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Abstract

The low-energy Coulomb excitation of 72Se experiment was conducted using the Miniball/CD
detector setup to detect prompt gamma rays in coincidence with scattered particles at the
HIE-ISOLDE facility at CERN. The quadrupole moment (QM), hereafter always recorded in

units of eb, was deduced to be Qq (2?) = —0.24*85, implying a prolate configuration; this

first independent measure is in agreement with the only other experimentally reported value,
which was published during this thesis project. The prolate shape of this state confirms that
shape inversion to oblate configurations near the ground state does not occur until at least °Se.
The QM for the 2 state in the beam contaminant ®Ge is found to be Q;(2]) = —0.3970-33,
implying prolate configuration; this is the first experimentally deduced value of this QM and
represents the first post-acceleration of a radioactive neutron-deficient Ge isotope at an ISOL
facility. Gamma-ray spectroscopy of %°Zn was conducted at Argonne National Laboratory
(ANL) using the ATLAS accelerator for the production of a *He beam directed onto an
enriched *®Ni target. This induced the >>Ni(*He,n) light-ion fusion-evaporation reaction and
the Gammasphere detector array was used for detection of prompt gamma-rays following the
reaction. A firm assignment for the 2; state is made, as well as previously unknown structures
built above the 2; state and 31+ state being discovered. Several new states with transitions
decaying to the 41+ state are also observed. Some states potentially corresponding to resonances
in the astrophysical *°Cu(p,y) reaction are identified. First observation of these states provides

critical information for follow-up work to obtain the reaction rate. The level density deduced is

in agreement with the recent work of Soltesz et al. using no gamma-decay information.
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Lay Summary

The atomic nucleus comprises of protons and neutrons, known as the nucleons. Nuclear
structure theories are used to try and understand the way nucleons are arranged in the nucleus,
how they interact with each other and how this affects properties such as the shape of the nucleus.
Many theoretical models have been developed which look to best describe the behaviour of
the nucleons in different areas of the nuclear chart. Results from nuclear structure physics
experiments are key in pointing these models in the right direction. The shape of the nucleus is
of particular interest when looking to constrain theoretical models and nuclei that have roughly
equal numbers of protons and neutrons are known to have interesting shape characteristics.
This thesis reports results from two experiments which look to find out about the shape of these
type of nuclei. The first is the Coulomb excitation of 72Se, with many modern theories making
differing predictions for the shapes of exotic selenium isotopes. The first independent measure
of the shape of the first excited state is reported here, which strengthens the use of a particular
type of theoretical model in this area of the nuclear chart. The first experimentally deduced
description of the shape of the first excited state in ®3Ge is also reported. The second study,
the gamma-ray spectroscopy of %Zn, a nucleus which theoretical models predict to have a
combination of shapes, has yielded the first firm assignment for multiple levels of importance
for testing theoretical predictions. This assignment will allow for future experimental studies
to deduce the shapes of the states which will further test theoretical predictions. Previously
unknown excited states and decays are also discovered - some states potentially being relevant

to the >°Cu(p,y) reaction, which plays a key role in the shape of X-ray burst light curves.
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Chapter 1

General Introduction

Atoms are the building blocks of everything we see around us. They are made up of electrons
bound to and orbiting a nucleus. The atomic nucleus constitutes over 99% of the atom’s mass
and comprises of a combination of protons and neutrons; the nucleons. The theory of nuclear
structure is used to try and understand the way these nucleons are arranged in the nucleus, how
they interact with each other and how this affects macroscopic properties such as the shape of
the nucleus. One of the first attempts to explain nuclear structure in the early 20th century was
the Liquid Drop Model [1, 2], but this had its limitations. In modern times the most widely
accepted theory is the shell model. This model uses quantum physics principles to describe
the nucleus in terms of energy levels, in an analogous way to electrons filling shells in the
atomic shell model, but with no central potential in the nuclear shell model as opposed to in the
atomic shell model where the nucleus acts as a central potential of positive charge, attracting
the negatively charged electrons.

The shell model assumes the nucleus to take a spherical shape [3], but this does not tend to
be the case for nuclei with open shells (i.e. partially filled shells). The shell model thus tends to
break down in these regions of the nuclear chart. A variation of the shell model developed by S.
G. Nilsson [4], known as the deformed shell model, or Nilsson model, can be used to model

nuclei with deformed shapes.



Excited states in nuclei, especially far from closed shells, can also be described by collective
motion of the nucleons, as if the nucleus were one body which can undergo certain types of
motion; either vibrational or rotational motion. One can distinguish between these motions
by observing the properties of excited states (such as the energies, and spin-parity quantum
numbers) [5]. This idea first stemmed from the liquid drop model and was then brought forward
and adapted following the discovery of the shell model. Rotational motion tends to be observed
experimentally in high-A nuclei (A ~ 150 and above), as well as in highly-deformed structures
in lighter nuclei far from closed shells. Collective motions outside this range are dominated by
vibrational modes, where the nucleus oscillates about its equilibrium shape.

In more recent times, various, more complex models have been developed by theorists
which attempt to better predict and describe specific phenomena in certain areas of the nuclear
chart, such as the Adiabatic Self-Consistent Coordinate (ASCC) method [6] and methods
based on Hartree-Fock-Bogoliubov (HFB) calculations [7—-10]. Experimental nuclear physics
research seeks to benchmark state-of-the-art nuclear theories both by seeking to push out to
the limits of stability at both the proton and neutron driplines and by measuring important
properties of nuclei such as the matrix elements connecting nuclear states. These probes can be
employed using a variety of experimental setups, many of which are extremely complex and
can only be conducted at select institutions and facilities globally.

The shape of the nucleus is of particular interest, since this is an important and sensitive
prediction from a number of theoretical calculations and models. Coulomb excitation, having
originally been conducted with stable light-ion beams in the 1950s and 1960s, has undergone a
renaissance in recent times with the advent of new radioactive ion beam (RIB) facilities. It has
emerged as a fantastic method to explore low-lying states in radioactive isotopes of interest,
owing to the large cross sections involved. It is a highly efficient experimental technique,
providing high yields and very good resolution when used in conjunction with high-quality

arrays of germanium detectors, such as Miniball at HIE-ISOLDE, CERN. The typical setup for



these experiments involves a beam which is accelerated toward the deliberately chosen target.
Gamma rays emitted from the de-excitation of excited nuclei then detected by detectors such as
the one mentioned above. The scattered beam and/or target nuclei are registered in coincidence
with a particle detector close to the target position.

Low-energy Coulomb-excitation experiments must be designed carefully so that the inter-
action between the beam and target nuclei is a purely electromagnetic one, i.e. the influence of
the short-ranged strong nuclear force is minimised. This can be achieved through the choice of
beam energy. As the excited states of the chosen nucleus de-excite, gamma rays with energy
equal to the difference between the excited states are emitted. A wide variety of transitions can
be measured, some which cannot be observed with other experimental techniques, meaning new
transitions can be identified and new excited states discovered. As well as this, it is possible to
obtain electromagnetic matrix elements connecting low-lying states and to measure spectro-
scopic quadrupole moments. With the appropriate set of electromagnetic matrix elements, it is
possible to provide a model-independent measurement of the nuclear shape.

Nuclei in the mass region A ~ 70 close to the N = Z line are known to exhibit a variety of
nuclear shapes. These were predicted in the 1970s and can be attributed to large shell gaps
at both prolate and oblate deformation, which are most pronounced for proton and neutron
numbers 34 and 36 [11]. The first part of this thesis will look at a radioactive isotope of
selenium, which has proton number Z = 34. Numerous theoretical predictions [12, 13] indicate
the possibility of shape coexistence in the N=38 radioactive isotope "*Se.

The low-energy Coulomb excitation of 7>Se was conducted using the Miniball/CD detector
setup to detect prompt gamma rays and scattered particles at the HIE-ISOLDE facility at CERN.
At this facility, state-of-the-art RIBs are available at sufficient intensities which allow for rich
sets of matrix elements connecting states to be obtained, including those required to determine
the intrinsic shapes in the nuclei of interest. The experimentally deduced shapes of these

states can then be compared with theoretical predictions in order to benchmark and test these



calculations. One such way this is achieved is to answer the currently open question of where
the shape transition from prolate to oblate shapes happens along the selenium isotopic chain.

The charge-independent nature of the strong nuclear force means both protons and neutrons
can be treated identically, as nucleons. Around the N = Z line, mirror pairs, nuclei which have
the same nucleon number but have their proton and neutron number interchanged, are a great
display of this as their structures tend to be remarkably similar. Protons and neutrons in these
nuclei typically occupy the same shell-model orbitals which makes the nuclear structure more
intriguing with respect to other areas of the nuclear chart. One can gain further information into
the likely structure of a given nucleus by looking at its mirror partner. Conversely, constraining
the nuclear properties of a given nucleus can shed light on the properties of its mirror partner.
Studies into self-conjugate nuclei which lie on the N = Z line, such as %°Zn, are not able to call
upon this technique to gain further information on properties and structure, thus information
in such cases tends to be more limited. This makes experimentally constrained results more
valuable when it comes to furthering the understanding of these nuclei.

There is considerable nuclear structure interest in the low-lying structure of %°Zn, with
information on bound levels still relatively scarce. Information on the location of important
low-lying levels such as the O}L or 2; is sought as theoretical calculations in this key region
for shape changes predict the coexistence of prolate- and oblate-deformed structures [14].
Light-ion—induced fusion-evaporation reactions are a powerful tool for the production of
neutron-deficient nuclides closer to the valley of f3 stability, such as °°Zn. These reactions also
result in a more favourable population of low-spin states in the final nuclei [15].

Since ®Zn lies on the rp-process path and is important for understanding X-ray burst events,
the favourable population of low-spin states leads to a greater probability of observing the key
states above the proton emission threshold relevant to the astrophysical >*Cu(p,y) reaction,

which plays an important role in the shape of X-ray burst light curves.



Fusion-evaporation reactions occur when a projectile is accelerated with such energy to
allow it to fuse with the target nucleus to form a highly excited compound nucleus, which then
de-excites via the "evaporation" of light particles. This reaction mechanism is ideal for gamma-
ray spectroscopy as once the excitation energy of the system is near the particle separation
energy, de-excitation continues mostly via gamma decay, allowing for the detection and
discovery of a great number of transitions (and thus excited states). These kind of experiments
can be conducted at facilities with particle accelerators powerful enough to generate the energy
required for the fusion process and with high-quality germanium gamma-ray detector arrays
for gamma-ray detection.

The gamma-ray spectroscopy of ®°Zn was conducted at Argonne National Laboratory (ANL)
using the ATLAS accelerator for the production of *He beams fired at a high-purity >®Ni target
to induce the *®Ni(*He,n) light-ion fusion-evaporation reaction. The Gammasphere detector
array was used for the detection of prompt gamma rays following the reaction, allowing for the
analysis of gamma-gamma coincidence relationships with previously-identified transitions in
607n. This analysis was conducted with a view to gaining further information on the low-lying
structure of this nucleus, as well as identifying resonant states of the >*Cu(p,y) reaction.

The following chapters will present the following: the underlying theory that is necessary
knowledge for contextualising the purpose of these experiments and their results is discussed
in further detail in Chapter 2. The experimental methodologies for the two experiments are
presented in Chapters 3 and 5 for the low-energy Coulomb excitation experiment and fusion-
evaporation experiment, respectively. The results from these experiments are displayed and
analysed in the subsequent chapters, 4 and 6. Chapter 7 provides a summary and some outlook

beyond the work in this thesis.



Chapter 2

Nuclear Structure Theory

2.1 Overview

The nucleus of an atom forms 99% of its mass and is comprised of two of the three particles
found in the atom: the proton and the neutron. The nucleus of most atoms has a diameter in
the order of 10~!°m [16], meaning that the vast majority of the mass of the atom (diameter in
order of 10~1%m [17]) is contained within a tiny fraction of its volume. The mass of the proton
and neutron are almost identical (both being 1.67 x 10727 kg to 2 decimal places) and act very
similarly within the nucleus. Intuitively, they are grouped together as the "nucleons" [18-20].
The third particle, the electron, is found on the outer edge of the atom, has charge of -1e (where
e ~ 1.6 x 1071° C) and has a mass much lighter than the nucleons (approximately 5.5 x 10~4
times the mass of a nucleon) [21, 22]. The total number of nucleons is referred to as the
mass number (A number) of the atom. However, there are fundamental differences that allow
distinction between the two nucleons. The proton has charge +1e, for example [18], whereas
the neutron is neutral and has no charge [20]. With this in mind, an non-ionised atom will have
the same number of electrons as protons, balancing the charges. In addition, the neutron has a

marginally larger mass than the proton [23].
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The framework in which any physics is understood is in that of the fundamental interactions.
There are four known fundamental interactions: the gravitational, weak, electromagnetic and
strong interactions. The attraction between negatively charged electrons in orbit of the positively
charged nucleus is attributed to the electric and magnetic fields created by the electromagnetic
interaction. The electromagnetic interaction acts between charged particles, is effective at
a vast range of distances and has infinite range [24]. This interaction is comprised of the
electrostatic force, known as Coulomb’s law (shown in equation 2.1 which acts on particles
with signed charges g; and ¢ at rest separated by distance r with k., Coulomb’s constant, =
9 x 10° Nm2C~2) [25], and magnetic and electric forces acting as particles move relative to

each other.

2.1

The electromagnetic interaction is significantly stronger than the gravitational interaction,
but the forces it creates tend to cancel out for large bodies. Therefore in many contexts, such
as in astrophysics, gravity is the dominant interaction despite being fundamentally weaker.
Our present understanding of the gravitational interaction stems from the General Theory of
Relativity [26]. It is experienced by all particles and acts on any body with mass, energy
or momentum and has infinite range. It produces strong long-range forces but is very weak
compared to the other forces and is negligible on the scale of the atomic nucleus. The
electromagnetic interaction is now often coupled with one of the other fundamental interactions,
the weak interaction. The weak interaction acts at very small distances ~ 10718 m and is
the interaction that is responsible for beta decay [27]. These two interactions have been
successfully unified to form the electroweak interaction [28-30].

While the electromagnetic interaction is responsible for binding the atom together, it repels
the identically-charged protons in the nucleus from each other. These only remain bound

together alongside the neutrons due to another fundamental interaction, the strong interaction,
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being far stronger than the electromagnetic interaction at nuclear distances. At these distances
(~10~15 m), the strong interaction is the strongest of the four fundamental interactions: roughly
10?2 times stronger than the electromagnetic interaction, 10° times stronger than the weak
interaction and 108 times stronger than the gravitational interaction.

The strong interaction is only observable at two distinct ranges where it performs two
distinct roles. Firstly, on a smaller scale, at distances smaller than the radius of a nucleon,
where it is the interaction responsible for holding fundamental particles called quarks together
in order to form protons and neutrons, amongst other hadron-type particles. This interaction is
carried by a particle called the gluon [31-33]. Secondly, on a larger scale of around 1 to 3 fm
(10~ m = 1 fm), the strong interaction is what binds the nucleons together to form the nucleus
of an atom. This is in fact the residuum of the interaction at smaller scales between the quarks
and diminishes rapidly with distance. It is for this reason that there are constraints on how
large a nucleus can be (nuclei beyond Z = 82 are largely unstable). It is mediated by 7, p and
@ mesons, particles predicted by Hideki Yukawa in 1935 [34], with the Pion first discovered
experimentally in 1947 [35]. About 99% of the mass a proton is attributed to the energy field
formed by the strong interaction, with the rest formed by its actual constituents [36].

The way in which different nuclear bodies (known as nuclides) are defined are dependent
on their A, Z and N numbers. Every nuclide has a distinct combination of protons and neutrons.
The A number is the total of both protons and neutrons in the nuclide and is usually the number
seen when nuclides are referred to in literature. For example, 7>Se has A number 72 - this
notation is used throughout this thesis work. Any nuclides with the same A number are referred
to as "isobars" e.g. 72Se and 7?Kr are isobars, with ratio of N and Z different. The Z number
indicates the element, for example, any nucleus with Z = 1 is a hydrogen nucleus, any with Z
= 34 is selenium, any with Z = 92 is uranium etc. All nuclides with the same Z number are

called isotopes, e.g. any nuclide with Z = 34 with differing N number such as 7#Se (N=40),
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72Se (N=38) etc. Three isotopes of hydrogen are shown in Figure ??. Nuclides with the same
N but differing Z are referred to as isotones.

Study into nuclear structure attempts to better understand how these nucleons behave within
the nucleus of the atom and how changing properties of the nucleus (and consequently the
atom), such as proton number (Z number) or neutron number (N number), affects the way
these nucleons interact. There have been several models developed attempting to explain the

structure of the nucleus, and some of these are elaborated on in later sections of this chapter.

2.2 Nuclear Properties

2.2.1 Nuclear Radius and Size

If one models the nucleus as a sphere in a simplified way, there must be an associated radius to
describe this nucleus. Electron scattering experiments [37, 38] have produced results which
indicate that the distribution of nucleons is fairly consistent throughout the nucleus [39] i.e. the
number of nucleons per unit volume is roughly constant. This is shown by equation 2.2 where

R is the nuclear radius and A is the mass number of the nucleon.

A
~ constant 2.2
IR (22)
Therefore the radius R must be proportional to A3 (R o< A'/3) and once introducing a
proportionality constant, say Ry, the familiar equation for nuclear radius (equation 2.3) is

reached.

R=RyA'/3 (2.3)

Ro has been experimentally deduced to be approximately 1.2 fm, although this value can

vary by around 0.2 fm, depending on the nucleus in question. [39—42].
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2.2.2 Nuclear Excitations and Excited States

If one takes the nucleus as a finite quantum system with angular momentum J and angular
momentum quantum number j equal to some multiple of 1/2, providing j # 0, the nucleus will
have a magnetic dipole moment and most likely an electric quadrupole moment as well. The
nuclear angular momentum and magnetic moment manifest themselves most immediately in
atomic spectroscopy, where the interaction between the nuclear magnetic moments and the
electron moments gives rise to the electronic energy levels that can be observed in experiment.
This supports the idea of a simple quantum-mechanical model of the nucleus, with quantum
number n and angular momentum components / (orbital) and s (spin).

Modelling the nucleus in this way means that nuclei have excited states at discrete energy
levels, varying for each different nucleus. These excited states can be characterised by their
angular momentum, J, and parity, 7, where the parity of the state dictates what the structure of
the nucleus would be if the spatial coordinates of all the nucleons were reversed. A positive
parity state will have a wavefunction that looks identical if the spacial coordinates are reversed
whereas a negative parity state will look different if reversed. The J”* notation is thus used to
label nuclear excited states. Often, one will see the J notation, where x is represents the order
of excited states with the same J” in the same nucleus starting from the lowest energy. For
example, if there are two or more 27 states in a given nucleus, the one found at lowest energy
will have notation 2? and the state at higher energy 22+ and so on. An example of this is in
the ®°Zn nucleus where the excited states at 1004 keV and 2559 keV both have JT = 2+ [43],
but the state at 1004 keV is labelled as 2;“ or the "first" 2 state and the state at 2559 keV is
labelled as 22+ or the "second" 2 state.

The lifetime of a nuclear state is the mean amount of time a nucleus will remain in the given
state before decaying to another state of lower energy [44]. The final state will depend on the
gamma-decay branching ratios of the state. For example, for many low-lying 21+ states, such as

the 2;’ state in 7?>Se and %°Zn, there is only one state it can gamma decay to (the Of ground
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state). This is the case for most even-even nuclei, though there are instances where the O;“ can
be the first excited state of a nucleus, such as in 72Ge [45]. For states which have fragmented
gamma-ray decays, such as the 2;“ state in ®°Zn, the state will decay to each of the possible
final states according to the gamma-ray branching ratio for each transition, where the ratios are
compared to the most dominant transition which will always have branching ratio 100. In the
case of the 23“ state in %9Zn, the dominant gamma decay path is the 2559-keV transition to the
ground state (therefore with branching ratio 100) and the other decay via a gamma-ray from
this state is the 1555-keV transition to the 21+ state at 1004 keV, which has gamma branching
ratio 92 [43], implying that for every 100 gamma decays via the 2555-keV transition, there are
92 decays via the 1555-keV transition. This information allows us to infer the relative strength
of different transitions from the same state.

The lifetime of the state, 7, is related to the width of the state, I', by the relation I't = £ [46].
The probability of the state decaying to a lower state is proportional to 7 and is determined
by the matrix element describing the mode of decay joining the initial and final states. This
spectroscopic knowledge serves as a vital constraint when performing analysis of Coulomb-

excitation data.

2.2.3 Matrix Elements and Transition Probabilities

The matrix element of a transition describes the mode of excitation or decay of the transition and
provides insight on whether the wavefunctions of the two states overlap significantly enough
to imply some sort of structural connection between the states. For example, the <2;r ‘E 2|0f>
matrix element where <2ﬂ and ‘OT> are the wavefunctions for those states and E?2 is the
electric quadrupole operator describes the decay of the 21+ state to the OT by an E?2 transition.

The notation used here is known as Dirac notation [47] and is used throughout this thesis.
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In the case of an E2 transition, its reduced transition probability, known as the B(E2) value,
is related to the matrix element (W¢|E2|W;) by the relation in equation 2.4 where J is the
angular momentum and W is the wavefunction of the state.

B(E2;J; — Jp) = (PrlE2| ;) (2.4)

2J;+1

These quantities can be difficult to contextualise as their orders of magnitude can vary sig-
nificantly. In order to better understand these values, one can express them in W.u. (Weisskopf
units). Weisskopf units are calculated using the Weisskopf estimates [48], with transition rates
calculated in the particular scenario where the transition is occurring due to the effects of a
single nucleon outside of a closed shell. Given this definition, one would expect values of ~ 1
W.u. for transitions in nuclei near closed shells exhibiting single-particle behaviour (described
in Section 2.7), and values > 1 W.u. for nuclei far from closed shells exhibiting collective
behaviour (described in Section 2.8). This applies for matrix elements between two states in
the same band. For matrix elements between states in different bands, such as the <0§r ‘E 2|2f>
matrix element, a large B(E2) value implies significant structural similarity between the states

between the states. Small values indicate the states have distinct underlying structures.

2.3 Cross Section

The probability of any nuclear reaction occurring is represented by its cross section. This can
be thought of as the area in which the two particles have to hit each other for the reaction to
successfully take place. Therefore, the higher the cross section, the more likely the reaction.
Given that this measure is for the nuclear scale, the unit used is the "barn", which is 1028 m?
(the square of general order of magnitude for the radius of a nucleus, 10~#m).

The cross section is proportional to the products of matrix elements involved in the transi-

tions which occur due to a reaction, so can be calculated with the knowledge of matrix elements
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in a semi-classical way [49]. Thus, if the reaction cross sections are well known, these can
be used to better obtain matrix elements and this is an approach often adopted in Coulomb

excitation experiments.

2.4 Gamma Decay

Gamma decay is an electromagnetic process [50] that occurs when a nucleus in an excited state
decays towards a less energetic state. For example, as a nucleus goes from the first excited state
to the ground state, a gamma ray is emitted equal to the energy difference between the two states.
The gamma ray, discovered in the early 20th century [51-53], is a form of electromagnetic
radiation. It is the highest energy (shortest wavelength) type of electromagnetic radiation [54]
and gamma rays emitted from decaying nuclei tend to be in the order of a few keV to a few
MeV. Gamma rays are ionising and highly penetrating [55], travelling easily through the body
and therefore extremely hazardous to humans. They can cause serious internal organ damage
and comprehensive shielding is required when running experiments with this type of radiation.
Materials such as lead and concrete blocks are typically used for shielding purposes.

A gamma ray passing through any matter can interact with an electron and transfer all or
some its energy to it. Provided the energy the gamma-ray photon imparts to the electron is
greater than that of the binding energy of the electron, the electron is ejected from the atom and
the atom is ionised (i.e. it no longer has a net charge of 0, as a negatively charged electron has
been removed). The electron will travel with a kinetic energy equal to the difference between
the energy the photon has imparted and electron’s binding energy.

When the photon transfers all its energy to the bound electron and is absorbed, the process
is called the photoelectric effect [56—58]; this is most seen at low energy. When the gamma ray
imparts only part of its energy to the electron, it scatters off at an angle and at a lower energy,
depending on the amount of energy imparted the electron. This process is called Compton

scattering [59]. The way in which this angle, 6, and new energy, E’, relate to the initial energy,
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E, of the photon can be described by equation 2.5, where m, is the electron rest mass ~ 511

keV.

E = (2.5)

Compton scattering is the dominant absorption mechanism for gamma rays at energies
below 10 MeV. This is usually reflected in a typical energy spectra by a feature known as the
"Compton edge", corresponding to the largest energy transfer in Compton scattering, when the
photon backscatters (i.e. scatters at an angle of 180°) off an atomic electron. At gamma-ray
photon energies above 2 m. (~ 1.022 MeV), the energy of the photon can be converted into an
electron-positron pair, in a process known as pair production [60, 61]. This process is dominant
at gamma-ray energies above 10 MeV. The energy of the photon emitted from the de-excitation
of nucleus is directly converted within its own electromagnetic field (specifically, the electric
field) and forms an electron-positron pair. The positron eventually annihilates with a free
electron and two identical gamma rays are released of 511 keV (or more, depending on kinetic
energy of the pair). The different ways a gamma ray can interact with matter are shown in
Figure ??

Gamma rays emitted from the de-excitation of nuclei are approximately equal to the
difference between the energy level the nucleus was initially in and the one it has de-excited
to. Consequently, the gamma rays that can be emitted are quantised. This means that the
gamma rays will also have a spin and parity, which can be used to describe the transition that
has occurred. They are a form of "multipole radiation" and the multipole order is determined
by 2! (for example, if a gamma ray has angular momentum [ = 1, it is dipole radiation, [ = 2
quadrupole radiation and so on). The multipolarity of these gamma quanta can give information

on the spins and parities of the excited states [62, 63].
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Selection Rules in Gamma Decay

As per conservation of angular momentum, the gamma ray must take angular momentum
equal to the difference in angular momentum of the initial and final state of the nucleus.
Therefore, quantum number /, angular momentum, of the gamma ray must satisfy the rule as in
equation 2.6 where J; is the total angular momentum of the initial nuclear state and J¢ is the

total angular momentum of the final nuclear state [62, 63].

i —Je| <1< Ji+J¢ (2.6)

The parity, 7, of the gamma ray, depending on whether it is an electric (E) or magnetic (M)

type gamma ray, can be determined using the selection rules in equations 2.7 and 2.8 [62, 63].

n(El) = (-1) (2.7)

n(Ml) = (—1)!*! (2.8)

This means that for electric gamma quanta, the parity will not change for even / and
change for odd /, and vice versa for the magnetic case [62, 63]. In transitions where the
change in angular momentum between the initial and final states makes several multipole
radiations possible, the lowest order multipole tends to be the most prominent. The transition
rate decreases by a factor of about 1000 from one multipole to the next one, so the lowest
multipole transitions are most likely to occur [64]. In fact, in experiments such as the ones
looked at in this thesis work, the transitions that are focused on are the £1 , E2 and M1
transitions. Monopole / = O transitions are forbidden as gamma rays are photons, meaning that
their angular momentum must be equal to or greater 1. In the following subsection, a method

by which these transitions can occur, called internal conversion, is introduced and explained.
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Internal Conversion

The de-excitation energy emitted from a nucleus can be directly transferred to electrons in
the same atom, causing the ejection of an electron [65]. Internal conversion can be viewed
as analogous to the photoelectric effect, with a "virtual" gamma ray emitted and its energy
transferred to an electron within the same atom. The wavefunction of an inner shell electron
penetrates the nucleus and the electron couples to an excited state of the nucleus, absorbing
the energy of the transition directly without the emission of a gamma ray. What is observed
is an electron with an energy equal to the energy difference between the two states minus the

binding energy of the electron.

