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ABSTRACT

Zimba, George Lowani
Spectroscopy along the N = Z line between mass 70 and 84

This thesis presents results from fusion-evaporation reaction experiments aimed to study
nuclei in the N = Z region. Specifically, new results obtained for the 70Br, 70Kr, 78Y and
84Mo nuclei are presented. The 84Mo experiment identified the excited states up to the 6+

state, and tentatively up to the 10+ state. In addition, other suitable reactions to populate
the excited states in 84Mo were investigated. Further measurements of higher-lying excited
states are required to determine the cause of the absent or delayed backbending in 84Mo.

The recoil-β tagging method was used to study the excited states in the 70Br, and 78Y
nuclei. Several new γ-ray transitions were observed from the decays of the excited states
in the 70Br nucleus. Moreover, the T = 1 band in 70Br was extended up to the Jπ = 10+

state. Multiple new excited states were also observed in the 78Y nucleus, including a new
Jπ = 6+ state in the T = 1 band. The recoil-double-β tagging method was used for the
first time to study the decays of the excited states in 70Kr. Two γ rays were observed,
which were assigned as the 2+ −→ 0+ and 4+ −→ 2+ transitions in 70Kr.

The experimental results on the 70Kr, 70Br, and 78Y nuclei can be used to investigate the
charge-symmetry and charge-independence characteristics of the strong nuclear interaction.

Keywords: Isospin, Isospin-symmetry breaking, Proton-neutron pairing, Coulomb energy
difference, Mirror energy difference, Triplet energy difference, Recoil-β

tagging, Recoil-double-β tagging



TIIVISTELMÄ (ABSTRACT IN FINNISH)

Tämä väitöskirja esittelee fuusiohöyrystysreaktiokokeiden tuloksia, joiden tarkoituksena oli
tutkia N = Z alueen ytimiä. Erityisesti esitellään uusia tuloksia, jotka ovat saatu 70Br, 70Kr,
78Y ja 84Mo ytimille. 84Mo ydintä käsittelevässä kokeessa ytimen viritystilat tunnistettiin
6+ tilaan asti ja alustavasti 10+ tilaan asti. Lisäksi tutkittiin muita sopivia reaktioita 84Mo
ytimen tuottamiseksi. Tässä työssä havaittiin, että vaaditaan yhä korkeampien viritystilojen
mittaamista, jotta voidaan selvittää puuttuvan tai viivästyneen taipumispisteen syy 84Mo
ytimessä.

Rekyyli-β-merkkausmenetelmää hyödynnettiin 70Br ja 78Y ydinten viritystilarakenteen
tutkimuksissa. Useita uusia γ-siirtymiä havaittiin 70Br ytimen viritystilojen hajotessa.
Lisäksi 70Br ytimen T = 1 tilasarja tunnistettiin 10+ tilaan asti. Useita uusia viritys-
tiloja tunnistettiin myös 78Y ytimessä, mukaan lukien T = 1 tilasarjan 6+ viritystila.
Rekyyli-tupla-β-merkkausmenetelmää käytettiin ensimmäistä kertaa virittyneiden tilojen
hajoamisen tutkimiseksi 70Kr ytimessä. Tässä analyysissä havaittiin kaksi γ-siirtymää,
jotka liitettiin 70Kr ytimen 2+ −→ 0+ ja 4+ −→ 2+ tilojen välisiin siirtymiin.

Saatuja kokeellisia tuloksia 70Kr, 70Br ja 78Y ytimille voidaan hyödyntää vahvan ydinvuo-
rovaikutuksen varaussymmetria ja varausriippumattomuus ominaisuuksien tutkimuksessa.
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JYFL-ACCLAB Accelerator Laboratory, Department of Physics, University of Jyväskylä
DAQ Data acquisition
MARA The Mass Analysing Recoil Apparatus
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TUIKE Position sensitive plastic scintillator for β-particle detection
ToF Time of flight
M/Q Mass-to-charge ratio
RBT Recoil-β tagging method
RDCO Directional correlations of oriented states
IAS Isobaric analog states
INC Isospin non-conserving
CED Coulomb energy differences
MED Mirror energy differences
TED Triplet energy differences
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1 INTRODUCTION

A nucleus is the center of an atom that has protons (positively charged) and neutrons
(neutral). These particles are held together by a fundamental force called the strong nuclear
force. The size, shape and stability of an atomic nucleus are determined by the number
of protons (Z) and neutrons (N) it contains. There are two boundaries, the neutron and
proton drip lines, that mark the limits of the existence for atomic nuclei. The boundaries
determine where nuclei become unbound. The proton-drip line is closer to the valley
of stability because of the Coulomb repulsion between the protons in the nucleus. The
differences between the nuclei located near the proton and neutron drip lines are exhibited
as different nuclear physics phenomena.

Atomic nuclei having (nearly) the same number of N and Z have gathered significant
interest due to the fascinating physics phenomena that arise from these systems. The
N ≈ Z nuclei provide the best quantum laboratory to investigate competition of the
neutron-proton (np) pairing interaction between the isovector (T = 1) and isoscalar (T =
0) channels [1], the breaking of isospin symmetry [2], as well as shape coexistence and
increasing collectivity [3, 4].

Until very recently, the available experimental nuclear structure data for nuclei with N ≈
Z in the mass (A) region of 60 - 90 were relatively scarce. This is due to the fact that these
nuclei are located far from the line of stability, resulting in low production cross sections
in nuclear reactions and presenting a challenge for the experimental detection sensitivity.
However, owing to the recent technical advances in experimental methodologies and the
availability of radioactive ion beams, structural data for the heavier N = Z nuclei have
started to emerge [5–15]. These data are crucial for scrutinizing and developing various
theoretical models. Overall, the emergence of these experimental data will help to improve
our understanding of the nuclear structure.

Figure 1.1 illustrates the portion of the nuclear chart relevant to the present work, namely
N = Z - 2, N = Z, and N = Z + 2 nuclei with mass A = 70 - 88. Nuclei located near
the N = Z line are of great interest for multiple reasons. For example, for nuclei around
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Figure 1.1: Illustration showing N = Z − 2, N = Z, and N = Z + 2 nuclei between mass
numbers 70 and 88. Blue squares indicate N = Z - 2 nuclei. Red squares indicate N = Z nuclei
and green squares indicate N = Z + 2 nuclei. This is the region of interest in this thesis.

A = 70 and above, the structure of these nuclei is expected to become more complex, with
multiple orbitals playing significant roles in determining the nuclear properties. In contrast,
for the N = Z nuclei in the mass region of 40 - 50, the f7/2 orbital dominates the observed
nuclear structure properties. Previous studies have indicated an abrupt structural change
when moving towards the A = 70 - 80 nuclei in the N = Z region, driven by the increasing
influence of the g9/2 orbital, resulting in various phenomena such as shape coexistence.

The experimental results presented in this thesis were made possible by recent advance-
ments in scientific instrumentation, radiation detection technology, and novel measurement
methodologies. These advancements led to an increase in experimental detection sensitiv-
ity, providing new nuclear structure data for the N ≈ Z nuclei in the A = 70 - 84 mass
region. This thesis focuses on the experimental investigation of nuclei located near the
N = Z line, with particular theoretical emphasis on exploring the importance of the in np
pairing correlations and the breaking of isospin symmetry. These nuclei are significant
not only for the nuclear structure, but also for the related fields such as standard model
tests [16] and nuclear astrophysics [17]. For example, 84Mo is a waiting point1 nucleus in
the rapid-proton capture process [17, 18].

1 Waiting points refer to nuclei with low or negative proton capture Q-values, which hinder further
proton capture. This phenomenon is more likely to occur at even-Z nuclei due to the lower proton
binding energy of odd-Z nuclei.
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1.1 Thesis Overview

Chapter 2 introduces the physics of interest relevant for the studied nuclei and discusses
the predicted nuclear physics phenomena that are directly relevant to this thesis. Chapter
3 covers the details of the experimental equipment and methodologies used in this thesis
and introduces the experiments, which were performed at the Accelerator Laboratory,
Department of Physics, University of Jyväskylä, and explains the specifics of the fusion-
evaporation reaction mechanisms.

In chapter 4, the results from the 28Si(58Ni,2n)84Mo fusion-evaporation reaction are
presented. The first part of this chapter describes the different fusion-evaporation reactions
used to study excited states in 84Mo and presents the reaction cross-section estimates
obtained from these data. Additionally, this chapter discusses the background subtraction
methods used to extract the weak γ-ray transitions originating from the decay of excited
states in 84Mo. The final section of the chapter presents and discusses the systematics of
nuclei around the N = Z line.

The results from the fusion-evaporation reaction 40Ca(32S,pn/2n), which was used to
populate the excited states in 70Br/70Kr, are presented in chapter 5. The recoil-β-tagging
(RBT), and recoil double-β (RDBT) techniques were utilized to search for transitions
originating from 70Br and 70Kr. In addition, this chapter presents the predictions obtained
from shell-model calculations and compares these to the experimental results for 70Br. The
chapter also includes a comparison of the experimental Coulomb energy differences to the
theoretical values from two different SM calculations for 70Br. In the last section of the
chapter, the results for 70Kr obtained by using the recoil-double-β tagging method and
a comparison to the other experimental results are presented. Experimental mirror and
triplet energy differences for the A = 70 triplet are also presented in section 5.5 of chapter
5, which are then compared to the SM calculations from Ref. [19].

In chapter 6, the results from the fusion-evaporation reaction 40Ca(40Ca,pn) aimed at
studying the excited states in the 78Y nucleus using the RBT method are presented. This
chapter also compares the experimental Coulomb energy differences for the A = 78 pair
to the theoretical values published previously in Ref. [19]. The last chapter of the thesis,
chapter 7 summarizes the presented work and presents future research opportunities.



2 THEORETICAL FRAMEWORK

This chapter presents the physics background of this work from the theoretical point of
nuclear structure in the mass region of interest.

2.1 Isospin formalism

The idea of isospin was first introduced by Heisenberg in 1932 [20], and it is built on
the premise that the proton and neutron are different projections of the same particle,
the nucleon. Both the neutron (n) and proton (p) have an isospin projection quantum
number (tz) equal to +1/2, and −1/2, respectively [21]. In multi-nucleon systems, the
tz of individual nucleons couple together to form a total isospin projection Tz, given by,
Tz = (N − Z)/2. The total isospin T of a multi-nucleon state is obtained as a vector
sum of the isospins of the individual nucleons. The integer values of the total isospin T
of the system can range from |N − Z|/2 to (N + Z)/2. The indiscriminate handling
of protons and neutrons as being the same particle is founded on the approximation that
the nuclear strong force is both charge symmetric (Vnn = Vpp) and charge independent
(Vnp = (Vnn + Vpp)/2). Therefore, the notion of isospin is established in symmetry
after eliminating Coulomb effects from the interactions between the nucleons within the
nucleus.

Consider one of the simplest nuclear systems, that of the mass number A = 2, which can
be comprehended through the illustration presented in Fig. 2.1. For the A = 2 system
shown in Fig. 2.1, the proton-neutron configuration (the Tz = 0 case) can result in either a
parallel proton-neutron isoscalar T = 0 configuration or an antiparallel proton-neutron
isovector T = 1 configuration. However, for the Tz = ±1 projections, the Pauli exclusion
principle prohibits the parallel configuration of the like nucleons (proton - proton or neutron
- neutron). Thus, the isoscalar T = 0 configuration is not possible for the Tz = ±1 systems,
and only T = 1 is allowed. In the A = 2 isobar, only the T = 0, Tz = 0 case member is
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Figure 2.1: Sketch representing the pairing of nucleons. The protons (red) and neutrons (green)
that form the pair occupying time-reversed orbits. Identical nucleons must have antiparallel spins, a
configuration that is also allowed for a neutron-proton pair (top). These are termed as isovector
pairs. The configuration with parallel spin is only permitted for a neutron-proton pair (bottom).
This is called the isoscalar pair.

bound, being the ground state of deuterium, while the T = 1 states are all unbound. The
three members of an isobar with Tz = -1, 0, and +1 are collectively referred to as an isobaric
analog triplet and the excited states in these systems as isobaric analog states (IAS).

The analogy described above can be further expanded to include heavier nuclei that are
centered around an odd-odd N = Z nucleus. This nucleus can be viewed as comprising
nucleon-nucleon pairs on top of an even-even N = Z nucleus. It is expected that the
isovector T = 1 states will be observed in all members of the isobaric triplet, reflecting
excitations relative to the antiparallel nucleon-nucleon pairs. On the other hand, T = 0
states are only anticipated to occur within the Tz = 0 member. The hypothesis of isospin
symmetry of the nuclear force suggests that all T = 1 states are degenerate across the
isobaric analog triplet after accounting for isospin breaking effects, such as the repulsive
Coulomb interaction between protons. It is essential to acknowledge that the A = 2 isobaric
example is a simplified representation and that the coupling of states with equal T leads to
energy level shifts. The use of the A = 2 isobaric triplet centered on an odd-odd Tz = 0
nucleus (deuterium) is favoured as it provides a straightforward, simple explanation of the
isospin concept. The same arguments can apply to Tz = ±1/2 pairs and isobaric triplets
centered around an even-even Tz = 0 nucleus.

From the premise of isospin symmetry, experimental studies of the of excited states across
an isobaric triplet can shed light on the strong nuclear force. However, it is experimentally
challenging in the general case since the ground state of a nucleus tends to have the lowest
isospin quantum number. For instance, the ground-state band of a Tz = 0 nucleus is
anticipated to possess an isoscalar T = 0 configuration. Nevertheless, when it comes to
nuclei with A ≥ 50, the ground-state band of odd-odd N = Z nuclei were found to have
an isovector T = 1 configuration. Thus, in heavier odd-odd Tz nuclei, the ground state is T
= 1, while the T = 0 states are located about ∼1 MeV above the ground state. This leads to
the fact that the excited T = 1 states become non-yrast and are therefore populated weakly
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in fusion evaporation reactions.

Experimental observations have revealed differences between the excitation energies of
IAS caused by isospin non-conserving forces. These disparities in excitation energies,
known as Coulomb Energy Differences (CED), have provided valuable information about
nuclei’s microscopic and macroscopic structure [12, 22, 23]. The CEDs are derived from
the energy differences of IAS between the N = Z (Tz = 0) and N = Z + 2 (Tz = +1)
nuclei. Comparing energies of excited states in N = Z - 2 and N = Z + 2 mirror pairs
produces Mirror Energy Differences (MED), while the energy differences across IAS in
the full isobaric triplet yield Triplet Energy Differences (TED).

2.1.1 Coulomb, Mirror, and Triplet energy differences

The definition of the CED between two analog states with spin J and isospin T is as follows

CED(J) = E(J, T, Tz = 0)− E(J, T, Tz = +1), (2.1)

such that Tz = 0 represents the isospin projection for the N = Z nuclei, and Tz = +1
represents the isospin projection for the N = Z + 2 nuclei. Electromagnetic interactions
dominate the differences between the energies of the analog excited states. In addition,
CEDs are also predicted to be sensitive to small structural changes [12]. When neutron
and proton numbers are interchanged, (Tz = ±1 mirror nuclei) and differences in electro-
magnetic interactions are normalised/removed and the IAS are expected to be degenerate.
However, deviation from degeneracy has been experimentally observed in Tz = ±1 mirror
nuclei, which points to the presence of isospin non-conserving (INC) interaction or to the
fact that the nuclear force is not perfectly charge symmetric. This latter is of course known
to be the case from nucleon scattering data [24–26]. The MEDs, which represent energy
level differences for nuclei with Tz = ±1, are defined as follows

MED(J) = E(J, T, Tz = −1)− E(J, T, Tz = +1). (2.2)

The triplet energy difference (TED) across an isobaric triplet is defined as

TED(J) = E(J, T, Tz = −1) + E(J, T, Tz = +1)− 2 ∗ E(J, T, Tz = 0). (2.3)

The TED is calculated based on Eq. 2.3 and reflects the difference between average of the
interactions between like-nucleons (pp and nn) and the neutron-proton (np) interaction.
The TEDs are sensitive to the impact of electromagnetic effects and other INC interactions.
On the other hand, the CED and MED include contributions from monopole Coulomb
effects, such as single-particle Coulomb shifts, changes in nuclear shape or radius, and
the electromagnetic spin-orbit interaction. Theoretical description of CED, MED, and
TED evolution has succeeded within the shell-model (SM) framework for the nuclei in
the sd and f7/2 shells owing to the small valence spaces and data availability. The SM
analysis has highlighted the need for an additional effective INC interaction that is required
to reproduce experimentally observed TED (MED, and CED) trends [27, 28]. Available
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experimental data on TED for isobaric triplets in the A = 18 - 66 mass region occupying
sd, p f , and p f g shells have been compiled in Ref. [28]. Data for the heavier triplets at A
= 70 and 74, and 78 are relatively scarce since the proton-rich members (N = Z - 2) of
the triplet are very challenging to access experimentally due to the low production cross
sections.

2.1.2 Pairing correlations in N = Z nuclei

Nuclei that have an equal number of protons and neutrons, or N = Z nuclei, offer a
unique environment to investigate the role of the neutron-proton pairing correlations. This
is due to the fact that both the neutrons and protons occupy the same single-particle
orbitals, leading to a maximal spatial overlap of their wave functions. This should result in
enhanced proton-neutron pairing correlations, both in the isovector T = 1 channel and in
the isoscalar T = 0 channel. In nuclei away from the N = Z region, the nn and/or pp
isovector T = 1 pairing mode is known to dominate due to the restriction arising from the
Pauli exclusion principle. However, for the N = Z nuclei in the medium-mass region,
there is limited evidence for a strong T = 0, np correlations until in the A = 80 - 90 mass
region [1], and even there the evidence has been greatly questioned.

The current thesis does not intend to comprehensively review the theoretical and experi-
mental work on np paring. Instead, it will only cover the theoretical background essential
for discussing predictions concerning the strength of the pairing correlations and their
experimental evidence, emphasizing the rotational response. It has been suggested that
the investigation of the rotational response of nuclei can potentially be used to study the
importance of the different np pairing modes. Figure 2.2 demonstrates a plot of angu-
lar momentum (I) as a function of rotational frequency (h̄ω) for a set of N = Z and
N = Z + 2 nuclei in panels (a) and (b), respectively. As shown in Fig. 2.2 (a), the N = Z
nuclei exhibit a smooth behavior compared to their neighboring heavier even-even iso-
topes, which show sharp backbendings (82Zr, 86Mo, and 88Ru) or upbending (78Sr). This
observation suggests that np pairing is more rugged against backbending and the Coriolis
anti-pairing force, which starts to break the nucleon-nucleon pairs with an increase in
angular momentum. In this picture, like nucleon pairs (nn or pp), having the spins initially
antiparallel, align their spins along the rotational axis due to the Coriolis anti-pairing effect,
which eventually breaks the pair and leads them to lose the pairing energy. According to
the analysis performed in Ref. [29], the np pairs with parallel spins (T = 0 pairing mode),
are not broken, but continuously created during the rotation. This leads to a scenario where
a ground-state band with T = 1 pairing is crossed by a band with T = 0 pairing at a
specific crossing frequency resulting in a smooth rotational evolution.

Shell-model (SM) calculations reported in Ref. [29] demonstrate that the enhancement of
the T = 0, np interaction at high angular momentum in the N = Z nucleus 88Ru results
in a smooth evolution of the moment of inertia. This is illustrated in Fig. 2.3 (a), where a
theoretical calculation without the T = 0, np pairing interaction shows nearly identical
patterns for all 88,90,92Ru in contrast to the smooth behavior observed experimentally in
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Figure 2.2: Experimental I − h̄ω plots for yrast bands of (a) N = Z nuclei 76Sr, 80Zr, 84Mo,
and 88Ru, and (b) N = Z + 2 nuclei 78Sr, 82Zr, 86Mo, and 90Ru. Reprinted from Ref. [29] with
permission from Elsevier.

the case of 88Ru as shown in Fig. 2.2 (a). In addition, it is demonstrated in Fig. 2.3
(b) that the T = 0 multipole correlations (VM) are primarily responsible for the smooth
evolution of the yrast band. In contrast, T = 0 monopole correlations (Vm) further delay
the band crossing frequency. Another theoretical work based on Hartree-Fock-Bogoliubov
calculations suggests that the delayed band crossing frequencies in the case of N = Z
nuclei indicate the presence of enhanced T = 0, np correlations [30]. However, the
smooth rotational behavior observed in the N = Z nuclei has also various other theoretical
interpretations. Firstly, it has been contested whether the band crossing frequency delays
may originate (at least partly) from deformation changes [30]. Some models, such as
the ones used in Refs. [31–33] suggest that there is no clear evidence of T = 0, np
pairing correlations despite not excluding their existence. The theoretical interpretations
regarding the importance of the np pairing correlations in the T = 0 channel are rather
diverse [29, 34]. Furthermore, theoretical models still lack the experimental data for
rigorous comparisons, especially in the case of heavier A > 80, N = Z nuclei, where only
a few of the lowest yrast levels have been observed experimentally. Therefore, it is critical
to extend the yrast bands to a higher spin to solve the conundrum related to the importance
of the T = 0, np pairing mode.
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Figure 2.3: Calculated spin (I) against rotational frequency (h̄ω) plots for yrast bands of (a)
88,90,92Ru without T = 0 interaction, (b) 88Ru without T = 0 multipole (VM) or monopole (Vm)
interaction. Reprinted from Ref. [29] with permission from Elsevier.

2.2 The shell model

A major advancement in the interpretation of nuclear structure was brought about by the
advent of the nuclear shell model (SM), proposed by Haxel, Jensen, and Seuss [35] and
Goeppert-Mayer [36]. This development was based on the realization that incorporating a
strong spin-orbit interaction resulted in the separation of orbitals that accurately accounted
for the observed "magic numbers" of protons and neutrons, as illustrated in Fig. 2.4.

The SM has now developed from describing the nuclear binding energies in the area near
closed shells and can now predict and explain nuclear structure phenomena far from such
regions. Originally, the SM was only based on an independent-particle model, where
nucleons were treated as moving within a mean field, unaffected by their neighbors.
Further components, such as the Coulomb interaction and nucleon-nucleon interactions,
were incorporated by adding a perturbative residual interaction. As a result, the SM
Hamiltonian is defined as, H = H0 + Hres. H0 represents the mean-field Hamiltonian, and
Hres, which represents the small perturbative residual Hamiltonian. The next step will be
to solve the many-body eigenvalues given by

H|Ψn〉 = [H0 + Hres]|Ψn〉 = En|Ψn〉, (2.4)

where Ψn represents a many-nucleon state corresponding to an eigenenergy En for a
particular state. The quantum many-body problem is solved by using numerical methods,
yielding the level energies and wave functions of the states in the nucleus of interest. The
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(a) (b) (c)

Figure 2.4: An illustration of the nuclear shell structure showing the single-particle energy levels
of (a) a harmonic oscillator, (b) Woods-Saxon potential, and (c) Woods-Saxon potential plus spin-
orbit interaction. The right side of the diagram shows the splitting of the single-particle orbitals due
to the strong spin-orbit coupling force and the emergence of the additional magic numbers 28 and
50.

results are then compared to experimental data, and adjustments or improvements to the
parameterization of the Hamiltonian are made if necessary to fit the experimental data.

Due to the many-body nature of the nucleus, calculations that explicitly involve all nucleons
become computationally infeasible, even when using the mean-field approximation. To
simplify the SM problem, it is often treated as if it consists of valence nucleons orbiting an
effectively inert "core." The problem is further simplified by restricting the valence space
through truncation, which is usually accomplished by only taking into account a limited
number of shell-model orbitals above the inert core.

In the region of interest of the current thesis, an inert, 56
28Ni28 core is used, with a truncated

valence space consisting of the p3/2, f5/2, p1/2, and g9/2 orbitals. This simplification
of the valence space allows for the diagonalization of the necessary matrix elements.
However, a consequence of this simplification is that the residual interaction can no longer
be derived from the fundamental interaction data, such as nucleon-nucleon scattering data.
As a result, phenomenological effective interactions are used. The range of these effective
interactions is generally confined, and they are usually designed for a specific region of the
nuclear landscape. However, theoretically investigating CEDs, MEDs, and TEDs using
SM calculations can be a challenging task as the experimental energy differences range
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from only few keV to about 100 keV. Although the theoretically calculated CED, MED,
and TED from SM may have some inaccuracies, the overall trend is usually consistent with
the experimental results, which is more critical for understanding the underlying physics.
Understanding the various SM terms that contribute to the observed CED, MED, and
TED trends is essential. The following SM terms play important roles in the theoretically
calculated CED, MED, and TED trends.

