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Abstract

Long-lived nuclear excited states known as isomers have been identified as a potential
method of energy storage. The atomic nuclei would store energy while suspended in the
isomer, which is then de-populated to release the energy for use. A release mechanism
is needed to depopulate the isomer on demand. One potential mechanism is Coulomb
excitation. This thesis reports on an experiment to verify the assumptions of Coulomb
excitation at low excitation energies. Coulomb-excitation measurements of the low-lying
excited states of '*'Sb have been made to determine the B(E2) values of the low-energy
transitions and compare them to literature. The mean lifetimes of the excited states have
also been calculated from the measured transition strengths. The present B(FE2) values
vary in their agreement, with some values agreeing within uncertainty of the literature
values and others being in disagreement with the literature. Most of the calculated
mean lifetimes deviated from the literature values. The results show promise but further

constraining of the data would improve the accuracy of the results.
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Chapter 1

Introduction

Energy-storage technology is a critical aspect of the modern world. A key feature of
energy-storage devices is their ability to reliably store energy for extended periods of
time and then safely release it on demand. For example, chemical batteries store energy
as chemical potential energy. When an electric potential is applied, the chemical potential
energy is converted into electrical energy for use. Energy storage can also be performed
using atomic nuclei.

Nuclei gain excess energy when they are promoted to excited states and release the
energy as they relax to their ground state. Nuclear-based energy-storage devices have
a specific energy on the order of 102 Jkg™!, which is orders of magnitude larger than
chemical battery designs such as lead-acid batteries which have specific energies on the
order of 10°Jkg™' [1, [2]. Utilising nuclear processes in energy storage could lead to
significant increases in energy storage capacity.

There are a range of methods to store energy using nuclear processes. One approach
is to use highly unstable nuclei known as radioisotopes. Atomic nuclei have a discrepancy
in their measured masses as the mass energy of the nucleus is less than the mass energy
calculated from the atomic mass number, A, of the nucleus. This difference is known as
the mass excess and the stability of a nucleus is related to this quantity |3]. The mass
excess of isobars, nuclei of different elements with the same A, can be represented by
a quadratic function of proton number Z. The vertex of the quadratic represents the
most stable nucleus for a given A, and stability decreases as Z is varied away from the
vertex [4}, [5]. Radioisotopes have larger mass excesses than their neighbouring isobars and
undergo 3 decay to reach a stable Z-number and decrease the mass excess. Radioisotopes
with large Z and A also undergo « decay to reduce their internal energy due to Coulomb

repulsion between protons. In both cases, these nuclei emit decay products and undergo



transformations to reach a more stable state. A radioisotope-based energy-storage device
captures the energy of the decay products as heat and converts it into electrical energy [1].
While able to store large quantities of energy, radioisotopes have significant limitations.
Primarily, the radioactive decay rate cannot be controlled, so the power output is unable
adapt to varying energy demands. Another drawback of radioisotopes is that the emitted
radiation poses a health risk, increasing the difficulty of operating and transporting the
energy-storage device [6] |7].

An alternative to radioisotopes is to store energy by suspending the nucleus in an
excited state and then de-exciting it to access the energy. Unlike radioisotope decay,
nuclear de-excitation releases less-harmful v rays, and the energy output could potentially
be controlled by stimulating the nuclei on demand. An obstacle to this approach is that
nuclear excited states typically have lifetimes on the order of femtoseconds, which is
too short of a time scale for practical energy-storage applications. However, a potential
solution is to use cases of excited states that exist for longer periods of time, known as
isomers.

The discovery of nuclear isomers was credited to Otto Hahn in 1921. While investi-
gating the § decay of **Th to ?**Pa, Hahn noticed that there was an activity between
the decay of ***Th and ?**Pa entering its ground state [8]. This implied the existence of a
long-lived nuclear excited state, which generated considerable interest as it was assumed
all nuclear excited states had lifetimes of the order 107'%s [8] 9]. Further work in the
1930s showed that an electromagnetic decay transition of low energy and high angular
momentum would have a longer decay half-life [9]. This demonstrated that long-lived
formed where the nucleus was inhibited from decaying to lower-energy states. During
the 1950s, more isomers were discovered and were being used to develop models for de-
formed nuclei. For example, research into the rotational motion of nuclei was related to
the discovery of high-spin isomers [10]. Isomers now form part of the larger research into
metastable nuclear states, which are excited states that exhibit properties of stable states
[11].

