o {(¢[3,7|H —A0Qa0 = AgyQ — A7 2 — ANN|¢/3,y>} ) 47)

where H is the Hamiltonian in which the potential component is defined using
the Gogny effective interaction, and the quadrupolar deformations are constrained
similarly as in Equation 43. Here the particle number restoration is conducted
using Lagrange multipliers instead of projecting the wave function, P, and Py are
the operators determining the proton and neutron numbers, and the values of their
Lagrange multipliers are obtained from

<¢ﬂ,y|ﬁN|¢ﬁ,y> =N, <¢[5,y|ﬁ2|¢[3,7> =Z. (48)

The CHFB states |¢p ) are used as a triaxial base of a more general correlated
wave function constructed via the GCM [62]

Moy =" f Fodk Pax (R dp,) x DV2dBdydQ, (49)
K

where LpIIV[K(Q) are the normalized combination of Wigner rotation matrices func-
tions of the Euler angles 2, mentioned in Equation 18. The integral runs over the
generator coordinates that in this case corresponds to the 5 dimensions of the Col-
lective Hamiltonian [Equation (13)]. The coefficients fﬁl;’K are in principle obtained
from the Hill-Wheeler-Griffin Equations. However, this process demands very high
computing power so instead this integral Equation is transformed via a Gaussian
Overlap approximation (GOA) [62] into the second-order differential Equation

H.01181 (00, 92) = Ex&x (40, 92), (50)
with the Collective Hamiltonian to solve
H 1 23: jlf 1 p1/2 g pl/2g-1 d v( ) (51)
= — _—— —_— — + B
coll 2 - Sk 2 W aqm mn aqn do-92
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where g, = f cosy and g, = B siny are explicitely used instead of (f3,y), D is a
metric factor and J, are the angular momentum operators. The other terms are all
computed locally with the CHFB solutions. For instance,

V(qmq2) = <¢ﬁ,y|ﬁ|¢[5,y> —AV (52)
where H is the many-body mean field Hamiltonian where the Gogny interaction
is used. To calculate the three moment of inertia, an additional constraint wJ; is
added to Equation (47). With the new self-consistents solution |¢Ky), the moment
of inertia are obtained as

Sk = lim (g Wilof, )/ . (53)
Finally, the quadrupole mass parameters are calculated also in the cranking approx-
imation, the derivation can be found in [38].

3.4.3 Comparison of calculations

Potential energy surfaces (PES)

The Potential energy surfaces (PES) in the triaxial map (f3,y) obtained from the
CHFB method are shown in Figure 3.1. In general, the PES show a similar be-
haviour, with two potential minimum evolving along the isotopic chain. At N=56
(°°Se), the global minimum is prolate deformed with the presence of a weaker
second minima on the oblate side. The situation inverts at N=60 (°*Se), where
the global minimum is oblate and the second minimum becomes prolate. The nu-
cleus *?Se is a transitional point at N=58, where both minima have rather similar
depths and are more spread over the y direction. Therefore, these nuclei are pre-
dicted to have a prolate-to-oblate shape transition via a y-soft shape, the transition
taking place between the two coexisting equilibrium shapes (e.g. the pronounced
minima of different deformations in the potential of each isotope). Note, how-
ever, that the location of the minima in the PES does not yet determine the nuclear
shape, as correlations beyond the mean field have to be taken into account [66].
The similarity of the CHFB results between the different calculations is consistent
since they all use Gogny force as the underlying interaction. There are, however,
some differences between the plots as well. For instance, the depth of the sec-
ond minima is smaller for CHFB+5DCH, it increases for the CHFB+SCCM, and is
more pronounced for the CHFB+IBM. Also, the degree of y-softness of the min-
ima of ?2Se also changes, being more evident for CHFB+5DCH, decreasing a bit in
CHFB+SCCM, and even more in CHFB+IBM.

Nilsson diagrams

The general behaviour of the energy potential surfaces can be understood ana-
lyzing the underlying Nilsson single particle levels, which have been reported in
the publications of the SCCM and 5DCH calculations and are shown in Figures 3.2
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J. Delaroche
PRC 81, 014303
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T.R. Rodriguez
PRC 95, 041302

K.Nomura
PRC 95, 064310
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Figure 3.1: Contour plot of potential energy surfaces in the triaxial map (f,y) for the
even-even neutron-rich °>°2%¢Se. The potential depth is represented in color scale, in all
three cases the deepest points correspond to blue, with the less deeper the closer to red.
Further details on the scales and the number of grid points can be found on the references.
For the present comparison is enough to see that they follow similar trends.

and 3.3. The predicted energies of excited states are presented in Chapter 8, when
compared to experimental results. The evolution of the different orbitals is qualita-
tively similar in both calculations. The number of neutrons in the gaps of Figure 3.3
indicate the deformation of the minima in the potential energy surfaces. The levels
for protons were not reported but it is mentioned that the diagrams are similar, but
shifted in energy.
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Figure 3.3: Taken from [31]. Evolution of neutron single-particle diagrams obtained for

ggKrm in the PN-VAP SSCM calculations using the Gogny D1S interaction. Neutron num-

bers in the gaps and level crossings indicate the minima in the axial PES. Continuous

(dashed) lines correspond to positive (negative) parity levels and the color code represents

the angular momentum projection K: 1/2 (black), 3/2 (red), 5/2 (green), 7/2 (cyan), 9/2
(purple), 11/2 (light blue).
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4 Fundamentals of y-ray spectroscopy

Nuclear spectroscopy is the study of the particles emitted by the atomic nucleus
with respect to their energies. The properties of these particles constitute the
probes used for testing the predictions of different models and theories proposed
to explain the internal dynamics of the nuclear system.

Nuclei populated in excited states have an energy excess eventually released via
the spontaneous decay into states of lower energy. When the energy difference
between both states involved in the transition is large enough, particles such as p,
n, a, f can be emitted, leading to a transmutation of the initial nucleus into a
different isotope.

However, the transitions between excited states of the same nucleus provide the
majority of the information about the nuclear structure. In particular, those close
to the Fermi surface or to the ‘yrast’-line (a ‘yrast’ state corresponds the lowest
energetic level of a given spin ) area of high interest since they are caused by
fundamental excitation modes of the nucleus and thus display most clearly the
basic properties of a finite nuclear system [68].

These excited states cover a broad energy range roughly of ~0.01-10 MeV and
decay mainly via the emission of electromagnetic radiation in the form of y-rays (
sometimes referred as ‘y decay’ or ‘y emission’). Alternatively, the decay can oc-
cur via ‘internal conversion’, where the energy of the transition is transferred to an
electron of the atomic shells, or ‘internal pair-production’, where the transition en-
ergy is large enough to form an electron-positron pair. The last of these mechanism
always occurs with a probability around 10~ times lower than the y-decay so its
contribution can be neglected for the experiment of this thesis.

In this chapter, the most important features of the electromagnetic nuclear radi-
ation are explained because the characterization of the y-rays emitted in nuclear
transitions are the main part of the data analysis. Also, a discussion of the different
mechanisms of nuclear isomerism is presented, to shed some light on the intepre-
tation of the results. A description of the interaction of y-radiation with matter is
shown to understand the interaction with the germanium detectors used.

4.1 Halfife and branching ratio

An ensemble of nuclei in the same excited state undergoes spontaneous decay with
a constant probability over time, A. The decay rate dN(t)/dt is proportional to the
number of nuclei of the ensemble which have not decayed, N(t). More precisely,

dN(t) _
P AN(0). (54)

The solution of this Equation is the exponential-decay law
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N(t) = Ny - exp{—t/7}, (55)
with 7 = 1/A known as the mean-life of the excited state, and corresponds to the
average amount of time needed to observe the one decay in the ensemble:

f t X e_[/Tdt T1/2
—_—=1= .
fe—f/fdt log(2)
The value T, is known as the half-life and corresponds to the time needed for
the number of nuclei in the ensemble that did not decay to be decreased by half of
the initial value Nj,.
The initial state can decay into several final states. Therefore, the total transition
rate is

(56)

AT = Zli—yf; (57)
f

with A, the partial decay-rate to the particular final state f. The fraction of
nuclei that decay to this state is known as the branching ratio, and is given by
Aisg
A’T ’
The partial lifetime of each decay channel is related to the lifetime of the initial
state simply by

bi—)f = (58)

Ting =1/Ainp =7/bis. (59)

4.2 Electromagnetic decay of excited states

4.2.1 Kinematics of y-ray emission

Consider the emission of a y-ray due to the transition from an initial excited state
of energy E;, angular momentum and parity I;,7;, to a final state of energy Ey,
and angular momentum and parity I¢,7;. Due to momentum conservation the
y-ray and the nucleus in the final state f will have opposite momentum (in the
center-of-mass reference frame), the nucleus recoiling with a kinetic energy given
by:

2 E2
b —EJ = T=f o 7 (60)
Pr=Py =5 f 2my  2mgc?
From the energy conservation of the system:
EZ
_ N7 I
E;=E;+E +T; = E =(E—E)—T;=AE 2,3 (61)
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Since mfcz ~ A-951 MeV and E, ~ 1 MeV for typical nuclear transitions, then
E?/mec2 < 1, so that
E, ~ AE. (62)
To have an idea of the order of magnitudes of the dimensions involved, consider
the wave-length A of the y-ray emitted:

27 2n  2mhe
y e T e A
= Zgﬁc ~ 6.28 x 19E7 MeV-fm' (63)

¥ i
y-rays have a broad energy range from E, ~0.01 to 10 MeV] leading to wave

lengths in the range of 10° to 10% fm, respectively. In comparison to the standard
parametrization of the nuclear radius,

A A . 12-10°MeV-fm _ 10°
R, 12-A3fm  E,-12-A3MeV-fn E, -Al/3’
For a 1 MeV transition and a mid-mass nucleus with A~100 then A/R, > 1, rea-
son why the emission of y-rays is studied within the frame of the long-wavelength
approximation.

(64)

4.2.2 Multipole expansion

The possible values of angular momentum I, carried by the y-ray emitted in the
transition i — f are given by the angular momenta addition rule,
L= < I, <|I; + ). (65)

Transitions between states with the same angular momentum I; = I; are not
possible via y-ray emission since a photon must carry at least one unit of angular
momentum and cannot be zero, thus, they occur only via internal conversion.

Nuclear transitions are classified according to their multipolarity. When a photon
carries I, units of angular momentum, the transition is said to be 2lpolar. For
instance, for I, =1 is called dipolar, I, = 2 quadrupolar, and so on.

The electromagnetic decay between nuclear states can be understood as the in-
teraction of the electromagnetic radiation field and the nuclear charge and current
density. A complete theoretical description is treated in [54, 68]; here only the
results are presented.

The interaction of the electromagnetic field with the nucleons during a transition
can be expressed as a series of multipolar operators, each one a tensor of rank L
with ‘electric’ and ‘magnetic’ parts

L
0=>.>" > OcL)= > {Ou(EL)+ O, (ML)}, (66)

L m=—Lo=EM L,m
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with the following definitions obtained in the long-wavelength limit:

On(EL) = f pn (Pt (0,¢)dr, (67)

1 - o
0,(ML) = mij(?){'r’xV}rLYLm(9,¢)d3r, (68)

Y,,.(6, $) the spherical harmonics, and py(7) and jy(7) the nuclear charge and
current densities, respectively. The expressions of the multipole operators are
important since they connect the electric (magnetic) operators with the nuclear
charge (current) density, providing some insights on the nuclear structure change
occurred during the transition. For instance, a shift of the initial nuclear charge
density gives rise to an electric field, and a change in the current density gener-
ating a magnetic field. The former can occur for example when a proton has a
transition between two different orbitals, and the latter when there is a change in
the orientation of a nucleon orbital.

Since the initial and final states have defined parities as well as each of the
electric and magnetic components of the operator, the parity selection rules

mnp(—1)'=1 for o=E, (69)

mnp(—1)'=—1 for oc=M, (70)

constrains the possible multipolarities of the operators (and therefore of the y-ray

emitted) that can participate in the transition. A list of the lower multipole orders
is presented in Table 2, together with the parity selection rule that they obey.

Radiation Type Name L, ATip
El Electric Dipolar 1 m=—n
M1 Magnetic Dipolar 1 my=+ns
E2 Electric Quadrupolar 2 m=+mny
M2 Magnetic Quadrupolar 2 m; =—m;
E3 Electric Octupolar 3 m=-ny
M3 Magnetic Octupolar 3 m=+mny

Table 2: Lower multipole orders of electromagnetic nuclear transitions and parity rule
they satisfy.

4.2.3 Decay rate and transition probability

The decay rate of the transition |a;I;) — |a;I;) due to the operator &(cL) is given
by
8m(L+1) Kk3*H!

MO = ol T ONE R

B(oL;i— f) (71)
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where k = E, /fic, and
KasIllO(oL)la;I;)?

BloLsi— f) = L
L

(72)

known as the reduced transition probability. Conventionally, the electric tran-
sition matrix elements are expressed in the units of e*-fm?‘, and the magnetic
transition matrix elements in units of ,ulzv-fmZL_z, where uy corresponds to the nu-
clear magneton, given by uy = eh/2m,c=0.105 e-fm. The B(cL) depend on the
‘direction’ of the transition, e.g.
2I; +1
21, +1
with the ‘|’ symbol denoting the i — f transition from a higher to a lower spin, and
‘0" the f — i case.

B(oL )= B(oL 1), (73)

In general, a transition can occur via several multipole orders, so the total decay
rate is given by

Ay = D {Aimp (BL) + A, (ML)}, 74)
L

for most of the cases, though, only the lowest allowed order of each type con-
tribute considerably to the transition, as it can be seen from the ratio of the rates
driven by the multipoles of order L and L + 2:

Aig(o,L+2) (L 43K /(L+2)[(2L + 512 Bioy(0L+2)
Aisg(o, L) (L + 1)k2L+1/L[(2L + 1)!1]2 B_s(coL)
(L +3)L[(2L + DN]? " B,_;(oL+2)
(L+1)(L+2)[(2L +5)11]2 B;_s(oL)
(L+3)L . Bi_s(cL+2)

(L+1)(L+2)(2L+5)(2L +3)]? ' Bi_s(colL)

This quantity is always much less than 1. Consider the lower case L = 1 and a
typical energy E, =1 MeV (e.g. k ~1/197-fm™"),

Mop(0l)  ~ 3x3%2 1974 B (oL)
< 3_6.10*13.w
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A very rough estimate [68] reveals that when the lowest allowed multipolarity is
of electric type, all higher possible multipoles (e.g. the ones that satisfy the same
parity selection rule) can be neglected,

Aif(E, L) - ’
while in case that the lowest allowed multipolarity is of magnetic type the next
higher possible multipole (which is of electric type) may have to be considered
since
Air(E,L+1)
i—f > _9
— ~ 107" 76

The expressions for the transition rates of the lower multipole orders are given

in Table 3, for E, evaluated in MeV.

oL Ainf(@L) (s oL Ainf(@L) (s

El 1.59x10%E®B(E1) | M1 1.76x102E®B(M1)
E2  1.22x10°E°B(E2) | M2 1.35x107E>B(M2)
E3  5.67x 102EyB(E3) M3 6.28><101EyB(M3)
E4 1.69><10’4E$B(E4) M4 1.87x 10*6E§B(M4)

Table 3: Transition rates for some low multipole orders [54].

4.2.4 Weisskopf estimates

The Weisskopf estimates are a useful criterion to determine the strength of a nu-
clear transition at a given multipole order in comparison to the situation where
a single nucleon would have caused the transition. The basic assumption is that
during the transition the nucleus remains inert as a core except for a nucleon that
changes between two single-particle orbitals whose radial wave function is approx-
imated by a constant. The reduced transition probabilities for magnetic and electric
types are given by [54]

1 2

BWeiss.(E)L) = 4_7_': [%4‘3] R12\]A ermZA; (77)
1 2

BWeiss.(M)L) = FO [ % ] Ri]l—2 ‘qum27L+2, (78)

with Ry = 1.23A'/? the standard parametrization for the nuclear radius. The Weis-
skopf estimates of single particle transition rates for the lowest multipole orders
can be found using Equation (71) and are shown in Table 4, and their behaviour in
the range 0.01-5 MeV for A =92 is shown in Figure 4.1.

38 Contents



AWeiss.(EL) (S_l) AWeiss.(zwl‘) (S_l)
1.0 ><1014A2/3E§ 5.6 1013E3
7.3x107A*3E> 3.5% 107A2/3Ef
3.3x10'A2E’ 1.6x 101A4/3EY7
1.1x10*5A8/3Ej 4.5><10’6A2E?

AW N R~~~

Table 4: Weisskopf single-particle rates for the lowest multipole orders [1].

10"

Decay Rate (Hz)

= \\\\\‘1 | L L =
10° 10°

Energy (MeV)
Figure 4.1: Weisskopf rate estimates for 0.01< E, <10 MeV, and A=92.
Several conclusions can be drawn from these estimates. First at all, the transition
rates of levels with same parity are such that
A (ED)> Ay (M2) > Ay (E3) > ..,

A (M1)> Ay, (E2) > Ay (M3) > ...