To understand the various components of the SM that lead to the observed CED, MED, and
TED results, it is necessary to divide the Coulomb interaction (VC) into two parts, namely
monopole (VCm) and multipole (VCM) components. The monopole part involves single-
particle properties and bulk behavior, and the multipole part represents Coulomb effects
that result from the angular momentum recoupling of valence protons. The Coulomb term
VCm is further broken down into the radial component Vcr, the single-particle correction
term εll, and the electromagnetic spin-orbit term εls.

2.2.1 Relevant shell model terms to CED, MED, and TED predictions

2.2.1.1 Radial term

The SM takes into account the valence nucleons and an inert core. It is important to note
that although the core is inert, it is still charged and exerts a Coulomb force on the valence
protons. To accurately calculate using the SM, the Coulomb force contribution from
the core must be considered. The radial term VCr explains how nuclear radius changes
along the rotational band. According to the SM approach, nuclear radius changes may not
depend on nuclear deformation [23]. The magnitude of the radial term depends on which
orbitals are occupied, as they have varying radii. Orbitals that are closer to the charged core
have smaller radii, causing protons in those orbitals to feel a stronger Coulomb repulsion,
causing the corresponding states to have more Coulomb energy. The monopole Coulomb
radial contribution can be calculated using the following formula [2]

VCr(J) = Tzαr(mπ(g.s) + mν(g.s)−mπ(J) + mν(J)). (2.5)

The occupation numbers for radius-driving orbitals (p3/2 for A = 40 - 56 nuclei and g9/2
for A = 56 - 80 nuclei) for neutrons and protons are denoted by mν and mπ, respectively,
while αr is a constant that is based on empirical data.

2.2.1.2 Single-particle correction term

The single-particle correction εll term in the SM accounts for the difference between
the nucleons’ actual single-particle energies and the shell model’s average single-particle
energy. The εll term affects the individual nucleons’ energies, including neutrons and
protons. However, in the monopole part VCm, the single-particle correction term only
affects the proton orbitals because the Coulomb interaction depends on the proton charge.
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Therefore, the single-particle correction term has a more significant effect on the proton
energies and, consequently, on the Coulomb interaction of the protons. This contribution
is described by the following equation [37]

εll =
−4.5Z1.083

cs [2l(l + 1)− N(N + 3)]
A1/3(N + 3

2)
[keV], (2.6)

where Zcs is the nearest closed shell of the orbital occupied by the proton. l and N refer
to the orbital angular momentum and principal quantum number of the oscillator shell,
respectively.

2.2.1.3 Electromagnetic spin-orbit term

The spin-orbit interaction is a well-known phenomenon that accounts for the separation of
energy levels into their correct magic numbers. SM computations reveal that, although
much weaker than the nuclear spin-orbit force, the electromagnetic spin-orbit interaction
can be used to elucidate the experimentally observed energy disparities between IAS [2,19].
The electromagnetic spin-orbit potential, εls can be generalized to

εls ' (gs − gl)
1

2m2
Nc2

(
−Ze2

R3
C

)
<~l ·~s >, (2.7)

where gs and gl are the gyromagnetic factors, mN is the nucleon’s mass. The term <~l ·~s >
is equal to l/2 or −(l + 2)/2 for the cases where j = l + s or j = l− s, respectively. The
εls term affects neutron and proton orbitals differently. It can either decrease the energy of
the neutron single-particle orbitals while increasing the energy of the proton orbitals or
vice versa.

2.2.1.4 Multipole Coulomb term

The Coulomb multipole term (VCM) reflects the energy difference required to reorient
nucleon pairs, based on the combined spin and individual isospin projections of the pair. In
the case of two protons, realigning the pair results in an alteration in their spatial separation,
leading to a change in the Coulomb energy. Conversely, realigning neutron-proton or
neutron-neutron pair results in no change in the Coulomb energy. The change in the
Coulomb energy is reflected in the excitation energy of the state. In the case of TED, the
systematic negative trends observed for the all isobaric triplets known experimentally to
date, are primarily caused by the Coulomb multipole term. This is because the neutron-
deficient Tz = -1, N = Z - 2 member of the triplet is having more proton-proton pairs than
the other two members.



3 EXPERIMENTAL METHODS

Modern experimental techniques have allowed for the study of exotic nuclei in extreme
regions of the nuclear chart, such as areas close to the proton-drip line. The N = Z line is
close to the proton-drip line for nuclei with mass numbers greater than 60. This makes
experimental studies in this region particularly difficult due to the low production yields of
these nuclei. The following chapter describes the experimental methods used to study the
structure of 84Mo, 78Y, 70Kr, and 70Br. The first part of the chapter covers the reactions
used to produce and populate the nuclei of interest, then the detection and identification
techniques of these nuclei are discussed.

3.1 Fusion-evaporation reaction

To study the nuclear structure using γ-ray detector arrays, it is essential to populate the
nuclei of interest with sufficient excitation energy corresponding to a desired angular
momentum. One of the commonly used methods to study excited nuclear states is called
fusion-evaporation reaction. In fusion-evaporation reactions, a projectile nucleus fuses
with a target nucleus to create an excited compound nucleus. The projectile’s kinetic
energy must be high enough to surpass the Coulomb barrier separating the two interacting
particles. The energy required to overcome the Coulomb barrier is approximated by

Vtb =
ZbZt

A1/3
b + A1/3

t

[MeV], (3.1)

where Zb and Zt, are the atomic numbers of the beam and target nucleus, respectively. Ab
and At are the mass numbers of the beam and target nucleus, respectively. The compounds
created in fusion-evaporation reactions are extremely excited and subsequently undergo
particle evaporation (proton, neutron, α and/or combination of any of the three types of
particles) before de-excitation via γ-ray emission. Detection of the evaporated particles
help in the identification of the reaction product. Detection of the γ rays give information
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on the nuclear structure. The excitation energy E∗ of the compound system is defined by

E∗ = Ecm + Q, (3.2)

where Q is the reaction Q-value, given by energy conservation as the difference in the
initial masses (mass of beam (mb), and mass of target (mt)) and mass of the compound
formed (mCN), multiped by c2

Q = (mb + mt −mCN)c2, (3.3)

and Ecm is the center of mass kinetic energy of the compound nucleus given by

Ecm =
At

At + Ab
Elab, (3.4)

with Elab as the kinetic energy in the laboratory frame. The relationship between the total
production cross-section σ and the reaction rate R for the evaporation residue of interest
can be determined as follows

σ =
R

Nt · Ib
, (3.5)

where Ib is the beam intensity and Nt is the number of target nuclei per unit area, which is
given by

Nt =
ρd
A

NA. (3.6)

In Eq. 3.6, ρ denotes the density of the target material, d represents the thickness of the
target, and A is the mass number of the target. Additionally, NA refers to Avogadro’s
number. The combination of Eqs. 3.5 and 3.6 gives the relation

σ =
RA

ρdNA Ib
. (3.7)

The angular momentum of the compound system also depends on the mass of the beam
particle, the projectile’s kinetic energy and the target mass. The nuclei closest to the
proton-drip line are typically produced with extremely low cross-section in comparison to
the other channels. In this thesis, four nuclei around the N = Z region were studied using
various fusion-evaporation reactions, listed in the Table 3.1.

3.2 Instrumentation

The cross sections for the nuclei of interest in the present study are orders of magnitudes
lower than those of the other reaction channels. Moreover, most of the beam passes through
the target without interacting or is scattered from the target without nuclear interaction. To
identify the recoil of interest, and to perform γ-ray spectrometry, there is a need to separate
the nuclei of interest from the contaminant nuclei and the unreacted beam. Development
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Table 3.1: List of nuclei of interest for this work, followed by beam, beam energy, target, target
thickness, evaporation channel and calculated PACE4 [38] cross-section.

Nuclei Beam Beam energy [MeV] Target
Target thickness

[mg/cm2]
Channel Cross-section [mb]

84Mo

58Ni 201 28Si
0.5 2n

0.43
32S 107 54Fe 0.23

40Ca 124 46Ti 0.14
70Br 32S 92 40Ca 0.6 - 0.8 pn 6.32

96 4.41
103 1.86

70Kr 32S 92 40Ca 0.6 - 0.8 2n 0.02
96 0.03
103 0.01

78Y 40Ca 120 40Ca 0.6 - 0.8 pn 2.46

in the experimental equipment and techniques has made it possible to study these exotic
nuclei. The experimental setup used in the current work included Mass Analyzing Recoil
Apparatus (MARA) coupled to the JUROGAM III array, located at the target position. The
charged-particle veto detector, JYU-Tube detector (Jyväskylä-York University Tube) was
installed around the target. In addition, other detectors at the MARA focal plane were used.
The following sections provide a brief overview of these devices.

3.2.1 The JUROGAM III Ge-detector array

Figure 3.1 shows one hemisphere of the JUROGAM III Germanium (Ge)-detector array
[39], which was used to detect prompt γ rays around the target position. The JUROGAM
III array inherited its characteristics from the Eurogam II array [40], which consisted of two
types of Ge detectors, tapered single-crystal Phase1 detectors [41] and Clover detectors [42].
A common problem in the γ-ray spectroscopy is the Compton scattering. The γ rays that
scatter out of the Ge-detector crystal leave only a fraction of their initial energy in the
Ge crystal and therefore contribute to the background. To suppress the contribution from
Compton scattering events in the γ-ray spectrum, each Clover and Phase 1 detector of the
JUROGAM III array was accompanied by a heavy-metal collimator and bismuth germanate
(BGO) Compton-suppression shield [41, 42]. The Compton-suppression method involves
the detection γ rays in coincidence between the BGOs and Ge detectors. The γ-ray events
that are in coincidence in the two detectors are considered to result from a scattered γ-ray
leaving the Ge-detector crystal and being detected in the shield. At the same time, the
heavy-metal collimators prevent the detection of γ rays emitted from the target directly by
the BGO shields. The signal in both BGO and Ge detector is then exluded from the data
based on the fact that the γ-ray energy detected in the Ge detector is not complete.

The detector modules (Ge detectors + BGO shield + heavy-metal collimators) are mounted
in spherical configuration so that the reaction target is in the focus of the array. The
JUROGAM III detectors are grouped into four rings at four different angles with respect to
the beam axis. Rings one and two consists of five and ten Phase1 detectors, respectively,
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Figure 3.1: The JUROGAM III Ge-detector array drawing showing one hemisphere, supporting
frame, and beam direction. Different detector rings have been labelled and marked with different
colours. Adapted from Ref. [39].

at 157◦ and 133.6◦ with respect to the beam axis. Rings three and four each contain 12
Clover detectors at 104.5◦ and 75.5◦ with respect to the beam axis. The full JUROGAM
III Ge array consists of 39 individual detector modules and 111 individual Ge crystals.

The recoils produced in the fusion-evaporation reactions usually move at 2 - 4% of the
speed of light, thus it is necessary to apply Doppler correction to the observed γ-ray
energies. The Doppler corrected γ-ray energies are given by

Eγ =
E0
√

1− β2

1− βcosθ
, (3.8)

where E0 is the measured γ-ray energy, β (v/c) is the speed of the recoil with respect to
the speed of light, and θ is the γ-ray detection angle with respect to the velocity vector of
the recoil.

A combination of radioactive 152Eu and 133Ba sources was used for energy and detection
efficiency calibration to cover the energy range of interest. The relative detection efficiency
of the JUROGAM III array as a function of the γ-ray energy was extracted, and the
following function was fitted to the data points
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Figure 3.2: γ-ray detection efficiency for all detectors in the array (Jurogam III total), only Clover
detectors (All Clovers) and only Phase 1 (All Phase 1) measured using 152Eu and 133Ba calibration
sources. Solid curves represent the fits of Eq. 3.9 to the data.

ε = exp

{(
(a + bx + cx2)−g + (d + ey + f y2)−g

)− 1
g
}

. (3.9)

The total JUROGAM III array detection efficiency curve (Jurogam III), with JYU-Tube de-
tector, is shown in Fig. 3.2, in addition, the efficiency curves for only Clover detectors (All
Clovers) and only Phase 1 (All Phase 1) are also shown. More details on the JUROGAM
III array performance and features can be obtained from Ref. [39].

3.2.2 Mass Analysing Recoil Apparatus (MARA)

The Mass Analysing Recoil Apparatus (MARA) is a vacuum-mode mass separator for
the studies of fusion-evaporation residues. Its ion-optical configuration is a quadrupole
triplet followed by an electrostatic deflector and a magnetic dipole (QQQED), as shown in
Fig. 3.3. The MARA electrostatic deflector consists of two titanium plates separated by a
distance of 14 cm with a radius of curvature of 400 cm and a height of 40 cm. This gives
the anode a curvature of 407 cm and the cathode a curvature of 393 cm, respectively. The
anode has a 1.5-cm gap from 10o to 19o along the principal beam axis, allowing most of
the unreacted beam to go through without being in contact with the plate. The aperture
does not significantly affect the electric field and has a small shims at the edges to maintain
the field uniformity. The cathode and anode are independently biased using the F.u.G HCH



28

series 250-kV power supplies.

Figure 3.3: An artistic view of the MARA separator showing the ion-optical configura-
tion. MARA consists of quadrupole triplet, the electrostatic deflector, and the magnetic dipole
(QMQMQMDEDM).

The primary purpose of MARA is to separate the nuclei of interest from the other reaction
products and beam-like products and transport the recoils of interest to the focal plane
based on their mass-to-charge ratio. The separation of ions is achieved by utilizing the
properties of motion of a charged particle in the presence of magnetic and electric fields.
The Lorentz force describes the motion of a charged particle in the electric and magnetic
fields as follows

~F = q(~E +~v×~B), (3.10)

where ~E is the electric field, ~B is the magnetic field,~v is the velocity and q is the charge of
the particle. The electric field (E) between two parallel plates at a given voltage is given by

E =
V
d

, (3.11)

where V is the voltage in [V], and d is the distance between the two plates in [m]. The
force exerted on a charged particle by the electric field is the first term of the Lorentz Eq.
3.10

~F = q~E, (3.12)
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Using the two Eqs. 3.11, and 3.12, a term called “Electric rigidity,” is introduced which
describes the resistance of the path of an ion in motion under the influence of an electric
field. Rigidity represents the radius of curvature of the charged particles. Electric rigidity
depends on the kinetic energy and the charge of the ions. Ions with different rigidity will
have different momenta and follow trajectories with slightly different path lengths. The
electric rigidity χE is defined by

χE = Eρ =
pv
q

=
2Ek

q
, (3.13)

where ρ is the bending radius of the electric field, p is the momentum of the charged
particle, v, q and Ek are the ions’ velocity, charge, and kinetic energy. In addition, the
magnetic rigidity depends on the kinetic energy, the charge of the ions and also the mass
of the ions (mo) The magnetic rigidity χM is defined by

χM =
p
q
=

√
2Ekmo

q
. (3.14)

The electrostatic deflector separates ions based on their energy and the magnetic dipole
separates ions based on the momentum. A brief summary of the MARA details presented
here are adapted from [43].

3.2.3 Ancillary instrumentation

3.2.3.1 Charged-particle veto detector (JYU-Tube detector)

The JYU-Tube detector array used in this work consists of 120 detector elements divided
into two identical halves. Each detector element consists of 2-mm thick EJ-248 (down-
stream half) and EJ-200 (upstream half) scintillator tile glued to a 7.85-mm thick light
guide coupled to a 6x6-mm2 Silicon Photomultiplier (SiPM). The light guides are painted
with TiO2 paint and the individual elements are covered with aluminized mylar with
thickness of 6 µm. The SiPMs are mounted onto a printed circuit boards (PCB) where
their signals are read. Scintillators are arranged in 12 panels and two endcaps. Each panel
has 2 x 4, 20x20-mm2 square detectors. The endcaps are made of 12 scintillators, 6 square,
and 6 rhombic detectors.

This configuration of the detector is simple, but sufficient to enhance the solid angle
coverage. The solid angle covered by the entire JYU-Tube detector is approximately
97%. This value is overestimated since the two halves of the detector cannot be placed in
contact due to the target holding mechanism being in between the tube halves, see Fig. 3.4.
Table 3.2 provides a summary of the detector’s detection efficiency for different fusion-
evaporation reaction channels. The presented one proton detection and veto efficiencies
shown were obtained from the 28Si(58Ni,xαypzn)2 reaction by comparing the intensities of

2 x, y and z are the number of evaporated particles for the α, proton, and neutron, respectively. These
numbers range from zero to the highest possible allowed number of evaporated particles.
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Figure 3.4: The downstream half of the charged-particle detector JYU-Tube installed at the target
position of MARA.

γ-ray peaks originating from specific evaporation channels from spectra created with and
without the conditions that charged particles were detected in the JYU-Tube detector.

Table 3.2: Measured total veto efficiency, one charged-particle detection efficiency and false veto
probability of the JYU-Tube detector in the 28Si(58Ni,xαypzn) reaction.

Veto efficiency [%] 1p efficiency [%] False Veto [%]
pn, 84Nb (295 keV) 73(2) 71(2) 2(1)
2p, 84Zr (540 keV) 93(2) 74(2) 4(1)
2p, 84Zr (720 keV) 93(2) 73(2) 10(3)
α2p, 80Sr (385 keV) 96(2) 65(2) 1(1)

The extracted total veto efficiencies for the evaporation channels, pn, 2p, α2p are 73%,
93%, and 96%, respectively. The efficiency values can be affected by the presence of
overlapping γ-ray lines in various nuclei, leading to slightly different efficiency values for
different γ-ray lines, as shown in Table 3.2. This phenomenon has been observed for the
2p channel, where the efficiencies are slightly different. For more detailed description and
performance of the JYU-Tube detector, see Ref. [44].

3.2.3.2 Focal plane detectors

Multiwire proportional counter

The Multiwire proportional counter (MWPC) is a gas detector used to track the passage
of ions from the separator. MWPC consists of two wire planes (anodes) and a plane of
aluminized mylar foil between (cathode). Delay lines separate the individual wires. The
MWPC is filled with isobutane gas and closed on both sides by thin Mylar windows to
separate the gas from the vacuum of MARA. The cathode at the ionization path collects
the charge generated as an ion passes through the gas volume allowing for a fast signal to
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be obtained for triggering. The position of the recoils passage through the detector is given
by a time-to-amplitude converter (TAC) using the time difference of the signals collected
from the both ends of anodes, which are read through the delay lines.
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Figure 3.5: The diagram illustrates the detector arrangement in the MARA focal plane setup. One
Clover detector is omitted for visual purposes. The detector dimensions are not in scale.

Double-sided silicon strip detector

Double-sided silicon strip detectors (DSSSD) have become increasingly widespread over
the past decades as manufacturing techniques and reliability have improved. Silicon
strip detectors use a high-quality layer of silicon dioxide (SiO2) grown on the silicon to
separate the finely segmented electrodes that are created by doping the silicon [45, 46].
The DSSSDs used in these experiments were BB20 type [47] with an active area of 128.61
mm x 48.21 mm with 192 vertical strips and 72 horizontal strips. In the present work,
300-3 and 700-µm 4 thick detectors were used. The large number of active independent
pixels of the detector enables to measure the position and energy of the implantation events,
including high multiplicity event detection. The DSSSD is mounted in the vacuum chamber
downstream from the MWPC at the MARA focal plane. Its placement at the focal plane is
schematically shown in Fig. 3.5. The DSSSD was tuned and used for recoil detection and
detection of their subsequent decays. To calibrate the DSSSDs, a mixed triple-α source
containing 239Pu, 241Am, and 244Cm was used. The decay detection efficiency of the
DSSSD is around 50% due to the shallow implantation depth of the recoils. To enhance

3 used in the fusion-evaporation reaction 28Si(58Ni,xαypzn), 54Fe(32S,xαypzn), 40Si(46Ti,xαypzn) and
40Ca(40Ca,xαypzn).

4 used in the fusion-evaporation reaction 40Ca(32S,xαypzn).
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the energy resolution, the DSSSDs are cooled down to -25 ◦C. An essential advantage of
DSSSD is that it can measure the energy and both the x and y position for several particles
that strike the detector simultaneously.

Position sensitive plastic scintillator for β-particle detection (TUIKE)

TUIKE, developed at the Department of Physics, University of Jyväskylä [48], shown in
Fig. 3.6, is a position sensitive plastic scintillator detector used for measuring full energy
of the β particles. The detector properties required for TUIKE were that the detector
was wide and thick enough for efficient high-energy β particle detection, but relatively
compact to fit at the MARA focal plane without significantly affecting the efficiency of the
Ge detectors around the focal plane. TUIKE is placed in the vacuum chamber at 17 mm
downstream from the DSSSD, as shown in Fig. 3.5. The active area of the TUIKE detector
covers the whole area of the DSSSD. The dimensions of the scintillator are 140 x 80 x 30
mm3 (width, height, and depth). The thickness of the TUIKE detector was selected to be
enough to stop β particles with energies up to 5 - 6 MeV. Using the continuous slowing
down approximation (CSDA), β particles of 7, 8, and 9 MeV will lose approximately 79,
70, and 63 % of their energy in TUIKE, respectively. It is important to mention that in
most cases, the β particles do not hit the surface of TUIKE perpendicularly. As a result,
the effective thickness of the detector seen by the β particles is greater than its total 30 mm
active thickness.

Figure 3.6: (a) Photograph of the scintillator detector, TUIKE, and (b) description of a drawing
of the focal plane chamber with TUIKE and DSSSD detectors, where the green and blue colors
correspond to the y and x layers of TUIKE, respectively. In the picture (b), recoil products come in
from the right side of the image. The drawing is adapted from Ref. [48].

The TUIKE detector comprises two separate layers of scintillator material, shaped into rect-
angular bars, that are positioned orthogonally so that the first layer gives the x-coordinate,
with single-bar dimensions of 10 × 80 × 6 mm3. The second layer provides the y-coordinate,
with single-bar dimensions of 140 x 10 x 24 mm3. Individual TUIKE bars have a frustum-
shaped light guide on one end connected to the Silicon Photomultipliers (SiPM) manu-
factured by SensL. Each SiPM in the TUIKE detector has a PCB with a filtering circuit
for the bias voltage. The scintillator material used in TUIKE is the Eljen technology’s
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EJ-248 [49], and the light guides are made of polymethyl methacrylate (PMMA). To
collect light effectively, each bar in the detector is covered with approximately 60-µm
thick enhanced specular reflector (ESR) film made by 3M, and the light guides are painted
with Eljen’s EJ-510 TiO2 paint. See Fig. 3.6 for a photograph of the entire scintillator
detector adapted from [48]. For a more detailed description and performance of TUIKE,
see Ref. [48].

Focal plane Germanium (Ge) detectors

Ge detectors at the MARA focal plane are generally used to detect the delayed γ rays
(also X rays), hence identifying isomeric states, which decay via emission of γ ray
transitions. The vacuum chamber at the MARA focal plane is surrounded by three Broad-
Energy Germanium (BEGe) and one Clover detector. For more detailed description and
performance of BEGe, see Refs. [50,51]. The BEGe detectors were calibrated using known
γ-ray energies from 152Eu and 133Ba sources.

3.3 The Total Data Readout System

The triggerless Total Data Readout data acquisition system (TDR) [52] handles the elec-
tronic signals from each detector channel. The TDR system has no hardware trigger,
therefore, data from each channel is recorded independently. The TDR system has a 100
MHz clock that provides timestamps for the data with 10 ns precision and synchronization
pulses to all digitizer cards. Merging and collecting software then arranges the data in a
single time-ordered stream. Due to the high counting rates of the "prompt" detectors, i.e,
the JUROGAM III array and JYU-Tube, that collect a vast amount of data associated with
reaction products which do not make it through the MARA separator to the focal plane, a
pre-filter software is used. This is to prevent writing of this un-usable data to disk, and,
hence, reduces the data volume. TDR allows the user to replay the data with the possibil-
ity of freely adjusting the software triggering conditions, event length and recoil-decay
correlation search times and using various analysis tools in the analysis software.