Through its long lifetime, the nucleus can be held in the isomer for extended periods of
time and potentially be made to release the energy on demand. However, the stability of

isomers presents an obstacle for accessing the stored energy. Isomers exhibit exponential



decay rates, where the rate of energy release is governed by the lifetime of the isomer. As
an isomer used for energy storage would need to have a minimum lifetime of months and
therefore a relatively small decay probability, this is an impractical method of releasing the
energy. An alternative approach to harness the energy of an isomer is through excitation
to an intermediate depletion state, as depicted in Fig. [1.1] Population transitions from
isomers are not inhibited, so nuclei can be released from isomers by excitation to a higher-
energy state. If the depletion state is not an isomer, the nucleus will rapidly decay to
the ground state, releasing the stored energy. Therefore, an approach to isomer energy-

storage is to use a mechanism that can excite the nucleus to a depletion state.
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Figure 1.1: An example nuclear level scheme showing a nuclear depletion path. The Iy
state is populated by the 7, transition from the I, state. The 7 transition is inhibited
which results in the [; state having a long mean lifetime. The energy may be released
faster if the nucleus can be promoted to the I; state through a ~; excitation, where it
then rapidly decays to the ground state.

A method that has been discovered for isomer de-excitation is nuclear excitation by

electron capture (NEEC). When electrons are captured by ions, a resonance excitation
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can occur through the electromagnetic interaction between the captured electrons and
the nucleus. NEEC facilitates this resonance to excite a nucleus out of an isomer and
into a depletion state, where it then decays and releases energy. NEEC is performed
by accelerating an ion in an isomeric state to velocities above 10% of the speed of light
and directing it into a target medium. The valence electrons are stripped off when the
ions pass through the target medium, giving the ion a high positive charge. Successive
collisions with atoms in the target medium reduce the velocity of the ion. The lower
velocity and positive charge increases the probability of the ion capturing free electrons
to fill its valence shell. When electrons are captured, a resonance excitation is produced
that excites the nucleus out of the isomer |12]. NEEC was first theorised in 1976 and
experimentally demonstrated in 2018 using “Mo [12]. However, the theoretical and
experimental results are yet to fully align due to an underestimation of the experimental
backgrounds [13].

Another approach is to use Coulomb excitation as an energy release mechanism.
Coulomb excitation is the process of bombarding a projectile nucleus onto a target nu-
cleus, exciting both nuclei through an electromagnetic interaction. The energy of the
projectile is selected such that the electromagnetic interaction is dominant while the nu-
clear strong force interaction is minimised to prevent undesirable nuclear effects such as
fusion from occurring. Coulomb excitation would provide the energy to excite the nu-
cleus from an isomeric state to a depletion state so it can then decay to the ground state.
While the theory indicates that Coulomb excitation will work in the low-energy range, it
has yet to be experimentally verified at energies below 100 keV'.

The aim of this thesis is to investigate the theoretical assumptions of Coulomb ex-
citation at low energy. Antimony-121 presents a suitable target for testing low-energy
Coulomb excitation, as it has an isomer in the low-energy range. By Coulomb exciting
121Sh nuclei and measuring the y-ray yields, the behaviour of Coulomb excitation at low

energy can be compared to the theoretical predictions.



Chapter 2

Background

2.1 Nuclear Structure

Atomic nuclei are comprised of positively-charged protons and neutral neutrons. The
nucleus has a proton number Z, also representing its charge, a neutron number N and
an atomic mass number A, which is equal to the sum of Z and N. The protons and
neutrons, collectively known as nucleons, are held together by the nuclear strong force
acting over distances on the order of femtometres. The strong-force interactions between
the individual nucleons are often described with a mean-field potential [14]. As the
protons have a positive charge, there is also a long-range Coulomb potential from the
repulsive electromagnetic force between the protons. The nuclear and Coulomb potentials
combine to form an attractive central potential in the nucleus surrounded by a repulsive

Coulomb force that approaching nuclei have to overcome to reach the central potential.