When the experimental value of a transition is such that A,,,(cL) > Ay, (0'L)
then the transition is more likely to be driven by several nucleons, on the other
hand, when 2,,,(cL) < Ay, (0L). The small matrix element of the reduced
transition probability indicates that the overlap of the wavefunctions between the
initial and final states is very low, so a drastic change in the inner structure occurs.
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4.2.5 Internal Conversion

The internal conversion is a competing process to y emission consisting of the elec-
tromagnetic interaction of an excited nucleus with an electron in the atomic shells.
The excitation energy is transferred directly to the electron without the emission of
a photon so that the electron is emitted from the atom with an energy
Ejc =E —E; —Ey, (79)

with Ej, the binding energy of the electron, which differs for each atomic-shell.
Therefore, conversion electrons can exhibit several energy peaks for the same nu-
clear transition, being the inner shells the ones that contribute considerably to the
process, namely, the K, L and M shells.

The competion between internal conversion and y decay is characterized by the
internal conversion coefficient:

rate of internal conversion decays
e = Ll (80)
rate of y-ray decays

Furthermore, the total decay rate for the transition i — f must be re-defined as
the sum of the y-ray and internal conversion channels:

Aing = A, + e = (aic + 1A, 81
The total conversion coefficient is the sum of the partial conversion coefficients
for each shell (and sub-shell),
aic=ag+ta;+ay+.. (82)
A non-relativistic estimation of the conversion coefficient for different electric
and magnetic multipoles is given by [1]

AR ez 1 [2m,c2 ]
EL) ~ —- . 83
ac(EL) n® L+1 |:4neohc} E, 83)
73 2 T am.c2 1H2
ML) = —- - 84
ac(ML) nd [4neohc } E, &4

with Z the atomic number, n the main quantum number of the electron wave-
function, and a=e?/4meyhica~1/137, the fine structure constant. These expressions
(though not accurate as the electron should be treated relativistically) show that
internal conversion competes strongly with y-ray emission at high multipole or-
ders or low transition energies, and is proportional to Z3, becoming important for
heavier nuclei. The calculation of the conversion coefficient for Selenium nuclei
was evaluated using Brlcc [69], a widely used program developed to help ENSDF
evaluators to calculate conversion coefficients using the best available theoretical
data, see Figure 4.2.
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Figure 4.2: Internal Conversion coefficient for Z=34 nuclei at lower multipolarities. Data
from [69].

4.3 Nuclear Isomerism

Nuclear Isomerism is a phenomenon that has contributed largely to the under-
standing of the nuclear structure. It refers to the occurrence of an excited nuclear
state with a half-life much larger in comparison to a typical nuclear state, which is
on the order of <100 ps. Though there is no formal minimum value to establish a
distinction, states with half-lives larger than few nanoseconds are considered to be
isomeric. This range extends over very different orders of magnitude, from ~500
ns in case of the [*=49/2" state of 14’Gd, up to >10'® years for the I"=9" state
of 89Tz, the largest isomeric half-life known to date [70].

No nuclear model can predict accurately neither the existence nor the half-life of
an isomeric state over extended regions of the nuclide chart. However, predictions
in specific mass-regions and accurate explanations further to the experimental dis-
covery of isomeric states for a vast range of nuclei have been performed, in many
cases proving the existence of the nuclear shell structure and the nuclear deforma-
tion unambiguously. As it has been shown in Sections 4.1 and 4.2.3 the half-life
and decay rate of a nuclear state are inverse to each other, thus, for a transition
decaying mainly via a particular multipole order it is satisfied that

1

T AE (s I [0 (oMl )

T (85)
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From this Equation, it is clear that the transition matrix element, determined by
the internal structure, is directly related to the lifetime. Pinning down the causes
leading to isomerism is a difficult task since many factors influence the half-life of
a state. For example, when the lowest allowed nuclear transition in the energy
spectra of a nucleus corresponds to a high multipole order, a long half-life results
simply as a consequence of the natural transition rate of electromagnetic decays.
Also, in many cases (though not always) a long lifetime results when the energy
difference between the two states of the transition, AE, is very small. Other less
serendipitous causes of isomerism showing a systematics over regions of the nuclide
chart are known for the heavy A=160-190 mass region, or the Z~40, N~60 region.
A complete and comprehensive review of of nuclear isomerism is presented in [71],
and other works such as [70-73]. Here the main ideas of the different types of
isomeric states known so far are presented, namely, spin-traps, seniority isomers,
shape isomers, and K-trap isomers.

4.3.1 Spin-traps

This type of isomerism already mentioned occurs when the lowest multipole order
transition allowed by the angular momentum addition rules has a slow decay-rate
leading to a large half-life. For this kind of isomers the rules of angular momen-
tum are conserved; their occurrence is relatively random since it is required that
no other states ‘opening’ faster decay branches are close in the excitation energy
spectrum of the nucleus. An example of a spin-trap isomer is the ¥°Ta* case, where
the transition from the I = 9 to the I = 1 ground state with an energy gap of just
75 keV has an associated half-life >10'® years [72].

4.3.2 Shape isomers

They occur when there is a secondary minimum in the nuclear potential as a func-
tion of the quadrupolar deformation (the absolute minimum corresponds to the
ground state). One of the clearest examples corresponds to the 2.2 MeV isomer of
2422 Am with T ~14 ms with a major-to-minor axis ratio about 2:1 [72]. These type
of isomers can be known as fission isomers when their decay via fission into two
lighter nuclei becomes a competitive process to the decay from the isomeric state
to the ground state by y-ray emission.

4.3.3 Seniority isomers

Seniority is a concept borrowed from atomic physics referring to the number ‘v’
of nucleons with angular momentum not coupled to zero. It becomes important
in regions of the nuclide chart close to the shell closures, particularly in semi-
magic nuclei where only one type of nucleons (either protons or neutrons) are
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active. In these regions, the single-particle features of the shell structure dominate
over collective phenomena, and the two-body interactions become the strongest
first-order residual interaction of the nuclear system. In the simplest scenario, the
lowest excited states of these nuclei are considered as j" multiplet configurations,
e.g. as n identical active nucleons in a single-j shell while the nucleons of the other
type remain inert. These levels will be formed by configurations with the lowest
possible seniority, so the ground state is formed coupling all nucleon pairs to J = 0,
therefore v=0; and the yrast J=2, 4, ..., 2j-1 levels are formed for seniority v=2.
A characteristic energy spectrum is illustrated in Figure 4.3, where it is shown the
example of the neutron hy, /, orbital of the Sn isotopic chain.

2
i neutron h{, ,

N m=+11/2
%Q— m,=+9/2
> 6
> O \
o .+ —~Av=0, v=2
cl 4 ;
5 ,
c
o .
s 2
=
o :
x i
w ~Av=2
O m=+l12
m,=-11/2

Figure 4.3: Schematic energy spectrum of v=2 configuration states in the h;,,, orbital
for the Sn isotopes. All the transitions for angular momentum J >2 connect states with
seniority v=2. However, the 27 — 0% transition involves the seniority change Av=2, since
all the pairs couple in the ground-state.

The decay strength for the E2 transitions between states with same seniority
satisfies [11, 74]

2
B(Ez;JqJ—z)oc(Q_”) i (86)
Q—v»

where 2Q=2j+1 corresponds to the maximum possible occupancy of the j-
orbital. This term becomes very small at mid-shell when n — , hence leading
to a long isomeric half-life by virtue of Equation 85. In cases such as the one shown
in Figure 4.3, the v=2 seniority isomer is commonly referred to the transition be-
tween the higher-spin states 10" — 8% in the multiplet, which is reinforced by the
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weak B(E2) and the small energy gap. This isomeric state remarkably exists for the
Sn chain between the N=50 and N =82 magic numbers [71].

4.3.4 K-traps

To understand isomerism caused by K-traps, consider an axially symmetric de-
formed nucleus with seniority different than zero. The angular momentum of the
unpaired particles has a total value j; +j, =J#0, which in turn couples with the an-
gular momentum contribution from the nuclear collective rotation R, leading to a
total nuclear spin I, see Figure 4.4.

Figure 4.4: Schematic picture of the angular momentum coupling between single-particle
and collective motion occuring in axially deformed nuclei. Source [71].

For fixed values of J associated rotational bands can appear, leading to states of
different R, with the respective bandhead characterized by I=J (when R=0). The
projection of the total angular momentum in the symmetry axis for each band is

given by
KP=> lli™ (87)

with the bandhead state having an excitation energy dominated by the breaking of
pairs so that (see Section 2.1.1).

E* NZ V(e —ep)? + A2 (88)

1
where ¢; is the single-particle energy, ey the Fermi energy, and A the pairing energy
gap, directly related with the mass difference with respect to odd-even neighbour-
ing isotopes [71].
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A transition between states with different K-values is, in principle, only possible
when the multipolarity of the decay radiation A is at least as large as the change in
the K-value, A > AK [72]. For large changes of K, the allowed transition rates will
inevitably be very slow. However, it has been observed for several cases that these
isomeric transitions decay faster than expected via y-rays with lower multipolar-
ities than the allowed ones by the K-selection rule. These ‘forbidden’ transitions,
hindered rather than literally forbidden, exist due to additional symmetry-breaking
processes not considered in the initial picture of the nuclear dynamics (e.g. higher
order asymmetric deformations, K-mixing due to Coriolis coupling, etc.).

Hindrance and Forbiddenness
The ‘degree of forbiddenness’ v of a transition* is defined as the magnitude of
the mismatch between the multipole order of the observed transition and AK [75],
v=AK—A. 89)
The ‘hindrance factor’, defined as the ratio between the lifetimes of the y-ray
decay observed and the one obtained from a Weisskopf single-particle estimate,
=T _Bwloh) (90)
T B,(cA)
is a first indication to distinguish a K-forbidden isomer from other types [73], since
a hindered transition is expected to have a decay-strength much lower in compar-
ison to the single-particle case (otherwise it is not likely to be forbidden or even
isomeric) so F > 1.
For K-forbidden decays, the ‘reduced hindrance’ is defined as
fo=EW = (7 /7)", (91)
and it evaluates the hindrance per degree of K-forbiddenness. In an ideal situation,
f, should scale such that it would be independent of E,,, oA, and v; the experimen-
tal evaluation of this factor has shown that f, ~20-200 for a wide range of values
of v and A (though several exceptions are found to specific additional reasons), so
this remains as one strong criterion that suggest K-isomeric decays [70, 71, 73, 75].

Nilsson Levels and Multi quasi-particle states

The existence of a K-isomer relies not only on an approximate good axial-
deformation so that the use of K as a quantum number is valid, but also in the
existence of an excited state with a high-K value. Such state is created from the
coupling of at least two quasi-particles occupying different Nilsson levels. There-
fore, a high-K state can be formed only for nuclei whose Fermi surface is close to
Nilsson levels with K values which can couple to a high-K. This condition con-

4 Unfortunately, the widely used symbol in the literature to denote forbiddenness is the same for

seniority
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strains the possible regions of the nuclide chart where K-isomerism can happen
since high-K Nilsson levels stem from high-j spherical-shell orbitals, which are nor-
mally occuppied by mid or high masses. This has been experimentally corroborated
for the K-isomer cases so far known [76].

The most complete calculations to date for the excitation energies of this multi
quasi-particle states add two ingredients extra to the calculation of Nilsson dia-
grams: The ‘blocking effect’, where singly occupied quasiparticle orbitals prevent
the scattering of pairs into those orbitals, leading to a decrease of the pairing cor-
relation energy as the number of quasiparticles increase. Second, the relevance of
the interactions between quasiparticles favouring some K-couplings depending on
the relative orientation of the nucleon intrinsic spins [73]. For instance, the two
quasi-particle states of even-even nuclei prefer the anti-parallel coupling of the in-
trinsic spins since this situation gives more binding than the parallel coupling case
[11].

Despite the inevitable model dependence on the quantitative calculations of the
excitation energies of the high-K multi-quasiparticle states (a specific nuclear de-
formation and potential must be assumed to calculate the Nilsson diagrams, and
specific parametrizations must be used for the pairing interaction accounting for
blocking), there are usually a very few (or unique) combination of orbitals that
lead to the right spin/parity assignments needed to explain the isomeric decay.
This motivates the use of K-isomers to probe the microscopic orbital structure close
to the Fermi surface, as well as the quadrupolar deformation of a nucleus.

K-isomer example: The 13°Hf case

To illustrate how the ideas discussed previously are used on real data, consider
the 1§ng case. It has some historical relevance since it was the first case where the
violation of the K-selection rule was observed, and triggered the understanding of
the collective nuclear structure, as highlighted by A. Bohr in his Nobel Prize lecture
(1975) [53].

The isomeric state K™ =8, I = 8 at 1.1 MeV decays via an E1 58 keV transition
to the I™"=8" state of the K = 0 ground state band with a half-life of 5.5h. This
transition is highly forbidden since v=8-1=7. It leads to a change in the orienta-
tion, but not magnitude, of the angular momentum, see Figure 4.5. The hindrance
factor as well as the reduced hindrance suggest a highly K-hindered decay:

T,  (+0)Tys  (1+0.29)5.5 x 3.6 x 10°

F = —Z2= ~ 10> 1,
Ty, T}, 1.1x 10712
f, = FY"=(23x10")" ~2.17 x 102
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Figure 4.5: Schematic picture of the K-forbidden isomer decay in ®°Hf, and Nilsson single-
particle energies for protons as a function of the quadrupolar deformation f3,, with f,=-
0.035 and axial symmetry (y = 0°). The single-particle Fermi surface €y is highlighted in
blue, and the crossing point of the 7/2*[404] and 9/27[514] levels that generate the 8~
isomeric state is marked in red. Modified from [73].

This transition is however much faster than the K-allowed M8 transition to the
I™ = 0" ground state, not observed to date [73]. The possible spin/parity values of
the K-isomeric state are deduced from the Nilsson single particle levels for protons.
For a quadrupolar deformation of 8, ~ 0.26, the 7/2%[404] and 9/27[514] levels
are close to each other and define the Fermi surface, see Figure 4.5. Therefore, the
lowest two quasi-particle state that can create the K =8 isomeric state is obtained at
this deformation value, since the only excitation energy needed is spent on breaking
a pair. Two states can be created since the possible couplings are K = 2; £ Q,= 8
or 1. Nevertheless, the K™ = 8~ isomer is the one observed, since the 7/27[404]
proton is ‘spin-down’, and the 9/27[514] proton is ‘spin-up’. This spin coupling is
energetically favoured for identical single particles in comparison to the K™ = 1~
spin-up of the same two protons [73].

For this almost ideal example of K-isomerism the comparison of the observations
with single-particle calculations allow to track down unambiguously the orbitals
near the Fermi surface and the magnitude of the quadrupolar deformation. In
many other cases, however, sophisticated corrections have to be included since the
mechanisms responsible of the isomerism may not be isolated.

4.4 Interaction of y-rays with matter

y radiation interacts with matter mainly through three different mechanisms,
namely, Photo-electric interaction, Compton scattering, or Pair production:
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Photo-electric interaction

It occurs when an incoming photon transfers all its energy to a bound electron of
an atom in the material. The electron is ejected with a kinetic energy E.- = E, —Ej,
where E, is the photon energy and E, the binding energy of the electron. The in-
teraction ionizes the atom with a free vacancy in the shell of the photoelectron
emitted, and this vacancy is rapidly occupied by one of the electrons from other
shells in the atom or by surrounding electrons from the material. Both cases lead
to the release of the atomic excitation energy mainly via the emission of character-
istic X-rays or Auger electrons [77]. The photoelectric absorption is the dominant
interaction process of lower y-rays, e.g. E, $200 keV] and it is enhanced by ma-
terials with high atomic number Z. A rough approximation for the interaction
probability per atom is given by [78]

Pphot =k

ZTl

E?-S
with k a constant, n a factor that varies between 4 and 5 over the y-ray region of
interest. The probability decreases strongly with the photon energy but does not
reflect some discontinuities of the cross-section, since it increases sharply when the
incoming y-ray matches the ionisation energy of an atomic shell of the material.
The energy and momentum conservation cannot be simultaneously satisfied for
a photo-electric interaction with a free electron, so this process only occurs for
bounded electrons.

(92)

Compton scattering

It occurs when the incoming y-ray collides elastically with an electron of the
material (either free or bound) and then it is scattered at an angle 6. with a
lower energy. The recoil electron receives an energy equal to the energy lost of
the incoming y-ray. The energy of the outgoing photon is given by

¥
EY
1+ m(l —cos6,)

where m,c?= 511 keV is the rest mass of the electron. The energy of the outgoing
y-ray decreases for larger scattering angles, in a similar manner of a 2-body elastic
collision in classical mechanics. This interaction mechanism is predominant for an
extensive range of y-ray energies, e.g. ~0.2-3 MeV.