Delay

Event length

Dead time

New  trigger can arrive TimeNo new trigger possible

Trigger point

Figure 3.7: Illustration showing the triggering point, event length, delay and dead time.

In this work, the software trigger for an event was any signal from the y-side channels of
the DSSSD. A signal above the threshold in the DSSSD, therefore, opened a time window
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that defines an event. This event contains the possible information from the "prompt"
detectors, but also from the focal plane detectors within the set event length. The total
event length is typically 10 µs with -2 µs time window covering the preceding hits in
JUROGAM III and JYU-Tube and +8 µs time window to cover, e.g., the isomeric γ rays
detected at the MARA focal plane Ge detectors. A software dead time of 8 µs is also
typically applied to prevent a new event being started, while the current event is being
formed. Figure 3.7 shows the event formation parameters - event length, delay and dead
time. In the current work, the events are further classified into "recoil events" and "decay
events". The recoil events contain JUROGAM III, JYU-Tube, MWPC, and the focal plane
Ge-detector information in addition to the relevant DSSSD information (recoil position
and kinematic energy). The decay events contain TUIKE and focal plane Ge-detector
data in addition to the DSSSD information (position and full or partial decay energy for
α/proton and β particles, respectively).

JUROGAM III Ge && FP
Ge pre-amp

JUROGAM III BGO pre-
amp 16 daisy-chained

MWPC pre-amp

JYU-Tube

DSSD pre-amp

TUIKE

SoD DoS Lyrtech/Nutag VHS ADC
card

Merge Filter/Event
Builder

Online data analysis

Data storage

SoD DoS Lyrtech/Nutag VHS ADC
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Figure 3.8: A block diagram of the electronics of the TDR system, showing the digital and analog
signal pathways for the different detectors.

The signal paths in the TDR data-acquisition system are schematically shown in Fig. 3.8.
To transport the signals from the measurement cave to the data acquisition (DAQ) room
without degrading signal quality, the signals from the MWPC, Ge-detectors, BGOs, TUIKE
detector, and JYU-Tube detector are converted to differential signals using 16-channel
single-ended-to-differential (SoD) converter cards. This is made possible with the use
of twisted-pair ribbon cabling. The signals are then converted back to single-ended
using differential-to-single-ended (DoS) converter cards before being fed into the 14-bit
Lyrtech/Nutaq VHS-ADC cards. To analyze the digitized detector signals and evaluate the
energy, a Moving-Window Deconvolution (MWD) [53] algorithm is used. This algorithm
is programmed into the field-programmable gate array (FPGA) circuit of the VHS-ADC
cards. More details on the signal processing can be obtained from Ref. [54] and references
therein. The timing signal from the DSSSD is sent to the Time-to-Amplitude Converter
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(TAC) as the start input signal. The timing signal from MWPC provides a stop input signal
to the previously mentioned TAC. The time difference between the DSSSD and the MWPC
provides the time-of-flight (ToF) information for the recoils.

The offline data analysis (and online visualization) was performed using the GRAIN
software package [55]. GRAIN allows a large variety of user-based techniques to be used
in sorting and visualising data using a JAVA-based sort code. GRAIN enables the user to
extract information on the radiation events in several ways, using one- or two-dimensional
histograms and n-tuples [56, 57]. In this thesis, GRAIN was used to sort and analyze the
data. In addition, ROOT software [58] was also used to visualize the data, chi-square
minimization, and perform efficiency calibration of JUROGAM III.

3.4 Recoil identification

Accurate recoil event identification is important for the γ-ray spectroscopy of exotic nuclei.
Although the majority of the beam-like particles are stopped in the MARA separator
beam dump, some of them are transferred to the focal plane and implanted into DSSSD.
To determine proper prompt γ-ray-recoil correlation, the primary and scattered beam
components must be discriminated from the recoils. The MARA separator’s focal plane
detector setup offers an opportunity to distinguish nuclei of interest from the primary and
scattered beam components utilizing the ToF information obtained from the MWPC and
DSSSD detectors and energy information obtained from DSSSD. Based on the combination
of the ToF and the obtained implantation energy deposited in the DSSSD by the recoils,
EDSSSD, the fusion recoils can be separated from the scattered beam components.

Figure 3.9 shows a two-dimensional matrix for ToF [a.u] as a function of the recoil energy
measured in the DSSSD, EDSSSD [keV]. Two distinct areas stand out in the graph, the
scattered beam particles’ ridge (indicated as the red region) extends from the long flight
times down to shorter flight times covering the whole energy range of the matrix. The
recoils of interest lie below the scattered beam ridge (indicated as the black region).
Therefore, a two-dimensional EDSSSD-ToF gate can be set to select the good fusion recoils
for further analysis of the γ-ray data. The events not passing the recoil condition shown in
Fig. 3.9 were not considered as good recoil events and were discarded from the further
analysis. However, the good recoil events can not always be completely separated from
the low-energy tail of the scattered beam. Therefore, a more stringent conditions on the
energy and ToF can be applied for them to identify as recoil events clearly.

Recoils of interest might have both a well defined narrow time difference peak correspond-
ing to the JUROGAM III time - DSSSD time and recoil energy from the DSSSD, EDSSSD.
This time difference corresponds to the difference between the formation of the recoil at
the target (γ-ray emission) and the recoil detection at the MARA focal plane. A matrix
showing the DSSSD time - JUROGAM III time versus EDSSSD is shown in Fig. 3.10 (a).
In addition, a matrix showing DSSSD time - JUROGAM III time difference as a function
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Figure 3.9: Fusion-evaporation residue identification matrix in the 28Si(58Ni,xαypzn) reaction
using the EDSSSD - ToF method. The energy of the recoil in the DSSSD is measured from the x
side of the detector. The black region indicate the group of events regarded as recoils and the red
region indicates the scattered beam or beam like particles.The y-axis is the time-of-flight (ToF)
measured between the gas counter and DSSSD (see section 3.3 for details).

of ToF, shown in Fig. 3.10 (b), can be used in combination with the matrix above for recoil
selection.

The prompt γ rays can be associated with the good recoil events if the gates marked with
black in Figs. 3.9 and 3.10 are passed. Further, recoil-decay correlations can be performed
by setting additional conditions on the subsequent DSSSD decay events (see section 3.7).
The decay events, such as conversion electrons, α and β decays are selected by appropriate
gating conditions on time and energy and require anti-coincidence with the MWPC.

3.5 γ decay

An excited atomic nucleus may de-excite via emitting γ rays, with varying decay prob-
abilities that are determined by the properties of the initial and final states. By taking
into account the principles of energy and momentum conservation, the energy difference
between the initial and final state is given by

∆E = Eγ + ER, (3.15)

where Eγ is the energy of the γ ray emitted. The kinetic energy of the recoiling nucleus
(ER) after de-excitation given by

ER =
E2

γ

2Mc2 , (3.16)
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Figure 3.10: Fusion-evaporation residue identification matrix in the 28Si(58Ni,xαypzn) reaction
(a) recoil energy in the DSSSD against DSSSD time - JUROGAM III time (DSSSDtime - J3time),
(b) time-of-flight (ToF) against DSSSD time - JUROGAM III time (DSSSDtime - J3time).

where M is the mass of the nucleus. The contribution from Eq. 3.16 is negligible and,
in practice, it does not need to be considered. The observed γ rays are detected at
discrete energies and provide information about the structure of the nucleus. In addition,
the angular distribution of γ rays and lifetime measurements can provide further, more
detailed information about the nuclear structure.

For a γ decay event between an initial state, Iπ
i and a final state Iπ

f , the spin (I) and parity
(π) are conserved. The photon carries away angular momentum of magnitude given by a
quantum number L, called the multipolarity, which can have an integer value greater than
zero. Multipolarity is defined as

|Ii − I f | ≤ L ≤ |Ii + I f |. (3.17)

The ∆π of the γ-ray transition is determined by its character, either magnetic multipole
(Ml) or electric multipole (El), given by

πγ(Ml) = (−1)l−1, (3.18)

πγ(El) = (−1)l. (3.19)
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If a change in π exists between Iπ
i and Iπ

f , the γ-ray transitions can have a combination
of odd electric and even magnetic multipoles. Occasionally, the γ rays can have a pure
multipolarity, such as a 2+ −→ 0+ transition, which has a pure E2 character. However, in
most cases, the γ-ray transitions have mixed characters. The lowest allowed multipolarity
typically dominates because the decay probabilities decrease quickly with increasing
values of L. However, the decay probability of an electric radiation is approximately 102

times larger than than that of a magnetic radiation of the same multipolarity [59]. The
γ-ray transition selection rules are summarized in the Table 3.3 below. Transitions are not
allowed with L = 0 via a single γ-ray transition.

Table 3.3: The γ-ray selection rules and multipolarities.

L Multipolarity Transition type Parity change

1 Dipole
Electric dipole (E1) Yes

Magnetic dipole (M1) No

2 Quadrupole
Electric quadrupole(E2) No

Magnetic quadrupole (M2) Yes

3 Octupole
Electric octupole (E3) Yes

Magnetic octupole (M3) No

L 2L - pole
Electric 2L - pole

No for even L
Yes for odd L

Magnetic 2L - pole
Yes for even L
No for odd L

3.5.1 Angular distributions

The emission angle of a γ ray relative to the nuclear spin orientation follows a characteristic
probability distribution depending on the multipolarity (L). Therefore, measuring the an-
gular distribution of γ rays provides information of the multipolarity of a given transitions.
However, due to the insufficient statistics in the γ-ray spectroscopy experiments close to
the proton-drip line, conclusive angular distribution information is exceedingly difficult
to obtain. In fusion-evaporation reactions involving heavy ions, the angular momentum
vectors of the products that result from the fusion and subsequent evaporation processes
tend to become polarized and distributed closely to the plane that is perpendicular to the
direction of the beam. The angular distribution [59] can be obtained from

W(θ) = α0 + α2cos2θ + α4cos4θ + .... + α2Lcos2Lθ, (3.20)

where θ is the angle between the direction in which the γ rays were emitted and the beam
axis, and αn are the attenuation coefficients of the spin alignment, which are listed in Table
IIa and IIb in Ref. [60]. The JUROGAM III array has detectors distributed in four rings
relative to the beam direction. This enabled the study of how the intensity of a particular
γ-ray transition was distributed over the different rings. When the statistics are low, like
in the experiments presented in this thesis, an approximate method is used to obtain an
angular distribution. The method used here is called the directional correlations of oriented
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states (RDCO) [59]. The emission of γ rays from excited nuclei depend on the orientation
of the nucleus and the multipole matrix element of the initial and final states. Therefore, γ

rays with different multipolarity will have different RDCO values. The RDCO values were
obtained from three different γ-γ matrices ( (133.6◦+ 157.6◦) vs (all angles), (104.5◦) vs
(all angles), and (75.5◦) vs (all angles) ). The same energy gate was set on the "all angles"
-axis in each matrix, and the resulting three coincidence spectra represent the intensity of a
γ-ray under investigation at different detection angles. The extracted γ-ray intensity was
then corrected with the detection efficiency of the rings in question. The RDCO values
were extracted from

RDCO =
Iγ(133.6◦ + 157.6◦)

Iγ(104.5◦)
, RDCO =

Iγ(133.6◦ + 157.6◦)
Iγ(75.5◦)

. (3.21)

The two RDCO values for each γ-ray transition were combined to provide the final RDCO
by weighted average. The methods described above were used to analyze transitions
of known multipolarities originating from nuclei populated via other stronger reaction
channels in the fusion-evaporation reaction, 40Ca(32S,xαypzn) and 40Ca(40Ca,xαypzn).
The results showed that, on average RDCO of 1.20(3) was obtained for ∆I = 2, (E2) and
0.80(3) for ∆I = 1 (M1 and E1) γ-ray transitions. It is important to mention that the
values of the RDCO ratio are highly influenced by the detection angles and experimental
conditions. In addition, RDCO ratios cannot be to used distinguish between either pure
∆I = 0 dipole and stretched E2 transitions or stretched dipole and unstretched/mixed E2
transitions.

3.6 β decay

β decay describes three nuclear decay processes in which nuclei transmute towards the
valley of stability without changing the mass number, A. The process of transmutation
happens when a single nucleon (either a proton or neutron) is transformed into a nucleon
of the other type or when a proton in the nucleus captures an atomic electron. The
conservation of charge and lepton number requires the involvement of different particles
in the β-decay processes. When a neutron is converted into a proton, an electron and an
electron antineutrino (νe) are emitted, referred to as β−-decay, described as

n −→ p + e− + νe. (3.22)

Whereas the decay process
p −→ n + e+ + νe, (3.23)

is referred to as β+-decay. A positron and electron neutrino, νe are emitted in this process.
In addition, the electron capture process is defined by

p + e− −→ n + νe. (3.24)
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When the continuous energy distribution of β particles was discovered, it was concerning
because the other forms of radiation, such as γ and α, were observed to have discrete
energies [61]. This phenomenon is caused by a pair of leptons that are emitted during
the decay process and share the available energy. Thus, the energy of the emitted β−/β+

particle ranges from zero up to the total accessible amount of energy or to the "end-point"
energy, given by the decay Q-value for example for β+ decay

Qβ+ = [MP −MD − 2me]c2. (3.25)

Equation 3.25 involves the electron mass denoted by me and the atomic masses of the
parent and daughter nuclei, represented by MP and MD, respectively. Within the scope of
this thesis, the expression ‘β-decay’ pertains specifically to the process of β+-decay.

3.6.1 β-decay selection rules

The conservation law of angular momentum determines how spin I and parity change
when a nucleus undergoes a β-decay process. Consider the angular momentum of the
initial state denoted Ji and the angular momentum of the final state denoted J f . The angular
momentum difference between the initial state and the final state must be equal to the total
angular momentum of the lepton pair involved in the decay process. If the lepton pair,
each with intrinsic half-integer spin, couples with anti-parallel spins, the following relation
must hold

Ji = Jf + L, (3.26)

where L is the orbital angular momentum carried by the lepton pair. Eq. 3.26 describes the
’Fermi’ transition. On the other hand, when the lepton pair couple with parallel spins, also
known as ’Gamow-Teller’ transition, the associated orbital angular momentum of the pair
is indicated by L,

Ji = Jf + L + 1. (3.27)

Super-allowed β-decay transitions are a type of β-decay where the matrix element between
the initial and final nuclear states is nearly equal to one. This is due to the wavefunctions of
the initial and final states being very similar, allowing for a high probability of decay. For
an allowed β-decay event, the lepton pair carries zero orbital angular momentum with no
parity change (the parity associated with L is given by (-1)L). The forbidden β decays are
however, less likely to occur than the allowed β decays. Therefore, the most considerable
β-decay rates are for the processes with L = 0. The decay processes with L = 1, L = 2,
and L = 3 are possible, but with rapidly decreasing probabilities or increasing β-decay
half-lives. β decays where the lepton pair carry orbital angular momenta L = 1, 2, 3... are
referred to as first, second, and third forbidden transitions. Table 3.4 shows the different
types of β transitions, L, and parity change for the Fermi and Gamow-Teller transitions.
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Table 3.4: Selection rules for various β-decay types. Parentheses indicate those which are not
possible if either the initial or the final state spin is zero. The "yes" or "no" in the parity change
column indicates whether the parity changes from the initial to the final state after the β-decay.

Transition type L
Fermi Gamow-Teller

∆ I ∆π ∆ I ∆π

Allowed 0 0 No (0),1 No
First-forbidden 1 (0),1 Yes 0,1,2 Yes
Second-forbidden 2 (1),2 No 2,3 No
Third-forbidden 3 (2),3 Yes 3,4 Yes
Fourth-forbidden 4 (3),4 No 4,5 No

3.7 Recoil-β tagging and recoil-double-β tagging

The use of a recoil separator allows a recoil-decay correlation technique to be employed.
A specific fusion-evaporation reaction product can be identified at the focal plane of a
recoil separator based on its radioactive decay characteristics. This method allows to link
for example the prompt γ rays to the source of the radiation, to the recoil. Generally this
technique is known as the recoil-decay tagging (RDT) method. The correlations between
implantation events and subsequent decays at the focal plane are performed by requiring
temporal and spatial correlation conditions. In the case of heavy nuclei, recoil-decay
tagging has been carried out by employing the characteristic α-decay properties, i.e., the
decay half-life and discrete α-decay energy [62–64]. The β-decaying nuclei are more
complicated in the sense of the decay correlations because of the continuous Fermi–Kurie
distribution of electron (positron) energies. The β-decaying nuclei are generally also
long lived in contrast to the half-lives of α and proton decaying nuclei located near the
proton-drip line. This further complicates the successful correlation of a β-decay event
with its corresponding implantation event. However, a specific type of decay process
called the Fermi super-allowed β decay has characteristics that make it highly suitable for
recoil-decay tagging. This β decay process has been discussed in detail in a previous work
by Wilkinson et al., [65]. In such cases the nuclei have relatively short half-lives (≤ 100
ms) with correspondingly high β-endpoint energies of up to 10 MeV. The use of β-decay
as a tag to examine the structure of excited states, titled recoil-β tagging (RBT) [66], was
developed about a decade ago at the University of Jyväskylä in collaboration with the
University of York. This method has been successfully applied to study the structures of
super-allowed β-decaying nuclei around the N = Z region [7–10,12,66]. In this work, the
(high-energy) β particles were identified by detecting coincidences between the DSSSD
and the TUIKE detectors. As the DSSSDs are usually thin, i.e., between 300 - 700-µm
thick, the β particles pass through the silicon and lose only a fraction of their energy (∆E)
as they interact with the detector material. For the experiments presented in this thesis,
300- and 700-µm thick DSSSDs were used. The energy loss of 10-MeV β particles in the
700-µm thick DSSSD is approximately 250 keV (approximately 125 keV in a 300-µm
thick DSSSD), and the energy loss of the emitted β particles in the DSSSD is roughly
constant due to their high kinetic energy. After passing through the DSSSD, the high-
energy β particles deposit remainder of their energy in the TUIKE detector (E). To obtain
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Figure 3.11: ∆Eβ - Eβ identification matrix for high-energy β particles. The energy-loss informa-
tion (∆Eβ) is obtained from the DSSSD ( the ∆Eβ is the sum of the energy from the x and y strips
of the DSSSD) and the full energy information (Eβ) from the TUIKE detector. A two-dimensional
energy gate shown in red can be applied to select the β particles to be correlated with the recoils
within the desired correlation time. The low-energy threshold can be varied to achieve better
statistics or cleanliness of the tagged prompt γ-ray spectra. The data is from a 700-µm thick
DSSSD used in the fusion-evaporation reaction 40Ca(32S,xαypzn).

a visual representation of the observed distribution of β particles, a practical approach is
to create a ∆E - E matrix, as demonstrated in Fig. 3.11. To select the β particles that are
correlated with the recoils, a two-dimensional energy gate is set around the desired region
of the distribution. The gate limits for ∆Eβ are typically kept constant (since the energy
loss is constant), while the lower limit for Eβ can be varied to optimize the analysis for
either maximum statistics or improved cleanliness of the tagged γ spectra. This provides a
practical method for analyzing the data and identifying the desired correlations between
the β particles and the recoils.

It is essential to have the correct correlations between the recoil implants and their sub-
sequent β decays in order to keep the contamination, resulting from the false/random
correlations, in the tagged γ-ray spectrum at a minimum level. Such correlations use
also the decay search time (the time interval between the implantation of recoils and
their subsequent β decays) to identify the recoils that produce the fast and high-energy
β decay events. Spatial correlation between the position of the recoil and the β-decay is
non-trivial due to the extended interaction range of β-particles in the silicon detector. The
best estimate is to use a "single pixel" correlation search strategy, where the decay event is
detected in the same DSSSD pixel as the preceding implant. Therefore, each β decay is
‘paired’ with the most recent recoil event that has occurred in the same pixel.

In order to take into an account the possibility of the β particle escaping to a neighbouring
pixel, the so called "nearest neighbour star" -tagging strategy can also be used (see Fig.
3.12 (b)). Here, the recoil-decay correlations are searched also from the four nearest pixels
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Figure 3.12: The position difference in the DSSSD between a recoil implant and a β-decay event
in a) single pixel, b) nearest star and c) square correlation strategies.

in addition to the pixel the recoil was implanted to. The five pixels form a star shape,
hence the name of "nearest neighbour star". In addition, it is possible to search for the
correlations from the eight nearest pixels and the pixel in which the recoil implant event
occurred, thus creating a square shape, as shown in Fig. 3.12 (c). Figure 3.13 (a) shows the
number of events for the tagged 403-keV γ ray from 70Br for different recoil-β tagging
strategies as a function of the lower Eβ limit. Including the four most immediate neighbor
pixels increases the number of correlated events by a factor of 2, with the additional four
neighboring pixels increasing the number of the correlated events by a factor of 3 for Eβ

greater than 1.5 MeV. At a relatively high β energy threshold, the number of correlated
events for the nuclei of interest is nearly the same between 4 and 8 neighbouring pixels, but
approximately 50 % (at β-energy threshold of 4 MeV) more in comparison to the single
pixel strategy as shown in Fig. 3.13 (a). Figure 3.13 (b) shows the ratio of the 403-keV
γ ray from 70Br over 442-keV γ ray from a long-lived contaminant 69As as function
of the β-energy threshold compared among different recoil-β tagging strategies. With a
low-energy β gate, the ratio of the contaminant to the nuclei of interest for the single pixel
strategy is better than in the other two methods. However, the cleanest of the spectrum
comes at a cost, as the statistics reduce in comparison to the other two methods.

The recoil implantation rate in the DSSSD in the reactions used in this work leads to an
average ’per-pixel’ implantation rate of 1.36 per second, considering that approximately
80 % of the available 13824 pixels are being hit by the recoils (the recoil implantation rate
was around 15 kHz). This translates to an average of 0.74-s time difference between the
consecutive recoil hits, which is about 3 - 10 times longer than the typical search time used
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Figure 3.13: (a) Number of correlated events for the 403-keV γ ray from 70Br for different
tagging strategies as a function of β-energy threshold and (b) ratio of the number of events for the
403-keV γ ray from 70Br over 442-keV γ ray from a long-lived contaminant 69As as function of
the β-energy threshold compared among different recoil-β tagging strategies. The x-axis, Eβ shows
the lower β-energy threshold.

for a fast β emitter. However, there is still a non-zero probability of a random implant
event occurring in the middle of a genuine recoil-β pair. Therefore, increasing the spatial
correlation area in the star or square tagging strategies increases the probability of random
correlations as demonstrated in Fig. 3.13 (b). In addition, the total amount of recoils is
very high when compared to the yield of nucleus of interest. Therefore the possibility of
false recoil-β correlation is a constant nuisance in the RBT method.

In certain cases, the β-decay properties of the both parent and daughter nuclei are suitable
for the recoil-β correlation method to be employed. The method of tagging prompt γ

rays with two subsequent fast β decays following the recoil implantation is called the
recoil-double-β tagging (RDBT). The RDBT method was successfully applied for the first
time in the A = 62 triplet study [67]. It should be noted that the spectroscopic studies
of the N = Z nuclei become increasingly difficult with increasing mass number as the
N = Z line gets closer to the proton-drip line and the reaction cross sections, especially
for the Tz = -1 nuclei reduce. Figure 3.14 shows the β-decay chain of 70Kr (T1/2 = 30
ms, QEC ≈ 10 MeV [68]) decaying to 70Br (T1/2 = 79 ms, QEC ≈ 10 MeV [68]), which
further decays to 70Se (T1/2 = 40 min, QEC ≈ 2.4 MeV [68]). For this kind of a β-decay
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chain (two fast β decays with high endpoint energies), it is possible to apply the RDBT
method to tag the γ rays originating from the exotic 70Kr nucleus.

70Kr
t1/2 = 45 ms

70Br
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t1/2 = 41min
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Figure 3.14: The β-decay chain from 70Kr to 70Se illustrating two fast consecutive β decays.
These type of β-decay chains allow the use of recoil double-β tagging method to tag prompt γ rays
originating from the exotic Tz = -1 nuclei such as 70Kr [68].