2.1.1 Nuclear Shell Model

The nuclear shell model is based on the independent motion of the particles within a
spherical mean-field attractive potential [15]. The attractive potential can be modelled
by a Woods-Saxon form. Solutions of the three-dimensional Schrédinger equation using
a Woods-Saxon phenomenological potential with an additional spin-orbit term, repro-
duce the occupation numbers of the closed shells observed in experimental data. Other
spherical potentials, such as the Harmonic Oscillator and infinite well, are not suitable as
infinite energy must be supplied to remove a nucleon from the potential in those models

[14]. However, they do possess analytical solutions and provide a useful tool in some



situations. The Woods-Saxon potential is expressed as [14]

—Vo
14 exp (T_RO) ’

a

Vavs(r) = (2.1)
where V; is the amplitude of the potential,  is the distance from the nucleus, Ry is the
mean radius expressed as

RO = ToA%, (22)

where rg = 1.2-1.25fm, and «a is the surface diffuseness. The Coulomb potential compo-

nent of the shell model is represented as

ZpZe?
ZpZte r>R,
IS

ZpZie® (3R2—r2
o < r < R.
Ve(r) = { o () (2.3)

where R, is the sum of the nuclear radii. The piecewise form is to account for the uniform
sphere approximation, where the Coulomb potential is a point charge at large r» and a
uniform sphere at small r.

The combination of the Coulomb and Wood-Saxon potentials produces a total nuclear

potential dependent on the distance between the nuclei, as depicted in Fig. [2.1
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Figure 2.1: The potential experienced by one nucleus approaching another nucleus. The
contributions from the Coulomb and Woods-Saxon potentials are included. The Coulomb
potential is assumed to be a point charge.



The nuclear orbits correspond to potential energies that are eigenvalues of the
Schrodinger equation. The largest energy gaps between orbits represent the ‘magic’
numbers of protons or neutrons. Nuclei with magic numbers of protons and/or neutrons
are more stable. The magic numbers were found from examination of experimental data,
such as low neutron absorption cross-sections for specific neutron numbers and elements
with a greater amount of stable isotopes [16]. The magic numbers were determined to be
{Z or N =2,8,20,28,50,82,126}, though 126 is unconfirmed for Z [17].

The Woods-Saxon potential reproduced the first three magic numbers but contra-
dicted experimental evidence as more nucleons were added. The divergence between
theory and experiment was corrected by the work of Maria Goeppert Mayer, who in-
troduced a spin-orbit coupling component to the nuclear potential [17]. The spin-orbit
potential V,, represents the force that interacts with the orbital angular momentum and
spin of the nucleons. When the spin-orbit correction term was included in the shell model,
it reproduced the experimental magic numbers. The current iteration of the shell model,
illustrated in Fig. is highly accurate at predicting the behaviour of nuclei near closed
shells [15].

Spin and Parity

Each nucleon has an associated orbital angular momentum and spin, represented by the
quantum numbers [ and s, respectively, which arise from the occupation of levels of the
nuclear potential. The sign of s represents the orientation of the spin of a nucleon. The
coupling of [ and s gives the total angular momentum number j for each nucleon and the
total spin of a nucleus I is the sum of the j values. For even-A, I is an integer while for
odd-A, I is a half-integer. This is because, as fermions, nucleons can only have a spin
of s = £1/2. As [ is an integer, then j is a half-integer and thus the number of nucleons
determines whether [ is an integer or half-integer. The nucleus also has a parity quantum
number 7 which is either even (+) or odd (—). The combined spin-parity of a nuclear

state is indicated by I™ [14].
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Figure 2.2: The single-particle orbits given by the Woods-Saxon potential (left) and
corrected for the spin-orbit term (right). The protons and neutrons occupy separate
sets of orbits. The circled numbers represent the magic numbers in both models, where
nucleons are more tightly bound. Figure reproduced from Ref. [14].



Nucleon Configuration

The nucleons fill the orbits in by the shell model starting with the lowest-energy orbits
and progressively filling higher-energy orbits. The orbits in the shell model are labelled
in Fig. by nl;, where n is the index of the orbit, [ is the orbital angular momentum
and j is the total angular momentum. The ground-state configuration is formed by
the nucleons filling orbits, starting at the lowest-energy orbits and filling upwards until
every nucleon occupies an orbit. Nucleons tend to form pairs so that the net angular
momentum between the two nucleons is zero. The spin-parity of the ground state is
determined by the remaining unpaired nucleons. Nuclear excitations form when nucleons
gain additional energy to move to higher-energy orbits or, equivalently, nucleon holes

move to lower-energy orbits [14].