[
E =

The angular distribution of scattered y-rays is given by the Klein-Nishina Formula
for the differential scattering cross section do/d€2 [77]:

2 2 2 2
do __ 2 1 1+cos* O a“(1—cos 0)
% =713 () (222)(1+ (Tcos? e)[1+a(1—cose)])’ (93)
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where a = E, / m,c? and r, the classical electron radius. y-rays with higher en-
ergies have a much lower probability be to scattered at large angles in comparison
with low-energy ones.

Pair production

For incident photon energies higher than 2-m,c?=1.022 MeV, the production of
an electron-positron pair becomes possible. The cross section of this process re-
mains very low for a large range of incident energies, and only is important for
high-energy y-rays of several MeV. The combined kinetic energy of the pair is equal
to the energy of the incident photon minus the 1.022 MeV of energy invested in the
pair production. Since this process occurs in a material, the positron emitted will
annihilate with an electron and normally emitt a pair of 511 keV photons.

Linear attenuation coefficient
The relative importance of the processes described before for materials with dif-
ferent atomic numbers and y-ray energies is illustrated in Figure 4.6.

80 |—  Photoelectric effect Pair proFiuction
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Figure 4.6: Relative importance of the three major types of y-ray interaction with matter.
The lines represent the values of Z and E, = hv for which the probability of the two
neighbouring effects is equal. Source: [79].

The total interaction probability per path length of a y-ray in a material is known
as the linear attenuation coefficient. It simply corresponds to the addition of the
interaction probabilities of each of the three processes described:

Ur = Auphot. + IJ‘Compt. + Upp- (94)
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5 Experiment setup

As it was mentioned in Section 1.1, the experiment analyzed in this thesis was con-
ducted at the Radioactive Isotope Beam Factory (RIBF) [80] at the RIKEN Nishina
Center [22] as part of the second campaign of the SEASTAR scientific program [21],
which focused on the search of the first excited states of nuclei in the 30<Z<36,
54<N<62 neutron-rich mass region. An overview of the main steps and the key
devices of the experiment are shown in Figure 5.1. The discussions of the different
techniques and machines used are presented in the subsections.

Initially, a primary beam of 238U with a kinetic energy of 345 MeV/nuc. was
provided by the RIBF accelerator complex. It impinged on a °Be target produc-
ing neutron-rich exotic nuclei that were collected by the superconducting BigRIPS
fragment separator [81]. This machine allowed to select and identify the nuclei of
interest on an event-by-event basis from the rest of the fragments by tuning con-
veniently the different magnets of the spectrometer. In particular for the dataset
analysed, the BigRIPS magnets were tuned to transmit mainly 94’g§Br during a mea-
suring time of about 33 hours, with average intensities of 182 and 50 particles per
second, respectively [24].

The combination of the in-flight fission technique with the magnetic separation
of BigRIPS produced a radioactive beam cocktail of exotic nuclei from the mass
region of interest. This secondary beam impinged on a 99(1)-mm liquid hydro-
gen target producing neutron-rich Selenium nuclei via knockout reactions. For
instance, °Se was produced mainly via the ggBr(p, an)giSe reaction and **Se via
the 3:Br(p, 2p)3;Se. The knockout of few nucleons off the incoming-beam isotopes
led to the population of the ejectiles in excited states. Short-lived states (T < 100
ps) decayed promptly after the reaction, with the ejectiles still inside the target
volume. These decays were study via the detection of the y-rays emitted, using
the NaI(Tl) detector array DALI2 [82] placed around the target. Since the emis-
sion occurs in-flight, a Doppler correction was conducted using the MINOS device,
discussed in Section 5.5.

The velocity and identity of the ejectiles were measured with the ZeroDegree
mass spectrometer [80], placed at 0° in the forward beam direction after MINOS.
ZeroDegree uses similar methods as BigRIPS for the transmission and particle iden-
tification. After crossing ZeroDegree, the nuclei were stopped at the F11 focal
plane, where they were implanted into silicon layers of the AIDA detector [83].
In average, the times of flight between the production and reaction targets to the
stopper were ~650 and ~380 ns, respectively. The exotic nuclei produced can also
be populated into isomeric states enough long-lived to decay after implantation.
These states were studied using a decay-spectroscopy setup at F11.
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The y-rays emitted following the isomer decay were studied with the EURICA
detector array (EUROBALL-RIKEN Array) [84], a set of 84 HPGe crystals belonging
to the former EUROBALL array. The energies (E,) and times (¢,) of the hits in
EURICA were recorded during a 100-us time window that was triggered when an
ion crossed a plastic scintillator located ~1 m upstream of implantation. Therefore,
a correlation y-particle was achieved on an event-by-event basis. The measurement
of energy and time allowed not only measuring the half-life of an isomeric state, but
also a high energy-resolution analysis of the low-energy excitation schemes of the
exotic nuclei involved. These measurements were not only simultaneous but also
complementary to the in-beam spectroscopy performed at F7, which is sensitive
only to prompt decays with better efficiency but lower energy-resolution.

5.1 Production of radioactive ion beams (RIB)

The RIBF facility currently provides the most intense RI-beams in the world at
energies of hundreds of MeV/nuc. over a large set of atomic masses, from light
to heavy ones [22]. It comprises the accelerator complex providing stable beams
with kinetic energies up to 345 MeV/nuc., the production target where exotic nu-
clei are produced via the projectile fragmentation of heavy ions or the in-flight
fission of uranium ions, and the BigRIPS superconducting fragment separator used
to separate and identify the nuclei of interest.

5.1.1 RIKEN accelerator complex

A schematic view of the accelerator complex can be seen in Figure 5.2. A beam of
2380 jons was obtained after a 28 GHz microwave from a gyrotron was injected into
the SuperConducting Electron Cyclotron Resonance (SC-ECR) ion source. The ions
are stripped up to 35+ charge state in the RILAC (RIKEN Heavy-ion Linac) linac ac-
celerator, where they are accelerated with 6 frequency-tunable cavities that provide
a total acceleration voltage of 16 MV [85]. The beam is injected afterwards in the
RRC (RIKEN Ring Cyclotron), delivered then to the fRC (fixed-frequency ring cy-
clotron), and finally to the IRC (Intermediate Ring Cyclotron). Each step boosts the
beam energy successively to 11MeV/nuc., 51 MeV/nuc., and 115 MeV/nuc. [22].
Each of these cyclotrons has four sector magnets and two RF cavities for accelerat-
ing the beam. At the injection and exit of the fRC, electron strippers were placed to
increase the charge state of the beam ions up to 71+ and 88+, respectively [60].
In the final acceleration stage, the beam is sent to the SRC (SuperConducting
Ring Cyclotron) where it reaches up to 345 MeV/nuc. of kinetic energy. This device
contains six superconducting sector magnets specially developed for the RIBF and
achieves a bending power of (8 Tm). With a total weight of 8300 Tons, it has so
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Figure 5.2: Schematic view the of accelerator complex elements used in the experiment.
Modified from [22].

much iron that provides it with a self-shielding capacity for magnetic shield and
radiation leakages protecting the facility surroundings [86].

5.1.2 In-flight fission of 28U

The mechanism used to produce exotic nuclei depends on the mass region of in-
terest. For example, very proton-rich nuclei are produced with fusion-evaporation
reactions, since the final products have a mass, neutron, and proton numbers close
to the sum of the ones of projectile and target. In the case of neutron-rich nu-
clei, the projectile fragmentation and in-flight fission methods are widely used. In
both processes, a heavy-ion projectile collides against a lower mass target at rest
leading to the projectile break-up. However, the distribution of mass, proton-to-
neutron ratio, and scattering angle of the products differ considerably. In projectile
fragmentation, the products are projectile-like residues after several nucleons are
grasped during a peripheral collision with the target. This process exhibits a mass
distribution that peaks at a value close but lower than the projectile mass, and
decreases rapidly with mass number. Due to the high initial momentum of the pro-
jectile, the products are emitted in a narrow cone in the forward direction to the
incident trajectory of the beam. In the case of in-flight fission, the projectile nor-
mally breaks into two products, one of them slightly smaller than the other, leading
to an asymmetric mass distribution with a double peak structure. In the projectile
reference frame, the fragments are emitted almost isotropically, which transforms
into a forward-focused cone in the laboratory system, though with larger angular
distribution as in comparison to projectile-fragmentation. Mid-mass neutron-rich
nuclei very far from stability are produced through the in-flight fission method be-
cause it leads to stronger yields in this mass region as the fission fragments tend
to have a similar proton-to-neutron ratio of the projectile. [87]. For instance,
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the in-flight fission of heavy nuclei such as 23U, with significantly more neutrons
than protons in comparison to medium-heavy nuclei (N/Zz23s;= 1.586), can pro-
duce a larger number of very neutron-rich products otherwise not accessible [15].
In this experiment, the in-flight fission of the **3U primary beam against 3-mm
thick (=0.56 g/cm?) Be target at a kinetic energy of 345 MeV/c? was chosen.
The mass distribution of this reaction peaks at the mass ranges A; ~[72-118] and
A, ~[120-166], and proton number ranges Z; ~[28-44] and Z, ~[50-62] [60].

5.2 BIigRIPS: Selection and identification of fission fragments

The in-flight fragment separator BigRIPS [88] was used to select and identify the
ejectiles of the production reaction. This spectrometer benefits from its large an-
gular acceptances of 80 and 100 mrad in the horizontal and vertical directions, re-
spectively, and a momentum acceptance of 6%. These large values can be achieved
due to the use of the large-aperture superconducting quadrupoles that allow the
collection of about half of the fission fragments [89].

BigRIPS is composed of 14 superconducting triple quadrupoles (SQT) and 6
room-temperature dipoles (D1-D6) with a 30° bending angle, see Figure 5.1.
There are seven foci along the beamline of the separator indicated as F1-F7. The
two-stage design of the spectrometer is commonly used with the first stage for
the isotope separation (and selection), and the second for particle identification.
The first stage comprises the area between the production target (also referred as
FO) and the focal plane F2. It consists of two dipoles (D1, D2) and four STQs
(STQ1-STQ4), forming a two-bend achromatic system with the momentum dis-
persive focus at F1 [80]. In addition, an achromatic wedge-shaped degrader is
placed at the intermediate focal plane of F1 used to induce a different energy loss
depending on the horizontal position of the incoming ions.

The separation of ions in a magnetic spectrometer exploits the fact that charged
particles with different mass-to-charge ratios (A/Q) and velocities (v) have dif-
ferent paths in presence of a magnetic field. In a simple picture, consider a ho-
mogeneous magnetic field of constant intensity and perpendicular to the particle
momentum. The kinematics of the system is given by

Bquv =mv?/p, (95)
with g, v,m the charge, velocity, and mass of the ion, B the intensity of the
magnetic field, and p the radius of the ion trajectory in the field area. From this
equation, an expression can be obtained for the magnetic rigidity (=Bp [T-m]), a
quantity that describes conveniently the bendability of a moving charge due to the
presence of a magnetic field:
p_rw)my-A-v

Bp=—=—"—"", (96)
q q
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with m,, the atomic mass unit (~ 931.49 MeV/c?), y(v) = 1/+/1—(v/c)?, and ¢
the speed of light.

The fragment selection in BigRIPS is performed tuning the magnetic fields of
the D1 and D2 dipoles. The degrader placed between D1 and D2 increases the
differences of Bp at different positions and amplifies the separation effect in the
D2 area. This procedure steps on the investigations conducted at GSI in the late
eighties, that led to the development of the momentum-loss achromatic method
[90]. A schematic overview of the BigRIPS optics can be seen in Figure 5.3.

Target F1 F2 F3 F4 F5 F6 F7
Figure 5.3: Schematic overview of BigRIPS ion optics. Source [88].

The second stage consists of 4 dipoles (D3-D6) and eight STQs (STQ7-STQ14)
located between the foci F3 and F7, forming a four-bend achromatic system with
dispersive foci at F4, F5, and F6, and achromatic foci at F3 and F7 [80]. This
stage is used for the particle identification via the TOF-Bp-AE measurement, that
allows to determine the mass-to-charge ratio (A/Q) and atomic number (Z) of an
ion. The TOF (time-of-flight) is measured between two thin plastic scintillators
counters placed at F3 and F7. A two-fold Bp measurement is done by trajectory
reconstruction from the positions and angles measured at F3 and F5 by using the
PPAC detectors (Parallel Plate Avalanche Chambers) [91], and from the PPACs at
F5 and F7. These mesurements allow to obtain the velocity of the particle and
therefore to determine the A/Q as

A Bp

Z___-r 97
Q7 Y0)-v-mg @7

The AE measurement was conducted at F7 with a tilted-electrode gas ionisation
chamber (TEGIC) [92]. Following the Bethe-Bloch formula, the atomic number Z
is related with the energy loss via
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AE - Ngz, [In(2m,v? /1) — In(1 — p?) — p?], (98)
with [15]:

e Z and B(=v/c) the proton number and velocity of the ion passing through
the chamber gas,

* e=4/1.4399MeV"/%fm'/? (the electron charge),
* m,=0.511MeV/ c? (the electron rest mass) ,
* z,=18 (proton number of the Argon ionisation gas),

o I %16-22'9 eV (mean ionisation potential of the gas),

N, refers to the density of atoms in the ionisation gas, which is given by
N, =N,p/A,, 99)
with
* N,=6.022x10%mol ™! (Avogadro’s Number),
* p=1.562x10"3g/cm? (gas density),
* Ag=39.948 g/mol_1 (atomic mass of the gas).

5.3 ZeroDegree spectrometer

The ZeroDegree spectrometer covers the area between the focal planes F8 and
F11, see Figure 5.1. It consists of two dipoles and six STQs, indicated as D7-D8
and STQ17-22 in Figure 5.1, using similar magnets like those in BigRIPS. ZeroDe-
gree is designed as a two-bend achromatic system with the object point located at
F8, where the MINOS target was placed. The intermediate foci F9 and F10 are
momentum dispersive, and the final focus at F11 is fully achromatic [80]. The
section from F7 to F8 is used as a matching section between the BigRIPS separator
and the ZeroDegree spectrometer, using the STQ15-16 quadrupoles. The angular-
acceptance of ZD can be up to 45 mr and +30 mr in the horizontal and vertical
directions, with 3% momentum dispersion [80]. The total length of the spec-
trometer is 36.5 m. An overview of the optics is shown in Figure 5.4. The particle
identification in ZeroDegree was also conducted via the TOF-Bp-AE measurement,
with a set of tracking detectors placed both at the focal planes F8 and F11 (e.g.
one plastic scintillator and two sets of double PPACS, see Section 5.4). In addition,
a TEGIC chamber was used at F11 for the energy-loss measurement.

56 Contents



F8 F9 M F10 F11

Figure 5.4: Schematic overview of ZeroDegree ion optics used in this experiment. Source
[801.

5.4 Beam-line detectors for tracking and particle identification

Parallel Plate Avalanche Counters PPACs

The Large-area Parallel Plate Avalanche Counter detector is used extensively as
a focal detector in BigRIPS and the subsequent RI-beam delivery lines at RIBE This
detector measures the position of the ions passing trough a sensivite area of 240
mm X 150 mm employing the delay-line readout method [91]. The reconstruction
of a nucleus trajectory is done using two sets of PPACS at several focal planes
(see Figure 5.1), measuring both position and angles of the fragments relative to
the perpendicular axis of the plates. The performance of the detector has been
tested at various beams, energies, and intensities both at RIKEN and GSI, reaching
a detection efficiency >90 %, and position and timing resolutions of 0.9 mm, and
1.2 ns [15]. A schematic view of this detector can be seen in Figure 5.5.

Supppart Frame——
Cathode (X)

Suppport Frame
Figure 5.5: Schematic diagram of PPACs used at RIKEN. Modified from [91].

-
Cathode (Y)
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The operation principle of a PPAC detector consists of two parallel electrode
plates separated few millimeters, across which a constant electric field in the order
of hundreds of mV is produced [60]. The gap is filled with a gas that ionises
easily when a charged particle traverses the detector. The released electrons are
accelerated by the electric field causing themselves further ionisation of the gas
and therefore an electron avalanche. The C;Fg gas is commonly used due to its
high-electron-mobility properties, leading to signals produced on the electrodes
with very good timing properties (e.g. rise and fall times ~ 10 ns) and almost no
delay before the avalanche occurs [91]. The position measurement is achieved by
using continuous thin strips adjacent to each other instead of a full plate to cover
the cathode area. The two ends of each strip are connected to delay lines so that
the position of the ion along the strip is found determining the time difference
between the signals appearing at each side [91]. A 2D position can be obtained
using two parallel cathodes planes with a 90° relative orientation of their strips.