Electron from outer
shell fills innner
shell hole

X-ray

Virtual Inner shell electron

ejected

Fig. 2.1 A visulisation of the internal conversion process; energy from the nuclear transition
is transferred to an inner electron which is ejected, causing an outer shell electron to fall into
its place. An X-ray equal to the energy difference between the two shells is released as this
happens.

Once an electron, usually from an inner shell, is removed from the atom, an electron
from a higher energy shell moves down to fill the gap in the inner shell [65]; hence "internal

(electron) conversion". An X-ray equal to the energy difference of the two shells is emitted
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and this process repeats itself until all gaps in lowest energy shells have been filled. A visual

representation of this process can be seen in Figure 2.1.

2.5 The Liquid Drop Model

One of the initial theories for nuclear structure was the Liquid Drop Model, put forward by
George Gamow around 1930 [1]. It was first used to approximate the mass and other properties
of the nucleus by Weizsicker [2] using the semi-empirical mass formula (SEMF). The mass,
m, can be calculated using equation 2.9 where m, and m,, are the rest mass of the neutron and
proton, respectively, ¢ is the speed of light ~ 3 x 10® ms™! and Ejp is the binding energy of
the nucleus, which takes the form shown in equation 2.10 as per the SEMF [2]. The unknown
coefficients (a, b, s,d and J) are constrained by using known experimentally-determined binding

energies with equation 2.10.
E
m = Ny +Zm;, + — (2.9)
C

. 2 2
(N—Z) _ dZ_ _ i (2.10)
A A3 Al

Ep=aA—bAS —s

This model describes the nucleus as an incompressible nuclear fluid, with the nucleons
acting similar to the molecules in a drop of water. Though it has obvious limitations, it gives a
good explanation for the spherical shape of nuclei and gives good approximations for some
properties of the nucleus, such as the binding energy and shape variables and deviations from
uniformity of neutron and proton densities [66]. It provided a great starting point for our

understanding of the nucleus and is still used, for example, in predicting alpha-decay half-lives

of heavy and super-heavy elements [67].



2.6 Mean Field Theory Overview 18

2.6 Mean Field Theory Overview

Mean field theories attempts to simplify large and complex stochastic and quantum mechanical
models by reducing many-body problems to multiple one-body problems. The idea is to
approximate the effect of the many components on any one component by formulating a
universal averaged effect (hence "mean field"). These can then be used to better understand
how components in a system, such as nucleons in a nucleus, interact with each other, and to
better understand the behaviour of the system.

In terms of describing nuclear structure, the main obstacle for mean field theories is usually
calculating the potential of the mean field. It can be said that there are two methods of doing
this. One can be classed as a more phenomenological approach, where the nuclear potential
is modelled by a mathematical function and parametrized - a good example of such potential
being the Woods-Saxon potential discussed in section 2.7.1. The Nilsson Model described
in section 2.7.2 uses this procedure to great success, for example. The other is known as a
self-consistent or "Hartree-Fock" type approach, described in section 2.9, which attempts to use
effective interaction between nucleons to mathematically predict nuclear potentials. The key to
these Hartree-Fock type approaches, rather than accurately describing the nuclear potential, is
finding a model which best represents the interaction between nucleons, as unlike in the atomic

case, this is not known analytically.

2.7 Single Particle Models

2.7.1 The Nuclear Shell Model

From experiments, certain nuclei with special values for proton and neutron number (the
so-called "magic numbers") proved to be much more tightly bound than other models such
as the liquid drop model predicted. This suggested the possible existence of a shell structure

within the nucleus [68]. These magic numbers were found to be 2, 8, 20, 28, 50, 82 and 126,
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evidence for which can be seen in plots such as the one seen in Figure 2.2. The idea of a
shell structure was theorised in the 1930s [69, 70] and the first shell models discovered in

1949 [71-74] successfully reproduced and explained the magic numbers.
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Fig. 2.2 Two nucleon separation energies for series of isotopes (top; two proton separation
energy) and isotones (bottom; two neutron separation). The lowest Z / A number nuclei is
noted for each sequence. The data plotted is the difference between the predictions from the
SEMF mentioned in section 2.5 and measured values [75]. The abrupt changes around the
so-called "magic numbers" is apparent. Figure scanned from [40].

The nuclear shell model suggests that the nucleons can be treated in such a way that they
fill "shells", analogous to how electrons fill shells orbiting the nucleus in the atomic shell

model, with lower energy shells favoured according to the Pauli exclusion principle [76, 77],
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but without a central potential. In this model, each neutron moves independently in a common
potential well that is the spherical average of the nuclear potential produced by all the other
nucleons, while each proton moves independently in a common potential well that is the
spherical average of the nuclear potential of all the other nucleons, together with the Coulomb
potential of the other protons [78] (i.e. protons and neutrons fill their own seperate shells,
independent of each other).

An important factor in explaining the extra binding energy and stability associated with
nuclei at these magic numbers lies in how one models the potential in which the nucleons
sit. Figure 2.3a shows at what nucleon numbers the extra stability is predicted if nucleons
were acted on by the infinite square well and harmonic oscillator, early models for this nuclear
potential [79]. The degeneracy, i.e. the number of nucleons that can be contained at each
energy level is 2(2/ + 1) (‘Pauli exclusion principle’ - cannot have same set of quantum
numbers [76, 77]). While quite close (correct for the first three numbers), neither potential
successfully reproduces the magic numbers.

A spherically symmetric central mean field potential called the Woods-Saxon potential [80]
can be used as the potential in which the nucleons lie and takes the form of the equation shown
in equation 2.11, where R = roA%, known as the nuclear radius. In this equation ro = 1.25 fm
and A is the mass number. Typical values for the parameters are: V ~ 50 MeV and a ~ 0.5
fm [81].

Vo

V(r)= T ep(SR) 2.11)

This potential is a good approximation as it well represents the nature of the strong inter-
action at short distances; it rapidly approaches zero as r goes to infinity ((r —R) > a) and
nucleons at r &~ R within a distance of order a near the surface of the nucleus experience a
large force towards the center. Its predictions for the magic numbers can be seen in Figure 2.3b.

Even using this modified potential, the magic numbers cannot be accurately reproduced. It is



2.7 Single Particle Models 21

T — s 0002
| —————30 30 meeme————— ] (
4s, 3d, 2g, 1i 2 + 10 + 1B + 26 R e R
. li 26
- 6 ® @
A — 3, 21, 1h 6 + 14 + 22 3p - 6
2f 14
3s 2 — . 1h I 22
————37 3s, 2d, 1g 2+ 10 18
2d 10 3 —
' 2d 10
2p, |f ——————— 5 + 14

1z e
Zp_i—G

25, Id —— — 2 + 10 I ———14

®
®®

25 2 25 9
1 — e 10 1d 10
1 @ 1p ————— 5
—r ® M TN
1s ___& 2 1s — 2 S .
(a) Infinite square well (left) / harmonic oscillator (right) (b) Woods-Saxon

Fig. 2.3 Splitting of the nucleons with predictions for the nucleon numbers at which "closed
shells" appear; where the nucleons are acted on by the infinite square well, harmonic oscillator
and Woods-Saxon potentials, respectively. Figure scanned from [40].

not sufficient to solely model the nucleons as moving within a common potential well. The
spin-orbit interaction must also be taken into account, given the quantum-mechanical model of
the nucleus being considered. This can be done using equation 2.12, where V() is a central
potential such as the Woods-Saxon potential and Vso(r)z.§ is the term representing spin-orbit

component [73]. This splits the levels into their different j values.

V(r)=Ve(r)+Ve(r)L.S (2.12)

[J2 — 1% — 2] (2.13)

Recalling that protons and neutrons are fermions, they must obey the ‘Pauli exclusion
principle’ and must have half integer spin [76, 77]. Equation 2.13 can be obtained by remem-

bering that J =L+ S. With this in mind, for a single nucleon, the quantum number j =1+ %
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Using the equations and principles mentioned, the magic numbers are successfully predicted.

Figure 2.4 displays how taking into account the spin-orbit interaction changes the energy levels

and the degeneracy of each level.
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Fig. 2.4 Splitting of the nucleons with predictions for the nucleon numbers at which "closed
shells" appear for several different potential types and for when the spin-orbit potential is
included, and how these compare and change. Figure reproduced from [82].

The shell model can be used to predict the spin and parity of the ground state of nuclei. All

nucleons in a complete shell have total angular momenta zero has they cancel each other out

and all nucleons in the same energy level have the same parity, therefore with an even number

of nucleons, the parity will always be positive. This means that all nucleons from closed shells
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contribute positive parity and zero angular momentum, allowing for the prediction of spin and
parity for the ground state of nuclei via any nucleons outside closed shells.

In the case of even-even nuclei (nuclei with an even number of protons and an even number
of neutrons) such as 607n and 72Se, this will always be 0T, as two of the same nucleon outside
of a closed shell will always be paired (left-most example in Figure 2.5). This is because once
one considers the relation between the strong interaction and angular momentum, it can be
assumed that nucleons in the same energy level tend to form pairs of opposite angular momenta.
It is implied there is a paring interaction which makes this configuration more energetically

favourable [83].

1d,, —*#— Degeneracy,
(2/+1)
1py, —_— 2
18 15 10
JP=0" (obs) JP=1/2" (obs) Jp=3/2", j»=3/2

JP=0% 17 2% 3% (JP = 3% observed)

Fig. 2.5 Examples of how the shell model can be used to predict the spin and parity of the
ground state of nuclei. Figure reproduced from [82].

The shell model is problematic, however, with isotopes far from closed shells. The assump-
tion made based on this model is that nucleons within bound shells do not contribute to nuclear
properties. By consequence, this model is less effective at N and Z far from closed shells as

there are a great number of valence particles outside of the core of bound shells.
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2.7.2 The Deformed Shell Model

An issue presented by the shell model is its assumption of a spherical nuclear shape [3], with
its ability to predict nuclear properties, such as the spin and parity of states, breaking down for
nuclei with significant deformations from spherical shape (e.g. nuclei far from closed shells).
A generalisation of the shell model for deformed shapes was developed by S. G. Nilsson [4]
and is known as the deformed shell model, or Nilsson model.

The principle behind this model is to alter the oscillator constants in the various spatial

directions. Take the case of the simple harmonic oscillator, where the potential V (r) becomes:

m

V=12

(0x* + 0y *y* + 0,°2%) (2.14)

where m is the mass of the particle, @y y, are the angular frequencies in the respective axes
and x,y and z are the distances from the centre along the respective axes. This potential can be
substituted into equation 2.12 as V(r). This new total potential creates its own energy level
splitting which takes into account the deformation of nuclei.

Many states which are seperate in the spherical shell model are found to mix in the
deformed shell model, such as the 1d3/,; and the 1f7/; states. As a consequence, the total angular
momentum does not have a well defined value in this model, especially in the case of non-
axially symmetric nuclei, for which the Nilsson model was extended for by Newton [84, 85].
For axially symmetric deformation, however, there is a well defined quantum number, Q,
which is the projection of the total angular momentum on the symmetry axis. This principle is
displayed in Figure 2.6. Consider the valence nucleon in orbit of the deformed potential as in
Figure 2.6. It will have lower energy if its orbit lies closer to the rest of the nuclear matter than
if it lies at larger distances from it [86]. From this, it is obvious the that a particle following the
orbit on the left of Figure 2.6 will have lower energy than the other in that case i.e. the energy

depends on the orientation with respect to the symmetry axis.
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Y

Fig. 2.6 Visual representation of €, the projection of the total angular momentum on the
symmetry axis. Figured reproduced from [87].

Figure 2.7 shows a "Nilsson diagram" where single particle energies are plotted against
a deformation parameter, in this case €, which indicates if deformation is prolate (¢ > 0) or
oblate (¢ < 0) for axially symmetric nuclei. The quantum number, €, is visible for each
individual level, displayed as the number on the lines outside of the square brackets, with the
numbers in the square brackets representing the quantum numbers [Nn_m;]. For more detailed
information on the Nilsson notation please refer to the original paper by Nilsson [4]. The
equivalent spherical shell model notation also indicated on the Nilsson diagram. This type
of diagram visualises well how this model is an extension of the shell model, as at € = 0 for
no deformation (i.e. a spherical shape), the individual levels for each shell merge into one
and form the structure predicted by the shell model. It also displays clearly the idea that the
energy of the state will depend on its orientation, with the energy for any given level with
specific quantum number Q varying with changing deformation parameter. These diagrams
also effectively display the shell splitting and shell mixing described previously.

This model can be used to predict the shapes of nuclei in a given state with known energy,
as one can calculate the deformation parameter which fits the model for the given nucleus

with specific nucleon number and known energy level. Large shell gaps at both prolate and
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oblate deformation can tell us that a wide variety of shapes may be exhibited in this nucleon
number region. An example of this is for nucleon number = 34, which is marked and visible on

Figure 2.7.
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Fig. 2.7 Nilsson diagram for protons or neutrons, Z or N < 50. Shell gaps at both prolate and
oblate deformation are indicated for Z = 34. Figure adapted from [88].
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2.8 Collective Motion of the Nucleus

The nucleus, as discussed previously, can be seen as a quantum mechanical system with discrete
energy levels, with these levels differing for each nucleus. These energetic states can occur
due to the collective motion of the nucleons, which can be split into two categories: vibrational
motion and rotational motion. The type of collective motion can be distinguished by looking at
the energy levels of the excited states in a given nucleus [5]. The principle of collective motion
is that one takes the nucleus as a single body which can undergo these types of motion, an idea
first stemming from the liquid drop model of the nucleus described in section 2.5 [89]. With
the discovery and implementation of the shell model in 1949, the theory of nuclear collectivity
was brought forward and adapted to take into account the new model of the nucleus [3, 90-92].

Nuclear rotations tend to be observed experimentally in high-A nuclei (A ~ 150 and above),
as well as in nuclei with non-spherical equilibrium shapes far from closed shells. These motions
are much tougher to observe outside this range and are dominated by vibrational states, with
some exceptions such as the superderformed states of 36 Ar [93]. The Hamiltonian of a nucleus
while undergoing rotational motion has the form [91]

(2.15)

rot —

T 2l

where k represents the three axes in the reference frame, L is the rotational angular momen-
tum and /i is the moment of inertia with respect to the k-th axis. If one takes the case of an
even-even nucleus such as 7?Se, it can be assumed the ground state of any band is J* = 0.
The first rotational band of such a nucleus built on such a state will have angular momentum
arising solely from rotational motion (J = L) with its projection along the symmetry axis, K,
equal to O for an axially symmetric nucleus [94]. As a consequence, the motion of rotation
must be about an axis perpendicular to that of the one of symmetry. The energies for this band

can thus be represented by equation 2.16, for even integer values of J.
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Fig. 2.8 A cylindrically symmetric rotator. The symmetry axis is z/. The projection of the
angular momentum upon this axis is K, and upon the z-axis in the laboratory frame is M. Figure
reproduced from [95].

ﬁZ
Erow =50 +1) (2.16)

With the assumption that the moment of inertia is constant for low-spin states, one can
simply calculate the energies for these states and thus transition energy ratios. The energies for
the 0", 2 and 4™ are shown in equations 2.17 2.18 and 2.19, with the ratio of the 4* to 2

shown in equation 2.20.

Et(07)=0 (2.17)

E(27) = 627 (2.18)
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ﬁZ
Ei(47) = 205; (2.19)
20
R4/2 = F ~3.33 (220)

Therefore one can deduce that the first rotational band of a nucleus exhibiting perfectly
rotational motion should have an R4/, of 3.33. However, it must be considered that this is
an idealised situation; centrifugal stretching will vary /, especially at higher spin [96]. The
ground-state rotational band of 160Dy, for example, has a ratio Ry, of 3.27 [97]. Ry, values
like this show that the nucleus in question does not rotate like a rigid body as in the idealised
scenario; only some of its nucleons are in collective motion. Nonetheless, this can be a useful
tool for identifying rotational bands in nuclei.

Nuclear vibrations occur when a nucleus oscillates about its equilibrium shape. These
vibrations can be represented by multipole radiation as shown in Figure 2.9. The nuclear shape
can be modelled mathematically and will change based on a parameter from this model, A, as
seen in equation 2.22 in section 2.10. A represents the type of multipole radiation by which
the vibration is occurring, such that the multipole is a 24 -pole i.e. A =0 is a monopole, A = 1
is a dipole etc. as can be seen in Figure 2.9. This vibrational energy is carried by the phonon,
comparable to how the photon is the carrier for the electromagnetic interaction. The respective
24 -pole radiation is carried by its corresponding phonon i.e. quadrupole radiation carried by A
= 2 quadrupole phonon and carries two units of angular momentum etc.

Monopole vibrations are accounted for by calculations of the average radius of the nucleus
in the nuclear shape, while dipole vibration cannot occur due to the effect of internal nuclear
forces as it involves a net displacement of the centre of mass of the nucleus [40]. The quadrupole
vibration is thus considered. In the case of an even-even nucleus with ground state 0", adding
a single quadrupole phonon carrying 2 units of angular momentum (and by proxy, even parity)

will always give a first excited state of 2. Adding another quadrupole phonon gives rise to a
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Fig. 2.9 The first vibration modes of the nuclear surface, showing the form of the nucleus
for each mode (solid line) in comparison to the original spherical nucleus. The dotted line
represents the original "fixed volume" sphere. Figure taken from [98].

triplet of 0", 27 and 4" states, though the degeneracy of the triplet tends to break down given
the simplified nature of this model [40, 94]. Clusters of these three states at similar energy can
be seen in vibrational even-even nuclei, such as in '29Te [99, 100].

If one approximates these vibrations with a quadrupole harmonic oscillator, the energy
spectrum will follow equation 2.21 with n =0, 1,2, 3... for the number of phonons for the state,

o the oscillation frequency and 7 the reduced Planck’s constant as previously.

En=ho <n+ g) (2.21)

Given the energy spectrum dictated by equation 2.21 and the fact each phonon carries the
same amount of energy, the energy levels in a nucleus of this kind should be equally spaced,
meaning a ratio Ry, of 2. This can be seen in even-even nuclei, such as the example nucleus
used previously, 120 [99, 100].

Vibrational nuclei can also exhibit octupole collectivity with A = 3, which transfers 3 units
of angular momentum and negative parity. As a result, the first excited states of such modes are

3" and these tend to be found at energies above the two-phonon states.
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2.9 Hartree-Fock Theory and ''Self-Consistent'' Methods

The problem with finding a model which best represents the interaction between nucleons lies
in the fact that while the strong force is relatively well understood on the quark binding level,
the residual force which binds together the nucleons is not. There is no currently established
connection between the quark-quark interaction and the nucleon-nucleon interaction which
gives any insight into the latter, though chiral effective field theory has had successes in recent
times for microscopic calculations of nuclear reactions and structure [101-103], being applied
in few-nucleon reactions [104] and predicting structure of lighter mass nuclei [105].

One has to consider that the interactions between nucleons in the nucleus are far more
complex than a simple two-body problem, thus this issue could be better solved numerically.
The idea of the Hartree-Fock approach is to find an approximation to the ground-state, starting
with a Hamiltonian with N kinetic energy terms (N.B. not neutron number N, but some variable
N) and potential terms taking into account all possible two-body interactions in the set of n
fermions. This approximation of the N-body problem minimizes the total-energy wave-function
"functional”, allowing only N-body Slater determinants [106] of one-particle spin-orbitals as
variational functions. This method leads to a set of unknowns in the Hartree—Fock equations [7—
9]. The individual energy levels (and wave-functions) of nucleons can be established once
these are solved.

When the Hartree solution of the Schrodinger equation (basis for the Hartree-Fock method)
was derived, it was noted that the eventual field computed had to be "self-consistent" with
the initial assumed field [107]. In addition, it is normal for the solutions of the Hartree-Fock
equations to have nucleons subject to the mean field created by other nucleons. For this reason,
this type of method was also referred to as the self-consistent field method (SCF) [108, 109].

While Hartree-Fock equations are obtained analytically, they are commonly solved numeri-
cally. In practice, one starts with a set of reasonable guesses for the individual wave-functions

e.g. eigenfunctions of a harmonic oscillator, which can be used to compute a Hartree—Fock
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potential. The Schrodinger equation is then solved again and the process repeats until the
difference between the new and previous wave-functions (or energy levels) is below a given
value, as in any iterative numerical method. The equations are almost universally solved by
means of an iterative method, although a fixed-point iteration algorithm does not always con-
verge [110]. In this way, the mean-field potential is defined and the Hartree-Fock equations at
this point are treated as the standard Schrédinger equations for the system. The corresponding
Hamiltonian is called the Hartree-Fock Hamiltonian. The Bogoliubov transformation is often
used to diagonalize the Hamiltonians, which yields the stationary solutions of the corresponding
Schrodinger equation [10]. This method, known the HFB (Hartree—Fock—Bogoliubov) method,
has the ability of more accurately predicting certain properties of nuclei, especially away
from closed shells [111, 112]. Other modern nuclear structure theories, such as the Adiabatic

Self-Consistent Coordinate (ASCC) method, are also derived via this method.

2.10 Nuclear Shapes, Deformation and Shape Coexistence

The shape of a nucleus can be described using the multipole parameter, A, defined in section
2.8. The radius of this deformed nucleus, R(0, ¢), defined as the distance between a point on
the nuclear surface and the origin, can be written as seen in equation 2.22 [92] where Ry is the
nuclear radius in a spherical configuration equal to the nuclear radius defined in section 2.2.1,
u is the projection of A on the z-axis and o, , and Y, , are the expansion coefficients for

deformation and spherical harmonics, respectively.

R(6.9) =R <1+Zaa,uY1,#(9,¢)> (2.22)

Ap
If one considers the quadrupole deformation, found commonly in nuclei far from closed
shells [86], the equation seen in (2.22) can be reduced for A = 2 leading to definition of

parameters known as 3 and ¥, representing the deformation of the nucleus in this mode [92, 113].
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The B parameter defines the stretching or compression in a reference direction e.g. the symmetry
axis for axially symmetric nuclei, while the y parameter is an angle which defines this reference
axis. For y values which are a multiple of 60° , the 8 parameter refers to stretching or
compression along the symmetry axis and thus defines a prolate, spherical or oblate axially
symmetric shape. For y values # n - 60°, all 3 axes are different and thus the nucleus is
described as having a non-axially symmetric deformation. The way these parameters describes

the shape is well displayed in Figure 2.10.

%

Fig. 2.10 Visual representation of quadrupole deformation with 3-y coordinates. The origin O
represents the spherical configuration. If one takes a deformed nucleus represented by point
P, B is given by the length of the segment OP and ¥ is given by the angle subtended from the
horizontal axis. Figure reproduced from [114].

As one can see, if nucleus is axially symmetric and falls on one of the solid lines in
Figure 2.10, the shape can be described purely by the sign and magnitude of the B parameter,
with the sign defining if it is prolate or oblate and the magnitude expressing the extent to which
this shape has this type of deformation. So for nuclei with y =n - 120°, the shape is described

with B going from perfectly oblate at B = -1 through to perfectly prolate at f = +1. For y=n -
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120 + 60°, it is similar but with the sign convention reversed, where 8 = -1 describes a perfectly
prolate shape and 3 = +1 describes a perfectly oblate shape.

With this in mind, rather than normalizing the y parameter to 0 and looking at the f3
parameter deformation, typically done for axially symmetric nuclei, one can look at the absolute
magnitude of B in conjunction with ¥ to understand more about shape configuration. For
example, with an absolute magnitude of B = 0.7, if y = 0° then the shape is axially symmetric
and extremely prolate, if Y= 60° then the shape is axially symmetric and significantly oblate and
if y is in between these values then the shape is non-axially symmetric. Using this convention,
one arrives at the classic potential energy surface contour diagrams which describe nuclear
shape seen often in literature, such as the one for ">Se displayed in Figure 2.11 and thus these
predictions can be used not only to study the quadrupole deformation of a nucleus but also its

triaxiality.
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Fig. 2.11 A B-7y contour plot for the "?Se nucleus. Purple areas represent the deepest minima
in the potential energy surface predicted for this nucleus, seen at both prolate and oblate
axial deformation (around B 0-3 - 0.4), using a constrained Hartree-Fock-Bogoliubov (CHFB)
method. This is an indicator of shape coexistence. Figure taken from [115].
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As a consequence of this deformation, the nucleus must have an electric quadrupole moment
that is non-zero, as described in section 2.7.1, due to the shift in charge distribution. This is

defined in equation 2.23 as

Qo = (¥imk|D02|¥1MmK) (2.23)

which is the diagonal matrix element where W, is the state of the nucleus with some total
angular momentum J, magnetic quantum number M and quantum number K representing the
projection of J on the symmetry axis for axially symmetric nuclei, ¥, is it’s conjugate and
(0, is the quadrupole moment operator. If one holds the assumption of an axially symmetric
nucleus with even charge distribution, the intrinsic quadrupole moment, Q, can be expressed
by equation 2.24 where Z is the proton number of the nucleus, Ry is the radius one of the two

identical axis and R, is the radius of the symmetry axis.

Qo= <Z(R*—R?) (2.24)

One can see from this equation that the shape of the nucleus will determine the sign of the
quadrupole moment where a prolate shape will give a positive Qg, an oblate shape a negative
Qo and Qg = 0 is a spherical shape. This physical quantity gives a similar insight into the shape
of a nucleus as the B parameter when considering nuclei which are axially symmetric. In fact,
these can be related as seen in equation 2.25 [116], which considers up to the second-order

term of the expansion.

3 gr2(142,)2

If one can find the quadrupole moments of different states, information can be inferred
on how the shape of the nucleus develops as it changes state. Spectroscopic quadrupole

moments represent the most direct measure of the charge distribution of nuclei and hence
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of the nuclear shape [117]. One can relate the spectroscopic quadrupole moment, Qg to the
intrinsic quadrupole moment Qg using equation 2.26 where K is the projection of the angular

momentum / onto the symmetry axis of the nucleus.

3K2—I(I+1)

(I+1)(21+3)~° (220

Qs(l) =

Qs does not guarantee a model-independent measure of the intrinsic shape of the nucleus,
however. If one takes the example of a non-axial nucleus, for states with K = 0, Qg and Qg
have differing signs, implying the shape observed in the laboratory frame is not the intrinsic
shape. Furthermore, the spectroscopic quadrupole moment for quantum states with angular
momentum O or % cannot be observed. Therefore, quantifying this observable only allows
for the deduction of shapes of higher spin states such as 2" and 47 states. In some cases,
the spectroscopic quadrupole moment vanishes, such as in cases of shape coexistence where
prolate and oblate shapes are mixed and equally probable, or for certain non-axial shapes [117].

If one can obtain a sufficient number of matrix elements, the 8 and y parameters for the
lowest-lying states of different bands can be obtained using the Kumar-Cline quadrupole sum
rules [118, 119]. This method is particularly helpful for 0" states, given the lack of observable
quadrupole moment as mentioned previously. They provide a bridge between the matrix
elements and the intrinsic shape of the nucleus and involve evaluating so-called rotationally
invariant scalar products of the electric quadrupole operator, E2, implying that the results will
be the same, independent of the reference frame used: be it the laboratory frame or the frame
centered on the principal axis of the nucleus [120]. A greater scope of discussion and derivation
of these invariants and the sum rule methodology is beyond the scope of this work and the
reader is pointed to the original references references [118, 119] for this.

In Figure 2.11, the contour map shows predictions for shapes at both prolate and oblate
shapes, implying there are eigenstates with different shapes coexisting at the same time. This

is a typical way of identifying of shape coexistence in nuclear physics. Certain nuclei can
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exhibit eigenstates with different shapes and this appears to be a unique type of behavior in
finite many-body quantum systems [121]. This means that a nucleus can have certain shape
configuration in its ground state coexisting with some different shape configuration in another
band of states. This phenomenon is known as shape coexistence. A classic signature of shape
coexistence is where a ground state of a given nucleus in one shape configuration, with a
low-lying second 0" state in a differing shape configuration.