Finally, one must consider the β decay lifetimes. While using the RBT or RDBT technique,
shorter decay time correlations are advantageous as one can maximize the likelihood that a
recoil-β correlation chain is the result of the recoil of interest rather than a false correlation
due to a contaminant reaction products. For nuclei with relatively long β-decay half-lives,
such as 84Mo (t1/2 = 2.3 seconds), longer correlation times are necessary to maximize
statistics, which potentially results in higher false correlations and makes the RBT method
impractical. Figure 3.15 summarises the experimental equipment and methods used in
the current thesis. Top of the figure illustrates the different steps of the fusion evaporation
reaction with a rough time scale. The fusion evaporation steps up to t∼10−9 s takes place
within the JUROGAM III target chamber.
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Figure 3.15: The experimental setup used in the present study showing the JUROGAM III array, and MARA separator.



4 SPECTROSCOPY OF MOLYBDENUM 84

This chapter presents the experiment aimed for confirming the Jπ > 6+ states in the even-
even 84Mo. The first section describes the used fusion-evaporation reactions to study 84Mo
and the reaction cross-section determination of the 2n channel in the 28Si(58Ni,xαypzn)
reaction. Section 4.2 presents the used background subtraction methods and finally the
results from these experiments. Section 4.3 describes the nuclear physics of interest for
the even-even N = Z nuclei in the A = 60-88 mass region. The even-even N = Z nuclei
below 100Sn are expected to exhibit complex structural properties, such as shape evolution
and the isovector and controversial isotensor neutron-proton pairing correlations.

4.1 Reaction cross-section measurements

Despite the experimental efforts made over the years, progress in the experimental in-
vestigation of heavy (A > 60), N = Z nuclei especially at high angular momentum has
been challenging. This is because of the low production yields of these nuclei in fusion-
evaporation reactions, which is the best method to probe the nuclear structure in the high
spin regime. Nuclei in this region have also been produced by the projectile fragmentation
of intermediate to high-energy heavy-ion beams, but the population of excited states is
more selective and precision γ-ray spectroscopy is difficult due to the high velocities of
the products.

For the fusion-evaporation reactions, it is of highest importance to explore the cross-section
maximum in terms of the beam energy for a given beam-target combination to maximize
the yield for the nucleus of interest. The choice on the beam-target combination depends
strongly on the available accelerator, the mass separation capabilities, and reaction channel
selection possibilities. Therefore, an optimization of these parameters (beam, beam energy,
and target) is needed to produce these nuclei with the highest possible yield. Some aid in
the process can be achieved from different reaction simulation codes, some of them being
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analytical based5, others being of the Monte-Carlo type6. Commonly used cross-section
calculators are PACE4 [38], CASCADE [69], HIVAP [70], POTFUS + ABLA called
CNABLA [71, 72], and POTFUS + GEMINI++ [72]. In the current work, only the PACE4
code was used, Ref. [73] provides a detailed comparison of calculated fusion-evaporation
reaction cross sections from the five different codes mentioned above and compares these
to the available experimental data.

Figure 4.1: Cross-section [mb] as a function of excitation energy [MeV] for the fusion-evaporation
reactions (a) 28Si(58Ni,xαypzn), (b) 54Fe(32S,αypzn), and (c) 46Ti(40Ca,xαypzn). E∗3 is the excitation
energy at the entrance of the target, E∗2 is the excitation energy at the center of the target, and E∗1 is
the excitation energy at the back of the target at beam energies of (a) 201 MeV, (b) 107 MeV and
(c) 124 MeV. E∗CB is the excitation energy at the Coulomb barrier of the three different reactions.

Figure 4.1 shows the cross sections obtained from PACE4 for three different reactions
aimed for production of 84Mo. However, whether the compound nuclei are formed at the
target’s entrance, back, or center is unclear. To address this issue, Fig. 4.1 shows also the
PACE4 calculated cross sections at the entrance (E∗3), center (E∗2), and back (E∗1) of the

5 Analytical based code include CASCADE and HIVAP.
6 Monte-Carlo based code include PACE4, CNABLA, and POTFUS+GEMINI++.
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target. The green line in Fig. 4.1 represents the excitation energy at the Coulomb barrier
(E∗CB). In Figs. 4.1 (a) and (b), the cross-section decreases slowly at higher energies but
exhibit a sharp decline at lower energies due to the Coulomb repulsion. However, in the
40Ca + 46Ti reaction, shown in Fig. 4.1 (c), the closeness of the Coulomb barrier to the used
beam energy is causing a clear drop in the expected yields for the two-particle evaporation
channels. Conversely, for the 32S + 54Fe reaction shown in Fig. 4.1 (b), slightly reducing
the used beam energy would have slightly improved the yield for the 2n channel. Finally,
Fig. 4.1 (a) indicates that the beam energy used in the 58Ni + 28Si reaction was optimal.

Previous in-beam γ-ray spectroscopy experiments on 84Mo were performed using the
fusion-evaporation reaction ,28Si(58Ni,2n)84Mo [74–76]. In addition to this reaction, two
other reactions were investigated in the present work, as listed in the Table 3.1., to study
the production rate of 84Mo. As discussed above, the reaction cross sections can be
predicted by using, e.g., the PACE4 calculations, but the obtained values are known to
be off especially for the two-neutron (2n) evaporation channels [73]. The second factor
affecting the observed production rate for a given nucleus between the different possible
reactions is the MARA transmission efficiency, which is highly reaction dependent. This
means, that there are two unknown variables, the reaction cross-section and the separator
transmission efficiency, which have an effect on the experimental yield.

In this work, the direct experimental determination of the absolute MARA transmission
efficiency was not possible. However, an estimate for the MARA transmission efficiency
for a given reaction can be obtained from an ion optical simulation. Using this information
it is possible to try to benchmark the theoretical cross-section predictions obtained from
PACE4 (alternatively, the simulated transmission efficiencies can be benchmarked against
the calculated cross sections). For this purpose, the production of 84Zr, two proton (2p)
evaporation channel was investigated in the three different reactions owing to its relatively
high cross section. It was assumed that the intensity of the 540-keV, 2+ −→ 0+ γ-ray
transition reflects the total production yield of 84Zr. The relative cross sections for 84Zr in
the different reactions may be derived using Eq. 3.7 after correcting for γ-ray detection
efficiency, JYU-Tube detector efficiency, and the variation in the transmission efficiency of
the MARA recoil separator. It is worth noting that the value of the transition efficiency of
the separator used in the cross-section estimates was for the so-called reference particle
(∼30%, ∼12%, and ∼20% for the 58Ni, 32S, and 40Ca beams [77], respectively) which
in this case was 84Mo. The ion designated as the reference particle moves through
the separator along the optical axis. The separator’s configuration is adjusted so that
the reference particle has zero spatial and chromatic coordinates. Table 4.1 shows the
semi-experimentally determined cross sections for the 2p channel from the different fusion-
evaporation reactions and compares these to the PACE4 predictions.

Table 4.1: Experimental and PACE4 cross sections for the 2p channel in the investigated reactions.

Nuclei
Experimental calculated cross-section [mb] PACE4 Calculated cross-section [mb]

28Si(58Ni,2p) 54Fe(32S,2p) 46Ti(40Ca,2p) 28Si(58Ni,2p) 54Fe(32S,2p) 46Ti(40Ca,2p)
84Zr 3.0 4.0 0.5 23.6 9.0 2.2

It is worth noting that the cross-section values for the 2p channel in Table 4.1 using Eq. 3.7
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were determined using data collected from experiments where MARA was set to pass A =
84 recoils through the separator mass slits. The values calculated using Eq. 3.7 suggest that
PACE4 overestimates the cross sections. It is relevant to note that Ref. [73] reached the
same conclusion. The PACE4 calculated cross-section values for the 2n and 2p channels
in the 58Ni + 28Si reaction at 201 MeV are 0.583 mb and 23.6 mb, respectively. Thus
the 2n channel is expected to be 2.5% of the 2p channel, giving a value of 0.074 mb for
the 2n channel when compared to the semi-experimental cross-section of the 2p channel
(using Eq. 3.7). In a previous study, it was found that the cross-section of 84Mo in the
28Si(58Ni,2n) reaction was 0.007 mb, whereas the cross-section for the 2p channel was
measured to be 35 mb [74]. Comparing the cross-section values from Ref. [74], PACE4
calculated values, and from this work, the values from Ref. [74] overestimated the cross-
section for the 2p channel and underestimated the 2n channel. The search for the γ-ray
transitions from the decay of excited states in 84Mo will only use data from the 58Ni + 28Si
reaction.

4.2 Results

The recoil gated prompt γ-ray spectra observed at the target position using the JUROGAM
III Ge-array corresponding to the fusion-evaporation reactions (a) 46Ti(40Ca,xαypzn) at
124 MeV, (b) 54Fe(32S,αypzn) at 107 MeV, and (c) 28Si(58Ni,xαypzn) at 201 MeV are
shown in Fig. 4.2. The main challenge of performing γ-γ coincidence analysis in the case
of the even-even 84Mo is caused by the low cross-section as discussed in the section 4.1.
Therefore, a background subtraction procedure was developed to remove γ rays associated
with charged-particle evaporation channels from the γ-γ matrix before searching for any
coincident γ rays in 84Mo.

The MARA separator has the ability to physically separate ions based on their mass-
to-charge ratio [M/Q]. The dispersion at the focal plane for the MARA separator is 8
mm/(∆M/Q), implying that a 1% change in the M/Q values will result in an 8 mm spatial
separation. Ref. [43] demonstrates and discusses how MARA’s electric and magnetic fields
are optimized for transmitting a reference particle with defined energy, Ek, mass Mre f , and
charge state Qre f through the separator to the focal plane. The M/Q value of a recoiling
particle at the focal plane is determined by

M
Q

=
Mre f

Qre f
(1 + δm). (4.1)

The relative difference in M/Q compared to the reference particle, denoted as δm, is
calculated from the MWPC x position coordinates. Figure 4.3 shows the mass-to-charge
distribution for the 28Si(58Ni,xαypzn) reaction with the reference charge state equal to
24.5e. Half-integer reference charge states are typically used to have the full charge states
being symmetrically distributed around the focal point allowing the use of mass slits. The
red lines represent the M/Q limits for the mass number 84, which were used to suppress
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Figure 4.2: Recoil gated prompt singles γ-ray events detected by the JUROGAM III Ge-array
from the fusion-evaporation reaction (a) 46Ti(40Ca,xαypzn) with a beam energy of 124 MeV, (b)
54Fe(32S,αypzn) with a beam energy of 107 MeV, and (c) 28Si(58Ni,xαypzn) with a beam energy of
201 MeV.

the other channels in the recoil-gated γ singles spectrum or in γ-γ matrix.

In this mass region 3 - 4 charge states can be collected at the MARA focal plane, depending
on the mass and the reaction symmetry employed. To enhance the channel selection,
MARA is equipped with adjustable metal sheets, slits, which can be moved into or out
of the ion-optical path of the ions to act as physical barriers. In addition, the selected
reference particle charge state will significantly influence the charge states collected at
the MARA focal plane. Table 4.2 shows the calculated M/Q for different masses and
charges. If the selected reference particle charge state was 21.5e for the 28Si(58Ni,2n)84Mo
reaction, mass 80 would directly overlap with mass 84. Hence, it essential to select the
reference charge state so that the M/Q ratios for the nucleus of interest are well separated
from those of the strong contaminating channels. However, any M/Q overlap is difficult
to avoid as demonstrated in the Table 4.2. The reference particle charge state used for
the 54Fe(32S,2n)84Mo reaction was 16.5e, and therefore the two charge states collected
at the focal plane were 16e and 17e as shown in Table 4.2. Table 4.2 shows that using
16.5e as the reference particle charge state, mass 79 overlaps with the mass of interest,
A = 84. However, mass 79 is not observed in Fig. 4.2 (a) because of the low production
cross-section. By contrast, 83Y is strongly seen in the Fig. 4.2 (a) as the tails of the
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Figure 4.3: The mass-to-charge distributions reconstructed from the MARA focal plane detector
information. The dashed red lines are the M/Q limits for A = 84, obtained from having a γ gate
set on the 540-keV γ ray from 84Zr.

(often orders of magnitude stronger) neighboring mass distributions (A-1) overlap with
the mass of interest due to aberrations7. The reference particle charge state used for the
28Si(58Ni,2n)84Mo reaction was 24.5e, and the two charge states collected at the focal
plane were 24e and 25e. The masses 80 and 81 have relatively close M/Q ratios to those
of the mass 84 in this reaction. In addition, mass 83 is again expected to leak through and
contribute to the observed γ-ray spectra as shown in Fig. 4.2 (c).

In addition, the MWPC at the MARA focal plane offers additional suppression capabilities
of contaminant channels produced in the reaction. Figure 4.4 shows the positions of various
masses at the focal plane. A combination of the M/Q limits and two-dimensional gate
on the phase space image constructed from information from the MWPC and DSSSD
data provides a good mass selection for the current work. Additional details on the phase
space recreation from the MARA focal plane can be found in Ref. [43] and references
therein. The ability to detect the evaporated charged particles at the target position using
the JYU-Tube detector can further be used to reduce contamination from charged-particle
fusion-evaporation channels and enhanced the relative contribution of the 2n channel.
However, the JYU-Tube detector efficiency is not 100%, as shown in Table 3.2.

The investigation of the transitions from 84Mo is based on the well-known 2+ −→ 0+

444-keV γ ray [74–76]. However, it is essential to review this γ-ray energy for the possible
source of contaminants. From previous studies using the fusion-evaporation reaction
28Si(58Ni,xαypzn) [74–76], two γ rays with energies of 445.1 and 444.4 keV from 82Y
and 83Y could contaminate the γ gate set on the 444-keV γ ray. However, an examination
of the recoil-gated prompt singles γ rays shown in Fig. 4.2 (a), shows that 82Y is weakly
populated in this reaction. Hence, the transitions from 82Y are not a source of significant

7 Aberrations: The image blurring at the focal plane and the resulting degradation of the real mass
resolving power in an ion-optical system are caused by the higher order matrix elements, which are
referred to as aberrations.
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Table 4.2: Calculated M/Q for different masses (M) and charge states (Q). The reference
charge Qre f used in the fusion-evaporation reaction 54Fe(32S,αypzn), 46Ti(40Ca,xαypzn), and
28Si(58Ni,xαypzn) were 16.5, 18.5, and 24.5, respectively. The M/Q values in colour show
potentially overlapping mass-to-charge ratios. The accepted overlap limit is≤ 0.02 which translates
to position difference of approximately 4-5mm between charge states.

M/Q 79 80 81 82 83 84
15 5.27 5.33 5.40 5.47 5.53 5.60
16 4.94 5.00 5.06 5.13 5.19 5.25
17 4.65 4.71 4.76 4.82 4.88 4.94
18 4.39 4.44 4.50 4.56 4.61 4.67
19 4.16 4.21 4.26 4.32 4.37 4.42
20 3.95 4.00 4.05 4.10 4.15 4.20
21 3.76 3.81 3.86 3.90 3.95 4.00
22 3.59 3.64 3.68 3.73 3.77 3.82
23 3.43 3.48 3.52 3.57 3.61 3.65
24 3.29 3.33 3.38 3.42 3.46 3.50
25 3.16 3.20 3.24 3.28 3.32 3.36
26 3.04 3.08 3.12 3.15 3.19 3.23
27 2.93 2.96 3.00 3.04 3.07 3.11
28 2.82 2.86 2.89 2.93 2.96 3.00

contamination in the present analysis. Conversely, 83Y, which is very strongly populated in
this reaction in comparison to 84Mo, and has a γ ray with an energy of 444.4 keV, which
is in coincidence with several γ rays in the energy domain of 500 – 900 keV, where the
second yrast transition in 84Mo is expected to be located.

Figure 4.5 (a) shows the projection of the recoil and M/Q-MWPC gated γ-γ matrix
measured by the JUROGAM III from the 28Si(58Ni,xαypzn) reaction. Figure 4.5 (b) shows
the identical histogram as Fig. 4.5 (a) but with zero charged particles detected in the
JYU-Tube detector. It is observed that the M/Q-MWPC gate plus the charged-particle
suppression using the JYU-Tube detector is insufficient to remove contributions from the
charge-particle channels completely from the data. For this reason, an accurate subtraction
of the charged-particle channels is of decisive importance. Therefore, a method was
developed for the charged-particle channel subtraction in the recoil and M/Q-MWPC
gated matrices.

The first step in producing a recoil and M/Q-MWPC gated γ-γ matrix with a relatively
small number of γ events from charged-particle channels is to create two background
matrices with different JYU-Tube detector conditions. The first background matrix, called
Background 1, contains γ-γ events outside the recoil-γ time gate with zero charged
particles detected in JYU-Tube. The second background matrix, called Background 2,
contains γ-γ events outside the recoil-γ time gate with more than zero charged particles
detected in JYU-Tube. In addition, two γ-γ matrices with γ events within the recoil-γ time
gate and with two different JYU-Tube detector conditions, (i) recoil and M/Q-MWPC
gated γ-γ matrix with JYU-Tube fold condition zero (called matrix tf0), (ii) recoil and
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Figure 4.4: (a) Phase space distribution showing the collected masses at the MARA focal plane
(b) mass 84 phase space distribution at the MARA focal plane made by gating on the 540-keV γ

ray from 84Zr and (c) mass 80 phase space distribution at the MARA focal plane made by gating
on the 386 keV γ rays from 80Sr.

M/Q-MWPC gated γ-γ matrix with JYU-Tube fold greater than zero (called matrix Gt0).
The γ-γ matrices with JYU-Tube fold zero are in anticoincidence with charged-particle
evaporation channels. The contribution from the charged-particle channels in these γ-γ
matrices is reduced while the relative contribution of the 2n channel is enhanced. The
matrices with the JYU-Tube detector condition greater than zero are naturally dominated
by γ rays associated with the charged-particle channels.

The subsequent step is to subtract the γ-γ matrices from γ rays associated with the
charged-particle channels (matrix tf0 - background 1 and matrix Gt0 - background 2),
and call the resultant matrices background subtracted recoil and M/Q-MWPC gated
γ-γ matrix JYU-Tube detector condition zero (background subtracted matrix tf0), and
background subtracted recoil and M/Q-MWPC gated γ-γ matrix JYU-Tube detector
condition greater than zero (background subtracted matrix Gt0). Figure 4.5 (c) shows the
projection of the background subtracted matrix tf0. It is worth noting that the γ rays from
the charged-particle channels still dominate this matrix.

The next step is to subtract the background subtracted matrix Gt0 from the background sub-
tracted matrix tf0. The background subtracted matrix Gt0 was normalized with reference
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Figure 4.5: (a) Projection of the recoil and M/Q-MWPC gated γ-γ spectrum measured by the
JUROGAM III Ge-array from the 28Si(58Ni,xαypzn) reaction, (b) same as (a) but with zero charged
particles detected in the JYU-Tube detector, and (c) same as (b) but with prompt γ events outside
the recoil-γ time gate subtracted as the background.

to the intensity of the 540-keV γ ray in the background subtracted matrix tf0. Then the
normalised "background subtracted matrix Gt0" was subtracted from the "background sub-
tracted tf0" -matrix. The resultant γ-γ matrix is relatively reduced of the charged-particle
channel contributions. However, it is still shows γ rays associated with the charged-particle
channels, as shown in Fig. 4.6 (b) in comparison to the original matrix shown in the Fig. 4.6
(a).

A γ gate set on the 444-keV γ ray (2+ −→ 0+) in 84Mo using the recoil and M/Q-
MWPC gated γ-γ matrix, with the projection shown in Fig. 4.6 (b), indicates that the
charged-particle channels still dominate this matrix, as shown in Fig. 4.7 (a). However, the
previously observed coincidences in 84Mo are also observed in this gate, namely the γ rays
at 673 keV (4+ −→ 2+ transition in 84Mo ) and 889 keV (6+ −→ 4+ transition in 84Mo).
It is challenging to confirm the coincidences with the γ-ray transitions at the energies of
1063 (the candidate 8+ −→ 6+ transition in 84Mo) and 1207 keV (the candidate 10+ −→
8+ transition in 84Mo) from the gated spectrum with the γ gate set at 444 keV. Therefore,
further background subtraction step was taken to reduce the charged-particle channel
contribution in Fig. 4.7 (b).

Consider the 444-keV γ ray from 84Mo in the charged-particle subtracted recoil and
M/Q-MWPC gated γ-γ matrix with the JYU-Tube detector fold condition zero ( The
matrix is created by subtracting the background subtracted matrix Gt0 from the background
subtracted matrix tf0 as stated above ). The spectrum generated by gating on this γ-ray in
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Figure 4.6: Projection of the recoil and M/Q-MWPC gated γ-γ matrix measured by the
JUROGAM III Ge-array from 28Si(58Ni,xαypzn) (a) with prompt γ events outside the recoil-γ
time gate subtracted as the background, (b) the same as (a) but with normalized charged-particle
γ-γ matrix subtracted as background. The red dashed lines show the position of the 444-keV γ

ray (2+ −→ 0+) in 84Mo.

600 700 800 900 1000 1100 1200

5

10

15

C
ou

nt
s/

2k
eV

 

Nb, pn84

Zr, 2p84

Y, 3p83

pαY, 81

2pαSr, 80

(a)

(a)

600 700 800 900 1000 1100 1200
 [keV]γE

0

5

10

15

C
ou

nt
s/

2k
eV

(b)

(b)

Figure 4.7: Gated γ-ray spectra showing candidate γ-ray transitions of the yrast band in 84Mo
(indicated with the red dashed lines). The gate is set on the 444-keV, 2+ −→ 0+ transition in 84Mo
(a) on the background-subtracted recoil and M/Q-MWPC gated γ-γ matrix with a veto on the
charged particles, and (b) on a charged-particle subtracted recoil and M/Q-MWPC gated γ-γ
matrix with a veto on the charged particles.
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Figure 4.8: Gated γ-ray spectrum showing the candidate γ-ray transitions of the yrast band in
84Mo. The details of the final background subtraction step to generate this coincidence spectrum
are given in the text. The remaining contaminant γ rays are labelled in black, while the candidate
transitions in 84Mo are indicated with the red dashed lines.

this matrix is composed of a superposition of the γ-ray events corresponding to both the 2n
channel and the charged-particle channels, as shown in Fig. 4.7 (b). However, a similar γ

gate set on the 444-keV γ ray in the background subtracted matrix Gt0 should not have any
contribution from the 2n channel but an almost equal superposition of the charged-particle
channels. The spectra generated by gating on the 444-keV γ ray in the charged-particle
subtracted γ-γ matrix with the JYU-Tube detector fold condition zero and in the charged-
particle γ-γ matrix are denoted "444-keV gated 84Mo," and "444-keV gated background",
respectively. The "444-keV gated background" was then "fitted" against the "444-keV
gated 84Mo" spectrum by using a ROOT-based chi-squared minimization procedure. In this
procedure, essentially an optimized weight is searched for the background spectrum before
subtraction by comparing the shapes of the two spectra. The result of this last subtraction
step is shown in Fig. 4.8. It clearly enhances the coincidences seen at 673 and 889 keV.

The work presented in Ref. [75] identified a transition at 674 keV in coincidence with the
444-keV transition after utilizing background subtraction methods based on the detected
evaporated charged particles. The 674-keV γ-ray transition was then assigned as the 4+

−→ 2+ transition in 84Mo. Subsequent work, performed by the same group and presented
in Ref. [76], yielded convincing evidence for a coincident 444-674-889-keV γ ray cascade.
The natural conclusion was to assign the 889-keV γ ray as the 6+ −→ 4+ transition in
84Mo. In Ref. [76] some coincidence spectra showed also hints of γ-ray lines at 1063 and
1207 keV, the latter appearing highly tentative. Nevertheless, these γ rays were assigned
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as the 8+ −→ 6+ and 10+ −→ 8+ transitions in 84Mo. The results presented in Fig. 4.8
confirm the previously made assignments on the 4+ −→ 2+ and 6+ −→ 4+ transitions in
84Mo as the γ rays at 673 and 889 keV are clearly seen in coincidence, above background,
with the 444-keV transition. There appears to be some events at 1063 and 1207 keV
in Fig. 4.8, but these lines are not clearly standing out from the background. Hence, if
these transitions actually belong to the yrast cascade in 84Mo this cannot be confirmed
in the present analysis more (or less) firmly than was made in Ref. [76]. Even after the
various background subtraction steps, there appears to be residual contamination from the
charged-particle channels, which hinders the unambigious identification of the yrast band
in 84Mo beyond the 6+ state. Moreover, having and additional gate set on the 674-keV
transition is limited by the fact that this transition also belongs to the structure of strongly
populated 81Y.
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Figure 4.9: Spectra showing transitions from charged-particle channels in the recoil and M/Q-
MWPC gated γ-γ matrix with a veto on the charged particles. (a) Gate on 673 keV from αp channel
81Y. (b) Gate on 812 keV transition from αp channel 81Y showing the coincidence with 673 keV
and other charge-particle channels.