The PPACS used at RIKEN are comprised of two cathodes with an anode plate in
between them, see Figure 5.5. The anode was 2.5 um thick, and the cathodes 4
pm. The distance between the electrodes is ~4 mm. Each cathode consists of forty
strips of 2.4-mm width with a 150-um inter-strip gap. The gas pressure to fill the
PPAC was set to 30 Torr, and an operating anode bias voltage <2000 V was used
[91]. The position of the particle (in mm) is determined as

X = kxw +X0ffset) Y= kyw + YOffsetr (100)
with Tyq, Typ, Ty, and T, the time employed by the signal in the strips to
travel from the interaction point to the delay line at each end of the cathode strips;
k., ky the conversion factors from time to position, in this case 1.25 mm/ns; and
Xofser and Y,z .. two offset parameters to correct any possible misalignment. For
the double set of PPACs at each focal plane the analogue signals X;, X,, Y;, Yy,
were delivered to a Constant-Fraction-Discriminator (CFD) before being read by a
Time-to-Digital Converter (TDC) [15].

Plastic Scintillator detectors

Thin plastic scintillator detectors were placed at F3 and F7 in BigRIPS, and F8
and F11 in ZeroDegree, to produce time signals produced by the passage of ions.
The signals were amplified and transformed with photo-multiplier tubes (PMTs)
located to the left and right sides of the scintillator layer, placed perpendicular to
the beamline. These signals were delivered to a QDC and then to a TDC for charge
and time measurements [60]. The time measured at a given X focal point (Ty)
is defined as the average of the time signals measured by the PMT on each side
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of the corresponding scintillator (TLX, TRX). The time of flight in BigRIPS was
measured by the time difference of the signals F3 and F7, namely :

TL7+TR7 TL3+TR3

TOF s TF7 - TF3 = 2

+TOFpgee.  (101)

With this measurement, the velocity can be determined via v = L/TOF, since
the flight path between the detectors is known (= 46.8 m).

TEGIC: Gas ionisation Chamber

The energy loss of the ions (AE) was measured at F7. This measurement in com-
bination with the ion velocity allows determining the proton number Z, following
Equation (98). Usually, a multi-sampling ionisation chamber (MUSIC) design is
used, however, due to the high-intensity beams at the RIBF the tilted-electrode
gas ionisation chamber (TEGIC) design was employed [93]. The tilted electrodes
reduce the recombination of electron-ion pairs within the gas, increasing the de-
tection efficiency in comparison to the MUSIC. A schematic view of the detector is
shown in Figure 5.6.

195 mm

anode cathode

Figure 5.6: Schematic diagram of TEGIC detector used at RIKEN. Source [92].

The detector consisted of twelve anode plates and thirteen cathode plates placed
alternatively in 20-mm steps along the 48-cm long chamber [94]. The electrode
plates were tilted by 30°. A gas mixture of Ar-CH, (90/10 %) was used, with a
purity larger than 99.9 %. The anodes were set to 500 V, and successive pairs
of anodes were connected together leading to only six outputs to read out. The
cathodes were all connected and grounded together, as it is shown in Figure 5.6.
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5.5 DALI2 & MINOS: In-beam y-spectroscopy of knockout reactions

A setup consisting of the MINOS device surrounded by the NaI(T1) scintillator array
DALI2 was placed at the focal plane F8, see Figure 5.7.

Figure 5.7: Schematic overview of the SEASTAR in-beam y-spectroscopy setup.

The radioactive beam delivered by BigRIPS collides with the liquid-hydrogen tar-
get (LH,) of the MINOS device [95] causing excitation of the nuclei interacting with
the protons of the target via nucleon knockout or inelastic scattering processes. The
energy of the prompt y-rays emitted is measured with the DALI2 scintillator array
[82]. The nuclei emit in-flight at kinetic energies of ~250 MeV/nuc. so that a
Doppler-correction for the y-ray energy detected is needed. For this purpose, the
reaction vertex is reconstructed tracking the protons scattered in the reaction using
a time projection chamber (TPC) surrounding the LH, target. Also, the nucleus
velocity during the collision is interpolated from the velocities before and after the
target and the reaction position. The use of a hydrogen target with vertex recon-
struction (of mm accuracy) has several advantages over a traditional solid target
such as '2C or ?Be to perform knockout reactions of heavy-ions at the intermedi-
ate energies of this experiment. From the physics point of view, a proton is the
“cleanest" hadronic probe for the knockout mechanism, populating collective and
single-particle excited states close to the Fermi surface. From the experimental side,
it improves the quality of the Doppler correction compared to a thick solid target
where nor the velocity or emission point can be obtained with the same accuracy.
The vertex reconstruction with the TPC allows the LH, target to have larger thick-
nesses compared to standard solid targets leading to an increase of the luminosity,
necessary for experiments with exotic nuclei where production cross-sections are
very low.
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The target cell containing the LH, is made out of a polyethylene referred as
Mylar. It has a 110-um thick entrance window with an effective target diameter of
39 mm and a 150 um thick exit window with 52 mm diameter [95]. The target
length along the beam axis was set to 100 mm to maximize the rate of (p,2p)
reactions while minimizing the rate of a second interaction. The cell pressure was
set to 0.5 bar, leading to a LH, density of ~73 kg/m?> [93].

The ejectiles suffer little deviation in the target due to the inverse kinematics na-
ture of the reactions, so most of the products can be identified with the ZeroDegree
mass spectrometer, placed in the beam direction just after MINOS. The identifi-
cation of the reaction products with ZeroDegree allows the unique assignment of
y-rays to a particular nucleus. This in-beam y-spectroscopy analysis is not the scope
of this thesis, however, an extensive discussion about it can be found in Ref. [96],
and recent results have been published in [97], [23-26].

5.6 EURICA & AIDA: y-ray decay spectroscopy

The study of isomeric states and f3-decays provides essential information on the
nuclear structure. The half-lives of these metastable states cover a broad range
from nanoseconds to years, occuring mostly in the range of nano to milliseconds.
As they do not occur promptly after a nucleus production, they cannot be stud-
ied adequately via in-beam y-spectroscopy. Instead, in a decay spectroscopy setup
the nucleus is typically implanted into a stopper material which is in turn sur-
rounded by high-resolution y-ray detectors, with the purpose to observe the y-rays
emitted following the isomeric decay. Sometimes, the stopper material consists of
detectors sensitive to electrons, allowing the measurement of 3-particles or internal
conversion electrons, obtaining additional valuable spectroscopic information.

During the SEASTAR experiments, a decay-spectroscopy station was set at F11,
at the end of ZeroDegree, to study isomeric decays of exotic nuclei produced either
at the Be or LH, targets placed at FO and F8, see Figures 5.1 and 5.8. The nuclei
were stopped into the AIDA detector [83], a stack of double-sided silicon strip
detector layers (DSSSD) each with an implantation area of 8x8 cm? and 1000-um
thickness. The isomeric y decays were detected with the high energy-resolution
EURICA detector array. It consists of 84 HPGe crystals arranged in twelve clusters
distributed in three different rings at 51° (five clusters), 90° (two clusters), and
129° (five clusters) relative to the beam axis. Each cluster, comprised of seven
crystals sharing a common cryostat, was placed pointing at the center of the array,
with a distance of ~21 cm to the cluster frontal face. AIDA was centered in the same
point as well. A picture of AIDA surrounded by several of the EURICA clusters is
shown Figure 5.9.

During the experiment of this thesis, EURICA presented a similar performance
compared to its commissioning test: A resolution of ~2.9 keV at 1333 keV, and an
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Figure 5.9: Decay spectroscopy setup at RIKEN using the AIDA stopper and the EURICA
detector array.

absolute efficiency varying from ~19% to ~6% between 200 and 1400 keV [84].
The exact values will be discussed in the next chapter.

The y-rays detected in the Ge crystals were correlated to the implanted nuclei
on an event-by-event basis by means of the delayed-y coincidence technique: The
energies (EY) and times (t),) of the hits in EURICA were recorded during a 100-us
time window that was triggered when an ion crosses a plastic scintillator located
~1 m upstream of implantation. The time measured corresponds to the difference
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between the detection of the y-ray and the trigger signal, and was used to esti-
mate the half-lives of the isomeric states. For each crystal, two output signals were
produced by the preamplifier and sent to different branches for energy and timing
measurements, respectively. The energy branch was processed by a digital y-finder
module (DGF) manufactured by XIA [98]. A 6-us shaping time and a 100-us time
gate were used for the DGF to measure the y-ray hits in EURICA. The DGF acts as
an ADC with 65536 channels, as well as a Time-to-Digital Converter (TDC) with a
resolution of 25 ns/bin. The HV and gain of the crystals’ preamplifiers were set to
measure energies up to ~7 MeV, with ~0.10 keV/bin.

In the analogue timing branch, the preamplifier signal was sent to a timing filter
amplifier (TFA), followed by a constant fraction discriminator (CFD), from which
two identical output signals were extracted and analysed in parallel. One of them
was processed by a (short-range) V775 CAEN TDC [99] with 1.2 us time range
and 0.31 ns digital time resolution. The other one was processed by a (long-range)
V767 CAEN TDC [99] with 800 us time range and 0.73 ns digital time resolu-
tion. Having three time branches (DGE short-range, long-range) allows scanning
different time regimes with different resolutions.

An add-back algorithm was implemented for the energy reconstruction of y-rays
that were Compton-scattered between adjacent crystals, with the purpose of in-
creasing the efficiency at high y energies. It will be explained in more details in
Section 6.2.3.

In this experiment, AIDA was used in a stand-alone mode to perform com-
missioning measurements. Therefore, no data merging with EURICA or BigRIPS
was retrieved so no information for electrons emitted from f-decay or nuclear de-
excitation via internal conversion were analysed. The data analysis of this thesis
was focused on the y-ray decay branch of the isomer decay.
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6 Data Analysis

In this chapter, the data analysis procedure is discussed. The spectroscopic infor-
mation of a nucleus was determined via particle-y correlation, analyzing the set of
y-rays detected by EURICA within a 100 us time window after a particle crosses
the plastic scintillator at F11, just about ~1 m before its implantation into AIDA.
The data analysis is divided into a particle identification (PID) process (Section
6.1) to select the nuclei of interest; and a y-ray analysis section (Section 6.2). If
not explicitly mentioned, the histograms shown for the particle identification part
correspond to the dataset of the run 3023.

6.1 Zero Degree Particle identification

6.1.1 Atomic number determination

The atomic number was obtained from the AE energy loss at F11 and the nucleus
velocity v between F8 and F11. The uncalibrated energy loss AE,,,, is determined
as the geometric mean of the signals provided by the six anode read-outs of the

TEGIC at F11,
6 1/6
AE,,, = {l_[Aei} : (102)
i=1

In those cases where an ion is stopped before the end of the chamber then at least
one of the Ae; signals will be zero, and therefore AE,,,=0. Those background
cases are automatically excluded thanks to the employment of the geometric mean
to define AE.

Using Equations 98 and 102 the atomic number was determined as:

AET(IW

Po¥ [’5 ' \J In(@m,v2/D)—In(1 —/32)—/52} TPy
Z = Po*Zawth (103)
with {pg, p;} the parameters to be determined in a linear calibration. This pro-
cedure was conducted independently for each one of the 47 run datasets since the
gain factor of the TEGIC was not constant during the experiment time. The varia-
tion is caused by a temperature-dependence of the IC chamber gain and reflected
in a change of few percent in its output signal due to room-temperature changes.
The Z,,,, histogram is shown in Figure 6.1. A multi-Gaussian function was fitted to
obtain the centroids and widths of the peaks, and a subsequent linear calibration
into atomic number units was performed. Specific atomic number values have been
assigned to the peaks based on the fact that the largest production of nuclei corre-
sponds to Krypton (Z=36). The assignment was corroborated afterwards looking
to the EURICA y-ray spectroscopic information of known isomeric transitions in

zZ
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this mass region. A high linearity of the raw data signals is observed, but also a
right-skewed distribution for the Br and Kr peaks, produced by piled up signals in
the TEGIC and more visible for the more intense nuclei.
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Figure 6.1: (Bottom) Z,,, histogram and the multi-Gaussian function fitted to find the
peaks’ positions. (Top) Linear calibration into atomic number units.

The Z value presented a slight dependence with the velocity. This dependence
leads to a slight broadening of the peaks at different Z values. A linear adjustment
was applied to correct this problem, leading to the Z-vs-f histogram shown in
Figure 6.2.

6.1.2 Mass-to-Charge ratio determination

The mass-to-charge ratio is determined using the Equation (97),

A Bp

— =— (104)

Qrs—11 rv(v)-v-mg

To determine Bp, the radius p is obtained after the trajectory reconstruction of

the positions and angles using the PPACS at F8 and F11. The A/Q histogram for
events with 33.5<7<34.5, selecting mainly Selenium nuclei, is shown in Figure
6.3. The calibration procedure was similar to the atomic number calibration. A
multi-Gaussian fit was used to obtain the centroids and a linear calibration was
used afterwards to convert to A/Q values. Two peaks centred at 2.641 and 2.665
were added to fit the contaminant peaks of Br nuclei and not degrade the centroid
determination of the Selenium peaks.
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6.1.3 Improvement of the Particle IDentification (PID)

The resolution of A/Q depends on the tracking detectors signals used for the an-
gle and position reconstruction at F8 and F11, as it is shown in Figures 6.4 and
6.5 for events with 33.5<7Z<34.5. The strip-like structures clustering large num-
ber of counts correspond different isotopes. These structures should be vertical
so that a projection on the A/Q axis would not mix events from different nuclei.
However, the ‘non-corrected’ distributions are tilted and deformed leading to a low
mass resolution, like the one in Figure 6.3. The correction was applied to rotate
and align the histograms with respect to their central values, straightening up the
distributions.

AlQeor. =A/Q + p1(F8X —F8X,,)+p, (F8X —F8X,, )" (105)

+ ps(FBA—F8A,,)+p,(F8A—F8A,, )
+ ps(F11X —F11X,,) + pe (F11X — F11X,,, )
+ p,(F11A—F11A,, ) +pg(F11A—F11A,, )*

rotation straightening
The set {p;} of parameters were tuned iteratively until the width of the strip
distributions was considerably decreased and at the same time the adjacent ones
did not overlap on the A/Q axis. The values used are shown in Table 5. A slight
dependence with the angles (F8A and F11A) remains after the corrections, but it
was not further optimized after the distributions did not overlap considerably.

F8X,, 0 p; 70-10° | p, 15-107°
F8A,, —13354 | p; 45-10> |p, 85-107*
F11X,, 0 ps 62-107 | pg 0

F11A,, -70 | p, 40-107° |ps 8-10°°

Table 5: Set of parameters used in the A/Q optical corrections.

The Particle IDentification histogram corresponds to an Z-vs-A/Q plot, which is
shown in Figure 6.6 before and after the implementation of the optical corrections.
A projection on the A/Q axis for the regions corresponding to 929%%4Se is shown in
Figure 6.7, where the impact of the corrections on the mass resolution is evidenced,
narrowing down the width of the peaks. The obtained mass resolution, defined as
AA=FWHM,/A, are shown in Table 6.

A 92 93 94
AA | 3.6:107% 3.810°% 4.3.1072

Table 6: Mass resolution for °>%3%4Se isotopes.
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Figure 6.4: A/Q vs F8X (top) and F8A (bottom), before (left) and after (right) optical

corrections. Histograms on the same row share the same z-axis scale, shown in the colour-

palettes on the right.
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Figure 6.5: A/Q vs F11X (top) and F11A (bottom), before (left) and after (right) optical
corrections. Histograms on the same row share the same z-axis scale, shown in the colour-
palettes on the right.
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6.2 Analysis of y-rays with EURICA

6.2.1 Energy calibration

HP-Ge detectors are unique due to their high energy resolution, therefore, the en-
ergy calibration of each crystal of the array must be as accurate as possible in a
broad energy range from few keV up to ~3 MeV, where low-lying nuclear transi-
tions are normally observed.

When a y-ray interacts with a crystal, the preamplifier produces an output signal
with a height proportional to the energy deposited by the y-ray. The DGF module
linearly assigns to each height a bin position in the range from 0 to 65535, so the
bin number has a proportionality relation to the energy deposited by the photon.

During a measurement over some time, the counts registered at each bin position
are stored, leading to a “raw-energy" spectrum with the x-axis representing the bin
number and the y-axis the number of counts. The energy calibration consisted of
rescaling the bin axis of each crystal’s spectrum through the function

E, (keV) =ay+a;-x,+dy-x} (106)

where {q;} is a set of parameters to be found and x; the bin position.
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Figure 6.8: Raw energy spectrum of crystal N°9 of the >2Eu source. Peaks marked with

(*) were used for the energy calibration. The inset shows an example of the fit used to find
a peak centroid.

70 Contents



A standard '>2Eu calibration source placed in front of AIDA was used for the
energy calibration procedure. As an example, the raw-energy spectrum obtained
with the crystal N°9 is shown in Figure 6.8. The photo-peaks marked with (*) were
used for the energy calibration and correspond to the strongest >2Eu transitions,
listed in Table 7.