2.1.2 Nuclear Excited States

The nuclear shell model describes a number of states that the nucleus can occupy where
each state has a discrete energy, spin and parity. The lowest-energy state is its ground
state, while states of higher energy are its excited states. Excited states also have a
lifetime which represents how long the nucleus occupies the state before transitioning
to another state. The nucleus moves to excited states via excitations when it gains
energy and decays to the ground state by emitting energy in a variety of forms. The
excited states are connected by transitions, which represent the allowed excitation and
decay paths. Research into nuclear structure is performed by measuring the properties
of excited states through the transitions and interpreting what the results describe about

the structure of the nucleus.

Level Scheme

The states and transitions of a nucleus are often presented in the form of a level scheme.
The ground state is placed at the bottom of the level scheme and the excited states are
placed in ascending energy order above it. The energy and the spin-parity of an excited
state are listed next to the state if they are known. The level scheme also includes the

known decay transitions and transition energies. An example level scheme is given in



Fig. 2.3
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Figure 2.3: An example level scheme with three excited states and five transitions. The
energy of the states are on the left and the spin-parities are on the right. The transitions
are marked by arrows with the transition energy to the right of the arrow.

Single-Particle Excitations

In the shell model, nuclei near closed shells can be excited by the movement of a single
nucleon to a higher-energy orbit. Nuclei with magic numbers of protons and neutrons
are difficult to excite due to the large energy gap across a closed shell. Furthermore, the
magic numbers are even so all of the nucleons will be in pairs. A paired nucleon requires
additional energy to break the pairing in order to excite. Unpaired nucleons outside the
closed shell are significantly easier to excite as they do not have to cross a shell gap or
break a pairing to reach a higher-energy orbit. Therefore, the excitation of nuclei near
closed shells occurs via the individual motion of the unpaired nucleons outside the closed
shell. For example, both '*'Sb has 70 neutrons and a filled Z = 50 shell but also has an

additional, unpaired proton outside the Z = 50 shell. The energy required to excite the

10



proton is significantly lower than excitations of the other nucleons. As a result, the low-
energy excitations of '2!Sh are dominated by the single-particle excitation of the unpaired

proton.

2.1.3 Collective Excitations

While single-particle excitations dominate near closed shells, nuclei in the regions away
from shell closures exhibit ‘collective’ excitations as the number of nucleons outside the
closed shell increases. Collective excitations comprise of the motion of many nucleons,
with the two primary modes of excitation being vibrations on the surface of the nucleus

and rotations of a deformed nuclear shape [14].

Nuclear Vibrations

A model of describing nuclear vibrations is the Liquid Drop Model, which compares the
nucleons to molecules in a droplet of liquid. The resonance frequency of the vibration
of a droplet is determined by the internal forces between the molecules and the droplet
returns to its equilibrium shape due to forces associated with surface tension. Similarly,
the shape and vibration of the nucleus is governed by a generalised force describing the
complex interactions between nucleons. Due to the nucleon interactions, nuclei near shell
closures have spherical shapes, while nuclei away from shell closures are deformed and
have nonspherical shapes. [18].

In the Liquid Drop Model, the shape of a nucleus is determined by the motion of
its nucleons and vibrational excitations are expressed by deformations in the nuclear
shape. The deformation during a vibrational excitation can take on a range of shapes
depending on the mode of the vibration. The larger vibrational modes are expressed by
more complex deformation shapes, as depicted in Fig. 2.4 At time ¢, the radius of a
point on the surface of a vibrating nucleus R(t) at spherical coordinates (6, ¢) can be

expressed as [14]

R = R+ 33" ana()¥an(6,0), (2.4)

A>1 p=—X
where R,, is the average radius of the nucleus, A is the vibrational mode number, Y}, (6, ¢)

are the spherical harmonics and a,,(t) are the spherical harmonic amplitudes.
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The energies of vibrational excitations are quantised as quasi-particles called phonons,
where each phonon represents a vibrational mode. Excited states are formed by phonons
coupling together and the energy and spin-parity of the state represent the phonons that
give rise to the state. The lowest-energy vibrational states are given by a single phonon,
while higher-energy states are given by multiple phonons. For example, suppose a nucleus
begins in a 0" state. A single quadrupole phonon excites the nucleus to a 2" state, as it
carries two units of angular momentum and even parity, while a single octupole phonon
excites the nucleus to a 37 state, as it carries three units of angular momentum and odd

parity. Two coupled quadrupole phonons can excite the nucleus to a 2™ or 471 state [14].

(Dipole) (Quadrupole) (Octupole)

Figure 2.4: Vibrational modes of a spherical nucleus. The dashed line represents the
equilibrium shape and the solid line represents the vibrational deformation. Figure re-
produced from Ref. [14] by Jack Woodside and used with permission.

Nuclear Rotations

Nuclei distant from closed shells have highly-deformed shapes and the deformations are
expressed by the nucleus rotating around its axis of symmetry. Rotational excitations
are common in nuclei in the mass number ranges of 150 < A < 190 and A > 220.

The shape of a nucleus undergoing rotational excitation can be expressed by [14]

R<07 ¢) = Rav [1 + 61/20((97 (b)] ’ (25)
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where [ is the deformation parameter, given as

4 mAR

~3V5 R,

(2.6)

where AR is the difference in length between the semimajor and semiminor axes of the
nucleus. Nuclei with 8 > 0 have a prolate deformation, as depicted in Fig. [2.5] while

nuclei with 5 < 0 have an oblate deformation. The magnitude of 5 determines the extent

D
PN

of the deformation.

Figure 2.5: A prolate-deformed nucleus. As it has a deformed shape, it is able to be
excited via rotations. Figure reproduced from Ref. [14].

The deformation of the nucleus is related to its intrinsic quadropole moment )y by

the expression [14]

3
Qo = ﬁRwZﬁ(l +0.168). (2.7)

The relationship between the quadrupole moment ) and )y depends on the angular
momentum of the nucleus.

The magnitude of the rotation is quantised to the moment of inertia of the nucleus.
Therefore, the energies of the rotational excited states depend on the moment of inertia

and the angular momentum of the nucleus. The energy of the rotating nucleus is given

by
hQ
E=—II+1 2.
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where J is the moment of inertia and I is the nuclear angular momentum [14].

2.2 v Decay

Nuclei release energy when they transition to a lower-energy state to maintain conser-
vation of energy. One form of energy emission is a 7 ray, a photon in the energy range
from 10s of keV to around 10 MeV. The decay also has to maintain conservation of spin
and parity, so the emitted « ray has an associated spin-parity dependence on the states
connected by the decay transition. Measuring the energies and timings of v rays emitted

during nuclear decay can be used to study nuclear structure [14].

Internal Conversion

Another mechanism for a nucleus to release energy when decaying is through internal
conversion. The wavefunction of an electron in the atomic orbitals can interact with the
nucleus. When the nucleus de-excites, the energy is transferred to the electron instead
of being emitted as a photon. If the transition energy is greater than the binding energy
of the electron, the electron is ejected from the atom. When internal conversion occurs,
electrons move from higher-energy orbits to fill the gaps in lower-energy orbits. During
this movement, the electrons emit energy in the form of an x-ray. As elements have
unique configurations of electrons, the emitted x-rays are characteristic of the Z-number

of the atom. |14} |19].

2.2.1 Transition Multipolarity

The spin and parity carried by a v ray emitted by a de-exciting nucleus is represented by
its multipolarity. In classical electromagnetism, the charge distributions of electric and
magnetic fields are expressed as a sum of multipole moments. Each multipole moment
produces a characteristic radiation field, allowing for the contributions of different multi-
poles to be measured [14]. Multipolarity can be considered in the quantum regime where
the multipole moments are replaced by multipole operators. The multipole operator is

a quantum mechanical operator that changes the nucleus from the initial state v; to the

14



final state ¢, while producing a photon with the required energy and multipolarity. The
multipole operator is represented by m(oL) where o is either E for electric or M for
magnetic and L is the multipole order. The reduced matrix element of the multipole

operator of a transition from ; to s is given by Ref. [20] as

myi(oL) = (¢gllm(aL)[[¢s). (2.9)

The reduced matrix element my;(cL) determines the decay probability of the transition.
Typically, the dominant multipole is the lowest-order multipole that conserves angular
momentum for the transition and the parity is determined by whether the transition is
electric or magnetic. However, there are mixed transitions which have notable contribu-
tions from more than one multipole. For example, a 507-keV transition of '*!Sb has a
multipolarity of M1 4 E2 as it has significant contributions from both its M1 and E2

multipoles.

Multipolarity Selection Rules

The quantity of angular momentum carried by an emitted photon is equal to the multipole
order L. As angular momentum has to be conserved, the allowed multipole contributions
are determined by the difference in spin between the initial state I; and final state I, [14].

This restricts the possible values of L to
Iy — L] < L <|I;+ L. (2.10)

For example, if 15 = % and [; = g, then the multipoles that contribute to the transition
are between L =2 and L = 7.

There are also parity selection rules which determine whether the multipole is electric
or magnetic based on the multipole order and parity of the transition. The parity selection
rules state

m(ML) = (-1)"*,

(2.11)
n(EL) = (1)

15



For example, if L = 2 and the transition is from a 9/2% state to a 5/2% state, then by
Eq. the transition multipole is electric.

2.2.2 Transition Probabilities

As discussed in Section [2.1.1] nucleons in the shell model prefer to pair up, which leaves
a single, unpaired nucleon in odd-A nuclei [14]. As paired nucleons have a net angular
momentum of zero, the properties of the nucleus can be assigned based on the properties
of the unpaired nucleon. This allows for a single-particle model for transitions in odd-A
nuclei to be constructed, with the model assuming the remaining nucleons are paired up
and do not contribute to the multipole moments [21].

Within the single-particle model, the reduced transition probability is given in Ref.
[21] as

1
s rllm(e L)

_mfi(aL)Z
2L 41

B(oL;1; — Iy) =

(2.12)

where I; and I; are the nuclear spins of the initial and final states respectively. The
single-particle model also allows for an approximation known as the ‘Weisskopf estimate’
to be determined. The Weisskopf estimate is the reduced transition probability of a
purely single-particle interaction for a specific multipole. For example, the Weisskopf

estimate of a B(FE2) value for a nucleus of mass number A in units of e*b? is given by
By (E2) = 5.94 x 1076 A3 (2.13)

Dividing the result of Eq. by the corresponding Weisskopf estimate gives the reduced
transition probability in Weisskopf units (W.u.), which approximate how many nucleons
were involved in the transition. Transition probabilities in W.u. are close to one for
single-particle-like excitations and larger for collective excitations.

Nuclear models are capable of making predictions of transition probabilities but the
accuracy of the predictions are limited by the complexity of the model. Experiments are

needed to verify the results of the model. A way of evaluating a model is by determining
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the transition probabilities through experimentation and comparing the values to pre-
dictions. I have calculated the transition probabilities experimentally by measuring the

y-ray yields of '*!Sb and using the yields to calculate the reduced matrix elements.

Electric Quadrupole Moments

In Eq. the off-diagonal matrix elements of the multipole operator correspond to the
transitions between states while the diagonal elements correspond to the static multipole
moments. Due to the reorientation effect, the static electric quadrupole moment can sig-
nificantly contribute to the cross-section in Coulomb excitation. The electric quadrupole

moment for a nucleus with spin [ is related to the reduced matrix element by the equation

from Ref. [22]

B 1671 (21 — 1)
Q) = $ 521 + 1)(I +1)(21 +3)

(Illm(E2)[|T). (2.14)

2.3 Isomers

Most excited states have lifetimes in the order of femtoseconds; however, there are excited
states with significantly longer lifetimes. These long-lived states are known as isomers
and have lifetimes that can range from nanoseconds to 10 years [11]. Isomers form
when all of the decay transitions from an excited state are inhibited. In the absence of
excitation energy, nuclei in excited states can only transition to a lower-energy state. If
the decay pathways to the lower-energy states are inhibited, the nucleus is then trapped

as it is restricted from transitioning to another state.

2.3.1 Types of Isomers

Transitions between excited states can be inhibited by a number of factors and isomers
are classified based on the main factor that hinders the decay transitions.

A common type of isomer is the spin-trap isomer, where the difference in angular
momentum between excited states inhibits the decay transitions. Transitions must have
a multipolarity, L, equal to or greater than the difference in angular momentum between

the connected states. Transitions with a multipolarity of L = 1 or L = 2 are very common,
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however, increasing the multipolarity of a transition significantly decreases the transition
probability. For every step of increase in multipole order, the transition probability
decreases by a factor of approximately 107 [14]. If the angular momentum difference
between states is large enough, then the transition is inhibited as the required L has
a reduced transition probability. For example, an isomer of 'Ta forms because the
multipolarity of a transition to the ground state is L = 8. This reduces the transition
probability by a factor of approximately 1072° compared to an L = 1 transition |11} 14].

A variant of the spin-trap isomer is the K-trap isomer. K is a quantum number
representing the projection of nuclear spin I onto the symmetry axis of the nucleus [23].
This is particularly relevant for nuclei with prolate deformations, as they have longer
symmetry axes compared to spherical nuclei. L must be greater than the change in K-
number so that the transition conserves angular momentum. