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Chapter 1: Introduction

1.1 Overview

The nuclear shell model is the main theoretical model to describe the structure
of nuclei close to closed shells. This paradigm has evolved from a simplistic view
such as the atomic shell model to include the spin-orbit interaction and deformation
of the potential well. It has been developed mainly by the study of stable nuclei. The
model has made it possible to identify extra stability in groups of nuclei that have
a closed nuclear orbital (shell), which are considered “magic” nuclei. More recently,
studies of “semi-magic” nuclei which exist on a sub-shell closure have further tested
the nuclear shell model. An important discovery resulting from such investigations
is that not all nuclei are spherical and described in shell-model terms.

Atomic nuclei exist in a variety of shapes, with closed-shell ones adopting
spherical symmetry, and those between closed shells possessing varying degrees of
spheroidal deformation. For most deformed nuclei, the ground states are charac-
terized by axially-symmetric configurations with equilibrium shapes corresponding
to either prolate or oblate ellipsoids. In many cases, strong deviations from axial
symmetry in the nuclear mean field have been observed. These nuclei are described

as triaxial, owing to reduced axial symmetry.



Theoretical nuclear structure models predict the possibility of over 3000 nuclei
within the limits of the neutron and proton drip lines. However, only half have been
observed. Specific experimental setups have been dedicated to study non-stable
(exotic) isotopes for further insight into the underlying physics of the nucleus. From
these experiments, collectivity, shape coexistence, triaxiality, and intruder states
have been discovered in nuclei near the N = 40 and N = 50 oscillator shell closures.

Experimental nuclear spectroscopy is used to determine the characteristics
of the different quantum states of the nuclear system including: energy, spin, and
parity. It is not enough to know the characteristics of the excited states, but also the
manner of decay and electromagnetic static moments. In this work, nuclear excited
states were populated through deep-inelastic collisions between a beam and a target
with the Argonne Tandem Linear Accelerator System (ATLAS) at Argonne National
Laboratory. The subsequent decay of the nuclear excited states was detected using
the Gammasphere high-purity germanium detector array.

72’74’76Ge Some

A wide variety of shapes have been postulated for stable
nuclei of these nuclei indicate the presence of multiple shapes, some of which may
be triaxial. The focus of this thesis is the structure of ®Ge whose static properties,
meaning level energies, appear to be similar to those in the lighter Ge nuclei, but
whose dynamic properties, that is their decay modes are completely different. A
sequence of states in "®Ge has been observed in this work to decay strictly through
AJ = 1 transitions, while similar sequences is other Ge nuclei decay through both

AJ =1 and 2 transitions.

Calculations have been performed using the NuShellX program to determine



if the AJ = 2 transitions are diminished theoretically whose results do not show
diminished E2 strength. Due to the failure of the shell model to describe the absence
of such transitions, other models which describe triaxiality were considered. The
Davydov-Filippov-Rostovsky (DFR) model describes a rigid-triaxial rotor with a
deformation parameter, v. When v is maximized at 30°, the probability of AJ = 2
transitions becomes zero. Although there are other aspects of the DFR calculations
that are not in accord with such observations, these calculations are the sole source
in which the AJ = 2 transitions have a probability of zero. The DFR model over-
predicts the excitation energy of such states, which is persistent problem with many

theoretical models.

1.2 Properties of nuclei

The nucleus can be characterized in terms of static and dynamic properties.
Static properties include nuclear size, mass, spin, and also electric and magnetic
moments. The time-dependent dynamic properties of nuclei arise from transitions
between excited levels, and also transitions between excited levels and the ground
state.

This dissertation focuses on the nuclear static properties of 328%™ Ge as a result
of the population of excited nuclear states and the dynamic properties of the decay
of one sequence of levels. Nuclear v-ray spectroscopy provides a means to study the
structure of these Ge nuclei. Studies of nuclear structure are important in under-

standing the role of each individual nucleon, impacting the shape, stability, decay,



and the excitation energies of the nucleus. The addition or removal of an individual
nucleon can have unexpected effects on experimentally observed phenomena. Some
of these effects are hard to account for in a single model,, including the changes in

the excited states within an isotopic chain at mid-shell and closed shell.

1.3 Nucleons

In the twentieth century, the development of high-energy projectiles allowed
further study of individual nucleons. One such study in the early 1960s, produced the
unexpected result that the magnetic moment of a proton is not equal to a magneton,
and also suggested that a neutron has magnetic properties. These observations
implied that nucleons are comprised of smaller entities. The entities include quarks
and gluons which are bound together to create a particle called a hadron. Quarks
have an electric charge of 2/3 or —1/3, and gluons are a type of boson that holds
together the nucleon. The types of hadrons found in nature are mesons and baryons.
Mesons are comprised of a quark and an anti-quark, and they make up particles
such as pions or kaons. Baryons are comprised of three quarks, and some examples
include protons, neutrons, and anti-protons. A neutron is comprised of two down
(d) —1/3 and one up (u) 2/3 quarks for a total charge of 0. Similarly, a proton has
two up (u) and one down (d) quarks combining to a charge of +1. The discovery
of quarks complicates the quantum mechanical description of the nucleus, because

each nucleon requires a three-body interaction to describe its behavior.



1.4 Development of nuclear structure models

In this work, nucleons are treated as the fundamental building blocks of the
nucleus. Nuclear interactions lead to the experimentally-observed nuclear phenom-
ena. Nuclei may be comprised of hundreds of nucleons moving in orbitals, with a
diameter of 107!* to 1071 m. The nucleus can be described in short-hand as 4Xy
with X representing the element (based on proton number), and nuclear mass num-
ber, A, which is the sum of the number of protons (Z) and neutrons (). Confining
these protons and neutrons in such a small space requires a force far stronger than
the Coulomb repulsive force that repels protons, and thus it is named the strong
nuclear force.

The development of models for nuclear structure only started in 1932 with the
discovery of the neutron. Shortly thereafter, the liquid drop formulation of nuclear
masses and binding energies was promulgated by von Weizsacker in his famous

formula:

2(Z-1)  (A-22)?

— _ 2/3 _ —
EB = avA CLSA ac A1/3 a A A

+ (A, Z) (1.1)

In the liquid drop model, the binding in the nucleus is described by a strong, con-

tact nuclear force (proportional to its volume, ay A), whose effects are reduced by

Coulomb repulsion between protons (—ac%), loss of binding energy at the sur-

face (—asA%/?), and the imbalance between numbers of neutrons (N or v) and pro-

A—227)2
( ) )

tons (Z or m) (—aa In addition, a pairing term (0(A, Z)) accounts for

strong pairing between nucleons that lead all nuclei with even numbers of both neu-
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Figure 1.1: Binding energy per nucleon dependent on mass number from Ref. [7].

trons and protons to exhibit zero ground state angular momentum. The result is a
general description of binding energy per nucleon (BE/A) that is shown in Fig. 1.1,
which describes the stability of the nucleus by the nuclear binding energy, which
is a measure of the force required to break a nucleus into its neutron and proton
components. From this, it is assumed that nuclei are approximately spherical like a
liquid drop or a basketball. The power of this model is that it can explain processes
such as fission.

As more precise nuclear masses became available, small peaks in the BE/A
curve (Fig. 1.1) were identified at nucleon numbers 28, 50,82, and 126. Vilen M.
Strutinsky showed that the inclusion of shell corrections provided a much better

description of fission [8]. Quantum mechanical approximations using both a square-



well and a harmonic-oscillator (H.O.) potential could not reproduce these peaks.
In 1949, Maria Mayer, formerly of Argonne National Laboratory (ANL), initiated
the shell-model description of nuclear structure in which strong spin-orbit coupling
dominated the filling of nuclear orbitals along with strong pairing. The nuclear shell
model describes the configuration of the nucleus through orbitals and levels. Like
the atomic shell model, there are orbitals with different radial properties, which can
hold a certain number of nucleons.

The Bohr planetary model for electrons in the atom describes the quantization
of atoms, and it is a precursor to the full quantum-mechanical description of the
atom with a central potential. Four quantum numbers emerge from the full quan-
tum mechanical description: n, ¢, £,,, and s. The principle quantum number, n,
designates the size of the nuclear orbital. The angular momentum and directional
numbers, ¢ and /,,, refer to the shape of the orbital and its orientation in a magnetic
field. Lastly, the spin, s is an intrinsic angular momentum value limited to 41/2.
These four basic atomic descriptors of nuclei provide insight into certain properties
in the the nucleus such as the rise of strong stability.

The main difference between the atomic model and nuclear shell model is that
the atomic shell model assumes a central potential, while the nuclear shell model
assumes a spherically symmetric mean field potential. Two basic mechanisms can
be used to describe excited states at low energy. These are single-particle excitation
and collective excitation. Single-particle excitation is included in the independent
particle model, which focuses on the wavefunction of the unpaired particle. A simple
example of this model is an odd nucleus whose ground state is due to the unpaired

7



nucleon. Additional excited states can be created by moving that nucleon to a
higher single particle orbital. Collective excitation is comprised by the excitation of
multiple nucleons. The term “closed shell” was coined to describe a filled nuclear
orbital (Table 1.1).

The four quantum numbers to describe a nuclear state are N, ¢, J, and J,,.
N is the principle quantum number, which designates the size of the orbital. The
angular momentum of a level is denoted by ¢, whereas the total nuclear angular
momentum, .J, is defined by J = ¢ 4+ s. Orbitals with J = ¢ 4 s are significantly
lowered in energy with respect to nuclei with J = ¢ —s. The occupancy of each
level is dependent on the degeneracy, described by J,, = 2J + 1.

The standard shell-model diagram is shown in Fig. 1.2. The properties of an
odd-mass nucleus reflect the properties of the last unpaired neutron or proton, due
to strong pairing. In the absence of an external magnetic field, the states with the
same .J are degenerate, where multiple states occur at the same energy. For her
work on this topic, Maria Mayer was awarded the Nobel Prize in 1963. Further use
of the shell model suggests that it describes the nuclei near closed shells well, but it

is unable to describe nuclei away from a filled orbital.

Table 1.1: Parity and capacity of nuclear orbitals.

Orbital | ¢ J Nucleons for each J | Total Nucleons | Natural Parity
s 0 1/2 2 2 +
p 1] 1/2,3/2 2,4 6 -
d 2| 3/2,5/2 4, 6 10 +
f 3| 5/2,7/2 6, 8 14 -
g 41 7/2,9/2 8, 10 18 +
h 51 9/2,11/2 10, 12 22 -
i 6| 11/2, 13/2 12, 14 26 +
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1.5 Stability and interactions within nuclei

Nuclear separation energies act as a measure of stability, provide information
on the outermost nucleon, and also describe the characteristics of the nuclear force
near the edge of the nucleus. The separation energies, S(p) for protons and S(n)
for neutrons, are defined as the energy required to remove the last (valence) nucleon
from the nucleus. This energy results from the fact that nucleons seem to favor
pairing. The observation that nucleons favor pairing is basic to the field of quantum
chromodynamics (QCD), which investigates the fundamental properties that make
up nucleons, and aims to describe the source of the fundamental nuclear force.
The range of the nuclear force is on the order of 107" m (on the same order of
magnitude as the diameter of a nucleus), so it does not affect electrons or other
nuclei in a molecule. In most mass calculations, the strength of the nuclear force is
set at a constant value of 14 MeV /nucleon.

A similar measure for stability is the nuclear binding energy, which is a measure
of the force required to break a nucleus into its neutron and proton components.
Certain neutrons and protons demonstrate high separation energies and binding
energies (Fig. 1.1), implying an underlying stability in the nucleus shown by the dif-
ficulty in removing a nucleon. This increased stability has been found with nucleon
numbers of 8,20, 28, 50, 82, and 126.

Nucleons interact with one another in three different mechanisms. The first
type is between two protons (p-p), the second is between two neutrons (n-n), and

the third is between one proton-one neutron (p-n). The nuclear force does not
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distinguish between p-p and n-n interactions, which can be observed by the similarity
of level structure in mirror nuclei which have the same mass numbers but inverted
neutron and proton numbers. The principle that governs pp-nn interactions is the
Pauli principle. Data on nucleon separation energies show the p-n interaction as
attractive and strong when both are particles. Data also show that there is a direct
correlation between an increase in N or Z with the separation energy of S(N) or

S(P), respectively.

1.6 Nuclear excited state production

Gamma-ray (vy-ray) decay occurs with the emission of electromagnetic radia-
tion (a photon) when a nucleus is in a state other than its ground state. The ~ ray
must connect the initial and final states of the nucleus, remove energy, and possi-
bly change the total angular momentum from the higher, initial excited state. The
wavefunction of each state is dependent on the behavior, (—1)¢, of the spherical har-
monic under oscillation. The nuclear properties of an energy state are best described
by a definite energy (F), angular momentum (often denoted as spin, .J), and parity
(“7”). All levels of a given harmonic oscillator shell have the same parity. Positive
parity is associated with even ¢ values, and negative parity with odd ¢ values. The
even or odd value of ¢ determines the symmetry of the nuclear state wavefunction.
Each nucleon has its own quantum properties, and protons and neutrons occupy
separate orbitals, denoted as 7 and v, respectively. For example, the 46" neutron

in the ™Ge nucleus can be described as v1gg o, where v designates a neutron, 1g is
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the smallest g orbital in the nucleus, and 9/2 is the total angular momentum of that
g orbital. This state would be a 9/27 level, where the parity is governed by ¢ = 4.

Each gamma transition has a multipolarity that quantifies the amount of an-
gular momentum carried away as well as the change in parity. If one unit of angular
momentum is carried away, it is called a dipole photon. When two units are removed
it is referred to as a quadrupole, and when three units are removed it is an octupole
(Table 1.2). If the final and initial states have the same parity, Ar = 0, they are
colloquially referred to as “no”. States are described in the form of Jj, where the
subscript number identifies the state J value starting at 1 (the first instance), and

increasing with the excitation energy.

Table 1.2: Gamma ray multipolarities determined by change in angular momentum
and parity.

Radiation Type Name (=AJ| Am
1 Electric Dipole 1 (yes)

1 Magnetic Dipole 1 (no)

2 Electric Quadrupole 2 (no)

2 Magnetic Quadrupole 2 (yes)

E3 Electric Octupole 3 (yes)

M3 Magnetic Octupole 3 (no)

The rate of electromagnetic transition (\) is governed by the gamma energy
(E,), the mass number (A), the change in angular momentum, and change in parity
as shown in Table 1.3. Since A is proportional to E, and inversely proportional
to J, the lowest multipolarity with the highest energy will be favored. In nuclear
structure, the yrast band is defined by the quantum state with the lowest energy for

a given angular momentum. This topic is discussed in further detail in Section 1.7.
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From the proportionality of A to the v-ray energy, low-energy transitions are
much slower than high-energy transitions due to the strong energy dependence of
the transition rates as shown in Table 1.3 [9]. The Weiskopf estimates are the
shell model estimations of the electromagnetic transition rates due to single particle

orbital change. The half-life of a state (t;/2) is related to A by: A = In(2)/tys.

Table 1.3: Transition rates (A) in excited states: Weisskopf estimates for electric
(E) and magnetic (M) transitions.

Multipole E, A\(s7) M, A(s™1)
1 1.03 x 10™ Ay3 E? 3.15 x 10" E3
2 7.28 x 107 AY3 E? 2.24 x 107 A*/3 B}
3 3.39 x 10" A2 ET 1.04 x 10" AY® ET
4 107 x 107° A3 B 327x107% A* Ef
5 2.40 x 10712 A3 EIY 7.36 x 10718 A%/ Bl

Table 1.3 shows that with each extra unit of angular momentum carried away,

the transition is slowed by a factor of roughly 10°.

1.7 Yrast states

Heavy ion reactions can produce nuclei with high total angular momentum.
The term “yrast” states has been coined from the Danish word for “dizzy” to denote
the state with lowest energy for a particular angular momentum value. As higher
angular momentum values require more broken pairs, the location of the “yrast
states” increases in energy with angular momentum as shown in Figure 1.3. In
addition to the yrast states, many other states are populated. As the nucleus de-
excites it loses energy and reduces its angular momentum. This is depicted as a

downward movement in Figure 1.3 and eventually feeds the yrast band. The yrast

13



T 1 1
Ao~ 160
23 o
Populatinn  fallawing
— “Car, 4n
- EG_
2
& ek L
E (- Smr‘rﬂ'rcnunn
: ;
-
8
g 'Y
]
b No lovels
Quasi- partitle
5| ototes ..-/
-._-'._-F:‘-""'-EIB
o ) I T T I
i 10 20 30 40 50 60

Figure 1.3: Statistical cascade from higher angular momentum into yrast
states and ground state band (gsb). Adapted from Ref. [10].

band is the pathway for the energetically unstable nucleus to remove a maximum
amount of energy for a minimum change in angular momentum. Transitions between
nuclear states with a maximum change in angular momentum (AJ = 2) are called
“stretched”. The transitions that make up the yrast band are comprised of these
stretched transitions. Stretched transitions are favored because they remove energy
and angular momentum quickly. If the only transition moves angular momentum
with little energy available (typically < 400 keV), the initial nuclear state will have

a lifetime and the transition is hindered.
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1.8 Beyond the shell-model description

The shell model assumes that the nuclear charge in closed shells is spherically
symmetric, and this leads to a lack of an electric dipole or quadrupole moment.
In 1950, James Rainwater at Columbia University suggested that nuclei might not
be spherical, but could take on other shapes. Aaga Bohr, son of Niels Bohr, was a
post-doctoral worker at Columbia University at the time, and he took this idea back
to Copenhagen where he was joined by Ben Mottelson. Mottelson was a new post-
doctoral employee, having finished his studies at Purdue University and Harvard
University. This Copenhagen group soon proposed a new model for deformed nuclei.
For these ideas, Rainwater, Bohr, and Mottelson were awarded the 1975 Nobel Prize
in Physics. Ironically, the standard terminology for this model bears the name of
a Copenhagen graduate student, Sven Gosta Nilsson. After graduation, Nilsson

returned to the Lund University in Sweden.

1.9 Deformed Nuclear Model

The main feature of the Nilsson model is breaking the degeneracy in the de-
formed field so that favored orbitals are those whose wavefunctions align with the
deformed field. As a result the nucleus can be either prolate (football shaped) or
oblate (doorknob shaped). Bohr and Mottelson introduced the quadruople oscilla-
tion (deformation), and is measured by /5. This parameter describes the deviation

from sphericity. Both vibrations and rotations were introduced, each having a [
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value < 0.2 or > 0.2, respectively.

Nuclei that are near closed shells tend to exhibit quantized vibrational struc-
ture in which excitations occur at approximately equal energy intervals as seen in
Fig. 1.4. In a vibrational description, the first excited state is a quadrupole vibra-
tion with a spin and parity of 2. The second vibrational excitation consists of
two such 27 vibrations with J values of 0,2, and 4. The second group has approx-
imately twice the energy of the first 2% level. A third group has spins and parities
of 07,2%7,3",4%, and 6" with approximately three times the energy of the first 27
level. Such sequences are shown in Figure 2 in the Physical Review Letter by Ani
Aprahamian, a Freimann Professor at Notre Dame University [12].

More highly deformed nuclei will exhibit a rotational structure in addition to
the vibrational structure, where the energy dependence is proportional to J(J + 1).
The rotational motion is similar to that of the tumbling of a football. In such a
scheme, the 4] level would be at 3.3 times the energy of the 2] level.

Many nuclei have a second excited state with spin and parity of 2% [13, 14].
For spherical nuclei, this state should be vibrational and lie close to the 4T level. In
nuclei where this second 25 is depressed relative to the 4% state, the depression is
attributed to the loss of axial symmetry and described by parameter v [15]. In this
formulation, v describes the deviation by an angle where v = 0° as prolate (football)
and vy = 60° as oblate (doorknob).

Few nuclei actually have the vibrational energy ratio of the first 4% state to
first 27 state (Ey4/E>) as 2.0. This suggests that the straightforward vibrational

approach may be over-simplified. In contrast, football-shaped, prolate nuclei have
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been identified across the chart of the nuclides. Oblate structures are poorly defined
and are not often discussed in literature. In other words, « usually varies between
0° — 30°, and 30° — 60° are less commonly observed. When the nucleus is nei-
ther perfectly oblate (0°) or prolate (60°), it is considered to have a triaxial shape,
meaning all three axes of the nucleus are necessary to its description.

Deviations from sphericity (near a closed shell) typically require a minimum
of four neutron or four proton holes. As a result they are referred to as “far from”
a closed shell. In 1955, Bohr and Mottelson described nuclei whose proton-neutron
numbers are not near closed shells and therefore may not be spheroid but could
have either prolate- (football) or oblate- (doorknob) shaped ground states [16]. The
Nilsson model calculates the bound states in a deformed nuclear potential. The
degree to which [ varies affects the shell model energies. The model is often depicted
in a single plot referred to as a Nilsson diagram as in Fig. 1.5, where the nucleon
occupation can be predicted. This model is often used when comparing a nuclear

state with counterparts in isotonic or isotopic nuclei.

1.10 Implications of v deformation

Maurice Jean and Lawrence Wilets visited Copenhagen in 1956. They noted
the presence of a large number of nuclei where the second 2% level, labeled as 25
was depressed. The 25 was found at an excitation energy below that of the first
4] level. Additionally, they observed instances in which the energy of the 4] level

was approximately 2.5 times the energy of the 2{ level. This energy ratio is about
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Figure 1.5: Nilsson plot in N or Z = 40 region from Ref. [17].
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half way between the extreme vibrational and rotational values. Wilets and Jean
suggested that such nuclei had rather low 3 values, meaning that these nuclei were
slightly deformed, and were relatively insensitive to the loss of axial symmetry. In
other words, ~-soft by the allowance of v to fluctuate without major change. For
example, a partially inflated balloon can be pushed into a variety of shapes. A
small ~ value might describe the slightly deflated football of New England Patriot’s
quarterback Tom Brady [18]. This football returned to its symmetric prolate shape
with a spiral arc once released.

In 1958 in Moscow, Professor Alexander S. Davydov and his student G.F.
Filippov described nuclei with larger § values, where loss of symmetry could lead to
rigid structures at the point v = 30°. Davydov and Filippov outlined the rotation of
“triaxial” nuclei [19]. In the Davydov-Fillipov rigid-triaxial rotor model, a collective
potential is assumed which has a stable minimum at a certain value of v causing
it to be 7-rigid. The main feature of this model predicts that, at 30°, the low-
lying nuclear states are described by simplified equations and AJ = 2 transitions
disappear. In a follow-up paper, Davydov and Rostovsky published equations that
extend the Davydov-Fillipov rigid-triaxial states to higher spins, referred to as the
DFR model in this thesis [20]. A key feature of this elaboration is the appearance
near and at v = 30° of a third 47 level in close proximity to the 45 level. In
his textbook [21], Richard Casten commented that although these simple ideas were
attractive, no nucleus has been found in which they are exhibited. An example of this
behavior would be if Tom Brady deflated his football to the point that upon release,

it maintained the loss of axial symmetry and would only tumble meaninglessly on
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its path. In other words, the DFR model describes a rigid body with no axis of

symmetry.

1.11  Geometric or shape-specific nuclear models

Nuclei can be grouped into two limiting categories which are spherical and
deformed. However, many nuclei fall somewhere in between. The shape of the
nucleus is dependent on the distribution of the nucleons. In the compact space of
the nucleus, each nucleon interacts with between 6 — 10 of its neighbors [21]. The
shape in turn, determines the excitation levels within the nucleus (Fig. 1.4). The
behavior of the nucleus is dependent on the pairing interactions between nucleons in
the same orbit and also the valence proton-neutron interaction. Interactions between
protons and neutrons control the onset of deformation and collectivity, configuration
mixing, magic numbers, and single-particle states.

The basic measure of collectivity is the B(E2) value that is often related to
single particle transition rates described by Weiskopf [9]. Transition rates are a
product of matrix elements and an energy factor, so the B(EL) (or B(ML) for
magnetic transitions) value is used as the energy factor is removed. Collective rates
are faster than single particle rates and the magnitude of the faster rate is a measure
of the degree to which the transition is “collective”.

The spherical shell model (Figure 1.2) for the nucleus is constructed from
a mean field potential of individual nucleons and also the spin-orbit coupling be-

tween the nucleons. The mean field potential describes the nuclear and Coulomb
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interactions. It is possible that this potential can be approximated by the sum of
translational, rotational (rigid rotor model), and vibrational (harmonic oscillator)
parts.

Deformation occurs when there is a rearrangement of nucleons into differ-
ent configurations with a lower energy than the spherical arrangement. Stable de-
formation is experimentally shown by the existence of rotational bands and large
quadrupole moments [22]. The quadrupole moment is a major indicator of defor-
mation, and it can be determined via atomic hyper-fine splitting, where Rq is the
average nuclear radius, Yy ,, are the spherical harmonics, and 6, ¢ are the angles

from the nuclear center to the surface [23].

1.12 Deformed nuclear measures

Both the Wilets and Jean, as well as the Davydov and Filippov models predict
similar excitation energies and B(E2) values for transitions within the ground-state
rotational band. Both models describe a sequence of levels, 2*, 3%, 47, 5%... associ-
ated with the second 23 level arising from varying degrees of loss of axial symmetry.
The v band of a nucleus shows higher sensitivity to triaxiality and demonstrates dif-
ferent level staggering for v-rigid and ~-soft triaxial states. The question of rigidity
in triaxial nuclei was addressed by Zamfir and Casten. They defined the “staggering
factor”, S(4,3,2) (or S(4)) as the energy difference between the 4% and 3% levels,

minus the 3] and 23 energy difference, divided by the 2 energy [24].
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Negative values for S were considered as 7-soft systems while positive values were
an indication of rigidity. The question is whether the 3% state is closer to the 2%
level or closer to the 47 one? An extensive discussion of S values was provided by
McCutchan et al. who found several nuclei with slightly positive S values in the
rare-earth region [25].

Low-energy characteristics of triaxiality include a 23 state lower in energy
than the 4] state and a low-lying 3] state. Triaxial structures identified at high
energies are given various labels including those of chiral and wobbling bands. Strong
chirality results in the presence of two identical rotational bands with intra-band
transitions. Wobbling involves a change in the axial collective motion away from
the principal axis, or the axis with the largest moment of inertia. Wobbling is seen
experimentally in nuclei with similar intrinsic band structures, but with different
spin and parity (e.g. a 47, 67, 8" band would be coupled to a 57, 77, 9~ band).

Shape coexistence occurs where there are multiple shapes in a single nucleus.
These structures are separated by a barrier up to the point that keeps particles
separated by a barrier that inhibits mixing. Shape coexistence is possible by different
configurations close in energy [6]. These configurations are caused by the promotion
of nucleons across shell gaps. Typically, one of the shapes will be considerably closer
to sphericity and the other shape will be considerably more deformed, with the latter

involving both protons and neutrons shifting into different shells.
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1.13 Nuclear model calculations

Observation of nuclear properties has resulted in various nuclear models. These
models simplify the basic interactions between nucleons, but do not accurately de-
scribe more complex nuclear systems. Statistical models such as the liquid-drop
model assume a uniform spherical nucleus, while the shell model is comprised of a
spherical nucleus whose nucleons occupy orbitals. The independent particle model
also describes the nucleus and the nucleons in their orbits and interactions. The
fundamental success of the nuclear shell model is that it “provides a well-defined
procedure for the calculation of basic nuclear observables” [21]. The predictive
power of existing nuclear structure models is limited because of their development
from observables of nuclei close to stability. This underlines the importance of un-
derstanding the behavior of the nucleus away from stability.

Nuclear modeling is often conducted using computational power, and the
model utilized is often dependent on the mass-region. Nuclear modeling has several
different approaches. These include self-consistent microscopic models with an un-
derlying nucleon-nucleon interaction (ab initio), models which use calculated shell
and pairing corrections (self-consistent mean-field (SCMF), shell model theories),
macroscopic models which use empirical data (liquid drop), algebraic expressions
based on the nuclear shell model (interacting boson model (IBM)), and neural net-
works [26]. Each approach has its own merit, but many are beyond the computer
power currently available for the germanium nuclei. In the following chapters, this

work will describe the experimental data using the traditional shell model with ef-
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fective interactions. For cases within the A=60-100 region the JUN45 and jj44b
interactions in the jj44 model space are commonly used. This model space includes
the proton and neutron 2ps /s 2p1 /2, 1f5/2, and 1gg/, orbitals, excludes the filled 17/
orbitals below Z, N = 28 and also the empty orbitals in the gddsh shell states above
Z, N = 50.

The ab initio methods start from a given nucleon-nucleon potential which
describes nucleon-nucleon scattering data by an effective nucleon interaction. In this
model, the core of the nucleus is assumed to be largely repulsive where the nuclear
matter is a strongly correlated quantum liquid. Such “no-core” shell models with
current computational power are only available for nuclei with A < 12. For example,
Green’s Function Monte Carlo (GFMC) is a solution of the many-body Schréodinger
equation, but certain difficulties arise with the application of the Coulomb potential
and the requirement of Fermi antisymmetry [27]. Heavier systems require an inert
core to be assumed and effective residual interactions between the nucleons. The self-
consistent mean-field (SCMF) theory approaches the many-body nucleon problem
by an average effect of one nucleon on the rest of the nucleons in the nucleus. The
main interactions which use SCMF are the Gogny, Skyrme, and relativistic mean
field interactions.

The shell model presented here can be applied by assuming the presence of
a nuclear core to simplify the multi-body system. The nuclear core is a closed-
shell group of nucleons into and out of which nucleon excitations are not allowed.
The individual nucleons, or valence nucleons, are those above the core. The core

consists of both protons and neutrons in filled orbitals. The simplest model of

25



nuclear structure is the independent particle model, which assumes that the single
unpaired nucleon is solely responsible for the nuclear properties. The independent
particle model is most successful in predicting level sequences when the nucleus is
near a closed shell. Above the core, the configurations of the nucleons determine

the behavior and characteristics of the nuclear excited state.

1.14 Nucleon configurations near °Ge

The configuration of the nucleons in the shell-model framework is a powerful
tool to compare the theoretical characteristics of a particular state to experimental
results. These include the spin, parity, and level energy.

A simple way to create an excited state in an even-even nucleus is to break a
pair of nucleons, and move one nucleon of these into an unfilled orbital. Table 1.4
shows possible configurations available for broken pairs of protons and neutrons in
the region near ®Ge. Experimental pairing energies are around 2 MeV in nuclei near
mass A = 80 [22]. Measurements in even-even nuclei show that the first excited state
nearly always has a spin and parity of 27. This energy is far below 2 MeV, which
suggests a role for collective motion [23]. Hence, these 27 states are depressed in
energy by a mixing of the wave functions of many broken pairs. Further multiple-pair
excitations including core-coupled excitations require additional mathematics which
can be calculated by programs such as NuShellX. The configurations presented in
this thesis should be viewed as an extreme simplification of the occupancy of the

nucleons in each orbital. The jj44 model space of the NuShellX code calculates the
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Table 1.4: Parity possibilities of mixed-shell configurations

\ \ Group \ Shell \ Parity Possibilities \
[pf7] Iss2f5)2 2t 4%
[pf7] p3/2.5/2 1*,2%,3% 4%
2 protons [pf7] D3/2D3/2 2%
[pf11] P1/2f5/2 2+, 3%
[pf11] D3/2D1/2 1t 2F
99/299/2 27 4% 67,87
2 neutrons 99/2P1/2 47,57
99/2D3/2 37,47,57,67
g9/2f5/2 27,37,47,57,67,77
2 broken fsj2f520 f5/ap3/2 | 11,217,337, 4% 5% 67
proton pairs f5/2f5/2 0 P3japssa | 11,2737 4% 5 67

occupancy of the nucleons in each of the f5/2, ps/2, p1/2, and gy/o orbitals (the fpg
shell). NuShellX also calculates the average occupancies for each orbital, and the
decomposition for different total angular momentum couplings between protons and
neutrons. Further discussion of NuShellX can be found in Section 3.7.

In this thesis, “groups” of configurations are designated with one broken proton
pair as [pf7] or [pfll] as shown in Table 1.4. The [pf7] group consists of a single
1T state, a single 3" state, three 2% levels, and two 47 levels. The [pfl11] group
includes the [pf7] states from the f5/, and ps/, orbitals, and also an additional four
positive-parity configurations. These additional states result from the involvement
of the py o orbital. These four states lie at higher energies, and include a single 1
level, two 2% states, and a 3T level. The separation for 29 < Z < 35 between the
upper four levels is a direct consequence of the spin-orbit splitting between the ps/,
and p /, states. This is particularly important in model calculations that use widely

different values for this spin-orbit splitting.
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Note that Table 1.4 shows five different ways to make a 2% state with a proton
pair and only one way with a neutron pair. The maximum spin created with one
broken proton pair is 4. Table 1.4 shows that the creation of a 67 state is not possible
by breaking a single pair of protons, but it is possible with a pair of neutrons.
Additionally, a broken pair of neutrons can create 2,4, 67, 8" states as well as
negative-parity states ranging from 2~ to 77. The only two-neutron configuration
that can result in a 7~ state is from a gg/2 f5/2 coupling. The excitation energy of this
configuration can act as a measure of nucleon paring and single-particle energies.
States from multiple broken proton pairs are in the lower section of Table 1.4.

The subsequent sections discuss the neutron-hole and proton-particle struc-

tures of this region in more detail.

1.15 Neutron Hole Structures

The isotopes of ™~7"Ni with the closed Z = 28 orbital are presented to exem-
plify structures due to neutron holes as shown in Fig. 1.6. The single-hole structure
of 1INis is unknown beyond the presence of a go/2 ground state. The expected
excited states for the py/2, f5/2, and ps/p orbitals in the jj44b model space are at
1084, 1914, and 2144 keV, respectively. In Fig. 1.6, the experimental and theoretical
structures of the two-hole nucleus, *Ni, are shown, along with the four-hole system,
T4Ni.

In the "Ni nucleus, the 2+, 4%, 67, and 8" positive-parity states are possible

by breaking a neutron pair, and positioning the nucleons in an empty orbital. These
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four states are well known due to the isomeric character of the 8" level. The 25
state is calculated in the jj44b model space at a much higher energy (4487 keV)
than the 8% level. This is because the Z = 28 proton core cannot be broken (in
the NuShellX code), and the breaking of a deep hole f5/, neutron pair is repaired
together with the alignment of the two neutron holes.

Negative-parity 5~ and 4~ levels can be produced by the breaking of a deeper
neutron-hole pair with configuration 99_/12])1_/12. Additional negative-parity states oc-
cur by breaking a pair in the deeper p3/; or fs5/» orbitals. The maximum angular
momentum of a negative-parity state with one broken pair is a 7~ level with an
aligned 99_/12 f5_/§ state. The calculated level energies from the jj44b interaction, are
higher than those observed for the positive-parity levels. However the code produces
the negative-parity states well within the expected energy range.

For the four-hole nucleus, ™Ni, the observed and calculated level schemes are
more complex. This is due to the presence of seniority-four configurations (breaking
of two nucleon pairs) at low energies (Fig. 1.6). The calculated 23, 45, and 65 levels
are found at low energies in the same region as the seniority-two levels. Seniority-two
levels involve the breaking of one nucleon pair, with resulting mixed configurations.
The theoretical negative-parity levels are found within a reasonable range when
compared to experimental levels. The odd-spin positive-parity levels lie at much
higher excitation energies (above 3800 keV), as seniority-four levels. Such states

were not possible in “°Ni, due to the presence of only a single neutron-pair hole.
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1.16 Proton-Particle Structures

The observed levels in "Cu with a single proton beyond double-magic "®Ni are
presented in Fig. 1.7. This figure includes the levels for 8Zn, a nucleus with a single
pair of protons beyond ™Ni. The monopole-driven inversion of the ps and f5
levels was observed in "Cu (Refs. [31,32]). This result raised the question of the
separation size for a single proton beyond double-magic "*Ni. The observed 656-keV
separation in “Cu is lower than most calculated values. The exception is the jj44b
interaction, which predicts the p3/; state as low as 391 keV. The separation between
the p3/» and the p; /o orbitals arises from the spin-orbit splitting and is measured to
be 855 keV, but is calculated to be 50% larger. This experimental value is consistent
with the spin-orbit splitting of 988 keV observed in '3!In [33]. The energy of the 27
first excited state in ®Ni has not been formally published. However, preliminary
data from the RIBF facility at RIKEN (Japan) indicate that the state is about
2500 keV, nearly the same energy as in double-magic 5°Ni. The low-energy of the
1/27 level in ™Cu at 1511 keV could be caused by an admixture of another state
(a core-coupled 1/27 level).

The shell-model states of 8Zn are presented in Fig. 1.7. There are eleven
positive-parity states (the [pfll] group), and the lowest negative-parity state, a
7~ level is at 5439 keV. For nucleon configurations of one proton pair produce
positive-parity levels with spin > 4, and are not possible below about 8 MeV. The
calculated 67 and 8 levels lie at 10314 and 10350 keV, respectively. These arise

from promoting a pair of protons (which requires ~ 4 MeV) to the gg/2 orbital. An
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additional broken a pair requires two more MeV. The calculations reproduce the
observed levels accurately. The 4] level is calculated to lie in close proximity to the
observed state, and the three higher-energy states are in the same energy range as
the states involved in breaking of the lone pair, and the promotion of one proton in

the p3/, orbital.
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Chapter 2: Motivation

The search for neutrinoless double 3 decay is currently one of the most ex-
pensive nuclear physics projects in the world. Such a discovery will only occur if
the neutrino is both massless and its own antiparticle. A nucleus for which such a
property might be found is "®Ge. The properties of this single nucleus and those
with adjacent odd-mass have been the subject of extensive study over the last 15
years. At Argonne National Laboratory (ANL), John Schiffer and Ben Kay under-
took many studies of the single-particle properties of adjacent 7" Ge using transfer
reactions. Starting in 2009, the University of Maryland College Park-Argonne col-
laboration pursued studies of the structure of 9gNi nuclei. These experiments used
deep inelastic scattering (DIS) or multi-nucleon transfer (MNT) reactions to pop-
ulate levels in Ga and Ni. The work was initiated by a post-doctoral worker, Dr.
Irina Stefanescu, now in the detector group at Lund University and was carried on
by Maryland Assistant Research Scientist, Dr. Chris Chiara. A visitor to ANL from
Japan, Dr. Yusuke Toh, was interested in “triaxial nuclei” and used these data to
provide new information for stable ®Ge. The result was a “featured” Rapid Com-
munication in Physical Review C, that hypothesized that ®Ge exhibits features of

rigid triaxiality [34].
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In 1977-1978, Nilsson’s group at Lund published a paper and also a review
which demonstrated that at v = 30°, gaps appear in the moderately deformed
single-particle levels at nucleon numbers 26, 32, 44, and 46 [35,36]. They singled out
two nuclei *®Fes,, and "*Geyy as examples using just the first 3 levels in each nucleus
to demonstrate thise effect. For the former nucleus, they suggested a triaxially
deformed minimum with § = 0.26, and v = 25° and for the latter one a similar
minimum with f = 0.27 and v = 35°. The aurthors concluded that these gaps
would provide effective shell closures at v = 30° with stabilized structures. These
papers vanished into the dark recesses of the scientific literature and were not cited
by any of the authors who discussed triaxiality in the subsequent 40 years, including
the Toh et al. paper on °Ge [34].

Owing to the interest in double  decay, numerous theoretical papers were
published, nearly all of which indicated that ®Geyq, with two additional neutrons
beyond "®Geyy, would be a dull nucleus with no features of interest. However, heavier
80Ge s and ®2Ges were extensively studied by scientists interested in properties of
nuclei near closed spherical shells, in this case, N = 50. One surprising result was
the identification of a low-energy second 07 level in 8°Ge that was attributed to

shape coexistence with structures across the N = 50 closed shell [6].

2.1 Closed shells

The properties of nuclei in the vicinity of closed shells and subshells provide

insight into the hierarchy of the nuclear orbitals. These are succinctly described
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within the shell-model framework. In particular, studies on doubly-magic gO, 5,Ca,
28Ni, 5091, goPb and their surrounding nuclei provide insight into the role of major
closed shells. The predictive power of present nuclear structure models is limited
due to the development of such models from observables obtained from nuclei close
to stability. This emphasizes the importance of the behavior of the nucleus away
from stability.

A comprehensive description of the shell structure of the semi-magic number
32 described by a full valence 2ps/, orbital within the shell-model framework is
necessary to establish shell evolution. This in turn, affects changes in the structure of
the shell model. The subshell closure at Z = 32 can be attributed to the magnitude
of the spin-orbit splitting that drives the 1f5/, orbital a full MeV above the 2ps/,
one. The spin-orbit splitting of the 2ps/, and 2p;/, orbitals also places the 2p;
state well above that of the 2ps/,, isolating the 2ps/, orbital. Above N = 40, the
Z = 32 subshell closure disappears when the 1gg/, neutrons weaken the 71f7/,, —
v1fs/2 splitting, which allows for the 1f5/,, orbital to become the ground state in
5Cu. A similar inversion, due to the monopole interaction, is seen in the mirror-
case of 5iTizy [37]. Additionally, strong shell effects were identified in 19K35 [38],
20Cagy [39,40], and 91 Scsy [41].

With 32 protons, germanium nuclei lie just above the Z = 28 major closed
shell. Excited states in Ge isotopes are known over N = 30 to N = 54, that is across
the closures of the N = 40 subshell and N = 50 shell. The degree of collectivity
versus single-particle characteristics of the other Ge nuclei is affected by the ability
of theoretical models to accurately describe the excited states. Certain features,
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such as the excitation energy of the 2 state, challenge the shell-model picture that
includes a N = 40 subshell closure. The subshell at N = 40 is an oscillator-shell
boundary between odd-parity L = 3 orbitals and even-parity L = 4 ones. However,
the 2p;/p orbital is the highest one in the N = 3 oscillator shell, and it has little
influence on the collectivity of the nucleus. Therefore, collective properties are also
weak at both N and Z = 38 as evidenced by the properties of 8Sr and °Zr, along the
N = 50 closed neutron shell. With enough energy, the 2p; /; orbital will play a role in
contributing to excited states. Hence, overall collective properties show a maximum
at N = 42 as evidenced by the Coulomb excitation data shown in Figure 2.1 from
Giirdal et al. [42]. Collectivity is a much more significant contributor to the Sr and

Kr nuclei when compared to the Ge and Zn.

2.2 Collectivity and Deformation

The energy of the lowest 27 state has historically served as a basic gauge for
collectivity and deformation. Owing to the subshell closure at N = 40, a consid-
erable gap is expected between the ground and the first excited state. In the Ge
isotopes, the excitation energy of the 2] level varies between 902 and 1039 keV for
N = 32—38 nuclei. At that point the excitation energy drops to 834 keV at N = 40
and continues to drop until it stabilizes around 600 keV for N = 42 — 48. When
the N = 50 shell is reached, the expected higher 2] excitation energy at 1348 keV
appears. Coulomb excitation studies of Zn, Se, Kr, as well as Ge also show that

N = 42 is the mid-shell location of a maximum in collectivity [43]. Wilets and Jean
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Figure 2.1: Quadrupole transition values (B(E2)) of Zn, Ge, Se, Kr, and
Sr in the N = 40 region. From Ref. [42].
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noted a group of nuclei whose second 2% level fell well below the first 41 levels,
and they ascribed the presence of these states to a loss of axial symmetry [13]. To
describe such triaxial systems, three degrees of freedom are required. In these cases,
the 25 state is interpreted as the band head of a v band [44]. Bohr and Mottelson,
in their introduction to geometric models of the nucleus, described both vibrational
and rotational nuclei. They recognized a need for a second deformation parameter,
to describe further departures from axial symmetry for rotational nuclei and collec-
tive vibration. This results in a loss of axial symmetry that leads to the creation of
the v parameter.

The change in characteristics in even-A Ge nuclei toward the N = 50 shell
closure can be examined through the study of the nuclear structure and associated
decay patterns. Such a study provides insight into the strength of the shell closures
at N = 50 and Z = 32. Above the N = 40 subshell closure, the Ge isotopes ex-
hibit a variety of characteristics that include increasing collectivity [45], competition
between intrinsic shapes associated with unique configurations [46,47], as well as
low-spin properties related to specific intruder excitations [6, 48] across the Z = 28
shell gap, and also evidence of substantial triaxiality [34,49]. The fact that triaxialty
is considered in *Ge and "®Ge, should come as no surprise as gaps for v = 30° were
predicted at 32,44, and 46 nucleon numbers by Larsson et al. and also Ragnarsson,

Nilsson and Sheline [35, 36].
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2.3 Structures and deformation in Gegg_s

There have been extensive studies of the systematic features of the low-lying
states in even-A Ge nuclei above N = 40. The ratio of energies of the 4" state
to the 27 state, Fy+/Eo+ is often used as a gauge of deformation (as discussed in
Chapter 1). The E,+/E,+ energy ratios in ™78 Ge are approximately 2.5. This
ratio is above the value representative of vibrational nuclei and significantly below
that of rotational ones. However, Wilets and Jean took interest in this specific
feature [13]. In turn, this instability can bring intruder states close to the Fermi
surface. As a result, the energy of the first excited 0" state has been investigated
by many scientists. These include the research group of T. Fortune [50] and also
has been reported by Van den Berg et al. [51]. With increasing neutron number the
05 level decreases from 1215 keV in ™Ge to 692 keV in ™Ge and it rises again to
1483 keV in ™Ge. The 0] state is at a local minimum within the isotopic chain
at N = 40 in "Ge and it is also the first excited state in the nucleus. In contrast,
the 2 level is consistently the first state in the heavier isotopes. In ™Ge, the 05
state doubles in energy, and it becomes the fourth excited state in the nucleus, even
above the yrast 4] state. The state in "*Ge reaches a maximum at 1911 keV above
an additional state, the 3] level. In ™Ge, the 05 state drops below the 3] and 4]
states to an energy of 1547 keV. Described as an intruder state [6], a 05 level has
been reported in 8°Ge at 639 keV, the lowest 07 occurrence in the isotopic chain.
The only excited 0% state known in #?Ge has an excitation energy of 2333 keV, and

in heavier isotopes no excitation of this type has been observed.
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The region around ®Ge is important in the interpretation of double-3-decay
studies. The process of 8 decay normally occurs between two adjacent nuclei. In
the case of "*Ge, 3 decay is energetically unfavorable to As, as it lies at a higher
energy. Experimentally, "®Ge has been observed to decay directly to "Se by the
release of two (8 particles. Double -decay studies are frequently conducted to de-
termine whether or not the neutrino is its own antiparticle, as would be indicated
by the identification of neutrinoless double 3 decay. If this decay is found in "°Ge,
a complete characterization of the ®Ge wavefunctions will be necessary to extract

information on this process.

2.3.1 Brief Overview of Experimental Findings

Although important in study of shell evolution of the Ge isotopes, the 70:7™76Ge

nuclei are only briefly mentioned in this work. Here is an outline of significant find-
ings in these nuclei.

Ge: The ™Ge nucleus has been interpreted to have a spherical shape by the filled
p3/2 and f5/ orbitals, and has been the basis of shape transition studies [52,53].
Ge: The newly reported ™Ge structure suggests that there are two coexisting
shapes present, both of which may be triaxial [46]. This nucleus has also been de-
scribed to have a 7-soft triaxiality [49].

™Ge: Sun et al. determined ™Ge to have a triaxial, mainly collective structure [49).

Further corrections to this scheme have been presented by the University of Mary-
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land group [54].

Ge: Triaxiality in the "®Ge nucleus was described as ~y-rigid in Refs. [34,49,55].
8-82Ge: The study of the nuclear structure of ®~82Ge forms the basis of this work
and it is presented and discussed in Chapters 4 and 5. Previously works described
Ge as prolate [56], but subsequent investigation (as part of this thesis) has pro-
duced evidence for a structure that has not been previously observed, nor is easily
described theoretically [57]. A second nuclear configuration in *Ge was reported
by Gottardo et al., and indicated a 0T intruder state [6]. %2Ge has a high first ex-
cited state at 1348 keV, indicating an increased stability since the nucleus lies on

the N = 50 closed shell.

In closing, further studies on the nuclear structure of the Ge isotopes are

warranted to further realize a theoretical model that accurately describes all exper-

imental observations.
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Chapter 3: Experimental Methods and Analysis

3.1 Deep inelastic scattering

Deep inelastic scattering (DIS) was first used as a technique in nuclear re-
action experiments before it was used in the field of nuclear structure. In a DIS
reaction, complete fusion between the nuclei in the beam and target does not take
place. Instead, when the nuclei come in partial contact, neutrons and protons are
exchanged along a contact boundary creating beam-like and target-like residual nu-
clei. Depending on the beam energy, which is usually kept in a range 20 —50% above
the Coulomb barrier, the deeper collisions exchange more particles. Generally, the
nuclei that have the highest probability of creation are near the initial nuclei, and
also nuclei which lie on a line between the target and beam nuclei (see Fig. 3.1). DIS
is a valuable means of producing neutron-rich nuclei by bombarding a neutron-rich

target with a neutron-rich beam [58,59].
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3.2 ATLAS and Gammasphere

3.2.1 ATLAS

The Argonne Tandem Linear Accelerator System (ATLAS) is housed at Ar-
gonne National Laboratory (ANL). It was developed in the 1970s, and it proved
to be the world’s first superconducting accelerator for projectiles heavier than the
electron. ATLAS is a Department of Energy (DOE) nuclear physics national user fa-
cility, and it provides experimental means to explore questions in nuclear structure,
nuclear dynamics, nuclear astrophysics, low-energy tests of the Standard Model,
and applications of low-energy nuclear physics. ATLAS can provide light in-flight
radioactive beams, and also beams from heavy neutron-rich Cf fission products. Sta-
ble beams up to uranium (U) with intensities approaching 10 puA are also available
at ATLAS. These stable beams have energies ranging from ~ 0.5 MeV /u to 10-20

MeV /u, depending on the mass and charge state of the projectile.

3.2.2 Gammasphere

The Gammasphere (GS) spectrometer is a powerful tool to study nuclear spec-
troscopy across the chart of nuclides including those far from stability. Paired with
other detector systems, the GS array can be used to detect heavy ion reaction part-
ners (CHICO), low-mass particles (MicroBall), and to separate reaction products
(Fragment Mass Analyzer (FMA) and AGFA). GS was developed and assembled at

Lawrence Berkeley National Laboratory (LBNL) by a collaboration involving many
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universities and national laboratories. With the advancement of ATLAS and the
various available beams and energies, GS was relocated to its present location at
ANL.

Gammasphere is a 47 detector array comprised of high-purity germanium
(HPGe) n-type detectors paired to bismuth germanate (BGO) detectors [61]. The
experimental setup is shown in Figure 3.2. The BGO scintillators act as Compton
suppressor shields to the Ge detectors. This ensures that if a vy ray deposits its en-
ergy through multiple scattering events and the photon scatters out of the detector
and is detected in the BGO shield then the event is deleted. This is an important
factor, because within GS, approximately half of the total number of events occur
within the Ge detectors and the other half within the BGO shield [62]. The leading
interaction mode between 50 keV to 8 MeV is Compton scatterin (Fig. 3.3). As seen
in Fig. 3.4, Compton-scattered ~ rays overwhelm the spectrum of fully-absorbed ~
rays within the Ge crystal. The peak-to-total (P/T) ratio compares the response of
the full-energy peak of a mono-energetic v ray interacting with a detector to the to-
tal number of counts within the spectrum. This ratio using Ge only is approximately
20%, while including the BGO material increases this value to 68% [60].

The absolute efficiency of the HPGe detectors varies with the energy of the
ray detected. X-rays can be inhibited by absorbers of various thickness and materials
in front of the detectors, making Gammasphere most effective for v rays above 100
keV. The absorber effect drops off below 2000 keV where detector efficiency drops
rapidly. The detector sphere has a central focal point, where the target material

is mounted. If auxiliary detectors are included in GS experiments, they are often
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Detector Electronics

BGO Suppressor Plug

Figure 3.2: Experimental setup of the Gammasphere array. From Ref. [60].
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Figure 3.3: Attenuation coefficients of v rays interacting with germanium
as a function of the y-ray energy. Interactions include the photoelectric,
Compton, and pair production. From Ref. [60].

placed at the focal point. The fixed frame of the Gammasphere can hold up to 110
detector-shielding pairs. Each detector unit can be replaced for maintenance without
affecting the reproducibility of the system. This large number of detectors maintains
a small solid angle for each individual detector. This is important to enable Doppler
corrections over a small angular range. In addition, events arising from the summing
in a single detector of two 7 rays from a single event are minimized.

Germanium is used as a bulk semiconductor material in high-purity germa-
nium (HPGe) detectors. A high level of purity in germanium is required to produce

a high quality detector because of depletion depths that correspond with the highly-
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Figure 3.4: Background from Compton scattering within Gammasphere.
The unsuppressed spectrum (red) includes subsequent events detected
in the surrounding BGO, whereas the suppressed spectrum (black) elim-
inates the contribution from the Compton-scattered v-rays.
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penetrating v rays. The depletion depth thickness is given by

EOK o

where N is the net impurity in the bulk semiconductor material and V is the reverse
bias voltage. A high reverse bias voltage or an ultra-pure (with an impurity level
on the order of 10" atoms/cm?) semiconductor material is necessary to expand
the depletion depth to a few centimeters. The germanium crystals in the detectors
must be cooled to liquid nitrogen temperatures (77° K) to avoid leakage current due
to the small band gap. A close-ended coaxial configuration can incorporate more
crystal volume, and this in turn can detect higher energy v rays. This configuration
also avoids leakage currents and has a lower capacitance than a planar geometry.
Unlike less expensive sodium-iodide detectors, high-purity large-volume Ge detectors

achieve high peak efficiency and sharp energy resolution.

3.3 Experiments in Gammasphere

Thick targets were used in the Gammasphere data sets used in the analysis of
this work. As the beam nucleus progresses through the target, it loses energy, leading
to progressively shallower collisions and transfer of fewer nucleons. Ultimately, the
projectile-like fragment is stopped in the target. A disadvantage is some v rays are
emitted before the fragment has stopped. The resulting y-ray peak is smeared in
energy and is not observed unless it has higher intensity or unless there is a “slow”

decay that feeds into the level of interest.
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Once the beam strikes the target, excited nuclei are formed. Then the decaying
v rays are detected by the HPGe detectors of GS as depicted in Fig. 3.2. Next, a
preamplifier for each Ge detector reads the flow of electrons as a current. With
each event, a timestamp is included. The signal then moves from the preamplifier
to the DAQ (data acquisition) system which is connected to all the preamplifiers.
Here, the DAQ compiles the timestamps and converts the currents to energies of
the individual photons, E,. The DAQ system includes many other processes such

as pulse-shape analysis, which will not be described in this work.

3.4 Gammasphere Data and Coincidence Cubes

The beam from ATLAS was directed onto the target in pulses of about 1 ns
width every 82 ns. Only every fifth pulse was used, and this left a ~ 410 ns time
difference between events caused by the nuclear reactions. Each data set of Table 3.1
can be called a “cube” because the data is sorted into three-fold coincidence events.
A three-fold coincidence is three successive signals recorded within 1 us of the first
signal [63]. Any additional Compton-suppressed 7 rays within this time frame are
also included as events. For each detected v ray, a timestamp relative to the RF
beam pulse was recorded (Fig. 3.5). An example of how multiple data cubes are
used in the analysis of a gate can be found in Appendix A.1.

Events occurring with the initial flash of radiation from a beam pulse, are cat-
egorized as “prompt”. Events recorded between subsequent beam bursts are catego-

rized as “delayed”. During the microsecond of signals recorded after the beam burst
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Table 3.1: Gammasphere deep inelastic scattering data*

gsfma label Beam Target Beam Energy (MeV)  Date

089 8Ca 208pt, 305 01-2000
118 BCa 287 330 08-2003
145 82Ge  208pp 2387 525 4+ 630 09-2004
166 64N 87 430 10-2005
223 6Ge 87 425 + 530 10-2008
245 6Ge 208p, 450 02-2009
266 6Ge 198 py 450 11-2010
287 07n 197 Ay 430 02-2012
201 07n  208pp 2387 440 03-2012
299 07n 208pp, 440 07-2012
314 136X o 208pp, 450 04-2014

* Available for analysis in this work.

events can be correlated on the order of hundreds of nanoseconds. Such correlations
are useful in examining [-decay transitions, prompt transitions, and transitions
above and below isomers. GS coincidence data have also been organized in four
classes: prompt-prompt-prompt (PPP), delayed-delayed-delayed (DDD), prompt-
delayed-delayed (PDD), and prompt-prompt-delayed (PPD). The PPP coincidence
events occur when all three v rays occur within the flash of radiation associated
with the beam pulse and when they are within ~ 40 ns of one another (Region 1 of
Fig. 3.5). DDD coincidence relationships occur with a delay from the initial beam
pulse (Region 2 or 3 of Fig. 3.5). PDD and PPD coincidence events occur when one
or two events occur with the beam pulse (Region 1 of Fig. 3.5), and the other(s) oc-
cur after a delay (Region 2 or 3 of Fig. 3.5). Events from the simultaneous emission
of three ~ rays from radioactivity will be observed across the entire time spectrum.

Owing to the narrow time window for Region 1, most such events are observed in
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Figure 3.5: Plot of the counts over the time on a logarithmic scale with
respect to the RF beam pulse. Region 1 indicates a “Prompt” event,
which occurs during the initial flash of radiation and is emitted as the
beam hits the target [63]. Regions 2 and 3 indicate a “Delayed” event
which occur between subsequent beam bursts, but are products of the
initial beam burst. From Ref. [63].

Regions 2 and 3, along with the isomeric decay produced by the initial beam flash.
Therefore, a delayed event can be associated with the beam burst for data sets of
PDD and PPD. Figure 3.5 shows that the best data quality is in the PPP cube and

the worst in DDD.

3.4.1 Cross-correlations and complementary nuclei

Following each deep-inelastic scattering event, two excited nuclei are created,
and they are unique to the beam-target combination. If this reaction is treated

as a two-body system, they are produced at the same time. Therefore, v rays
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emitted from both fragments are coincident and are considered complementary to
one another. Additional transitions are found by gating on a transition from a target-
like nucleus and its complementary, projectile-like nucleus. Transitions from the
target-like nucleus will appear in the spectrum of transitions within the projectile-
like nucleus due to their coincident nature. In the "*Ge beam on 23U target run
(Ge/U), each event in which a "®Ge nucleus is formed, there also is a complementary
236U nucleus. Transitions from this complementary nucleus are present in the ®Ge
spectrum (Fig. 4.13). Although this is a simple mechanism in theory, there are
complications such as isomers in one member of the two-body system. A list of
complementary transitions found in cross-correlation are shown in Tab. 3.2. For
higher-spin states, where deeper inelastic collisions take place, neutron evaporation
may occur. The observation of a complimentary nucleus with three or four fewer

neutrons than expected is a common result.

Table 3.2: Commonly observed transitions (in keV) in the beam, target, and com-
plementary nuclei of Ge cubes.

238(] 2361] | 208pp | 206pp | 98Pt | 95pt | 0(ie
159.0 | 160.3 | 883.6 | 537.5 | 407.2 | 326.3 | 562.9
210.6 | 212.46 | 1609.3 | 803.1 333.0 | 847.2
257.0 | 260.1 | 2614.5 355.7 | 1639.9
300.6 | 303.0 393.3
338.8 | 642.3 521.2
927.2 | 1006.0 594.7
1042.4 | 1014.1 604.6
1223.3

1370

1470
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3.5 Data Analysis

3.5.1 RADWARE

RadWare, developed by Dr. David Radford is a software package designed
to analyze v-ray coincidence data [64]. This package includes three major pro-
grams: gf3, escl8r and levit8r. These programs can manipulate one-dimensional
(1-D), two-dimensional, and three-dimensional spectra, respectively. The gf3 pro-
gram is a least-squares peak-fitting program that allows for interaction with one-
dimensional spectra. The features include the fitting of peaks, the comparison of
spectra (with overlay), the addition of multiple spectra (with AS- add spectrum),
as well as many other capabilities described in Ref. [65]. The escl8r program [66]
analyzes two-dimensional matrices, and is useful in creating level schemes and com-
paring the angular correlation between two transitions. The levit8r programs allows
for the analysis of triple-y coincidence relationships by organizing data from one-
dimensional spectra into three-dimensional cubes. A fourth program, 4dg8r, creates
hypercubes that allow for coincidence events of higher degrees. Figure-plotting pro-
grams are available for graphical visualization and construction of level schemes

(xmlev) as well as angular correlations (gnuplot).

3.5.2 Coincidence gates and spectra

Coincidence spectra were used to analyze the data in this thesis. A spectrum

is created by gating on one or two transitions in this type of analysis. When gating
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on any transition, 7, a spectrum is produced with peaks (lines) at energies of all
other v rays that are detected when v, is observed. These other peaks are called
“coincident peaks”, and each correspond to a coincident ~y ray. The gating on a single
transition is called a “single gate”, and it can be useful identifying the transitions in
the partner nucleus of the reaction. Since hundreds of different nuclei are present,
there is a high likelihood that a certain transition, ; will be found in multiple nuclei.
Hence, most singles gates are not very useful.

Although a single v ray may be present in many nuclei, the likelihood of two
coincident ~ rays or three v rays is much smaller. A “double” gate is a spectrum
created from two transitions coincident with one another, e.g. v, and . In Fig. 3.6
panel (a), v3 would show up as a peak in the the coincidence spectrum in a gate on
v and o (shortened to 71/ 72). These three v rays are said to be in coincidence
with one another. This is the method used to identify new transitions (like 73) in
a nucleus. If a new transition is identified, it is important to verify that it belongs
in the nucleus of interest. First, the process of “back-gating” ensures that the three
transitions are coincident with one another. As a 7y, /7, gate was used to find 3, a
subsequent gate on 7y, /3 should return 7, as well as a v2/73 gate should return ;.
If other, stronger transitions are present in the gate, this is a clear indication that
this set of v rays is also found in another nucleus. The second step to ensure that
73 is not in another nucleus is to check the National Nuclear Data Center website
(NNDC) [28] in the “Levels and Gammas Search” of the NuDat tab. A third step
in this type of analysis is to check data from a different reaction to see if ~3 is
found in coincidence. These three steps were used to scrutinize the placement of
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new transitions to establish new states in "880:82Ge.

In Fig. 3.6 panel (b), a double gate on 7, /75 should produce a peak at ~y; in the
coincidence spectrum. However, a gate on 7 /4 will not return 7 in their spectrum
because v; and 74 are not coincident. The two transitions both feed into the same
state, but are independent of one another. For example, 7, and v; are coincident
with one another, but a third transition on top of state E is necessary in the data
analysis. In Fig. 3.6 panel (c) has a more complicated level scheme, including a
transition feeding into state E. Here, 715 should be found in the following gates:
Y/ Vs, Y7/ Vas Y7/ 71, and /1. Since there is no pathway between 75 to o, 73,
Yo, V10, Y11, and 13, these transitions are not coincident with 5. States like A
and H are the highest-energy state in their respective sequences. Therefore, higher
confidence in the level energy can be made through multiple gates. An example of
this is when ~q1, 712, 713 all initiate at state H, and through gates using each of
these transitions, the level energy for H should end up being the same, independent

of the coincidence path used.

3.6 Angular Correlations

Since the 1940s the method of angular correlations between two 7 rays has been
used to assign nuclear spins. The relationship between two successive v rays emitted
from an excited nuclear state can be assessed through their anisotropy (directional
correlation). Since there is no preferred orientation of fragments following a collision,

the correlation between two coincident 7 rays can be expressed in terms of the
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Figure 3.6: Example level schemes to show double, triple, and higher-fold
coincidence events.

angular distribution probability, W (6), a Legendre polynomial (Py(cos) of order
k),

2L

W) = Z ay Py (cos 6) (3.2)

k=0,2,4

where the a; are coefficients dependent on the angular momentum removed
by the transition (multipolarity), the nuclear spins of the states involved, and the
mixing ratios of the transitions. The first five Legendre polynomials are listed in
Table 3.3.

The angular distribution probability, W (0), and its error, 6W (f) can be mea-
sured experimentally using either the movement of one detector through a range of

angles (a method not used in this work) or by using multiple angles between detec-
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Table 3.3: Legendre Polynomials

Legendre Polynomial Order Form
Py(cos ) 1
Py (cos ) cos @
Py(cos ) 1(3cosf? — 1)
Ps3(cos ) 1(5¢cos0® — 3 cos )
Py(cos ) £(35cos 0* — 30 cos 62 + 3)

tors in fixed positions as seen in Fig. 3.7. The various methods to analyze W (0)
and sources of discrepancies that can affect experimental results are described by
Robinson [67]. Beyond the straight-forward quadrupole and dipole transitions, a -y
ray can be emitted by competing modes of de-excitation. This de-excitation has a
multipole mixing ratio, ¢ which is described as the square root of the ratio of the

number of E2 transitions per second by the number of M1 transitions per second.

W(0) = ap[l + %Pg(cos ) + %P4(cos 0)] (3.3)

Qo Qo

The general rules for the angular distribution of v rays are as follows: a AJ = 2,
stretched quadrupole transition, has an as &~ 0.3 and a4 =~ —0.1. For a AJ = 1,
stretched dipole transition, the values are typically ay; ~ —0.2 and a4 = 0. For
a mixed transition with dipole and quadrupole multipolarities, ay < 0 and the
transition is AJ = 1. Figure 3.8 shows an example of an E2 transition in Panel (a)
and an E1 transition in Panel (b). Note that the F2 transition decreases with angle,
while an M1 transition increases with angle. A second mechanism for determining
the multipolarity of a transition is the use of an ellipse comparison plot with as

against a4 (Fig. 3.9). This approach assumes that one of the two transitions in the
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Figure 3.8: Two angular correlations from the “®Ge analysis. The angu-
lar correlation between the 950.6-keV 4] — 23 and 1178.4-keV 6] — 4
transitions is shown in Panel (a). This is an example of an E2 transi-
tion, within the ground state band. Panel (b) has the angular correlation
between 950.6-keV 4] — 2 and the 1076.0-keV 5 — 4] transitions.
This dipole transition is concluded to be E'1 in character owing to other
properties of the level.

angular correlation is of pure multipolarity (either dipole or quadrupole). A list of
values with a range of mixing ratios can be plotted (Ref. [68]). The nature of the
transition can be determined if the the experimental as and a4 intersect with one of

the ellipses.

3.6.1 Relative Intensities

DIS creates many nuclei, some of which contain transitions of similar energy.

In order to determine intensities in a nucleus of interest, two transitions (y; and
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72) must be used. These two v rays are both assigned an intensity of 100. A
coincidence spectrum using 7, is created, and the areas of other coincident peaks
can be collected (including 72). The measured area and the uncertainty of a peak are
then corrected for detector efficiency. The intensity of each peak is reported relative
to the intensity of 7o (I5). Corrections to some transitions must be made when they
do not decay to the ground state through the v; — v, sequence. In these cases, other
gates on transitions which decay through 7, or 7, are used, and a conversion factor
is necessary. These data are useful in obtaining branching ratios from a single level.
The overall intensities will be sensitive to both the target and projectile used, and
also to the energy of the particle. These types of experiments can also use thin
targets with mass gating. Thin target data are sensitive to the energy of the beam
and the thickness of the target. The branching ratios are independent of the method

of production, and are therefore quite useful across experiments.

3.7 Shell-model calculations

Configuration-Interaction (CI) codes such as NuShellX, require a specific scheme
to build a complete basis. Once the basis is created, matrix elements of the Hamil-
tonian are calculated and the eigenvalues and eigenvectors are identified. The basis
may be populated by a fixed value J (angular momentum), 7, (isospin), or M
(where J, = M). The design of the basis is important to minimize computer pro-
cessing time. A fixed total M and T, value is called the M-pn (proton-neutron)

scheme. The J-pn scheme has a fixed total J and T, value. The NuShellX code
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uses the J-pn scheme, while another well-cited code in this mass region, ANTOINE,
uses a M-pn basis. In the region of Zn, Ge, and Se nuclei, the jj44b and jun45
Hamiltonians within the jj44 model space are often cited in literature. NuShellX is
able to provide the following information for this nuclear analysis: a level scheme,
transitions between states of the same parity (no F1 transitions are allowed), and
B(E2) values. The information in this section was obtained from Alex Brown and
Ed Simpson [69].

The jj44 model space for the jj44 Hamiltonian is a truncation of the shell
model. It is comprised of an inert core of °Ni, with 28 protons and 28 neutrons.
The excitations within the nucleus can occur within the following valence orbitals:
1f5/2, 2p3/2, 2p12, and 1gg/s. The dimension of the matrix is on the order of 10M
entries. The M-scheme dimension is on the order of 10°. Within the jj44 model
space, different interactions or Hamiltonians can be used, but this work focuses on
jj44b and jun45. The jj44b interaction assumes a mass dependence of (A/58)703,
and it uses two-body matrix elements (TBME) obtained with a renormalized Bonn-
C potential. It also uses the single-valued decomposition (SVD) method (an effective
Hamiltonian) to constrain the TBME in nuclei with Z = 28 —30 (N = 28 —50) and
N =48 — 50 (Z = 28 — 50). There is also a correction in the binding energy in the
Skyrme energy-density functional calculation.

When the “shell” program is run within NuShellX, a “batch” file (*.bat) and an
answer file (*.ans) are created to run the shell-model calculation. These files execute
and display the commands for the program in which two main options “lpe” and
“dens” are used. The “lpe” routine calculates the complex many-body wavefunctions
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with a preset value to return the first ten eigenstates, which correspond to the first
ten levels. The “dens” routine calculates the one-body transition densities, which
return the transition probabilities (B(£2) values) between states.

The model space and interaction are identified within “lpe” and the proton
and mass numbers are given to identify the nucleus. The minimum and maximum
angular momentum of the final states are inputs that define calculation parameters.
The parity (even, odd, or both) is specified as to which levels are produced. Each
wavefunction is comprised of the partitions of valence nucleons in available orbits in
a reduced model space (e.g. jj44). The configuration of a partition in the reduced
model space is more commonly known as a Slater determinant. The wave function
is a sum over these Slater determinants. The routine returns the calculated levels of
the input nucleus in a *.Ipt file. It also incorporates the experimental data for this
nucleus from the National Nuclear Data Center at Brookhaven National Laboratory
(BNL) [28]. The experimental levels are reported alongside the calculated levels,
useful for comparison.

Once the many-body wave functions have been calculated for each state, the
“dens” command calls on these wavefunctions and then calculates the overlaps be-
tween two wavefunctions. “Dens” calculates the radial wave functions for each
potential and also calculates B(FL), B(ML) and B(GT) reduced transition prob-
abilities from one-body transition density (*.obd) files. The M1 and E2 matrix
elements are found in a *.den (or *.dei for gamma decay) file. In this thesis, the
“t” option is chosen to calculate the two-body matrix elements. This produces the

* obd files for all transitions. The *.den file can be edited in order to use a different

65



potential from the harmonic oscillator (HO) and also to change the effective opera-
tors of the free-nucleon values. The other methods available to calculate the matrix
elements are the Woods-Saxon and Skyrme energy-density functionals. The v-ray
decay scheme is constructed from the M1 and E2 results and also the magnetic and
quadrupole moments for each states.

Files with an *.Ipe output provide average occupancies for each orbital and
also the decomposition for different total angular momentum couplings of protons
and neutrons. This type file provides a list of neutron and proton partitions to

describe each nuclear configuration.

Table 3.4: Occupation of 4 protons and 18 neutrons in a specific excited nuclear
state.

7T1f5/2 7r2p3/2 7r2p1/2 7T199/2
2.1457 | 1.3729 | 0.3121 | 0.1693

V1f5/2 1/2p3/2 V2p1/2 V199/2
5.2928 | 3.8208 | 1.6077 | 7.2785

The occupation numbers in Table 3.7 show one full pair of protons always sits
in the f5/2 orbital. The second pair has the following orbital occupancy: 1/6 in the
p3/2, 1/6 in the py/o, 1/12 in the f5/5 and 1/12 in the go/o. The p3/2, f5/2, P12, and
g2 orbitals hold a total of 22 nucleons. For N = 46, seen in Table 3.7, there are
four holes, 2 of which always reside in the gg/o orbital, with the other two holes vary
between the f5/2 and p;/, orbitals. The occupancy in the Vpg/lz (hole) is shown as
3.82, meaning that it is close to the full value of 4, as it is deep within the core of
the nucleus. In N = 46 isotone, "*Cu, the monopole migration has lead to a near

degeneracy of the 7 f5 /5 and 7ps/» proton orbitals [31,32].
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Chapter 4: Experimental Results

This chapter contains the results for "®8%82Ge obtained in this work. The
closed-neutron-shell nucleus 82Ge is presented first. This will provide an example of
the relative simplicity found in closed-shell systems. This simplicity is demonstrated
by the fact that many of the states can be described by two- and four-particle
configurations with minimal collectivity. 8Ge, with two neutron holes in the N = 50
shell, has an influx of more levels and complexity compared to 82Ge. Fewer states can
be assigned to a specific particle configurations with relative certainty. In ®Ge, with
four neutron holes, seniority-four neutrons states and seniority-four proton states
are both present. With this added complexity, configurations are not presented as
the majority would be speculative.

A brief review of previous characterizations for each nucleus is found in Back-
ground Sections 4.1.1, 4.2.1, 4.3.1 and compiled in graphical form in Figs. 4.1, 4.5,
4.10. Published data sets are available from the National Nuclear Data Center
(NNDC) website [28]. Other data sets are not included in the NNDC evaluation
because they are found in unpublished theses. Sections 4.1.2, 4.2.2, 4.3.2 include key
examples of coincidence spectra used in the analysis of this data. Many unmarked

peaks appear in the spectra because they did not pass the scrutiny of the back-gating

67



analysis. The “Levels” sections discuss the reported (seen and unseen in this work)
levels in the ™%%%2Ge nuclei to be used in conjunction with previously reported
levels from Figs. 4.1, 4.5, 4.10. The level schemes compiled in this thesis are found
in Figs 4.2, 4.6, 4.11. Uncertainties in the level energies are presented with each
level. The energies of levels that were not seen in this work are not stated with an
error. There is higher uncertainty in level energies that require multiple transitions
to the ground state (uncertainty determined through error propagation). There is
also higher uncertainty with levels which decay through Doppler-broadened peaks.
Established spins and parities are presented here without parentheses, whereas a
state with a (J7) label is a tentative assignment, as it lacks sufficient evidence to be

certain of the spin or parity.

4.1 32Ge

4.1.1 Background

Fig. 4.1 depicts the historical evolution of the reported level structures for
82Ge. The unstable 32Ge nucleus lies at the N = 50 major shell closure in the shell
model. Even-even N = 50 isotones have been thoroughly examined between %Kr
and '°°Sn. These nuclei can be populated in a variety of nuclear reactions with light
and medium-mass nuclei. A theoretical description of these levels was published by
Wildenthal and others long before extensive experimental data were available from
the nuclei in and near the valley of stability around ®¥Sr and *°Zr [81-83]. On the

other hand, scant data are available for #Se, #Ge, and #Zn, and there is currently
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Figure 4.1: Level schemes reported (Refs. [1,3,4,70-80]) for 32Ge with energies in

keV.
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no published structure for double-magic "®Ni. These nuclei are necessary for a
comprehensive overview of the role of protons in even nuclei between Z = 28 — 50.
Hoff and Fogelberg were the first to study ®?Ge in 1981 by the 3 decay from %2Ga [1].
Their work is abbreviated as HF81 in this thesis due to its importance and the
frequency of comparison. The HF81 work identified eight transitions in total, and
described the first two states as 27. The authors identified three states near 2.3
MeV (shown in Fig. 4.1) along with two states at higher energy. The ground-state
spin of 82Ga had not been determined at that time, so the authors assumed a parent
with J = (1,2, 3) by the states that were fed.

In 1987, Winger performed a 3-decay study from ¥2Ga into %2Ge. He expanded
the level scheme proposed in HF81 by resolving a doublet at 2700 keV and he also
included a spectrum of the results [70]. The new level in this doublet (2713.7 keV)
decayed directly into the ground state, and also into the 2 state limiting it to a
J = 1,2. From angular correlations, Winger supported the HF81 hypothesis that
the first two excited states were 2, and he presented the 2333-keV state as a (07).
Winger performed shell-model calculations for the N = 50 isotones, and argued
that the S-parent ¥2Ga ground state could range from 0~ — 4~. He favored an
assignment of 1~ because the shell model predicted two low-lying 4" states that
were not seen.

Over fifteen years passed without additional work on the structure of *2Ge.
The first S-delayed neutron (S-n) experiment on ¥2Ge was included in a work by
Perru et al. in 2003 [84]. The authors presented a strong (-n channel comprised of

40% of the ®3Ga 8 decay, which established an opportunity to study ®2Ge further
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by -n decay. Although no new levels were established in this work, a coincidence
spectrum solidified the observation that the 938-keV v ray is coincident with the
1348 keV 2] — ground state transition. Perru et al. were limited by the scope of
their data, and they were unable to observe the weaker 25 — 2{ 866-keV transition
in coincidence with the 1348-keV ~ ray.

Two papers following a single deep-inelastic scattering experiment with a 32Se
beam on a !?20s target were published in 2004. These included data on #2Ge, as
it was a “beam-like” nucleus produced in the reaction. Podolyak et al. observed
the first 27 state and presented tentative 681- and 1578-keV transitions from the
(4%) and (67) levels in 2Ge [3]. A followup work, by Zhang et al. used cross 7-
ray coincidences. This technique uses one transition from the “target-like” nucleus
and another from the “beam-like” one to study the levels in 32Ge. Zhang et al.
confirmed the 2214-keV 2% level, and they presented a new tentative level at 3682
keV to decay by a 1468-keV ~ ray atop the 2214-keV state. They also observed the
681- and 1578-keV transitions seen in the Podolyak work, but mentioned that these
coincident 7 rays had also been observed in 87Kr.

In 2005, a deep-inelastic scattering experiment of 32Se on 2°*Pb and 23%U tar-
gets in GS was reported by Carpenter et al. [72]. Using the coincidence method,
Carpenter identified three new transitions at 940, (293) and 646 keV with a double
gate on the 1348/939-keV lines. He was able to determine the presence of a second
940-keV v ray coincident as a (67) level at 3228 keV. Within the same coincidence
gate, a 646- and a tentative 293-keV transitions were found. Separate from the
940-keV doublet, the 646 keV transition was attributed to the decay from the (5T)
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state.

Returning to his thesis subject 23 years later, Winger et al. studied the decay
of 838485Ga nuclei into Ge [75] through direct 8 decay and 3-delayed neutron decay.
This work reported a probability of neutron emission of P, = 62.8%, which is much
higher than the value presented by the Perru thesis. Winger et al. introduced three
new states at 2524, 2883, and 3015 keV, none of which directly feed into the ground
state (therefore J < 2). The work used a J™ value for the *3Ga parent of 5/27,
which was later confirmed [85].

82Ge was studied through 3 decay under the assumption that the 82Ga parent
had a J = (1,2,3). Laser spectroscopy measurements by Cheal et al. tentatively
assigned the parent a J = 2, with first forbidden transitions to levels with J =
(11,2%,3%) [86]. The assignment of the Ga parent was changed to a firm J™ = 2~
by Alshudifat et al. [78]. They found the log(ft) values for each level which lie in the
first forbidden range, and this implies that there is a parity change from the parent
nucleus and so the populated spins will be 17,2%,3%. The positive-parity results
agree with theoretical calculations that have no reasonable configurations available
at low energy for negative-parity levels in %2Ge.

Sahin et al. examined N = 50 nuclei through a multi-nucleon transfer (MNT)
reaction of a %2Se beam on a ?*®U target. By charge and mass selection, they
published a spectrum of ¥Ge containing v-ray peaks at 647, 938, 940, 1174, and
1347 keV [77]. The current spin-parity assignments adopted by NNDC are a result
of the angular distributions reported in this work. Through a similar reaction, Faul

observed numerous transitions in a single gate which are listed in Table 4.2. Most
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recently, in 2017, Verney et al. confirmed many of the known states through g
and (-n decays after mass separation [80]. Due to inconsistencies in the Verney
2013 paper on *°Ge [5], conclusions from the Verney 2017 work on #2Ge will not be

weighed heavily [80].
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Table 4.1: #Ge excitation energies Ej,, y-ray energies E., branching ratios and
spin-parity assignments I7 — I} of initial and final states for v rays placed in 82Ge
from the experimental prompt data. The states with reliable reproducibility are
shown. States reported with a precision of 0.1 keV were seen in this work.

Eiey E, B.R. Jr = J7
(keV)  (keV) %
1348.6%¢ 1348.6 100 27 — 0f
2217.2%¢  868.4  33(17), 299, 38(7)" 2§ — 2f
2217.2 67(24)f, 719, 62(11)" 25 — 0F
2288.2%¢  939.6 100 4f — 2f
2333%4 984 100 05 — 2
2525.00¢  1176.4 100 45 —2f
2703.6%"  415.4 31(3)/, 279 (37) = 47
486.4 10(7), 129 (37) =27
1355.0 59(3)7, 619 (37) = 2f
2714%" 1365 62(14)7, 709 (1) — 2f
2714 38(12)7, 307 (1) = of
2881.4%4  356.7 (43) — 47
595 (43) — 47
2934.7¢  408.6 (5,6)" — 47
645.5 (5,6)T — 4f
3014° 726 100 (4,5)F — 4f
30554 1707 (0)* — 2f
3076¢ 1727 67(4)f (2)* —2f
3076 33(7)/ (2)t —0f
3228.7¢  940.5 100 67 — 4f
3258.7%¢  1909.1 100 (2F) — 2f
33974 513 (67) — (4)
3629.1¢  370.4 (47) — (2%)
3688.1¢  1470.9 — (2%)
756.2 — (5,6)*

“ indicates branching ratios identified in this work
2 from HF81 [1]
b from Ref. [87]
¢ from Ref. [73]
4 from Ref. [76]
¢ from Ref. [78]
f from Ref. [80]
& from Ref. [8§]
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Table 4.2: Transitions in ¥2Ge observed in CLARA-PRISMA experiments from Ta-
ble 3.5 in the thesis by Faul [4].

E7 I rel Rasym
(keV)

203.5(2)*  37(6)
608.5(14)%  78(
644.7(13)  47(
938.7(1)  77(
949.5(8)* 38
(

(

1348.1(9) 100
1800.6(10) 18

1.53(45)
2(1)

" Likely a contaminant.

4.1.2 Spectra

@h) 3629.1 3:4) 3688.1

3704

(1.2.393258.7 67 32287
14709 N
1909.1 + 9405 28814 (4+) 29347 (5.6
(3) 2703.6 3367 408.6
4154 4782525.0¢ 646.3
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e

Figure 4.2: Transitions in ¥Ge observed in this work using the Se/U data with
energies in keV.
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4.1.3 %2Ge Levels

Different types of experiments will populate a distinct range of angular mo-
mentum. The allowed states seen in direct 3 decay have spins of 1,2,3 from the
27 82Ga parent [1]. These authors also observed the 4] state at 2282 keV through
first-forbidden unique and unobserved secondary feeding. The spontaneous fission
work and multi-nucleon transfer reactions [3,71,73,77] produce states of higher spin.
States seen in those reactions, but not observed in § or -n decay, are considered
higher-spin states (> 4).

1348.6 (1) keV, 2{. This state is accepted as the yrast 2 state with a B(E2) of
12.1(21) W.u. [45,89,90]. This thesis confirms the presence of the of the 1348.6 keV
peak in a 7 — v gate on each pair of coincident transitions in Fig. 4.2.

2217.2 (1) keV, 2. The identification of the 868.4-keV ~ ray in gates on the
1348.6-keV 21 — 0T transition with the 486.4-keV (3]) — 25 and 1470.9-keV tran-
sitions confirmed this state in the present work. The reported 2216-keV transition
to the ground state was not observed. This state was identified by HF81 as a 27
level and in the Winger thesis to be either a (17) or (27) one.

2288.2 (1) keV, 4] . This state was confirmed by the 939.6-keV ~ ray feeding into
the yrast 27 state through coincidence gates on the 1348.6- with the 415.4-keV and
645.5-keV transitions. The 939.6-keV transition has also been observed in the deep
inelastic scattering experiments of Faul [4].

2333 keV, 0f. This level decays by a 984-keV transition to the 2 state, but

was not observed in the present work [1,87]. This state was determined to have

7



(0%) quantum numbers initially in the Winger thesis by angular correlations [70].
A 0§ — ground-state transition has yet to be reported.

2525.0 (1) keV, 45 . This work observed this state through the decay of a 1176.4-
keV 7 ray in a coincident gate on the 1348.6 keV line with the 408.6- and 356.7-keV
transitions. The 2525-keV state is proposed as a J™ = 47 instead of a 5T level
because it is fed by the 5/27 parent in S-delayed neutron decay, but not by the
2~ parent in 3 decay experiments (which allow for J = 1,2,3). Hwang et al. pro-
posed this state is a (27) level as they identified a transition directly to the ground
state [76]. They also reported a 191.4-keV transition from this level to the 0 level
at 2333 keV. If the 2525-keV level was a 271 state, it should be seen in the direct
p-decay work by Hoff and Fogelberg [1]. Confirmation of the two transitions is nec-
essary to limit the J™ values of this state to 17, 1~ or 2*. Additionally, Verney et
al. were unable to identify either the 191.4- nor 2524.7-keV transitions reported by
Hwang et al. [76]. Angular correlations were reported by Ref. [77] on the 1176-keV
transition to have an ay = 0.31(17) coefficient, but the ~-ray multipolarity could
not be determined. The angular correlation has a smaller slope than the other E2
transitions of the yrast band, allowing the 1176-keV ~ ray to be either a stretched
quadrupole or a strongly mixed dipole transition.

2703.6 (4) keV, (3)*. This state was observed to decay via both direct 8 decay [1]
and f-delayed neutron decay [87] by 415.4 and 1354-keV transitions into the yrast
sequence and also a tentative 487-keV transition [88] to the 25 state. Verney et al.
confirmed a weak line at 487 keV [80]. This level is a likely candidate for the (31)

state as it feeds J™ = 2 states, but not the ground state. A 415.4-keV transition into
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the 4 state was seen in a 1348.6/939.6-keV coincidence gate and the 486.4-keV ~
ray was observed in the 1348.6/868-keV gate. During the investigation for the third
previously reported transition, a 1307.1-keV transition was found coincident with
a 1352.5-keV one. It was not possible in this work to determine if the 1307.1-keV
transition is also coincident with the 415.4- and 486.4-keV transitions that were ob-
served. If the 1352-keV ~ ray has the highest intensity reported by Verney et al., a
weaker 1307.1-keV transition may not be observed due to the low number of counts
in a 1349/1354-keV coincidence gate. 2714 keV, (17). This state was observed is
seen in direct (8 decay following the fission of 23U [88]. It feeds the 2 level and
ground state, restricting it to a spin of 1 or 2, but it was not identified in this work.
This thesis favors a (17) assignment, as a 17 state is expected in this energy region
by the 2627-keV state in isotonic ®Zn. Verney et al. were unable to identify the
596.4-keV transition reported by Winger et al., but they were able to identify the
1365.4- and 2713.4-keV transitions [80].

2881.4 (2) keV, (47). The 356.7- and 593.2-keV transitions which are included
in the decay of this state both feed 47 levels as observed in 8 — n decay [87], but
no states of lower spin. In this work, this state is observed to decay by a 356.7-keV
transition to the 2525-keV level (first identified by Ref. [76]) in a 1176.4/1348.6-keV
coincidence gate in the DDD Se/U cube. 2934.7 (2) keV, (57). The 646-keV tran-
sition was observed in spontaneous fission by Hwang et al. [76] and Rzaca-Urban
et al. [73], and it was confirmed in this work. A newly identified, second transi-
tion decaying from this state by a 408.6-keV ~ ray to the 2525-keV 4T state was
identified in the present work by a coincidence gate on the 1348.6- and 1176.4-keV
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transitions(Fig. 4.3). As this state was not seen in either § decay or S-delayed
neutron decay (except in Verney et al. [80]), the spin is likely > 4. This level has
the same decay pattern as the 2881-keV (44) state, limiting it to a spin < 6 value.
Unable to separate the doublet at 940 keV, the relative intensities calculated by
Faul describe the 645.5-keV transition as larger than the 940 keV one [4]. Sahin et
al. reported a relative intensity of the 940-keV transition (67 — 47) as 37(8) units
compared to the 646 keV intensity as 22(7) [77], and the present work agrees within
uncertainty. Sahin et al. also calculated an angular correlation which showed the
646-keV transition to have a dipole character, supportive of a 5] assignment [77].
The 646.3-keV and 408.6-keV transitions were observed in the prompt data to decay
to the 2288-keV state and to the 2525 keV states. Evidence for the the 408.6-keV
line is observed in a coincidence gate with either the 1348.6- or 1176.4-keV transi-
tions. The 645.5-keV transition was confirmed by the presence of the 939.6-keV ~
ray in a 1348/646-keV coincidence gate as in Fig. 4.4.

3014 keV. A 727-keV transition was observed in -delayed neutron decay [87] from
this state (to the 4] level), but it was not confirmed by in the present study.
3228.7 (2) keV, 6*. This state was designated as the yrast 67 level by Refs. [73,
74,77] and it decays by a 940.5-keV transition to the 41 state at 2282.2 keV. Ref. [77]
also determined that the 940.5-keV transition was quadrupole in nature. Through
coincidence gates, this thesis determined that the 940.5-keV line is the strongest
transition in the 1348.6/939.6-keV gate. The presence of a tentative 293-keV transi-
tion was previously reported using the same data set by Carpenter et al.(Ref. [72]).

This is not included in the present thesis due to lowthe low number of counts in the
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gate.

3258.7 (2) keV, (2%). This level, initially identified by the [-decay study of
HF81 [1], was assigned as (27) by Ref. [76]. A 1909.1-keV transition decays from
this state in the 370.4/1348.6-keV coincidence gate. This gate was determined by
the 1908.9- and 369.6-keV transitions reported by Hwang et al. [76]. That group
also reported that this level decayed by a 201.9-keV transition, which was not seen
in the present work nor in the previous work by Verney et al. [80].

3629.1 (3) keV, (47). A transition with 370.4 keV energy is found in coincidence
with the 1909.1-keV one which subsequently decays into the 1348.6-keV 2] state,
in agreement with Ref. [76].

3688.1 (3) keV, (3,4). The present work observed a 1470.9-keV transition on top
of the 2217.2-keV level in agreement with Refs. [3,71]. An additional decay from this
state via a 756-keV transition to the 2935-keV (5)" state was reported by Ref. [76]
without a J™ assignment. 4402 keV Currently included in the NNDC-evaluated
file on %2Ge, this state was reported by Sahin [74] in 2008 through the decay of a
1176-keV transition into the 6] state. Subsequently, Sahin et al. published a more
thorough investigation on the same nuclei and data with an adjustment in location
of the 1176-keV transition [77]. Further support for this adjustment is shown in the
coincident gates in Fig. 4 (middle panel) of Ref. [77], where the 1176-keV transition
was not found to be coincident with either transition in the 940-keV doublet.
6063 keV This level is reported to decay to the 3" state by a 3360.6-keV transition
by Alshudifat et al. [78]. It is possible that a second transition, described by the

same work as 3848.4 keV could decay from this state into the 2215-keV 25 state.
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This observation was strictly determined from the energy differences between the

states.

4.1.4 Level Configurations

Table 4.3: Possible configurations for states in

82Ge.
Ey, J7 assignment Particle configuration
(keV)
1348.6 2+ 5/2f
2288.2 4f 5/2f5/2
2217.2 25 LYY AP
2525.0 a5 0 572193/12
2703.6 3+ 7 f5/9P4 s
2714 1+ 575193/12
2881.4 45 5/2f oS5 /2103/2
2034.7" 5+ vy 0 iy
3228.7 6" 5/2f5%f5/2 P32

* Configuration as described by Seija and Nowacki [91].

4.2 8Ge

4.2.1 Background

80Ge was first investigated by Hoff in 1981 by the 3 — n decay of 3 Ga with a
ground state spin of (5/27) [92]. Hoff and Fogelberg (HF81), published in the same
issue and presented data on the 3 decaying isomer of 8°Ga produced with their mass
separator. On the basis of their observations, they proposed a spin J of 3 for ¥Ga

and a half-life of 1.676 s [1]. HF81 mentioned the likelihood of isomerism due to the
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Figure 4.5: Level schemes reported (Refs. [1-6]) for ®Ge with energies in keV.
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proximity of the p;,, and gg/» neutron configurations. However, they were unable
to identify two B-decaying states in %°Ga through multi-spectrum analysis. The
authors suggested this was because the isomer might have a half-life similar to that
of the ground state. The HF81 evaluation of the spin parent of 8°Ga was determined
by the strong, allowed feeding of the 2% levels, in addition to the observed 4% state
at 1742 keV which would require the spin to be between 3 and 5.

In a study of 8Zn, Winger et al. suggested a ground state of 37 for *°Ga.
The positive parity was inferred by the logft values in the allowed g decay [75]. The
ground-state two-quasi-particle configuration for a J = 3% assignment would be a
mf 5/2VP1/2-

Cheal et al. performed colinear laser spectroscopy on %°Ga and they found
a low-lying isomeric state with a half-life much longer than 200 ms [86]. Through
multiple theoretical models, they determined that the isomeric and ground-state
structures have spins of 3 and 6, but they could not distinguish between the two.
Cheal et al. agreed that the earlier HF81 work was correct in the prediction that
there were two [-decaying states. The structure of 8Ga was resolved by Lica et al.
who established a 6~ ground state and a 3~ fS-decaying isomer at only 22.4 keV [93].

Makishima et al. populated the 3Ge yrast transitions through deep-inelastic
collisions of a 743-MeV #2Se beam on a enriched 4.3 mg/cm? thick **Pt target [2].
They proposed that the yrast states up to 8" can be ascribed to the two-hole states
l/gg_/Q2 for the N = 50 closed shell. They discovered that a second high-spin, 7~ ¥Ga
parent accounted for the observation of the 8 — 6% and 67 — 4T transitions in the
HF81 work [1]. Makishima et al. reported a 8% — 61 B(E2) value of < 3 W.u. [2].
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The the ground-state sequence up to 8" by lifetime measurements was conducted
by Mach et al. [94] who reported a 2.95(6) ns half-life for the 8" — 6T transition.

Faul populated states in ®°Ge in mass- and Z-gated deep-inelastic scattering
reaction using a ¥2Se beam on a 23U target, with transitions presented in Table 4.4.
Faul used a gate on a single transition to extend the yrast band to the 8" state to
include a tentative 1506.2-keV transition decaying from the (10") state. Multiple
near-yrast transitions not observed in previous studies were also identified [4]. All of
the levels identified in the HF81 work below 3913 keV were subsequently confirmed
in the 1983 mass-excess experiment conducted by Wiedner et al. [95].

Verney et al. attempted, with only partial success, to assign v rays to ei-
ther 1.9(1) and 1.3(2) s isomers [5]. Two levels at 2323 keV were identified, each

separately fed from the isomers.

Table 4.4: Transitions in 3*Ge observed in CLARA-PRISMA experiments from Ta-
ble 3.4 in the Faul thesis [4].

E'y ]rel Rasym
(keV)

203.86(7)*  9.0(4)
352.01(81)*  1.5(2)
374.01(99)%  1.3(2)
385.51(17)%  0.7(2)
466.76(57)  9.5(5) 1.05(26)
523.03(23) 17.8(8) 0.67(10)
659.01(14)  100(2)  1.68(9)
913.60(16)  12.1(9) > 1
1082.95(36)  72(2)  1.17(9)
1108.68(57)  12.6(8)
1234.98(14)  22(1)  2.10 (34)
1314.28(94)  10.3(7)  6(2)
1506.23(86) 7.7 (9)

* Likely a contaminant.
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4.2.2 Spectra

The level scheme compiled in this thesis work is shown in Fig. 4.6. In Fig. 4.7,
80Ge was populated in MNT reactions of "®Ge + 23U (Ge/U, blue, left axis) and
82Se + 238U (Se/U, red, right axis). More *°Ge is populated in the Se data set, and
different uranium lines are populated between the two reactions. Within the Se/U
reaction, there are strong differences in the states populated in prompt (PPP) or
delayed (DDD) data sets as seen in Fig. 4.8. The establishment of the states feeding

into the 2853-keV 5~ state is presented in Fig. 4.9.
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Figure 4.6: Level Scheme of 8°Ge from transitions observed in this work
with energies in the Se/U data set. Energies are reported inkeV.
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4.2.3 89Ge Levels

Hoff and Fogelberg (HF81) reported an impressive level scheme of ®*Ge in spite
of the fact that they were unaware that they were observing the decay of two isomers
with relatively close half-lives. This thesis found no issues with the placements in
HF81, but many unplaced v rays of that work are now placed.On the other hand,
there are several problems with the values reported in the Verney et al. work [5].
They incorrectly suggested that a 3~ parent feeds 1,2, 3 spin states when it should
feed 2,3, and 4 as first-forbidden non-unique (ffnu) transitions. They also reported
the states populated from the high-spin #Ga isomer are > 4 instead of (5,6,7) [5].

The present work provides insight to the 5-decay parent of each state (6~ or
37). Lower-spin levels are populated in the prompt data, but not in the delayed
data set. Unless noted with an *, each of these levels was first identified through ~
rays observed in the HF81 work. The highest population for ®°Ge were found in the
PPP Se/U cube as seen in Fig. 4.7. The energies presented in this section are from
the Se/U data set which had a calibration that was slightly different than that of the
Ge data. Differences in energies of main 8°Ge transitions are found in Table 4.6. To
account for this difference, the uncertainties are increased, but the precise energies
for the levels are not relevant for the physical issues involved.

639 keV, 0. In addition to describing the ¥2:%°Ge nuclei, the HF81 paper included a
detailed level scheme for 3 Ge with only four levels below 1 MeV. Two of these levels
are cross-shell intruder 1/27 and 5/27 states. The existence of these low-lying states

makes the presence of a 0T intruder state plausible in 3 Ge. The authors mentioned
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the strong likelihood that there is a 05 level similar to the 1547-keV state of ®Ge,
but it was not populated well enough to be observed [1]. A 03 state was identified
much later by Gottardo et al. [6], at a significantly lower energy of 639 keV. This
state has yet to be confirmed by other works and is also not observed in the present
work.

659.4 (1) keV, 27, The lifetime of this level is currently disputed. It was reported
as 16.4(32) ps by Ref. [96] and 22(3) ps by Ref. [89]. This level is reported in the
Evaluated Nuclear Data File (ENSDF) as a tentative (21) state. This data eval-
uation occurred before the Mané and Verney works, which observed direct feeding
by the 3~ parent [5,97]. Ref. [98] measured the 2t — 0% transition along with its
B(E2)value. The energy for this transition was determined by a 1083.3/1236.2-keV
coincidence gate.

1574.1 (2) keV, 2. This state was established by Hoff in his 5 delayed neutron
work [92]. The level decays directly by 58% to the ground state and 42% to the
21 state. This decay is similar to the 2] state in ®Ge and 3*Kr. The intensities of
the 1573.5- and 914.7-keV transitions are of the same order [1,99], but this thesis
is unable to confirm the 1573.3-keV ~ ray. The energy of this state was determined
by the 914.7-keV transition in cross correlation.

1742.7 (1) keV, 4%, This yrast level decays by a 1083.3-keV transition into the
yrast 2T state at 659.4 keV. It is fed directly in S-decay by the high-spin parent [5].
This agrees with observations in the present work by the amount seen in the DDD
spectra. The assigned energy of this state was determined by a 659.4/1236.2-keV

gate. 1973.1 keV, 3*. This level decays by a 1313.7-keV transition and a weak
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399.0-keV one to the first and second 2" states, respectively. This work proposes

™

a 37 assignment in contrast with the (4%) J™ value assigned by Ref. [5]. Notably,
the 1973.1-keV state was not found to decay into the yrast 4% state because it
must compete with the energetically favorable 1313.7-keV transition. The Verney
group [5] made the (4%) assignment due to the decay similarity to the 45 level
in 8Kr, and also the decay pattern from the jj44b shell-model calculations. They
could not attribute the 1973.1-keV state with any certainty to either the high-spin
or low-spin ( parent (Fig. 4 of Ref. [5]). A similar argument for a 3% level could
be made due to the similarity of decay to the experimental 1644-keV level in "®Ge.
Faul assigned the 1973-keV level as the 45 state. She determined that the 1314-keV
transition had an asymmetry value of 6, several times larger than those determined
for an E2 transition (Table 4.4). This implies that the transition is less likely to
have a AJ = 2 character [4].

2266.2 (2) keV, 47. This state decays by 523.4- and a 691.9-keV transitions. It
is fed by a 586.3-keV transition from the 2852.5-keV 5~ level [4]. Verney et al.
suggested a (37) assignment from the predicted decay pattern of their jj44b and
jund5 calculations [5]. If the spin assignment of 5~ is correct for the 2852.5-keV
state, the 2266.2-keV state cannot have a 3 assignment because that would require
a parity change (Am =yes) along with a AJ = 2 spin change. This thesis was able
to confirm this level by the 523.4-keV ~ ray seen in both prompt and delayed data
from the Se/U cube. This work was unable to observe the 691.9-keV ~ ray.
2852.5 (3) keV, 5-. This state decays by 586.3- and 1109.8-keV ~ rays observed

in both seen in delayed and prompt data. This level is suggested as a (57) level by
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Table 4.5: #Ge excitation energies Ej.,, y-ray energies E., relative intensities I,
and spin-parity assignments J7 — J7 of initial and final states for 7 rays placed in
80Ge from the experimental prompt data. States with reliable reproducibility are
shown.

Elev E’y I

rel

(keV)  (keV) %

659.4 659.4 100(2) 2 — 0
15741 914.7  12.1(9) 2§ — 27

J;T—>J}r

1574.1 25 — 0f
1742.7 1083.3  72(2) 4F — 2f
1973.1  399.5 35— 2f
1313.7 37— 2
2266.2 523.5 17.8(8) 45 — 47
691.9 48 — 2f
2852.5  586.3 5. — 4F

1109.8 12.6(8) 57 — 47
2978.9 12362 22.1(1) 6 — 4]

3038.2  722.2 57 — 44
1066.2 57— 3f
1296.2 57— 4f
3117.4  1544.4 — 25
3292.2  1549.7 (2,3,4) — 4f
3423.5 1157.3 37 — 45
1850.4 37 — 25
2764.3 37 —2f
3424.1 571.6 — 57
3446.0 467.1  9.5(5) 85 — 67
3497.6  519.8 17.8(8) — 67
3511.3 1245.1 — 47
1768.6 — 4f
3686.9  708.0 — 67
834.4 — 67

4951.7 1505.7 7.7(9) 10} — 8}

@ Relative intensities from Ref. [4].

Ref. [5] and is also observed in DIS by Ref. [4]. The data in this thesis agree with the
determination of a 5= J™ value. This is because it is strongly present in the DDD

cube. The decay pattern is similar to the decay of the 2646-keV 5~ level in "Ge.
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Unlike that of the 5~ state of "®Ge, this level has eight ~ rays feeding into it. This is
reminiscent of a seniority-four state rather than a 5= state. The transitions feeding
from the 5~ state can be observed in 659/1083- and 1083/523-keV coincidence gates.
The branching ratio of this level was determined using relative intensities in an
834.4/1083.3-keV gated spectrum. The 586.3-keV ~ ray decays by 28(3) % and the
1109.8 keV transition by 72(3) %.

2978.9 (3) keV, 67. This yrast state decays by a 1236.2-keV v ray into the 4]
state.

3038.2 (3) keV, 5%, In this work, this level is identified as a 5T state, as it decays
to the 47, 45, and 3] levels. By contrast, Ref. [5] could not determine whether
this level had a spin-parity of 4 or 57. Since it is directly fed from the high-
spin parent, a J™ designation of 4" is not possible due to the parity change and
a AJ = 2 change. This level is confirmed via a weak 1066.2-keV transition in a
659.4/1313.7-keV coincidence gate. A few coincidence counts are also observed at
772 keV. The 1294.3-keV ~ ray could not be confirmed. This is surprising because
both the subsequent 523.4- and 1083.3-keV transitions are populated well.

3117.4 (3) keV, (2,3,4). This level decays by a 1544.4-keV ~ ray to the 25 state,
that can be observed in the prompt Se/U and Ge/U data sets. This new transition
may correspond to the unplaced 1547.4-keV 7 ray seen by HF81 [1]. A 1549.7-keV
transition is also present in another gate. It is unlikely that HF81 would be unable
to observe two v rays near the same energy, because of the quality of their data.
3292.2 (3) keV, (2,3,4). This level is identified in this work through the decay
of a 1549.7-keV ~ ray to the yrast 47 state. This transition may correspond to the
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1547.4-keV ~y ray that was seen by HF81 [1], but which could not be placed.
3423.5 (3) keV, 37. This level decays by three v rays. The first is a 2764-keV
line to the 2 level which not seen in this work due to lack of a third v ray in
coincidence. The second is a 1850.1-keV transition to the 23 state which not seen
in this work due to the low population of the 1574-keV state. Finally, the third is a
1157.3-keV 7 ray to the 2266 keV state, with 45 J™ assignment, seen in a 1083/523-
keV coincidence gate. This 3~ state has identical decay with the 1644-keV 37 level
observed in "®Ge. This thesis agrees with the spin assignment of 3] recognized by
Verney et al. [5], because it is fed from the low-spin -decaying parent. The parent
can be determined in this thesis because this state is well populated in the prompt
data set and not in the delayed data set of the Se/U cube.

3424.1 (3) keV, (67). This state decays by a 571.6-keV transition to the 5~ level
at 2852.5 keV. It was assigned as a 5~ state by Ref. [5], due to a larger fraction of
the feeding by the higher-spin isomer. The 571.6-keV transition is seen in both the
prompt and delayed coincidence cubes.

3446.0 (3) keV, 8". The lifetime of this state has been variously reported as
2.95(6) ns by Ref. [94] and > 0.4 ns by Ref. [2]. The clarity of the isomeric decay
spectrum shown by Mach et al. [94] leaves little doubt about the isomeric character
of this state, which is easily seen in the yrast decay of Fig. 4.7.

3497.6 (3) keV, 67. This work is able to confirm this level by the 519.7-keV ~
ray present in prompt and delayed data from the Se/U cube in a 1236.2/1083.3-keV
coincidence gate. In the HF81 work [1], the 2978.9-keV state is populated by the
high-spin isomer in °Ga, allowing for a spin of (5,6,7). The spin was assigned as
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J = 6, because of its decay pattern.

3511.3 (5) keV, (47). This state decays by 1245.1-keV observed only in delayed
data. It also decays by a weak line in prompt and delayed gates of 1083/659 keV by a
1768.6-keV transition. The precise value of the level has a large uncertainty because
the 1245.1-keV ~ ray is only seen in the Se/U DDD data set in both the 659.4/1083.3-
keV and 1083.3/523.5-keV coincidence gates. Since the level transitions are weak
in prompt data, this level is likely populated by the 3= [-decay parent and it is a
candidate for the 4~ level expected in this energy range near the 5~ state at 2852.5
keV.3686.9 (3) keV, 7. This level decays by a strong 834.4-keV transition to the
5~ state and also a weak 708.0-keV transition to the 6] level. It is strongly fed in
B decay [1], allowing for a spin possibility of (5,6,7). Two 834 (2)-keV transitions
occur in 2%U, one in "?Ge, and one in %Se. In gates set on the 834.4-keV line, a
760.1-keV transition is present. Further investigation shows that this v ray, along
with other transitions, are those found in ®3Se.

3913.7 keV, (2,3,4). This state decays by a 1941.5-keV transition, as reported by
HF81. [1], but was not seen in this work. Without the 1941-keV transition present
in either prompt or delayed data sets, this state is assigned as a daughter of the
low-spin 8Ga parent.

3983.3 (3) keV, (5,6,7). This level decays by an 1130.8-keV ~ ray to the 5~ state
at 2853 keV. This state must be from the 6= [-decay parent since it was observed
in # decay and feeds a high-spin state. This level was identified in this work in the
delayed cube by 659/1110-keV and 1083/586-keV coincidence gates.

3989.2 (3) keV, (5,6,7). This state decays by a 1136.7-keV transition to the
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57 state at 2853 keV. The transition is strong in the delayed data, but not in the
prompt data, suggesting that it is a daughter of the high-spin g decay parent. The
decay into a 5~ state also supports this spin assignment.

4024.2 (16) keV, (5,6,7). This level was identified by a very weak 2281.5-keV
peak in the delayed cube from a 659/1083-keV gate. A weak 1047.5-keV branch to
the 67 state at 2978 keV from the 4024 keV level was reported by HF81 [1], but not
observed in this work. This level has a J™ assignment of (5,6,7) from the high-spin
[B-decay parent.

4324.7 (16) keV, (37,4"). This state was seen by Hoff et al. [1] to decay by six
different v rays with the following energies: 808.5-, 1471.9-, 2351.9-, 2581.4-, and
2750.3-keV. The spin/parity assignments of the states that this level feeds include
27, 3%, 4%, 47 and 5. Ffnu transitions feed states with J™ of 2, 3,4. However, it is
unlikely this state has a J™ = 4~ because of the feeding of the first two 2% levels. In
the same manner, a spin of 2 is unlikely because both positive- and negative-parity
4 states are fed. The state also cannot be a 3* level because then the 1472-keV
transition to the 5~ state would have a parity change as well as a AJ = 2 change.
This thesis identified this level by the 1472.2(10)-keV transition in a 1109/659-keV
prompt coincidence gate.

4413.8 (5) keV, (5,6,7). This state decays by a 1562.2-keV v ray to the 5~ level
at 2852.5 keV in a 586.3/1083.3-keV prompt coincidence gate. It also decays by a
990.8-keV ~ ray to the 3424.1-keV, 6~ state. This is the only instance where the
present work does not agree with the y-ray placement by HF81 [1]. Their work

suggests that this 990.8-keV transition feeds the 37 state, less than 1 keV away.
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4845.7 (7) keV, (8"). This level was identified in this work through a decay of
an 1867.4-keV ~ ray. This transition was observed by HF81 [1], but could not be
placed.

4951.7 (7) keV, 10". A 1506 keV transition was tentatively placed by Ref. [4]. The
present work confirms the previous analysis that this state belongs to the ground-
state band.

4992.7 (7) keV, (5,6,7). This state was identified by HF81 [1] to decay by three
transitions. The first is a weak 2140.5-keV transition in a 659.4/586.3-keV gate to
the 2852.5 keV 5~ state. The second is a 1306.9-keV ~ ray seen in multiple delayed
gates of 1083/659-, 586/659-, 586/1083- and 708/1236-keV decaying to the 3686.4
keV 7~ state. The final transition at 1004.8-keV transition, not seen in this work,
but was identified by Hoff et al. [1] as decaying to the 3986.5-keV (5,6, 7) state.
5232.7 (7) keV, (5,6,7). A 1243.5-keV ~ ray decays from this level as observed
by its coincidence with the 1136.7- and 659.4-keV transitions in the Se/U prompt
data.

5451.3 keV, (5,6,7). A 2599-keV ~ ray was observed in the Se/U prompt data in
a gate 586/659-keV. This result confirms the observations from [ decay.

5568.0 (7) keV, (5,6, 7). This state decays by a 1182-keV transition to the 7~ state
at 3685.9 keV and also a 1154.9-keV line to the (5,6,7) state at 4413.2 keV. The
1182-keV transition was the sole v ray identified from this state. This is surprising
because, according to the relative intensities from HF81 [1], the 1182-keV transition
has 1/4 of the intensity of the 1155-keV line. The 1155-keV transition feeds into the

4413.2 keV state, which decays by a 1157.9-keV v ray that is similar in energy and
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very weak.

5773.2 (7) keV, (5,6, 7). The two decays from this level are a 1585.3-keV transition
to the (5,6,7) state at 3987.9 keV and a 1040.6-keV ~ ray to the (5,6,7) 4532.6-keV
state. These are present in the delayed cube via a 1137/659-keV gate and also
1109/659-keV and 1109/1083-keV coincident gates, respectively. This level must
be fed from the 6= [-decay parent because it decays to high-spin states giving a
J™ = (5,6,7) assignment.

5800.5 keV, (5,6,7). HF81 [1] found this state to decay by three different 7 rays.
These are the 2948.4 keV to the 4] state, the 2821.8 keV to the 6] state, and the
2114.3 keV to the (77) state at 3686.9 keV. The J7 value is based on the high-spin
level feeding. Although there are sufficient data, v-ray energies above 2000 keV have
few counts in the Gammasphere data due to the efficiency of the detectors.
6047.1 keV, (2,3,4). HF81 [1] identified this state by its decay through a 5387.8-
keV transition to the 2] state at 659.1 keV. The energy of this transition is too high
to be seen in this work. A tentative J™ assignment is (2,3,4), since it feeds a low
state, but not any other.

6155.3 keV, (5,6,7). This state was reported to decay by a 4412.6-keV transition
to the 4 state by HF81 [1]. The upper limit for Gammasphere spectra is 4000 keV
in the prompt data, so it is not seen in this work. A J7 assignment cannot be made,
but is likely a (5,6, 7), fed by the high-spin parent. There is a higher likelihood for a
transition to lose angular momentum and feed a lower-spin state than a higher-spin

one.
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Table 4.6: Example **Ge excitation energies E, (keV) observed in the Se/U, Se/Pb,
Ge/U, Ge/Pt and Ni/U cubes.

Se/U Se/Pb Ge/U Ge/Pt Ni/U

467.1  467.1  467.0 467.1  466.6
523.4 5234 5234 5224 5227
659.4 659.3 658.9 658.9 659.1
8344 833.8 834.0 - 834.8
1083.3 1083.8 1083.4 1084.1 1083.7
1109.7 1110.7 1109.4 1109.1 1109.1
1236.3 1236.2 1235.8 1236.5 1235.9
1505.6 1506.8 1505.4 1505.7 1504.9

4.2.4 Level Configurations

Table 4.7: Possible configurations for states in *Ge.

Ey, J" assignment Particle configuration
(keV)

659.4 o+ Vs © T L5 f s
1742.7 4+ Vs /h9a/5 © T fssfas
1973.1 3+ Ly Yoy
9852.5 5- VDL 5995
2978.9 6" V99/299/2
3424.1 6~ vgoj2 + 2p1/2, 1fs5/2, or 2p3
3446.0 8F VG9/299/2
3511.3 4= Vgas2 + 2p1y2, 1fs/2, or 2p3
3636.9 7 vy tsro
4950.1 107 Vs a0 © T In fh
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4.3 "8Ge

4.3.1 Background

When this work began, the level structure of *Ge was the least well known
of the even Ge isotopes between N = 40 and N = 50. The level schemes that
contribute to the structure of ®Ge are compiled in Fig. 4.10.

The early experiments on the unstable "®Ge nucleus include mass measurement
by Stephans et al. [10], half-life determination by Kvale et al. [100], and total /-
decay energy determination by Aleklett et al. [101]. Interestingly, in their 1977
paper, Aleklett et al. refer to a private communication in 1972 between the authors
and T. and L. Matsushigue who provided a -decay scheme with nine excited states.
This scheme was finally published eight years later by an entirely different group
(Lewis) [102]. In 1978, Mateja et al. conducted a "°Ge(t,p)"™®Ge experiment to
determine the shape transition from oblate to prolate deformation in Ge nuclei [103].
This study followed other results for even mass %~7Ge. Three months later, a
second (t,p) study for ®Ge was reported by Ardouin et al [104]. New levels identified
in these two (t,p) experiments included proposed spin and parity assignments from
angular distributions [103,104]. The J™ values were not in complete agreement with
each other, as seen in Fig. 4.10 and Table 4.8. The discrepancies between these
works cannot be fully attributed to the 2 MeV energy difference in the triton beam
used.

Three years later, based on the works by Aleklett and the Mateja, Lewis et
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al. published a $-decay study from ®Ga —™Ge [102]. The Lewis group assigned a
ground-state J' = 3% spin-parity to the ®Ga parent because they did not observe
any direct feeding to the ®Ge ground state. From this, they could then limit the Ga
parent to 27,3, or 4~. Mateja et al. placed a 4% level at 2952 keV [103]. This level
was observed at 2951.4 keV in this work. This state was also observed by Lewis et al.
who excluded a J' = 2~ for the S-parent ground state [102]. However the authors
hedged their conclusions by also calculating logf;¢ values for all transitions that
would permit a 2~ parent to populate a 47 level. The population of the proposed
4" level would be with a logfit of 8.12. The assignment of a J™ = 3" parent was
contradicted in 2011 by Mané et al.. They used laser spectroscopy measurements on
the even-A Ga nuclei in the region, and this established the ground state of ®Ga as
having a J™ = 27 [97]. Tt is possible to exclude certain spin-parity assignments for
levels. Table 4.8 contains the level energies from this work. It also includes the logft
and original spin-parity assignments from the Lewis work (and implications from
the Mané work), the spin-parity assignments from the (t,p) experiments, and also
the spin-parity assignments determined in this thesis. By S-decay mass separation,
Chou et al. reported lifetimes of many states, using the analysis reported by Lewis
with invalid spin assignments of (2,3, 4) instead of (1,2, 3) [105].

Podolyak et al. used DIS reactions to determine the yrast band up to the
J™ = 8T state of ®Ge [3]. These states were reported in an unpublished thesis by
Faul [4]. Table 4.9 reproduces the Faul list of single-gated transitions with their
relative intensities and asymmetry ratio values. Many of the transitions in the
present thesis were first identified by Faul, and the additional information on the
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transition’s characteristic from the Ry, value is further evidence for the spin-parity

assignments provided here.

Table 4.8: The “®Ge levels identified in previous work. The listed level energies are
those determined in this work. Arrows are used to indicate possible assignments

based on laser-spectroscopy measurements of the parent Ga as a 2= (Ref. [97]).
Eley logft JT JT JT JT
(keV) [102] S decay [102] (t,p) [103] (t,p) [56] Forney
619.2* 6.44(0.14) 2t 2t 2" 2"
1186.3* 6.52(0.11) o+ o+ o+ ot
1547.1%  9.45 (0*) 0+, (4%) 0+ 0+
1569.8* 8.47° (47) - 4* 4+
1644.1* 6.59(0.12) (3+) - - 3+
1843*  6.70(10) (2+) o+ o+ ot

2202.0° - - (47,57) 4+ 4+
2318.9°  8.86" * AT0%)  4t(5T) 4t
2330.0 - - 4T,0) 4t (5)  0f
2438.4* 6.24(0.06) (2"') 2t 2" 2"
2645.8% - 2~ 2~ o~
2665.0° 5.61(0.05) (2*+,3",4%) — (1,2,3)" - - 3
2706* 6.24(0.08) (1*,2%) - - (11)
2857.1% 6.14(0.06)  (2,3,4) — (1,2,3) - 5 (2,3)
2051.4 8125 (4*) 4+ * 4+
3120.6  5.60(0.06) (2*,3%,4%) = (1,2,3)" - - 9
3157.2 - - - 2t (4,5,6)
3236 - - 37+ 1" *

3295.2 - - 6t 6
33892 6.11(0.08)  (2,3,4) — (1,2,3) * - o+
3689.3  6.17(10)  (2,3,4) — (1,2,3) - * (2,3)
4083 5.49(0.07) (2+,3%,47) = (1,2,3) - - o+
4270 5.71(0.08) (2+,3%,4%) — (1,2,3) - - -
4279.3 5.71(0.08) (2+,3+,4%) — (1,2,3) - - -
5078.2  5.55(0.1)  (2*,3%,4%) — (1,2,3) - - 3

2 Level observed in Faul thesis [4]
b Denotes a logfi t value from Ref. [102]

~ No level observed

* Level observed without J™ assignment
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Table 4.9: Transitions in ®*Ge observed in CLARA-PRISMA experiments from Ta-
ble 3.3 in the Faul thesis [4].

E’y ]rel Rasym

(keV)
222.33(12)"  5.2(1)
440.17(35) 15.2(3) 1.55(22)
457.23(51) 10.6(2) 1.23(24)
535.55(89)  8.6(2)
566.67(10)  6.7(1)
618.87(18) 100(2) 1.01(2)
648.17(73)  6.4(1)
673.67(19) 19.2(4)  0.83(8)
950.41(36) 54 (1)  1.47(9)
966.40(10) 11.2(2) 1.37(22)
1024.09(78) 14.2(3) 1.08(15)
1075.59(96) 11.6(2)  0.77(3)
1120.66(18)  5.9(1)  >1
1179.34(33)  33.5(7) 1.14(11)
1235.39(89)*
1282.97(16)*
1330.38(17)®

* Likely a contaminant.
2 Placed in this work

4.3.2 Spectra

The level scheme of ™Ge as observed in this thesis is compiled in Figure 4.11.
Figure 4.17 is a partial level scheme including determined relative intensities. The
strong yrast transitions are seen in Figure 4.12. Figure 4.13 and 4.14 show the two
distinct sequences which feed into the 619.2-keV 2] gate through cross-correlations
and demonstrate the energies of the expected E2 transitions. The placement of the
1236-keV and 1330-keV transitions are shown through coincidence of the 441-keV
line in Figure 4.15.
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Figure 4.16: Angular correlations measured in the Ge +23 U reaction.(a) the
1076.0 keV, 5] — 4] transition in the 950.6 keV coincidence gate; (b) the 674.8keV,
45 — 3] transition in coincidence with the 1024.9-keV ~ ray; and (c) the 457.8 keV,
37 — 27 transition in the 619.2-keV gate. The curves are the result of fits to the
data with a conventional expansion in terms of Legendre polynomials, as described
in Section 3.6.

112



(10+) 5861

13300 5149 (107)
2 (10%) 4835 /
8" ¥4531 14341 992.5
4280 |
o 1120.7 41530 &h
4043 o St
12360 + 3809 (8 B
; 7 8" § 3714
132_23,3 6.7 ( 3689 /14— 4347 i
' - 14048
15206 6 v3295 (6)3285] 9408 374
L6 5355 6492 Joas | 602 6260 3157
+ 25 8.5 46239.6 40 196
] 5 . R
32665 2760*{ 14 26461 | 6" ¥ 2748
346.1 440 8 b s
o 2(18!"“#9 ¥ 63 %42292 4t 15874 2330 0+
7222
/ 11437
11057

Figure 4.17: Partial level scheme of "®*Ge with relative intensities from the "Ge+
238U data reported below the transition energy (in keV). Data for AJ = 1 transitions
of the proposed s band are given in red. F1 transitions between parity-changing
states are given in green. The intensities were corrected to the 950.6 keV intensity
in the 619.2-keV gate.
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4.3.3 "QGe Levels

619.2(1) keV, 2{. There is widespread agreement across experimental results de-
scribing the energy of this level. The strong yrast 2 — ground-state transition
has a B(FE2) value of 23.24(190) W.u. as calculated from the 13.5(24) ps half-life
adopted by NNDC [28]. Tt is difficult to separate the 619.2-keV transition from the
neutron-capture and neutron scattering peaks in Ge detectors around 600 keV. This
complicates its use as a gate in angular correlations and also for the calculation of
relative intensities. The neutron peaks cause an artificial increase in counts and

over-background subtraction in the transition peak.

1186.3(1) keV, 2J. There are two transitions that are fed from this level.
There are the 25 — 07 and the 25 — 2], 567.1 keV one. The measured half-life of
this level is 12(6) ps [105], where the B(E2) can be calculated as 0.53(18) W.u. for
the 1186.3-keV transition and 6.3(21) W.u. for the 567.1-keV transition. Branching
ratios were determined from the relative intensities of the 1186.3- and 567.1- keV ~
rays in a gate of 675- and 441-keV ~ rays (two higher transitions). The gate pro-
duces a 47(5)% to 53(5)% branching ratio, which is in close agreement with the ratio
of 47.66% to 52.34% reported in the §-decay work [102]. The 567.1-keV transition
cannot be used in angular correlations, because it is close to the 563-keV transition
of ™Ge (the beam). As a result, the 567 keV peak in the spectrum is next to a
section that is heavily subtracted for background.

1547.1 (3) keV, 05 . The Lewis work reports this level to have direct feeding [102].
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It is strongly populated in the (t,p) works as a doublet at 1539 keV with a (47) [103]
and at 1547 keV in Ref. [56]. The level was also reported as a (41 + 0%) doublet in
the (d, Li) experiment [51]. The level has a 25 ps half-life [105] leading to a B(E2)
value for the 927-keV transition (seen in DIS by Faul, Ref. [4]) to be 1.67 W.u.
Low-spin states are difficult to populate in Gammasphere. The 927-keV transition
is in coincidence with 891 keV and 619.2-keV transitions in the DDD cube of the
Se/U experiment. It is prevalent in cross correlations with transitions in 23¢U in the
PPP data of the Ge/U cubes.

1569.8(1) keV, 4. Van den Berg [51] reported a 0" and 4" doublet state, with
the 47 level at 1.57 MeV. Although the two levels could not be separated, there
appeared to be only a small L = 0 component. The 1570 keV level belongs to the
yrast sequence and is strongly populated. This level has a half-life of < 3.5 ps [105]
giving the 950.6 keV a B(E2) of > 10.51 W.u. It decays to the 27 state by a 950.6-
keV transition. This line is used for the second peak (in addition to the 619.2-keV
v ray) to calculate relative intensities for the rest of the transitions in the nucleus.
1644.1(1) keV, 3. This level was previously observed in 3 decay [102] exper-
iments, but not in the (t,p) reactions as it would require a two-step sequence to
populate unnatural parity states. The level decays by two transitions 457.8 and
1024.9 keV with a branching ratio of 36% and 64%, respectively. With a half-life
of 15 ps [105], the B(E2) values are 0.08 W.u. for the 457.8 keV gamma and 0.12
W.u. for the 1024.9 keV gamma. In the evaluated nuclear data file (ENSDF) of the
National Nuclear Data Center (NNDC), this level is assigned (2, 3,4%) from the /3
decay work of Lewis [102], while in the Faul thesis it is assigned as a (4T) state [4].
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A spin/parity of 3" is proposed in this work by angular correlations between the
458 and 619-keV transitions. These have ay = —0.127(0.038) and ay = 0.069(0.054)
values consistent with a nearly pure dipole as seen in Panel C of Fig. 4.16. A verifica-
tion was made using the 458— and 1186-keV transitions, and this produced values
in close agreement. These values are a; = —0.128(0.048) and ay = 0.070(0.067).
Angular correlations of the 1025— and 619-keV ~ rays indicate a mixed transition
(with ay = 0.158(0.026) and a4 = —0.028(0.036). This has a negative slope which
is much too large for a pure E2 transition. This implies that the maximum J7™ is
a 31, although it could also be a 2*. The 1025-keV transition is not a pure dipole
transition due to the slope, so cannot be a 3™ state.

1843(1) keV, 27. This level decays by a 1223.5-keV transition to the 2] state.
There is a 1223 keV contamination peak in the Ge experiments. Therefore, this was
confirmed in the Se/U DDD data in coincidence gate with the 619.2 keV transition
with the weak 861 keV line, as well as the 2241-keV transitions. A larger uncertainty
is added to this level due to the slight differences in energies between the Se and Ge
cubes.

2292.0(3) keV, 4. This level was reported in both (t,p) reactions and (d,Li)
experiments [3,56, 103], but not in § decay. The upper limit in § decay is consis-
tent with a first-forbidden-unique transition needed to populate a 4% level. In the
Gammasphere data, 722.2 and 1105.7-keV transitions were identified in coincidence
with 950.6/619.2 and 567.1/619.2-keV gates, respectively.

2318.9(2) keV 47. This level has been identified strongly in (t,p) reactions and
weakly in observed /3 decay [56,102,103]. This level has a 43 ps half-life [105]. This
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state was initially found to decay by a 674.8-keV transition [4], and was confirmed
in this work to only decay by that one transition. This v ray is determined to have
a AJ =1 based on angular correlations between 674.8— and 457.8-keV transitions
(Figure 4.16 Panel b). The B(E2) value of the 674.8-keV transition is either 3.58 or
0.52 W.u. The single mode of decay by an 674.8 keV gamma ray makes it unique
when compared to the lighter even-A Ge nuclei which have a 47 — 23 transition.
A maximum B(M1) can be calculated by assuming a pure M1 transition by using
the half-life for this level. That value is less than 0.002 W.u., which indicates the
suppression of the E2 crossover transition is mot because the M1 component of
the AJ = 1 transition. Instead the AJ = 1 component dominates the decay and
smothers the E2 crossover transitions. Below the 0.002 W.u. limit, a partial half-
life can be calculated for this level as 2.15 ns. This partial half-life yields a B(E2)
upper limit of 0.007 W.u. The 47 — 27 913-keV E2 transition in °Ge with a
B(E2) = 18(8) W.u. The AJ = 2 transition is severely quenched when compared
to "Ge.

2330.0(3) keV, 05. This level was seen by a doublet in both of the (t,p) experi-
ments [56,103]. Ardouin et al. determined the second level as a 5~. The angular
distribution in Figure 2 of Ref. [56], indicates that the first two low-angle data points
(which are higher), do not align with the fits for an L = 4 and L = 5 curve (which
decrease at low angles). This trend is reminiscent of the data in Ref. [103], and it
fits an L = 0 assignment for the second level in the doublet. This thesis notes this
level is by a 1143.7-keV transition in the double gate on the 25 — 27 — 0] cascade.
No transitions were found to feed this level in the present study.
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2439.7(3), (27). This work is able to confirm the 891.3 keV v ray in the DDD cube
of Se/U. The 1252.1-keV transition was also confirmed in the delayed cubes of Se/U,
Ge/U, Ge/Pb, Se/Pb and Ge/Pt data sets. The 1819.6-keV transition was not seen
in cross-correlation with partner nuclei. There is a second 1819.6(9)-keV 7-ray at a
higher excitation energy that was identified in the # decay work. Due to the lack
of data on ~y-rays from this level, this work adopts the spin/parity assignment from
the 5 decay and both (t,p) works [56,102,103].

2645.8(2) keV, 57 . This level has is assigned an L = 5 in both (t,p) works [56,103].
It decays by a strong 1076.0-keV transition in DIS [4]. In the present work, angular
correlations between the 1076.0-keV and 950.6-keV transitions are found in Fig-
ure 4.16 Panel a. These produced an ay = —0.126(0.025) and ay = 0.030(0.036)
values consistent with a dipole transition. In addition to the 1076.0 keV E1 tran-
sition reported by Faul, a second E1 transition with an energy of 327.3 keV also
identified by Faul can be placed at this level, decaying to the 45 state. The branch-
ing ratio of these two transitions is significant. About 81(X X X)% decays into the
yrast 47 state and 20(X X X)% decays by 327.3 keV into the 44 state. The feed-
ing of a non-yrast 47 level is unusual for negative parity states. In "®Ge, the 5~
state decays to the 4] state 97(X X Xy, of the time, and to the 3~ state by only
3(XXX)%.

2665.0(2) keV, 37. This level decays by four 7 rays which are 346.1, 1021.9,
1478.7, and 2045.8 keV. The lower three transitions were confirmed in multiple data
sets in the delayed cubes. The 1478.9-keV transition feeds the 1186.3 keV 27T state

and it is strongly present in the prompt spectra. There is a separate 1476 keV ~-ray
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decaying to the 1644 keV 3" state. These two transitions are distinct, since the
1476-keV transition is in coincidence with the 37 — 23 457.8-keV transition, while
the 1479-keV v ray is not. The assignment of a (2,3,4%) was reported by Lewis et
al [102], but current analysis allows for the possibility of (2,3). With a logft of 5.6,
this level is assigned a negative parity state. The (t,p) works should have identified
a 3~ state, as it is natural parity. The authors did not identify this state because
they could not resolve it from the 2646 keV state.

2706.6(4) keV, 11 The f decay work [102] reports a ground state transition from
the 2706.6 keV level. This limits the J™ of this state to a 17, 17, and 2%. This level
was not observed in either (t,p) reaction (which would populate a 1~ or 2* state),
therefore this state is further limited to a 17. Using the delayed cubes, the 1061.9-
keV and 1519.3-keV transitions (feeding the 3] and 23 states) were seen in multiple
data sets. The weak 863-keV « ray (feeding the 23 state) was only identified in the
delayed Se/U data. No additional v rays were found to populate this state.
2748.2(2) keV, 6;. The yrast 67 — 4 yrast 1178.4-keV transition from this state
was seen in DIS by Podolyék [3] as well as Faul [4]. The intensity of the 1178.4-keV
~ ray is the strongest in the 4 — 2 — ground state. A J™ = 67 was determined in
angular correlations as shown in Figure 3.8. This J™ assignment was not adopted
by either (t,p) study, but both groups reported a 3~ level within 10 keV of this
level. This 3~ state has not been observed in any subsequent work. It is possible
that the analysis of the L values in the (t,p) reaction studies mistook a L = 6 for a
L =3. 2759.7(2) keV, 5]. This level was first identified by Faul [4], where it was
assigned it a spin of either 5 or 7. It had a decay through a 440.8-keV transition
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to the 2319 keV state. An additional decay from the 2760 state has been identified
in the present work as a 113.9 keV transition to the 2646 keV 5~ state. The spin
assignment of 7 is excluded because angular correlations suggest the 2319 keV state
is a 4. This level decays 93.4(X X X)% of the time by the 440.8-keV transition,
and 6.4(X X X)% of the time by the 113.9 keV. Both (t,p) works identified a level
(or doublet) at 2759 keV with J™ =3~ or (37),(4") (Fig. 4.10). It is quite possible
there is another state with lower-spin at or near this energy, but it is not the same
state as seen in this work and by Faul.

2857.0(4) keV, (2,3). This level is seen in § decay [102] through three transitions
which are 1212.3, 1670.7, and 2857 keV. Only the 1670.7-keV transition was observed
in multiple cubes in the present work. The 5~ state reported by Ardouin et al. [56]
at 2850 keV is almost certainly a different level. This work cannot provide any
additional insight to the spin of the state, other than eliminate a possibility of a
spin 4 included by Lewis et al. [102].

2951.4(4) keV, (41). Ref. [56] assigned this level a J™ = 4T but it is possible that
it is a 27, 37 or 4% state. A tentative (41) with a logft of 6.38 was reported in (3
decay in addition to the logf;¢ listed as 8.12 [102]. This logfit is consistent with a
4" assignment. The decay of this level by 1307.4-keV and 1381.6-keV transitions in
multiple delayed cubes is slightly lower in energy compared with those reported in
the -decay. The 2333.3-keV ~ ray that feeds the 619.2 keV level reported by the
Lewis 8 decay study [102] could not be confirmed in this thesis.

3015.0(4) keV, (47). This state is newly identified through the decay of a 350.0-
keV transition into the 2665.0 keV 3~ state. As it was not observed in § decay, it
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likely has a higher spin and is tentatively assigned as the 4~ level. No feeding into
this state has been identified.

3120.6(3) keV, 27. This state was reported in  decay as a (1,2,3) [102]. It
de-excites through three transitions which are 1475.5, 1934.1, and 2501 keV. In the
present work, the 2501-keV transition could not be confirmed in a 963/619-keV
coincidence gate. The state was confirmed by the 1475.5 keV ~ ray in the Se/U
delayed data. The prominent 1934.1 keV line was observed in all of the Ge and
Se delayed cubes. The low logft of 5.6 measured by Lewis [102] indicates negative
parity. This assignment is consistent with the non-observation of the state in the
(t,p) reaction studies.

3157.4(2) keV, (5"). This is a newly identified level determined by a 1587.4 keV
ray feeding into the 1644 keV 3% state. A tentative 5T is assigned to this state since
it is not observed in the delayed cubes, the (t,p) experiments, nor in the g decay
study. Therefore it has a spin greater than 3 and a large transition energy, indicating
an E2. The present work favors a 51 assignment due to the large transition energy.
It may also be 47 or 4~ state. A 4T level is less likely, since it does not feed any of
the 27 levels.

3285.4(3) keV, 6(7). The level is newly identified from a 639.6-keV transition
into the 2645.8 keV 5~ level. It is close in energy to the 642.3 keV peak in 230U.
This transition has been confirmed using different beam/target combinations. The
proximity of the transition to that of the 642 keV 23U peak makes it impossible
to perform angular correlations in the U data sets. The peak does not have the

intensity required for angular correlation measurements in the Pb data sets. A 67
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state at 3287 keV was reported by Mateja et al. in their (t,p) work [103]. It is
likely attributed to the level at 3295 keV instead of this state.

3295.2(2) keV, 67. Faul identified this level by a 535.5-keV transition to the 2760
keV level [4]. She did not assigned a spin or parity. The present study found this
state to also de-excite by 27(X X X )% to the 5~ state at 2646 keV by a 649.2-keV
transition. The 649.2 keV v ray was identified by Faul in the whole v spectrum of
BGe [4] but was not placed.

3374.2(2) keV, (6%). This state is newly identified in this work. It de-excites
directly into the 67 and 47 by 626.0- and 1804.4-keV transitions.

3389.2(4) keV, (2,3). This level was identified as (1,2,3) in § decay, and not
given a spin or parity assignment in (t,p) [103]. It was seen in (t,p), it is likely a
2% or 3. This state de-excites by four transitions which are 532.7, 1745.2, 1819.4,
and 2771.2 keV. Only the 1745.2 keV and 1819.4 keV gamma rays were detected in
the delayed Se/U data. A possible 4 spin assignment can be eliminated because of
laser spectroscopy work [97].

3686.4(4) keV, (2,3). This state was identified as a (1,2,3) in § decay. It was
not given a spin or parity assignment in (t,p) [56]. This level de-excites by 2043.1
keV and 2500.1 keV (present in all Ge and Se DDD data).

3689.3(2) keV, (77) The 3689 keV state is observed in the (t,p) experiment of
Ref. [56]. The observation indicates that it has a natural parity, so it has a 7~ J™ as-
signment. It feeds into the 5~ state at 2646 keV by a 1043.5-keV ~ ray (84(X X X)%),
and a 940.8 keV (16(X X X)%) transition into the yrast 67 state. The 940.8-keV ~
ray has 0.8% of the intensity of the 950.6 keV transition, so it is very weak.
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3714.4(2) keV, 8. Podolydk et al. [3] initially identified this state which was
later confirmed by Faul [4]. This yrast state decays 100% by a 966.2-keV ~ ray.
3808.7(2) keV, (8"). This newly identified level de-excites to the 3374 keV (6)
state by a 434.7-keV ~y ray.

4043.0(3) keV. This is possibly the same level as the 4036 keV 5~ state reported
by the Mateja et al. [103]. This level decays by a 1283.3-keV v ray to the 2759.7
keV 57 state.

4083(1) keV, (1,2,3)". [ decay indicates this state has a logft of 5.5 and it de-
excites by 963-, 2241-, and 3464-keV ~ rays [102]. The 963 and 2241-keV transitions
were weakly observed in the present work. This level has large uncertainty because
of energy inconsistencies in the different reaction cubes.

4153.0(2) keV, (8"). This newly reported state decays to the yrast 67 by a strong
1404.8-keV transition.

4269.4(4) keV, (1,2,3) .Lewis et al. observed this level in g decay to de-excite
by 1604.4- and 3083-keV transitions [102]. The 1604.4-keV ~ ray has four times the
intensity as the 3083 keV [102]. The lower-energy transition is only weakly observed
in the Se/U delayed data in the present work. The logft of this state is 5.7, which
indicates negative parity. Ardouin reported a 4259 keV level, which favors natural
spin values of (17), (2%) or (37). The absence of ground-state feeding favors a 3~
assignment over the 1~ or 27 ones.

4279.1(4) keV, (1,2,3)". This state is only 10 keV above the prior level. It decays
by two transitions, a 1573.4 and a 3092.8 keV [102]. The 1573.4 keV gamma ray
(almost half as intense) was not detected in the present study. The 3092.8-keV 7 ray
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was detected in the delayed data with the Ge beam, using Pb, U, and Pt targets.
This state has negative parity based on the low logft of 5.7 reported by the original
[-decay work of Lewis [102]. It is a candidate for spin and parity assignments of 2.
4280.3(2) keV. This level feeds the 57 2760 keV state through a 1520.6-keV ~ ray.
The present work found no further de-excitations of this state. It is > 1 keV above
the previous level, and it is distinct because it must be at higher spin to feed the 5
state.

4330.0(3) keV. This level de-excites by an 1172.6-keV 7 ray to the 3157.4 keV
state. Ardouin observed the 4330 keV level in (t,p), but not the 3157 keV state.
This suggests that the 4330.0 keV state has natural parity including 4%, 57, 6T.
This hypothesis depends on the (57) designation of the 3157.4 keV state.
4531.0(3) keV, (8T). Faul observed a 1235-keV ~ ray in the ®Ge spectrum (Figure
3.9 of Ref. [4]), but was not placed in the level scheme. The present study places this
transition to decay to the 3295 keV 65 state 4.15. A 1236.0-keV v ray coincident
with both the 535.5- and the 649-keV transitions has been observed in this study.
The 1236 keV transition is only coincident with the ground state band below the
47 as it was not observed in a 619/966-keV coincidence gate as performed by Faul
(Figure 3.10) and the present thesis. This is in line with the 1236.2-keV ~ connecting
to the g.s.b. through the 1076- and 649.2-keV transitions.

4835.1(3) keV, 10*. This state was identified by Faul [4] as the (107) state in the
yrast band. It decays by an 1120.7-keV ~ ray.

5078 keV, (37). This state was not seen in the present work. The logft of 5.6
measured by Lewis [102] indicates a parity change that can be expected from the
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positive parity of the J™ = 2~ parent. This state feeds the 2 level and also the 4]
state. The feeding of a 4™ state rules out a J = 1,2 spin for this state. This work
puts a tentative J™ = (37), since it was not observed.

5148.5(3) keV, (10%) This newly identified state decays to the yrast 8 level by a
strong 1434.1-keV transition and also by a 995.5-keV transition into the 4153 keV
(8%) state. 5861.2(4) keV, (10%). This state is newly identified in this work. The
de-excitation of this state occurs by a 1330-keV transition into the 4531 keV level.
Faul observed a 1330-keV 7 ray, but could not place it [4]. It is seen to be coincident

with the 1236 keV transition as well as those in Figure 4.15.
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Chapter 5: Discussion

In this section, the level structures observed in "®8%82Ge and adjacent nuclei
are discussed in the context of the nuclear shell model. The Ge nuclei are described
in shell-model terms relative to the nearest double-magic nucleus, 18Nis;. When
compared to Ni, these Ge nuclei are described as having zero, two, or four holes at
the top of the fpg neutron shell. They also have four proton particles at the bottom
of the fpg proton shell. As the neutrons are holes and the protons are particles,
mixing between states is complex in ®Ge, when compared to %2Ge. The use of
shell-model codes such as NuShellX provides quantitative results for the calculated
nucleon configurations. The predictions made by the shell model can be compared
with the observed excited states. Although the decay patterns available, they are
presently disregarded.

A discussion of the systematics in a wide Ge isotopic range as well as the
N = 46,48, 50 isotones will provide a useful frame of reference to further under-
stand the structural behavior of 88%78Ge nuclei. Nucleon configurations as well as
the neutron-hole and proton-particle structures have been previously introduced in

Sections 1.14,1.15,1.16.
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5.1 Ge isotope systematics

The systematics of the even-A Ge nuclei provides insight into the behavior of
the isotopes between the N = 32 subshell and N = 50 shell closure. As discussed in
the Chapter 2, >™Ge are stable isotopes. Each of these isotopes has features that
can be attributed to a degree of triaxiality, or loss of axial symmetry at low energy.
As seen in Fig. 5.1, the energy of the 4] state in the Ge isotopes is approximately 2.5
times that of the energy of the 2] state. This ratio was predicted for y-soft nuclei by
Wilets and Jean [13]. The measure of staggering, defined in Equation (1.2), provides
a negative or positive phase of S(J). This describes the nucleus as tending toward
~-rigid or y-soft. Toh et al. postulated evidence for “rigid triaxiality” at low energy
in ®Ge. They based this conclusion from a sequence of levels 2+, 3%,..97 with
positive staggering values for S(4) and S(6) [34]. Mukhopadhyay et al. reported
additional structural detail for ®Ge. They found that the level structure, could
be described by large-scale shell-model calculations [55]. There was agreement at
energy levels up to about 3 MeV, and included the proposed triaxial states with
spins and parities of 2+, 3%, 47 57, They authors also noted that density functional
theory (DFT) calculations by Niksic et al. could be interpreted as favoring a ~-soft
structure for "®Ge [106]. Calculations by Niksi¢ et al. showed a large positive value
of the S parameter for “Ge relative to other Ge nuclei. Sun et al. were not able
to observe this large value [49]. The unusual features of the structure of ™Ge were
addressed by Ayangeakaa et al. in a Coulomb excitation experiment. The results

indicated a need to introduce shape coexistence. The authors interpreted that both
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shapes could be triaxial, but with negative S values pointing toward v softness [46].

Figure. 5.1 displays the trends of the excited states of interest for the even-A
Ge isotopes between N = 30 and N = 50. The $3Ges, nucleus has a double 2p;/-
subshell closure, while the upper limit, §2Geso has v1gg /2 shell closure. The excited
states in Ge isotopes demonstrates the behaviour of the neutrons, and also indicates
an evolution of collectivity as neutron orbitals are filled and the proton orbitals
invert. This systematic trend suggests that the “N = 40”7 subshell closure observed
prominently in ®Ni has shifted to N = 38. This indicates that a gap has developed
between the f5/o and p; /o orbitals.

The top panel in Figure 5.1 displays the positive-parity states of the Ge iso-
topes. The yrast states (shown in red) increase toward N = 38. At that point they
drop to a minimum in [$Ge. Similarly the low-lying positive parity 23 ,3] and 47
states increase in energy toward 52Ge. This indicates a more substantial subshell
closure at N = 38 instead of N = 40. Beyond N = 38 the energies decrease in the
direction of ®Ge, and then they increase to the closed N = 50 shell closure.

The low excitation energies of the 25 and 3] states are well recognized of
triaxial nuclei. The 23 level energy in "®*Ge is similar to the possible triaxial ™ 7Ge
nuclei. This state increases dramatically in 8*%2Ge. The 3] state (green) follows a
pattern that is similar to the 23 level, with a relatively constant energy difference
of 400 — 500 keV. The spacing of the 45 (blue) state follows the same trend as the
27 (blue) and 3] (green) ones. This continues until N = 46, where this excitation
energy increase tapers off to become about the 23 energy at N = 50. The 5] (green)
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state drops at N = 50 to become close in energy to the 3] state. Additionally, the
5 state has an energy and trend that is similar to the 6] level. The two states
become nearly degenerate at N = 46. The spacing between the yrast 6; and 8]
states in 72Ge is reduced when compared to the spacing in ™7Ge. The increase in
the 81 (pink) energy in 18Ge is followed by a decrease in the energy of the (isomeric)
state in §9Ge. The 8% states in the heavier Ge isotopes can be be characterized by
pure vgg2go/e configurations. The 65 (pink) state follow the same trend as the 87
level, and this indicates that it might also have gg/, character.

The bottom panel in Fig. 5.1 shows the negative-parity states and also to
the low-lying positive-parity ones. These negative-parity levels are associated with
neutron configurations. However, the negative parity levels may be subject to col-
lectivity. The energy level of the 7~ state in Ge nuclei decreases, with a particularly
low value at [3Ge. A similar drop is observed in the semi-linear trend of the 5~ state
occurs at 8Ge. The 3~ levels have a slightly parabolic trend except ®Ge, which
appears to be an outlier. In 78Ge, the 37 and 5~ states are nearly degenerate, and
they are only 20 keV apart. This drastically different trend in the 3~ state could be
the result of collectivity in the Ge nuclei associated with the 7ps/2g9/2 configuration.
As a proton state, the 37 would be rather insensitive to the neutron number. The
lowest 3~ states in Ge nuclei occurs in [2Ge at 2515 keV and “Ge at 2537 keV. Col-
lectivity is at a maximum at N = 42 in the Zn, Ge, S, and Kr nuclei (Fig. 2.1) [43].
Collectivity generally decreases near closed shells. This may be the reason that the
3~ state is no longer depressed in energy. The trends of the 5~ and 7~ states suggest

that these cases are independent of collectivity.
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Trends are identified in the comparison of the experimental level energies in
the Ge isotopic chain. Increases in the excitation energy of positive-parity levels
occur between N = 32 — 38 and N = 46 — 50. The only exceptions are the 8 and
67 states, which decrease in energy before N = 38. The negative-parity states have
kinks that break the trends of 3~ and 5~ states in [3Ge. This also occurs in the

energy of the 7~ level in ™Ge.

5.2 N=50 isotone systematics

The level structure of N = 50 isotones has few states when compared with
open-shell neighbors. These nuclei have very little collectivity based on their B(E2)
values. Therefore, many states can be described as single-particle states within the
shell-model framework. With the vgg/, shell filled, the lowest energy states result
from protons excitations above the 7 f7/, orbital (filled at Z = 28). Due to the
monopole shift, the f5/, orbital lies at a lower energy than the p3/, one for protons
at N = 50. The reverse is true at N = 40. Protons predominantly occupy the f5/,
state, but pairing pushes the second and higher pairs into the ps/, state. There is a
narrow 656-keV separation in Cu between the 3/27 excited state and 5/2~ ground
state (Fig. 1.7). Breaking one pair of protons produces the [pf7] group. Fewer states
are accessible for this proton pair with an increase in proton number. As the proton
orbital fills, the broken pair must access higher-energy orbitals. Excited states in the
N = 50 isotones can also be produced by breaking two pairs of protons to create a

5% or 67 state. Another way to form excited states is to promote nucleons across the
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closed shell. There is competition between the f5/5 or ps/; orbital for the location
of the second proton pair at and above Z = 32.

The first excited state at well over 1 MeV for the N = 50 isotones because of
the absence of collectivity. The relatively constant excitation energy of the 23 state
means that there is little change in the ps/, f5/2 pairing energies across the isotones.
As seen in Figure 5.2, there are three levels in 8Zn above the 47 yrast state without
J™ assignment. The 23 level is a candidate for one of the three states higher in
energy. These levels may be the 1,2, or 3 states created by pairing in the p and f
orbitals. These correspond to the 32Ge 2714-keV (17), 2215-keV 25, and 2702-keV
37 states. Zn only has two protons in the f; /2 orbital so the angular momentum in
the nucleus is limited to 1,2,3, or 4. This means 8°Zn can only pair to create a 27F
or 47 state, so there is no low-energy 6% level.

The 3] levels energies in 82Ge and 84Se are identical. The energy in %Kr is
only 150 keV higher. However, the energy of the 5] state increases since it requires
breaking two pairs. Only 8¢Kr has reported in this region to have 3~ and 5~ states.
These are created by the breaking of a mgg/» pair, and the excitation of the second
nucleon to a p or f orbital. These states are likely to lie much higher in the other

isotones, and have not yet been observed.

5.3 8QGe

The new data presented in this thesis begins at 82Gesy. This nucleus has four

protons beyond the double-magic nucleus 58Niso. 32Ge has seniority-four states with
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higher spin values of 57 and 6* because of the two pairs of protons. Two additional
4" states as well as two 57 and 6" states should be present as a result of the two
broken pairs.

This work consolidates the level scheme and confirms transition energies previ-
ously reported in ®2Ge. One new transition has been identified. This is the 408.6-keV
v ray from the 2935-keV (5,6)" level. This work also confirms the 67 — 47 — 27
doublet at 940 keV.

The connections to the [pf7] configurations in ¥2Ge are shown in red in Fig-
ure 5.3. They are in reasonable agreement with the NuShellX results. Above 2800
keV, the agreement breaks down and the proposed 47,57 and 67 levels are placed
at higher energies in the NuShellX calculations than observed. In the NuShellX
code, these state are produced as seniority-four levels. This work favors the jj44b
interaction in the case of 2Ge by the clear indication of the [pf7] group, and the
distinct separation of the [pf7] levels from the seniority-four states. However, the
jund5 interaction produced a B(FE2) value of 17.1 W.u.. That value is half of the
jj44b one, and it is much closer to the experimental value of 12.1(21) W.u. Seija and
Nowacki [91] argue that the 47 57 and 6™ levels arise from breaking the N = 50
closed shell to generate a multiplet of states. These configurations are described as
(Z/ng’/l2 o I/d5+/12)2+73+74+75+76+77+, and well above 4 MeV. Seija and Nowacki also predict

a minimum in the shell gap at %2Ge by:
A = 55,(N =52) — S5,(N = 50). (5.1)

Hakala et al. measured this value as 3.1 MeV [110]. These cross neutron-shell
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states arise from first breaking a valence gg/» neutron pair (requiring about 2MeV).
Secondly, the neutrons are moved across the 3-MeV shell gap, placing them at an
average of 5 MeV.

Table IV in Verney et al. provides an overview of the levels reported in
82Ge [80]. Remarkably, both the 8 and S-n decay experiments resulted in com-
mon transitions. This implies that the -n experiment does not populate higher
spins than the [-decay one. The [-n decay reported by Winger et al. identified
two new transitions. These are a 727.6-keV line from a 3014.7-keV level ,and a
596.4-keV v ray from a 2883.4-keV state [111]. However, Verney et al. was also
able to identify a 728.7-keV v ray in both § and $-n decay [80]. However, Hoff and
Fogelberg did not identify this transition [1]. This excludes the 3014.5-keV state
from having a higher-spin of > 5. Due to the proximity of the ™Ge(n,n’) peak at
595.0 keV, Verney et al. could not separate the “Ge transition from the 596.4-keV
v ray reported in Ref. [87]. The 2883.4-keV level spin is not a candidate for an
assignment > 5. The 645.5-keV transition, initially reported in the spontaneous
fission experiment (Ref. [76]) was not reported by § and f-n decay experiments,
except for the work of Verney et al. [80].

A possible yrast sequence reported for 82Ge by Zhang et al. [71] and Podolydk
et al. 3], was not seen in other experiments. This sequence is actually that of 8" Kr
based on the relative intensities of the transitions. Refs. [3,71] reported a sequence
of 1578 — 681 — 1348 — ground state cascade (Fig. 5.4). This sequence exists
in 8Kr as a 1348 — 563 — 1267 — 681 — 1548 one. A 681-keV transition has
not been identified in any of the 3 or S-n experiments on ¥2Ge. In a 681/1578-keV
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Figure 5.4: Transitions in 8"Kr observed in this work using the Se/U data set. These
transitions have been proposed (Refs. [3,71]) to be in ¥Ge. Transitions seen in
1348.8/681.0-keV and 1573.1/681-keV coincidence gate: the 1348.6-keV (21/27) —
(17/27) transition, the 441.8-keV (19/27) — (17/27) link, the 562.9-keV (15/27) —
11/27 decay, the 681.2-keV 11/27 — 9/2% ~ ray and the 1577.6-keV 9/27 — ground
state transition.
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coincidence gate, the most prominent v ray should be the 1348-keV one if it is the
transition to the ground state. However the data indicate that the 1267-keV v ray
is the most prominent (Fig. 5.4). This is in accordance with the 8"Kr decay. If
the possible sequence reported by Refs. [3,71] is indeed the *2Ge yrast sequence,
the energy of the 47 state would be unusual, as it is below the 25 state. Even so,
the energy gap between the adopted 2217-keV 25 and 2288-keV 4] levels of 70 keV
would be the smallest in all known Ge nuclei. The presence of the N = 50 shell
closure in these two states is also persistent and they are at least 500 keV higher in
energy than their isotopic counterparts.

This review of the level structure of #2Ge demonstrates the observed positions
of the [pf7] group of levels and their calculated energies, which are in close proximity.
The shell model at the closed shell provides a good description of the observed
structure up to 2750 keV. The calculated seniority-four levels are higher in energy
than the levels observed. This leads to an interpretation that the levels near 3 MeV

are neutron particle-hole states, as proposed by Seija and Nowacki [91].

5.4 N=48 isotone systematics

The N = 48 isotones, have two neutron holes in the N = 50 closed shell. They
exhibit a 2%,4%,6",8" sequence by breaking pairs of valence gg/» neutrons. They
also exhibit lower-energy negative-parity levels that are constructed by breaking a
neutron pair in the py/s, fs/2, or ps/» orbital. The energetically favorable config-

uration forms by breaking a p;,» pair and moving the neutron into an empty gg o
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orbital. This generates a doublet of spin 5~ and 4~. Figure 1.6 shows the candidates
for a few of these states in "76Ni.

There is a lack of collectivity in the N = 48 isotones. The neutrons are
holes and the protons are particles so there is little constructive mixing present.
Because of the Z = 28 closed shell, the 2] and 4] states in Ni are higher than the
corresponding levels in the other isotones. Makishima et al. described the members
of the ground state band up to 8" for *Ge to *Pd as two-hole (z/gg_/é) states for the
N = 50 closed shell [2]. The corresponding yrast states of "*Ni and "®Zn are found in
Figure 5.5. These have systematics resembling those of Z > 36 whose 8" — 61 and
67 — 47 energies are much smaller than those of the Ge and Se isotones. There is a
small 8% — 6T energy difference in the Kr isotone. Makishima et al. attributed the
energy changes in the Z > 38 isotones to the proton occupation of the gg/; orbital.
They concluded Ge, Se, Kr have proton occupation of the fp orbitals [2]. In Ge and
Se, the yrast 2% and 4" states are within a few keV of one another. The yrast 8 and
67 states have similar energy gaps. In the non-yrast states, there is a consistent rise
in energy of each level from *9Ge to %2Se except in the 3~ level. In the shell-model
framework, the lowest 3~ configuration is attributed to a vgg/sps/2 pairing whose
energy drops significantly above N = 32. At the same time, the lowest 5~ state
is generated by a vgg/op1/2 neutron pair whose energies remain within a couple of

hundred keV of one another.
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5.5 89Ge

Only a few levels are available for isotonic "®Zn as seen in Figure 5.5. A rich
80Ge data set can be constructed from the GS DIS experiments and the published
[-decay data. This is largely because the 3°Ga 3-decay parents include the isomeric
3~ and 6~ parents that populate a wide range of levels in *Ge.

81Ge has two low-energy cross-shell states with J™ = 1/27 and 5/27. The
presence of these states makes it reasonable to have a 07 cross-shell intruder in
80Ge. The low-lying 05 state is at 639 keV [6]. The 05 state in %°Ge is depressed
by approximately 900 keV below that in ®Ge, and also about 1700 keV below that
in 82Ge. NuShellX predicts the 05 state should be ~ 2000 keV. The 639-keV level
is not in the jj44b model space, hence it is called a “cross-shell intruder”.

This work establishes the 89Ge positive-parity sequence up to J* = 10". The
delayed (DDD) Se/U cube indicates that the multi-nucleon transfer reaction creates
mostly the 67, 8Ga parent. This is confirmed by the comparison of the 659/1083-
(Fig. 4.8) and 659/914- or 659/1313-keV coincidence spectra. Higher-spin states are
more strongly populated in DIS reactions. This provides confidence that within the
coincidence spectra, the transitions decaying out of the 6~ parent are observed.

There is a missing 45 — 3] transition in the v-like band of #Ge. Verney et
al. proposed a J™ assignment of < 4 for the 2852- and 1972-keV levels. The energy
of the 3% state increases with N as the N = 50 shell is approached. In contrast,
this work proposes the 2265-keV state as a 47 level and the 2852-keV one as a 5~

state. The 2265-keV level feeds the 1742-keV 4 state by a 523.5-keV transition.
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The 1573.5-keV 25 level is fed by a 691.9-keV one.

The Faul work predated the identification of the J™ values of the [-decay
parents [4]. She could not place the following transitions: 203.9, 352.0, 374.0, and
385.5 keV. A 399.5-keV transition from the 1973-keV level is the lowest energy
ray reported in the literature. Faul observed the 1313-keV ~-ray, but not the 399.5-
keV transition. Based on the small errors reported in her work, it is unlikely that
the 385.5-keV transition is the same 7 ray as the 399.5-keV line [4]. In the Se/U
PPP cube, peaks at 352 and 374 keV are present in a 659/1083-keV gate. They
are not included in the level scheme, as they are likely contaminants from another

nucleus. The only other lower-energy transition coincident with the 659- and 1083-

keV transitions is the the 523.5-keV line from the 2266-keV 47 level (see Fig. 4.8).

Both jj44b and jun4) effective interactions describe the [pf7] states in *Ge.
The shell-model results are compared with the experimental results of *Ge in
Fig. 5.6. The 27,23 ,3% 4] 47 states are calculated in the proper order and they
are less than 175 keV from the experimental values. The one low-energy level with
no neutron admixture is the 3. It is found at 1973 keV, and can be compared
with calculated positions at 1996 keV using jun4b and 2119 keV using jj44b. The
position of the 3} level is critical to the assessment of triaxiality, and it is correctly
calculated in 8°Ge with no reference to collectivity or triaxiality.

Both effective interactions depict the yrast sequence well. They include of the
small 8" — 6T transition and the loss of collectivity, as demonstrated by a small
B(E2) value. The 107 state is predicted in both interactions at a lower energy than
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the experimental value. The two interactions predict the 3] state to be lower in
energy than the 47 one. This is in agreement with the assignment of the 2266-keV
state as a J™ = 4. The theoretical jj44b 45 — 4] transition is confirmed by
the experimental results to decay strongly. However, the same transition in jun45
has a B(E2) < 10. Neither interaction predicts a strong 45 — 3 transition, and
no such transition was observed. The calculated energy of the 5] level is much
higher than the experimental one. This is close in energy to the 6] state. Small
transition probabilities are expected between the 6] and 5] states because of the
over-estimation of the 5| location. The calculated 5] level decays similarly to the
measured 57 state at 3038 keV. The only exception is a transition to the 6] state,
which is about 60 keV in separation.

The theoretical 17 states, at 2333 and 2610 keV in jj44b and jun45 (not shown),
have no experiment counterparts. The 17 level was calculated 112 keV lower than
the 4] state in the jj44b interaction and 471 keV higher in the jun45 one. Although
no 1% level is reported in 8Ge, 1% levels are found in adjacent ®%2Ge at 2706 and
2714 keV, respectively. Therefore, the calculated positions are well within the range
where a 17 level might be located. Hoff and Fogelberg showed v rays at 2665 and
2008 keV that could be placed as depopulating a possible 11 level at 2666 keV. This
is in agreement with the calculated positions.

Many of the transitions in 8Ge beyond the [pf7] group include a change in
parity. Therefore, NuShellX was used to determine the occupation and level ener-
gies of the negative-parity states. 61 levels are predicted in the jj44b calculations
below 4500 keV, but only 13 have negative parity. Similarly, the jun45 interaction
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resulted in 71 levels where 15 had negative parity. Only 23 levels have been identified
experimentally, and only seven are identified with negative parity (Fig. 4.5).

The energies of the first three calculated negative-parity states in the jj44
model space agree well with the experimental levels. Both the jj44b and jun45
interactions predict that the lowest negative-parity states are 57, 47 and 3~ levels.
In this energy range of ~ 3400 keV, a 6 state has been observed. It is predicted to
be > 4 MeV with both interactions. These interactions also predict that the first
7~ level will be ~ 600 keV above the first experimental state.

In summary, in the jj44 model space, the jj44b and jun4b interactions depict
the [pf7] states well. They correctly identify the energy range and level order of the

first three negative-parity states.

5.6 N=46 isotone systematics

The N = 46 isotones with 4 holes in the vgy /5 orbital, can be viewed as mid-
shell nuclei. The high energy of the 2] state in ™Ni is due to the closed Z = 28
shell. There is an increase in collectivity above Z = 28, and this may lead to lower
energies for the 2* and 4% states. The 3% state in 8°Se and ®2Kr is nearly identical
in excitation energy, but is significantly lower in “®Ge. Many of the transitions in
the positive-parity sequences of 8°Se and *2Kr have consistent energies. However,
the v rays which feed from the negative-parity states are unique in character. The
energies in “®Ge are lower than those of the heavier isotones With the exception of

the 05 and 4~ states. This can be interpreted as a different underlying character in
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this nucleus.

The 2240-keV (25 ) state and 2105-keV 45 level in ™Ni have been reported
in separate papers. It is unusual for the 25 state to be higher in energy than the
45 one. The 27 levels in ™Ni and ®Zn are close in energy, and they are almost as
high as the 45 states in other isotones. These factors raise the possibility that the
states have been incorrectly identified, and suggests that lower-energy states have

been missed.

57 ™Ge

The strongest transitions identified within this work come from the PPP data.
States with fewer than three coincident « rays are confirmed through cross corre-
lation and delayed spectra. The change in the J™ assignment of the ®*Ga -decay
parent impacts the interpretation of much of the subsequent published work. It also
affects the assignment possibilities of ten states [102]. Direct population via allowed
and first-forbidden transitions is limited to 1,2 or 3. The 47 levels are populated
through first-forbidden unique transitions, and the 5~ levels could be fed directly
only by highly-inhibited third-forbidden unique transitions. The states observed in
the (t,p) works are largely low-spin levels with natural parity of: 0%, 17, 27, 37 and
so on. These observations, along with angular correlations (Figs. 3.8, 4.16), provide
insight into the presently-proposed J™ assignments.

Below 3 MeV, the 2744-, 2759-, and 2850-keV levels seen in (t,p) reactions

with spin-parity assignments of 37, [(37), (41)], and 57, cannot be reconciled with
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present observations. The closest levels from 3 decay are a 1T state at 2706 keV
and a (2,3) level at 2857 keV. Above 3 MeV, there is little overlap between DIS
and (t,p) data sets. This is because most levels populated in the (t,p) reaction are
low-spin levels with little overlap with the higher-spin levels populated in the DIS
reactions. The levels observed within this energy range based on GS data are the
2748-keV 6, state, and a 2760-keV 5 one. The (t,p) experiments designate these
states as the lowest-energy 3~ levels in contrast with the S-decay 3~ state at 2665

keV.

5. 7.1 The sk band

The double-coincidence gate on the non-yrast 567-keV 25 — 21 ~ ray with
the 619.2-keV 2] — 0f transition produces a distinct sequence. It includes the
1644-, 2319-, 2760-, and 3295-keV levels with the respective spin-parity assignments
of 3%, 4, 5%, 67. In ">™7Ce, similar sequences built on the 2+ have been labelled
a vy bands (see Sec 5.7.3.1) [34,46,49]. They have been interpreted as a “softness”
toward loss of axial symmetry. However, the decay pattern of the ®Ge sequence
is unique, so it is labelled the “r(kappa)-band”, short for kawwoidpyiog, “new” in
Greek. In ™Ge, the low excitation energy of the 25 and 3T states may that indicate
these states are non-axially symmetric. This leads to an important question. Does
this sequence indicate rigid triaxiality in ®Ge?

This sequence of levels is quantitatively different from similar sequences in the

neighboring Ge and Se nuclei, since the decay proceeds strictly through AJ = 1
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transitions. The half-life measured by Chou et al. [105] for the 47 level can be used
to show that the transition rate for this AJ = 1 transition is very low. This implies
the AJ = 2 transitions are inhibited by the quantum matrix elements of the state,
not by the speed of the AJ = 1 transition. This characteristic is critical to the
interpretation, therefore a step-by-step explanation follows. Chou et al. measured
the lifetime (7) of the 4, level as 62(8) ps [105]. Through the relation of ¢/, =
In(2) % 7, the half-life of this state is 43.0(5.5) ps. This gives an upper limit for the
transition probability (B(E2)) for the 1133-keV 4} — 21 E2 cross-over 7 ray. It
also can be used to estimate the B(E2) value for the 674.6-keV AJ =1, 4 — 3}
transition. The measured upper limit for the branching ratio of the unobserved
1133-keV transition is < 2%, which indicates a partial half-life of 2.15(28) ns. A
15.3 ps half-life can be inferred for this transition using the Weiskopf estimate. This
half-life, in turn, yields a B(E2) upper limit of 0.007(1) W.u. This limit can be
compared to the value of B(E2) = 18(8) W.u. [105] for the 913-keV, 47 — 27
cross-over transition in “®Ge. This highlights the difference in character between
the bands in the two nuclei (Fig. 5.9). Estimates are also possible for the B(E2)
and B(M1) values for the 674.6-keV AJ = 1 4} — 3} transition. If the £2/M1
mixing is determined to be 50%, partial M1 and E2 half-lives of 86 ps would be
deduced. The calculated Weiskopf half-lives for M1 and E2 transitions are 72 fs
and 20 ps, respectively. These lead to B(M1) and B(E2) estimates of 0.0085(2)
and 2.4(1) W.u., respectively for the comparable transitions in "®Ge. Note that the
maximum B(M1) value for ®Ge would be 0.0017 W.u., or of the same order as in

Ge. If the transition were to be pure of E2 character, the B(FE2) value would
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double to 4.8 W.u. The cross-over « rays are not missing in the x band, but may
result from the especially fast AJ = 1 transitions.

Zamfir and Casten [24] found the separation between the 57 and 37 states
was a reliable measure of the collective frequency for v bands. There are few states
with similar spins and parities with which to mix, so there are few chances for
perturbation. The 51 — 37T transition energ for the x band at 1116 keV is large.
However, it is still well below the calculated 57 — 37 separation of 1391 keV in
BGe. It is also above the 948-keV one observed value in Ge, and in line with the
calculated value in ®*Ge. The comparisons between calculated and observed levels
in Ge, shown in Fig. 7 of Ref. [55]. They reveal the same trend in which the
observed levels are well below their calculated counterparts. This holds for both
the ground-state band and v band, but with branching from the ~ band levels well
described by the calculations. Above the 3% state in the x band (37), there are no
cross-over transitions feeding into the ground-state band.

Two theories of deformed nuclei were proposed by Wilets and Jean, and also
Davydov and Fillipov. They state that the AJ = 2 crossover intra-band transitions
tend toward zero as v approaches 30° for both vibrational and rotational structures.
The quenching of the AJ = 2 transitions in “®Ge was measured using relative inten-
sities as described in Section 3.6.1. Upper limits for the branching ratios (Tab. 5.1)
can be inferred from the relative intensities of the missing transitions to those in
Figure. 4.17.

Another “indicator” of the rigidity of the non-axial structures is the stagger-
ing parameter (Discussed in Chapter 1). Table 5.2 lists these values for the x-band
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Table 5.1: Upper limit intensities of missing £2 transitions in

BGe.

Eirev E,  Efiev Relative Intensity % Branching ratio
(keV) (keV) (keV) upper limit upper limit
3295 976" 2319 2.5 7.4

2760 1116 1644 0.1 0.3

2760 1190 1570 0.6 2.2

2319 1700 619 0.1 0.2

2319 1134 1186 0.6 1.1

2319 749 1570 0.6 1.1

“indicates the transition intensity is inflated by contamination in spectra
from the 976.5 keV transition in the *Ge beam.

Table 5.2: Staggering values S(J) ob-
served in the even 33Ge and 34Se isotopes

for J =4,5,6.
78Ge46 76Ge44 74Ge42 72Ge40

S(4) 035 009 -0.04 -0.24
S(5) -0.40 -003 0.1  0.26
S(6) 020 015 014  -0.35

808646 788644 768642 748640

S(@4) -036 -025 -0.16 -0.53
S(5) 025 015 04
5(6) 0.17  0.03  -0.28

sequence in ®Ge along with those of the >™7Ge isotopes and the ™76:7880Se iso-
tones. The absolute S(J) values for Ge are larger than the values of the other
nuclei listed. The phases of ®Ge and ™Ge have positive staggering values for S(4)
and S(6), which contrast to those of »™Ge and all of the Se isotones. On the strict
basis of phase, "®Ge has been proposed to have rigid triaxiality. The ">™Ge nuclei
have been also interpreted as 7-soft [34] on the basis of staggering value. This is
because there is no inclusion of AJ = 2 cross-over transition in this interpretation.

What is clear from the staggering values of ®Ge is that the energy spacing of the
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Figure 5.8: Decay of the 3~ and 5~ states in even-A ?~%Ge.

x band is not in line with the J(J 4 1) characteristic of a symmetric rotor. The
spacing is irregular, which is more typical of oblate structures at higher excitation

energies.

5.7.2 FE1 transitions in and out of the x band

If the x band is considered to indicate triaxiality or shape coexistence in “®Ge,
the strong E1 transitions which connect this sequence to the ground state band
through negative-parity states, must be considered in detail. The negative-parity
states in "®Ge result from breaking vgg, pair into a negative parity orbital (p, f, h).
The 5~ level can be populated either by a gg/afs5/2 or gojop1/2 coupling (Tab. 1.4).
The lowest 3~ state has mixed character, resulting from collective excitations and
two-particle neutron structures. The 5~ state at 2646 keV and the 3~ one at 2665

keV are the lowest negative-parity states in the nucleus. Above N = 40, the 5~
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level decreases in energy to reach a minimum at 2646 keV in ®Ge (Fig. 5.1). At
this point it has lower excitation energy than the 3~ level. In 3°Ge, the 5~ state
rises to an excitation energy seen in ""®Ge. However, it remains lower than the 3~
level, which has increased dramatically by ~ 550 keV.

The 5~ state in ®Ge is fed by a 649.2-keV transition from the 6 state with
an I, = 8.5(4). It is also fed by a 113.9-keV ~ ray from the 51 state with an
Ies = 3.2(7). The 5~ state decays back into the the x band by a 327.1-keV transition
with an I, = 6.8(5) (Fig. 4.17). There is significant additional feeding into the 5~
level from by the 3285- and 3689-keV states and others states not yet observed. The
1076-keV decay into the 4] state has an intensity of I, = 28.8(4). The intensity
carried by the 1076-keV transition is only 16% smaller than the intensity of the
67 — 4] 1178.8-keV one. Both of these transitions are easily seen in a double gate
on the 4] — 21 and 2] — g.s. coincidence spectrum (Panel (a) of Fig. 4.14).

In "Ge, the 3~ state has been well characterized through S-decay as only ~ 20
keV above the 5~ level [102]. The 3~ state feeds the 27, 3, and 4} states by a
combined 73(13)% of the decay, while the remaining percentage feeds into the 2
level. No feeding was found into the 4] state, suggesting that the 3~ may be in the
same potential well as the x band if shape coexistence were found to exist. Feeding
from the 37 and 5~ states is a major contributor to the intensity of the x band. The
cause of the inversion of the two states cannot be clearly identified. It could be a
significant factor in their ability to feed both the ground state band above 2, and
the x band.

A comparison of the decay characteristics of the 37 and 5~ states in the Ge
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isotopes is found in Fig. 5.8. The 5~ level feeds into the 4] state in all isotopes.
This 5~ state has been found to also feed the 3~ level Below N = 46. In "4"8Ge,
the 5 level does not feed the 45 state at all. Instead, in ™Ge, decays into the 43
state. The 45 level is only fed by the 3~ state in 82Ge, even though it is energetically
available to the 45 state in ™~ ™Ge. The 3~ level in ®®Ge decays to the 45 state
instead of to the 45 level. This must be caused by a factor other than energy, since
the two 4™ states are less than 40 keV apart. This is another example of the selective
decay.

The 3~ energies in °Ge and ®Ge are very similar at 2692 and 2665 keV,
respectively. The branching pattern of the two nuclei is shown in Table 5.3. The
half-life of the 3~ level in "Ge is 0.231(20) ps [55]. While the level in ™®Ge it is
4.2(25) ps [105], which is 18.2 times slower. The transition rates of 3= — 23 v
ray are quite similar even though they have different branching ratios. The main
transition out of the 3~ state in "®Ge is to the 2. The counterpart in “®*Ge has
three times that value. Although the 3= — 2] ~ rays have similar energy in the two
nuclei, the transition in "®Ge is significantly slower as seen from its partial half-life.
The 3= — 2{ transition is hindered by a factor of 200 based on the ratio of the
B(E1) values. Since the E1 transition to the 2 state is suppressed in ®Ge, decay

within the x band can compete.
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Table 5.3: 37 decay and in "®Ge and ®Ge. The B(E1) values were deter-
mined by using the half-lives of the 37 states as 0.231(20) ps [55] in %Ge
and 4.2(25) ps [105] in ®Ge. The branching ratios (B.R.) for each transition
(from Refs. [55,102]) are used in conjunction with the half-life of the state
to determine the partial half-lives for each transitions (partial ¢1/2). The
calculated partial half-life (calc ¢1/,) was determined using Weiskopf esti-
mates. The F1 reduced transition probability is calculated from the ratio
of the calculated partial half-life to the partial half-life. This B(E1) value
offers a measure of hindrance of the transition between the two states.

76Ge
Transition E, B.R. partial ¢, calc. 1 B(E1)

(keV) (ps) (ps)

37— 47 1282.35(5) 10.7(7)  2.16(19) 1.78%1072 8.25% 1073
3= =27 1593.93(3) 5.4(6)  4.28(37) 9.44%107° 221%107°
3= 27 212934  83.9(33) 0.275(24) 3.89%10°° 141107

78Ge
Transition E, B.R. partial £, calc. t1/9 B(E1)

(keV) (ps) (ps)

37 —4F  346.1(1) 25.8(38) 16.2(97)  8.9x107% 5.48x 1074
37— 37 1021.9(1)  6.0(15) 70(42)  3.46%107* 4.92% 107
37— 25 1478.7(2) 40.7(27)  1.03(61) 1.14%10"* 1.11%107°
37— 21 2045.8(2) 27.4(27) 15.3(91) 4.30% 107> 2.80% 1076

5.7.3 How unique is the x band sequence?

The degree of uniqueness of the x band can be assessed experimentally or
theoretically by its modes of decay.
1. Experimental Approach: The level and decay structure found in the x band
can be compared with similar levels in other even-A Ge nuclei, and isotonic, N = 46
nuclei (Section 5.7.3.1).
2. Theoretical Approach: The degree of agreement between the experimen-
tal findings in ®Ge and the calculated values produced by shell-model calculations

and other theory can determine if the x band characteristics are reproducible (Sec-
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tion 5.7.4).

5.7.3.1 K band in comparison to neighboring nuclei

A comparison of the structure of ®Ge with its isotonic (N = 46) and isotopic
(Z = 32) neighbors emphasizes the similarities and differences which make the
band unique.
TaNi: Little is known of the structure of the nucleus except members of the yrast
band and a (37) state at 3120 keV. Unlike the 25 state in ™Ge, the (25) state in
™Ni is above the yrast 4] state. The (25) and (37) states decay directly to the
0" ground state without de-excitation into other states. The 4] state of ™Ni is
nearly equivalent in energy to the 47 one of ®Ge. However, this does not resolve
the occurrence of the x band.
187Zmn: The structure of Zn is vastly different and few states are known. The loca-
tion of a low (2]) state at 596 keV is similar to the other N = 46 isotones. A 4]
state at 1296 keV is followed by a tentative 25 state at 2292 keV. The depression
of the 47 level and the strong elevation of the (23) state produce strong differences
between "%Zn and “Ge.
89Se: The E,;/FE, ratio in %Se (Fig. 5.9) is above that of the 2.5 prediction of an
asymmetric rotor, like ®Ge. The 23 state of 8°Se is pushed higher by the addi-
tional two protons. The states feed into the 25 level are also higher than their ®Ge
counterparts. The 41 state of this sequence is notable as the third 4% level in the

nucleus, identical to the one in ®Ge. Unlike ®Ge, this 45 state in 8°Se decays by
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Figure 5.9: Partial level schemes for Ge [34] and 3°Se [107] to highlight
the structures built on the 25 levels. In the 8°Se scheme, the intensities

of transitions from the 25 state have been included. These were reported
in the 8 decay of 8°As.

two AJ = 2 transitions to the lowest 27 states in addition to a AJ = 1 transition to
the 3] level. The 3] state decays in a identical manner to its counterpart in ®Ge.
82Kr: The decay of the 37 level at 2094 keV in 8?Kr feeds the 27, 25, 4 and (23)
states. The (47) state decays to the 21, 25, 41, and 3] levels. The 43 level in 8?Kr
decays to all the lower-lying states, including the (43) state, except for the 3] level.
Any hypothesis for why the (43 ) state does not decay to the 3] level is beyond the

scope of this thesis. In summary, a v band consists of states with spins 2,3, 4%,

and 5T, but without 45 — 3] and 57 — 45 AJ =1 transitions [28].

™Ge: The v band of ™Ge has both AJ = 1 and AJ = 2 transitions. The 25
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state at 1464 keV decays with a 87(10)% branching ratio to the 2i state. This is
significantly larger than the ~ 50% probability in ®Ge. The 23 state also exhibits
a small branch to the low-lying 05 state at 691 keV. Both the 3] level and the 45
state have a small branch to the 4] state.

™Ge: Up to the 5 state, ™“Ge exhibits a v band with intra-band AJ = 1 and
AJ = 2 transitions. It also has inter-band transitions to the yrast sequence. The
65 state at 3315 keV has been reported to solely feed the 47 level [49]. However,
there is evidence that it also feeds the yrast 6 state by a 764.4-keV transition and
the 5 level by a 618.9-keV one in the GS data [107]. The (7) level does not feed
any 61 state, but only the 5j one. This breaks down feeding found in the v band
sequence above 3 MeV. The 3] and 5] states feed both positive-parity sequences
(yrast and ~ band).

Ge: A v band up to 67 has been reported [34] with AJ = 1 and AJ = 2
intra-band transitions. It also has inter-band transitions with the yrast sequence
(Fig. 5.9). Higher spins, up to 97, have been attributed to the v band, but with only
intra-band AJ = 2 transitions observed. The energy spacing of the ~-band states is
similar to the spacing of the x band in ®Ge. The branching ratios of the 3] state
in the two nuclei are similar with about 40% decaying to the 23 state. Above the
37 state, the level structure of the two nuclei are different. The 5] level in "°Ge lies
much higher than the 5] state. In fact, the negative-parity states in "*Ge feed only
the yrast sequence, and not the v band.

80Ge: There is no clear sequence of states built upon the 25 level in °Ge. The 3]

has been observed, but no 4% state has been found to decay into it. The 5] state at
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3038 keV decays into the 47, 45 and 3] levels, but could not be confirmed in this
work.

82Ge: The 3] state is higher in energy than the 47 state. This precludes the 4, level
as a member of a 7-like band. A 180-keV, 41 — 3] transition was not observed.
Such a low-energy v ray would be hindered as discussed in Section 4.2.2. In both
82Ge and %°Ge, the lowest 3T level is well reproduced as a part of the [pf7] group
and it can be described as a unique structure consisting of a f5/» proton coupled to

a p3/2 proton.

5.7.4 Theoretical descriptions of ®Ge

The structure and shape of ®Ge have been investigated using three cate-
gories of models. These include the interacting boson model (IBM) [112-115],
self-consistent mean-field (SCMF) models [52, 106, 114, 116-118], and shell mod-
els [35,36,119-123]. ™Ge has also been studied for the existence of triaxiality and
shape deformation by various theoretical means including the shell model [119, 120,
122,124], density functional theory (DFT) [49,106,125], mean field approach [126],
and also an algebraic description [127]. Refs. [49, 104, 114, 117, 128] report that
there is prolate deformation in ®Ge with 3 ~ 0.2. The IBM-2 configuration mixing
approach predicted shape coexistence with a prolate ground band and a spherical
excited band [127]. Ardouin et al. performed Hartree-Fock (HF) calculations on the

Ge nuclei and they found a possible oblate to prolate shape transition of the ground
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state between N = 36 and N = 46 [56]. Their work characterizes the 0 state in
even-even Ge nuclei as non-collective. They also determined that ®Ge and "®Ge
were both prolate rotators and that Ge has maximum triaxiality (7 ~ 30°) by the
Davydov model [52]. Nilsson, Ragnarsson, Larsson, and Sheline proposed triaxial
shell closures at N = 44,46 and Z = 32, making the Ge isotones magic and "®"8Ge
double-magic nuclei.

Niksi¢ et al. used relativistic Hartree-Bogoliubov (RHB) triaxial quadrupole
energy maps. They found an axially symmetric minimum on the prolate axis for
6-80Ge [106]. They also reported that the ®~8°Ge nuclei have a 7-soft potential
due to the calculated staggering values [106]. Yoshinga and Hiashiyama also found
evidence for v-softness in "®Ge by their neutron contour plot of the potential energy
surface using Nilsson states [129]. Hsieh et al. concluded that the 43 state of ®Ge is
dominated by the N-1-boson-plus-two-fs ,-fermions configuration. They used IBM
with fermion pair model calculations [112], but did not include the state in a triaxial
band.

It is possible to compare the experimental levels from this thesis to the theo-
retical levels produced by Yoshinga and Hiashiyama [129]. The experimental levels
are generally in close agreement with the shell model (SM) and generator coordinate
method (GCM) triaxial calculations. They attributed the 1186-keV 25 and 2319-
keV 45 non-yrast states to the v band. The authors used the 67 level at 3287 keV
published in the (t,p) work as the experimental yrast state [103]. They did not use
the published 67 energy of 2748 keV. The calculated yrast 6T state in all models is

therefore too high. Yoshinga and Hiashiyama calculated the 31 level at energies of
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~ 1700 and ~ 2130 keV for the SM and triaxial GCM. The axial GCM predicts the
3T state around 2500 keV. This thesis reports the 3* state is at 1644 keV, in strong
agreement with the SM calculation. The 51 state is observed at 2760 keV, which
is only a few keV below the 67 state. The SM predicts the 57 and 67 levels to be
at the same energy around ~ 3150 keV. The GCM calculations predict the 5T level
at several hundred keV above the yrast 67, and also above 3 MeV. The energies of
the yrast 8 or 10" states had not been determined when Yoshinga and Hiashiyama
conducted their study. They predicted the 87 level at about 300 keV too high (in
SM and triaxial GCM) and at 700 keV too high in axial GCM. They also predicted
the 107 level well in the SM and triaxial GCM, a value just below 4 MeV.

All of the theoretical works for ®Ge show no indication that the nucleus is
unique in missing the AJ = 2 transitions in the x band. The shell-model calculations
in this thesis using the NuShellX jj44b and jun4b interactions are presented in
Fig. 5.10 with the calculated B(E2) values. The ™Ge levels from the NuShellX
calculation represent a smooth evolution of a similar structure to Ge [55]. In
Ge the calculated position of the 8% level, largely a (g9/2)* configuration, is well
reproduced. The lower-energy members of the ground-state band are systematically
well above the experimental level energies. The lowest seniority-four state, the 107
level, has a calculated value within 50 keV of the experimental value.

Both models predict a band built on the 23 state. The levels are located
higher in energy than their experimental counterparts. In both instances, the band
includes strong AJ = 2 transitions in the x band. In the models, the 65 level
decays 98% to the ground state band. Multiple decay modes from the 4} level
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are present in the theoretical results. This is in contrast to the single transition
identified experimentally. It is important to emphasize that the 41 level of the s
band is the 45 state. It is not the 4; one as is the 47 state in other Ge nuclei.
The 45 state is calculated at 2886 keV with the jj44b and 2710 keV with the jun45
interactions. This does not have the decay pattern that feeds the 3] and 25 states.
The 44 state is predicted to feed the ground state band with a branching ratio
> 90%. The theoretical 3] state has a high transition probability to the 4] level.

The 67 — 5] — 4] cascade has not been observed in any other nucleus in
this region. These strong F1 transitions are another unusual feature in the decay
of ®Ge. This is the only instance of linking observed between the x band and yrast
sequence above the 25 state. The 3] level observed in 3 decay feeds all accessible
levels of the x band but not the yrast states. The calculated level energies for the
37 level at 2676 keV and 5~ state at 2942 keV are compressed in energy. However
they appear more compressed in experiment. NuShellX does not describe branching
between negative- and positive-parity levels. As a result, a different method must
be used to investigate the strong E'1 decay. The 5~ state in the jj44b calculation
is close to the 6] level. This is in agreement with experimental results. Neither
model predicts the 37 state to be the first excited negative-parity state. The jun45
calculation returns it at a higher energy than the 5~ state.

The staggering phase and amplitude can be determined for the models using
levels calculated by NuShellX. These values, along with 5DCH values from Ref. [49]
demonstrate that these models do not reflect the behavior of the x band in ®Ge

accurately. This phenomenon ca be clearly seen as a difference in staggering in
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Figure 5.11: Experimental and theoretical staggering in ®Ge. 5DCH
values from Ref. [49], jj44b and jun45 values provided in this work.

Figure 5.11.

Since the shell model fails to describe the x band, another approach is nec-
essary. These include calculations within the Davydov-Filippov-Rostovsky (DFR)
model at higher excitation energies [19,20]. The decay pattern and B(E2) values
for a rigid-triaxial rotor with v = 30° are found in Fig. 5.12. These energies have
been normalized to a 2] — 0 transition of 619 keV. The 23 and 3] levels have the
low excitation energies expected for a rigid triaxial nucleus. The model predicts a
strong transition from the 23 level to the 2] state and also a completely suppressed
transition to the ground state. The nonzero B(FE2) value reported experimentally
in ®Ge is contrary to the value predicted by this model. It also contradicts that
experimentally found in neighboring "*Ge [34]. Similarly, the 3] state decay is hin-

dered to the 27 state. The difference between the energies of the 3] and 4] states
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in the model is twice the value found experimentally. This explains explaining why
a 37 — 47 transition is not hindered. Although the 4] state is represented well in
the model, the higher-spin yrast level energies are over-predicted.

The DFR model predicts three 41 levels. These are found higher in energy than
their nearly-degenerate experimental counterparts. The lowest becomes the second
excited state in the ground-state rotational band. The calculated state at 3509 keV
has an inhibited decay to the 3% level. The branching is similar to those for the 47
level observed experimentally at 2292 keV. The calculated 4128-keV 47 state, on the
other hand, has a strong branch to the 3] level with inhibited transition strength
to the other lower-energy 2;“2 and 47 levels. This is in agreement with experimental
results. The decay of the 43 level indicates a large B(E2) value to the 3509-keV
45 state. These states are observed 17 keV apart. A transition that is this small
cannot be measured with Gammasphere. Two 51 levels are also predicted by the
model. The upper state exhibits a strong branch to the calculated 47 level. It has
an inhibited transition strength to other, lower-energy 41 levels. The experimental
equivalent of the DFR-predicted 5 state at 3715 keV could not be identified from
transitions coincident with the 2292-keV 43 state or the 1644-keV 3] state. A 65
state was predicted with a strong branch to the second 5 level. This is similar to
the observations for the 3295-keV 61 level. No transitions were measured to feed
the 2292-keV state. This complicates the character of the decay from the predicted
6192-keV 67 state.

The staggering behavior is another feature of the states calculated in the DFR

model. The 3] state is closer to the 23 state than to the 45 level. However the
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54 state is closer to the 6 level than to the 47 state. The 5] and 4, states are
close in energy, as expected in the v band of a rigid triaxial rotor. The implication
of using the 65 and 4; state is that both S(3) and S(4) will have negative values,
which destroys the phase of the staggering. The staggering amplitude predicted by
the DFR model is also 3 to 8 times higher than the experimental amplitude. This
poses a significant question. Can staggering be used as an indicator of triaxiality if
the triaxial band does not use the 45 and 5; states?

The DFR model demonstrates inhibited AJ = 2 transitions within the x band.
It also includes the 4] state in this band instead of the 45 state. The DFR model
describes the k band in agreement with experimental data. The only exception to

this is found in the high excitation energies.
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Figure 5.12: B(E2) and energy level calculations for ®Ge with v = 30°
in the Davydov-Filippov-Rostovsky model with energies normalized to
the experimental 2] — 0T transition. The transitions in red depict the
equated k-band transitions. Transitions not shown have a B(FE2) value
of 0. The energy values are scaled to the experimental 2" state.
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Chapter 7: Conclusion

This thesis has examined the nuclear structure of 328%7Ge through deep in-
elastic reactions. This work has confirmed many previously reported results and
has significantly expanded level scheme of ™#Ge. The [pf7] group is shown to ade-
quately characterize the low-lying 82Ge structure. The higher-energy states appear
to excitations across the N = 50 shell. The [pf7] group is also present within the
80Ge nucleus. The higher-energy states in 3°Ge are not necessarily due to cross-shell
excitations. They are due to additional configurations provided by the two neutron
holes in the N = 50 shell. The "®Ge structure has noteworthy characteristics such
as the x band, identified within this work. The presence of this sequence addi-
tional questions. These questions include the significance of the 47 state within the
sequence, the presence of shape coexistence, and the role of E'1 transitions which

populate both the x and the ground state band.

7.1 82Ge Conclusions

The results of this thesis show a concurrence with previously reported levels
of 8Ge. This study demonstrates the strength of multi-nucleon transfer reactions

and the power of the coincidence method using the Gammasphere array. The re-
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sults included a new transition of 408.6 keV from the 2935 keV level, and also the
population of the yrast 940 keV doublet.

In %2Ge, the jj44 model space reproduces the [pf7] group, which is the seven
states made through configurations in the p3/» and f5/; orbitals. Little collectivity
has been observed in 32Ge as the states can be described by the [pf7]. The jj44 model
space has reached its limit beyond the [pf7] as it cannot account for the density of
states observed near 3 MeV. This is because the calculations do not describe cross-
shell states in this model space. Additional investigations which compare even and
odd N = 50 nuclei in this region will be available in a forthcoming publication [107].

The positions of the first seven states of %2Ge are accurately calculated by
NuShellX. These results are consistent with the structure and calculations for iso-
tonic 8Zn. The proposed higher-spin 5% and 67 states in 82Ge at 2935 and 3014
keV, are well below the predicted energies. These states are likely excitations across
the N = 50 shell. This permits a test of the fidelity of the jj44 model space. An al-
ternative approach was proposed by Seija and Nowacki [91]. They treat these states
as arising from promotion of a single gg/» neutron across the N = 50 shell into a ds,
orbital. Their calculations place these states at 3170 and 3370 keV, respectively.
These are reasonably close to the observed positions. NuShellX locates these states
over 3500 keV.

The population of #2Ge in the available data from GS DIS was limited. Future
investigation of the higher-spin states, and also states above 3 MeV will require a
larger production of the nucleus. One such method would be a repetition of the DIS

experiment using a %2Se beam with a thick target, but with a longer run-time. A
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second approach would be to use a neutron-rich radioactive ion beam to populate

more lower-lying states.

7.2 89Ge Conclusions

The reactions used in this work to study the level structure of *Ge were well-
suited to the study of higher-spin levels. The 3" assignment of the 1973 keV state
compared to the previous J™ = 4T assignment, brings to light a set of states with
2+ 3%, 4%, 5%, 67. This sequence is reminiscent of the y-band in ™~"%Ge and other
nuclei. However, unlike the v bands of those nuclei, this set of states does not decay
as a continuous sequence. The decay favors feeding into the ground state band.

The population of the 6= 8Ga parent within the DDD data set is a clear
indicator of $-decay parent. By contrast the isomer separation technique used by
Verney et al. provided ambiguous values [5]. The intense decay into the 5~ state at
2852.5 keV may prove to be a significant aspect of this nucleus. Chou et al. [105]
performed lifetime measurements for such states in ®Ge. It would be useful if a
similar study were performed on *Ge.

The observed structure up to about 3.7 MeV is in reasonable agreement with
the NuShellX calculations. The NuShellX code reflects the experimental [pf7] states
as well as the first few negative parity states. Two holes in the gg/o orbital can
account for many of the states below the large shell gap at N = 50. Since these

states are reflected by the code, they also exhibit very little collectivity.
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7.3 ™Ge Conclusions

At the beginning of this study, the level structure of ®Ge was poorly under-
stood among the even-even Ge nuclei. Moreover, the levels populated in § decay
were accorded an incorrect range of spin and parity possibilities. This was due
to the incorrect assignment of the ground-state spin and parity for parent ®Ga.
Among the nuclei studied, this was the only nucleus where additional information
was available from (t,p) reaction measurements.

The most important result in this thesis work has been the identification of the
r band. This is a band whose decay properties are not found elsewhere among low-
energy excited levels in any nucleus. The energies of the members of this sequence
appear similar to sequences labeled as + bands in lighter nuclei. However, the
absence of AJ = 2 crossover transitions is not reproduced in any model proposed so
far. The numerous E1 transitions in and out of the x band are the second feature
of interest in ®Ge. The significance of this feature awaits further work.

The NuShellX calculations fit the observed levels in “®Ge without the inclusion
of the x band. It has configurations beyond those in the jj44 model space. This
could be an example of shape coexistence in the nucleus. The x band seems to be in
a separate potential well, with a different shape for which no apparent parameteri-
zation is applicable. The inhibited inter-band AJ = 2 transitions are characteristic
of the second shape, while the absence of transitions into the ground-state band is
an indication of a significant potential barrier between the two shapes.

There are three 47 states at low energy in ®Ge. The 47 level belongs to the
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k band. The 4% level of v bands in lighter-Ge nuclei are the 45 state. Further
investigation will shed light as to the inclusion of the 47 state rather than the 45
level in v-like sequences. This idea already has served to alter the interpretation of
the structure of isotonic #°Se [107].

The results for the x band have been published as a Physical Review Letter
in May 2018 [57]. It is possible to envision a number of new experiments that can

be undertaken to improve the knowledge of the level structure of ®Ge.
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Appendix A:

A.1 Ge DIS runs

To explore the germanium isotopes within these runs, a simple neutron transfer

is required, not requiring the energies provided by this deep-inelastic collision.

A.1.1 "Ge beam on U target

Two runs, labeled gsfma223 and gsfma241 were run with this beam/target
combination. The gsfma241 run was run at a higher energy beam, and has poorer
statistics. The gsfma223 run done by Stefanescu et al. (described in Ref. [130]),
provided the main data for the analysis within this work. With a 23¥U target, there
are a series of low-energy Uranium transitions present.

Setting a gate in gsfma223 on two transitions in “®Ge, transitions from the
complimentary 23¢U nucleus will be present. For example, a gate on the two lowest
yrast transitions in ®Ge: 619.2 and 950.6 keV, returns a spectrum with the 230U
transitions: 104.2 (E2) (doublet), 151.2 (E2), 160.2 (E2), 198.9 (E2), 212.5 (E2),
260.1 (E2), 303.3 (E2), 403.3 (E2), 642.6 (E1[+M2+E3]), 687.9 (E1), 956.2 keV. 238U

transitions are also present: 995.3, 1042.3, 1454.8 keV. The transitions with energies
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of 341.5, 1222.5 (38U), 1234.9, 1328.4 keV are found in both the uranium nuclei and
germanium. The peaks of 94.9, 98.8, 104.2, 111.4, 114.9, 351.8, 368.5, 375.2, 410.0,
434.4, 519.0, 535.5, 562.8%, 596.4, 625.8, 639.5, 649.0, 707.0, 722.5, 759.4, 834.6,
846, 913, 940.8, 966.2, 977.1, 1076.0, 1120.7, 1133, 1178.4, 1433.2, 1445.8, 1587.8,
1608.5, 1804.6 are yet to be accounted for. There a few other possibilities where
these transitions come from: leak-through from the “*Ge beam or 23U target (like
the starred 562.8-keV peak); or another nucleus that shares coincident transitions
of 619.2 and 950.6 keV.

To be aware if two coincident transitions are in multiple nuclei, the NNDC [28]
has an option to search nuclear levels and gammas. For example, investigating what
other nuclei have coincident 619.2- and 950.6-keV transitions, a range with +1.0
keV of these two energies are input with a coincidence of 1 ns, return 7 nuclei with
these coincidences. With the GS data, the energies usually only vary by < 0.5 keV
between data sets, so £1.0 keV is a conservative range. This group of nuclei is
beneficial to be aware of to prevent attributing transitions that belong to another
nucleus. The likelihood of making some of these nuclei in the multi-nucleon transfer
reaction can vary, as well as the high-spin levels that cause the decay of one of
the transitions of interest. For example, there exists a 619.8-keV transition from a
(39/2%) level coincident with a 951.2-keV (23/2%) transition in 1$3Lu2. In order
to make this nucleus in the "Ge on 238U reaction, a very deep-inelastic reaction
would be necessary, which would produce high spins. Looking into the list of levels
in 1%3Tu, the (39/27) — (35/27) 619.8 keV transition would be followed by a 312.0-

keV (35/27) — (31/2%) transition. Since this 312.0 keV coincident transition is not
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present in our spectrum, the coincidence in our spectra does not belong to the 1%3Lu
nucleus.

One of the more challenging transitions to reconcile in ®Ge is the known
1223-keV transition from the [-decay work [102]. There is a 2 — ground state
1223.8-keV ~ ray in 2*U. With a gate on a 1223.8keV line and its coincident 768.3-
keV transition in 238U, five transitions appear quite strong: 620.5, 647.0, 725.4,
769.6, and 834.4 keV. Using the gamma search of NNDC, 620.5-, 647.6-, 725.7-,
and 835.2-keV transitions occur in *Zr along with a 1222.9-keV line. There is no
768.3-keV transition, but that is accounted for because it occurs in the 2**U nucleus.
This complication indicates that any data set with a Uranium target cannot be used

to correctly place the 1223-keV transition.

A.1.2 7Ge beam on a ?®Pb target

The gsfma245 data set, or "°Ge beam on a 2°Pb target, provides another set of
data to confirm transitions in the other data sets. The main 2°Pb lines are the 880.9-
keV 4] — 2§ and 803.0-keV 2] — 0f transitions. The same 619.2-950.6 keV gate,
as shown as an example in the previous section returns a number of peaks. In the
206ph and 2°°Pb nuclei: 343.6, 537.1, 663.8, 802.9, 880.9 keV. Unplaced transitions
include: 75.3, 85.0, 114.0, 168.0, 184.2, 316.6, 324.6, 403.3, 434.0, 458.1, 546.1,
562.8, 567.8, 618.5, 626.0, 639.7, 649.1, 683.7, 703.8, 722.4, 759.4 keV. The presence
of the 458.1-keV transition in the yrast gate is troubling, since we have proposed

elsewhere in this work that it is not coincident with the 950.6-keV transition. There
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are four possibilities to account for its presence: that there is a 458.1-keV ~ ray that
has not been identified in the lead nuclei, that there is a second 458.1-keV transition
within our Ge nucleus, that the 458.1-keV v ray is in another nucleus, or there is
leak-through occurring because of the gate. It is highly unlikely that there is a
458.1-keV transition in the lead nucleus, because it has been studied extensively for
many decades. A second 458.1 keV transition in the "®*Ge nucleus can be checked
in other data sets, and was not seen in the Ge on ?**U experiment. The NNDC
website is a useful tool to see if there exists a 458.1 keV ~ ray in coincident with
our other two transitions, but there is no nucleus that has these three transitions
coincident in the database. The last possibility is most likely, that there is some
contamination in this nucleus. Another supporting factor for this possibility is that
there is a second 618.5-keV peak in this gate-and a transition 617.6-(4) keV in 2%Pb.
The 617.6-keV transition feeds into the 1166.4-keV level which has a lifetime. This
may cause the leak-through because it causes the prompt data to be contaminated
by delayed transitions. Even with leak-through, this data set can be very useful to
confirm the presence of other transitions in the ®Ge nucleus, but it cannot be used

as the main data set.

A.1.3 "Ge beam on a '"®Pt target

Unlike lead or uranium, platinum has fewer low-energy transitions. In the
same 619.4-950.9 keV gate (energies are slightly different in this data set), peaks

appear with energies (within 1 keV): From '%Pt: 316.2, 332.7, 340.9, 355.5, 393.2,
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687.3, 441.3 keV. From '%Pt: 368.3, 407.1, 375.1, 578.2 keV.

The unplaced transitions are: 66.1, 113.7, 181.9, 184.6, 191.3, 204.5, 295.7, 321.3,
328.1, 433.8, 446.8, 467.9, 482.8, 521.1, 528.4, 550.4, 562.8, 599.7, 604.9, 627.6,
639.7, 649.0, 722.9, 727.4, 758.7, 846.8, 966.7, 1076.4, 1121.0, 1179.0, 1236.0, 1329.5,
1404.9, 1433.7, 1587.9, 1805.1, 2052.7 keV. Notice, that since the energies of our
gates are slightly different because the calibration is slightly off, the energies of our

coincident v rays differ as well.

A.2  Spin Assignments Via Angular Correlation Measurements

This section is a continuation of Section 3.6. The angular momentum in DIS
experiments is not aligned strongly with the beam direction. The angular distribu-
tion of detectors in Gammasphere allows for correlations between successive v rays.
Pairs of detectors in the Gammasphere array with similar angles between them are
compiled into bins for analysis which make up the angular correlation matrices of
Fig. 3.7. The statistics of each of these bins varies dramatically, e.g. bin 4 and 7
have the lowest statistics. The goal is to account for the number of coincident o
transitions within each detector occurring with the same timestamp as a v, tran-
sition. The nature (quadrupole or dipole) of one of the two transitions should be
known to conduct an angular correlation.

Coincidence matrices are sorted by the twelve bins, each with similar angles.
These angle dependent matrices have been background subtracted to correct for

Compton back-scattering and to allow for the assumption of a relatively constant
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background for ease of peak fitting. For each matrix, a gate on 7; with a size on
the order of ~ 7 keV is created using the "damm” program from a ”*.cmd” file
Table A.1. This gate is determined from where the peak of v, occurs in the total
projection of a matrix, in spectral files with names such as: “ACmat01_xproj.spe”
opened with RadWare program gf3. The “damm” program is called, then the com-
mand: cmd *.cmd is executed. This reads the *.cmd file and builds ” gate655x.spk”
and " gate655y.spk” files which will contain all coincidences from each of the twelve

matrices. The “damm” procedure must be conducted for each matrix gate.

Table A.1: Example of a *.cmmd file. Setting a gate around a v ray to conduct an
Angular Correlation. Example for a gate at 655 keV with a channel (1 keV) width
of 6. One *.cmd file is written for each matrix (our setup has 12) for each gate

Code Description

in ACmat01.his The input is the histogram for the AC matrix 1
ou gate655x.spk, new | Designating and creating an output spectral
file for the x-axis.

The ”, new” is only used for the first cmd file.

nuid 01 Creates a new id number

zl First buffer

72 Second buffer

gxa 1,653,658 Setting the gate on the x-axis: step of 1, Ein, Emax
ou output

ou gate655y.spk, new | Creating an output spectral file for the y-axis.
The 7, new” is only used for the first cmd file.

nuid 01 Creates a new id number

z1 First buffer

72 Second buffer

gya 1,652,658 Setting the gate on the y-axis: step of 1, Ein, Emax
02 Writes the output

end End of command file

The spectrum for each gate (saved as *.spk) is presented using the gf3 RadWare

function. The x-axis and y-axis information in the *.cmd file is identical, so either
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*x.spk or *y.spk can be used. The command is: gf3 *.spk. There is a series of
questions to fix values such as the shape (Gaussian, skewed Gaussian) of the peak,
the linear (B) or quadratic (C) nature of the background [65]. The initial values
used in this work are B =0, C=0, R=5, Beta = 0.2, Step = 0.25. These values
can be adjusted after a fit is created to reflect the data more appropriately. Each
spectrum (1-12) is displayed individually, and the peak area of ~, is fit with similar
range in each matrix. A 2 for the fit is provided as well as information on each
peak fit within the region of interest. The peak area of v, as well as its associated
error in each matrix is noted and saved in a *.raw text file. In this work, screen
shots of each fit were saved. The areas and errors of the *.raw file are corrected for
detector efficiency, using v; and v, using a function in RadWare corr16 to become
a *.dat file. With the command:

corr _feb16 *.raw *.dat

This *.dat file lists the converted efficiency values to 6, w(f), and ow(0)], as the
angle, the fit from Equation 3.1, and the error in the value of w(#). The gnuplot
program is then opened and the w(f) equation (Eq. 3.2), here designated f(x), is
loaded by the command:

f(x) = a*(1 + b*(1.5%cos(22*x/(7*180))**2 - 0.5) + c¢*(35%(cos(22*x/(7*180)))**4
- 30*(cos(22*x/(180*7)))**2 + 3)/8) .

Next, the *.dat file is fit to the f(x) by the command:

fit f(x) "*.dat’ u 1:2:3 via a,b,c .

The final iteration of ass and a4y coefficients (b and ¢ parameters in gnuplot) of the
Legendre polynomial and their errors are returned (Fig. A.1). Lastly, the command:
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X! Gnuplot /
0.8

'965mc1896, dat ' u 13253 —— Iteration 4

£(x) WSSR + 37.4903 deltalWSSRIAWSSR  © -2.11024
delta(lssR) @ -7.91147e-10 linit for stopping : le—0%
lambda 1 000374303

resultant paramster valuss

2 = 0,56801
o7 11 = 0,225661
. c = -0,0267562

[ ffter 4 iterations the fit converged.
Final sum of squares of residuals 7 37,4308
0,55 1 |rel, changs during last iteration ; -2,11024e-11

degrees of freedon  (FIT_NIF)
} s of residuals (FITSTIFIT) = sart(USSR/ndf)

—

+ 2,040
0 | |variance of residuals (reduced chisquare) = WSSR/ndf 1 4,165

} Final set of paransters Reuwptotic Standard Error

0,55 { 4 |= = 0,6RB01 +/= 0,01066 (1,855%)
b = 0,2256E1 +/= 004528 (20,06%)
c = -0,0267562 +/= 006404 (239.40)

a b c
a 1,000
b 0.027 1,000

0.5 ] } } 1 |correlation matrix of the fit paransters:

0,45

N 173 0,161 1,000
® = “ = 5 w ® 0 | ruploty plot “gB3masE.dat u 1:2:3 w err, )
95,3289, 0,752550 Aawplot>

Figure A.1: Angular Correlation data from g655x1896.dat file plot (left)
and fit of w(#) (right) in the gnuplot program. Included in the fit are
the determination of the agy (b) and ay4 (c) coefficients.

plot 'g966x1120V2.dat’ u 1:2:3 w err, f(x)

will plot the data points and the fit. An example for the v; = 655.0 keV ~; = 1896
keV 82Se transitions are shown in Fig. A.1. This example offers some insight into the
limitations of our data. Notice the fourth and seventh data points are far off the fit.
As seen in Fig. 3.7, the fourth and seventh bins have the fewest number of detector
combinations, therefore the lowest statistics. For other points that fall significantly
off an obvious trend (data point 9), the screen shot of that fit may be revisited
and the data point may not be included in the final fit for the determination of as
and ayy. If, like the example in Fig. A.1, there is a negative correlation between
the angles, it means that v, and 7, are of the same nature, in this case, both are
quadrupole in character. If the two transitions were of different natures, e.g., dipole
and quadrupole, with the increase of angle (x-axis) there would be an increase in

the w(f) (y-axis).
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