For each peak, the function

2
N, (xp) =co-exp {—@}+c3+c4-xb, (107)
2¢;

with N, the number of counts at the bin position x;, and {c;} parameters to op-
timize, was fitted to an area of the spectrum comprising only the peak and some
bins close to it. In particular, the parameters ¢; and c, correspond to the photo-
peak’s centroid and standard deviation, respectively. The background is assumed
to change linearly over the peak range, and is represented by the parameters cg
and c,. An example of this fit is shown in the inset of Figure 6.8.

E, (keV) L
121.78(1) 0.2841(13)
244.69(1) 0.0755(4)
344.27(1) 0.2658(12)
778.90(1) 0.1296(6)
964.08(1) 0.1462(6)
1408.01(1) 0.2085(9)

Table 7: '*?Eu transitions used for the energy calibration. The intensity I is equal to the
probability of emitting a photon of E, per one nucleus decay [100].

The set of points {(E,,c;);} were used to find the parameters of the energy cal-
ibration function described in Equation (106) via a xz fit method. The fit results
for some crystals can be seen in Figure 6.9. As an example, for crystal N°9 it
was obtained a;,=0.23(95) keV, a; =9.99(4)-1072 keV/bin, and a,=4.79(24)-10~°
keV/bin?. The detection system, composed by the detectors and the electronics,
has high linearity over the large energy range considered, which is reflected in the
fact that a,/a;<1.

The raw and energy-calibrated spectra for all the EURICA crystals are shown in
Figure 6.11. The x-axis corresponds to the crystal number (ID), the y-axis corre-
sponds to the energy scale (in a.u. or keV), and the z-axis (represented with the
color scale shown to the right) corresponds to the number of counts registered at
each bin position.
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Figure 6.9: Bin Number vs E, for some EURICA crystals and the energy-calibration func-
tions fitted. The inset shows a zoom view near the 778 keV peak.

The energy-resolution R=FWHM(E, )/E,, is shown in Figure 6.10 for the same
set of crystals of Figure 6.9. The obtained values are always lower than 1.6 %
showing the high-resolution feature of HP-Ge detectors.
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Figure 6.10: Energy resolution of the EURICA crystals shown in Figure 6.9. A high resolu-
tion is observed for the whole energy range between 122 and 1408 keV, always below 1.6
%.
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Figure 6.11: Energy spectra of the different crystals obtained with the '>2Eu source. (Top)
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6.2.2 Time-walk correction

For this experiment the y-ray detection time was taken from the DGF modules. In
principle, they have incorporated a digital constant fraction algorithm to measure
event arrival times down to a few nanoseconds accuracy [98]. However, a large
time-walk effect was observed in the data, see Figure 6.12. The spectrum to the
left corresponds to the E,-vs-t, matrix obtained using the time measured by the
DGF modules. The large-intensity region in the spectrum that shifts from t, ~0 at
E, ~100 keV to t, ~-200 ns for bigger energies, corresponds to photons emitted
during the ion stopping process (see Section 6.2.5), and therefore they should be
registered at the same time regardless their energy. This dependence of t, with the
energy E, was partially corrected with an energy-dependent time offset added to
align the distribution. The time-walk corrected spectrum is shown to the right.

oL 2 S
-400 200 0 200 400 600 -200 0 200 400 600 800

t (ns) t (ns)

Figure 6.12: E, -vs-t, matrix using the DGF time information before (left), and after (right)
time-walk correction.

6.2.3 Addback

As it was discussed in Section 4.4, the probability of a photo-electric interaction
in the detector decreases rapidly with E,, and the Compton scattering becomes
the dominant interaction process in Ge crystals for E,~250-4000 keV. In fact, in a
single-crystal spectrum, some counts of any photo-peak correspond not always to a
direct photoelectric absorption of the y-ray, but to multiple scattering of the photon
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within the same crystal, releasing full photon energy. Nevertheless, the probability
of a large scattering angle increases strongly with E, following the Klein-Nishina
relation so that the scattering in several crystals is more likely for photons with high
energies. An addback routine was implemented to reconstruct the total energy of
the photons scattered over several crystals, leading to an increase of the photo-
peak efficiency of the detector. All cases where 2 or 3 adjacent crystals (of the same
cluster) were fired within less than 400 ns time difference are considered Compton-
scattered hits of a same photon. The addback algorithm sums up the individual
energies registered by each crystal and assigns to the reconstructed photon a time
t, equal to the time registered by the crystal with the largest energy deposition.
If the time difference was more than 400 ns, the hits are considered individual
photons. A schematic overview of the addback algorithm implemented is shown in
Figure 6.13. Its impact on the efficiency of the EURICA array is discussed in the

next section.
¥
(E;8) (
|t; — t;| < 400 ns =

(Ej. t) (Ey, t,)=(E+E; )
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|t; — t;| > 400 ns =
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Figure 6.13: Schematic overview of Addback algorithm applied.

6.2.4 Detection efficiency

The energy-dependent attenuation coefficient of matter to the passage of y-rays
leads to a variable detection efficiency for y-detectors. The number of counts in a
photo-peak at a given energy E, is given by
Aphot.(Ey) = ephoL(Ey) : I[(EY), (108)
with €p0..(E,) the photo-peak efficiency and I,(E,) the total number of photons
of E, emitted by the source. In this experiment, a calibration of the detection effi-
ciency was done placing the ®2Eu source in the front layer of AIDA. The EURICA
DAQ was triggered by a 1-kHz clock (pulse generator) leading to a separation of 1
ms between each trigger, bigger than the dead time of the system. The measure-
ment time-window after each trigger signal was 100 us. Therefore,

I(E) = Ny, AT-b, (109)
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with a; the source activity, N,,;, the number of trigger signals sent to the DAQ
during the measurement, AT the measurement time-window, and b, the branching
ratio of the y-ray emitted by the source. In particular, we are interested in the
relative efficiency, which corresponds to €, (E,) normalized to the efficiency at a
given known energy, in this case E,=245 keV:

o B _ New(E/b,

T er(EO) Nexp(EO)/bO '

N,,,(E,) was obtained from the photo-peak areas after background subtraction,
and well-known branching rations b, for 152Eu source transitions were taken from
literature [100]. The values measured for €, with and without addback are shown
in Figure 6.14.
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Figure 6.14: Relative photo-peak efficiency with (blue) and without (red) addback. The
values measured during the commissioning [84] (green) are presented as well.

An efficiency calibration function was determined fitting the measured data
points to the widely used expression [101]:

€,(E,) = exp{[ (Po+Pp1 - X +pe-Xx*)P5 +
(ps+p3-y +py -y )1 HPs}, (111)
with x = E,/100, y = E,/1000, and E, in keV. The parameters {p;} were ex-
tracted from the fit. The corresponding calibration functions are shown in Figure

6.14. The efficiency was found to drop by 50 % at 1 MeV relative to the efficiency
at E, = 245 keV. The impact of addback is evidenced for energies E,>200 keV. For
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comparison purposes, the efficiency measured for the individual crystals during
the commissioning of EURICA is presented, showing a similar behaviour to the one
found in this work.

6.2.5 Background and selection of isomeric y-rays

Different sources of background affect strongly the energy spectrum of the y-ray
detectors used in experiments with heavy-ion beams. Understanding its origin is
important to separate it as much as possible from the spectroscopic information
of the exotic nuclei studied. The most intense contribution, commonly referred
as “atomic background", corresponds to the radiative processes caused by atomic
collisions when the ions are decelerated into matter, leading to the emission of elec-
tromagnetic radiation of a continuous spectrum in the range ~10-1000 keV with
cross sections ~0.1-100 barn/keV [102]. A detailed explanation of the underlying
physics processes, namely, the Radiative Electron Capture (REC), and the Primary
and Secondary-Electron Bremsstrahlung (PEB, SEB), can be found in Ref. [102].
Though these phenomena are several orders of magnitude more intense than the
decay of exotic nuclei, its impact on the y-energy spectra depends mostly on the
geometry of the setup, in particular on the solid angle of the detectors with respect
to the emission point. In decay spectroscopy experiments this background contri-
bution creates the prompt flash of y-rays emitted when the nuclei are implanted
into the stopper device. In the present experiment, it can be seen at the beginning
of the 100 us time window opened after implantation, as it is shown in Figures
6.12 and 6.15.

On the other hand, the passage of heavy-ions with energies of ~102 MeV/u
through different elements along the beam-line such as degraders (mainly com-
posed of aluminium), plastic scintillators (made of CH-chains), and the stopper
layers themselves, can lead to the emission of light particles such as p,n, or light
nuclei. Though experimental studies dedicated to measuring this phenomenon ac-
curately are still missing, it is frequently assumed that the emission of neutrons
can be more critical because their large range in comparison to charged particles
give them bigger probabilities to reach y-ray detectors inducing inelastic scattering
reactions in all the matter nearby. Indeed, in the present experiments peaks of 691
keV from 7*Ge(n, n’), 608 and 595 keV from 7“Ge(n,n’), 563 keV from 7°Ge(n, n’),
and 197 keV from °F(n,n’y), were observed in addition to the 79 and 85 keV
X-rays from Lead.

Other background sources are the natural occurring radioactive materials
(NORM) such as U, K, or Th are present in most of the substances on Earth.
They emit different y-rays also observed in the experiment such as 1460, 1121,
352, 338 keV. A visible 511 keV peak corresponds to the different positron-electron
annihilation events that are always present in these type of experiments.
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Additionally, it is worth to remark that the accumulation of the exotic nuclei
implanted becomes itself a source of background radiation: The rate of nuclei im-
plantation into AIDA was around ~500 Hz, much higher than the beta-decay rates
of the nuclei in the mass region A ~ 90, Z ~ 34 which are in the order of few Herz
(the half-lives in this region are around ~100 ms). In this situation, an effective
constant source is generated, according to the Bateman Equations. The beta-decay
also implies the emission of many y-rays and neutrons (when energetically possi-
ble) increasing the background level.

It is not possible to identify all background peaks only by comparison to
databases, so the combination of at least two of the following criteria were used to
distinguish possible background peaks from the isomeric y decays of a nucleus:

* The peak appears in the y-ray energy spectrum of several nuclei.

* The peak intensity does not decrease gradually over time following an ex-
ponential decay. Instead, the intensity remains constant or changes with no
clear pattern over time.

* The peak has no particular time correlation with the transitions of a specific
nucleus, meaning that it was not emitted after the decay of one or several
isomer states in a nucleus decay path.

Several of these aspects can be seen in Figure 6.15. The plot on top shows
the energy spectra in coincidence with the nuclei of the Selenium isotopic chain
(Z=34) for t, < 250 ns (blue), and 250 ns < t, < 95 us (red). The statistics
accumulated during the first 250 ns after ion implantation is larger than the left
94.750 us, a direct consequence of the large atomic background. Some intense
peaks of NORM radioactivity or neutron reactions are also indicated. The plot at
the bottom shows a partial energy spectrum for 250 ns < t, < 30 us (red), 30 <'t,
< 60 us (green), and 60 < t, <90 us (blue). The peaks at 511 and 563 keV are
observed for all the Se isotopes produced, with their intensities remaining constant
for the different time ranges, fulfilling the criteria above mentioned for background
peaks. In contrast, the peaks at 429, 503, and 539 keV appear only for *?Se, with
their intensity decreasing gradually for larger times, characteristic of an isomeric
decay. This analysis will be discussed in detail in the next chapter.

6.2.6 yy coincidences

For many implanted nuclei, two or more y-rays were detected with EURICA during
the 100 us detection window. The set of detected y-ray energies {E,;;i =1,...,m,}
with m, the multiplicity of the event, can be used to create a yy coincidence matrix,
e.g. a bi-dimensional histogram filled with the pairs (E,,E,), withx =1,..,m,; y =
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Figure 6.15: Energy spectra of y-rays correlated to implantations of Z=34 nuclei with dif-
ferent time conditions. (Top) Spectra for t, <250 ns (blue), and £>250 ns (red). (Bottom)
partial spectra in three different time ranges showing the different behaviour of isomeric
transitions and background peaks.

x+1,...,m,, revealing which coincident pair of energies happened more frequently
during the experiment.
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Figure 6.16: Time difference histogram for coincident pairs of delayed y-ray energies
detected in EURICA. The conditions 250 ns <t,, < 95 us, and 20 keV <E, < 5 MeV.
When a coincident pair (E,,E,) is emitted by the same source then the y-rays
must have a defined time correlation. For instance, the transitions following the
isomeric decay of nuclei are detected almost at the same instant because nuclear
states lifetimes are lower than few pico or nanoseconds (except isomeric states),
therefore their detection time difference should satisfy t,-t,~0. In case that a
second isomeric state is populated along the decay path, the time difference should
follow an exponential distribution exp{—t/7}, with 7 the life-time of the second
isomer. The time difference histogram for “delayed" y-rays (e.g. not belonging to
the prompt flash mentioned in Section 6.2.2) with energies between 20 keV < E,
< 5 MeV and gated on Se nuclei is shown in Figure 6.16. The region of “real"
coincidences was chosen as |t,-t, | < 500 ns where the distribution of events forms
a peak-like structure with a maximum of ~1.1-10° counts and ~500-ns width. The
region of “random" coincidences corresponds to |t,-t, |>500 ns, with a slightly
decreasing behaviour around a mean value of ~180 counts. The ratio of total
number of counts in both regions N, ,i0m/Nyeat =2-9-10°/4.3-10°~0.6 show that
random-coincidences are about 60% of the real ones, so they must be excluded
from further analysis steps.

L1
-40000

The yy coincidence matrix of delayed y-rays of Se nuclei, with the ‘real coin-
cidence’ condition |[t,-t,|< 500 ns, is shown in Figure 6.17. For each pair of
coincident y-rays one count was added to the points (Ex,Ey) and (Ey,Ex), just
to obtain a symmetric matrix. A projection of the matrix for 501<E, <506 keV is
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Figure 6.17: yy coincidence matrix with delayed y-rays correlated with Se nuclei.

shown on top, revealing other transitions in coincidence with the 503 keV transition

of ?2Se already shown in Figure 6.15.
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7 Results

The y-ray spectroscopic information found for °>?4Se are presented in this chapter.
The events of each nucleus were selected using a logical condition on the PID plot.
The delayed y-rays of these events were separated from the prompt ones and used
to create the E, -vs-t, matrix, where the isomeric y rays (defined here as the y-
rays emitted by the nucleus after its decay from an isomeric state) were identified
analyzing the change of the photo-peak intensity over time.

The isomeric y-decays found were further studied via yy-coincidences, to under-
stand their correlations and the level scheme. An effective half-life was obtained
for each transition fitting a decay-curve to the time spectrum of the y-rays in the
transition photo-peak. The half-life of each isomeric state was obtained with a
similar fit using a total time spectrum created from the y-rays of the most intense
transitions. Finally, an energy spectrum of individual delayed y-rays (referred as
‘singles’) was created to obtain the efficiency-corrected intensities of the identified
transitions, and so their decay branching ratios. The combination of all the pre-
vious information allowed to build a decay level-scheme for each nucleus, which
are the main subjects of the physics discussion of this thesis presented in the next
chapter.

7.1 Conditions for selection of delayed y-rays

PID cut

The events of each isotope were selected using a set of ‘PID cuts’, corresponding
to the closed polygons defined on the particle identification plot shown in Figure
7.1. The selection condition demands that the (A/Q, Z) reconstructed values must
lie inside the area enclosed by the cut of a specific nucleus. The number events
selected for each case are listed in Table 8.

Isotope Number of events

92ge 1.243x10°
93ge 7.541x10%
94Ge 1.457x10%

Table 8: Number of events of each isotope selected with the PID cuts

Prompt-flash cut
The cut on the E, -vs-t, matrix shown in Figure 7.2 was defined to select and
exclude the prompt-flash from the delayed y-rays.
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Figure 7.1: PID cuts for °9%%4Se.
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Figure 7.2: Prompt cut defined to exclude prompt y-rays.

7.2 92Se

7.2.1 Preliminary identification of isomeric transitions

Isomeric transitions were identified from the comparison of the energy spectrum in
different time slots of the 100-us time window after ion implantation, see Figure
7.3. The time slots are of approximately 24 us width each and start at 0.2, 24.0,
48.0, and 72.0 us, respectively. The intensities of the peaks at 429, 503, 539, 637,
713, 898, 967, 1065, and 1250 keV are observed to decrease over time, as it can
be seen on the peaks areas for different time slots. For most of the non-labelled
peaks the intensity remains either constant or has no clear behaviour over time,
following the criteria discussed in Section 6.2.5 of background peaks. The peaks
at 67, 338, and 352 keV (marked in red) also present a decreasing intensity over
time, however, their pattern is more irregular than the peaks previously mentioned
and their nature is further clarified with the analysis of the following sections.
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7.2.2 Spectra of yy coincidences

The energy spectrum of y-rays in coincidence with each of the isomeric transitions
identified in Section 7.2.1 was obtained as the projection on the x-axis of the yy-
matrix horizontal section defined by the gate |E, —E,| < AE, with E, the transition
energy and AE=2.5 keV. The real coincidence condition introduced in Section 6.2.6
was demanded to clean the spectrum from spurious coincidences. In addition, a
random-coincidence background spectrum created from the y-rays that satisfy 550
ns <[t,-t,|< 1100 ns was subtracted afterwards.

As an example, the vy coincident spectrum for the 503 keV transition is shown
in Figure 7.4. The preliminary spectrum using only the energy gate (condition a)
is plotted in red, the spectrum obtained after implementing the real coincidence
condition (condition b) is plotted in green, and the final spectrum after random-
background subtraction (condition c) is shown in blue. The condition ¢ has almost
no impact on the spectrum as it is reflected in the fact that the green and blue
spectra are nearly identical. Coincident y-rays interacting via Compton-scattering
also satisfy all the analysis conditions demanded, so they necessarily make up part
of the remaining background observed.

35—\ I T ‘ T ‘ T T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T I =
B 539 —— Conditions: a ]
% B Conditions: a, b N
251 —— Conditions: a, b, c | _|
>
2 1 898 |
2 67 429 7]
> | 637 |
g b 713
g L |
8 0 353 H
57 968 1065 7
A R L L L T e T

L L L L I L
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
Ex (keV

Figure 7.4: Energy spectra of y-rays coincident with the 503 keV gate after the implemen-
tation of the different analysis conditions. See text for details.

The final yy coincident energy spectra are shown in Figures 7.5 and 7.6. The
efficiency-corrected intensities of the peaks observed are listed in Table 9, and
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the details on the uncertainties determination is discussed in appendix A.2. A
peak at 67(1) keV is present in the coincident spectra of all the energy gates except
the 1065 and 1250 keV ones, confirming a transition at 67 keV for 2Se. No peak at
338(1) keV was found, so no transition at this energy value is proposed. Finally, a
possible coincidence peak in the spectra of the 713 and 503 keV gates was observed
at 352(1) keV, but the intensities are not large enough to confirm a transition at this
energy value.

E, gate (keV) E, - Intensity of coincident peak (counts)
67 429 503 539 637

429 10(3) - 28(5) 29(5) 34(6)
503 9(3) 29(5) - 76(9) 36(6)
539 14(4) 26(5) 749 - 24(5)
637 8(3) 30(5) 34(6) 24(5) -
713 10(3) - 27(5) 27(5) -
898 9(3) 15(4) 40(6) 42(6) 40(6)
1065 - - 15(4) 18(4) -
1250 - - 11(3) 154 -

E, gate (keV) E, - Intensity of coincident peak (counts)
713 898 968 1065 1250

429 - 21(5) - - -
503 32(6) 53(7) 11(3) 23(5) 15(4)
539 32(6) 48(7) - 25(5) @ 22
637 - 40(6) 11(3) - -
713 - 7(3) - - 9(3)
898 8(3) - 6(2) 14(4) -
1065 - 123 - - -
1250 103 - - - -

Table 9: Efficiency-corrected intensities of coincident peaks with the strongest isomeric
transitions identified for *2Se. The errors shown are only statistical and do not include the
uncertainty of the detection efficiency.

7.2.3 Half-life measurement

A preliminary spectra of the y-ray detection time was obtained for each transition
using the photo-peak counts, e.g. in a range |E, — E,| < 30, with E, and o, the
centroid and standard deviation of the peak. A background time spectrum obtained
with the y-rays at the high and low-energy sides of the photo-peak was subtracted
from the preliminary time spectrum. Prior to the subtraction, the background was
scaled to the factor AE,/AE,, with AE,=2-30, the width of the photo-peak in-
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terval, and AE, the width of the energy interval used to create the background
spectrum. For example, the preliminary time spectrum of the 503 keV transition
used only the photons in the energy range of |E,-503.2|< 2.4 keV] and the back-
ground time spectrum used the photons at the intervals 493.1<E,<500.3 keV and
505.8<E,<508.5 keV, leading to a scale factor of 2x2.4/(7.2+2.7)=0.48. The
preliminary and background time spectra obtained for each transition are shown in
Figure 7.8. The time spectra obtained after background subtraction are shown
in Figure 7.9. A half-life of each transition was found fitting the decay-curve
f(t,)=exp {po +p;- ty} + p,, and obtained as

o= In2)- 7 ===, (112)

the values obtained are listed in table 10. Most oflthem agree within 10 uncertainty
range, except for T;,,(898) and T,,,(1250), which have the largest differences but
still agree within 1.50. In section 7.2.5 it will be shown that all these transitions
are emitted following the decay of a common isomeric state, so its half-life was
obtained with the fitting analysis of a total time spectrum obtained adding the time
spectra of the individual transitions. This spectrum is shown in Figure 7.7, the
value found is 15.740.7 us.

200 I ‘ .

18088 Integral 2209 | ]

160 %% / ndf 37.17/45 | 7
gmo; 200 faggr 3]
=l 100 = 7
81205 ; ff,} U Ei
N C { ]
~ 100— r ,} 1
22} - -
= 20+ g
O el 0 20000 40000 60000  _|

PR I PR IR i
20000 40000 60000 80000

time ( ns )
Figure 7.7: Time spectrum of the *?Se isomeric decay. Inset: Logarithmic.

7.2.4 Singles intensities

The efficiency-corrected intensities of the transitions ( e.g. singles intensities) were
estimated from the photo-peak integral within the range |E, —E,| < 30, introduced
in Section 7.2.3, considering only the isomeric decays detected within [500 ns,
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Figure 7.10: Half-lives obtained for each individual transition of *2Se.

86000 ns] after implantation. This interval is equivalent to ~5.5-T; 5 (*28e"), so
it contains > 96% of the isomeric decay events. The minimum value of 500 ns was
chosen to avoid any prompt-flash contamination. The y-rays in the range (86000
ns, 99000 ns] were used as background and were subtracted to the singles spec-
trum after being scaled to the factor At,/At,, with At;=85.5 us the time range
used to estimate the intensities and At, =13 us the background interval. The sin-
gles energy spectra before and after background subtraction are shown in Figure
7.11. The remaining background level of the peaks on the background-subtracted
spectrum was estimated from the high and low-energy sides next to the peaks, and
subtracted to the integral of the peak region to estimate accurately the counts due
only to the nuclear transition, the details are discussed in appendix A.1. The abso-
lute intensities obtained are listed in Table 10, as well as the intensities relative to
the most intense transition.

Transition Intensity Half-life
energy (keV) Absolute (cts) Relative (%) (us)

67 154(25) 21(4) 18.4+2.3
429 249(23) 38(4) 13.9£1.9
503 609(28) 94(6) 14.5+£0.9
539 650(30) 100(5) 16.5+£0.9
637 343(22) 53(4) 14.7£2.0
713 252(22) 39(3) 13.2+3.1
898 554(27) 85(6) 19.5+2.5
968 87(14) 13(2) 14.7+4.7
1065 122(12) 19(2) 16.5+5.1
1250 70(10) 11(2) 11.6+£2.9

Table 10: Efficiency-corrected singles intensities after background subtraction.

92 Contents



93

"so[SueLn Yor[q YyIm padjrew syyead a3 Jo sanisusiul sop3uls ay3 23ndwod 03 pasn winadads
£819U5 pa1oRIIqNS-pUNOISYIRY (WOII0g) 'S[IRISP 10] 1X93 9935 ‘SU 00066 S 1 S SU 00098 3uel o1 Ul sAeI-A 93 YIIM paureIqo
wnoads punoidyoeq ps[eds syl PuB ‘SU 00098 S 1 S su QS 10§ paurelqo wnndads A81sus serdurs (dor) :L1°Z 24nbig

(A9Y) AS10ug
008 _ 00z

00¥l  00€l 0ozt 00Ht 000} 006 009
T T T T T T T T T

005 00r _ 00E 002 00t 0
—r o e 0 s

00}
oS}t
002
052

A T/ siuno)

00€

0s€

00}

002

00€

001

00S

A T/ siunod

- punoidyoeg —— 009

wnnoads so[3urs

9ZSe

004

7.2



7.2.5 Level Scheme

From the results obtained so far the following energy-sum relations are satisfied:

* 1065(1) ~ 429(1) + 637(1),

968(1) ~ 429(1) + 539(1),

1250(1) + 713(1) ~ 1065(1) + 898(1),
1250(1) + 713(1) ~ 429(1) + 637(1)+898(1),
1250(1) ~ 898(1) + 352(1).

Moreover, from the yy coincidence analysis it is observed that:

¢ The transition at 503 keV is in coincidence with all the other transitions iden-
tified.

¢ The transition at 539 keV is in coincidence with all the other transitions iden-
tified except for the one at 968 keV.

¢ The transitions at 429 and 637 keV are observed to be in coincidence. Both
of them are not in coincidence with the transition at 1065 keV.

¢ The transition at 429 keV is not coincident with the transition at 968 keV.

¢ The transitions at 1250 and 713 keV are observed to be in coincidence, but
neither of them is in coincidence with the transitions at 1065, 429, or 637
keV.

¢ The transition at 898 is in coincidence with the transitions at 1065, 429, and
637 keV.

¢ The transition at 898 is in coincidence with the transition at 713 keV but not
with the transition at 1250 keV.,

¢ The transition at 968 keV is coincident with the transitions at 637, 898 and
503 keV.

Finally, the relative intensities found in the singles spectrum reveal that:
o Isp3 ~ (1898 + 11250), with a difference of 1(6)%.
o Jgar & (1429 + 1968), with a difference of 1(5)%.
o Isgo & (11065 + 1795+ 1429), with a difference of 4(7)%.

* Igog— (11065 + 1637) ~ 13(6)% # 0.
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Decay path

These observations previously listed led to the unique ordering of the transitions
shown in Figure 7.12. The possible transition at 352 keV is confirmed since the
transitions at 713 and 898 keV are in coincidence, and the combined intensities
of the 1065 and 637 keV transitions are 13(6)% lower than the intensity at 898
keV. However, a direct measurement of the 352 keV peak intensity from the singles
energy spectrum ( Figure 7.11 ) was not found to be reliable since the strong contri-
bution of the background peak at 353 keV introduces a large error to the intensity
of the remaining peak after background subtraction.

A 503
=
g
| 1250 898
20
o0
= 35,—1—
= 637
S| " /1065
2l m Nl
S 429
-
968
539

Figure 7.12: Unique placement of the identified transitions that fulfils the conclusions
obtained from Sections 7.2.1, 7.2.2, and 7.2.4.

Despite the placement of the transitions is unique, the direction of de-excitation
cannot be deduced, so a scenario where the de-excitation occurs from the bottom
to the top is in principle possible as well. This possibility is disregarded from the
comparison with the results obtained by the in-beam spectroscopy measurements
conducted simultaneously (see Appendix B). They allow an assignment of the low-
est excited states based on the transition intensity observed, and placed the 2] and
4? states at 539(7) and 1253(10)= 539(7)+714(7) keV, respectively.

The 67-keV transition

The only possibility left for the 67 keV transition is to be placed on top of the 503
keV transition. The placement is supported by the yy coincidence analysis, where
a peak at 67 keV showed up in coincidence with all the found transitions except
the ones at 1250 and 1065 keV. The absence of a 67 keV coincident peak in these
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two cases can be understood considering that the expected counts on a peak at E,
for the energy coincidence spectra of a transition at E,, are given by

Igate Ey (Ex) = Iabs‘ (Ey) x e(Ey) X G(Ex) x by (Ey > Ex)’ (113)
with I, (E y) the absolute intensity of the transition at E,, (listed in

Table 10), e (E,.) and € (Ey) the EURICA efficiencies at the energies of E, and E,,,
and b, (E y Ex) the branching ratio between the transitions involved. Therefore,
for the transition at 1065 keV:

Ie1065(67) = Ipps.(1065) x €(1065) x €(67) X bgog X b1ggs X bsos

1 I I
= 122x0.51x1.18 x 228  ~1065 67

so3  Isos  Isos
= 122x0.51 x1.18 x 0.044 ~ 3 counts, (114)
this value is not large enough to claim the existance of a peak in the remaining
background nearby. For the transition at 1250 keV:
I1250 (67) = Iy, (1250) x €(1250) x €(67) X by,50 X bsos

I
70x0.46x1.18x11ﬂ><£

503 Is03
70 x 0.46 x 1.18 x 0.025 ~ 1 count. (115)

The difference of ~74% between the relative intensities of the transitions at 67
and 503 keV cannot be balanced by the intensity of additional non-identified transi-
tions since the EURICA photo-peak efficiency was high enough to detect a transition
with such a high intensity up to energies ~2 MeV. Therefore, the discrepancy must
be caused due to the decays of the 67 keV transition where internal conversion
occurs instead of the emission of a y-ray. In fact, the total intensity is given by

I(67)=I¢c +I,=(a+1)-1, (116)

where a corresponds to the internal conversion coefficient. Assuming that no
transitions with a large intensity are missing then I(67)=I5,5. Hence, the experi-

mental conversion coefficient for this transition is
osp = Isgs/Ie7 — 1 = 2.95(68). (117)

The dominant multipolarity of the 67 keV y-ray was inferred from the compar-
ison between the experimental conversion coefficient obtained and a theoretical
evaluation performed with the BrICC conversion coefficient calculator tool [69].
The results obtained with BrICC are presented in Table 11. An agreement within
less than 1-o diference is obtained for E2, so this is the multipolarity proposed.
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Atomic Multipolarity
Shells M1 E2 M2
All 0.31 3.62 4.58

K+L1+L2 0.30 3.38 442
Table 11: Bricc Conversion coefficient obtained for a 67(1) keV of an atom with Z=34.
Values for all and deepest atomic shells ( K+L1+L2 ) are shown.

Since the multipolar order and the conversion coefficient of the 67 keV transition
are known, then the Weisskopf estimate of the Half-life of this transition yields:

1 1
Tt T W (E2) 7.3 x107(92)%3(67 x 10-3)5
Weiss.
= 244x107°s.
. T,10g(2)  2.44x107° x 0.693
TWelssA — Y o = 89 . 118
172 1+a,., 1+2.95 Hs (118)

This value is close and on the same order of magnitud of the experimental half-life
measured (15.7(7) us) for the isomer state. Therefore, it is proposed that the 67
keV transition is in fact the isomeric decay observed for *?Se.

Tentative spin-parity assignments and level scheme

The level scheme obtained is shown in Figure 7.13. Each level is represented
by a horizontal line, the excitation energy in keV is indicated next to the level.
The width of the arrows connecting different levels is proportional to the intensity
observed of the transition, with the energy shown in blue. The fraction of the 67
keV transition observed via y-ray decay corresponds to the black area of the arrow.

The excited state at 539 keV is assigned to the yrast 27, following the systematics
of the 2; lowest excited states identified for the isotopic chain [24, 35, 36]. This
follows the known fact that for almost all even-even nuclei the lowest excited level
connecting via y-ray decay to the ground state has J™ = 2% [103]. The level at
1252 keV decays exclusively to the 27 state and not to the 968-keV] which is lower
in excitation energy. This behaviour is common of yrast states, so it is associated to
the 47 level.

For the 968-keV state, a spin J = 0 is excluded since transitions of the type
0t—0" do not occur via y-ray decay. A J=1 assignment does not match the in-
tensities observed for the transitions to the 27 and 07 levels: The strength of a
hypothetical M1 968-keV over a M1 429-keV transition would be, according to
Section 4.2.3, several times stronger. J=3" is ruled out since the transition con-
necting the ground-state 07 is rather prompt: it did not show a decay time relative
to other transitions, which does not fit with a potential M3 decay which is rather
slow compared to an E2. The assignment J"=27 fits better the intensities ob-
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Figure 7.13: 2Se Level scheme obtained via isomeric decay y-ray spectroscopy. Spin-
parity assignments are temptative, see text for details.

served. In that case, this 2; would be below the 4;r which is an indication of
non-axial deformation. This hypothesis is qualitatively consistent with both models
of Davydov and Wilet-Jeans where the decay strength is stronger for the 23 — 27
in comparison to the 2 — 07 transition.

The strong intensities of the 898 and 637 keV transitions compared to the 1250,
353, and 1065 keV ones suggest a band structure formed by the levels at 2502
and 1605 keV, nevertheless, presenting strong interband decays to the yrast-band.
Therefore, they are likely to have the same parity as the 968 keV state, which
is positive. The 1605 keV level can have spins (37,4, ), since the assignments
J =0,1,2,5 make not much sense with the intensities/transitions observed. For
the 2502 keV level, J=4 is ruled out since there is no E2 decay to any of the 2*
states (which would be strong due to the large energy gap). The lowest spins that
match the decay pattern observed are (57,6%).

The levels at 3005 and 3072 keV have the same parity and differ at least (and
most likely) by two units of angular momentum, given the E2 character of the
transition connecting them (see Table 2). However, anoos has to be such that tran-
sitions connecting to the 1605 or 1252 keV levels are not favoured, but only to

the 2502 keV level. Similarly, J;_,,., is such that a decay to the 2502 keV state
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is not competitive to the 67 keV transition (or does not exist at all). Given these
constraints, positive-parity assignments where J;oos <6" are not likely, the J™ = 6"
case would have a strong E2 decay to the 47 (and the potential 47). Negative-
parity assignments J;, . <5~ are not likely to decay to a (5%,6) state instead of
the lower spin ones. Moreover, the J, =5 case leads to J;,,=7" which would
have a 570 keV M2(E1) decay to the 57 (6*) state at 1605 keV with a half-life and
decay strength much faster and stronger with respect to the intensity and half-life
found for the 67-keV transition, but such prompt transition is not observed. The
possible transitions with the lowest-spin assignments for these two levels are:
8 -6, 957, 9"->7" 10" ->8" (119)
In Section 8.1, it will be shown that the most likely option corresponds to 9~ —
7~, which is the assignment used.

Comparison with available spectroscopic information

The first spectroscopic information of *2Se was reported in 2012, see Ref. [104].
An experiment conducted by D. Kameda et al. found the isomeric y decays at
503.4, 538.8, and 897.8 keV. These transitions were proposed to be emitted after
the decay of an isomeric state with a half-life of T; /2=10.3§:g us. These results
are consistent with the observations of the present thesis, for instance, the same
transitions were observed with similar relative intensities and the half-life of the
isomeric state agrees within error bars. Moreover, the level scheme proposed ex-
plains why only the transitions at 503, 539 and 898 keV were reported in Ref [104]:
Their intensities are the only ones large enough to be clearly detected above the
background despite the lower-statistics of the energy spectrum caused by a lower
number of implanted fragments (~6.4x10% °2Se), but also to a lower efficiency of
the y-ray clover detector used in that experiment when compared to EURICA.

In 2017, the results of the in-beam spectroscopy measurements conducted in the
2015 SEASTAR campaign have been published by S. Chen et al. [24]. The transi-
tions at 429(7), 539(9), 624(13), 715(7), 958(22), and 1061(14) were reported
and placed in a level scheme, see Appendix B. These results are consistent with the
ones found in the present thesis.

Summarizing, all the spectroscopic information reported previously for ®Se has
been confirmed in this thesis, with substantial improvements in the resolution of
the transition energies and the isomeric state half-life. Additionally, three new
transitions at 67, 352, and 1250 keV were found, and the level scheme has been
extended in excitation energy from 1605 up to 3072 keV, placing the 898 and
503 keV transitions originally observed by Kameda. The branching ratios of the
respective transitions have been found, together with the conversion coefficient of
the 67 keV transition.
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7.3 %4se

7.3.1 Identification of isomeric transitions

The isomeric y-decays were found from the energy spectrum in coincidence with
94Se for three different y-ray detection time intervals of ~7 us width each, see
Figure 7.14. For detection times t,> 7 us no peaks were visible, so in the analysis
of this nucleus only y-rays in the interval 180 < t, < 7000 ns are considered. Four
peaks at 470(1), 495(1), 642(1), and 822(1) keV presented an intensity decreasing
over time, so they are proposed to be **Se isomeric transitions. The two peaks at
752 and 1180 keV with much weaker intensities are considered at this point as
candidates of transitions as well.
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0= 14000 < t < 21000 | -
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Figure 7.14: Energy spectra in coincidence with **Se for different time intervals after ion
implantation. The range of the intervals, of ~7-us width each, are shown in the legend.
The tagged peaks are new isomeric y transitions as it can be seen in their decreasing in-
tensity over time. The red triangles mark the additional peaks of possible weaker isomeric
transitions.

7.3.2 Spectra of yy coincidences

The energy spectra y-rays in coincidence with the transitions previously identified
are shown in Figure 7.15. The real coincidence condition, as well as
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the random-coincidence background subtraction, have been applied following
the similar procedure described in Section 7.2.2. The efficiency-corrected intensi-
ties of the coincident peaks observed are shown in Table 12.

E, gate (keV) E, Peak intensity (counts)
- 470 495 642 822

470 - 114) 124 7(@3)
495 104) 3(2) 7(3)  19(6)
642 104 7(3) - 20(6)
822 5(3) 15(5) 18(5) -

Table 12: Same as table 9, but for the °*Se case.

The four isomeric y-rays identified are observed to be in coincidence with each
other, so they are emitted in a cascade. On the other hand, no coincident peaks
at 752 or 1180 keV were observed. In the coincidence spectrum with the 495 keV
transition there are 3(2) counts at this same energy value. Given this low intensity,
a transition with the same energy (implying the existence of a doublet of transitions
both at 495 keV) is not proposed.

7.3.3 Half-life measurement

The time spectra of the isomeric y-rays already identified plus the peaks at 752 and
1180 keV were obtained with the procedure described in Section 7.2.3. The pre-
liminary time spectra and the random-coincidence background spectra are shown
in Figure 7.16. The background-subtracted time spectra and the fits of the decay
curves are shown in Figure 7.17.

The effective half-lives obtained for each energy can be found in Table 13. The
values agree within error bars, including the 752 and 1180 keV peaks whose errors
are the largest due to the low peak statistics. This suggests that all these transitions
are emitted after the decay of the same isomeric state, so their time spectra were
added to form a total time spectrum used to extract the half-life of the isomeric
state, see Figure 7.18. The fit analysis leads to a value of 0.68(5) us.
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Figure 7.16: Blue: preliminary time spectrum of the isomeric y-rays identified for **Se and
the additional peaks at 752 and 1180 keV. Red: Background time spectrum using energy
intervals near the photo-peak, scaled accordingly to the width of the energy intervals used.
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Figure 7.17: Background-subtracted time spectra of the peaks considered in Figure 7.16
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Figure 7.18: Background-subtracted total time spectrumof the °*Se isomeric decay. The
inset shows the spectra in log scale.

7.3.4 Singles intensities

The efficiency-corrected intensities of each isomeric transition and the two peaks
at 752 and 1180 keV were estimated in a similar way as in Section 7.2.4. The
preliminary energy spectrum in the range of [180 ns, 7180 ns] was used to estimate
the intensities, this interval corresponds to ~10.5-T,,(°*Se*), covering almost all
the isomeric decays occurred. The background energy spectrum was obtained from
the interval [9000 ns, 23000 ns] and it was subtracted to the preliminary energy
spectrum after being scaled to the factor (180 — 7180)/(23000 — 9000)=0.5, the
ratio of the two time intervals. The singles energy spectra before/after background
subtraction are shown in Figure 7.19 and the intensities listed in Table 13.

Transition Intensity Half-life
energy (keV) Absolute (cts) Relative (%) (us)
470 124(12) 100(9) 0.65(9)
495 105(11) 85(13) 0.62(10)
642 101(11) 82(13) 0.78(16)
752 13(4) 10(3) 0.79(31)
822 118(11) 91(12) 0.54(9)
1180 13(3) 10(3) 0.87(33)

Table 13: **Se Efficiency-corrected singles intensities after background subtraction.
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A partial energy spectrum in the region [700,1200] keV is shown in Figure 7.20.
The energy binning of 0.75 keV reduced the chance of adding remaining back-
ground to a transition peak, without spreading the peak over many counts. The
presence of the 752 and 1180 keV transitions is rather clear.

18— - singles 180 < t <7180 ns
16— background 9000< t < 23000 ns

Counts / 0.75 keV
T
|

sl— 752 1180 —
4— v v -
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= 13; -
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> g I=13cts I=13 cts 7
Z [ v =
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Figure 7.20: Same as Figure 7.19, for the range 640-1250 keV, with 0.75 keV/bin.

7.3.5 Level Scheme

The transitions at 470, 495, 642, and 822 keV must be placed in one cascade in the
level scheme since they see all each other in the coincidence spectra. Furthermore,
the relative intensities of the 495 and 642 keV transitions are the same and agree
within error bars with the intensities of the transitions at 822 keV and 470 keV.
However, these observations are not enough to rule out a unique placement of the
transitions in a single cascade, as each of the 4!=24 permutations lead to cascades
consistent with the singles intensities and yy coincidences.

The in-beam spectroscopy measurements simultaneously conducted (see Ap-
pendix B) offer useful insights that allow reconstructing the **Se low-lying level
scheme: Two transitions at 475(10) and 640(7) keV were observed; the Doppler-
corrected energy spectrum reveals that the peak at 475(10) keV presents the largest
intensity and therefore should correspond to the transition from the first excited
state (proposed to be the 2;' level) to the ground state. Also, the peak at 640(7)
keV was observed in coincidence with the one at 475(10) keV, consequently, it must
correspond to a transition from a higher excited state decaying to the (2]) which
was proposed to be the 4] level. Additionally, three peak-like structures were ob-
served at 830(30), 1290(30), and 1580(30) keV with a significance of 3.60, 3.00,
and 3.70, respectively ( 50 of significance was required to claim a new transition).
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The combination of the results of both in-beam and decay spectroscopy led to
the following conclusions:

1.

Only one of the peaks at 470(1) or 495(1) keV was measured in the in-beam
measurements since no self-coincidence was reported.

. The pair of peaks 475(10)-640(7) keV found in the in-beam data correspond

either to the pair 470(1)-642(1) keV or 495(1)-642(1) keV, of transitions
observed in the isomeric decay

. The peak at 642(1) keV must correspond to the transition from the second

excited state to the first one.

. One of the peaks at 470(1) or 495(1) keV must correspond to the transition of

the first excited state to the ground state. The other transition was observed
only in the isomer-decay data and therefore must be emitted from a state
higher in excitation energy than the second excited state.

. The peak-like structure at 830(30) keV observed with 3.60 significance on

the in-beam data likely corresponds to the 822(1) keV peak of the isomer-
decay data. It cannot correspond to a decay from the first or second excited
states but from a state at least 822 keV higher in excitation energy than these
two states.

Six out of the twenty four possible cascades satisfy the items (1), (2), and (3), but
only four of them satisfy the item (5) in addition. Furthermore, the combination
of items (4) and (5) favours the placement of the 822 keV transition on top of the
642 one, reducing the possible level schemes only to two, shown in Figure 7.21.

A
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: : 0
‘ R
822 822 @ T
1 =
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Y% ¥ =@
13 ‘
= ‘ g
642| = 642 £
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0 Y v 0 i

Figure 7.21: Possible level schemes of **Se consistent with the combined in-beam and
isomer decay results.
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The peaks observed at 752 and 1180 keV are proposed to be transitions of **Se
given the fact that their relative intensities are similar, and their half-lives agree
within error bars with the half-lives obtained for the isomeric transitions at 470,
495,642, and 822 keV. Furthermore, the energy-sum relation 470(1) + 822(1)+
642(1) = 1934(2) is within error bars equal to 1932(2) ~ 752(1) + 1180(1),
so they could be placed as it is shown in Figure 7.21, revealing a second weakly
populated cascade. Unfortunately, their singles intensities are not enough for a
yy-coincidence analysis so they were not placed in the final level scheme.

K'=7"

Figure 7.22: Level scheme proposed for **Se. See text for details.

The level scheme proposed is shown in Figure 7.22. Recall that the 475(10)
keV measured via in-beam spectroscopy is 0.50 and 20 away from the 470(1) and
495(1) keV obtained with decay spectroscopy, favouring option (a). For in-beam -
ray spectroscopy it is known that the life-time of a decaying state shifts a transition
photo-peak to a lower energy value [105], so it must be considered the possibility
that the peak at 475(10) keV is in fact a shifted 495 keV. A lifetime shorter than
50 ps has been suggested for these states [24], which would lead to a shift ~ of
1.5% given the beam energies during the y-ray emission (~ 200 MeV/nuc.), which
corresponds to a detected energy of 487 keV still more than 1o away from the
reported value.

Tentative spin-parity assignments

The 27 assignment is based on the systematics of the level schemes for the iso-
topic chain, and given the fact that it is the strongest peak detected via in-beam
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spectroscopy. For the level at 1115 keV no transition was observed connecting to
the ground state and the singles intensities of the 642 and 470 keV peaks agree
within error bars, leading to a 47 assignment. For the state at 1934 keV] there is
no y-ray decaying to the 27 or ground state, ruling out possible J*<4" and <3~
assignments. Since there is an increasing energy gap between the states and the
intensities are the same, a 6] assignment is suggested. For the state at 2429 keV
an assignment J™ = 7~ is proposed, which will be discussed in Section 8.1.
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8 Discussion

8.1 Origin of the isomeric states

926e |someric state

Based on the experimental results presented in Section 7.2.5, the following as-
signments are proposed for the 67 keV transition:
8 -6, 9—-7, 9"-7" 10" -8".

A seniority isomer is not likely in this region of the nuclide chart since there are
no indications of shell closures in the closest even-even neighbouring nuclei. A
spin-trap is also excluded, since there is no large spin difference between the states
causing a long half-life. Instead, the single-particle character observed from the
decay strength around 1 W.u., and the excitation energy of ~3 MeV are consis-
tent with the presence of a quasiparticle state (see Section 2.1.1). This hypothesis
is further explored considering the Nilsson levels near the Fermi surface of this
nucleus obtained from the different CHFB calculations, see Figures 3.2,3.3 and
8.1. It has been identified a reduced set of levels there allowing the coupling of
two quasi-neutrons into states with the large spins constrained for this transition.
Namely,

K* = 9 =nll[505]® % ; " [404], (120)

K™ = 7 =n'l[505]® 3 [411], (121)
both having moderate oblate deformations in the range $~(—0.28, —0.22). On
the prolate side, quasiparticle states with a spin of 6~ can occur only for S~ 0.47,
which is rather large, and no combination yielding spin 8 can be formed. On
the proton side, the highest spin combination is an oblate 57, though in this case
the energy gap to the first level above the Fermi surface is larger than for neutrons.
These possible couplings lead to the conclusion that the most likely transition is the
9~ —7~, involving one of the K™ configurations above mentioned. The scattering
of a coupled neutron from the % [404] to the % [411] orbital can be unfavoured in
case of strongly coupled pairs due to the blocking effect [73, 106], that unfavours
scattering of paired nucleons into single-occupied levels. At the same deformation,
there is a possibility to form a9~ state with a four quasiparticle coupling at the
orbitals 11— [505] [404] [411] [402] coupling the last two to zero. How-
ever, this option is Just one of the p0551b1e couplings of these 4qp, since the final K™
can be any of between |K; £K, = K; £K,|. A schematic picture of the quasiparticles
discussed is shown in Figure 8.1.
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Figure 8.1: Possible quasi-neutron conﬁgu’iations coupled to the suggested spin-parity of
the states involved in the isomeric decay of *’Se. The Nilsson levels shown are the same
of Figure3.2, expanded on the oblate side and near the Fermi surface, represented by the
grey area. (a) K™=7", from the two quasineutron n%[SOS] ® %[411] coupling. (b)
K™=97, from the two quasineutron n%[SOS] ® %[411] coupling. (c) K™=97, from the
four quasineutron coupling.
4Se Isomeric state

Considering the level scheme proposed, there are two possibilities for the y-ray of
the isomeric decay: it corresponds to a transition either steming from or decaying
into the 2429 keV level.

In case the isomeric transition decays into the 2429 keV then it was not detected.
Therefore, its possible energy is constrained to a range where the EURICA detec-
tion efficiency is rather low so that the amount of y-ray decays of such transition
are below the detection limit of the setup. The number of decays of such hypo-
thetical transition has to be -at least- similar to the singles intensities observed for
the transitions of the yrast band, which is in average ~120 counts (see Table 13).
The efficiency at E, ~1500 keV is such that €;509~0.75X €555, S0 a new transition
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would have been detected with ~90 efficieny-corrected counts. For larger y-ray
energies the efficiency was not calibrated but it is clearly decreasing, so a reason-
able detection limit can be proposed around ~2 MeV. However, such option for the
isomeric transition seems unlikely, not only because a state at ~4 MeV would most
likely have easier decay branches than a 2 MeV isomeric one, but also there are
no counts in none of the yy coincident spectra after ~850 keV (see Figure 7.15),
indicating no coincidences between the yrast transitions with Compton-scattered
hits of the hypothetical transition.

For E, ~50 keV] the efficiency is higher than at 822-keV (see Figure 6.14), but
the internal conversion reduces the amount of y-decays considerably (see Figure
4.2) so that this is the lowest energy value where one can be sure that there is
sensitivity enough to detect a potential transition. For instance, at E,~40 keV
it happens that €,4y~€gy, but internal conversion becomes already very dominant
over y-ray decay by at least a factor of 10 (of course increasing strongly with the
multipolar order), so a transition with an energy below this limit could have been
missed. Furthermore, the threshold of the detectors was set between 25-30 keV to
avoid excessive triggering of noise signals, so no transition below this limit could
be detected.

The other possibility for the isomeric y-ray corresponds to the 470 keV transition,
steming from the 2429 keV level and decaying mainly to the 67. Since the current
singles intensities are very similar and agree within error bars it is assumed that
possible transitions from the 2429 keV level to the 2] or 4] are weak (given uncer-
tainties in the intensities ~10%, non-observed decay branches with weak branching
ratios cannot be excluded. At 2429 keV a quasiparticle state is likely to occur, so
the Nilsson diagrams are inspected to find if there are couplings that fit the decay
pattern. Similarly to *2Se, the maximum coupling on the proton side is an oblate
57, which would likely decay to the 4]. Furthermore, the energy gap of the clos-
est level above the Fermi surface is larger for protons than neutrons, favouring the
breaking of neutron pairs. On the neutron side, prolate deformations up to ~0.4
can only produce 2+, 37, 4* but none of them are likely given the decay pat-
tern. For oblate deformations, in the range 8~(0,-0.2) the possible couplings are
5% or 2*, both disregarded since they favour a transition to the 4. However, for
p~(-0.3,-0.2) the configuration

K* = 7 =nl[505]® 2 [402], (122)
is favoured, given the crossing of these two orbitals at around ~-0.25. This spin
assignment indeed matches the decay pattern observed, since transitions to 47, 27
states are not favoured compared a transition to the 67 .

To understand why the 7~—67 E1 decay would be in fact isomeric, recall the
concepts of K-isomerism (see Section 4.3.4). If the decay had a single-particle
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Figure 8.2: Possible K*=7" state involved in the isomeric decay of **Se. It is formed as the
two quasineutron couling n%[SOS] ® %[402]. The grey area corresponds to the levels
below (or at) the Fermi surface.

character (rather than collective) the experimental half-life is expected to have
strengths typical of the observed ones for E1 transitions (B(ED)~1072 W.u.), lead-
ing to an estimate of Ty g1y, (E1) =269.5 fs. Nevertheless, the observed half-life
of 0.68(5) us indicates that the decay process is much slower. The hindrance factor
ratio (t7/1") leads to:

Fyy =0.68(5) x 1076/2.695 x 1075 ~ 2.52(18) x 10® > 1. (123)
Furthermore, the K-forbiddenness of the transition is v=AK — A=(7 — 0) — 1=6,
which yields a reduced hindrance of

f, = Fy)Y"=(2.52x10%)"° ~25.1(3). (124)
A hindrance factor of Fy,>1 and a reduced hindrance f, ~10-300 are in general
indicators of K-forbidden decays [72, 73, 75]. The range of 10-300 is too broad
though to be used as evidence of a specific type of K-hindrance, but more specific
ranges have been identified for different values of forbiddenness. For instance, the
v=6 E1 transitions corresponding to the decay 7~ —6% known so far [76, 107], are
mostly in the range of 27<f, <45 regardless the nucleus mass. This interval is very
close to the value obtained for **Se, see Figure 8.3.
It is worth to recall that a K-hindered decay is a probe of the preservation in av-
erage of the axial deformation of both states involved in the transition, so that K7,
the projection on the symmetry axis, can be considered a good quantum number.

8.2 Comparison of excitation energies with BMF calculations

The BMF calculations considered here (Section 3.4) are of interest since they all
consider a basis of states with quadrupolar deformations along the full triaxial map
so they provide a more realistic description mean-field potential deformation in
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comparison with calculations restricted to the basis of axially-symmetric shapes,
more common in the past since they are much less computationally expensive. The
prediction of the 27, 27, and 4] excitation energies compared to the experimental

values along the isotopic chain are shown in Figure 8.4.

In general, the CHFB+5DCH calculations show the better quantitative agree-
ment with the experimental energies. Its predicted values overestimate systemati-
cally the excitation energies between 5-15%, and reproduce the energy-decreasing
trends as a function of neutron number. At N=56 the calculations predict a slightly
increase of the excitation energies for the levels considered (suggesting a reminis-
cent sub-shell closure effect), however, this is not experimentally observed.

The CHFB+SCCM also predicts a systematics of decreasing excitation energies as
a function of neutron number, and present good quantitative agreement between
N=56-60. However, at N=52-54 these calculations overestimate the experimental
data in ~30-40%. This effect is caused due to the absence of a cranking constraint
on the angular momentum of the instrinsic basis-states used to describe a particular
excited level [108] (see Equation 42). The implementation of the correction has
proved to reach very good quantitative agreement with experimental spectra in a
recent study of >2Mg [108]. However, this extension of the calculation method does
not change considerably the Potential Energy Surfaces for the ground state (Figure
3.1) so that the shape evolution with neutron number predicted in the current
calculations does not change.

The CHFB+IBM calculations reproduce the energy-decreasing systematics, and
present good quantitative agreement for the yrast states at N=>52 and 54, close
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Figure 8.4: Excitation energies of lowest excited states for the Selenium isotopic chain
between 50 < N < 60 compared to predictions of different state-of-the-art beyond mean
field calculations.

to the shell closure. However, for N=56-60, the excitation energies are underes-
timated by ~50%. In contrast, the prediction for the 2 overestimates the exper-
imental value up to N=56, is the same at N=58, but continues decreasing up to
N=60 and does not stabilize after N=56 like the experimental data. Moreover, for
N=60 it has a very different prediction compared to the 5DCH and SCCM methods:
The excitation energy drops strongly, reaching a minimum along the isotopic chain.
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Instead, the other two methods predict an increase in the energy to a value around
1200 keV.
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Figure 8.5: R,/, and R,, ratios for neutron-rich Selenium isotopes between 52 < N < 60
compared to the calculations of the beyond mean-field methods considered in this work.

The comparison of the Ry, and Ry, ratios are shown in Figure 8.5. The differ-
ent structural limits of quadrupolar deformations (Section 2.3.2) are highlighted.
The experimental Ry, values lie around 2.36, in the transitional / y-deformed re-
gion. The 5DCH follows this trend closely, with a very flat behaviour. The SCCM
values also remain in the same region, although they present higher values with
an increasing trend between 2.5-2.7. The IBM values present fluctuations between
2.25-2.77 but remaining in the region as well.

Concerning the R,/,, the experimental values are rather low with respect to the
Wilets-Jean y-soft limit. For N=52-54 the experimental values resemble more the
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rigid triaxial rotor having maximum degree of triaxiality, and are followed by the
S5DCHM and SCCM calculations meanwhile the IBM values lie in a range of y-
soft behaviour / less pronounced triaxiality. At N=56-58 the experimental values
are around ~1.77, below the minimum value possible for the rigid triaxial rotor,
ocurring at y=30°. In cases that oscillations are coupled to the rotations, lower
values can be obtained in the Davydov model [55, 56], but in order to reproduce
the experimental ratio it should occur that y >27.5°, and the coupling to the vibra-
tions is strong, see Ref. [109]. The BMF results have different trends at N=56-58: A
sharp increase-decrease (IBM), flat behaviour (SDCHM), and decreasing behaviour
(SCCM). The SCCM has rather similar values than the experimental ratios except
for N=56 (°°Se).

At N=60 there is no experimental value for the 27 (and R,/,) yet. However it is
noticed that a placement of the 752 keV transition on top of the 470 keV would lead
to a possible E(2])= 1221 keV] very close to the 1220 keV predicted by 5SDCHM
and SCCM.

8.3 Shape evolution around N=58

The previous comparisons reflect that non-axial deformations have a significant
role in the low-excitation energy spectrum of the Selenium isotopes after the shell
closure at N=50. Recently, the same influence has been observed for the neighbour-
ing Ge and Kr nuclei [23, 26, 31]. However, the comparisons also put in evidence
that the ideal non-axial models do not explain case by case all the features of each
nucleus, specifically for N>56, where the rather low 27 levels question their na-
ture as y-vibrations or as the band-head of a configuration with different intrinsic
structure. Furthermore, the existence of 0} states below the 27 is predicted by the
SCCM and IBM calculations but they have not been observed so far (they are also
predicted in the 5DCH above, but not far, from the 2;). For instance, in °?Se the
intensity sum of the 2 — 2] and 27 — 0] transitions is equal to the intensity of
the 637 keV transition feeding the 2] state (Table 10), disregarding the possibility
of a strong 27 — 0F decay and therefore of a 0 as potential band-head.

The existence of the quasiparticle isomers with oblate configurations provide a
hint on the shape evolution at N=58-60. To understand why, the level schemes
for 80-%4Se are shown in Figure 8.6. On top of them, the SCCM collective wave
functions of the 07, 2], and 2 states are shown. These triaxial plots represent in
a colour scale the weight that each quadrupolar deformation has in the final state
(red=0.15, blue=0.0, contour lines gap = 0.01).

The oblate deformed 7~ state at N=58 decays to the first-excited band instead
of the ground-state band, opposite to the decay pattern of the 7~ state at N=60,
which decays to the 67 and not to any member of the first excited band that has
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not been observed (or it presents a weak branching ratio, in case that the 752 and
1180 keV transitions correspond to that band).

The first question to clarify is whether the 503 keV transition in ®?Se classifies
as K-forbidden or not, like the 495 keV in °*Se. An estimation of the hindrance
factor and forbiddenness yields F,, =6.03x10%, v = (7—2)—1=4, but the reduced
hindrance is just f,,=0.06, so the transition does not classify as K-forbidden since
the decay to the K = 2 band is much less hindered.

A second question is why the isomer state at N=60 decays to the yrast band in-
stead of the first excited band. From the systematics of the level schemes along the
isotopic chain (even at N=52 which is not shown to keep simplicity) it is observed
up to N=58, that the 27 states are always lower than the 47, and the (3%, 4;) levels
are ~30% in energy above the 4. Therefore, if the excited band presents a similar
behaviour at N=60, there must be an effect hindering the decay from the 7~ to
the potential (3*,4;) level, which is in principle less forbidden due to the K=2
value of the excited band. For instance, a hypothetical 4; placed likely between
1429< E4§ <1600 would have an E3 decay branch with a Weisskopf half-life es-
timated in the range of 1.5< T;,, <5.8 us, therefore being competitive to the E1
observed decay with T;,,=0.68(5) us. Looking at the collective wave functions, it
can be seen that the deformation character of the ground and excited state bands in
94Se are predicted to be oblate and prolate, respectively. Therefore, the favouring
of the decay to the ground state can be linked to a similarity between the structure
of the isomer and ground state levels, but at the same time, a structural difference
with respect to the excited band.

Another possibility that explains the decay pattern is that the excited band shifts
high in energy so that the (3%, 4;) level lies close to the isomeric state or above,
and only the 27 level would be lower than the K*=7" so the decay is unvafoured
given slow decay rate of a M5 transition. Based on the good agreement between
the BMF calculations and the experimental data, this option is not favoured. Even
in that situation, it must be explained why the excitation energy of the band goes
suddenly high in energy, which also hints to a structural change effect at N=60.
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9 Conclusions and remarks

The study of the nuclear structure of exotic nuclei far from the stability is currently
one of the most active fields in nuclear physics research due to the possibilities of
exploring the evolution of the nuclear models in regions of the nuclear chart not
accessible until the advent of Radioactive Ion Beams. In this thesis, the isomerism
phenomena in the neutron-rich °>%4Se was studied by means of y-ray spectroscopy,
using the RIBF-RIKEN state-of-the-art facilities, and the EURICA HPGe detector.
The analysis of the experimental data has allowed to extend the low-lying level
scheme of these nuclei. The comparison of the results with the simplest models
of non-axial deformation show that indeed the nuclei present features of axially-
asymmetric quadrupolar deformation, but also put in evidence that the deforma-
tion is more complex than the represented in these models. The comparison with
different Beyond-Mean-Field calculations has good agreement with the excitation
spectra, though there are specific questions remaining not answered (such as the
existence of low-lying 0} or the energy of the E(2]) at N=60). At the same time,
the single particle character of the levels involved in the isomeric transitions is sup-
ported by potential couplings of quasiparticles obtained from single-particle levels
obtained with the HFB calculations. In particular, the isomerism in ?2Se corre-
sponds to an E2 decay which is long-lived due to the small 67 keV gap between the
states involved. The isomeric state of ®*Se, observed for the first time in this work,
corresponds to a K-hindered decay of an oblate state. The comparison between
the decay patterns of isomeric decay at N=58 and N=60 with the low-lying level
scheme of the neighbouring isotopes between N=52-58, as well as with the pre-
dictions of the BMF methods, leads to the conclusion that the observations are in
agreement with a shape transition to an oblate ground-state deformation at N=60.
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A Error propagation of relevant quantities

In order to discuss the error propagation in some quantities of interest in this thesis,
lets considered the error propagation of the following to cases:

A. The error of the quantity u = v/w, defined as the ratio of the two independent

measurements v and w:
u du\?
Ap)2 (Aw)2
(av) N )+(aw) (aw)

(v
(

Au =

—

I
_

) @+ (1) awp
%)2(%)2%%)2(%)2
(%) 2 AW)'
W

M-J(7)2+(iw)-

B. The error of the quantity u = v £ w, defined as the sum/subtraction of the two
independent measurements v and w:

u ou\?
ru = Q(av) o (22) o
V2 (Av) + (£1) - (Aw)?
= V(Av)2+(Aw)?

C. When the quantity u = f (v, w), depends of two measurements v and w not
completely independent from each other:

Au? = (ZJ;) (Av)?+ (af) (Aw)? + a{}%A(u,v)

Il
_—

with A(u, v) the correlation between the two measurements.
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A.1 Error of singles intensities

The singles intensities are important to evaluate the consistency of the level scheme
observed in the isomeric decay. As it was explained in Section 7.2.4, the efficiency
corrected intensities were estimated after a background subtraction of the ‘pre-
liminary singles spectrum’. As an example, the spectra relevant for the singles
intensities estimation are shown in Figure A.1, centred around the 713 keV transi-
tion of *2Se. The bin error of the background (h_bck) and preliminary singles (h_a)
spectra is given by +/N, with N the number of counts of each bin. The bin error
of the background subtracted spectrum (h_subt) is given by 4/Ny.. + N, since the
bin content corresponds to the subtraction Ny,;, = Ny —Njg-
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Figure A.1: Energy spectra involved in the singles intensities estimation, centred around
the 713 keV transition of *2Se. See text for details.

The singles intensity of the transition with energy E, corresponds to the peak area
of the background-subtracted spectrum, estimated as the integral of the counts in
the region of interest (ROI) minus the average (remaining) background determined
(and properly normalized) from energy intervals next to the photopeak. In simple
terms:

. AEROI
) = Y- AR
keROI AEpy + AEBl jeB1 jeB2
i(EY) = N,—RXN,, (126)
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with the quantities N,,, Ny, R, and the corresponding uncertainties given by

R = AE‘ROI

Np = ZNk = ANp: /prCk+N;,
keROI

Ny = Y. N = AN,=/N}¥ 4N
jEBL,B2

To obtain efficiency-corrected intensity, it is sufficient to divide by the EURICA effi-
ciency:

I(E,) =i(E,)/e(E,), (127)
and its uncertainty is given by:

AI(EN)N? [ Ae(E)\
AI(E,) = I(E,) ( Y)+ S F
’ ! i(E,) e(E,)
Ai(E,) = 1/(AN,)2 +R(AN, )2 (128)
The efficiency uncertainty Ae(E,) was not considered in the error estimation
since it is a variable highly dependent of the energy. For instance, at lower energies
(S 100keV) the y-rays can be absorbed in AIDA leading to a larger uncertainty

in the EURICA detection efficiency compared to higher energy values (2 300keV)
that are less susceptible to be absorbed before reaching the Ge crystals.

with

A.2 Error of relative intensities

The relative intensity of a transition with energy E, was defined as the ratio
IL(E,) = I(E,)/1(E,), with I(E,) and I(E,) the absolute singles intensities, and
E, the energy of the strongest transition observed, 539 and 470 keV for °>?4Se,
respectively. Therefore, its error was computed as

ALY [ AL?
AIrel(EY)ZIrel(EY)J (I_Y) +(I_O) 5 (129)
Y 0

with AL and Al the error of the absolute singles intensities discussed in Section
Al

A.2 Error of relative intensities 1]



B Results of in-beam spectroscopy of “>°Se - SEASTAR 2015

The results of the in-beam spectroscopy measurements of *>°*Se conducted with
the DALI2 array during the SEASTAR 2015 Campaign have been published in Ref.
[24], and are shown in Figure B.1. The Doppler corrected energy spectra in coinci-
dence with ®>?4Se are shown. Each spectrum was obtained from a single reaction
channel: (c) **Br(p;2pn)”?Se, (d) *°Br(p;2p)°*Se. The spectra were fitted with
simulated response functions (red) added on top of a two-exponential background
(black). In the insets, examples of the yy-coincidence analysis and deduced level
schemes are presented, the widths of the arrows reflect relative intensities of tran-
sitions, dashed lines are used for very weak transitions.
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Figure B.1: Results of in-beam spectroscopy of °>?*Se obtained in the SEASTAR 2015

Campaign. Source: [24].
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