Shape coexistence can be predicted in theory with the HF method described in section 2.9
constraining the nuclear density to different multipole deformation (e.g. quadrupole and
octupole). Single particle states are obtained in this way and result in an energy surface with a
minimum energy that most often corresponds to a non- spherical density distribution. One can
also include pairing interactions using the HFB method to simultaneously optimize both the
mean single-particle field and the pairing properties in nuclei. As a result, coexisting shapes
may appear for certain proton and neutron numbers [121].

Shape coexistence in nuclei was first observed in doubly closed shell 10 and 4°Ca [121-
123] and was initially seen as an an exotic rarity that exhibits “islands of occurrence”, say
around N = Z or near doubly closed shells. A famous instance of shape coexistence in nuclear
phyics is that of the Hoyle state [124], a shape co-existing excited state of '2C essential
for the nucleosynthesis of carbon in helium-burning stars. There is a reasonable possibility
that it may be observed in almost all nuclei and could explain the apparent disappearance
or "collapse" of the shell structure in nuclei [121]. Deformation of nuclei can also exhibited
via octupole deformation, with A = 3. For some combinations of Z and N the nucleus can
further lower its energy through octupole-octupole interactions, and the nucleus no longer
retains reflection symmetry [125], such as for nucleon numbers 34, 56, 88 and 134. Octupole
deformations are not investigated in this work, but are relevant to the broader scope, with an
example of an "octupole magic" nucleus being ®3Se, which is predicted to have large octupole

deformation [126].
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2.11 Mirror Nuclei and Structure Around the N = Z Line

Mirror nuclei are pairs of nuclei which have the same nucleon number but have their proton
and neutron number interchanged. For example, the mirror nucleus for 58Ni, which has Z =
28 and N = 30, is *8Zn, which has Z = 30 and N = 28. Given the charge-independent nature
of the strong interaction, both protons and neutrons can be treated identically, as nucleons,
with nucleons having isospin t = 1/2. Total isospin of a nuclear system, T, can take a half-
integer value between |[N —Z|/2 and (N +Z)/2. Under this isospin formulation, neutrons and
protons have isospin projection t,(n) = +1/2 and t,(p) = -1/2, respectively. One can couple the
projections of the isospin to give the total isospin projection, ¢,, as described in Equation 2.27,

where where N is the neutron number Z is the proton number the nucleus of interest.

I = %(N—Z) 2.27)

Under this description, one would expect nuclei with the same nucleon number A and
isospin T to have very similar structure. Mirror pairs are a great display of this isospin symmetry
as, were it not for isospin-breaking and Coulomb effects, they would have exactly the same
structure. This is well presented visually in Figure 2.12 for the "°Kr/’Se mirror pair.

Protons and neutrons in these nuclei typically occupy the same orbitals which makes the
nuclear structure more intriguing with respect to other areas of the nuclear chart. For example,
N = Z nuclei are important for the understanding of the proton-neutron pairing interaction and
the so-called "Wigner" effect. The latter, manifesting as an excess binding in self-conjugate
systems, is still treated as an empirical correction even in the most advanced microscopic mass
models [128].

N = Z nuclei also of interest when looking for so-called ’superallowed’ beta decays.
These special decays are particularly sensitive to theoretical analysis and precise experimental

measurements of superallowed beta decays provide fantastic tests of the Standard Model of
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Fig. 2.12 Level scheme of "°Kr and its mirror nucleus "Se as reported by Wimmer et al. and
figure adapted from [127].

Particle Physics, specifically its description of electroweak interactions. For example, the recent
paper discussing the properties of the currently known superallowed 07 — 0 decays [129],
confirming the Conserved Vector Current (CVC) hypothesis [130] of the Standard Model to
high degree of precision.

Furthermore, one can investigate possible alpha cluster states along the N = Z line, for
example %Zn = °Ni + *He or clustering in the '>C + 1>C as seen in Ref [131]. Clustering in
nuclei is a long-standing topic in nuclear physics. While it has attracted much experimental and
theoretical attention over the years, it is a model which is still controversial in terms of whether
such clustering can be clearly delineated and separated from the complexity of nuclear structure
described within more conventional nuclear models. In this sense, there is still ambiguity in
terms of the uniqueness and relevance of the clustering description [131].

Alpha-clustering, superallowed beta decays and the Wigner effect are not discussed in

the main body of this thesis but give insight into why phenomena around the N = Z line are
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of interest to the nuclear structure field. In addition, N = Z nuclei lie along the explosive
rp-process nuclear synthesis pathway and their low-lying structure may be of interest in
determining astrophysical reaction rates, such as in the case of ®*Zn.

Around the N = Z line where these similarities in mirror nuclei are most visible, one can
gain further information into the likely structure of a given nucleus by looking at its mirror
partner. Conversely, constraining the nuclear properties of a given nucleus can shed light on
the properties of its mirror partner. Studies into self-conjugate nuclei which lie on the N =
Z line, such as ®0Zn, are not able to call upon this technique to gain further information on
properties and structure, thus information in such cases tends to be more limited. Therefore,
one has to call upon either theoretical calculations and/or angular-distribution measurements
from experiment to determine the spins and parities of the excited states of interest, making
experimentally constrained results more valuable when it comes to furthering the understanding

of these nuclei.



Chapter 3

Low-Energy Coulomb Excitation of "*Se

3.1 Introduction and Motivation

Low-energy Coulomb excitation is a process where the nucleus can be excited to higher energy
levels in a solely electromagnetic way and was first used as an experimental probe in the 1950s,
typically with light projectiles incident on heavy targets. The key pieces of information that
can be obtained from these experiments are associated with transition probabilities between
different energy levels, as well as identifying excited states and properties which give important
information on nuclear shape, such as the quadrupole moment of a state [132].

The idea of exciting the nucleus in this way was first conceived as early as 1921 [133], but
was not successfully reported as an excitation mechanism until heavy ions underwent single-
step excitation using proton beams in 1953 [134]. In the years after this, with the availability
of heavy-ion beams, multi-step Coulomb excitation would also be observed [135, 136]. This
technique would proceed to be used as a tool for the model-independent measurement of
properties of excited states in stable nuclei (spin-parity, energy, lifetime) and the multipolarity
of the gamma decay between these states, as well as for the measure of static electric quadrupole

moments in the region of nuclear chart where rotational collective motion was predicted.
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Other measurements which can be made to obtain information about the quadrupole moment
and quadrupole shape deformation. These include laser spectroscopy, an recent example being
the recent laser-spectroscopy studies of the nuclear structure of neutron-rich radium [137],
where model-independent values of quadrupole moments and mean-square charge radii gives
information on quadrupole deformation. Furthermore, lifetime measurements can be used, via
some model, to find information about the quadrupole shape of the nucleus. A recent example
of this technique is seen from the lifetime measurements of short-lived excited states in °As
and °°Ge nuclei [138], where deformation and shape evolution of these nuclei is discussed.
Coulomb excitation stands out from these techniques in its ability to measure higher order
deformations beyond quadrupole shapes, such as octupole and hexadecapole deformations,
such as in the study of isotopes of Neodymium [139].

The development of radioactive beam facilities (RIBs) using the ISOL (Isotope mass
Separator On-Line) technique [140] has allowed for the production of beams of radioactive
isotopes at high intensity. With this technology available, low-energy Coulomb excitation
underwent a renaissance, given its ability to deduce nuclear properties in a model-independent
fashion and the large cross sections associated with the Coulomb-excitation process. In parallel,
theoretical work began to point towards the importance of shape coexistence and Coulomb
excitation proved to be an ideal tool to probe these phenomena.

The first experiments using RIBs for low-energy Coulomb excitation were performed in
the early 2000’s, such as the Coulomb excitation of radioactive Te isotopes [141] and the
low-energy Coulomb excitation of *Mg [142] at the ISOLDE facility at CERN in Switzerland.
A pioneering study of the neutron deficient Kr isotopes was also conducted around this time at
GANIL in France [143], results from which acted as motivation for study into the neighbouring
Se isotopes. This is because nuclei with mass A ~ 70 close to the N = Z line have been known
to exhibit different nuclear shapes, with coexistence of prolate and oblate shapes predicted

over three decades ago [11]. This can be linked to large shell gaps at both prolate and oblate
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deformation, with these gaps most pronounced for proton and neutron numbers 34 and 36, as
seen in the previous chapter in Figure 2.7.

The low-energy Coulomb excitation experiments of neutron-deficient krypton (Z=36)
isotopes, 74Kr and "°Kr [143], have allowed for the determination of the intrinsic shapes for
several low-lying states in these isotopes. There is strong evidence for a prolate ground-state
band coexisting with an excited oblate band built on the low-lying 05’ state, supported by the
discovery of the highly oblate 0; shape isomer in 7#Kr [144]. Studies into the properties of the
02+ shape isomer in "?Kr indicate an oblate ground state for the N = Z nucleus [145], implying
that shape inversion occurs at this point along the isotopic chain. Furthermore, Hartree-Fock-
Bogoliubov (HFB) calculations using the Gogny D1S interaction and the configuration-mixing
method (GCM/GOA) successfully predict the shape inversion below A=74 [143].

For the neutron-deficient selenium (Z=34) isotopes the shape coexistence scenario is not as
well established as in the krypton isotopes and is likely to be even more complex. The structure
of 72Se has been shown to be similar to that of the N = 38 isotone "#Kr, with an isomeric O;
state located just above the 2T level [11]. Theoretical calculations predict oblate ground states
for Se isotopes with N ~Z [12, 115, 146], which is of considerable interest as oblate ground
states are extremely rare, particularly in the middle of a shell where prolate deformation usually
prevails. The position along the isotopic chain of the shape transition is also of particular
interest, with this still being an open question following studies giving contrasting results for
70Se [147, 148] and a further study claiming the transitional nucleus to be 68Se [149].

It has also been indicated that in order to fully understand the underlying nuclear structure
properties in this mass region, one should also allow for triaxial (i.e. not axially symmetric)
degrees of freedom. Adiabatic Self-consistent Coordinate (ASCC) calculations for 728e, the
results of which have been shown previously via the contour map in Figure 2.11, show the
ground state wave function to be widely spread over the triaxial region; a maximum is expected

at oblate deformation, but with the wave function extending to the prolate region [13].
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Figure 3.1 shows how the prolate nature of this ground state band is expected to develop
with increasing angular momentum, according to both the GCM(GOA) and ASCC calculations,
while the excited state band appears to be generally weakly oblate. This result is in contrast
to calculations performed for more neutron deficient ®3Se and 7°Se which utilised the same
approach [13]. For the excited band built upon the known 0; level, the various theoretical
approaches are in disagreement. ASCC calculations predict a weakly deformed, oblate excited
band, whereas the more recent GCM(GOA) calculations predict that mixing is present for

the low-lying 0;“ and 2fr states before giving way to purer configurations at larger excitation

energy.
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Fig. 3.1 Theoretical predictions for the quadrupole moments of states in the ground-state and
excited band in 72Se. The GCM(GOA) calculations [12] are represented by blue circles, while
ASCC calculations from the work of Hinohara et al. [13] are represented by red squares.
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Figure 3.2b) and Figure 3.2c) display the results of GCM(GOA) [12] and ASCC [13] calcu-
lations, respectively for states at low excitation energy. When compared to the experimental
results, the GCM(GOA) calculations better describe collectivity present in the excited band as
well as the mixing between the excited and ground state bands, but both theoretical models
underestimate the strength of the inter-band transitions and generally the mixing between these

two structures is still not well understood.
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Fig. 3.2 Comparison of reduced transition probabilities, B(E2), between low-lying states in >Se
between (a) Experimentally determined from ref [150]; (b) Theoretical prediction utilising
the GCM(GOA) configuration-mixing method [12]; (c) Theoretical prediction using Adiabatic
Self-Consistent Coordinate (ASCC) method [13]. The numbers and the widths of the arrows in
each of the figures represent the B(E2) values in Weisskopf units (W.u).

The main drive for this low-energy Coulomb excitation work is to test these theoretical
predictions via the measurement of E2 matrix elements connecting the states and QMs of the
levels, as shapes of these states can only be inferred from their quadrupole moments. Coulomb
excitation experiments are sensitive to the QM of excited states through the angular distribution
of the cross section via ‘reorientation’ effect, which enhances or reduces the cross section
depending on the size and sign of the QM. Nuclei with non-spherical charge distributions

undergo reorientation in the presence of the large electric field gradient of the target nucleus,
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inducing a second-order angular dependence to the cross section [151]. An example of this
effect is visible in Figure 3.3, where the calculated intensity ratio of the 6] — 4] and 4] — 2

transitions for two choices of a QM corresponding to the prolate and oblate configurations are

shown.
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Fig. 3.3 Intensity ratio of the 6] — 41+ transition to the 41+ — 2] transition as a function of
projectile scattering angle. Calculations were performed with the GOSIA code for different
extreme assumptions of the quadrupole moment of the 4T state (corresponding to the rotational
limits). The shaded areas represent the angular coverage of the particle detector for the detection
of both projectiles and recoils. [152]

The low-energy Coulomb excitation experiment of 7>Se discussed in this work was con-
ducted using the Miniball/CD detector setup (described further in Sections 3.5,3.6) at the
HIE-ISOLDE facility at CERN. At this facility (described further in Section 3.3), state-of-
the-art setups provide beams of unstable 7>Se with sufficient intensities which allow for the
study of intrinsic shapes of a number of levels, including the critical 27", 2; and 41+ states.
For excited states with J # 0, assignment of the nuclear shape is achievable by measuring the
static QM. The intrinsic shape of J = 0 states is not observable in the laboratory system but

can be deduced by employing the “quadrupole sum rules” method [118, 119] from a complete
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set of E2 matrix elements connecting these states, as mentioned previously in Section 2.10.
This method also allows for the extraction of the /gamma deformation parameter which gives
information on the triaxiality of the nucleus, though it should be noted that triaxiality of the
nucleus is not investigated in this work and thus is not mentioned in great detail in this thesis.
The approach discussed was used successfully in the analysis of the previously mentioned
Coulomb excitation experiments involving the light krypton isotopes [143], as well as for the

even-even Hg isotopes [153].

3.2 Low-Energy Coulomb Excitation Theory

Low-energy Coulomb excitation is a type of reaction where the nucleus can be excited to higher
energy levels purely due to the time-varying Coulomb interaction. This happens due to the
inelastic scattering of charged particles, usually in the form of a charged beam incident on
a carefully selected nucleus target, which transmit energy through the electromagnetic field
between them [49]. The excited nucleus will then de-excite via gamma decay as described in
section 2.4. The intensities of these gamma rays are the main observables from experiments
performed in this way, as the process itself is not directly observable.

For this reaction to occur in a purely electromagnetic way, there must be a minimum
distance that the two nuclei are separated by, so that the interaction is not affected by any
nuclear forces. This is defined by "Cline’s safe distance" [154—157], Dpin, which is shown in

Equation 3.1, where Ay, and A; are the mass numbers of the projectile and target, respectively.

Din = 1.25(Ap3 +A3) +5.0fm 3.1)

This can then be used to calculate a "safe" maximum beam energy, En,x, that will assure
this safe distance is maintained. This is calculated using equation 3.2, where Z;| and Z, are the

respective charges (proton numbers) of the beam and target.
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Ay +AZ\Z
Eppay = 14420 A1 2122 (3.2)
At Dmin

Beam and/or target nuclei must be carefully chosen depending on which nucleus is of
interest. As a general rule, the two chosen nuclei should have no overlapping gamma rays, or
it would be impossible to distinguish between them in the gamma-ray spectra. In the cases
when the beam nuclide is of interest, such as for the experiment discussed in this thesis, a
target nuclide with high energy excited states is favourable, as it makes it highly unlikely
that there is an overlap of energy states. These tend to be very stable magic or doubly-magic
nuclei, such as 2°8Pb [119]. Furthermore, its high Z number increases the reaction cross section
because it increases the Coulomb interaction between the two nuclei, which is measured by the
Sommerfeld parameter, 17, shown in equation 3.3, where v is the relative velocity between the
two nuclei [49]. This is an especially important consideration when using radioactive beams,

as beam intensities are much lower.

 Z\Zye?
 hy

(3.3)

The cross section for the reaction is maximized when the optimal beam and target are
chosen, as well as having a beam energy close to the maximum safe allowed energy and as
great a beam intensity as possible [49]. In most low-energy Coulomb excitation experiments
with high enough cross section and beam intensity, it is possible to detect the target nucleus
at forward angles and the projectile in both forward and backward angles in the lab reference
frame. When the projectile is scattered at backward angles, as shown in Figure 3.4, it accelerates
to the point of closest approach and then reverses direction. While undertaking this hyperbolic
trajectory, it spends more time in the area in which excitation occurs. This means that more
excitations should occur and thus excited states at much higher energy level attained. In
addition, it increases the sensitivity to second order effects, allowing for the measurement of

quadrupole moments which give more information about the nuclear shape.
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Fig. 3.4 A schematic of a projectile being scattered at backward angles during low-energy
Coulomb excitation. D is the closest distance of approach for the projectile on the target and 0
is the angle at which the projectile is scattered.

Low-energy Coulomb excitation at backward angles is favoured for the reasons mentioned
above, but is still also conducted at forward angles with certain experimental setups. This
usually happens when radioactive beams are used, such as in the case of ">Se. The nature in
which these radioactive beams have to be made limits the beam intensity in experiments such
as these, which in turn limits the yield. More often than not, the yield at backward angles is far
too low for any kind of meaningful result to be obtained, so the experiment is performed at
forward angles. The picture in this case is similar to that seen in Figure 3.4, with the projectile
accelerating from the target after having been accelerated to the point of closest approach.
However, instead of being detected when undergoing a hyperbolic trajectory, the projectile is
detected when the angle of its trajectory with respect to the beam axis does not exceed 90°. The
number of excitations in these experiments is thus limited as the projectile no longer follows the
trajectory which keeps it in an area where it can be excited for longer. The excitation energies
and number of different states which can be attained is lower, but good insight can still be
obtained for the transitions between the first few states (which can include the 05, from which

evidence for shape coexistence can be obtained).
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3.3 Beam Production with HIE-ISOLDE

The beam in this experiment was formed at the HIE-ISOLDE (High-Intensity and Energy
Isotope Separator Online DEtector) at CERN in Geneva, Switzerland. Radioactive nuclides are
produced via spallation, fission, or fragmentation reactions of high-energy protons from the
proton synchrotron booster (PSB) on thick targets. The synchrotron accelerates the protons
around a path of fixed radius where magnetic fields are constantly increasing the energy of
the proton beam. The PSB has four individual superimposed synchrotron rings, (with radius
25m) and these collectively accelerate the protons to an energy of 1.4 GeV and intensity of
up to 2 pA. Following the proton bombardment onto a thick target, the products are directed
into a given ion source via chemically selective processes and extracted as a radioactive ion
beam. The target material is kept at high temperatures so that the produced radioactive atoms
diffuse out of the target into the dedicated ion sources, such as an Electron Beam lon Source
(EBIS). Ionisation can take place in a hot plasma, on a hot surface or by laser excitation. Laser
ionisation for selected chemical elements allows for further selection and in some cases can
provide a beam prepared in a particular isomeric state. lons are swept out of the ion-source by
an applied voltage, accelerated and directed into an electro-magnet where they are separated
by powerful mass separators. Beams extracted are high intensity radioactive beams of high
isotopic and often isobaric purity, which in many cases reach the highest intensities available
worldwide. More than 1000 isotopes with half-lives down to milliseconds of 74 elements (Z=2
to 89) have been produced at intensities up to 10'! atoms per yA of proton beam [158].

In this experiment, a pure >Se beam was attained by extracting selenium isotopes as SeCO
molecules (A = 100) [159] via the bombardment of protons on a ZrO, target which were then
directed into and broken apart inside an EBIS charge breeder. This beam removes the problems
associated with other A~70 contaminants such as abundantly produced Ga isotopes and is
what opens up the possibility of using Coulomb excitation at so-called safe energies below the

Coulomb barrier. It should be noted that the beam also contains small amounts of carbon, neon
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and other light gases from the EBIS charge breeder. These are present in very small amounts,
however, and excitation of the target due to these light nuclei is much less than for the heavier
72Se beam, making the presence of these *contaminants’ negligible when it comes to analysing
the results.

A beam energy of 305 MeV (4.2 MeV/u) was chosen to enhance the population of higher-
lying states and with a view to constrain a more precise measurement of the QMs made via
the reorientation effect. This beam energy was not possible at the ISOLDE facility where only
3.1 MeV/u was achievable. The present experiment run with beam energy 4.2 MeV/u is only

possible with the upgrade to HIE-ISOLDE providing beams up to 10 MeV/u.

3.4 Target Selection

As mentioned in Section 3.2, when one is interested in the excitation of the beam, a target
nuclide with high energy excited states is favourable, such as the stable and doubly-magic 2°¢Pb.
This target is also favourable as it has high Z number thus increasing the reaction cross section,
which is an especially important factor when using limited intensity RIBs. With this in mind,
208pp was chosen as the target for this experiment, with a view to maximising the number of
excitations of 7>Se observable at forward angles. This target also has no overlapping transitions
with 72Se. Its first excited state, a 3~ state at 2614.5 keV, decays via greatly suppressed E3
transitions.

A second experiment was performed with a %Pt target with a view to collecting sufficient
statistics for the O; — 21+ transition as this low-energy transition (75 keV) is approximately
degenerate with the Pb K X-rays at 72, 73 and 75 keV and is thus likely unobservable with
the 29®Pb target. Furthermore, spectroscopic data for '°°Pt is well-known, so running an
experiment with this target is sensible as a "backup" experiment in case of low statistics, as one

can normalise to the target data to constrain matrix elements (further explained in Section 4.2).
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3.5 Miniball

The high-resolution Miniball germanium detector array was used to measure gamma ray yields
in this experiment and is made up of of 24 six-fold segmented, tapered, encapsulated high-
purity germanium crystals. It has been operational at the ISOLDE facility at CERN for over 10
years [160] and is shown in Figure 3.5. It is usually based at CERN but is mobile and can be
transported for use at several selected state-of-the-art facilities worldwide, such as at Orsay’s

tandem facility and, more recently, in RIKEN, Japan, as part of the HICARI project.

Fig. 3.5 A target chamber for a gamma-ray spectroscopy experiment surrounded by Miniball
cluster detectors [160]

Each detector has a quasi-cylindrical shape with diameter 70 mm and height 78 mm.
They are hexagonally tapered allowing for six-fold segmentation. High granularity and high

efficiency were achieved by the segmentation of the charge-collection electrodes of the Ge
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detectors and the use of pulse-shape analysis to determine the position of the first interaction of
the y ray within the Ge crystal, giving a spatial resolution significantly finer than the dimensions
of the crystal [160].

The Miniball detectors are housed and sealed inside a thin aluminium can which allows
them to be in the open and handled for transportation and maintenance purposes. A typical
Miniball HPGe detector can be seen in Figure 3.6. There is a slight loss of efficiency at low

energy due to the aluminium can, but this effect is negligible for realistic applications [161].

Aluminium can segm. Ge crystal capsule lid

Fig. 3.6 Schematic of a Miniball HPGe detector [161]

These semiconductor gamma-ray detectors consist of solid material in which electrons
and holes are produced when a gamma ray is absorbed. Germanium is the most commonly
used semiconductor detector as its relatively high atomic number (Z = 32) allows for a good
detection efficiency for photons. Electrons and holes are collected by an electric field in the
material to provide an electric signal that is a direct measure of the energy of the gamma
ray [162]. In order for a germanium crystals to act as a spectrometer in the way that has been
described, it needs to be highly purified as impurities in the crystal can trap electrons and holes,

severely reducing its efficiency as a detector. Germanium crystals used in this detector array
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are "high-purity", (HPGe), purified to a level which enables them to be used as spectroscopy
detectors.

The resolution which can be achieved from such detectors in gamma-ray spectroscopy
experiments is limited not just by the intrinsic resolution of the semiconductor but also by
Doppler broadening, caused by the high velocities involved in these types of experiments
(around 10% speed of light in low-energy Coulomb-excitation experiments), the angular spread
and the finite opening angles of the detectors. The lead cause for the Doppler broadening of
peaks tends to be from the detector opening angles and is most prominent at larger angles with
respect to the beam axis, i.e. worst at 6 = 90°. The concept of Doppler broadening and how
this is corrected for is further explained in Section 3.8.5.

The detectors must also be cooled to temperatures below 77 K or too much electrical noise
is produced, rendering them useless as spectrometers. Below these temperatures, thermal
excitations of valence electrons are drastically reduced, meaning that only a gamma ray can
feasibly cause the detector to register a hit. Cooling to this temperature is one slight drawback
of this detector array, as it takes a lot of time for it to cool and must not be allowed to warm
while in use. This is, however, a small inconvenience with respect to the greatly improved

accuracy and precision of the results it can produce.

3.6 Particle Detection

The scattered ions from the low-energy Coulomb excitation process were detected by a double-
sided silicon strip detector (DSSSD), known as a CD detector (QQQ?2) [163], placed at forward
angles spanning and angular range of 20° to 59°. This range at forward angles is chosen given
the use of a radioactive beam with limited intensity; the cross section at backward angles would
be far too low for any kind of meaningful result to be obtained, as mentioned in Section 3.2. The
detector being placed at forward angles does allow for the detection of the heavy nucleus target

as well, however, meaning an even greater range of angles can be covered for the lighter nucleus
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beam (’?Se), as per conservation of momentum calculations (relation between projectile and
target scattering angle for the experimental setup in this work shown in the following chapter

in Figure 4.7).
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Fig. 3.7 A diagram of both sides of the "CD" detector used in this experiment

As can be seen in Figure 3.7, a detector of this type is created by carefully fitting 4
quadrants of around 0.5 mm thickness together. The front side of the detector is comprised
of 16 annular rings of silicon with 1.9 mm width, with the first ring sitting at a radius of 9
mm. The back of the detector is divided into 24 sectors of silicon spanning 3.4° each. These
sectors are grouped together in pairs in order to reduce the total number of electronic channels,
whilst not overly compromising the physics involved (this is because ¢ has a smaller impact
than 6 in the Doppler-correction calculations). De-excitation gamma rays were measured in
coincidence with scattered particles detected by the DSSSD allowing for an event-by-event
Doppler correction (process explained in section 3.8.5). In addition, particle gating reduces the

gamma-ray background from the beta decay of beam particles implanted into the CD detector.
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3.7 Simulation of the Kinematics Involved in the Coulomb

Excitation of >Se on a 2°*Pb Target

In the low-energy Coulomb excitation of 72Se described in this chapter, one of the targets
chosen was 2°®Pb. The kinematics of this reaction are simulated using a computer code and
the energies at which the beam and target hit the particle detector, as well as the angle that
these hit in the lab reference frame, are shown in Figure 3.8. These simulations incorporate
the appropriate physics and geometry and can be used to both plan experiments and aid in
understanding the collected data, for example, by determining the correct beam and target
location.

This data will also clarify whether beam and target is distinguishable at forward angles. If
this is the case, it provides a platform for experiments with detectors at forward angles to cover
a larger range of angles. If one isotope goes off at a certain angle, the other must go at a given
angle according to the conservation of momentum.

2Se is a radioactive isotope, with half life of 8.40+0.08 days [164], thus the beam intensity
in this experiment is lower than in stable beam cases. As mentioned previously, this experiment
will need to be performed with particle detectors at forward angles as the cross section for the
reaction is too low at backward angles. Looking at the area representing forward angles in
Figure 3.8, detector hits at a wide range of energies can be expected, due to hits represented by
both beam and target. The spread of energies detected for both beam and target across this area
are quite consistent throughout the visible angular range.

The plot in Figure 3.8 produced from this simulation gives an indication of at what angles
the two can be resolved. It appears slightly difficult to resolve in energy between beam and
target hits between 0°and 30°, becoming increasingly easier with greater lab angle up to around
80°. Detectors could still, however, be placed at the angles where the two solutions appear

difficult to resolve as the points which overlap are outliers and will form a very small proportion
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of the total data recorded. This simulation study confirms that energy resolution should not
be a significant obstacle and that the beam and target groups are clearly distinguishable and
as mentioned in Section 3.6, the angular coverage chosen for the particle detector in this

experiment was 20°to 59°.

Kinematics in the lab frame for 72Se on 208Pb at 4.2 MeV/u
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Fig. 3.8 The energies and angles (in the lab frame) at which hits are expected at a detector for
this particular experimental setup with a radioactive >Se beam. Areas with more frequent hits
are where the histogram is a yellow-green colour, with blue areas representing less counts. The
section of the plot between the dotted lines shows the lab angles which the particle detector
covered in the conducted experiment.
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3.8 Preliminary Data Analysis

3.8.1 Data ''Sorting"

Data from these experiments is collected in a non-readable binary format and thus must be
"sorted" in order to create histograms for analysis. This can be done using various computer
programs known as "sort codes"; in the case of this experiment, Miniball’s own sort code,
"MiniballCoulexSort" [165]. This code creates histograms from raw data in two steps, first
creating trees from the binary data which are then used to create and fill the histograms used

for data analysis.

3.8.2 Energy Calibration

Energy calibrations are necessary to relate the size of the signal in each detector channel to
a "physical" energy value. This is accomplished by placing radioactive sources (nuclei with
gamma decays that have well-established energy and intensity) at the target position for the
experimental run. For this experiment, 152E4 and 133Ba sources were chosen, as these well
cover the energy regions which are relevant for this work (for both the 2%Pb and '°°Pt target
experiments) of 0 - 1500 keV. Data from the source gamma decays are related to the known
energy and intensities using the "ENCAL" program which forms part of the Radware software

package [166].

3.8.3 Efficiency Calibration

The data from the "sources" just mentioned are also used to establish the efficiency of a gamma-
ray detector array. These detectors do not detect every Y ray that is emitted from a given nuclide
and the level of detection varies with the energy of the gamma ray. One can use the program
‘EFFIT’ from the RadWare software package [166] to perform an efficiency calibration, where

the efficiency, €, is dependent on the energy of the gamma ray, £, as shown in Equation 3.4.
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The parameters A, B and C in Equation 3.4 are constants which describe the lower energy
region and similarly parameters D, E and F define the higher energy region. G is a parameter
which is related to the point and sharpness if turnover of the curve and x and y are as defined in

Equation 3.5.

e:exp{[(A+Bx+cx2)—G+(D+Ey+Fy2)—%]} (3.4)
E E

B Er _
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This calibration allows for an "efficiency curve" to be plotted, displaying the relative
efficiency of the detector over a given energy range. The efficiency curve for this experiment is
shown in Figure 3.9. Using this calibration, the area of peaks representing particular transitions
seen in the gamma-ray spectra can be corrected to their true value, known as the "yield" of the

transition or gamma ray.

Relative efficiency (arbitrary units)

400 800 1200 1600
Energy (keV)

Fig. 3.9 A relative efficiency curve for the Miniball detector array used in the Coulomb
excitation of 72Se, where sources of °2Eu and !33Ba sources were used.
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3.8.4 Time Gating

Before the gamma ray spectra from an experiment can be properly scrutinised, one must select
the prompt particle-gamma coincidence events by "time gating" in order to remove background
events that are not of interest - this can be done in multiple ways depending on the experiment
type. For this analysis, the time difference between particle and gamma ray events can be
plotted as particles are detected in this experiment type. The particle-gamma time coincidence
plot is shown in figure 3.10. Here, the time difference between detectors is plotted on the
horizontal axis, with the number of counts on the vertical axis. As one would expect, one
clear peak corresponding to the prompt events of interest is visible. The data is then gated on
this peak, with only gamma rays within the range of the "gate" being recorded. This vastly
reduces the background from non-prompt room background and beta-decay events which were

registered by the particle detector.

3000

2500

2000

1500

Counts

1000

200

=]
=
=

o 100
time diff {particle - gamma) [25 ns tics]

Fig. 3.10 Spectrum obtained for hits on the miniball detector array gated on the EBIS signal,
with only data from "beam on" periods recorded. One can set a gate around the central peak,
representing gamma events which occur in coincidence with a particle detection and thus events
of interest, rejecting the random events which fall outside of this peak. The gate chosen for this
data is shown as the area between the dotted lines.
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3.8.5 Doppler Correction

Beam particles in this experiment travelled at ;; values of ~10%, meaning that the energy of
the gamma rays detected were slightly different depending on what part of the detector the
gamma ray hit. Not accounted for, this would cause the eventual energy spectrum to be very
unclear, making it very difficult to draw any meaningful results and conclusions from the
experiment. Detected gamma-ray energy can be Doppler corrected using the non-relativistic
Doppler shift relation shown in Equation 3.7. This approximation of the relativistic Doppler
shift relation (shown in Equation 3.6) can be used given that 7 does not greatly exceed 10%
in this experiment. For these equations, E;, is the measured gamma-ray energy, E79 is the true
v

gamma-ray energy, 3 = ¥ (v is the recoil velocity) and 6 is the angle at which the gamma ray

is emitted respect to the recoiling nucleus.

. E)(1-B?)
17 1 peos(o) oo
E,=EJ(1+Bcos(0)) (3.7)

The cos(0) in Equation 3.7 is deduced for Coulomb excitation using the relation seen in
Equation 3.8, where the angle at which the gamma ray hits the detector with respect to the
beam axis is defined by 6y and ¢, and the angle at which the particle is travelling with respect

to the beam axis is defined by 6,, and ¢,,.

cos(6) = sin(6),) sin(6y) cos (¢, — ¢y) +cos(6,) cos(6y) (3.8)

Thus if one knows precisely the angle at which the gamma ray hits the detector (precisely
determined by Miniball) and the angle at which the particle is travelling with respect to the
beam axis (determined by the DSSSD), as well as the energy at which the gamma-ray is

detected, it is possible to successfully execute Doppler correction calculations.



Chapter 4

Analysis, Results and Discussion of the

Low-Energy Coulomb Excitation of 7*Se

4.1 Overview

This chapter presents results from the analysis of the Coulomb Excitation of 7>Se, performed at
the HIE-ISOLDE facility at CERN using the Miniball detector array to detect gamma rays and
a DSSSD for particle detection. This experiment was run in two parts utilising two different
targets, 2°8Pb and '0Pt, carefully chosen for the reasons explained in Section 3.4.

The main focus of this experiment was designed to be the excitation from the 2°8Pb target,
given its larger reaction cross section, but technical issues with the RIB at the HIE-ISOLDE
facility when this experiment was run meant that not enough data was collected to allow for
any other transition in "?>Se aside from the 862-keV ZT — OT to be visible in the gamma-ray
spectrum. While it is clear that values for many of the properties which acted as motivation
for this experiment can no longer be extracted (such as the spectroscopic quadrupole moment
(QM) of the 25 and 4] states or the B(E2; 05 — 2{)), it is still possible to deduce the QM of
the 21+ state from just the yield of the 862-keV 21+ — OT transition. This value is of significance

as it will contribute to answering the currently open question of where the shape transition
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from prolate to oblate shapes happens along the selenium isotopic chain. Different theoretical
approaches referred to in the previous chapter do not agree on the position of this shape
transition, thus establishing its occurrence experimentally is a key test of theory in this region.

For observed gamma-ray yields to be translated into absolute cross-section, a previously
reported value of a matrix element connected to the ground state is required. A value of
this kind is in fact known for ">Se. Extraction of the QM using just a single transition was
successfully accomplished in the study reporting the only other experimentally deduced value
for the QM of the 2T state in 72Se [167]. It is impossible, however, to obtain an independent
measure of the QM and B(E2) value from just a single observed transition. Where transitions
from the target are also observed, it is possible to obtain an independent measure of the QM
and B(E2) value by normalising to target spectroscopic data instead. The second target used in
this experiment, '°°Pt, has well-established low-lying structure and spectroscopic data, making
it ideal for this kind of analysis technique. The extraction of matrix elements (MEs), including
diagonal MEs related to the QM, from y-ray yields is realised using the GOSIA/GOSIA2 code
and this process is described further in Section 4.2. The benefits and drawbacks of the two
target choices are discussed in detail in Section 3.4.

The data from the experiment run with the 2°Pb target is shown for completeness in
Section 4.3. Analysis techniques applied to optimise the y-ray spectra utilised for the extraction
of y-ray yields are also described in this section. Section 4.4 shows the results from the
experiment run with the 0Pt target, detailing the technique used to extract the QM of the 2?“
state by normalising to the known matrix elements in the well-studied '?°Pt target nucleus.
From the spectra presented in these sections, it is made clear that an additional radioactive
beam contaminant, ®3Ge, is present and also undergoes Coulomb excitation, with its ZT — OT
transition visible at an energy of 1015 keV. The QM for the 21+ state in this nucleus is extracted
similarly to that of 72Se and these results is presented in Section 4.5. Finally, the values

presented in Sections 4.4 and 4.5 are compared with previous work in Section 4.6.
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4.2 Extraction of Matrix Elements from Experimental Data

using GOSIA

As mentioned in Section 3.1, low-energy Coulomb excitation allows measurement of E2 matrix
elements, as well as QMs of levels via the angular distribution of the cross section due to the
‘reorientation’ effect, which enhances or reduces the cross section depending on the size and
sign of the QM. The experimental observable which relates to this is the gamma-ray yield
measured, for different angular ranges of the scattered particle.

In order to use this observable to exploit the angular dependence to the cross section and
extract matrix elements, one can use the semiclassical coupled-channel least-squares search
code GOSIA [168]. GOSIA was first written and used in 1979 by collaborators at the University
of Rochester and can be used as a Coulex analysis tool as well as a Coulex simulation tool for
prospective experiments. It has been regularly and consistently updated since its inception and
matrix elements are currently extracted via a multidimensional fit to the data.

A plethora of input data is required as parameters for the fit. This list includes the key
experimental observable, the gamma-ray yields at several scattered particle angular ranges.
Further requirements include experimental conditions such as beam energy, mass and atomic
number of both the projectile and target and whether the projectile or target is detected for
that particular angular range. Properties of the gamma-ray detector including size, efficiency
and geometry are also defined. Finally, known spectroscopic data of the nucleus of interest,
such as the energetic level scheme around the matrix elements of interest, spin-parity quantum
numbers, lifetimes, gamma-ray branching ratios, E2/M1 mixing ratios and internal electron
conversion coefficients, is equally necessary input for the code. The input codes used for this
experiment are shown in Appendix B.

GOSIA uses a normalisation process in order for the fit to converge, allowing for the

extraction of the matrix elements. Normalisation constants are introduced by the code, related
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to the ¥ as per Equation 4.1, where Cgjopq 1s the global normalisation constant, Cy, is the
normalisation constant for the m-th experiment (GOSIA takes each angular range as a seperate
"experiment” when asking for input), I{ is the gamma-ray intensity calculated by GOSIA for
the i-th transition, I is the experimental gamma ray intensity for the i-th transition and o; is the

experimental uncertainty of the i-th gamma ray intensity.

CotobatlCm(I¢ —1))?
%2:ZZ< global 6(21 0) @1

i

Matrix elements which best represent the experimental data are extracted at the minimisation

step where C,, values are fitted to find a minimum y? value for a certain set of matrix elements.

One of the projectile or target will always be the nucleus of interest in a Coulex experiment,

but both are excited during the experiment. The number of gamma rays emitted by both the

projectile, N, and target, N;, when excited by the other can both be precisely computed and

thus the ratio, %f, is also known. This ratio is expressed in Equation 4.2, where b, ; is the
Y

branching ratio for the transition, Ep Jt is the energy of the transition gamma ray and o, ; is the

integrated cross-section, for the projectile and target with respective flags, subscripts p and t.

Y

]]\\/]—’; = l;j;g—?:_f 4.2)

If matrix elements for the target are known, o; can be calculated and thus ¢, can be
determined, allowing for the extraction of projectile matrix elements. An extension of the
GOSIA code, GOSIA2, uses this key relation to allow for the extraction of projectile matrix
elements when normalising to the target. In this case, the input data specified previously is
required for the both beam and target. The x> minimum is found for the target data and the set
of normalisation factors deduced is used to minimise the beam data. GOSIA?2 is a powerful

tool for analysis when there are a low number of counts but is limited to one combination of

beam and target and can only be used when attempting to extract values for 2 matrix elements.
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4.3 Analysis and Results from the 2°Pb Target Experiment

Data from the low-energy Coulomb excitation of 7?>Se experiment run with the 2°8Pb target is
presented in this section. Figure 4.1 shows 2D histograms which display the energy of detected
particles in this experiment, as well as the angle at which these particles hit the detector. With
the angles covered by the present experimental setup, it is expected that both scattered target
and projectile particles would be detected. By looking at Figure 4.1a, which shows the energies
and angles of all detected particles in the experiment, and by using two-body kinematics
combined with simulations such as those described in Section 3.7, one can approximately "cut"
the histograms to contain just the detected projectile or target particles. These histogram "cuts"
are seen in Figures 4.1b and 4.1c for detected projectile and target particles, respectively.

These "cuts" in the data allow for y-ray spectra to be "gated" on beam or target particle
detection i.e. forming a 1D y-ray spectrum incremented when a y-ray is detected in coincidence
with the beam or target. This method gives a vast reduction in y-ray background, removing
gamma rays associated with the beta decay of the RIB as well as background present within
the laboratory. Furthermore, analysing solely beam or target data allows for the exploitation of
the cross section angular dependence for the constraint of matrix elements.

Figures 4.2 and 4.3 show the individual gated spectra following Doppler correction for the
beam and target, respectively. The effect of the Doppler correction technique described in 3.8.5
is best seen when comparing Figures 4.2 and 4.3 and Figures 4.4 and 4.5. Figures 4.2a and
4.3a show all gamma rays detected in coincidence with a beam particle detection, with the peak
arising due the 2? — OT at 862 keV well observed when Doppler correction corresponding to
the beam particle detection in the CD detector is conducted in Figure 4.2a. As one would expect,
when Doppler correction corresponding to the target particle detection in the CD detector is
conducted as in Figure 4.3a, this peak is broadened, while the peak attributed to X-rays emitted
from the target is more sharply observed. These effects are similarly seen in the target gated

spectra in Figures 4.2b and 4.3b.
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Fig. 4.1 The energies and angles (in the lab frame) at which hits are recorded at the DSSSD
particle detector for this particular experiment. Areas with more frequent hits are where the
histogram is a yellow-green colour, with blue areas representing less counts.
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Fig. 4.2 Background-subtracted y-ray spectra produced from the Coulomb Excitation of a 7*Se

beam by a 2%8Pb target when Doppler corrected for the beam nuclide.
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Fig. 4.3 Background-subtracted y-ray spectra produced from the Coulomb Excitation of a 7*Se

beam by a 2%8Pb target when Doppler corrected for the target nuclide.
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Figure 4.3 provides confirmation that no transitions from the target are visible in the
experiment, owing to the small Coulomb excitation cross sections for target excitation. No
peaks are visible in either of the target Doppler-corrected spectra apart from the Doppler
broadened 2;’ — 0;“ in 7?Se and a peak from Ky X-rays emitted from 2%8Pb. It is thus not
possible to extract a QM value for the ZT state in 7>Se which is independent of the B(E2) value
for the 2 — 0] transition using this data.

A third slightly broadened peak is observed, however, in the beam Doppler-corrected spectra
in Figure 4.2 at ~ 1000 keV. This has been attributed to the 1015-keV 2] — 07 in the neutron-
deficient nucleus ®3Ge, a likely contaminant in the beam. This conclusion is reached given the
proximity of the peak energy to the transition energy, as well as the fact that one would expect
this peak to be associated to an isotope of similar mass given the minimal Doppler broadening.
%Ge is also a feasible beam contaminant due to the nature of the formation of 7>Se from a
728eCO molecule (A=100). %3Ge is likely produced as a ¥GeS molecule (also A=100) which is
similarly broken apart in the EBIS. The formation of the 8Ge in this way is a point of interest,
as Ge beams were hitherto thought to be very tricky to form at ISOL facilities. The formation
of %8Ge in this way represents the first post-acceleration of a radioactive neutron-deficient Ge

isotope at an ISOL facility.

4.4 Analysis and Results from the ”°Pt Target Experiment

A second target was used in this experiment, 196p¢, initially chosen as a reserve, with much
less beam time dedicated to this setup. Given the practical complications when conducting the
experiment, the data collected from the runs with this target is in fact what is used for analysis
and to draw results and is presented in this section. Once again, the 2{" — 0] transitions in the
beam and beam contaminant, 3 Ge are observed, seen clearly in the beam Doppler-corrected

spectra in Figure 4.4.
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Fig. 4.4 Background-subtracted y-ray spectra produced from the Coulomb Excitation of a 7*Se
beam by a 0Pt target when Doppler corrected for the beam nuclide.
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Fig. 4.5 Background-subtracted y-ray spectra produced from the Coulomb Excitation of a 7>Se

beam by a 6Pt target when Doppler corrected for the target nuclide.
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As expected, transitions from '°°Pt are also observed, with the lowest-lying 356-keV
2?“ — OT transition observed strongly and seen in both target-gated and beam-gated spectra,
best observed when Doppler-corrected for the target as seen in Figure 4.5. Furthermore, in
Figure 4.5b, which shows the target-gated spectrum when Doppler-corrected for the target,
two other peaks are visible. These represent the 25 — 21 and 4] — 2 transitions in '*°Pt at
333 keV and 521 keV, respectively. A simplified level scheme for 1°°Pt in Figure 4.6 visually

displays the transitions from this nucleus observed in the experiment.

4+

| =
521
. 333
2 y

356
R

Excitation Energy

Fig. 4.6 Simplified level scheme of the target nucleus '*Pt showing the transitions between
low-lying states observed in this experiment. All energies are in keV.

As the particle detector was placed at forward angles, specifically spanning the range 20° to
59°, the heavy nucleus target '°°Pt is detected as well as the light projectile nucleus 7*Se.
Using conservation of momentum, a greater range of projectile scattering angle is accessible
for analysis. Results of these calculations for this specific experimental setup are shown in
Figure 4.7. One can see from Figure 4.7b that it is possible to obtain gamma-ray yield for
projectile scattering angles up to 121.810° in this experiment.

The annular rings of the particle detector used with this setup (as described in Section 3.6)
allows for total gamma-ray yield to be split and measured for different angular ranges of
the scattered particles as each of the 16 rings represents a small angular range between the

overall range of 20° to 59°. Splitting the data in this way allows for the extraction of matrix
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elements constrained by the angular dependence to the cross section. As one would expect,
the more angular ranges can be used, the more accurate the extracted matrix elements would
be. However, one cannot just split the data into the maximum possible angular ranges as there
would not be enough counts in each range to produce a worthwhile result, especially in an
experiment with a low number of counts such as the one discussed here. The ideal number
of angular ranges are such that maximises the angular sensitivity to the cross section without

compromising the level of statistics and level of uncertainty on the yield in each range.

Theta| Theta Theta Theta| Theta Theta
CM| Projectile Target CM| Projectile Target
61.000 45.745 59.500 123.000 101.936 28.500
62.000 46.536 59.000 124.000 103.029 28.000
63.000 47.330 58.500 125.000 104.131 27.500
64.000 48.126 58.000 126.000 105.242 27.000
65.000 48.924 57.500 127.000 106.361 26.500
66.000 49.724 57.000 128.000 107.490 26.000
67.000 50.527 56.500 129.000 108.629 25.500
68.000 51.332 56.000 130.000 109.777 25.000
69.000 52.140 55.500 131.000 110.934 24.500
70.000 52.951 55.000 132.000 112.102 24.000
71.000 53.764 54.500 133.000 113.279 23.500
72.000 54.581 54.000 134.000 114.466 23.000
73.000 55.400 53.500 135.000 115.664 22.500
74.000 56.222 53.000 136.000 116.872 22.000
75.000 57.046 52.500 137.000 118.090 21.500
76.000 57.874 52.000 138.000 119.319 21.000
77.000 58.706 51.500 139.000 120.559 20.500
78.000 59.540 51.000 140.000 121.810 20.000
(a) Centre of mass angular range where (b) Equivalent projectile scattering angle
both beam and target are detected in this for lowest target detection angles in this
experiment. experiment.

Fig. 4.7 Equivalent centre of mass, projectile and target angles for this specific experimental
setup, as per conservation of momentum calculations. Areas highlighted in yellow are angles
at which the projectile can be detected in this experiment and areas highlighted in green are
angles at which the target can be detected.

For this experiment, there is an obvious limitation due to the level of statistics that were
obtained. An attempt was made to split the data into 4 angular ranges, but the number of counts
in each range was not sufficient and led to statistical uncertainty on the extracted angular yields

which significantly limited the errors in any extracted matrix element values. Splitting the
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data into 2 angular ranges would not sufficiently harness the sensitivity of the cross section to
projectile scattering angle, therefore, the data was split into 3 angular ranges, despite the level
of uncertainty for the yields.

The gamma-ray yields for the 3 angular ranges for all transitions in both the projectile and
target observed in this experiment, alongside their uncertainties, are listed in Tables 4.1 and 4.2,
respectively. All yields reported are calculated using the peak areas extracted from the respective
spectra formed after the data was split according to the chosen angular ranges, with these values
corrected for efficiency; this part of the analysis was completed using the appropriate programs
within the RadWare software package [166]. This correction for efficiency is what causes the
uncertainties on the yield to be higher than one would expect, as both the computed peak area

and its statistical uncertainty are multiplied by the same factor to correct for efficiency.

Table 4.1 Gamma-ray yields for transitions in >Se observed in this experiment over 3 ranges
for the projectile scattering angle. Data from ranges marked * are from gamma rays seen in
coincidence with target particle detection, with equivalent projectile scattering angle calculated
using conservation of momentum calculations.

Projectile scattering angular range (degrees) Transition Yield (arb. units) Uncertainty

20-45.5 27 =07 5500 900
46.5 - 73.2* 27 =0 3200 500
73.2-121.8 27 —0f 2900 400

Table 4.2 Gamma-ray yields for transitions in '?Pt observed in this experiment over 3 ranges
for the projectile scattering angle. Data from ranges marked * are from gamma rays seen in
coincidence with target particle detection, with equivalent projectile scattering angle calculated
using conservation of momentum calculations.

Projectile scattering angular range (degrees) Transition Yield (arb. units) Uncertainty

20-45.5 27 =0 10000 700
46.5 - 73.2* 27 =07 7000 400
4f —2f 1000 300

25 = 2] 900 300

73.2-121.8* 27 —0f 5000 400
4f —2f 1400 400

25 —2f 800 300




4.4 Analysis and Results from the '°°Pt Target Experiment 76

Given the measured yields for all observed transitions for the chosen angular ranges, it is
possible to perform a GOSIA?2 analysis in order to extract the <2fr |E 2‘0T> and <2;r ‘E 2|2T>
matrix elements in 72Se as described in Section 4.2, when all relevant input data is prepared
alongside the yields. The unobserved 4;’ level at 1637 keV, O;“ level at 937 keV and 23“ level
at 1317 keV were also added to the GOSIA input files to act as "buffer" states, negating the
possibility of obtaining an artificially large value for the 2;“ — OT transition probability. It
should be noted that in this work, analysis was conducted with and without buffer states and
the results were not significantly different.

For this particular type of analysis, another code can be used in conjunction with GOSIA2,
known as the "chisqsurface" code, which takes a GOSIA or GOSIA2 input file with the
minimisation command and calculates the 2-dimensional x> surface for a given range and
number of transitional and diagonal matrix elements [169]. For this work, a range of 0.3 - 0.8
was chosen for the transitional matrix element <2fr ‘E 2|0T>, given its previously reported value
from literature of 0.46(2), obtained from lifetime measurements [170]. For the diagonal matrix
element <2;r ‘E 2|2T>, an arbitrary range of -1.5 - 1.5 was chosen. The chisqsurface code was
run across these ranges with the number of different combinations of matrix element values
chosen in such a way to produce a 0.025 step increment for both matrix elements. The visual
output of this analysis is seen in Figure 4.8.

The reported values for the transitional (2{|E2|0] ) and the diagonal (2] |E2|2] ) matrix
elements in 7>Se at the 16 and 20 level are presented in Table 4.3. It should be noted that the
quoted uncertainties on these values are formed from not just the uncertainty on the yield but
also the uncertainties in the other inputs specified previously. This includes uncertainties on
the previous reported spectroscopic data of '°Pt, uncertainty in the target thickness (thus the
stopping power) and uncertainty in the beam energy. The statistical uncertainties quoted are

deemed appropriate even with the presence of the Ge contaminant as the contribution of this
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(a) Full result produced by the "chisqsurface" code across the ranges
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Fig. 4.8 Output from the "chisgsurface" code run with GOSIA2 focused on the (2} |E2|0])
and (2] |E2|2]) matrix elements in "2Se. The Z axis represents the 2 value for the given pair
of matrix element values, with dark blue areas being where the lowest x2 values are found.
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isotope to the beam was < 10%, thus any uncertainty due to its presence is likely covered in
the quoted uncertainty.

One can use the diagonal matrix element of a state to find its QM (and thus gain information
about its charge distribution and therefore its shape) using the relation seen in Equation 4.3,
where Q,(JF) is the QM for the J7 state, CG is the Clebsch-Gordan coefficient and (J7|E2|JT)

is the diagonal matrix element for the J7 state.

167
5(2J+1)

16 2
0.21) =/ 55 * \[7 * (27 [E2[2() (4.4)

This equation for the specific case of a 2" state is shown in Equation 4.4, for which the

Os(J") = «CGx (JT|E2|JT) (4.3)

Clebsch—Gordan coefficient is \/g . Thus the QM of the 21+ state in 7?Se is also reported in

Table 4.3.

Table 4.3 Reported values for matrix elements at the 10 and 20 level and the QM of the 21+
state in 72Se from the analysis of the experiment discussed in this work.

Matrix element / QM  Reported value (eb) Uncertainty limit

(27[E2007) 0.510700% o
0.51019073 20
(2t|E202}) ~0.3201 0163 o
—0.32010353 20

0s(27) —0.247513 lo
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4.5 Analysis and Results for the *Ge Beam Contaminant

As mentioned in the previous section, a contaminant peak is attributed to the 1015-keV 2f — Of“
in the neutron-deficient nucleus ®Ge. The transitional (2] |E2|0} ) and diagonal (2] |E2[2])
matrix elements can thus be extracted in a similar way as is done for 7>Se. Some preliminary
analysis procedures are conducted again in order to increase the precision of the eventual yield
for the ®3Ge transition, with Doppler correction of the data run again, taking %®Ge as the "beam"
nucleus. Similarly, the histogram "cut" is performed again for the new "beam".

Gamma-ray yields are once again recorded for 3 angular ranges (equivalent scattering
projectile scattering angle beyond 59° determined using conservation of momentum calculations
with %8Ge as the "beam") for all transitions in both the projectile and target observed in this
experiment. The reason for this number of angular ranges is the same as was described for
2Se in the previous section. These yields, alongside their uncertainties, are listed in Tables 4.4
and 4.5 for projectile and target, respectively. As before, all yields reported are calculated using
the peak areas extracted from the respective spectra formed after the data was split according to
the chosen angular ranges, with these values corrected for energy and efficiency calibrations
(completed with RadWare package [166]). Uncertainties quoted here are much higher with
respect to the 7?Se due to the very low number of counts observed for the transition in *®Ge,

with a ’peak’ in the histogram being quite difficult to establish precisely.

Table 4.4 Gamma-ray yields for transitions in %*Ge observed in this experiment over 3 ranges
for the projectile scattering angle. Data from ranges marked * are from gamma rays seen in
coincidence with target particle detection, with equivalent projectile scattering angle calculated
using conservation of momentum calculations.

Projectile scattering angular range (degrees) Transition Yield (arb. units) Uncertainty

20-37.7 27 =0 1100 400
37.7-56.4 27 —0f 1000 400
56.5-123.1* 27 =07 1700 600
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Table 4.5 Gamma-ray yields for transitions in '?°Pt observed in this experiment over 3 ranges
for the projectile scattering angle. Data from ranges marked * are from gamma rays seen in
coincidence with target particle detection, with equivalent projectile scattering angle calculated
using conservation of momentum calculations.

Projectile scattering angular range (degrees) Transition Yield (arb. units) Uncertainty

20-37.7 27 =0 6900 600
37.7-56.4 27 =0/ 6600 600
56.5-123.1* 27 =07 9500 700
47 —2f 2100 300

25 =2 1400 400

Given the measured yields for all observed transitions for the chosen angular ranges, it is
possible to perform the GOSIA2/chisgsurface analysis in the exact same way as in the "*Se case.
For this nucleus, a range of 0.1 - 0.6 was chosen for the transitional matrix element <2;r ‘E 2|OT>,
given its previously reported value from literature of 0.36(2) [171]. For the diagonal matrix
element <21+ |E2‘2]L>, an arbitrary range of -2 - 1.5 was chosen. The chisqsurface code was
run across these ranges with the number of different combinations of matrix element values
chosen in such a way to produce a 0.01 step increment for both matrix elements. The visual
output of this analysis is seen in Figure 4.9.

The reported values for the transitional (2]|E2|0]) and the diagonal (2/|E2|2]) matrix
elements in %8Ge at the 16 and 26 level are presented in Table 4.6. One can use the relation to
the <2]L |E 2‘2T> diagonal matrix element as seen in Equation 4.4 to find the QM of the state,
thus the experimentally deduced QM for the 21+ state in ®Ge can be constrained and is also
reported in Table 4.6. It should be noted that the uncertainties on the diagonal matrix element
and QM for the 21+ state are likely larger than the statistical ones quoted here, due to the fact
the vast majority of the beam composition is in fact 7>Se and not %¥Ge, which could not be
corrected for in the analysis. The value quoted is a first estimate which should be used as a

basis for the analysis of a further experiment looking to better constrain the QM.
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Fig. 4.9 Output from the "chisgsurface" code run with GOSIA2 focused on the (2} |E2|0])
and (2|E2[2) matrix elements in ®Ge. The Z axis represents the ? value for the given
pair of matrix element values, with dark blue areas being where the lowest x> values are found.
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Table 4.6 Reported values for matrix elements at the 10 and 20 level and the QM of the 21+
state in %8Ge from the analysis of the experiment discussed in this work.

Matrix element/ QM  Reported value (eb) Uncertainty limit

(i1E2o7) 028075 03 lo
0.28075-932 20

(2f |E2]2}) 05107383 lo
—0.51070:453 20

0.2) 03907 1o

4.6 Discussion and Comparison to Previous Work

The initial goal of this experiment was to obtain a large set of E2 matrix elements connecting
multiple states and QMs of multiple levels and while this was not possible, important values
were still reported from the limited data collected. All values for matrix elements and QMs
reported in this work are in units of eb. In 72Se, the QM for the 2fr state was deduced to be
QS(ZT) = —0.241“815, implying a prolate configuration. The sign of the QM is in agreement
with the only other experimentally reported value by Henderson et al. of —0.57J_r8:%g [167],
while the magnitudes of the two reported values are within each others 16 limit, with vastly
reduced uncertainty on this value reported here. Furthermore, the reported transitional matrix
element from this experiment (2] |E2|0}) = 0.51070 (32 for 72Se is within the 1o limit of the
literature value of 0.461“8:8% [170], giving greater credibility to the QS(ZT) result reported. The
QS(ZT) value reported here is also important confirmation that the shape transition from prolate
to oblate shapes in the selenium isotopic chain does not occur until at least 7°Se.

Multiple theoretical predictions have been made for the QM for the ZT state in "*Se.
As displayed in Figure 3.1 from Section 3.1, the GCM(GOA) calculations [12] and ASCC
calculations [13] both predict a negative QS(ZT), which is in agreement with the result reported
in this work, though the value predicted by GCM(GOA) calculations is very weakly prolate.

Similar work from Hinohara et al. [115] using a constrained Hartree—Fock—Bogoliubov (CHFB)
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method with both a local quasi-particle random phase approximation (LQRPA) and Inglis-
Balyaev (IB) defined normal modes produce approximately the same results, again in good
agreement with value quoted in this work. CHFB/Gogny based theoretical models appear to
disagree with the prolate-dominated configuration implied by this work, with CHFB Gogny-
DI1M mapped interacting boson model (IBM) [172] and CHFB Gogny-D1S models [173] both
predicting a positive Q5(21+) value in "*Se, though they disagree significantly on the magnitude.
Similarly, another theoretical model based on the PMMU shell-model Hamiltonian [174]
predicts a positive Qs(21+), although no magnitude is reported.

One can see from the various theoretical models that even for an individual state in one
isotope of selenium, the picture is unclear. The fact that the angular distribution of the cross
section in this experiment represents a QM for the 21+ state that is negative at close to the 20
level, and that this implied prolate configuration is in agreement with the previous experimental
value, implies theoretical models predicting a negative QS(21+) appear to be more accurate.
However, these models attempt to predict far more than just one QM, looking to understand
shape configurations for multiple bands across the isotopic chain.

Given the apparent level of sensitivity of the available models, with minor variations in
model parameters being potentially significant [174], it is still greatly important to further
test the current models. More experimental data is needed, such as a greater set of E2 matrix
elements connecting low-lying states in selenium isotopes, attainable via similar Coulex
experimental setups as the one used in this work - a follow-up Coulomb-excitation experiment
proposal has recently been accepted with a view to achieving this. Two-neutron transfer
experiments to determine the intrinsic shape evolution for the 0" states across the isotopic
chain could also provide significant evidence with which to probe theoretical predictions and a
feasibility study into such an experiment is discussed in Appendix A.

A bonus measurement is also reported from this experiment, with the QM for the ZT state in

the beam contaminant ®3Ge found to be 0s(27) = —O.39J_r8f13$, implying prolate configuration
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as in the 7>Se case. This is the first experimentally deduced value for the QM for the 21+ state in
%8Ge. The reported transitional matrix element <2fr |E 2‘0T> = 0.2801“8:8%2 for %8 Ge is within

the 20 limit of the literature value 0.36™005 [171]. The formation of %Ge in this experiment

also represents the first post-acceleration of a radioactive neutron-deficient Ge isotope at an
ISOL facility. Germanium isotopes are another important testing ground for beyond-mean-field
type theoretical calculations, such as those discussed previously, but experimental results on
QM values were previously even more lacking than for the selenium isotopes. In particular,
a shape transition from prolate to oblate ground states is predicted but the location of this
transition point is uncertain; a situation similar to the neutron-rich Ge isotopes, close to N=50,
where a shape transition is also thought to occur [172]. Similar to the 7>Se case, it is vitally
important to further test these theoretical models with follow-up experiments performed with
similar setups to the one discussed in this thesis, focusing specifically on the neutron-deficient
germanium isotopes. This is now feasible given the newly discovered method for producing
radioactive germanium beams from this experiment. Given that the uncertainties on the diagonal
matrix element and QM for the ZT state are likely larger than the statistical ones quoted here,
for the reasons mentioned previously, a further experiment looking to more precisely compute

the QM for the 2{“ state in ®¥Ge would be the perfect place to start.



Chapter 5

Gamma-Ray Spectroscopy of *°Zn

5.1 Introduction and Motivation

Fusion-evaporation is a type of nuclear reaction which can be experimentally induced by
accelerating a projectile nucleus with enough energy such that it fuses with a target nucleus,
overcoming the Coulomb barrier between them and forming a highly excited compound
nucleus. This compound nucleus then de-excites via the "evaporation" of light particles (e.g.
protons, neutrons, alphas), hence referred to as "fusion-evaporation". It is a useful reaction
mechanism for the gamma-ray spectroscopy of specific nuclei as once the excitation energy of
the system is roughly equal to the nuclide particle separation energy, de-excitation continues
predominantly via gamma decay. The detection of these gamma rays allows for the constraint
of nuclear structure properties via transition energies and coincidence relationships, which give
information about the level structure, or via angular correlations, which allow for the deduction
of the spin and parity of a state. The full fusion-evaporation process is displayed schematically
in Figure 5.1.

Fusion-evaporation can be induced by both heavy-ion and light-ion beams. Heavy-
ion—induced fusion-evaporation reactions are typically used to produce and study nuclei far

out towards the proton drip line and were first used in this way to study heavy nuclei [175],
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Fig. 5.1 A simple diagram displaying the fusion-evaporation process and its decay to the ground
state of a compound nucleus.

with lighter nuclei studied later in the 1970s, such as in the fusion-evaporation reactions form-
ing nuclei with mass 32<A<46 [176]. Light-ion—induced fusion reactions are optimal for
the production of neutron-deficient nuclides closer to the valley of B stability. Furthermore,
light-ion—induced reactions result in a more favourable population of low-spin states in the
final nuclei with respect to heavy-ion induced fusion-evaporation [15]. This is because the low
mass of the projectile will mean that the total angular momentum in the compound nucleus
system formed after fusion is lower, thus lower angular momentum excited states is more likely
to be populated. The development of the IGISOL ("lon-Guide Isotope Separator On-Line")
technique in the early 1980s allowed for light-ion fusion-evaporation reactions to work with
short-lived and rare radioactive isotopes [177] and has allowed for a lot of modern studies such
as the one conducted in [15].

There is considerable nuclear structure interest in the low-lying states in °°Zn and informa-
tion on bound levels is still relatively scarce. In particular, no firm assignment has yet been
made for either the O;F or 22“ states. Information on the location of these levels is critical as

theoretical calculations in this key region for shape changes predict the coexistence of prolate-
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and oblate-deformed structures [14]. Establishing the location of levels associated with both
structures will, therefore, provide valuable information to test these predictions, albeit in an
indirect way which is complementary to investigations using direct techniques such as Coulomb
excitation. There is also astrophysical motivation, as studying the properties of resonant states
of the °Cu(p,y) reaction can shed light on the impact of this reaction rate on the shape and
structure of X-ray burst light curves.

Excited states in %°Zn have been studied with heavy-ion fusion-evaporation previously,
where the “°Ca(?8Si,2ax) and *°Ca(*?S,3 ) channels were used to strongly populate high-spin
states belonging to a proposed super-deformed band [178]. No information about low-lying
non-yrast states was reported, nor were any proposed resonances for the °Cu(p,7) reaction,
corresponding to low-1 proton captures on the >°Cu ground state (J* = %7). The *8Ni(*He,n)
light-ion fusion-evaporation reaction can be used to more strongly populate low-spin states in
607n, as the use of a light projectile reduces the amount of angular momentum in the compound
system compared to in the heavy-ion case. This leads to the population of excited states in
the low-lying structure of ®°Zn, as well as low-spin states of relevance to the astrophysical
3Cu(p,y) reaction above the proton emission threshold at 5105 keV [179], which correspond to
low-1 proton captures on the ground state of 3°Cu. This was shown to be a successful approach
by Doherty et al. [180, 181] where states corresponding to low-1 proton captures were identified
that had not been reported in reactions with heavier projectiles [182].

The gamma-ray spectroscopy of ®°Zn was conducted at Argonne National Laboratory
(ANL) using the ATLAS accelerator for the production of low energy *He beams which were
fired at an enriched *®Ni target, with the Gammasphere detector array utilised for the detection
of prompt gamma rays following the induced *®Ni(*He,n) light-ion fusion-evaporation reaction.
This study aims to to investigate the level structure of ®*Zn and to give first experimental
insight into the astrophysical >*Cu(p,y) reaction rate. This is done by identifying new states

and transitions and by confirming or refuting the existence of previously reported structures,
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possibly re-assigning transitions and states tentatively reported by other studies. With sufficient

statistics, spin-parity assignments for states connected by these transitions can also be made.

5.2 Fusion-Evaporation Theory

Fusion-evaporation reactions involve the bombardment of a given projectile onto an appropriate
target with sufficient energy such that the two nuclei fuse to form a compound system, as
displayed in Figure 5.1. The energy required for this to occur needs to be sufficient so that
the Coulomb repulsion caused by the electromagnetic interaction between the two nuclei can
be overcome, or that a significant probability of tunnelling through the Coulomb barrier is
realised. The excitation energy of this system can be described by equation 5.1, where ExN is
the energy of the compound nucleus, Q is the Q-value of the reaction, E|, is the energy of the

projectile, M, is the mass of the projectile and M; is the mass of the target.

M
EN—0O+E,(1—-—P 1
=0 By (- ) (5.1)

The resulting compound nucleus will have lifetime in the order of ~10"'%s, time long
enough for it to no longer recognise its production mode and thus decay in a way which
will give information about the nuclear structure independent of the initial nuclei [183]. This
compound system first de-excites via "evaporation" of light particles, such as in the case
of 58Ni(3He,n) where a neutron evaporates from the compound 617n to form %9Zn, and this
remains the dominant mode of decay until the energy of the system approaches that of the
particle separation energy, around ~10"1s after fusion, where the system begins to mostly
decay via gamma rays. This process is visible in Figure 5.1 but is best seen schematically in
Figure 5.2.

The evaporating light particle carries away some energy and angular momentum, de-exciting

the system and reducing its total angular momentum; what is apparent from Figure 5.2 is that
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particle evaporation removes a large amount of energy from the system while only removing a
small amount of angular momentum. Due to the effects of the centrifugal barrier, the emission
of particles with high angular momentum is greatly suppressed in reactions such as these,
thus particles mostly with small angular momentum are emitted. Gamma rays emitted after
the evaporation of particles are from excited states of a certain nucleus, cascading down to
the ground state (as is also shown in Figure 5.2). These nuclei are the potential evaporation

channels of the compund nucleus (such as 607n in the case of this work).

»
Compound nucleus

> formation

oo J
— L
g Evaporation of o :
— particles o

= ’

o o
= = )
&
O b o ““ Yrast line
x
- Particle emission o

threshold __ .-~~~ l

ll V = Discreet
G% states
-—

--.‘-—-‘ﬁ_" -

Angular momentum

Fig. 5.2 A schematic representation of the decay of a compound nucleus produced in a typical
fusion-evaporation reaction. The emission of particles is represented with red arrows whereas
Y rays are shown in blue From [184].
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5.3 Beam Production with ATLAS Accelerator System

The Argonne Tandem-Linac Accelerator System, known as ATLAS, is one of the world’s
leading linear accelerators for heavy ions at energies in the vicinity of the Coulomb barrier, the
energy domain best suited to study the properties of the nucleus. ATLAS can provide beams
of all stable isotopes from hydrogen to uranium up to 17 MeV per nucleon and these can be
delivered to multiple experimental areas [185].

"Tandem" is the name given to a particular type of electrostatic particle accelerator and
forms a part of the ATLAS accelerator used for this experiment. An outline of this kind of
accelerator can be seen in Figure ??. These produce the highly positively ionised particles
of the material of interest. This accelerator is made up of two accelerator tubes connected
by a high voltage terminal. The material is negatively ionised forming a negative ion source
and is then "pre-accelerated" towards the first acceleration tube. The negative ions are then
accelerated towards the high voltage terminal by the first low energy accelerator tube. When
entering the high voltage terminal, the particles go through an "electron stripper” (such as
a carbon foil), losing a great proportion of electrons. The now strongly positively ionised
particles are accelerated away from the high voltage terminal by a high energy accelerator tube
and then sent towards a target.

The ATLAS accelerator used in this experiment makes use of this "Tandem" type accelerator
in conjunction with a "linac" type accelerator, a particle accelerator where ionised particles are
accelerated in a straight line, shown in Figure ??. These kinds of accelerators are generally
housed in a straight and hollow vacuum pipe, where multiple cylindrical electrodes with
increasing length further from the source are placed. A particle source is placed at the start
of the pipe, say an ion source for positively charged nuclei as in the case for ATLAS, and the
particles are sent from the source through the electrodes, accelerated by a radio-frequency
oscillating electric field, created in the gap between each electrode which has an oscillating

voltage applied such that adjacent electrodes have opposite polarity.
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Fig. 5.3 A recent floor plan of the ATLAS accelerator [185]



5.3 Beam Production with ATLAS Accelerator System 92

The ATLAS accelerator consists of multiple acceleration sections, as seen in Figure 5.3,
with each the energy increase escalating with each section the particles pass through. Pre-
accelerators are used as the source for the main linac; these include a 9 MV electrostatic tandem
Van de Graaf accelerator and an electron cyclotron resonance (ECR) ion source. Ions produced
here are then sent through the "booster" linac for further acceleration before entering the main
"ATLAS" linac, where ions are accelerated using superconducting split-ring resonators which
can each have their relative radio-frequency phases varied (this permits a wide variety of ions
to be accelerated). In the experiment discussed in this work, the ATLAS linac acted simply as a
vacuum pipe, as the beam energy required was achieved using solely the tandem accelerator,
thus the superconducting cavities of the linac weren’t used.

The accelerated beam of ions is sent to a specific experimental area with dedicated experi-
mental setup. In the case of the 58Ni(3He,n) reaction experiment discussed in this work, the
10 MeV 3He beam was sent to the experimental area where Gammasphere is kept (seen in
Figure 5.3) to be impinged onto a *®Ni target to induce the fusion-evaporation reaction desired,
forming the °°Zn nucleus of interest. A beam energy of 10 MeV was chosen for the 3He, large
enough to overcome the Coulomb barrier of 8.9 MeV but low enough to limit the number of

open evaporation channels, which are shown in Table 5.1.

Table 5.1 Predicted cross sections, obtained with the LISE++ code "PACE4", for the dominant
evaporation channels following the *He + *®Ni fusion reaction; total fusion cross section = 160
mb at 10 MeV beam energy.

Nucleus Z N Cross Section (mb) Evaporation Channel

07zn 30 30 13 In
Ocu 29 31 104 Ip
PCu 29 30 2 Ipln
PNi 28 31 13 2p

SINi 28 29 29 lo
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It is important to limit the number of evaporation channels as no ancillary detectors were
used in the study (such as neutron detectors or charged-particle detectors to veto channels that
produce protons and alphas). At this beam energy, the compound formation will have energy

20.560 MeV as per Equation 5.1 in Section 5.2 (visual representation in Figure 5.4).
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Fig. 5.4 Visual representation of the excitation energy of the compound nucleus formation after
the 3He + *8Ni fusion reaction

5.4 Target Nucleus

A 750 pg/em? thickness target of enriched *8Ni, formed at the Argonne National Laboratory
Physics Division Target Lab, was used for this experiment. As is standard procedure for these
type of gamma-ray spectroscopy experiments, thin films of the material, produced by the
bombardment of the powder form of the material by an electron beam, are placed in frames
which are attached to a target holder which is positioned in the centre of the the Gammasphere
detector array. The target material used in this experiment was enriched to to over 99% purity,

vastly decreasing the likelihood of contaminants being produced.
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5.5 Gammasphere

Gammasphere is a gamma-ray detector array which consists of up to 110 high-purity germanium
(HPGe) detectors, each about the size of a coffee cup, in a spherical arrangement. Gammasphere
is as a semiconductor gamma-ray detector in the same way as Miniball described in Section 3.5.
Each germanium detector is surrounded by a BGO shield which allows for the suppression of
background resulting from Compton scattering gamma-ray events [186]. This is important as
in a spectrum dominated by Compton background, obtaining reliable peak areas, especially for
weak transitions, is difficult. The detectors are also attached to both a liquid nitrogen Dewar for
cooling and to electronic modules which allow for data acquisition. The full combination of all
these parts is classed as a "module" and a diagram of this can be seen in Figure 5.5.

Using its full 110 detector module capacity, Gammasphere has around ~0.45 solid angle
coverage. It can also make use of detectors in the ring at polar angles of 90 degrees which are
electronically segmented to reduce the Doppler broadening effect caused by the opening angle
of the detector (reduces this opening angle by a factor of 2). It is also possible to correct for the
Doppler broadening due to the well defined ring layout of the Gammasphere detectors. The
detectors in the Gammasphere array are placed in 17 rings, with each detector ring having a
known angle with respect to the beam axis, accurate to 0.01°.

The Gammasphere array makes use of a bismuth germanate (BGO) shield around its HPGe
detectors. These shields veto Compton scattered events which help to create cleaner peaks in
spectra corresponding to useful gamma-ray hits. This is done by having extra high-efficiency
but low resolution detectors in order detect Compton scattered gamma rays, as shown in
Figure ??, thus vetoing events which Compton scatter out of the Ge crystal. Bismuth germanate
is perfect for this purpose as its low resolution is not an issue but the high atomic number of
Bismuth (Z = 83) means its detection efficiency is very high. Gammasphere also has a BGO
suppressor "plug" which sits behind the detector in order to detect photons scattered through

angles near 0°; this setup is shown in Figure 5.5.
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Fig. 5.5 A typical Gammasphere detector module [187]
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The method in which Compton scattered gamma rays are rejected in the Gammasphere
array allows for them to be vetoed by more than one BGO detector. A gamma ray scattered
from either of two adjacent HPGe detectors can be dismissed, as neighbouring segments in the
BGO detectors for each one are combined, allowing for gamma rays to be vetoed as per the
logic diagram seen in the right of Figure 5.6. False vetoes from direct gamma-ray hits upon the
BGO detectors are avoided via the use of hevy metal ("hevimet") shields as seen in Figure 5.5.
This Compton suppression method allows for an near three-fold increase in peak-to-total ratio

compared to no suppression, with photo-peak area roughly equal in both cases [188].
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Fig. 5.6 Left: Visualisation of the "honeycomb" formation of two adjacent gammasphere
modules. Right: Logic diagram representing how gamma rays are vetoed in gammasphere.
Adapted from [184] and [189].

As mentioned previously, the nuclei that are formed from this reaction will undergo gamma
decay and it is the detection and measurement of these gamma rays which are the key observable
from this reaction. The data acquisition trigger for this experiment was set for when two
coincident gamma rays were registered, i.e. where two ’clean’ Ge signals (no BGO signals,
just Ge) from two of the HPGe detectors are needed to trigger data acquisition. While this

means it is not possible to observe direct high-energy transitions to the ground state, it was
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not feasible to run this experiment requiring a single gamma ray as the data rate would be too
high. This is due to the number of open evaporation channels for this particular reaction and
their associated cross sections, as seen in Table 5.1. The vast majority of the 110 high-purity
germanium detectors from Gammasphere were used for this experiment, giving close to the full
solid angle coverage available. This detection setup is ideal for detecting gamma rays being
emitted from weaker transitions at higher energies (close to or above the proton separation
energy), as well as allowing for more precise angular distribution measurements used for the

spin assignments of new or previously discovered spin-uncertain states.

5.6 Preliminary Analysis

During this experiment, data acquisition was conducted in multiple "runs" of approximately
2 hours, leading to multiple binary files being created to store the data from each run. Each
file containing data from the experiment is then "sorted" using a sort code (computer program)
made for Gammasphere experiments "GSSort" [190], which creates histograms populated by
all the data collected in each file from the experiment. GSSort also allows for users to form
their own histograms and analysis depending on the type of experiment; for example, the
angular correlation analysis in this work that is discussed in Section 6.2 was conducted using
user-defined histograms.

Similar to with the data from the Coulomb excitation of >Se, one can time gate gamma-ray
data from a fusion-evaporation experiment. For this experiment, the spectrum used for this
purpose shows the time difference between two gamma rays, as seen in Figure 5.7. One can
set a gate around the main peak in this spectrum, which encompasses the data representing
prompt coincidences we are interested in, and reject all events outside this peak which represent
random events. As can be seen in Figure 5.7., there is one clearly visible main peak which

contains the majority of the data and contains the data of interest. Data that falls in this peak is
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taken forward for analysis whereas the rest of the events are rejected. The range chosen for this

purpose was between channels 3860 and 4090 as seen in Figure 5.7.
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Fig. 5.7 Time spectrum obtained for one of the germanium detectors of the GAMMASPHERE
array from this experiment. One can set a gate may around the central peak, rejecting the
random events which fall outside of this peak. Smaller peaks correspond to the beam RF,
caused by the pulsed nature of the beam "packets" from the Linac accelerator.

Energy and efficiency calibrations are conducted in a similar way to the previous experiment.
Gamma-ray decay data from !'>?Eu and 3°Co sources are utilised for this purpose. Doppler
correction is again required for data from this experiment and given the light ion beam used in
this experiment, recoils move non-relativistically therefore the non-relativistic Doppler shift
relation may be used as per Equation 3.7.

The velocity at which the nucleus recoils is dependent on experimental conditions including
beam energy, evaporation channel and kinematics. A mean value of 8 can be taken from
classical calculations given that a narrow distribution of recoils is expected for each isotope.
Assuming a narrow angular set of recoils around the beam axis at 8 = 0°, the emission angle
of the gamma ray may be assumed to be the Gammasphere detector angle. By plotting Ey’
as a function of detector angle, one can find a 3 value which can be used in the data sort for

Doppler correction.



Chapter 6

Level Structure of °°Zn and Potential
Implications of the Astrophysical
SCu(p,y) Reaction Rate in X-ray Burst

Environments

6.1 Overview

This chapter presents the results from the Gamma-ray Spectroscopy of %Zn, which was
populated in the >Ni(*He,n) fusion-evaporation reaction, performed at the ATLAS facility at
Argonne National Laboratory using the Gammasphere detector array.

Knowledge of this self-conjugate nucleus is limited, as can be seen by Figure 6.1, which
shows a level scheme for this nucleus up to ~7 MeV based on previous experimental work.
This is due to the fact that populating states in this nucleus via fusion-evaporation will either
require a 2 neutron evaporation channel (which will likely have small cross section) or the use

of a *He beam, which is not as readily accessible for an experiment of this type, with very few
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facilities worldwide currently having the ability to produce this beam in conjunction with an
array of HPGe detectors which has the required efficiency and resolution for measuring gamma
rays from such a weakly produced reaction channel. Very few states have firm spin-parity
assignments and there are very few known transitions in this energy range compared to other,
less-exotic, nuclei in this region. A superdeformed band at large excitation energy has already
been established from the heavy-ion fusion evaporation work of Svensson et al. [178]; this

study also identified the 2¥, 4*, 67 and 8" states of the yrast band seen in Figure 6.1, which the

super-deformed band feeds into.
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In this work, a level scheme is constructed based on the analysis of gamma-gamma co-
incidence relationships with previously-identified transitions in ®*Zn in order to extend the
knowledge of the poorly known structure of this nucleus. This work will also shed light on
its low-lying spin structure with a particular focus on identifying levels indicative of shape-
coexistence phenomena. Spin-parity assignments for states with transitions observed in this
experiment can be made due to the well-defined geometry of the Gammasphere array, with
precisely known detector angles with respect to the beam axis. The expanded knowledge on
the low-lying structure of ®*Zn is presented in Section 6.2.

The results extracted from the analysis of this experiment are compared with previous
studies and shell-model calculations in Section 6.3. As mentioned in Section 5.1, there is also
astrophysical motivation for this experiment, with resonant states of the °Cu(p,y) reaction able
to shed light on the impact of this reaction rate on the shape and structure of X-ray burst light

curves - these states are further looked at and their implications discussed in Section 6.4.

6.2 Low-Lying Level Structure of °Zn

In this section, an expanded level scheme for the self-conjugate nucleus %°Zn at energy up to ~6
MeV is created based on data seen in gamma-ray spectra formed from the detection of gamma
rays following the >Ni(*He,n) fusion-evaporation reaction. These one-dimensional spectra,
such as the one seen in Figure 6.2, are formed by "gating" two-dimensional gamma-gamma
coincidence matrices on a particular transition energy by projecting the data within this energy
gate on one axis of the matrix onto the other. The one-dimensional spectrum formed from this
will display the number of counts coincident with the gate energy across all energies. Peaks
in these spectra represent transitions occurring in coincidence with the gate transition. In the
case of the spectrum seen in Figure 6.2, the "gate" is set as the entire energy range, which acts
as if no gate is set, displaying number of counts coincident with any other gamma ray in the

experiment across all energies.



6.2 Low-Lying Level Structure of °°Zn 102

lat
L

1000

800

600

Counts /1 keV

400

200

LW’HM"“I“\J’--J.‘J-JJJALLAL-_I TAPT TP T O TN T T N O T S M Y B A I

0 500 1000 1500 2000 2500 3000 3500 4000
Energy (keV)

Fig. 6.2 Total projection of the Y-y matrix.

The two-dimensional gamma-gamma coincidence matrices are created by incrementing the
matrix for each pair of coincident gamma rays i.e. two gamma rays are detected at energies Ey;
and E,,, both of which occur within the time window set around the prompt peak in the time
spectrum seen in Figure 5.7 in Section 3.8.4, thus a count is logged in the matrix at the points
(Ey1,E2) and (E2,Ey). It should also be noted that since a trigger condition of two coincident
gamma rays was used in this work, transitions which are not fed by or feed another visible
transition (such as a higher energy, low-spin state decaying to the ground state, for example)
will not be seen in any of these spectra. As discussed in Section 5.6, this trigger condition was
required to keep the data rate to a manageable level.

Before going into the analysis of these spectra, one has to remember that the nucleus of
interest in this case, ®*Zn, will not be the only nucleus formed and decaying via gamma decay
in this experiment (see Table 5.1). Peaks in single-gated spectra may show coincidences with
other evaporation channels containing transitions of similar energy. To better understand the

other evaporation channels, the 1D projection of the Y-y matrix with no gate set, displaying
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coincidences with any other gamma ray in the experiment across all energies (Figure 6.2) is
analysed. In this spectrum, several peaks are visible which can readily attributed to other strong
evaporation channels.

It is possible to attribute the peaks in this spectrum to specific transitions in other evaporation
channels based on the prediction evaporation cross section in Table 5.1. Based on these cross
sections, one would expect to see the most intense gamma-ray transitions observed in the
spectrum arise from transitions in °°Cu and *°Ni, with contributions also possible from the
formation of >Cu and °’Ni. Figure 6.3 highlights the largest visible peaks in the 1D projection
of the y-y matrix with no gate. As one can see from Figure 6.3a and Table 6.1, the most

significant peaks can be attributed to transitions in °Cu and **Ni.

Table 6.1 Energies, E,, at which most visible peaks are seen in the 1D projection of the y-y
matrix with no gate set (Figure 6.3a). Using the most recent Nuclear Data Evaluations for the
nuclei believed to be produced in this experiment, peaks are associated to transitions which
closely match in energy. Peaks listed with two transitions were doublet peaks very close in
energy, such as that seen around ~1000 keV shown more clearly in Figure 6.3b.

Peak No. Ej (keV) Associated transition

1 62.9(1) O0Cu: 1+ — 2°F

2 104.3(1) 0Cu: (3%) — 2+

3 225.2(1) O0Cu: 2+ — 1*

4 339.6(1) IINi: 5727 — 3/2

5 454.2(1) OCu: (3%) — 2+
466.0(2) INi: 1727 — 3/2

6 511.24(7) Pair production (as described in Section 2.4).

7 557.9(1) OCu: (4%) — 2t

8 826.4(1) 6ONj: 2+ — 2+

9 998.9(1) NI 7727 — 512
1003.9(1) 607Zn: 2+ — 0t

10 1333.28(8) ONj: 2+ — O*

11 1792.3(1) 60Nji: 2+ — 2+

Q) 491.7(2) Cu: 1/27 — 3/2°

(ii) 768.9(2) STNi: 5/27 — 3/2°
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Fig. 6.3 Spectra displaying the projection of the y-y matrix with no gate set highlighting peaks
relating to other channels from the fusion-evaporation reaction.
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Three of the peaks listed in Table 6.1, however, are attributed to %ONi, which is not one
of the nuclei seen in Table 5.1 given it is not a viable fusion-evaporation channel in this
experiment. Due to the light-ion low-energy beam and substantial target thickness used in this
experiment, it is feasible that reaction products may end up being stopped within the target.
Furthermore, the largest reaction channel in this experiment is that for the production of ®°Cu
(as per Table 5.1), which is an unstable nucleus with half-life 24 minutes [192]. The appearance
of ®Ni is therefore explained by %°Cu stopping in the target and then B-decaying to °*Ni. With
60Cu abundantly produced and having a relatively short half life, B-decays occur at a large
enough rate such that gamma decays from %°Ni are observed.

A peak of particular interest is that around 1000 keV, marked as the 7/2° — 5/2" in NI,
which appears to form a doublet peak with the key 1004-keV 2+ — 0* transition in %°Zn. This
is focused on in Figure 6.3b, which confirms this doublet peak with the >*Ni 7/2- — 5/2" at
998 keV and the °°Zn 2+ — 0* at 1004 keV. Given the close proximity in energy of these
transitions, one would expected the peaks from transitions in >Ni which are in coincidence
with the 998-keV transition to be visible in the spectra gated solely on the 1004-keV 2* — 0*
transition in ®°Zn.

A peak is also seen near 1190 keV (not labelled in Figure 6.3a), which is close to the energy
of the 1189-keV 4* — 2* transition in %°Zn. This energy also corresponds to the 5/2° — 3/2°
transition in *°Ni, thus, with no gate set, one cannot determine which of these transitions this
peak represents (or, the most likely outcome, that it is a mix of both). To ensure the 1189-keV
4* — 2* transition in ®°Zn is observed, one can look at the 1D spectrum formed when gating
on the 1004-keV 2* — 0™ transition in °°Zn. While this gate may contain some contamination
from >°Ni as discussed previously, it should not contain the 1189-keV transition in °Ni as it
does not fall in coincidence with the 998-keV transition. Part of the 1D spectrum formed when
gating on the 1004-keV 2* — 0 transition in ®*Zn, between the energies of 1000 and 3000

keV, is shown in Figure 6.4. A large peak can indeed be seen at 1189-keV, representing the
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4* — 27 transition in %°Zn. Moreover, given the number of counts in this peak, one can be
confident to use this transition in order to analyse coincidences in %°Zn. Using Figure 6.4, it
can also be determined that the known 1555-keV (2*) — 2* and the 2506-keV (3*) — 2* seen

in Figure 6.1 are appropriate transitions for analysing coincidences.
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Fig. 6.4 Projection of the Y-y matrix gated on the 1004-keV transition in °°Zn. - energy range
1000 - 3000 keV

Figure 6.4 shows two other prominent peaks, at 1615 keV and 2158 keV, both of which
correspond to transitions in ©°Zn: the 6* — 4* and the 5*) — 4* transitions, respectively.
As these both decay to the 4" state at 2193-keV, which decays via the 1189-keV 4% — 2%
transition, a simple way to confirm that these peaks correspond to these transitions is to look at
the spectrum formed when gating on the 1189-keV transition. Figure 6.5 shows this spectrum
an energy range of 1500 - 2200 keV and peaks at both 1615 keV and 2158 keV are both clearly
visible, indicating that the transitions at these energies in ®°*Zn are indeed well observed in this

experiment. Other peaks visible in this spectrum are not discussed here and is addressed later
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in this section when coincidence analysis is presented; this spectrum is only presented here to

reinforce the observation of the aforementioned known transitions in °°Zn.
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Fig. 6.5 Projection of the Y-y matrix gated on the 1189-keV transition in ®°Zn. - energy range
1500 - 2200 keV

Based on the evidence presented, a list of known transitions in °°Zn appropriate for use
as coincidence gates is displayed in Table 6.2. 2D y-y matrices can then be gated on these
transitions, allowing for the visulisation of the number of gamma rays observed in coincidence
with these transitions. The 1615-keV transition was not used as a gate in the final analysis
following preliminary analysis of the results seen when gating on this transition. Other
transitions seen in Figure 6.1 are seen with low statistics or are not observed in this experiment
and are thus not used as gating transitions.

Transitions from other evaporation channels mentioned previously will not be the only
ones to fall within the gate energy ranges chosen. In fact, there are transitions in >°Ni that
occur at energies which fall in the chosen ranges for all of the gating transitions. Given the

high likelihood of transitions from other evaporation channels being present in spectra formed
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Table 6.2 Previously reported transitions in ®*Zn observed in this experiment chosen as gating
transitions. E,, is the transition energy as reported in previous work. The "energy range used
for gate" is the energy range which is used to represent the transition on one axis of the y-y
matrix to project onto the other when gating. Superscripts 1, 2 and 3 correspond to the works
in references [43], [178] and [193], respectively.

Transition  Ey (keV)  Energy range used for gate (keV)

2t 0" 1003.7(2) ! 1002-1010
4 2% 1189.2(4) 2 1185-1193
(2*) — 2% 1554.9(6)! 1548-1563
(3%) —2*  2506(1)3 2498-2514
50 54 2158(1) 3 2150-2165

with just one gate, it is possible to gate on two different transitions at once to ensure that the
peaks observed are indeed attributed to the nucleus of interest. 2D gamma-gamma coincidence
matrices are formed in a similar way as before, but in this case the matrix is only incremented
when the pair of coincident gamma rays are both detected in coincidence with a gamma ray
within a set energy gate, thus forming an already gated matrix, known as a "cube". When this is
projected for another energy gate, the 1D spectrum formed will display the number of gamma
rays observed across all energies which fall coincident with both of these gates.

Using 2D gamma-gamma coincidence matrices is a powerful method of analysing coin-
cidences with drastically reduced counts from transitions in other evaporation channels, as
it requires two of these transitions to fall within the given energy gates and also for these to
be in time coincidence with each other. For example, as mentioned previously, the 1189-keV
transition in >°Ni does not fall in coincidence with the 998-keV transition, thus the chance that
a spectrum gated on both 1004-keV and 1189-keV transitions in %°Zn would see peaks from
»Ni is vastly reduced. Counts from transitions of the desired evaporation channel are also
reduced to a lesser degree, therefore significant levels of statistics are required when using this
analysis method.

Figure 6.6 displays three 1D spectra across the same energy range, produced when the

gamma-gamma matrix is gated on just the 1004-keV transition (Figure 6.6a), just the 1189-keV
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transition (Figure 6.6b) and both the 1004- and 1189-keV transitions (Figure 6.6¢). These
figures neatly display the effect gating twice has on the peaks that are visible in the spectrum.
Several peaks which are visible in both single-gated spectra are also visible in the dual-gated
spectrum and these peaks can be confidently taken as representing transitions to the 2193-keV
4* state. The only exception is the peak at 1483 keV, which is the 8" — 6* transition that sits
above the 1615-keV 6" — 4* transition that decays to the 2193-keV 4% state.

Several peaks which are visible in Figure 6.6b are not seen in Figure 6.6a or the double-
gated spectrum in Figure 6.6c and these peaks are generally attributed to transitions from other
evaporation channels. Peaks solely seen in the 1004-keV gated spectrum, such as in Figure 6.6a,
can also be taken to represent transitions to the 1004-keV 2* state. Examples of this are seen
in Figure 6.7a, which displays the same spectrum as Figure 6.6a but for a different energy
range. Peaks here at 2008 keV, 2435 keV, 2631 keV and 2695 keV are seen with a high level
of statistics and cannot be attributed to any known transitions falling in coincidence with the
998-keV transition in **Ni. These are therefore taken to represent newly discovered transitions
to the 1004-keV 2+ state in 0Zn, just as the 2508 keV and 2971 keV peaks represent known
transitions to the 1004-keV 2* state. Figures 6.7 and 6.8 display the same spectra as Figure 6.6
but for different energy ranges, with all peaks relating to observed transitions in 9°Zn marked
accordingly.

Figure 6.9 shows the 1D spectra formed when gating on just the 1555-keV transition
(Figure 6.9a) and both the 1004-keV and 1555-keV transitions (Figure 6.9b). It should be noted
that the number of counts seen from the transitions of the remaining energy gates are far lower
than that of the 1004-keV transition and even the 1189-keV transition. Transitions feeding
these states are not expected to be visible in the spectra formed when gating on just the second
transition in the cascade (such as the 1004 keV in this case) as they were for the 1189-keV 4*

— 2% to the 1004-keV 2* — 07 transition cascade, hence these spectra are no longer shown.
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Fig. 6.6 Gamma-ray spectra highlighting peaks corresponding to observed transitions to the
2193-keV 4* state in 9°Zn, which decays to the 2* state at 1004 keV via a 11189-keV transition
- energy range 1010 - 1700 keV. Peaks marked * are transitions from >°Ni which fall in
coincidence with the 1189-keV 5/2° — 3/2" transition. Peak marked # is the 1399-keV decay
in 3°Cu, from the 7/2" state (which has a transition at 1188-keV feeding it) to the ground state.
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Fig. 6.7 Gamma-ray spectra highlighting peaks corresponding to observed transitions to the
2193-keV 47 state in ®°°Zn, which decays to the 2 state at 1004 keV via a 11189-keV transition
- energy range 1850 - 3000 keV. Peaks marked * are transitions from °Ni which fall in
coincidence with the 1189-keV 5/2° — 3/2 transition.
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Fig. 6.8 Gamma-ray spectra highlighting peaks corresponding to observed transitions to the
2193-keV 47 state in ®°°Zn, which decays to the 2 state at 1004 keV via a 11189-keV transition
- energy range 3000 - 4150 keV. Peaks marked * are transitions from °Ni which fall in
coincidence with the 1189-keV 5/2° — 3/2 transition.
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Fig. 6.9 Gamma-ray spectra highlighting peaks corresponding to observed transitions to the
2559-keV (2*) state in °Zn, which decays to the 2* state at 1004 keV via a 1555-keV transition
- energy range 1400 - 2800 keV. Peaks marked * are transitions from ®°Cu which fall in
coincidence with the 1552-keV 6~ — 5* transition.
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Figures 6.10 and 6.11 display appropriate spectra for the 2506- and 2158-keV gating
transitions, respectively. Figures 6.10a and 6.11a show the chunks of the spectra which
highlight the peaks of interest as these peaks would not be as visually clear if a larger range
for these spectra were presented. Peak energies for all transitions in ®*Zn observed in this

experiment are listed in Table 6.3.
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(a) Projection of the Y-y matrix gated on the 2506-keV transition in Zn.
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Fig. 6.10 Gamma-ray spectra highlighting peaks corresponding to observed transitions to the
3510-keV (3%) state in °°Zn, which decays to the 2* state at 1004 keV via a 2506-keV transition
- energy range 780 - 2900 keV. The peak marked * is the 3/2" — 3/2 transition from >*Ni which
falls in coincidence with the 2505-keV 1/2* — 3/2 transition.
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Fig. 6.11 Gamma-ray spectra highlighting peaks corresponding to observed transitions to the
4352-keV 5™ state in °°Zn, which decays to the 4* state at 2193 keV via a 2158-keV transition
- energy range 900 - 1800 keV. Peaks marked * are transitions from %°Cu.
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Table 6.3 Gamma-ray energies, E,, for transitions in 607n observed in this experiment. E, is
the excitation energy of the state which the transition decays from. Transitions written on the
same line are known decays from the same state.

Ey (keV) || Ey(keV) E,(keV) E,(keV) E,(keV) E, (keV)
2192.6(2) | 1188.7(1)
2559.2(2) 1555.3(1)
3011.4(3) 2007.5(2)
3232.8(8) 1040.2(6)
3438.4(3) || 2434.5(2)
3511.6(2) 2507.7(1) 1318.6(6)
3634.8.7(4) || 2631.0(3)
3698.7(3) 2694.8(2)
3807.5(4) 1614.9(2)
39752) || 2971(2)
4041.4(6) 1482.2(4)
4113.7(7) 1921.1(5)
4261.1(14) 1701.9(12)
4262.2(19) 2069.6(17)
4351.6(8) 840.0(6)
4352.0(6) 2159.4(4)
4394.8(9) 2202.2(7)
4551.7(13) 2359.1(11)
4784(2) 2225(2)
4851.4(7) 3847.5(5) 2294(3)
4856.0(17) 2663.4(15)
4973.5(16) 2780.9(14)
5080.5(13) 2887.9(11)
5127.0(16) 2934.4(14)
5177(2) 2618(2)
5186(2) 2627(2)
5239(3) 2680(3)
5289.5(21) 937.5(15)
5444(3) 3251(3)
5462(3) 1951(3)
5489.6(17) 3297.0(15)
5504.0(17) 3311.4(15)
5510(2) 1998(2)
5748(3) 1396(2)
5782(3) 3589(3)
5858(3) 1506(2)
5858(5) 3665(5)
6269.0(21) 4076.4(19)
6273.0(19) 2761.4(17)
Decays to: 2* 4+ 2% (3% 54
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In order to better understand the low-lying structure of ®°Zn, it is important not only to
determine transitions and energy levels but also the spin-parity (J7) of these levels. The only
energy levels with established J* are those in the ground state band up to a J* of 8*, with
a few other low-lying levels tentatively assigned, as well as those found in the high-energy
superdeformed band.

New and existing levels which have transitions decaying from them observed in this
experiment can be assigned a J* by making use of the conservation of angular momentum.
The angular momentum carried away when a transition occurs between two states must be
equal to the difference in spin between those two states, and this angular momentum can be
experimentally determined by performing angular distribution analysis of the observed gamma
rays. Gammasphere, the gamma-ray detector array used in this experiment, is perfect for this
type of analysis with its large number of detectors and well established ring layout as mentioned
in Section 5.5.

Two methods are commonly used for this kind of analysis, one of which involves obtaining
the intensity of the observed gamma rays at a given angle with respect to a fixed axis. The
recoiling nuclei in fusion-evaporation reactions such as the type described in this work can
be taken to move in a narrow cone along the beam axis, thus one can plot the intensity of the
observed gamma rays as a function of detector angle, with the beam axis taken as the "fixed
axis". This intensity, W(0), as a function of detector angle, is defined in Equation 6.1, where
ay, are the angular distribution coefficients, P (cos0) are the Legendre polynomials and L,y is

the largest multipolarity that contributes towards the decay.

2Lnax
W)=Y aPccos) (6.1)
k=even

As mentioned in Section 2.4, transition strength rapidly diminishes with increasing L, thus

only the L = 1 and L = 2 multipoles are taken as relevant to the decay, represented by the
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a and a4 coefficients, respectively. These coefficients can be computed when a transition
facilitates a change in spin between two states of 0, 1 or 2 [194].

This type of analysis can be done easily with arrays which have well-defined geometries
such as Gammasphere. With Gammasphere, one can look at the spectra formed for each ring
and then plot the intensities seen in each of these spectra as a function of the well-known
angle of each detector ring. This method, however, is not employed for angular distribution
analysis in this work as it requires a high level of statistics which is not the present for the
dataset analysed here. A second method, which looks at the ratio of counts seen for a particular
transition at the most forward and the most backward angles with respect to angles around 90°,
is chosen for this work. This ratio, Rpco, is defined in Equation 6.2, where I is the intensity

measured at a given angle 6 with respect to the beam axis,

I(~0°)+1I(~ 180°)
1(~90°)

Rpco = (6.2)

In order to deduce the change in spin, AJ, brought about by a transition using this method,
one must first perform an internal calibration by finding the Rpco value for well-known
transitions in the nuclei formed from other evaporation channels. This calibration will yield
what Rpco value corresponds to each AJ, meaning that it is possible to understand the AJ of
observed transitions in °Zn by finding their Rpcg ratio.

An internal calibration is necessary because these Rpco values are different for different
experimental setups, dependent on factors such as geometry and number of detectors as well
as the spin of the initial and final states. Therefore, one cannot directly compare these values
from reaction to reaction. For example, in the recent study done with Gammasphere looking at
single-particle and collective excitations in the N = 28 isotones >4Fe and >Mn [195], Rpco
values are all seen up to ~1.3, whereas in this work, values are seen up to ~2.5, with values

~1.3 equating to AJ = 2 in that work but AJ = 1 in this work.
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In this work, two 2D gamma-gamma matrices are formed for coincident gamma rays seen
between 0° and 40° and 140° and 180° and for those seen between 75° and 105°. These
matrices are used to form 1D spectra in the same way as described for analysing coincidences
previously, either by projecting the entire contents of one axis onto the other (i.e. with no gate)
or by setting gates on transitions which fall in coincidence with the transitions of interest. The
number of counts seen in a peak of a 1D spectrum formed from the matrix filled with coincident
gamma rays between 0° and 40° and 140° and 180° is taken to represent /(~ 0°) 4 I(~ 180°)
and similarly anything in the 75° to 105° range is taken for /(~ 90°).

An internal calibration was conducted using known transitions with AJ = 0,1,2 in abundantly
produced 1p and 2p evaporation channels %°Cu and *°Ni, respectively. The Rpco for each
of these is shown in Figure 6.12. It is clear from this plot that transitions with AJ = 1 and
AJ = 2 are discernible, with Rpcg = 0.6-1.6 for Al =1 and Rpcg = 1.8-2.8 for Al =2. Al =
0 transitions are somewhat identifiable at Rpco = 1.7-1.9, but relatively large uncertainties
make concrete spin-parity assignment challenging. In principle, it is also possible to establish
different Rpco which represent E1 and M1/E2 AJ = 1 transitions, however, with the statistics
available here that was not found to be the case. AJ =1 transitions marked with * in Figure 6.12
are E1 transitions and these fall in the middle of the AJ = 1 Rpco range and at similar Rpco
values to many M1/E2 AJ = 1 transitions.

As mentioned above, one can gate the gamma-gamma matrices when trying to obtain the
Rpco for a given transition, as long as the matrices for both angular ranges are gated in the
same way. In most cases, when performing an internal calibration, one must take note of the
multipolarity of the gate transition as well as that of the transition seen in the spectrum, as the
same transition can give vastly different Rpco ratios when gated on transitions of differing
multipolarity. However, this effect is not seen and does not need to be accounted for in this
work due to the large solid angle coverage and symmetry of the Gammasphere array. This

is well displayed in Figure 6.13 where multiple Rpco values are plotted for each transition,
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Fig. 6.12 Rpco ratios for known transitions with AJ =0,1,2 in 60Cu and °Ni observed in this

experiment. AJ = 1 data points marked with * are E1 transitions as opposed to M1/E2. Error
bars seen correspond to 10 statistical uncertainties.
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Fig. 6.13 Rpco ratios for known transitions with AJ = 0,1,2 in %0Cu and ¥Ni observed in
this experiment. Multiple values are plotted for each transition, obtained using gates of
coincident transitions with differing multipolarity. Error bars seen correspond to 10 statistical

uncertainties.
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calculated from peaks in the 1D projection of the gamma-gamma matrices gated on coincident
transitions with differing multipolarity. All of the data points for transitions with multiple
points are seen to cluster at Rpco values quite close together.

The values from the internal calibration can now be used to assign AJ to the transitions in
607n observed in this experiment. Rpcg values and the implied AJ for all transitions in %°Zn

observed in this experiment are listed in Table 6.4 and displayed visually in Figure 6.14.
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Fig. 6.14 Rpco ratios for transitions in ®*Zn observed in this work. Shaded regions are labelled
with their the respective AJ based on internal calibrations. Error bars seen correspond to 10
statistical uncertainties.

A provisional assignment for the spin-parity of the initial and final states for each transition
is given based on the AJ deduced from its respective Rpco ratio and spin-parity assignments
seen in Figure 6.1. For some transitions, statistics were too low to obtain Rpco values to
adequate precision so limits are reported and in some cases, no value can be reported at all. For
transitions where no Rpco is reported, AJ is taken to be between 0 and 2, as it is assumed that
transitions with AJ>2 cannot be observed in this experiment as transitions with multipolarities
of M2/E3 and above are too slow to compete with the faster transitions at lower multipolarities.

Transitions decaying from bound states below the proton separation energy are assigned

the higher of the two possible spin values possible where a precise AJ value can be reported,
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as this is the most likely assignment in this region. Proton unbound states are assigned with
all possible spin-parity assignments possible based on the AJ reported, aside from the state at
5291.2 keV, which is taken as the 8" state in the ground state band as its only decay is to the 67

state in the GS band.

Table 6.4 Angular distribution ratios, Rpco, implied change of spin, AJ, and assignments of all
transitions in ®*Zn observed in this experiment. Ey is the energy of the transitions and E is the
excitation energy of the state which the transition decays from. States below the dashed line
are proton-unbound states which lie above the proton separation energy at 5105 keV [179].

Ex (keV) Ey (keV) Rpco A) Assignment
1003.9(1)  1003.9(1) 2.16(6) 2 2" —=0*
2192.6(2) 1188.7(1) 2.08(6) 2 4+ — 2*
2559.2(2)  1555.3(1) 1.75(9) O 2t — 2%
2559(2) - 0-2 2" — 0
3011.4(3)  2007.5(2) 1.2(3) 1 3—2*
3232.8(8)  1040.2(6) - 0-2 2-6 — 4F
3438.4(3) 2434.5(2) 1.1(4) 1 3—2F
3511.6(2)  1318.6(6) 1.1(5) 1 3t —4*
2507.7(1) 1.338) 1 3t — 2%
3634.8.7(4) 2631.0(3) - 0-2 0-4 — 2*
3698.7(3)  2694.8(2) 1.0(2) 1 3—2F
3807.5(4) 1614.9(2) 2.6(4) 2 6" — 4*
3975(2) 2971(2) - 0-2 2 —2F
4041.4(6)  1482.2(4) 0.78(18) 1 3—-2F
4113.7(7)  1921.1(5)  0.9(2) 1 5—4*
4261.6(19) 1701.9(12) 1.2(3) 1 3% —2*
2069.6(17) 1.9(15) 0-2 (3*) = 4*

Continued on next page
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Table 6.4 — Continued from previous page

Ex (keV) Ey (keV) Rpco Al Assignment
4352.0(6) 840.06)  2.8(11) 2 5t — 3*
2159.44) 1.37(17) 1 5t —4*
4394.8(9)  2202.2(7) 1.1(4) 1 5—4F
4551.7(13) 2359.1(11)  0.9(3) 1 5—4*
4784(2) 2225(2) <0.9 1 3—2F
4851.4(7) 2294(3) - 0-2 (2%) — 2*
3847.5(5) - 0-2 2% —2*
4856.0(17) 2663.4(15)  1.0(6) 1 5—4F
4973.5(16) 2780.9(14) 1.6(6) 0-2 2-6 — 4%
5080.5(13) 2887.9(11) - 0-2 2-6 — 4*
SI270016) 29344(14) 22 2 26T 4t
5177(2) 2618(2) >2.2 2 0+ 4" — 2%
5186(2) 2627(2) 1.89) 0-2 0-4 — 2%
5239(3) 2680(3) 0.6(4) 1 1,3 — 2%
5289.5(21)  937.5(15) 1.6(9) 0-2 3-7— 5%
5291.2(15) 1482.8(8) - 0-2 8" — 6"
5462(3) 1951(3) <0.9 1 24— 3*
5489.6(17) 3297.0(15)  2.7(6) 2 27,67 — 4%
5504.0(17) 3311.4(15) >1.66 02 2*4*6" —4*
5510(2) 1998(2) <1.25 1 24— 3*
5748(3) 1396(2) 0.5(4) 1 4,6 — 5*
5782(3) 3589(3) <I1.1 1 3,5 4%

Continued on next page
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Table 6.4 — Continued from previous page

Ex (keV) Ey (keV) Rpco Al Assignment

5858(3) 1506(2) <1.66 1 6" — 5%
3665(5) >2.0 2 6" — 4*

6273.021) 2761.4(17) 1.6(7) 0-2 (5% — 3*
4076.3(19) - 02 (5% —4*

Certain transitions are taken to decay from the same state if the proposed Ex of the levels
which they decay from in Table 6.3 fall within each others uncertainty range. The placement of
these transitions is verified in most cases by the AJ of the transitions implied from the Rpco
ratio; this is the case for transitions that decay from the proposed excited states at 3511.6 keV,
4352 keV and 5858 keV. It is also possible to make a more precise spin-parity assignment for
these states e.g. for the 5858 keV state, a spin assignment of 6 is in agreement with the AJ
values for both transitions, but this state can only be a 6* state given that transitions with AJ=2,
such as the 3665-keV transition decaying from this state, are assumed to be E2 transitions.

The proposed state at 4261.6 keV has 1702- and 2070-keV transitions decaying from it to
2* and 47 states, respectively. The 1702-keV transition has AJ=1, implying a spin assignment
of 1 or 3 for this state, but the 2070-keV transition has an Rpco value which cannot determine
a precise AJ value, making any spin assignment between 2 and 6 possible. The transitions are
still taken to decay from the same state, with this state tentatively assigned (3*), as 3 is the only
spin assignment in agreement with the possible AJ values for both transitions. The 1555-keV
transition decaying from the 2559-keV state is strongly observed and thus the state can be
assigned confidently solely on this despite no precise AJ for the transition to the ground state.

The states at 4851.3 keV and 6273.0 keV also have multiple transitions proposed to decay
from them but these assignments are tentative as no precise spin-parity assignment was possible

for any of these transitions from angular distribution analysis. The state at 6273.0 keV is
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tentatively assigned a spin-parity of (5%) as its two transitions decay to 4* and 3" states, making
a (5%) is the most likely spin-parity for this state. The state at 4851.3 keV and its decays are
taken as analogous to those seen in Figure 6.1 decaying from the (2*) state at 4852.2 keV and
thus are assigned accordingly in Table 6.4. The 2971-keV transition is assigned without a
precise AJ in a similar way, being taken as analogous to the 2968-keV transition in Figure 6.1.

Using all experimental outputs presented in this section, a level scheme up to ~6 MeV

above the ground state is constructed for °°Zn and is displayed in Figure 6.15.

‘ -
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Fig. 6.15 Full level scheme for ®°Zn based on observed gamma decays in this work. All gamma
energies are in keV.
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6.3 Comparison with Theoretical Calculations and Previous

Work

Results obtained from this experiment presented in Section 6.2 are now compared first with
known information from previous work and then with theoretical predictions made based on
shell-model calculations. This is done with a view to validate the conclusions made from this
work but also to produce an enhanced level scheme for %°Zn by using the results seen in this
experiment in conjunction with previously known information and theoretical predictions. The
nucleus ®°Zn is self-conjugate so, in the absence of a well-studied mirror partner, we rely on
solely on previous information and shell-model calculations to aid in the interpretation of its

structure from experimental results.

6.3.1 Comparison to Previous Work

Table 6.5 presents known information for states below 6 MeV in excitation energy alongside
the equivalent information deduced from this work. Newly-observed levels and transitions are
marked in bold and those observed in previous works but not this work are marked in italics.
Excited states which are newly discovered by transitions observed here and which cannot be
taken as analogous to any previously known state are assigned J* as per the assignments seen
in Table 6.4. Those states which are observed in this work and can be assumed as analogous to
previously known states are not automatically assigned J* based on this work. An interpretive
combination of J* deduced in this work and any J* assignment of the previously known level is

used. These states and their interpretation are discussed below.
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Table 6.5 Previously known information about the energetic structure of ®°Zn compared to the
results seen in this work. The spin-parity (J*) and energy level (Ex) of the states are presented
alongside gamma-ray energies, E,, of any transitions decaying from them. I From the work of
Mazzocchi et al. [43]. 2: From the work of Svensson et al. [178]. 3: From the work of Schubank
et al. [193]. *: From the work of Pougheon et al. [196]. 3. From the work of Boucenna et

al. [197]. ©: From the work of Evers et al. [198].

(Previous work)

(Current work)

J® E, (keV) Ey (keV) J*  Ex(keV)  E,(keV)
2+ 1 1003.7(2) ' 1003.7(2) ! 2t 1003.9(1)  1003.9(1)
4+ 2 2193.05)2 1189.2(4)2 || 4t  2192.6(2)  1188.7(1)

2hH! 2559.0(5) ' 1554.9(6) ! 2t 2559.2(2)  1555.3(1)
2559.0(8) ! 2559(2)

- - - 3 3011.43)  2007.5(2)

- 3034.9(11)3  2031(1)°3 - - -

- 3200(100) 4 - 2-6  3232.8(8)  1040.2(6)

- - - 3 3438.4(3) 2434.5(2)

20 4® 3736 35103(6)°  1318(1) 3 3+ 3511.6(2)  1318.6(6)
2506(1) 3 2507.7(1)

- 3627.0(11)3  2623(1)°3 - - -

- - - 0-4 3634.8.7(4) 2631.0(3)

- - - 3 3698.7(3)  2694.8(2)

4+ > 3710(50)° -~ —~ -~ -~
6+ 2 3808.4(7)2 16154(5)2 | 6%  3807.54) 1614.9(2)
- 3812.0(11)3  2808(1)3 - - -
23 3972.4(8) 3 462(1) 3 2 3975(2) -
1780(1) 3 -
2968(2) 3 2971(2)

Continued on next page
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Table 6.5 — Continued from previous page

(Previous work)

(Current work)

J® E, (keV) Ey (keV) J*  Ex(keV)  E,(keV)
3971(2)3 -~
- - - 3 4041.4(6) 1482.2(4)
- - - 5 4113.7(7) 1921.1(5)
(0™),(2+) © 4180(30) © - - - -~
543 4200.1(8) 3 690(1)3 - - -
2006.8(10) 3 -~
_ _ - (3Y)  4261.6(19) 1701.9(12)
- 2069.6(17)
503 4351.0(11) 3 5% 4352.0(6)  840.0(6)
2158(1) 3 2159.4(4)
(5773 4400(50) > 500 4394.8(9)  2202.2(7)
- - - 5  4551.7(13) 2359.1(11)
503 4776.0(11)3  2583(1)3 - - -
_ _ - 3 4784(2) 2225(2)
2! 4852.2(7) 1 2293.0(10) ! | (2%)  4851.4(7) 2294(3)
3848.3(7) ! 3847.5(5)
- - - 5  4856.017) 2663.4(15)
26 4913.3(9)3  1403(1)°3 - - -
3909(2)3 -~
- - - 2-6 4973.5(16) 2780.9(14)
_ _ - 2-6  5080.5(13) 2887.9(11)
- - - 2*,6%  5127.0(16) 2934.4(14)

Continued on next page
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Table 6.5 — Continued from previous page

(Previous work)

(Current work)

J® E, (keV) Ey (keV) J*  Ex(keV)  E,(keV)
_ _ - 04t 5177(2) 2618(2)
20 5200(60) © - 2" 5186(2) 2627(2)
_ _ - 1,3  52393) 2680(3)
g+ 2 5292.1(9)2  1483.7(6)> | 8*  5291.2(15)  1482.8(8)
(7)° 5300(50) 3 — (7*)  5289.5(21)  937.5(15)

3403 5337.3(11)3  1827(1)3 - -~ —
4333(2)3 -
_ _ - 3,5  5444(3) 3251(3)
_ _ - 24 5462(3) 1951(3)
_ _ - 2+,6%  5489.6(17) 3297.0(15)
26 5503.8(14)3  1531(1)3 2t 5504.0(17) -
_ 3311.4(15)
_ _ - 24 5510(2) 1998(2)
_ _ - 4,6  5748(3) 1396(2)
_ _ - 35  5782(3) 3589(3)
_ _ - 6* 5858(3) 1506(2)
_ 3665(5)
_ _ - (5)  6273.021) 2761.4(17)

4076.3(19)
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Ground state band

States up to a J* of 8* are observed in this work in line with the work of Svensson et al [178].
The information for the 2% state is taken from Mazzocchi et al. [43] as it is the most recent, but
is also seen by Svensson et al. [178]. The J* assignments made in this work are in agreement
with previous work, strengthening their respective assignments, though the spin measurement

for the 8% state is not made here.

Structure built upon second 2* state

The tentatively assigned second (2%) state observed by Mazzocchi et al. [43] at 2559 keV is
strongly observed in this work via the transition to the 2* state in the GS band. This transition is
assigned with AJ=0 in this work, confirming the tentative (2*) assignment. A weaker transition,
direct to the ground state, is also observed in this work. As mentioned previously in Section 5.1,
structure built upon this state is important for investigating possible shape coexistence in this
nucleus suggested by theory.

As well as new states and transitions decaying to this state, the transitions decaying from
the 4852-keV (2*) seen by Mazzocchi et al are observed. No precise spin-parity assignment
was possible for this state in this work and remains as the tentative (2*) previously reported.
One of the new transitions reported with E,=2627 keV is taken to decay from the state seen by
Evers et al. [198] at 5200 keV, with the energy level of this state detailed in this work consistent
with this value and its large uncertainty. In this work, no precise assignment was possible for
this state, yielding a possible range of 0-4, while Evers et al. [198] reports a spin of 2, thus this
state is tentatively assigned a J* of (2*). The (2*) assignment is favoured as a change of parity

is far more unlikely for a low spin AJ=0 transition such as this.
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Structure built upon state at 3510 keV

The state reported at 3510.6 keV by Schubank et al. [193] (at 3520 keV by Evers et al. [198])
is seen in this study (at 3511.6 keV) via the well observed 2507.7-keV transition to the 2* state
in the GS band, with the transition decaying to the 4" state reported by Schubank et al. [193]
also seen in this study at 1318.6 keV. Schubank et al. [193] and Evers et al. [198] disagree on
the spin-parity of this state, with claims of 2(",4%) and 3 made by the respective studies. In
this work, both transitions decaying out of this state are taken to have AJ=1, consistent with a
3* assignment in agreement with Evers et al. [198], and thus 3* quantum numbers for this state
are adopted accordingly.

Among the 4 new transitions decaying to this state observed in this work is the 840.0-keV
transition taken to decay from the state at 4352.0 keV. This state is previously reported by
Schubank et al. [193] along with a transition to the yrast 4* state. This transition is also strongly
observed in this work (Ey=2159.4 keV), with AJ=1 from angular distribution analysis indicating
a spin of 5 for this state consistent with the work of Schubank et al. [193]. The 840.0-keV
transition decaying to the 3* mentioned previously facilitates a AJ=2 decay, implying a 5*
assignment for the state which it decays from. This evidence coupled with the energy of
this transition falling within 16 of the energy difference between the two states justifies its
placement and the 5 assignment given to the state at 4352.0 keV.

Furthermore, 3 new transitions are observed in this work decaying to the 5* state at 4352.0
keV. The 937.5-keV transition appears to decay from the (7°) state seen by Boucenna et al. [197],
with the state energy of 5289.5 keV presented in this work well within the large uncertainty
bounds from the previously known value. No precise spin-parity assignment was possible for
this transition in this work, with any spin assignment from 3-7 possible for the state, based
solely on the observation of the gamma rays. Given that the previously reported spin assignment
for this state of 7 falls within the range of assignments reported in this experiment, the state

is tentatively assigned (7). The change to the previously reported negative parity is made
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because an assignment of (7°) would imply an M2/E3 decay, which is usually very unlikely to

be observed in in-beam experiments such as this, where lower multipolarity decays dominate.

Other transitions decaying to the 2193 keV 4* state

In addition to the previously known transitions already discussed which decay to the 2193.0-keV
4* state, 15 new transitions are observed decaying to this state in this work. The 1040.2-keV
transition observed in this work is taken to facilitate a decay from a state at 3232.8 keV. This
state is taken as analogous to the 3200 keV state seen by Pougheon et al. [196], although no
spin-parity is reported by this study and no precise assignment is possible from this work,
meaning this state can only be given a spin range between 2 and 6.

A state at 4394.8 keV seen in this work via a newly discovered 2202.2-keV transition to
the 4* state appears consistent with the (57) reported by Boucenna et al. [197]. An angular
distribution analysis in this work indicates the 2202.2-keV transition to facilitate a AJ=1 decay,
yielding a spin value consistent with that previously reported. The parity of this state cannot be
obtained from this work and thus a spin-parity of 5 is adopted for this state, with the tentative
negative parity assignment taken from Boucenna et al. [197].

Another state observed in this work appearing to be previously known is that seen at 5504.0
keV decaying via a 3311.4-keV transition to the 4* state at an excitation energy of 2193.0 keV.
This state is observed at 5503.8 keV by Schubank et al. [193] with no spin-parity assignment
and at 5520 keV by Evers et al. [198] with a spin of 2. In this work, the 3311.4-keV transition
is taken to have AJ=0,2, implying a spin-parity assignment of 2*,4* or 6. Given the previous

spin assignment of 2, a spin parity of 2* is adopted for this state.

Previously reported states and transitions not observed in this work

While several previously known transitions were observed in this experiment, one can see

from Table 6.5 that some transitions and states are not observed in this work. All but two are
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reported from the “®Ni(*He,ny) study by Schubank et al. [193]. Given the similarity between the
experimental setups of that study and this work, this discrepancy would at first be unexpected,
but can be explained by the type of target used in the respective experiments. The experiment
conducted by Schubank et al. [193] used a natural Ni target, containing only 68% >3Ni, as well
as 26% ONi, 4% 2Ni and 1% of both ®1:%*Ni. The target used in this work, on the other hand,
was one enriched in *®Ni to over 99% purity. Therefore, it is reasonable to assume that the
target used in the work of Schubank et al. [193] was of a significantly lower purity, making it
more likely for several other contaminants to be produced, in turn increasing the likelihood of
mis-assigned gamma rays.

Figure 6.16 displays the level scheme constructed from the conclusions made in the discus-

sion presented in this section combined with the results reported in Section 6.2.

Excitation Energy (MeV)

W
0 i

Fig. 6.16 Full level scheme for ®*Zn based on observed gamma decays with adopted spin-parity
assignments in the present work, supported by previous work. Levels and transitions newly
observed in this work are represented by dotted lines and those which were previously known
are in solid lines. All gamma energies are in keV.
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6.3.2 Comparison to Shell-Model Predictions

In the case of a self-conjugate nucleus, such as 607n, comparison to a mirror nucleus is not
possible. Therefore, appealing to theoretical models is important when looking to draw firm
conclusions about low-lying structures. The shell model is chosen as the theoretical basis
for these predictions as opposed to mean-field models referred to in the Coulex experiment
previously discussed in this work. The reason for this choice is because here we are interested
in higher-lying states close to the proton emission threshold, which are not accessible with
mean-field techniques, which are better utilised for low-lying structure. Furthermore, there is
interest in the suitability of a >*Ni core for 0Zn.

In this section, the results presented in this work are compared with shell-model calculations
performed with the NuShellX code in the jj44pn model space (*°Ni core) and using the jj44pna
interaction with effective charges of 1.5 and 0.5 for protons and neutrons, respectively. These
calculations were performed specifically to be included in this thesis work by another member
of the Department of Physics.

A partial level scheme displaying the results of these calculations for levels which can
unambiguously be related to experimental counterparts is shown in Figure 6.17a. These can be
compared with their experimental counterparts, seen in Figure 6.17b. An immediately obvious
difference in the structures from these calculations with respect to the experimental results is
the yrast band decaying to the second 27" state. It is assumed that the shell model does not
predict the correct energy ordering for the two lowest-lying 2" states. This is an assumption
supported by the structure built upon these two states. The structure predicted by the shell
model to be built upon the "first" 27 state at 1709 keV is similar to that in experiment built
upon the second 2 state at 2559 keV and the structure above the predicted "second" 27 state
at 1898 keV is similar to that above the experimental first 27 state at 1004 keV.

The shell-model predictions also reproduce the first 3 state, decaying to the 2 and 4

states in the ground state band, and this can be taken as analogous to the state observed at
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3511.6 keV. Similar to the case of the first and second 2 states, it appears that the shell model
also incorrectly predicts the energy ordering for the similar energy 3" states, with the higher
lying 57 state (taken as analogous to the experimentally observed 4352-keV state) decaying to
the higher energy 3™ state which decays to both 27 states as opposed to the first 3™ state as
observed in experiment. This second 3" state is more difficult to pair with an experimental
counterpart as no states which could have this spin are observed to decay to both 2" states;
it could feasibly be paired with the state experimentally observed at 3438.4 keV, with the
transition to the second 2" possibly too weak to be observed in this experiment.

States predicted by these shell-model calculations are successfully paired with experimen-
tally observed states at similar energies, spin parity and gamma-decay branches. However,
the energy difference between the levels generally disagree. This discrepancy stems from the
overestimation of the excitation energy of ground state band 27 state (predicted at 1898 keV
but observed at 1004 keV) and the underestimation of side-band 2% state (predicted at 1709
keV but observed at 2559 keV).

The shell-model predictions using the parameters mentioned previously are somewhat able
to describe of the low-lying structure of the self-conjugate nucleus °Zn, with some newly
observed states predicted reasonably well. These calculations are not fully in agreement with
experiment, due to the use of the relatively soft >’Ni core for nuclei in this region. It should
be noted that calculations in this region using an alternative core, such as “°Ca, may be more
appropriate. These will, however, require a significantly larger model space and, therefore,

computational time.
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6.4 Astrophysical >Cu(p,y) Reaction Rate

Although not the primary goal of this work, it is possible to gain insight into the 3°Cu(p,y)
reaction as gamma decays are observed from states above the proton emission threshold.
Properties of proton-unbound states in ®°Zn can be used to evaluate the >°Cu(p,y) reaction rate
in order to better understand the shape and structure of X-ray burst light curves. Specifically,
low-spin states which correspond to low-1 proton captures (i.e. where a proton with a small
amount of angular momentum captures onto a nucleus) on the 3/2° ground state of >*Cu are
expected to play a decisive role.

The reaction rate, r,x, of a nuclear reaction a +X — Y + b, or X(a,b)Y, in a stellar

environment can be expressed by,

g\ 1 = E

where N, and Nx are the number of particles of a and X, respectively, u is the reduced
mass of the system, U = mymy /(my + mx), k is the Boltzmann constant, 7 is the temperature
of the stellar environment, E is the energy and o (E) is the energy dependent cross section.

Resonant reactions occur through an excited state of a compound nucleus, C*, such that
a+X — C* = Y +b where C" is at energy E,. At astrophysical temperatures, X (p,7)Y
reactions are dominated by captures to resonances close to the proton emission threshold. These
resonances can only occur if conservation of angular momentum and parity are maintained. For
X (p,7)Y resonances, the spin of the resonant state Jc = Jx +Jp + [, where Jx is the spin of
the ground state of X, J}, is the spin of a proton (1/2) and 1 is the angular momentum for proton
capture. Similarly, the parity of the resonant state 7(J¢) = 7(Jx) - 7(J,) - (—1)!, where m(Jx)
is the parity of a and 7(J),) is the parity of a proton (+1). In the > Cu(p,y) reaction, resonance
states must satisfy spin condition Joc =3/2+1/2+41 =1+ 2, hence why low-spin states in

6071 correspond to low-1 proton captures.
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The reaction rate, rpx, for X (p,7)Y where narrow isolated resonances dominate, can be

given by,

3
27 2 2 Ei
rpx = NpNx <_,ukT) h Zi:(a)y)iexp <_ﬁ> (6.4)

where new variables @7; and E; are the resonance strength (defined in Equation 6.5) and
resonance energy (Ex —S(p)c) of each resonance contributing to the stellar reaction rate. For

Equation 6.5, I, and I'y are the proton and y-ray partial widths.

(20 +1) (20, +1) T, + Ty (6.5)

Yy =

The low-energy resonant states which are relevant to the reaction rate will typically have
large y-decay branches such that I', « I'y. One can thus simplify Equation 6.5 such that @y
= ol',. The proton partial width, I',, is dependent on the spectroscopic factor, C?S, and the
single particle width, Iy, as given in Equation 6.6. Iy, is defined in Equation 6.7, where m is
the mass of the particle, R is the nuclear radius (as described in Section 2.2.1), P¢ is the proton

penetrability and 6y, is the dimensionless single-particle width.

I, =C%STy, (6.6)
ﬁ2
Tp = 2WPC931, (6.7)

It is clear from this brief discussion that the astrophysical reaction rate is dependent on
properties of proton-unbound states in °°Zn including excitation energy and relevant resonance
energy, spin-parity and spectroscopic factor. While this study has discovered multiple new
states above the proton emission threshold at S, = 5105.0(4) keV [179] (listed in Table 6.6), in
general, definitive spin-parity assignments are not possible, therefore the 3°Cu(p,y) reaction

rate cannot be evaluated to the level of precision required for X-ray burst nucleosynthesis
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models. Given the high level density in this energy region, the imprecise spin assignments of
the majority of these levels as seen in this work would lead to proton penetrabilities varying
by several orders of magnitude based on the different potential spin assignments of all these
states. This, together with the unknown proton spectroscopic factors, would lead to resonant
strengths that are uncertain by several orders of magnitude. Furthermore, the unconfirmed
potential for shape coexistence in this nuclei leads to further uncertainty in the reaction rate,
since bands built upon potential shape coexisting states will further increase the level density in
the astrophysical burning region. As well as this, low-lying O™ states are potential isomers and

thus potentially extra states to which proton capture can occur.

Table 6.6 Properties of proton-unbound resonant states in %°Zn observed in this work. J” is the
spin-parity assignment based on this work, Ey the level energy, E, the transition energy for
decays from the state and E, the resonance energy relative to the *?Cu+p threshold at 5105
keV [179].

¥ Ey(keV) E (keV) E,(keV)

2767 5127.0(16) 22(2) 2934.4(14)
0t4t  5177(2)  73(3) 2618(2)
2% 5186(22)  81(3) 2627(2)
13 52393)  134(4)  2680(3)

(7)) 5289.5(21) 184(3)  937.5(15)
3,5  5444(3)  339(4)  3251(3)
24 5462(3)  357(4)  1951(3)

2* 6% 5489.6(17) 385(2)  3297.0(15)

2 5504.0(17) 399(2) 3311.4(15)
24 55102)  405(3)  1998(2)
46 5748(3)  643(4)  1396(2)
35  5782(3)  677(4)  3589(3)
6 5858(3)  753(4)  1506(2)
3665(5)

5t 6271(4)  1166(5) 4076.3(19)

2761.4(17)

Nevertheless, the first observation of these gamma decays enables some conclusions to
be drawn on the level density beyond the proton emission threshold, with the level density

observed in this work roughly in agreement with the recent work of Soltesz et al. [199]. This
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paves the way for future work, such as an angle-integrated >*Cu(d,n) measurement which can
identify the states with large spectroscopic factors, C2S, that play a key role in the astrophysical
Cu(p,y) reaction rate. Such a study could be performed with the GRETINA + S800 setup
at the National Superconducting Cyclotron Laboratory (NSCL)/FRIB. Studies of this type
have been successfully used in the past to identify key resonances in several reactions of
astrophysical interest [200-203], once the key gamma rays have been identified.

In addition, the data and analysis reported here are being combined with a further study
of 90Zn performed with Gammasphere at ANL using the microball and neutron wall ancillary
detectors. These data are in the final stages of analysis and a publication combining both sets
of data that will likely significantly reduce the uncertainty in the *°Cu(p,y) reaction rate will be
prepared shortly. This work relies, critically, on the additional information on the low-lying

structure of ®0Zn revealed in this thesis.



Chapter 7

Conclusion and Outlook

7.1 Conclusions and Outlook: Low-Energy Coulomb Exci-

tation of "2Se

A low-energy Coulomb-excitation experiment was performed at the HIE-ISOLDE facility
at CERN using a beam of radioactive >Se ions, with the goal of obtaining a detailed set of
nuclear matrix elements to describe its low-lying structure. This experiment was performed
with two targets, 2%®Pb and '°6Pt, with the majority of data expected to be collected with the
208pp target. However, due to technical difficulties with the zirconium oxide production target,
the radioactive beam intensity delivered was only a fraction of what was expected. As a result,
the total statistics collected with the 28Pb target was significantly less than anticipated, with
only a single transition in 7>Se observed.

Information that could be obtained on the matrix elements connecting low-lying states
in 7>Se from this experiment was more limited than first expected. No model-independent
measurement was possible using the 2°8Pb target data, but using the data from the '*°Pt target,
it was possible to deduce the quadrupole moment of the 21“ state with just a single "*Se

transition observed, via the target normalisation method. This was achievable as 196pt has
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well-established low-lying structure and precisely known spectroscopic data. Furthermore,
3 transitions from this nucleus were observed in the experiment. Quadrupole moments are
attainable from these experiments given the angular dependence of the cross section due to the
reorientation effect, with the gamma-ray yield measured for different angular ranges of the
scattered particle. All values for matrix elements and quadrupole moments reported in this
work are in units of eb.

The quadrupole moment for the ZT state in 7?Se was found to be Q (2?) = —0.24f8:£,
implying a prolate configuration, in agreement, at the 10 level, with the other experimentally
reported value by Henderson et al of —0.571“8:%3 [167], but with a significantly reduced
uncertainty. This outcome confirms that the shape change between prolate and oblate shapes
does not occur until at least 7°Se in the selenium isotopic chain. The transitional matrix element
deduced from this experiment, <2fr }E 2’OT> = 0.5101“8:8;2, is also within the 1o limit of the
literature value [170].

As well as the single transition in 72Se, a transition from a beam contaminant, deduced to be
%8Ge, is observed. This represents the first post-acceleration of a radioactive neutron-deficient
Ge isotope at an ISOL facility and is due to its extraction from the ion source as a 68GeS
molecule. The quadrupole moment of the ZT state in ®Ge is deduced in a similar fashion to
that for "2Se. The first experimentally-deduced value, Qs(2]) = —0.3970-33, again implies
prolate configuration, as in the "?Se case.

Theoretical predictions made for the quadrupole moment for the 2;“ state in 72Se using
several different models are in contradiction, with the prolate configuration for this state
reported in this work in agreement with calculations utilising beyond mean-field approaches
but in disagreement with interacting boson model (IBM) calculations. This result reinforces
the suitability of beyond mean-field approaches for regions of the nuclear chart where shape

transitions are anticipated to occur.
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The analysis reported here has resulted in an accepted follow-up Coulomb-excitation
experiment, with a view to obtaining a greater set of E2 matrix elements connecting low-lying
states in selenium isotopes - ideal for the further testing of theoretical models. Outlook into
the nuclear structure and shape coexistence in neutron-deficient selenium isotopes can also
be provided by neutron transfer reactions, specifically two-neutron transfer reactions, which
can allow for the determination of the shape evolution for 0" states across the isotopic chain.
A 74Se(p,t)"%Se reaction study could provide valuable additional information and serve as an
interesting follow-up to this work and to future Coulomb excitation studies. In such a study,
a high-energy 7#Se beam would be directed onto a target containing protons, such as CH,
and tritons produced from the resulting two-neutron transfer (p,t) reaction would be detected
by silicon detectors at forward lab angles. Such reactions have proven difficult in the past
for several reasons. For example, the Q-value tends to be quite high (Q =-11.979106 MeV /
nucleon for this specific reaction). But with the development of higher energy and intensity
accelerators and advancements in technology, performing these reactions are a more realistic
possibility. A feasibility study into this potential experiment, where the reaction is simulated, is

presented in Appendix A.
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7.2 Conclusions and Outlook: Gamma-Ray Spectroscopy of

the (N = Z) Nucleus °Zn

The light-ion fusion-evaporation reaction reported in this work allowed for the observation of
a multitude of new states and transitions in the previously poorly known low-lying structure
of 99Zn. Previously unknown structures built above the second 27 state and yrast 37 are
discovered, as well as several new states with transitions decaying to the 2" state of the ground
state band. While the O;“ was not observed here, the firm assignment for the second 2+ state
will provide critical information for further experiments to test the predicted shape changes and
coexistence of prolate- and oblate-deformed structures in this region of the nuclear chart.

Limited statistics prohibited a comprehensive angular distribution analysis where the
intensity of the observed gamma rays at given angles is plotted as a function of emission angle.
Therefore, an alternative analysis where the ratio of counts seen for a particular transition at
the most forward and the most backward angles is conducted. This analysis has lead to more
precise spin-parity assignments of previously known states, as well as precise assignments for
some of the newly-observed states.

The results presented in this work generally agree with the limited information from
previous work and is able to enhance and build upon this previously reported data in most cases.
Not all states and transitions detailed in other studies are observed in this work. However, it is
wort noting that these states are only reported in one previous study which was performed with
gamma-ray detectors with limited resolution and without enriched target material. Shell-model
predictions are able to tentatively predict parts of the low-lying structure of %°Zn observed
in experiment, with some newly observed states being paired with states predicted by theory.
These calculations are not fully in agreement with experiment, however, bringing into question

the ability for these type of theoretical models to make predictions for nuclei in this region.
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In addition to the extension of the low-lying level structure of ®°*Zn, several gamma decays
were observed from states above the proton-emission threshold. Some of these states could
correspond to resonances in the °Cu(p,y) reaction rate, which play a key role in the shape
of X-ray burst light curves. With this in mind, a dedicated experiment performed at ANL
with Gammasphere coupled to the neutron shell and microball ancillary detectors was recently
performed to obtain further information on these proton-unbound gamma-decay states, such
as more precise resonance energies and spin-parity assignments. This work is in the final
stages of analysis and will be combined with the (*He,n) study reported here to provide the
most comprehensive experimental description of %°Zn up to the region relevant for explosive
hydrogen burning. Furthermore, a >Cu(d,n) integrated cross section measurement was recently
accepted to be performed at the FRIB facility. This will be conducted with a view to constraining
spectroscopic factors in this energy region of %°Zn, allowing for a more precise estimation of
the astrophysical >°Cu(p,y) reaction rate. Studies of this type rely on existing knowledge of

gamma rays from the unbound states of interest, such as those reported here.
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Appendix A

Feasibility Study of the 74Se(p,t)’*Se

Reaction

Here, the 7#Se(p,t)’?Se reaction is simulated, where a high-energy "#Se beam would be directed
onto a proton target and tritons produced from the resulting two-neutron transfer (p,t) reaction
would be detected by silicon detectors at forward lab angles. Such reactions have proven
difficult in the past for several reasons, for example, the Q-value tends to be quite high (Q
=-11.979106 MeV / nucleon for this specific reaction). But with the development of higher
energy and intensity accelerators and advancements in technology, performing these reactions
are a more realistic possibility.

Given the complicated nature of performing this experiment and extracting worthwhile
results, it seemed sensible to perform a feasibility study using simulations created by computer
codes to analyse the kinematics of the reaction. A basic computer code using relativistic
kinematics can be written and used to perform these simulations.

The reaction simulation will give indicators as to whether this experiment can realistically
be conducted. Firstly, tritons reaching the detector can be estimated. If number of tritons
that hit the detector is too low, the validity of the data produced from the experiment will

be compromised. The simulation can also give an insight into the energy resolution of the
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detector(s). After factoring in the beam uncertainty, if the chosen detector(s) cannot distinguish
between tritons representing different nuclear states, the results obtained will be meaningless.
Once hypothetical setups are constrained with these indicators, calculations can be made to see

if Rutherford scattering of the beam will contaminate the data collected.

Overview

Neutron transfer reactions are reactions where a select number of neutrons are transferred to or
away from the nucleus of interest. These are classified as direct reactions and "are generally
used to explore the shell-structure of the nucleus, since they are sensitive to specific states
through the insertion or removal of nucleons to/from a given orbital" [204].

Since direct reactions probe individual nucleons within the nucleus and leave the rest of
the nuclear interior unchanged, the shell structure of the nucleus can be directly observed.
Nucleon transfer reactions are an essential tool in this regard, since the angular distribution
of the observed ejectile is a direct signature of the angular momentum transferred in the
reaction [205]. The idea with this experiment is to use a two-nucleon transfer reaction as a
spectroscopic probe, which, if successful, can provide novel information into the shell structure
of 7?Se nuclei.

For two-nucleon transfer probes, the final state angular distribution is sensitive to the angular
momentum transfer, however unlike in the single-nucleon case, this angular momentum is
carried by a pair of particles, and therefore does not directly reflect the angular-momentum of
the single-particle states where the nucleons are transferred [205]. The total angular momentum
of the transferred pair can be shared in several ways. Therefore, all such possibilities are
consistent with the structure of the connected states must contribute coherently to the reaction.
Consequently, the two-nucleon transfer cross-sections are proportional to this constructive (or
destructive) coherence, which depends explicitly on the correlation of the nucleon pair. The aim

of experiments such as this is to populate the ground state of different bands (potentially up to
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the 5th 0* state as in the case for *Zn [204]) which can test the accuracy of the isospin-mixing
calculations within the shell model and give a better understanding of the shell model orbitals

that drive nuclear reactions [204].

Reaction Simulation

Before the detector geometry is considered, the simulation is run in order to display at what
angle (in the lab reference frame) and energy tritons would hypothetically hit a detector given
a chosen beam intensity. The results for this are shown in Figure A.1. This is done in order
to see if the energy resolution is acceptable at any angle. As this reaction is done in inverse
kinematics, two solutions will always be visible for the tritons.

The level spacing for the excited states in this isotope is in the order of 800 keV. The code
was implemented in such a way to simulate tritons being produced with a difference of 400
keV in energy, i.e. simulating two nuclear states with an energy spacing of 400 keV. The
reasoning behind this is that if tritons produced from two nuclear states 400 keV apart are
clearly distinguishable in a simulation, it can be said with confidence that tritons in the actual
experiments produced from nuclear states with an energy spacing in the order of 800 keV could
be definitely resolved. If it was possible to distinguish between the two at any range of angles
in a plot created by the code, this would mean that the energy resolution at said angles for the
chosen beam should be sufficient for the reaction to be a success.

With a Q value of 11.979 MeV/u, the minimum beam energy for the reaction to even occur
is ~900 Mev. In order to obtain the ideal beam energy for this experiment, calculations of the
distorted wave Born approximation (DWBA) are required. Given the supplementary nature of
this study with respect to this thesis, these are not done here and are calculations which could
be done in further works. Here, the experiment is simulated at two energies, 1100 MeV and

2200 MeV.
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A beam energy of 1100 MeV was initially selected, with a beam uncertainty of 1%, in
line with what can be obtained with typical high-energy cyclotrons. The code was executed
with 107 triton events being simulated. The results from this are shown in Figure A.la. It
is not immediately clear, but distinction could be made between the tritons produced by the
two nuclear states at the lower energy solution. This area is focused on in Figure A.1c and
the distinction between the two types of triton is much easier to see. The simulation is also
done with beam energy of 2200 MeV and beam uncertainty 1%; similar results can be seen in
figures A.1b and A.1d. From these results, it is clear that there is the potential for this reaction
to yield worthwhile results, should the geometry required be feasible.
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Fig. A.1 The angles and energies detected for tritons produced from two different nuclear states

The next step in this study was to determine what kind of detector to use and it was decided
that a W1 type detector with active area of Scm x Scm and a strip width of 3.1 mm [163] would

be used. Given the "acceptable” resolution produced previously was still not appropriate, it was



166

clear that each detector strip could not cover a wide range of angles or they would not be able
to resolve between the different tritons.

It was also noted, as can be seen in figures A.1c and A.1d, that the resolution was certainly
not good enough at angles above 11°and 23°for 1100 MeV beam and 2200 MeV beam
respectively, so geometrical setups at these angles could be dismissed. Angles below 1°were
also dismissed with the assumption the the efficiency of the detector at these angles would be
far too low.

The geometry modelled in the simulation is visualised in Figure A.2, where d1 is the linear
distance to the plane of the detector and d2 is the distance from the beam line axis to the
detector. Varying these distances allows the manipulation of the angles spanned by the detector

as the detector will cover the distance from d2 to d2 + 49.6 mm.

—————————— | detector | detector = 16 x 3.1mm

<-- target

Fig. A.2 Simple representation of the prospective geometry for the experiment, used for the
simulation

The detectors properties were factored into the code and several plots were created exploring
different geometrical setups obeying the constraints mentioned above, with beam energy of
both 1100 and 2200 MeV. Some of these are presented in figures A.3, A.4, A.5 and A.6. These
plots give give an insight into what the 16 strips of this W1 type detector would see given a

specific experimental setup.
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Figures A.3a and A.3b show results for very small angle detection. It is likely at these angles
that the results would be affected by Rutherford scattering, but this area is investigated first to
see if it produces a favourable setup. If this were the case, precise Rutherford cross-section
calculations can be made to see if the angle range is affected or not. However, in this case,
it is not worth going this far. While the resolution for both beam energies is very good, the
efficiency is very poor, with <1% of tritons actually being detected. This means that in order to
extract worthwhile results, an unfeasibly long run time or beam intensity would be required.
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Fig. A.3 Detector hits at low angle for the reaction where d1 = 1500mm and d2 = 31mm,
spanning 6 ~ 1°- 3°

The plots that can be seen in Figure A.4 are for two different geometrical setups which
have the detector starting its angular range at a value of around 6°. In plots A.4a and A.4b, the
value of d1 is kept the same as in the simulation rum at small angles, with d2 moved across to
reflect the change in angle that is desired. The resolution in both cases is still very good, but
the triton efficiency is still quite poor, especially for the 2200MeV beam energy case, where
it is still <1%, with respect to ~ 2% for 1100 MeV. Plots A.4c and A.4d reduce both d1 and
d2 by a factor of 2.5, meaning the angular range spanned by the detector is greater thus the
efficiency is increased. The drawback of smaller distances is that each detector strip covers a
larger chunk of theta, increasing the risk of poor energy resolution. This problem is visible in

Figure A.4c, where the resolution is still okay at the lower angles and energies but is lost as



168

these increase and it no longer becomes possible to distinguish between the two solutions. This

is not a problem in the 2200 MeV case in Figure A.4d, but the efficiency is still low at around

2%.
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Fig. A.4 Detector hits spanning 6 ~ 6°- 8°for (a) and (b), spanning 6 ~ 6°- 11°for (c) and (d)

Some different geometrical setups for the detector in the beam energy = 1100 MeV case
are explored in A.5. Figure A.5a shows an adjustment to the setup in A.4c, with d2 reduced in
order to span lower angles in an attempt to regain good energy resolution. This is successful,
but with a cost in efficiency, falling to around 4%. This is not bad, but with such low angles
in question, further and more precise Rutherford scattering calculations may be needed. The
dI= 1500mm case is re-explored in Figure A.5b, with a d2 value to make the detector span

the highest possible angles where we could expect to see any resolution as deducted from
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Figure A.lc. In this case, the energy resolution of the detectors is borderline, with the two
solutions just about distinguishable. Again, the efficiency is around 4%. Comparing this plot
with the one in Figure A.4c shows the resolution is dependent on how much angle each detector

strip subtends, with the resolution is very poor in A.4c but workable in A.5b.
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Fig. A.5 Some other geometrical setups for beam energy = 1100 MeV

With the efficiency of any simulation shown so far with beam energy = 2200 MeV not being
above 2%, Figure A.6 displays plots with setups attempting to improve this. The first thing
that is striking about these plots compared others with beam energy = 2200 MeV is that the
energy resolution is nowhere near as optimised. In Figure A.6d, the two solutions are totally
indistinguishable and problematically, this is the setup that provides the highest efficiency ~
5%. Unfortunately, each detector strip subtends to large an amount of theta to be able to resolve
between energies at a high enough level. The other 3 setups with greater d1 values (i.e. with
detector spanning small angle ranges) all have an efficiency of around 2-3%. This is still quite
low and as mentioned previously, none of these have a suitable energy resolution. Given this
evidence, it seems the reaction is less feasible when performed with a beam energy of 2200
MeV.

It has to be noted that the simulation as it was run here provides very rough and basic
results given time constraints. Going forward with this work, as well as incorporating DWBA

calculations for finding the best beam energy, accurate spectroscopic factors could be factored
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into the code, giving a complete insight into the resolution of the detectors in a more realistic
fashion. The intrinsic resolution of Silicon could also be included, modelled with a Gaussian
distribution in a similar way done for the beam uncertainty. These changes would provide more
credible results and simulations incorporating these may be done going forward. Nonetheless,
the simulation as described above give a reasonable insight into whether this reaction is even

remotely feasible and whether it is worth investigating further.
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Fig. A.6 Some other geometrical setups for beam energy = 2200 MeV
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Potential Future Experiment

The evidence in this section points to the fact that this reaction is feasible, though possibly
requiring a well-optimised setup to produce useful results. This has not been perfectly con-
strained here for the reasons just mentioned, therefore making it tough to make a definitive
statement on its feasibility at this moment in time. From the simulations performed so far, it
would appear that placing the detector in such a way that d1 ~ 600mm and d2 ~ 40mm (as
displayed in Figure A.2 with a beam energy of 1100 MeV is a setup that could potentially
provide worthwhile results. Future investigation into the feasibility of this reaction can be done

using this setup as a starting point to be further improved with more precise calculations.



Appendix B

Input Files used for Coulomb Excitation

Analysis

As discussed in Section 4.2, GOSIA is used to extract matrix elements of interest via a
multidimensional fit to the data. The data required is also detailed in this section and the
input files used to define this data for this thesis work are presented here. An extension of the
GOSIA code, GOSIA2, is used in this work, where the extraction of projectile matrix elements
is realised by normalising to the target data. In this case, the required input data specified is
required for the both beam and target. The x> minimum is found for the target data and the set
of normalisation factors deduced is used to minimise the beam data. This is achieved using
the ’chisqsurface’ code alongside GOSIA. This code is run from the command line using the
following command, with flags as defined in Table B.1:

chisqsurface -m 72Se_196Pt.inp -1 72Se_196Pt_INTLinp —np=4 —nt=20 —x-low=-1.5 —x-
upp=1.5 -nx=301 —y-low=0.3 —y-upp=0.8 —ny=51 —x-index=3 —y-index=1

The minimisation file, *72Se_196Pt.inp’, is shown in Figure B.1. The very first line of this
file is a flag ("1") to tell GOSIA2 that this is the file for the projectile. The first section titled
"OP,FILE" introduces all of the extra files (both input and output) that will be used by the code.

Key input files introduced here are the target input file, "196Pt.inp" (shown in Figure B.2),
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Table B.1 Flags used in the chisqsurface code. For the 'total number of data points’, this is the
total sum of the number of yields and the number of literature values for spectroscopic data

Flag Input
-m Minimisation file
-1 Integration file
—np Number of projectile data points
—nt Number of target data points
—x-low Lower limit for x-axis matrix element value
—X-upp Upper limit for x-axis matrix element value
—nx Number of steps in the x-axis matrix element
—y-low Lower limit for y-axis matrix element value
—y-upp Upper limit for y-axis matrix element value
-ny Number of steps in the y-axis matrix element

—x-index Index of x-axis matrix element (from input file)
—y-index Index of y-axis matrix element (from input file)

the projectile yields file, "72Se_196Pt.yie" (shown in Figure B.5) and the two miniball files
which define the size and geometry of the gamma-ray detector array. Other files defined here
are output file, such as "72Se_196Pt.out" where results from the minimisation are written, and
the ".bst" files, where best fit matrix element values are written. Defining these bst files means
further input files, ".bst.lit" files are required, detailing the corresponding matrix elements’
literature values. These files are shown in Figures B.3 and B.4 for 72Se and '%°Pt respectively.

The "OP,GOSI" section of the input file defines the specifics of the experiment you wish to
analyse results from, as well as introducing basic data for the nucleus of interest. In this case,
this is the projectile, and the first part of this section, "LEVE", details the energetic levels of
interest, where a given line reads (index, parity, spin, energy in MeV). Next, under "ME", the
matrix elements to be varied are introduced, with the first line defining the multipolarity of the
matrix elements (E2), and the following lines reading as follows: (index of final state, index
of initial state, starting value, lower bound, upper bound). An identical value of lower and
upper bound indicates this matrix element is fixed, and this is necessary for all projectile matrix
elements for the target normalisation technique. "EXPT" defines the experimental conditions,

with the first line representing the number of different experiments (different angular ranges),
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follow by the atomic number and mass number of the the nucleus of interest. The following
lines represent the remaining details for each individual "experiment", such as the atomic
number and mass number of the other nucleus, beam energy and average angle of particle
detection. The rest of the "OP,GOSI" section defines flags for the presentation of output.

The "OP,YIEL" section defines known values of relevance to the fit, such as the internal
conversion coefficients, the number of individual gamma-ray detectors and their angles (0
and ¢) with respect to the beam axis, normalisation coefficients and known spectroscopic data
for the nucleus of interest (gamma-decay branching ratios, lifetimes of states, mixing ratios
and matrix element values). If no spectroscopic data is known, then "0,0" is written for the
appropriate line. The final section of the input file is "OP,RAW", which is used to convert raw
yields into efficiency-corrected yields. In this work, this function of GOSIA is not used as the
yields inputted are already efficiency corrected. To negate this function, the standard line seen
is implemented throughout, and the Figure displaying the file is cropped accordingly.

The target input file, "196Pt.inp" (shown in Figure B.2), introduced in the projectile input
file, follows the same format. One can see the key differences, such as the LEVE and ME
sections containing information about the target, as well as the EXPT section being defined
slightly differently to make the target the nucleus of "interest". Furthermore, some new output
files are introduced in "OP,FILE", as well as the first-line flag being "2" telling GOSIA?2 that this
is the file for the target. The yield input file for target yields, "196Pt.yie" (shown in Figure B.6),
is introduced. Finally, one can see in "OP,YIEL" that the previously reported spectroscopic
data for the target is specified, which is used to fit the target yield data to matrix element values.
A set of normalisation factors is then deduced by the code is used to minimise the beam data,
with the combined chi-squared minimum for a set of 2 projectile matrix elements (in this case

those in index 1 and 3) found.
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725e_196PL.inp x 725e_196Pt.yie x

11
2 OP,FILE
322,3,1
4 725e_196Pt.out
525,3,1
6 725e_196Pt. inp
726,3,1
8 196Pt.inp
98,3,1
10 miniball.fs
119,3,1
12 miniball.f9
133,3,1
14 725e_196Pt.yie
154,3,1
16 72Se.cor
177,3,1
18 72Se.map
1927,3,1
20 196Pt.map
2111,3,2
22 crf.dat
2312,3,1
24 72Se.bst
2532,3,1
26 196Pt.bst
2715,3,1
28 72Se.err
2913,3,1
30 cnor.dat
3199,3,1
32 725e.anp
330,0,0
340P,TITL
35 Beam Excitation 725e]
36 0P,GOSI
37 LEVE
8, 6.0
2, 0.862
4, 1.637
0, 0.937
2, 1.317

305, -84.15, 3,1
, 305, -59.85, 3,1

305, -97.50, 3,1
305, 32.75, 3,1,

ERRR

758,1

76 12,1

7713,1

78 14,1

79 16,1

80 18,1

8119,1

82 20,1

830,0

84 END,

86 OP, YIEL

870

88 9,1 ! number of energy meshpoints and multipolarities
890.2, 0.4, 6.6, 0.8, 0.9, 1.0, 1.3, 1.6, 2.0 ! energy meshpoints
992 ! multipolarity

910.0637, 0.00560, 0.001600, 0.000729, 0.000542, 0.000421, 0.000262, 0.000279, 0.000410

92 24,24,24,24 | number of detectors per experiment
931,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

94 136.33 136.33 136.33 45.79 45.79 45.79 42.95 42.95 42.95 136.98 136.98 136.98
95 136.82 130.82 130.82 54.99 54.99 54.99 133.56 133.56 133.56 51.45 51.45 51.45
91,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

97 136.33 136.33 136.33 45.79 45.79 45.79 42.95 42.95 42.95 136.98 136.98 136.98
98 130.82 130.82 130.82 54.99 54.99 54.99 133.56 133.56 133.56 51.45 51.45 51.45
991,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

100 136.33 136.33 136.33 45.79 45.79 45.79 42.95 42,95 42.95 136.98 136.98 136.98
101 130.82 130.82 130.82 54.99 54.99 54.99 133.56 133.56 133.56 51.45 51.45 51.45
1021,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

103 136.33 136.33 136.33 45.79 45.79 45.79 42.95 42.95 42.95 136.98 136.98 136.98
104 130.82 130.82 130.82 54.99 54.99 54.99 133.56 133.56 133.56 51.45 51.45 51.45
1052,1

106 1

107 1000

108 1

109 1

110 1000

1111

1121

113 1000

1141

1151

116 1000

1171

1184 | flag (mapfinti/mini)

1190,0
1200,0
1210,0
1220,0
123 OP,RAW
1241

1250 0 0 0

00 -50 0
126000 000 -5 0

72Se.bst.lit

131.17
235.24

131.17
235.24

131.17
235.24

131.17
235.24

196Pt.inp * 196PL.bst.lit * 196PL.yie

! conversion coeff. for given multipolarity

131.17
235.24

131.17
235.24

131.17
235.24

131.17
235.24

131.17
235.24

131.17
235.24

131.17
235.24

131.17
235.24

40.31 46.31 40.31 136.72 136.72 136.72 32.23 32.23 32.23
233.11 233.11 233.11 311.46 311.46 311.46 319.63 319.63 319.63

40.31 40.31 40.31 136.72 136.72 136.72 32.23 32.23 32.23
233.11 233.11 233.11 311.46 311.46 311.46 319.63 319.63 319.63

40.31 40.31 40.31 136.72 136.72 136.72 32.23 32.23 32.23
233.11 233.11 233.11 311.46 311.46 311.46 319.63 319.63 319.63

40.31 40.31 40.31 136.72 136.72 136.72 32.23 32.23 32.23
233.11 233.11 233.11 311.46 311.46 311.46 319.63 319.63 319.63

Fig. B.1 Input file for 7>Se
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*725e_196PL.inp x 72Se_196PLyie x

1k

2 OP,FILE
322,3,1

4 196Pt.out
526,3,1

6 196Pt. inp
725,3,1

8 725e_196Pt.inp

98,3,1
10 miniball.f8
119,3,1

12 miniball.f9
133,3,1

14 196Pt.yle
154,3,1

16 196Pt. cor
17 27,3,1

18 196Pt. nap
197,3,1

20 725€.map
2111,3,2

22 crf.dat
2332,3,1

24 196Pt. bst
2512,3,1

26 725e.bst
2715,3,1

28 196Pt. err
2913,3,1

36 cnor.dat
3199,3,1

32 196Pt. anp
330,0,0
34.0P,TITL

35 Target Excitation 196Pt
36 OP,GOST

37 LEVE

60 CONT
61 INT,4
621 1000
632 1000
643 1000
654 1000
66 LCK,
670,0
68 SPL,1.
69 INR,
70 PRT,
712,1
723,1
734,1
745,1
757,1
76 8,1
7712,1
7813,1
7914,1
80 16,1
8118,1
8219,1
8320,1
840,0
85 END,
86

87 0P, VIEL

88 0

89 13,2 ! nunber of energy meshpoints and multipolarities
900.1, 0.2, 0.3, 0.33333, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0,7,
912 1 nultipolarity
924.88, 0.359, 0.098,
937

946.67, 0.934, 0.305,
9524,24,24,24 ! number of detectors per experiment
961,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

97 136.33 136.33 136.33 45.79 45.79 45.79 42.95 42.95 42.95 136.98 136.98 136.98
98 130.82 130.82 130.82 54.99 54,99 54,99 133,56 133.56 133.56 51.45 51.45 51.45
991,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

100 136.33 136.33 136.33 45.79 45.79 45.79 42.95 42.95 42.95 136.98 136.98 136.98
101130.82 130.82 130.82 54.99 54,99 54,99 133,56 133.56 133.56 51.45 51.45 51.45
1021,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

103 136.33 136.33 136.33 45.79 45.79 45.79 42.95 42.95 42.95 136.98 136.98 136.98
104 130.82 130.82 130.82 54.99 54,99 54,99 133,56 133.56 133.56 51.45 51.45 51.45
1051,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24

106 136.33 136.33 136.33 45.79 45.79 45.79 42.95 42.95 42.95 136.98 136.98 136.98
107 130.82 130.82 130.82 54.99 54.99 54,99 133,56 133.56 133.56 51.45 51.45 51.45
1082,1

109 1

110 1000

1111

1121

113 1000

1141

1151

116 1000

1171

0.8, 1.0

118 1
119 1000
120 1
1214 1
1220,0
1233,1 1 Lifetimes
124 2, 34.15, 0.15
125 3, 3.55, 0.05

126 4, 33.8, 0.7

127 0,0 1 mixing ratios
1287,1 1

flag (map/inti/mini)

Known ME
129 2 12 1.172 0.003
130 2 2 2 0.83 0.09
131 2 2 3 1.91 0.02
132 2 2 4 1.36 6.02
133 7 2 4 0.38 0.02
134 2 3 3 1.37 0.17
135 2 4 4 -0.52 0.32
136 OP,RAW
1371

725e.bst.lit

131.17
235.24

131.17
235.24

131.17
235.24

131.17
235.24

! energy meshpoints

0.072, 0.063, 0.044, 0,032, 0.025, ©.0197, 0.0161, 0.0114, 0.9086, 0.00547

131.17
235.24

131.17
235.24

131.17
235.24

131.17
235.24

196Pt.inp x 196Pt.bst.lit

! cnv coeff. for given multiplrty

0.229, 0.201, 0.141, 0.103, 0.078, 0.0607, 0.0484, 0.0325, 0.0231, 0.0131

131.17 40.31 40.31 40.31 136.72 136.72 136.72 32

235.24 233.11 233.11 233.11 311.46 311.46 311.46

131.17 40.31 40.31 40.31 136.72 136.72 136.72 32

235.24 233.11 233.11 233.11 311.46 311.46 311.46

131.17 40.31 40.31 40.31 136.72 136.72 136.72 32

235.24 233.11 233.11 233.11 311.46 311.46 311.46

131.17 40.31 40.31 40.31 136.72 136.72 136.72 32

235.24 233.11 233.11 233.11 311.46 311.46 311.46

Fig. B.2 Input file for 0Pt

x 196PL.yie

23 32.23 32.23
319.63 319.63 319.63

23 32.23 32.23
319.63 319.63 319.63

23 32.23 32.23
319.63 319.63 319.63

23 32.23 32.23
319.63 319.63 319.63
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10
20

72Se_196PL.inp % 725e_196Pt.yie % 725e.bst.lit ®

.46
.06

3-0.76

40
50
60

.93
.54
.8

Fig. B.3 Input file used to specify the literature values for matrix elements in ’*>Se to be used in
the GOSIA fit. Matrix elements are listed in order according to their definiton in the input file.

(W e N U VR
D

196PL.inp ® 196Pt.bst.lit ® 196PL.yie x

172
.83
.01
.36
.37

6 -0.515

70

.38

Fig. B.4 Input file used to specify the literature values for matrix elements in '°°Pt to be used in
the GOSIA fit. Matrix elements are listed in order according to their definiton in the input file.

11

32
42
53
62
74

72Se_196PL.inp x 725e_196Pt.yie x 72Se.bsk.lit =

134 72 30651 1.0

1 7300 1500

13472 30511.0

1 3400 1100

13472 30511.0

1 3100 800

13472 30511.0

1 5800 1300

Fig. B.5 Input file used to specify experimental yields for transitions in >Se to be used in the
GOSIA fit
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11
22
34
43
52
62
74
83
93
10 2
11 4
12 3
13 4
14 2

N N el N e T B e

196PL.inp x 196PL.bsE.lit

34 72 305 3 1.0
16900 2800

2400 500

3000 600

34 72 305 3 1.0
10000 1700

1250 410

1200 400

34 72 3085 3 1.0
6900 1200

1150 400

1800 500

34 72 385 1 1.0
14300 2500

196PL.yie x

Fig. B.6 Input file used to specify experimental yields for transitions in '°°Pt to be used in the
GOSIA fit

Both yield files are formatted in a similar way to the input files and indexes are defined

from the input files. Each individual experiment as defined in the input files has its own yields,

with the first line dedicated to defining which experiment the subsequent yields appertain

to, detailing the experiment number as defined in the respective input file, atomic number of

projectile, mass number of projectile and beam energy. The yields are then specified, with

index of initial and final energy levels of the respective nuclei, yield value and uncertainty

written on each line in that order.
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