Despite the fact that the JYU-Tube detector does not have a 100% veto efficiency and no
other channel selection capabilities were available, the spectrum shown in Fig. 4.8 also
contain indications of the transitions beyond the Jπ = 6+ state. These are the 1063-keV
line, which is the 8+ −→ 6+ candidate, and the 1207-keV line being a candidate for the
10+ −→ 8+ transition in 84Mo identified in Ref. [76]. These assignments need further
confirmation in a future experiment. It is also observed that the spectrum shown in Fig. 4.8
is still contaminated with transitions from the band structures of 84Zr, 84Nb, 83Y, and 80Sr.
A critical limiting factor in the procedure described above and confirming the transitions
at 1063 and 1207 keV is the inability to have a γ gate set on the γ ray with an energy of
673 keV due to the strongly populated αp channel 81Y. Figure 4.9 (a) shows transitions
from a γ gate set on the 673-keV γ ray. The observed coincident transitions are 965 keV,
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21/2− −→ 17/2−, 812 keV, 17/2− −→ 13/2−, 500 keV, 9/2− −→ 5/2−. A γ gate
on the 812-keV γ ray shown in Fig. 4.9 (b), shows the coincidence with 674 keV.

4.3 Discussion

The results presented above confirm the assignment of states in 84Mo up to Jπ = 6+ and
tentatively assign the γ rays with energies of 1063 and 1207 keV depopulating the 8+

and 10+ states in the yrast band, respectively. Figure 4.10 shows the yrast bands for the
even-even N = Z nuclei from the mass number 60 to 88.
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N = Z
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Zn Ge Se Kr Sr Zr Mo Ru

Figure 4.10: The evolution of the yrast states in the even-even N = Z nuclei from 60
30Zn30 to

88
44Ru44. The data is obtained from the Evaluated Nuclear Structure Data File (ENSDF) [68].

In order to explain the systematics of Fig. 4.10, it is essential to introduce the term closed-
shell nuclei. The closed shell nuclei are classified into three types; doubly closed shell
nuclei with equal numbers of protons and neutrons, doubly closed shell nuclei with N >
Z, and singly closed shell nuclei. A unique characteristic of the double-closed shell nuclei
with N = Z is that they exhibit shape coexistence. For example, shape coexistence has
been observed in 16O [78]. The simple explanation is that deformation occurs in the even-
even N = Z nuclei because the spatial overlap of the proton and neutron configurations
is maximal and it is especially the proton-neutron correlations that are generating the
deformation. Figure 4.10 shows the even-even N = Z nuclei between two closed shells,
28 and 50, which raises the question of the effect of partially filled and fully filled shells
on the excited states.



60

Systematics of the excited states shown in Fig. 4.10 shows a substantial increase in
collectivity towards the heavier nuclei and a decrease after 80

40Zr towards 88
44Ru. At N = Z

= 38, Sr, the f5/2 sub-shell is filled, and this nucleus is more collective than 80
40Zr and

88
44Ru nuclei. 72Kr has two proton and two neutron holes relative to the f5/2 sub-shell.
Therefore, it is possible to excite the 72Kr nuclei by breaking a pair of nucleons and
creating particle-hole pairs in the f5/2 orbit. However, this is not the case for 76Sr since
the f5/2 orbit is closed, and to excite the nucleus, a pair of nucleons are broken and raised
to the next sub-shell, which takes energy. For the case of 84Mo, the last four nucleons are
coupled in the g9/2 sub-shell, and to excite 84Mo a pair of nucleons can be broken in the
g9/2 orbital or raise the nucleons to the d5/2 orbital creating a particle-hole configuration,
which would require more energy. This is a simple illustration used to explain excited
states in nuclei. In reality, the excited states shown in Fig. 4.10 are a result of a complex
collective motion of multiple nucleons in different orbitals. The most common collective
modes of motion in nuclei are rotational and vibrational, which correspond to different
types of patterns of excited states observed in experiments.
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Figure 4.11: (a) Energy ratio of the 4+ and 2+ states for the even-even N = Z nuclei from 60
30Zn30

to 88
44Ru44. The horizontal dashed lines represent limits expected for pure vibrational (2.00), γ-soft

(2.50), and rotational (3.33) behavior [79]. (b) Values of ε2, the quadrupole deformation, derived
from Grodzins’ formula [80, 81] for the even-even N = Z nuclei and predictions by Möller, et al.,
for the same quantity [82].

The systematics of the low-lying excited states in the N = Z nuclei can be further
investigated and compared. One convenient way to do this is to look at the behavior
of the E(4+) and E(2+) energies and specifically their ratios. The E(4)+ and E(2+)
ratio with values of 2.00, 2.50, and 3.33 are expected for pure vibrational, γ-soft, and
rotational behavior, respectively [79]. The E(4)+/E(2+) values for 84Mo and 72Kr are
2.52 and 1.86, respectively. These values indicate a γ-soft behavior for the 84Mo nucleus
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and vibrational behavior for the 72Kr nucleus, where the shape coexistence is predicted
to exist [83]. The shape coexistence situation greatly perturbs the E(4)+/E(2+) ratio
and it has been clearly shown by Wimmer et al., [5] that 72Kr is not a vibrational nucleus,
as suggested by the E(4)+/E(2+) ratio, but is really a situation of shape coexistence
between a well deformed prolate and an oblate structures. The E(4)+/E(2+) ratios for
76Sr and 80Zr indicate rotational behavior, which suggests these systems to be deformed.
The energy of the 2+ state alone may be used to get information on the collectivity of the
nucleus based on the empirical relation of Grodzins [80, 81]

ε2 =

(
1288

A7/3E(2+)

)1/2

. (4.2)

The Grodzins’ theory is based on the assumption that the γ-ray transition probabilities
from the first excited 2+ states in the even-even nuclei exhibit a rather uniform behaviour.
Therefore, the E(2+) values may be used to estimate the quadrupole deformation (ε2) of a
nucleus in its 2+ state. The Grodzins’ procedure was also used in Refs. [74,84,85] and led
to the conclusion that while the 76Sr, and 80Zr are rather strongly deformed ( ε2 = 0.40 ),
84Mo should have a smaller deformation ( ε2 = 0.30 [74]). From Fig. 4.11 (b), the same
interpretation maybe reached. Fig. 4.11 (b) (blue line) indicates that the 72Kr nucleus is
less deformed than the other N = Z nuclei shown in this region. If the Grodzin’s theory
would be applied to the unperturbed level energies calculated in Ref. [5], then ε2 would
be close to 0.38 indicating similar deformation as for 76Sr, and 80Zr. Lastly, the Grodzins
relationship does not state the nature of the deformation, i.e., if the deformation is prolate
or oblate.

Figure 4.11 (b) (red line) shows the calculated ground state quadrupole deformation (ε2)
in the Nilsson perturbed-spheroid parameterization computations by Möller et al., [82].
Möller et al., predict oblate deformation for 72Kr, 84Mo, and 88Ru nuclei, and prolate
deformation for 60Zn, 64Ge, 68Se, 76Sr, and 80Zr. The calculated ε2 values by Möller et al.,
predict an prolate-oblate-prolate shape transition at 68Se, 72Kr and 76Sr nuclei, and another
shape transition from prolate to oblate at 80Zr and 84Mo. The lifetime measurements
performed on the 4+ and 2+ states in 72Kr, reported in Ref. [3] demonstrate oblate-prolate
shape transition at low spin in 72Kr. This observation demonstrates the rapidly evolving
nuclear shapes in this region. The theoretical investigation within the EXCITED VAMPIR
approximation with complex mean fields in Ref. [83] predicts a prolate deformation for
the N = Z 84Mo which does not agree with the suggestion by Möller et al. Theoretical
calculations by Fu and Johnson [86] suggest that 84Mo has an oblate deformed ground
state, while Ref. [87] predicts a spherical ground state with an oblate second minimum.
The different theoretical predictions are based on different ingredients in the models used,
which result in different calculated shapes.

Möller et al., predictions suggest well-deformed shapes for 72Kr, 76Sr, 80Zr, 84Mo, and
88Ru [82]. This is especially true for 76Sr, and 80Zr. The E(4)+/E(2+) ratios, however,
for these nuclei do not quite reach the values typical for rigid rotors (3.33). Similarly,
the ε2 value for 84Mo predicted by Möller et al., is in contrast with the E(4)+/E(2+)
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ratio shown in Fig. 4.11 (a). This might be indicative of the presence of mixing of states.
Mixing a 0+ ground state and an excited 0+ state with a different shape, pushes down the
0+ ground state and therefore increases the 2+ −→ 0+ γ-ray transition energy. This in
turn reduces the E(4)+/E(2+) ratio like is the case, e.g., for 72Kr. In any case, as can
be learned from this discussion, 84Mo appears to be a deformed system. Experimentally
Coulomb excitation measurement and/or a lifetime measurement of the excited 2+ state in
84Mo would be needed to quantify the degree of deformation.

Experimental data suggests strong isovector neutron-proton pairing, while the role of
the isoscalar T = 0 pairing condensate has been a subject of many discussions [31].
The spectroscopy on 84Mo performed in the present work aimed to identify potential
experimental signature of the T = 0 pairing mode by analyzing the rotational response
with increasing angular momentum in comparison to the N = Z + 2 and N = Z + 4 Mo
nuclei. Regular sequences of states with increasing angular momentum is indicative of
collective rotations. However, the Coriolis antipairing force, which is directly proportional
to the increase in rotational frequency, can break a pair of nucleons increasing the moment
of inertia and decreasing the rotational frequency [88]. This is visible as a "backbending"
for example in the moment of inertia vs. rotational frequency graphs ( see Fig. 4.12 ).
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Figure 4.12: Comparison of experimental moment of inertia against the rotational frequency for
the N = Z, N = Z + 2 and N = Z + 4 nuclei. The experimental data are from Ref. [68], except
for Z = N = 42, which is from the present work.

Figure 4.12 compares the kinematic moments of inertia of the ground state bands of the
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selected N = Z nuclei with those of the heavier isotopes with N = Z + 2 and N = Z + 4.
For example, Fig. 4.12 (c) shows smooth behavior for 84Mo up to the highest observed
rotational frequency of 0.6 MeV. This is in contrast in comparison to the two heavier
molybdenum isotopes for which the backbending occurs close to each other already around
0.45 MeV as shown in Fig. 4.12 (c). The projected shell model calculation for 84Mo
predicts backbending to occur at a critical frequency of about 0.8 MeV [76]. The goal of
the present experiment was to examine this region. The delay in backbending observed in
84Mo is consistent with observations in the other N = Z nuclei, such as 80Zr and 88Ru.
In the case of even-even N = Z 76Sr, where the ground-state band has been observed to
higher spins, a smooth backbending is observed. The delayed backbending in 88Ru (and
also in the other N = Z nuclei) has been suggested to result from T = 0 neutron-proton
pairs being more robust against the Coriolis antipairing force [29]. Furthermore, SM
calculations by Kaneko and Zhang suggest that the enhanced proton-neutron pairing in
N = Z nuclei may be evidence for the delayed crossing frequency by adding an isoscalar
component to the like-particle isovector pair field [89]. However, other experimental and
theoretical works have raised questions about the role of the isoscalar T = 0 pairing
in the N = Z nuclei [31, 90]. For example, the observed backbending in 76Sr could
be reproduced without the addition of the T = 0 pairing in the theoretical calculations
performed in Ref. [31]. Moreover, Frauendorf and Sheikh state that the observed delayed
backbending in the N = Z nuclei may be attributed to increased deformation [91].
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Figure 4.13: Systematics showing the evolution of excited states in selected Z = 38 Sr, Z = 40
Zr, Z = 42 Mo, and Z = 44 Ru isotopes. The experimental data are from Ref. [68], except for
Z = N = 42, which is from the present work.
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Figure 4.13 shows the evolution of excited states for selected isotopes with Z = 38 Sr, Z
= 40 Zr, Z = 42 Mo, and Z = 44 Ru. Notably, the energy levels of 8+ and 10+ states in
84Mo (shown Fig. 4.13 (c)) are tentatively assigned. Figure 4.13 suggests that deformation
decreases with an increase in the number of neutrons between mass numbers 76 and 88.
Systematics for the Sr isotopes, shown in Fig. 4.13 (a) indicate that 76Sr has a similar level
of deformation compared to 78Sr and 80Sr isotopes. Furthermore, Figs. 4.13 (b), (c), and
(d) suggest that 80Zr, 84Mo, and 88Ru are more deformed than the N = Z + 2 and N = Z
+ 4 isotopes. The backbending phenomenon observed in the curves of Fig. 4.13 can also be
explained by the aligned band crossing the ground-state band. Deformation is expected to
play a role in determining the point of crossing of these bands. The increased deformation
in N = Z nuclei may significantly influence the frequency at which backbending takes
place. However, this interpretation does not exclude the effect of the T = 0 proton-neutron
pairing correlations.



5 RECOIL-β TAGGING OF A = 70 NUCLEI

This chapter will present results from the fusion-evaporation reaction 40Ca(32S,pn/2n)70Br/70Kr
at beam energies of 92, 96, and 103 MeV. The experiment was performed at JYFL-
ACCLAB where the K-130 cyclotron delivered a 32S beam, impinged on a natCa target
rolled to a thickness of 0.6 - 0.8 mg/cm2, with an average beam intensity of 5 pnA. Prompt
γ rays were detected at the target position by the JUROGAM III γ-ray spectrometer. The
vacuum-mode mass separator MARA was used to separate fusion-evaporation recoils
from the primary beam and other unwanted reaction products. In addition, the JYU-Tube
detector was used at the target position to detect the fusion-evaporation charged particles.
Furthermore, ancillary detectors were placed at the MARA focal plane for recoil implanta-
tion and subsequent decay detection. The β-decay properties of 70Br and 70Kr allowed
for the utilization of the recoil-β tagging (RBT) and recoil double-β (RDBT) techniques
described in section 3.7. In addition, where possible, the experimental results will be
compared to shell-model calculations using a f5/2, p1/2, g9/2 model space with a 56Ni
core.

5.1 Previous experimental results of N = Z nucleus 70Br

The first in-beam γ-ray measurement of transitions originating from 70Br was performed
at the Max-Plack-Institut fur Kernphysik Heidelberg using a beam of 16O, accelerated to
95 MeV which was incident on an enriched 58Ni target of 5-mg.cm−2 thickness [92]. This
in-beam γ-ray experiment was performed using a setup that consisted of one EUROBALL
CLUSTER detector and three unshielded single crystal HPGe detectors. The excited 70Br
nucleus was produced through heavy-ion fusion-evaporation reactions in a p3n channel.
To identify 70Br both γ rays and evaporated particles were detected simultaneously. The
evaporated charged particles from the reaction were detected using the Rossendorf silicon
ball (RoSiB). The target was surrounded by aluminum foils to prevent scattered 16O beam
from striking the silicon detectors. The pulse-shape discrimination technique was used to
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distinguish between protons and α particles [93]. In addition, the EUROBALL neutron
wall was used to detect neutrons [94].

The second and third in-beam γ-ray spectroscopy experiments on 70Br were carried out at
Laboratori Nazionali di Legnaro (LNL), Italy and at Institut de Recherche et d’Expertise
Scientifique (IRES), France, using the GASP and EUROBALL Ge arrays, respectively [95].
The second experiment to study the structure of 70Br (produced via pn evaporation channel)
employed a 32S beam at 90 MeV from the Tandem XTU, which was used to bombard an
isotopically enriched 40Ca target with a thickness of 1 mg.cm−2 on a 14-mg.cm−2 thick
gold backing. To improve the selectivity for the pn channel, the ISIS Si-ball and liquid
scintillator detectors were mounted at the target position inside the Ge-array. The third
experiment was performed using the EUROBALL array with 15 clusters and 26 clover
composite Compton-suppressed Ge detectors coupled to the 4π charged-particle detection
device EUCLIDES [96] and to the Neutron Wall detector [94]. The 70Br nucleus was
populated with the same reaction as mentioned above, and with beam energies of 90 and
95 MeV, provided by the VIVITRON accelerator of IRES.

The fourth and fifth attempts to study the excited states in 70Br used two different reactions
[97]. The fourth experiment [97] used the fusion evaporation reaction 40Ca(32S,pn)70Br
at beam energies of 80, 85, 90, and 100 MeV provided by the 88 Inch Cyclotron at
Berkeley. The target consisted of 400-µg.cm−2 thick target foil of 40Ca with a 120-
µg.cm−2 thick layer of gold on the front and a 15-mg.cm−2 thick molybdenum backing.
The Gammasphere array and low-energy photon spectrometer planar detectors were utilized
to detect γ rays. Additionally, thirty downstream Gammasphere detector modules were
replaced with liquid scintillator neutron detectors in order to detect neutrons for reaction
channel selection. The fifth experiment to study the excited states in 70Br used the fusion-
evaporation reaction 40Ca(36Ar,αpn) with a beam energy of 145 MeV [97]. The target
thickness was 400 µg.cm2 with a 100-µgcm2 thick gold layers on the front and back.
In this experiment, Gammasphere was coupled to Microball for coincident γ-ray and
charged-particle detection.

Figure 5 in Ref. [92] shows the low-spin structure of 70Br observed from the fusion-
evaporation reaction 58Ni(16O,p3n). The proposed level scheme for 70Br presented in
Ref. [92] is significantly different from those shown in Refs. [95] and [97]. Therefore, the
proposed level scheme for 70Br from Ref. [92] will not be compared to the level schemes
from Refs. [95] and [97]. The proposed low-spin structures of 70Br as shown in Fig. 5.1
shows the experimental results from de Angelis et al., [95] and Jenkins et al., [97]. The
experiments conducted by de Angelis [95] and Jenkins [97] utilized the same reaction,
and the beam energy was nearly identical. However, despite the similarities between
these experiments the reported low-spin structures of 70Br are different. De Angelis et al.,
reported the observation of two states above the Jπ = 4+ state in the T = 1 band, with the
identification of a 963-keV γ ray and a very weak 1025-keV γ ray. However, the latter
could not be unambiguously assigned [95]. The γ rays with energies of 963 keV and 1025
keV were assigned as γ rays decaying from the 6+ and 8+ states, respectively, which were
assumed to be the T = 1 analog states in 70Se. Jenkins et al., could not observe these states
above the Jπ = 4+ state [97]. Figure 7 in Ref. [97] shows a spectrum double-γ gated on
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Figure 5.1: Low-spin level scheme for 70Br obtained from the (a) 40Ca(32S,pn) [95] and (b)
40Ca(32S,pn) and 40Ca(36Ar,αpn) reactions [97].

the 934- and 1069-keV γ rays in which the higher-lying T = 1 band transitions should be
observed, with similar energies as observed in Ref. [95]. Due to the low statistics, only
two γ rays with energies of 326 and 349 keV, which were also observed by de Angelis
et al., [95] were observed in coincidence with the double-γ gate.

Typically in the odd-odd N = Z nuclei the T = 1 band becomes non-yrast at relatively low
excitation energy. This implies that the expected population of the high-lying states within
the T = 1 band in fusion-evaporation reactions is weak (see, e.g., Refs. [8, 98]). This is
apparently the case also for 70Br. Therefore, the expected intensities for the transitions
above the Jπ = 4+ state in 70Br are low. Moreover, Jenkins et al., discuss about the
"dipole dominance" in odd-odd N = Z nuclei, which in the case of 70Br would for
example mean preferred M1 decay from the T = 1, 6+ state to a T = 0, 5+ state [97].
The theoretical basis for the expected strong dipole transitions in odd-odd N = Z nuclei
has been discussed in Ref. [99]. The underlying idea is based on a quasideuteron picture
of valence nucleons occupying j = l + 1/2 orbitals or alternatively the j = l − 1/2
orbitals. In the case of j = l + 1/2 configurations, the dipole dominance is expected,
whereas the j = l− 1/2 configurations correspondingly reduce the M1 transition strength.
Experimental evidence for such strong dipole transitions in A > 60, N = Z nuclei appears
to be fairly scarce [98, 100]. Lastly, in the SM picture the valence nucleons in 70Br occupy
the f5/2 orbital corresponding to the j = l − 1/2 configuration.
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5.2 Recoil-β tagging of the N = Z nucleus 70Br

It was found that the tagging strategy where more than one pixel was used, produced
improved statistics for 70Br, but at the same time significantly increased the level of
background (refer to section 3.7). It is possible to subtract γ-ray peaks originating from
long-lived contaminants. However, the background subtraction causes statistical fluctua-
tions in the subtracted spectrum, which makes identification of low-intensity γ rays and
weak γ-γ coincidences difficult. Therefore, the single-pixel tagging strategy was used for
the search of γ-ray transitions in 70Br.
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Figure 5.2: Recoil-gated and β-tagged γ-ray transitions (a) with 400-ms search time only (no
condition on JYU-Tube, no β-energy gate) and (b) with 240-ms search time with one charged-
particle detected in the JYU-Tube and high β-energy gate of 5 - 10 MeV. Peaks assigned to 70Br
are labelled in black, contaminant peaks from short-lived 66As are labelled in red [8] and peaks
from long-lived nuclei are indicated by dashed red lines.

The γ-ray transitions observed in 70Br in the present work using the recoil-β tagging
method are presented in Fig. 5.2. Figure 5.2 (a) shows recoil-β tagged γ-ray events using
a relatively long search time of 400 ms for the recoil-β-decay correlations (no condition
on the β-particle energy). The γ rays from 70Br can not be clearly identified in Fig. 5.2
(a), since the long-lived contaminants are dominating the spectrum mostly due to random
correlations.

Figure 5.2 (b) shows recoil-β tagged γ-ray events with shorter search time of 240 ms
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(approximately three times the half-life of 70Br), with β-energy gate of 5 - 10 MeV and
one charged-particle condition. The γ rays labelled in black in Fig. 5.2 (b) are assigned to
70Br [95,97]. In addition, γ rays from αpn channel 66As, which is a short-lived β-decaying
nucleus (t1/2 = 96 ms) with high β-decay end-point energy, are labelled in red in Fig. 5.2
(b). The singles spectrum is remarkably clean. The γ rays from the αpn channel 66As
are visible due to the M/Q ambiguity (M/Q = 70/14 ≈ 66/13 ≈ 5), but the spectrum
is dominated by the 70Br γ rays. The γ rays with energies of 321, 326, 344, 350, 403,
470, 934, 998, 1025, and 1069 keV, shown in Fig. 5.2 (b), have also been observed in the
two previous in-beam studies of 70Br [95, 97]. The γ ray with energy of 470 keV was
previously observed by de Angelis et al., decaying from the state at 3148 keV and feeding
the state at 2687 keV [95]. However, no spin and parity were assigned to these levels. The
998-keV γ ray, which was observed by de Angelis et al., [95] and Jenkins et al., [97], was
also observed in the current work. Both de Angelis et al., [95] and Jenkins et al., [97]
observed γ rays with energies of 321, 326, 344, 350, and 403 keV although the low-spin
structure presented by these two authors for 70Br contains differences as shown in Fig. 5.1.

In order to construct the level scheme for 70Br in the present work, a recoil-β tagged
γ− γ matrix was required. The γ-γ analysis initially used well-known and intense γ rays
originating from 70Br as shown in Fig. 5.2. Figure 5.3 shows the suggested level scheme
of 70Br obtained from the recent experiment carried out at JYFL-ACCLAB.

5.2.1 Band 1

The orbitals involved in particle excitations in 70Br are mainly p3/2, f5/2, p1/2, and g9/2,
as observed in the neighbouring nuclei [95]. A proton-neutron configuration, with a mixture
of the subshells mentioned above, is responsible for the T = 1, Iπ = 0+ ground state. Band
1 shown in Fig. 5.3 contains the states previously observed by de Angelis et al., [95].
Figure 5.4 (a) shows the gate on the 2+ −→ 0+, 934-keV γ-ray transition. Several γ

rays are observed to be in coincidence with the 934-keV transition, most importantly the
963-keV and 1069-keV lines, which are the candidates for the T = 1, 6+ −→ 4+, and 4+

−→ 2+ transitions, respectively. In addition, the γ ray with an energy of 1025 keV from
the 7+ −→ 5+ transition is observed. This is because Band 3 is strongly populated in this
reaction. The RDCO value (calculated using Eq. 3.21) for the 963-keV γ ray could not
be extracted due to low statistics. However, based on the comparison with the isobaric
analog states in 70Se [68], this γ ray is tentatively assigned as an E2 transition from the 6+

state and feeding the 4+ state in the T = 1 band in 70Br. Figure 5.4 (b) shows the 934-
and 963-keV γ rays in coincidence with the γ gate set on the 1069-keV γ ray. There also
appears to be a coincidence with a 1035-keV γ-ray transition, but since this γ ray was not
seen in the other coincidence gates, this transition has not been placed in the 70Br level
scheme in the present work.

Figure 5.4 (c) shows the sum of γ gates on the γ rays with energies of 934 keV, 1069 keV,
and 963 keV. A second peak is observed next to the known γ ray with energy of 1025
keV, which has an energy of 1027 keV. In addition, a γ-ray with an energy of 1151 keV is
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Figure 5.3: Level scheme of 70Br derived in the present work using the fusion-evaporation
reaction 40Ca(32S,pn) at beam energies of 92, 96, and 103 MeV. The width of the arrow corresponds
to the intensity of the transition. The intensities of the γ-ray transitions are extracted from the
recoil-β-tagged γ singles or γ-γ coincidence data. Newly assigned levels and γ-ray transition are
labelled in blue. Labelled in red are previously observed transitions (states) in Ref. [97] but have
been reassigned in this work. Previously observed transitions in Refs. [95, 97] and in the current
work are labelled in black.

observed in this sum of γ gates. Based on the comparison with the isobaric analog states
in 70Se [68], the 1151-keV γ ray is tentatively assigned to de-populate a 5144-keV, (10+)
state and to feed a 3993-keV, (8+) state, which is suggested to de-excite by the 1027-keV
γ ray and feed the 2966-keV, (6+) state within the T = 1 band in 70Br. Two new γ rays
with energies of 1182 and 1325 keV were observed in coincidence with the sum of γ gates
(934 keV +1069 keV +963 keV) shown in Fig. 5.4 (c). A search of these two γ rays in our
primary contaminant, the fast β decaying 66As and the 2p channel 70Se could not locate
them. Therefore, these two γ rays might originate from 70Br, but in the present analysis
these γ rays could not be placed in the level scheme.

The weak population of the states at 5144, 3993, and 2966 keV prevents a definitive spin-
parity assignments since the RDCO values cannot be extracted. The angular distribution
(RDCO) ratio of 1.17(4) and 1.19 (7) deduced for the 933 and 1069-keV γ-ray transitions
suggest E2 character for these transitions, which further support the 2+ −→ 0+ and 4+

−→ 2+ assignments. To summarize, based on the γ− γ analysis, angular distribution
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information (RDCO), and comparison with the isobaric analog states in 70Se [68] Band 1 is
proposed to be built on the T = 1, 0+ state including γ-ray transitions of 934 keV (2+ −→
0+), 1069 keV (4+ −→ 2+), 963 keV (6+ −→ 4+), 1027 keV (8+ −→ 6+) and 1151
keV (10+ −→ 8+).
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Figure 5.4: Recoil-β tagged and gated γ − γ coincidence spectra requiring detection of one
charged-particle in JYU-Tube and using a correlation search time of 240 ms. (a) the γ gate is set on
the 934-keV γ ray with a β-energy gate of 5-10 MeV, (b) the γ gate is set on the 1069-keV γ ray
with a β-energy gate of 4-10 MeV, and (c) sum of γ gates set on the γ rays with energies of 934,
1069 and 963 keV with a β-energy gate of 5-10 MeV. The origin of the γ rays labelled in green
could not be confirmed in the present analysis.

5.2.2 Band 2

The excited states at energies of 2352, 2678, and 3148 keV in Band 2 were previously
observed by de Angelis et al., [95]. However, Ref. [95] proposed a bandhead with energy
of 1931 keV, but was unable to assign spin-parities of the excited states in this band.
Figure 5.5 (a) shows the γ gated spectrum with a gate set on the 350-keV γ ray. Obvious
coincidences with the 326-, 470-, 934- and 1069-keV transitions can be observed. In
addition, this spectrum shows the 666-keV γ ray very weakly, which was previously
observed by both Jenkins et al., [97] and de Angelis et al., [95]. The γ gate set on the
326-keV γ ray (shown in Fig. 5.5 (b) ) shows the previously observed relatively strong
321-, 350-, 403-, 419-, 470- and 933-keV γ-ray transitions and two reasonably strong lines
at 655 keV and 1043 keV, which appear to be new. These transitions have been placed to
feed the (6+) state at 2678 keV, however, insufficient statistics prevented to extract the
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RDCO values and, therefore, spin-parity assignments have not been made for the states at
energies of 3333 and 3721 keV. Figure 5.5 (c) shows the γ gate set on the 470-keV γ-ray
transition. Both Fig. 5.5 (b) and (c) show a coincidence with a 419-keV γ ray, which has
been previously seen only in Ref. [95]. The 419-keV transition is assigned to de-excite
the 2352-keV state. Thus, the proposed bandhead of Band 2 is placed at an energy level
of 1933 keV with a tentative spin-parity assignment of 4+. The measured RDCO values
for the 326-, 350-, and 470-keV γ rays were 0.82(11), 0.79(7), and 1.23(9), respectively.
Due to insufficient statistics, the RDCO values for the γ rays with energies of 260 and 419
keV, could not be measured. However, this band is suggested to be composed of dipole
and quadrupole transitions: 419 keV, 5+ −→ 4 +, 326 keV, 6+ −→ 5+, 470 keV, 8+ −→
6+, and 260 keV, 9+ −→ 8+.
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Figure 5.5: Recoil-β tagged and gated γ − γ coincidence spectra requiring detection of one
charged-particle in JYU-Tube and using a correlation search time of 240 ms. (a) γ gate is set on
the 350-keV γ ray with a β-energy gate of 4.5-10 MeV, (b) the γ gate is set on the 326-keV γ-ray
transition with a β-energy gate of 4-10 MeV, and (c) the γ gate is set on the 470-keV γ ray with a
β-energy gate of 4-10 MeV. The origin of the γ rays labelled in green could not be confirmed in
the present analysis.

5.2.3 Band 3

Figure 5.6 (a) shows the γ rays with energies of 321, 344, 464, 596, 666, 695, 934, 998,
1025, and 1104 keV which are in coincidence with the 403-keV γ-ray transition. Jenkins
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Figure 5.6: Recoil-β tagged and gated γ − γ coincidence spectra with one charged-particle
detected in the JYU-Tube and using a correlation search time of 240 ms. (a) the γ gate is set on the
403-keV γ-ray transition with a β-energy gate of 5-10 MeV, (b) the γ gate is set on the 321-keV γ

ray with a β-energy gate of 5-10 MeV, and (c) the γ gate is set on the γ ray with energy of 1025
keV with a β-energy gate of 3-10 MeV.

et al., [97] and de Angelis et al., [95] previously observed these γ rays apart from the
464-keV γ ray. In addition, the γ ray with an energy of 596 keV was not observed by
Jenkins et al., [97]. Figure 5.6 (b) shows the γ gate set on the 321-keV γ ray. The γ ray
with energy of 464-keV is observed but with a higher intensity in Fig. 5.6 (a). Thus, the
464-keV γ-ray transition is assigned to feed the 5+ state at 1658 keV from a state at 2122
keV. The spin-parity for the state with an energy of 2122 keV is tentatively assigned as
6+. The γ gate set on the 1025-keV γ ray is shown in Fig. 5.6 (c), the 464-keV line is not
visible in this gate, which supports its assignment. Instead, the 765-keV transition, which
was observed in Ref. [97], but not in Ref. [95], is seen in coincidence with the 1025-keV
line. Figure 5.7 (a) shows the γ gate on the 344-keV γ ray. The 998-keV γ ray is not
observed in this gate since the 344- and 998-keV γ rays are feeding the same 7+ state at
2683 keV.

The γ ray with an energy of 1419 keV is observed in the 344-keV gate. The 1419-keV γ

ray was previously observed by Jenkins et al., [97]. Figure 5.7 (b) shows the γ gate set on
the 998-keV γ ray, which appears to be in anticoincidence with the 344- and 1419-keV
γ rays. The 998-keV γ gate shows coincidences with the previously observed 765-keV
γ ray [97] and a newly observed γ ray with an energy of 1338 keV, which is assigned to
feed the state at 4446 keV. The energy sum of the 998 keV + 765 keV cascade equals to
the sum of the 1419 keV + 344 keV cascade, which suggests that these cascades have the
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same initial and final states. The measured RDCO values for the 765- and 998-keV γ rays
are 0.75(2) and 1.23(8), respectively, which supports the assignment of the state at 3681
keV as 9+. Previously, this state was given an energy of 3682 keV and was assigned to
have spin-parity of 8+ [97]. The proposed 391-keV (7+ −→ 9+) γ ray that feeds the 9+

isomer (t1/2 = 2.2 s) [97] is not visible here due to the used short search time. However,
since states well above the excitation energy of the 9+ isomer are seen in the present study,
it can be expected that the excited states above the isomer are also populated trapping some
of the prompt γ-ray intensity. Based on the measured RDCO values shown in Table 5.1,
the states with energies of 1337, 1658, and 2683 keV are assigned spin-parities of 3+,
5+, and 7+, respectively. The 424-keV γ-ray transition observed in the recoil-β tagged
singles γ-ray spectrum shown in Fig. 5.2 was assigned by Jenkins et al., [97] to feed the
3+ state at 1337 keV. However, this γ-ray transition was not observed in the γ gate set on
the 403-keV γ ray, hence it is not placed in the current analysis.

The excited states with energies of 1337 keV 3+, 1658 keV 5+, and 2683 keV 7+ are
based on the πp3/2νp3/2, π f5/2ν f5/2 and πg9/2νg9/2, configurations, respectively. The
measured RDCO value for the 344-keV transition supports the dipole character. Thus, the
state 3027 keV is suggested to be an 8+ state and can be identified as a non-collective
9/2[404]π7/2[413]ν⊗ 7/2[413]π9/2[404]ν bandhead according to Ref. [97].
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Figure 5.7: Recoil-β tagged and gated γ − γ coincidence spectra requiring detection of one
charged-particle in JYU-Tube and using a correlation search time of 240 ms. (a) the γ gate is set
on the 344-keV γ-ray transition with a β-energy gate of 4-10 MeV, and (b) the γ gate is set on the
998-keV γ-ray with a β-energy gate of 4-10 MeV. The origin of the γ rays labelled in green could
not be confirmed in the present analysis.
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5.2.4 Band 4

Figures 5.8 (a) and (b) show γ gates set on the 1025- and 1104-keV γ rays, respectively,
and the observed coincident γ rays. Figure 5.8 (b) shows a newly observed γ ray with
energy of 886 keV feeding the excited state at 2762 keV. Figure 5.8 (a) supports the
placement of the γ rays with energies of 886 and 1104 keV in the level scheme as γ

rays feeding the excited 5+ state at 1658 keV since these are not observed in this γ gate.
The measured RDCO value for the 1104-keV γ ray is 1.17(7), which supports the an E2
character. However, the RDCO value for the 886-keV γ ray could not be measured due to
statistical limitations. The levels at 2762 keV (7+) and 3748 keV (9+) are relatively close
in energy to the 7+ and 9+ states in Band 3.
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Figure 5.8: Recoil-β tagged and gated γ − γ coincidence spectra requiring detection of one
charged-particle in JYU-Tube and using a correlation search time of 240 ms. (a) the γ gate is set
on the 1025-keV γ ray with a β-energy gate of 3-10 MeV, and (b) the γ gate is set on the 1104-keV
γ ray with a β-energy gate of 4-10 MeV.

The current work established the level scheme of the odd-odd N = Z nucleus 70Br for the
first time using the recoil-β tagging method and most importantly, this work proposes new
transitions in the T = 1 band above the Jπ = 4+ state. A number of γ rays could not be
placed in the level scheme due to insufficient statistics. In addition, the angular distribution
information (RDCO) for all the γ rays placed in the proposed level scheme of 70Br shown
in Fig. 5.3 could not be measured due to inadequate statistics. The RDCO results for the
measured γ rays are shown in Fig. 5.9. The results from the 40Ca(32S,pn)70Br experiment
are summarized in Table 5.1.
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Table 5.1: The prompt γ-ray transitions measured for odd-odd 70Br from the fusion-evaporation
reaction 40Ca(32S,pn) at beam energies of 92, 96, and 103 MeV. The energy of the γ ray (Eγ),
relative γ-ray intensity normalized to the 2+ −→ 0+ transition, initial level energy (Ei), final
level energy (E f ), assigned spin and parity of the initial and final levels (Iπ

i and Iπ
f ) and angular

distribution information (RDCO) are listed.

Eγ [keV] I% Ei [keV] E f [keV] Iπ
i Iπ

f RDCO

260(1) <10.0 3408 3148 (9+) 8+

321(2) 62.5 1658 1337 5+ 3+ 1.15(4)a

326(1) 24.4 2678 2352 6+ 5+ 0.82(11)b

344(1) 25.7 3027 2683 8+ 7+ 0.77(4)a

350(1) 23.2 2352 2003 5+ 4+ 0.79(7)c

403(2) 63.9 1337 934 3+ 2+ 0.88(4)
419(2) 14.2 2352 1933 5+ 4+

464(1) 8.3 2122 1658
470(1) 15.3 3148 2678 8+ 6+ 1.23(9)b

595(2) 9.5 1933 1337 (4+) 3+

655(1) <10 3333 2678 (8+) 6+

666(2) <10 2003 1337 4+ 3+

695(2) 9.6 2352 1658 5+ 5+

765(1) 16.6 4446 3681 10+ 9+ 0.75(2)d

886(2) 13.2 3648 2762
934(2) 100.0 934 0 2+ 0+ 1.17(4)
963(2) 11.2 2966 2003 6+ 4+

998(2) 19.0 3681 2683 9+ 7+ 1.23(8)d

999(2) 6.3 1933 934 (4+) 2+

1025(3) 18.2 2683 1658 7+ 5+ 1.21(4)a

1027(3) 11.6 3993 2966 (8+) (6+)
1043(2) <10.0 3721 2678 (8+) 6+

1069(3) 44.6 2003 934 4+ 2+ 1.19(7)c

1104(2) 15.2 2762 1658 7+ 5+ 1.17(7)a

1151(2) <10 5144 3993 10+ 8+

1338(3) 14.2 5784 4446 12+ 10+

1419(3) 14.8 4446 3027 10+ 8+
a Gate on 403 keV
b Gate on 350 keV
c Gate on 934 keV

d Gate on 1025 keV
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Figure 5.9: Experimentally measured angular distribution (RDCO) values for several transitions
from 70Br using Eq. 3.21. The blue lines (pink lines are the errors) shows the average RDCO of
1.20(3) and 0.80(2) for quadrupole and dipole transitions.

5.3 Shell-model calculations for N = Z nucleus 70Br

The two-quasi-particle-rotor model (TQRM) [101] was used in the previous study of
70Br, where both the collective even-even core and two quasi-particles were explicitly
treated [97]. In the TQRM, the core was modeled as an axially symmetrical or triaxial
system, constrained to a single rigid shape, which does not allow for shape-coexistence or
softness. The TQRM was able to accurately describe N = Z + 4 nuclei without the need
for any residual proton-neutron (np) interaction. For odd-odd 70Br, Ref. [97] showed that
the inclusion of the proton-neutron residual interaction in TQRM calculations improved
the agreement with the experiment. However, it was emphasized in Ref. [101] that the
np pairing investigations in 70Br are complicated by the shape coexistence and shape
mixing phenomena affecting to the low-spin level scheme. The current experiment yielded
much-needed information for the low-spin structure of 70Br. Thus, new SM calculations
were performed using 56Ni as the core.

The SM calculations in this study utilized the f5/2, p1/2, g9/2 model space for protons
and neutrons, with a 56

28Ni28 as inert core [102]. The effective Hamiltonian’s two-body
matrix elements were derived from the charge-dependent Bonn nucleon-nucleon potential
(CD-Bonn NN potential) using many-body perturbation theory [107]. The low-momentum
potential V low−k approach was used to renormalize the matrix elements [103], along with
a Coulomb term for proton-proton interactions. It is important to note that the V low−k

approach contains less information than the full NN potential and is energy-independent.
Single-neutron and single-proton energies were obtained from experimental energy spectra
of 57Ni and 57Cu, respectively, when possible, to account for the implicit effects of three-
body forces on single-particle energies. For more information on the SM calculation
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procedure, see Refs. [104–107] and references therein.

2 4 6 8 10
-150

-100

-50

0

50

Q
s

2

Spin [J]

 70Br
 70Se

O
bl

at
e

P
ro

la
te

Figure 5.10: Spectroscopic quadrupole moments obtained from SM calculations as a function of
spin for the low-lying T = 1 states in 70Br and 70Se [102].

Information on quadrupole collectivity and nuclear deformation can be obtained from
reduced transition strengths, B(E2) values. Electromagnetic transition strengths for the
2+ −→ 0+ transition in the ground-state band have been measured for several even–even
N = Z nuclei in the region; 64Ge [108], 68Se [109], 72Kr [110], 76Sr [111], and 80Zr [11].
These studies indicate a rapid increase in collectivity for the even-even nuclei between
68Se and 72Kr. Increase in collectivity is closely related to the potential evolution of
nuclear deformation. Figure 5.10 shows the SM calculated spectroscopic quadrupole
moments (Qs[emf2]) as a function of spin for the low-lying states in N = Z, 70Br and
N = Z + 2, 70Se [102]. Despite the challenge of theoretically describing odd-odd N = Z
systems, the current SM calculations show relatively good agreement with the available
experimental data for the 2+ −→ 0+ transitions in 70Br and 70Se [6, 112]. It should be
noted that, while the earlier reports claimed prolate deformation for the first 2+1 state in
70Se [113], recent evidence presented in Refs. [6, 112, 114] suggests that the 2+1 state
in 70Se is oblate deformed. The newly calculated Qs values shown in Fig. 5.10 are in
agreement with Ref. [112] that the 2+1 and 4+1 states in 70Se are oblate deformed. However,
Ref. [112] suggests a prolate shape for the 6+1 state, while the calculated values indicate
a sudden shape change from oblate to prolate deformation from the 6+1 state to the 8+1
state, as illustrated in Fig. 5.10. The measured B(E2; 2+ −→ 0+) values for 70Br and
70Se, reported in Ref. [6], in addition to the lifetime measurements reported in Ref. [13],
suggest similar structures for these nuclei at low-spin. This observation is in agreement
with the calculated spectroscopic quadrupole moments for the low-spin states in 70Br and
70Se, shown in Fig. 5.10.

Figure 5.10 indicates the presence of an oblate-prolate coexistence in 70Br and 70Se. For
the Jπ = 2+, 4+, 6+ states, the quadrupole moments are predicted to be positive, indicating
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Table 5.2: Experimental level energies for T = 1 band in 70Br and 70Se compared to the
large-scale shell-model calculations [102].

Jπ
70Br 70Se

Energy Level Exp [MeV] Energy Level Th [MeV] Energy Level Exp [MeV] Energy Level Th [MeV]
0+ 0 0 0 0
2+ 0.934 0.827 0.944 0.898
4+ 2.003 1.871 2.038 1.942
6+ 2.966 3.225 3.003 3.282
8+ 3.993 4.008 4.037 4.063

10+ 5.144 4.604 5.205 5.369

oblate deformation. For the higher-spin analog states with Jπ>6+, the prolate shapes are
predicted to dominate, but the currently available experimental data does not allow to
verify this. Comparison of the experimental isobaric analog level energies in 70Br and
70Se show that these are similar, as can be expected based on the mirror symmetry. This
indicates that the shape evolution in 70Br and 70Se remains similar. The analysis of the
structure of the investigated states in 70Br reveals that the proposed T = 1 band is similar
to the well-known isobaric analog states in 70Se. Lastly, Table 5.2 shows experimental and
theoretically predicted level energies in 70Br and 70Se. The theoretically predicted level
energies of the low-lying states are in relatively good agreement with the experimental
values apart from the Jπ = 10+ state in 70Br, where the theory underestimates the state by
about 600 keV.

5.4 Coulomb energy differences for A = 70

Table 5.2 shows the experimental and theoretical level energies of the T = 1 band in 70Br
as well as the level energies of the analog states in 70Se. The resulting Coulomb energy
differences (CED) between the analog states are shown in Fig. 5.11, without theoretically
predicted value for the Jπ = 10+ state due to the underestimation of the level energy for
70Br. The present work confirms the unique negative behaviour of the CED observed so
far only within the A = 70 pair [8, 12, 19, 23]. Although, the theoretically predicted CED
values are not particularly close to the experimental values, the general trend is similar,
i.e., negative.

The CED values between the odd-odd N = Z and even-even N = Z + 2 pairs with
mass A = 62, 66, 74 and 78 all show positive trends as a function of spin. This has been
attributed to result from the interplay of Coulomb multipole effects and alignment of
valence nucleons when angular momentum is generated. In the alignment process, the
overlap of the valence nucleon wave functions reduces, which influences the excitation
energies of the states. The effect on the level energies depends on the type of the nucleon
pair, which is aligning. The typical argument, which is also supported by some theoretical
calculations (see, e.g., Ref. [2]), is that there are more proton-proton pairs in the N = Z
+ 2 member than in the odd-odd, N = Z member. The proton-proton pairs experience
reduction in the Coulomb energy as the wavefunction overlap reduces, which is then
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reflected as reduced excitation energies in comparison to the analog states in the N = Z
system. Therefore, positive CED trends are expected and also experimentally observed in
the most cases.
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Figure 5.11: Coulomb energy differences (EIπ

x (Tz= 0) - EIπ

x (Tz = 1)) between isobaric analog
states in 70Br and 70Se nuclei as a function of the spin (J). Experimental CED data is shown in red,
present shell-model calculation in black and calculations by Kaneko et al., in blue (obtained from
Ref. [19]).

The emergence of the negative CED trend for the A = 70 pair started to attract interest
immediately when the first T = 1 states in 70Br were identified [95]. One suggestion given
in Ref. [95], was based on the argument of extended proton radius for the drip-line nucleus
70Br, which would lead to reduced Coulomb repulsion as the proton wave function would
be spatially extended. However, this kind of Thomas-Ehrman shift type of an effect would
be expected to be seen also in the other medium-heavy N = Z systems, but such evidence
does not exist. Ref. [12] discusses the anomalous negative CED trend for the mass A =
70 pair resulting from shape changes between 70Br and 70Se, without providing detailed
theoretical support for this claim. However, more detailed theoretical analysis based on the
complex excited VAMPIR calculations reported in Ref. [115] reached similar conclusion.
In Ref. [115] the anomalous CED trend at A = 70 was demonstrated to result from different
shape mixing behavior of the 70Br and 70Se excited states. According to the calculation,
the oblate shapes were more dominant in 70Se than in 70Br. This, obviously, stands in
contrast to the shell model calculations and conclusions presented in the previous section,
which suggest nearly identical shapes for 70Br and 70Se at low spin. Third explanation
is provided by Kaneko et al. in Ref. [19]. Their shell-model calculations using JUN45
interaction correctly produce the negative CED for the mass A = 70 pair with nearly
static oblate deformation for 70Se (and presumably for 70Br as well) up to Jπ = 6+. The
anomaly was demonstrated to be due to enhanced neutron excitations (and reduced proton
excitations) from the f p shell to the g9/2 orbital resulting from the electromagnetic spin-
orbit interaction, which alters the neutron and proton single-particle orbitals in opposite
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directions. As can be observed from Fig. 5.11, the calculation by Kaneko et al., containing
contributions from the Coulomb monopole, multipole and spin-orbit terms, reproduces the
experimental data well. From the present shell-model calculations such a detailed analysis
on the microscopic structure cannot be made, but these calculations also point to the fact
the evolving shapes are not the main contributor for the negative CED at A = 70.

5.5 Recoil double-β tagging of 70Kr

The level structure of 70Kr has been studied earlier at JYFL-ACCLAB using the RITU gas-
filled separator (designed primarily for heavy element studies) [116] and the JUROGAM II
Ge-detector array [10]. Based on the comparison to the other members of the A = 70
isobaric triplet (70Br and 70Se), in Ref. [10] γ rays with energies of 870(1) keV and
997(1) keV were tentatively assigned to represent the 2+ → 0+ and 4+ → 2+ transitions
in 70Kr, respectively. More recently the excited states in 70Kr have been populated using
one- and two-neutron removal and inelastic scattering reactions at RIKEN [4]. Based
on this study the γ-ray energies of the 2+ → 0+ and 4+ → 2+ transitions in 70Kr were
reported to be 884(4)(5) keV and 1029(14)(5) keV, respectively. Hence, there is an apparent
disagreement between the two recent results presented in Ref. [10] and [4], which can not
be explained by the fairly large energy resolution of the DALI 2 scintillator array used in
Ref. [4].

Figure 5.12 (a) shows a recoil-gated and β-tagged JUROGAM III γ ray spectrum with a
recoil-β correlation time of 260 ms, β-particle energy gate of 5 - 10 MeV, and requiring
one detected proton in JYU-Tube. The resulting γ ray spectrum shows known transitions
originating from 66As [8] and 70Br, which are all labelled with their γ-ray energies in gray.
In Fig. 5.12 (b), the same recoil-β correlation conditions are used as in panel (a), but now
requiring detection of zero charged particles in JYU-Tube and correlation time of 90 ms.
Since the JYU-Tube veto efficiency for one proton is approximately 70%, the 66As and
70Br γ-ray lines leak through to the charged-particle vetoed spectrum shown in Fig. 5.12
(b). However, owing to the charged-particle veto condition, two γ-ray peaks at energies of
881(1) and 1036(2) keV, marked with the red dashed vertical lines, become visible in Fig.
5.12 (b). These γ rays are potentially originating from 70Kr (2n channel). The candidate
881- and 1035-keV γ rays are within the uncertainties of the 1029(14)(5) keV, 4+ −→ 2+

and 884(4)(5) keV, 2+ −→ 0+ transitions reported in Ref. [4]. To unambiguously identify
the 70Kr γ-ray transitions in the present work, the recoil-double-β tagging (RDBT) method
was employed, as described in section 3.7. The 45.19(14)-ms [117], 70Kr −→ 70Br β

decay, followed by the 78.42(51)-ms [118], 70Br −→ 70Se β decay provides a clean tag
for the identification of γ rays originating from 70Kr. This method has been applied in Fig.
5.12 (c), where, in addition to the charged-particle veto, the correlation times and β-energy
thresholds for the first and second β decay are 90 ms, 260 ms, 5 - 10 MeV, and 0.8 - 10
MeV, respectively. As shown in Fig. 5.12 (c), the RDBT method yields two γ-ray lines
at the same energies as identified in the panel (b) of Fig. 5.12. In addition, more strict
double-β correlation conditions of 70 ms, 190 ms, 5 - 10 MeV and 2 - 10 MeV are applied
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Figure 5.12: (a) Recoil-β tagged γ rays with search time of 260 ms, β-energy gate of 5 - 10 MeV
and with one detected proton in JYU-Tube. (b) same as (a), but requiring detection of 0 protons
in JYU-Tube and a search time of 90 ms. (c) recoil-β− β correlated γ rays with charged-particle
veto leading to identification of candidate γ rays in 70Kr. The correlation conditions for the first
β decay are 90 ms and 5 - 10 MeV, while for the second β decay these are 260 ms and 0.8 - 10
MeV. (d) same as (c), but with stricter correlation conditions of 70 ms, 190 ms, 5 - 10 MeV and 2 -
10 MeV. The gray labelled γ rays in panels (a) and (b) are known transitions from 66As and 70Br.
This data is from the fusion-evaporation reaction 40Ca(32S,xαypzn) at beam energies of 92, 96, and
103 MeV. The red dashed vertical lines represent position of γ rays that are potentially originating
from 70Kr (2n channel).

in Fig. 5.12 (d), only two γ-ray events are observed at an energy of 881(1) keV, which is
therefore assigned as the 2+ −→ 0+ transition in 70Kr. The γ ray with energy of 1036(2)
keV observed in Fig. 5.12 (c) is tentatively assigned as the 4+ −→ 2+ transition. Both the
1036(2)- and 881(1)-keV γ rays agree within uncertainty with the previously measured 4+

−→ 2+ and 2+ −→ 0+ transitions in Ref. [4]. However, the γ ray energies measured in
the current work provide more accurate excitation energy values for the 2+ and 4+ states.

Table 5.3 compares the experimental MED and TED values with the results obtained
from SM calculations performed with the JUN45 interaction in the f5/2, p1/2, g9/2 model
space [119]. The SM calculations include an isospin non-conserving (INC) interaction
with an isotensor (βJ=0

2 = βpp + βnn - 2βpn) strength of 100 keV, and isovector (βJ=0
1
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Table 5.3: Experimental mirror and triplet energy differences for the 2+ and 4+ states in the mass
A = 70 triplet compared to the predictions obtained from the SM calculations with (w) and without
(w/o) the INC interaction [10]. The SM calculations were performed with the JUN45 interaction in
the f5/2, p1/2, g9/2 model space [119].

Iπ
i −→ Iπ

f Eγ

Experimental Theoretical

MED [keV] TED [keV]
MED [keV] TED [keV]

SM w INC SM w/o INC SM w. INC SM w/o INC

2+ −→ 0+
870a -74.5 -53.5

-70 -50 -68 -24884(6)b -60.5 -39.5
881(1)c -64.5 -43.5

4+ −→ 2+
997a -171.8 -100.2

-132 -90 -116 -481029(15)b -125 -54.2
1036(2)c -123.8 -52.2

a from Debenham et al., [10],
b from Wimmer et al., [4],
c Current work

= βpp - βnn) strength of 300 keV, along with the multipole term, monopole term, and
single-particle energy shifts due to the electromagnetic spin-orbit interaction [119]. Further
details on the SM calculations can be found in Refs. [119–121] and references therein.
Table 5.3 also compares the derived MED and TED values for the 4+ and 2+ states from
Debenham et al., [10], Wimmer et al., [4], and the current thesis. The values for the
theoretical MED and TED are adopted from Ref. [119]. It is found that the magnitude of
the MED for the 2+ −→ 0+ transition from our work agrees better with the theoretical
prediction which includes INC. The difference between the proposed energies of the γ

rays for 70Kr reported in Ref. [10] and [4] is naturally reflected in the calculated TED and
MED. Considering the level energies for the 2+ state from Ref. [10], one can see that the
MED calculation agrees better with the experimental values when the INC interaction is
included. Interestingly, for the mass A = 74 mirror pair, the agreement between theory and
experiment is better without the INC term, see Fig. 4 in Ref. [10]. In the case of TED, for
the both A = 70 and A = 74 triplets agreement between theory and experiment is improved
only for the 4+ states if the INC correction is not applied [10]. The negative trend of the
MED for A = 70 is explained by the significant spin-orbit contribution in A = 70 [119].
The calculated values shown in Table 5.3 indicate that the multipole, monopole, and
spin-orbit terms alone are insufficient to explain the experimental observations. The INC
interaction is clearly necessary for reproducing the observed TED, as has been observed in
the case of the lighter triplets.

The predicted values for TED are much smaller than the experimental data, although they
correctly indicate negative spin-dependent trends, as shown in Table 5.3. The negative
trends of the TED indicate that the excitation energy of the odd-odd T = 1 states must
be larger than the average excitation energy of the Tz = ±1 analogue states. As outlined
in Ref. [2], the consistent negativity of TED values stems from their dependence on the
isotensor component of the two-body interaction (Vpp + Vnn − 2Vnp). The decrease in
TED with increasing spin can be attributed to two factors: (i) the number of np pairs in
a given analogue state is greater in the odd-odd N = Z nucleus compared to the two
even-even nuclei (nn/pp), and (ii) the positive Coulomb isotensor interaction becomes
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weaker relative to the ground state with increasing in spin (J).



6 RECOIL-β TAGGING OF YTTRIUM 78

This chapter presents the experimental results regarding the study of the N = Z, 78Y
nucleus performed at JYFL-ACCLAB. Transitions assigned to 78Y have been identified
using the recoil-β tagging method (RBT). Excited states in 78Y were populated using the
fusion-evaporation reaction 40Ca(40Ca, pn), with a beam energy of 120 MeV provided
by the K-130 cyclotron and was incident on a natCa target of 0.6 - 0.8-mg.cm2 thickness,
with an average beam intensity of 5 pnA. The experiment was carried out utilising the
JUROGAM III γ-ray spectrometer coupled to the vacuum-mode mass separator MARA.
The JYU-Tube detector was used at the target position for the detection of the fusion-
evaporation charged particles. Other ancillary detectors installed at the MARA focal
plane were used for recoil implantation and the subsequent decay detection. The PACE4
calculated cross-section value for the pn channel for this reaction is shown in Table 3.1.
The Fermi superallowed β-decay properties of 78Y (T1/2 = 55(12) ms and QEC = 10.54
MeV [122]) allowed for the utilization of the RBT method to associate prompt γ-ray
transitions with the implanted 78Y recoils in the DSSSD at the MARA focal plane. The
experimental Coulomb energy differences for the A = 78 (78Y/78Sr) pair will be compared
to A = 66, 70 and 74 pairs. In addition, Coulomb energy differences for A = 78 will be
compared with shell-model calculations.

6.1 Previous experimental results of N = Z nucleus 78Y

The odd-odd 78Y was previously studied using in-beam γ-ray spectroscopy. This experi-
ment utilized the fusion-evaporation reaction 40Ca(40Ca,pn) at JYFL-ACCLAB with beam
energies of 118 and 121 MeV [12]. The natCa target was ∼1-mg/cm2 thick. Prompt γ rays
originating from the decay of excited states in 78Y were detected using the Jurogam II Ge-
array, while most of the unreacted primary beam was separated from the nuclei of interest
using the RITU gas-filled recoil separator [116]. At the RITU focal plane, the GREAT
spectrometer [123, 124] consisting of a silicon detector (DSSSD), planar germanium (Ge)
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detector, and a gas counter was used to detect the incoming reaction products and correlate
them with any subsequent radioactive decays. The combination of the DSSSD and planar
Ge detectors acted as a ∆E-E telescope for the detection of high-energy β decay events
at the focal plane. The γ rays from the pn channel 78Y were identified using the recoil-β
tagging (RBT) method (see section 3.7).

Ref. [12] identified three γ-ray transitions originating from the decay of excited states in
78Y with energies of 281, 506, and 615 keV (see Fig. 1 (a) in Ref. [12]). The 281-keV γ

ray was assigned as the 2+ −→ 0+ transition and the 506-keV γ ray was assigned as the
4+ −→ 2+ transition in 78Y. The γ ray with an energy of 615 keV was not assigned as
the 6+ −→ 4+ transition in the T = 1 band of 78Y because this would have resulted in a
relatively large negative CED value at the 6+ state compared to the small positive CED
values for the 2+ and 4+ states. Such a dramatic change from positive to negative in the
CED value has not yet been observed experimentally for the other known cases or from
theoretical predictions (see, e.g., Refs. [8, 12, 95, 125, 126] and references therein). It is
possible that the 615-keV γ ray may be a transition from a T = 0 state to the T = 1 band
in 78Y.

Another experiment to investigate the excited states in the odd-odd 78Y nucleus was carried
out at the National Superconducting Cyclotron Laboratory (NSCL) of the Michigan State
University [11,127]. This experiment employed a 92Mo primary beam that was accelerated
by the K500 and K1200 cyclotrons to an energy of 140 MeV/nucleon, as reported in
Refs. [11, 127]. The secondary beam was produced via fragmentation on a 802-mg/cm2

thick 9Be target and consisted of ∼ 0.9% 81Zr, ∼8.5% 80Y, ∼26.8% 79Sr, ∼43.3% 78Rb,
and ∼18.9% 77Kr. The 78Y nuclei were populated through the 80Y secondary beam via the
two-neutron knockout reaction on a 188-mg/cm2 thick 9Be target. The time-of-flight (ToF)
and energy-loss measurements were used to separate 78Y from the other knockout reaction
products and the secondary beam, with position and angle dependence corrections based
on ion-track information from the S800 spectrometer [128]. The Gamma-Ray Energy
Tracking In-beam Nuclear Array (GRETINA) [129] was used to detect γ rays from the
reaction products at the secondary target position. Details on the experimental procedure
can be found in Refs. [11, 127] and references therein. The obtained γ-ray spectrum for
78Y from the NSCL study is shown in Fig. 6.1.

Llewellyn et al., assigned the γ rays with energies of 284 and 506 keV as the 2+ −→
0+ and 4+ −→ 2+ transitions in the T = 1 band of 78Y, respectively. The energy values
for the 2+ and 4+ states in the T = 1 band of 78Y reported in [11, 127] agrees with the
values reported in Ref. [12] within uncertainty values. In addition, three other γ rays with
energies of 217, 252, and 559 keV were observed as shown in Fig. 6.1. Due to the low
statistics in this experiment, it was unclear whether these γ rays were feeding the 2+ or 4+

states in 78Y [11, 127]. However, the clean reaction product identification achieved in the
NSCL experiment suggested that the 217-, 252-, and 559-keV γ-ray peaks are genuine
decays of excited states in 78Y.

Lastly, Ref. [130] investigated the decay of odd-odd N = Z, 78Y nucleus produced in a
fusion-evaporation reaction 40Ca(40Ca,pn) at a beam energy of 125 MeV using the ATLAS
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Figure 6.1: The Doppler-corrected γ-ray spectrum for 78Y, corrected with a mid-target recoil
velocity of βmid = 0.3 and assuming a mid-target average decay position to enhance any faster
decays. The peak at 284 keV is the 2+ −→ 0+ transition. The 506 keV peak is the 4+ −→ 2+

transition, while the remaining peaks are unidentified γ rays. This work was carried out at the
National Superconducting Cyclotron Laboratory facility at Michigan State University [11, 127].

accelerator at Argonne National Laboratory. Recoiling reaction products were separated by
the fragment mass analyzer (FMA) according to their M/Q value before being implanted
into the moving tape station. Two large Ge detectors were placed on each side of the tape
station for the detection of β-delayed γ rays. The experiment identified a β-decaying
isomeric state with a half-life of 5.8(6) s and suggested that this isomeric state is located
within 500 keV from the 0+ ground state of 78Y. Based on the population of the 4+ and 6+

levels in the daughter nucleus 78Sr, the isomer was assigned to have spin and parity of 5+.

6.2 Recoil-β tagging of N = Z nucleus 78Y

In the present work, the search for γ rays originating from 78Y was performed using the
recoil-β tagging technique (see details on the RBT method in section 3.7). In addition,
γ− γ coincidence analysis was performed. Figure 6.2 (a) shows recoil-gated and β-decay
correlated singles γ-ray spectrum with 500-ms search time, with no conditions on the
charged-particle detector, and no β-energy gate. This histogram contains γ rays from
the long-lived strong reaction products, which can be removed using more strict β-decay
correlation conditions owing to the β-decay properties of 78Y (T1/2 = 55(12) ms and QEC
= 10.54 MeV [122]).

Figure 6.2 (b) shows an identical spectrum as panel (a), but with a requirement that one
charged-particle is detected in the JYU-Tube detector and with the condition that the
β-decay event takes place within 155 ms after the recoil implantation. Figure 6.2 (b) is still
dominated by the strong evaporation channels, and there is also substantial contamination
from the αpn channel 74Rb, which has a 0+ ground state that β decays with a half-life
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Figure 6.2: Recoil-gated and β-decay correlated γ-ray transitions with (a) 500-ms search time,
no conditions on the charged-particle detector, and no β-energy gate. (b) same as (a) but with one
charged-particle detected in JYU-Tube and 155-ms search time. (c) same as (b) but with β-energy
gate of 5 - 10 MeV. Peaks assigned to 78Y are labelled in black, the source for peaks labelled in
green is not identified, while the peaks from short lived 74Rb are labelled in red. The positions of
the peaks originating from the long-lived contaminant nuclei are indicated by dashed red lines.

of 65 ms and QEC of 10 MeV [131, 132]. Figure 6.2 (c) shows the same spectrum as in
panel (b), but the β-decay event must have an energy greater than 5 MeV detected in the
position-sensitive plastic scintillator behind the DSSSD. The ratio of the 478 keV peak
from 74Rb and 282 keV peak from 78Y changes from ∼1.75 to ∼1.30 from Fig. 6.2 (b)
to (c). In addition, the γ rays from the long-live charged-particle channels are basically
eliminated. The γ-ray lines from the αpn channel are still present owing to the similar
β-decay characteristics of 78Y and 74Rb, and M/Q ambiguity.

In Fig. 6.2 (c), the γ rays with energies of 282, 296, 380, 505, and 714 keV have
been assigned to the decays of excited states in 78Y. It is worth noting that the 282- and
505-keV γ rays were previously assigned to the 2+ −→ 0+ and 4+ −→ 2+ transitions,
respectively [11, 12]. On the other hand, the γ rays with energies of 218, 443, 478, 519,
575, and 625 keV are attributed to the odd-odd 74Rb nucleus, which is visible due to the
M/Q overlap and Fermi superallowed β-decay nature [133]. Interestingly, Llewellyn
et al., assigned a γ ray with an energy of 217(20) keV to 78Y without providing the state
from which this γ ray is decaying [127]. In the present analysis, by placing a γ gate on the
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Figure 6.3: Recoil-β tagged and gated γ− γ coincidence spectrum requiring detection of one
charged-particle in JYU-Tube with a γ gate set on 218 keV, with a β-energy gate of 3-10 MeV and
using a correlation search time of 155 ms.

218-keV γ-ray transition, coincident transitions from the 74Rb nucleus were observed, as
shown in Fig. 6.3. Therefore, the γ ray with an energy of 218 keV in this thesis is assigned
as the 4+ −→ 3+ (between states at 1223 and 1005 keV) transition in 74Rb. Figure 6.4
shows the proposed level scheme for 78Y obtained in the current work.

Figure 6.5 (a) shows a γ gate set on the 282-keV γ ray, confirming coincidence with the
previously observed 505-keV γ ray , which is assigned as the 4+ −→ 2+ transition in
the T = 1 band in 78Y. The measured RDCO values for the 282- and 505-keV γ rays were
1.34(11) and 1.37(10), respectively, supporting the assignment that these are quadrupole
transitions. A γ ray with an energy of 260 keV was also observed in coincidence with the
282-keV γ ray. A 560-keV γ ray was also observed in coincidence with the 282-keV γ

ray. This energy is very close to the previously observed 558.6(16)-keV γ ray reported in
Ref. [127], suggesting that they may be same γ ray. The level from which the 560-keV γ

ray decays is tentatively assigned a spin-parity of 4+ based on the obtained RDCO value.

In addition, γ rays with energies of 380 and 811 keV are observed in coincidence with
the 282-keV γ ray, as shown in Fig. 6.5 (a). The measured RDCO value for the 380-keV γ

ray is 1.20(13), which supports an E2 character. Therefore, the excited state at 662 keV is
tentatively assigned a spin-parity of 4+. However, due to insufficient statistics, the RDCO
value for the 811-keV transition could not be measured.

Figure 6.5 (b) shows four new γ rays that are observed in coincidence with the 505-keV
γ-ray transition. These γ rays have energies of 347, 483, 714, and 917 keV. The 483-keV
γ ray is suggested to feed the 4+ state at 787 keV from a tentatively assigned 5+ state
with an energy of 1270 keV, based on the measured RDCO value of 0.69(5). The measured
RDCO value for the 714-keV γ ray is 1.19(1) which supports the assignment of the state
at 1501 keV as 6+. The 714-keV γ ray is very close to the energy of the analog 6+ −→
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Figure 6.4: The level scheme of 78Y was derived from the fusion-evaporation reaction 40Ca(40Ca,
pn), with a beam energy of 120 MeV. The width of the arrow corresponds to the intensity of the
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γ-ray transitions observed in the JUROGAM III Ge-array are extracted from recoil-β-tagged γ

singles data or γ-γ data with 1-10 MeV β-energy gate (see Table 6.1).

4+ transition in 78Sr, which supports the T = 1, 6+ −→ 4+ assignment in 78Y for this
transition. The 347- and 917-keV γ rays are not seen in the γ gate set on the 282-keV γ

ray, therefore they have not been placed placed in the level scheme.

Furthermore, γ rays observed in coincidence with the γ gate set on the 714-keV γ ray
provide additional support for its T = 1, 6+ −→ 4+ assignment in 78Y as shown in
Fig. 6.5 (c). Specifically, the γ gate set on the 714-keV γ ray shows coincidences with the
505 keV, 4+ −→ 2+ and 282 keV, 2+ −→ 0+ transitions, as illustrated in Fig. 6.5 (c). In
addition, two new γ rays with energies of 377 and 815 keV are observed in coincidence
with the 714-keV γ-ray transition, as shown in in Fig. 6.5 (c). The 377-keV transition was
also observed in coincidence with the 505-keV transition, therefore, the 377-keV transition
is suggested to feed the tentative 6+ state at 1501 keV. The observed strong coincidence
between the 282- and 380-keV transitions, in addition to the observed shift in energy,
imply that the 377- and 380-keV transitions depopulate two different levels in 78Y. Due to
limited statistics, the RDCO values for the 377- and 815-keV γ rays could not be measured.
Figure 6.5 (d) shows the sum of gates on 282 keV, 505 keV, and 714 keV, the same γ-ray
peaks observed in Fig. 6.5 (a), (b), and (c) are seen again. The γ ray with an energy of
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Figure 6.5: Recoil-β tagged and gated γ − γ coincidence spectra requiring detection of one
charged-particle in JYU-Tube and 155-ms search time. (a) Gate is set on the 282-keV, 2+ −→ 0+

γ ray with a β-energy gate of 5 - 10 MeV. (b) Gate is set on the 505-keV, 4+−→ 2+ γ ray with a
β-energy gate of 4 - 10 MeV. (c) Gate is set on the 714-keV γ ray with a β-energy gate of 3 - 10
MeV. (d) Sum of gates on the 282-, 505-, and 714-keV transitions with a β-energy gate of 5 - 10
MeV. The origin of the γ rays labelled in green could not be confirmed in the present analysis.

231 keV is placed as a transition depopulating the 1501 keV, 6+ state and feeding the 5+

state at 1270 keV. The relatively weak 231-keV line is seen in the sum-of-gates spectrum
of Fig. 6.5 (d), where stronger transition at 483 keV is also seen. The sum of the 231- and
483-keV transitions match the energy difference of the 6+ and 4+ states at 1501 and 787
keV, respectively, which supports the current placement of these transitions.

Figure 6.6 (a) shows γ rays in coincidence with the 380-keV γ ray. The observed high
intensity of the 282-keV γ ray in Fig. 6.6 (a) suggests that this 380-keV γ-ray transition
is feeding the 2+ state at 282 keV. However, the 505- and 714-keV γ-ray peaks are
also observed to be in coincidence with the 380-keV γ ray, as shown in Fig. 6.6 (a).
Additionally, by examining the γ gates set on the 505- and 714-keV γ rays, presented
in Fig. 6.5 (b) and (c), shows coincidence with a 377-keV γ-ray peak. Therefore, this
suggests that the γ gate shown in Fig. 6.6 (a) corresponds to a doublet of the 377- and
380-keV γ rays. Furthermore, γ rays with energies of 231, and 296 keV are observed
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Figure 6.6: Recoil-β tagged and gated γ − γ coincidence spectra requiring detection of one
charged-particle in JYU-Tube and using a correlation search time of 155 ms (a) Gate is set on
the 380-keV γ ray and the β-energy gate is 3-10 MeV. (b) Gate is set on 296-keV γ ray, with a
β-energy gate of 4-10 MeV.

in coincidence with the 377-380-keV gate. Figure 6.6 (b) shows the γ gate set on the γ

ray with an energy of 296 keV. The 296-keV γ ray is in coincidence with the 380-keV γ

ray and a γ ray with an energy 894 keV. The measured RDCO value of the 380-keV γ ray
supports the spin-parity assignment of the state with energy of 662 keV as 4+. The RDCO
values for the 296 and 894 keV could not be determined due to statistical limitations.
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Figure 6.7: Recoil-β tagged and gated γ− γ coincidence spectrum requiring detection of one
charged-particle in JYU-Tube and using a correlation search time of 155 ms. The γ gate is set on
the 560-keV γ-ray transition with a β-energy gate of 4-10 MeV.

Figure 6.7 shows γ rays in coincidence with a γ gate set on the 560-keV γ-ray transition.
The 2+ −→ 0+, 282-keV γ-ray transition is observed to be in coincidence with the 560-
keV γ ray. In addition, a 476-keV γ ray is also observed in coincidence with the 560-keV
γ ray. The measured RDCO value of the 560-keV γ-ray transition is 1.12(13), which
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suggests a tentative spin-parity assignment of 4+ for the state at 842 keV. However, the
RDCO value for the 476-keV γ ray could not be measured due to limited statistics. The
476-keV γ-ray transition is proposed to feed the state at 842 keV, which subsequently
depopulates to the 2+ state at 282 keV through the 560-keV γ ray. It is worth noting that
there is quite a strong 574-keV γ ray from 74Rb (shown in Fig. 6.4), which is above the
560-keV peak. Therefore, the coincidence between the 560 keV γ ray and the 476-keV γ

ray may arise from the Compton background of the 574-keV transition.
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Figure 6.8: Recoil-β tagged and gated γ− γ coincidence spectrum requiring detection of one
charged-particle in JYU-Tube and using a correlation search time of 155 ms. The γ gate is set on
the 260-keV γ ray with a β-energy gate of 4-10 MeV.

Figure 6.8 shows the γ rays observed in coincidence with the γ gate set on the 260-keV
γ ray. The 282-keV, 2+ −→ 0+ transition in 78Y and a newly observed 574-keV γ ray
are seen to be in coincidence with the 260-keV γ ray. The RDCO values for the newly
observed 260- and 574-keV γ-ray transitions could not be measured due to due to statistical
limitations, therefore, no spin-parity assignment could be made for the states with energies
of 1116 and 542 keV.

The γ ray with energy of 615 keV, reported in Ref. [12] is not observed in the RBT-γ-γ
analysis, and the region where this γ ray is expected to be contains some contamination
from 74Rb. Table 6.1 presents a comprehensive list of all the observed γ rays associated
with 78Y, including their energy levels, spin-parity of the initial and final levels, relative
intensity normalized to the 2+ −→ 0+ transition, and angular distribution ratios, where
possible. Based on the γ− γ analysis a new 6+ state in the T = 1 band in 78Y with an
energy of 1501 keV is proposed. Therefore, the T = 1 band in 78Y is proposed to have the
following transitions 714 keV, 6+ −→ 4+, 505 keV, 4+ −→ 2+, and 282 keV, 2+ −→ 0+.
The previously identified 5+ isomeric state in the odd-odd 78Y nucleus is expected to have
an effect on the collected statistics in the present work. It is anticipated that the isomeric
state is likely below the 4+, 787 keV [130], which means that some fraction of the prompt
γ-ray intensity (which could not be quantified in the present analysis) has been trapped
to the long-lived isomeric 5+ state. If the isomer β-decays with high QEC value, then, in
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principle, it would be possible to correlate the 78Y recoils with high-energy β particles,
but with long correlation search time. This would allow to see the band structure above
the isomer. However, in order to do this the DSSSD counting rate should be very low to
minimize random correlations. The RDCO results for the measured γ rays are shown in
Fig. 6.9.
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Figure 6.9: Measured RDCO values for selected transitions from 78Y. The blue lines (pink lines
are the errors) shows the average RDCO of 1.2(1) and 0.70(2) for quadrupole and dipole transitions,
respectively, measured from the 2p and 3p channel 78Sr and 77Rb, respectively.

6.3 Coulomb energy differences for A = 78

Figure 6.10 shows the Coulomb energy differences (CED) for mass number 66 [8], 70
(present study, chapter 5), 74 [134], and 78 (current chapter). In the recent years, CED
across the sd and f p shells have been extensively studied − this data has been analyzed
through the use of large-scale SM calculations [2, 98, 135–137]. The newly obtained
CEDs for A = 78 provide further testing grounds for the effective nuclear interactions in
SM calculations. These calculations comprise of Coulomb force (VCM), electromagnetic
spin-orbit term (εls), single-particle correction (εll) term, and radial term (VCr). However,
in SM calculations, it has been suggested that the VCr term is not required for a good
description of the lower part of the f p shell, and it only becomes important for high angular
momentum states [138, 139]. The CED exhibits a smooth rise to the highest observed state
for A = 66, whereas for A = 74 and 78, there is a significant positive trend and almost
near zero trend, respectively. Interestingly, the CED for mass A = 70 is uniquely negative,
and this effect is not fully understood. Possible explanations for this phenomenon were
discussed in section 5.4.

The SM calculations performed in p3/2, f5/2, g9/2 model space for the odd-odd N = Z,
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Table 6.1: The prompt γ-ray transitions measured for 78Y in the present work. The energy of the
γ ray (Eγ), relative γ-ray intensity (I) normalized to the 2+ −→ 0+ transition, initial level energy
(Ei), final level energy (E f ), assigned spin and parity of the initial and final levels (Iπ

i and Iπ
f ) and

angular distribution information (RDCO) are listed.

E [keV] I [%] Ei [keV] E f [keV] Iπ
i Iπ

f RDCO

232(1) 1.3 1501 1270 (6+) (5+)
260(1) 2.9 542 282 2+

282(1) 100 282 0 2+ 0+ 1.34(11)a

290(1) 7.6 958 662
377(1.2) <10 1878 1501 (6+)
380(1.2) 35.5 662 282 (4+) 2+ 1.02(13)b

476(1) <10 1318 842
483(1.2) 7.4 1270 787 (5+) 4+ 0.69(5)a

505(1) 89.7 787 282 4+ 2+ 1.37(10)a

560(1) 5.0 842 282 (6+) 2+ 1.12(13)b

574(1) 4.4 1116 542
714(1) 4.4 1501 787 (6+) 4+ 1.19(1)a

811(2) 5.3 1093 282 2+

815(2) 3.7 2316 1501 (6+)
894(2) 6.3 1852 958

a Sum gate on 282 and 505 keV. b Gate on 282

78Y [19] can reproduce the experimentally observed CED trend, shown in Fig. 6.10 (b).
The spin-orbit interaction (εls) term in the SM calculations [19] is negative for the A =
66, 70 and 74 pairs [19]. The A = 78 pair has the least negative εls values in this mass
region [19]. The εls term can have opposite signs in certain situations, depending on how
the proton or neutron orbits are oriented. In addition, the spin-orbit coupling influences
signs (±), for example, < ~l ·~s >= l/2 when j = l + s and < ~l ·~s >= −(l + 1)/2
when j = l − s in Eq. 2.7. These factors strongly influence the results shown in Fig. 3 of
Ref. [19] and Fig. 6.10 (b). The Coulomb multipole (VCM) term is always positive. The
positive trend is due to the effect of the overlap of the proton-proton pairs’ wavefunctions.
The calculated CED that includes the combined VCM+ls+ll term by Kaneko et al., correctly
predicts the CED value for the Jπ = 2+ state in A = 78, as shown in Fig. 6.10 (b). The
agreement between theory and experiment worsens for the 4+ and 6+ states, which might
warrant further theoretical investigations to interpret this difference. It should be noted that
the calculations presented in Ref. [19] do not use the schematic INC interaction. It was
later adopted in Ref. [119], but the CED prediction for the A = 78 pair worsens further in
comparison to the experimental values (see Fig. 3 in Ref. [119]).

The VCM term plays a vital role in shell-model CED calculations as, in the hypothesis of
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Figure 6.10: (a) Coulomb energy differences (CED) between Tz = (0, 1) pairs as a function of spin
(J) for the cases A = 66, 70, 74, and 78. Data for A = 74 was taken from Ref. [133]. Furthermore,
data for A = 70 and 78 are from the current work. (b) CED for A = 78 (current work) compared
to SM calculated CED values without the INC term calculated by Kaneko et al., [19].

isospin, differences in excitation energy between analogue states in nuclei should be purely
electromagnetic. However, it produces inaccurate results without the additional terms, as
most notably observed in the case of the A = 70 pair (see Fig. 3 in Ref. [19]). Nevertheless,
interpreting the CED and MED in the A = 70 mass region and above poses challenges
for the shell model as the size of the valence space increases, in addition to the potential
effects caused by the rapid shape evolution. The SM calculations for the A = 78 pair are
particularly difficult due to the size of the valence space involved and the need to include
p f gd orbitals. A possible explanation for the observed modest CED trend for the A =
78 pair has been speculated to result from a deformed shell gap at N = Z =38 [12, 140].
Stable prolate-deformed nuclei are located in the vicinity of A ' 80 (see Fig. 4.11). The
shapes of these nuclei are stabilized due to the presence of a gap in the single-particle
energy sequence at N = Z = 38, which is large enough to inhibit any scattering across the
Fermi surface. As a result, for example odd-A nuclei in this region exhibit near rigid-rotor
behavior with stable shapes and reduced pairing effects [141]. As discussed earlier, the
shape evolution was suggested to be the origin for the negative CED for the A = 70 pair.
However, the recent experimental and theoretical works suggested similar stable shapes for
the low-spin states in 70Br and 70Se. Therefore, the stable shape arguments suggested for
the nearly flat CED behavior for the mass A = 78 pair do not seem sufficient. Moreover,
when considering the CED trends for the A = 74 (large positive) and A = 66 (moderately
positive) pairs, it is clear that more theoretical work is required to reach comprehensive
understanding on the CED evolution for these nuclei.



7 SUMMARY, AND FUTURE PROSPECTS

This thesis presented results from three experiments conducted using the MARA vacuum-
mode recoil separator coupled to the Jurogram III Ge-array and other ancillary instruments.
These experiments were performed at JYFL-ACCLAB and the aim was to study nuclei
at or close to the N = Z region between mass number 70 and 84. The results presented
in this thesis provide experimental insight into the much debated proton-neutron pairing
correlations and isospin symmetry-breaking mechanisms in this region.

7.1 Molybdenum 84

The γ-ray spectroscopy experiment on 84Mo presented in this thesis confirmed the γ-ray
transitions up to the Jπ = 6+ state. The data from the experiment may have contained
γ-ray transitions above the Jπ = 6+ state from 84Mo. However, the inability to separate
81Y, 83Y, and 84Zr from 84Mo made it challenging to confirm transitions above the Jπ = 6+

state. The ability for Z identification using, e.g., ionization chamber at the MARA focal
plane would improve the experimental sensitivity. The same inverse kinematics reaction
i.e. 58Ni + 28Si used in the current work should be employed to populate 84Mo via the 2n
channel. The Z identification method in conjugation with a recoil separator was previously
used in the study of N = Z 80Zr. Figure 1 in Ref. [85] shows the distribution of 80Sr,
80Y, and 80Zr ions, the 80Zr/80Y intensity ratio was found to increase by a factor of 3 in
regions dominated by 80Zr in the ionization chamber. However, Ref. [85] is over three
decades old. With improved modern technology and with the use of JYU-Tube (see section
3.2.3.1), it should be possible to reach sufficient Z sensitivity for 84Mo. Currently, an
ionization chamber for the MARA focal plane is being designed in collaboration with the
UK institutes.

Section 4.3 presented the systematics of the excited states in N = Z nuclei between 60Zn
and 88Ru. The energies for the (8+) and (10+) states in 84Mo were tentatively assigned
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by Ref. [76]. The systematics indicate an increase in collectivity towards the strongly
deformed nuclei at N = Z = 38 and moderate decrease in collectivity towards the heavier
N = Z nucleus 88Ru. The predictions by Möller et al., [82] suggest that the 84Mo nucleus
is well deformed. However, the calculated E(4)+/E(2+) ratio for 84Mo is 2.52 which is
less than the expected value for a good rotor. This suggests the presence of (shape) mixing
in N = Z, 84Mo.

The nuclear force is expected to be stronger for the isoscalar neutron-proton pairs than
for the isovector neutron-proton pairs. The existence of the deuteron with ground state
spin I = 1 and the unbound nature of two-proton and two-neutron systems reveal that the
T = 0, I = 1 correlation is more robust than T = 1, I = 0 correlation. However, Ref. [34]
suggests that the spin-orbit term reduces the probability of the isoscalar pairing forming
such a condensate with increasing mass. Despite this, the spectroscopy of N = Z nuclei
provides an exciting opportunity to search for the experimental signatures of the isoscalar
neutron-proton pairing. For example, the observed smooth rotational response seen in
N = Z nuclei compared to the N = Z + 2 and N = Z + 4 nuclei has been debated to
result from enhanced isoscalar neutron-proton correlations. According to Ref [29], the
delayed or absent backbending behavior observed in N = Z nuclei can be attributed to
the presence of T = 0 isoscalar pairing. While N = Z nuclei exhibit smoother behavior
compared to their heavier even-even isotopes, backbending has been observed in the case
of 76Sr. This finding raises the question of whether isoscalar T = 0 pairing influences the
observed moments of inertia for the other N = Z nuclei in this mass region. Ref [34]
suggests that including the isoscalar T = 0 pairing is not needed to reproduce the rotational
response of N = Z nuclei. Nonetheless, experimental observations of higher spins in
the yrast bands are needed to reach a definitive conclusion on the absence or delay of
backbending in the even-even N = Z, A > 76 nuclei.

As an alternative approach, the current thesis explored the role of deformation as a potential
source for the observed delayed backbendings in the N = Z nuclei. Figure 4.13 (a)
suggests that 76Sr has a nearly similar level of deformation compared to 78Sr and 80Sr,
while Figs. 4.13 (b)-(d) suggests that N = Z nuclei are more deformed than their N = Z
+ 2 and N = Z + 4 neighbors. Figures 4.13 and 4.12 suggest that deformation influences
the point at which the critical crossing frequency between aligned and ground state bands
occurs. However, this does not rule out the role of isoscalar T = 0 pairing in the observed
rotational response of N = Z nuclei.

Lastly, the current work confirms the delayed backbending previously observed in N = Z,
84Mo nucleus compared to N = Z + 2 and N = Z + 4 nuclei. The moment of inertia
of the yrast band in the even-even N = Z, 84Mo shows a gradual change in its behavior
until it reaches the experimentally observed rotational frequency limit of 0.6 MeV. In
addition, the critical rotational frequency for backbending was observed to reduce with
reduced deformation in N = Z + 2 and N = Z + 4 nuclei. This delay in the backbending
compared to the N > Z isotopes indicates a need for further critical investigation of the
role of the isoscalar proton-neutron correlations in N = Z nuclei such as 80Zr, 84Mo, and
88Ru. Experimental observations of the states at higher spin in the yrast bands are required
to make a definitive conclusion.
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7.2 Mass 70 nuclei

The current work has implemented the recoil-β tagging (RBT) and recoil-double-β tagging
techniques (RDBT) for the first time to study the Fermi superallowed β decaying nuclei
70Br and 70Kr, respectively. The correlation of high-energy β decay events to recoils,
associated with a specific number of evaporated particles, and within a short correlation
search time in this experiment allowed for the identification and assignment of γ rays
originating from the decay of excited states in 70Br and 70Kr.

In this thesis, the observations of multiple γ-ray transitions was made using the RBT-γ− γ

coincidence data obtained from the fusion-evaporation reaction 40Ca(32S,pn)70Br. The
assigned parities and spins of the observed excited states were based, when possible, on
the measured RDCO values of γ rays originating from 70Br. A new bandhead was proposed
with a tentative spin-parity of 4+ and an excitation energy of 1933 keV. The γ ray feeding
the state at 1933 keV was previously observed in Ref. [95]. Additionally, three new γ rays
were observed in this band, feeding the states with energies of 2678 keV, 6+ and 3148
keV, (8+). The 4+ state with the energy of 1933 keV decays to the 3+ state and 2+ state
in the T = 1 band. The band built on the Jπ = 3+, 1337-keV state was reported in prior
studies (see Refs. [95, 97]). In the current thesis, the spin-parity of the state at 3681 keV
was reassigned to 9+ based on the measured RDCO of the 998-keV γ-ray transition. The
excitation energy of the state decaying to the 10+ state at 4446 keV was revised to be 5784
keV, but the tentative spin-parity of 12+ remains unchanged.

The low-spin structure of the T = 1 band below Jπ = 4+ for 70Br described in this thesis is
almost identical to that proposed by de Angelis et al., and Jenkins et al.,. In the current
work, a γ-ray with an energy of 963 keV was observed to be feeding the 4 + state at
2003 keV in the T = 1 band. The 963-keV γ ray was previously observed by de Angelis
et al., [95]. In addition, two more γ rays were observed in coincidence with the 963-keV
γ-ray with energies of 1027 and 1151 keV. The RDCO values for the γ rays with energies
of 963, 1027, and 1151 keV could not be extracted due to insufficient statistics. Therefore,
these transitions have been tentatively assigned to the T = 1 band in 70Br. Therefore, a
band built on the T = 1, 0+ ground state containing the following γ-ray transitions, 934
keV (2+ −→ 0+), 1069 keV (4+ −→ 2+), 963keV (6+ −→ 4+), 1027 keV (8+ −→ 6+),
and 1151 keV (10+ −→ 8+) is proposed to form a cascade in the T = 1 band in 70Br.

The shell-model calculations performed in this thesis accurately depict the excitation
energies of the low-lying states in 70Br and 70Se. However, the calculations fail to
reproduce the energy of the 10+ state at 5144 keV in 70Br, highlighting limitations in the
effective interactions utilized. The comparison between SM calculations and experimental
data suggests that the f5/2, p1/2, g9/2 model space is enough to characterize the low-energy
structure of 70Br and 70Se. The calculated spectroscopic quadrupole moments for 70Br and
70Se indicate that the proposed T = 1 band in 70Br is similar to the well-known T = 1 band
in 70Se. In addition, the predicted spectroscopic quadrupole moments show a shift from
oblate to prolate deformation in the T = 1 band at Iπ = 8+ in 70Br and 70Se.
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The SM calculations performed in this study reproduce similar negative CED trend as
observed experimentally, but the magnitude of the calculated CED is significantly overes-
timated. However, the predictions by Kaneko et al reproduce reasonably well the CED
for A = 70. As said, the CEDs between isobaric analogue states in 70Br and 70Se are
negative. Several suggestions have been proposed to explain this. It was suggested that
the negative CED trend is due to the increased proton radii of dripline nuclei, which lead
to the reduction of Coulomb repulsion due to the spatial extension of the proton wave
functions. However, this explanation fails to account for the positive CED observed in the
other systems in this mass region. Ref. [19] concludes that the unique negative trend of the
CED is due to the large spin-orbit component for A = 70 and shape variation do not play
an important part. Further theoretical studies are encouraged to be performed to identify
the source responsible for the magnitude of the CED in this mass region and to refine our
understanding of the nuclear structure and dynamics in this regime.

Based on the RDBT method, the γ-ray with an energy of 881 keV was assigned as the
2+ −→ 0+ transition in 70Kr. The 1036-keV γ ray has tentatively been assigned as the
4+ −→ 2+ transition in 70Kr. Previous experiments to study the excited states in 70Kr
were carried out at RIKEN [4] and at JYFL-ACCLAB [10]. The 2+ −→ 0+ transition in
70Kr identified in the RIKEN study agrees well with the current observation. In addition,
the 4+ −→ 2+, 1036 keV candidate transition observed in the present work agrees with
the value obtained at RIKEN. Furthermore, the comparison to the mirror nucleus 70Se
provides supporting evidence for the assigned spin and parity values of the 2+ state with
an energy of 881 keV, and for the tentative 4+ state with an energy of 1917 keV.

The obtained excitation energies of the 4+ and 2+ states in 70Kr were used to calculate the
MED and TED for the A = 70 triplet. The magnitudes of the newly calculated MED for the
2+ −→ 0+ and 4+ −→ 2+ transitions align well with theoretical predictions that include
the INC interaction. However, the magnitudes of the suggested 2+ −→ 0+ transition
from Ref. [10] and the 4+ −→ 2+ transition from Ref. [4] have better agreement with the
theoretical MED predictions that include INC interaction. The spin alignment is expected
to affect the magnitude of the MED, as it increases the spatial separation of protons in
the g9/2 orbit, leading to a smaller Coulomb energy. As a result, the alignment effect for
protons lowers the excitation energy at high angular momentum especially in the proton-
rich member of the triplet. The VCM, εls, and εll are the primary factors contributing to
the MED. The Vcr term is anticipated to play a significant role in the MED at high spin
due to the increased presence of the g9/2 orbit. However, the contribution from the εls
term to the MED is significantly negative at high spin. At low spin, the VCM, εls, εll
terms determine the magnitude of the MED, while the Vcr contribution is low. Lastly, an
inclusion of a schematic INC interaction in the shell model calculations is required to
match the experimental MED and TED systematics. The requirement for an additional INC
interaction has also been established in the context of triplets in the f7/2 shell [7]. Further
theoretical studies are required to uncover the source of the missing TED magnitude in
this mass region.
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7.3 Yttrium 78

The 78Y nucleus holds significant importance in nuclear structure physics as it provides a
unique opportunity to investigate the breaking of isospin symmetry in the A = 78 nuclei.
The current work studied the excited states in the odd-odd 78Y using the fusion-evaporation
reaction 40Ca(40Ca, pn), with a beam energy of 120 MeV. The experiment utilized the
RBT method and led to the observation of several new γ-ray transitions from the decay of
excited states in 78Y. A new Jπ = 6+ excited state is proposed with an energy of 1501 keV
in the T = 1 band in 78Y, that decays to the Jπ = 4+ state with an energy of 714 keV.

Several new transitions and excited states have been observed, and where possible, their
spin-parity was determined. Among these transitions, a previously unobserved excited
state with an energy of 1270 keV was observed and tentatively assigned a spin-parity of
5+. The 5+ state is populated through a dipole transition from the 6+ state in the T = 1
band, and it subsequently decays to the 4+ state in the same T = 1 band. Additionally, two
new excited states were observed that feed the 2+ state in the T = 1 band of 78Y. These
states were tentatively assigned a spin-parity of 4+. The first 4+ state has an excitation
energy of 662 keV, and it is fed by a cascade of two γ rays with energies of 296 keV and
894 keV. The second 4+ state has an excitation energy of 842 keV, and only one γ ray
with an energy of 476 keV was observed feeding this state.

The SM calculation that includes VCM, εls, εll terms satisfactorily reproduce the experi-
mental CED as shown in Fig. 6.10. In particular, the CED for the Jπ = 2+ state in 78Y
is correctly predicted. The Jπ = 4+ and Jπ = 6+ states are also reproduced relatively
well compared to experimental data with differences of 5.2 and 12 keV, respectively. A
possible explanation for the observed CED trends in 78Y- 78Sr may be due to the increased
collectivity in the region [11, 12]. The low excitation energy of the T = 1, 2+ states in 78Y-
78Sr suggests that these nuclei are strongly deformed. Thus it is expected that these nuclei
will have stable shapes, and will appear as near rigid rotors. Therefore all paring effects are
reduced in this pair and results in near zero trends of the CED. In SM calculations for nuclei
beyond the N = Z, 72Kr, it is essential to include the d5/2 orbital to predict CED trends
accurately. However, due to the increased size of the valence space, calculations become
computationally demanding and time consuming. Perhaps, a way forward to investigate
CED in this mass region is to pursue towards calculations using density functional theory,
as performed in Ref. [11].
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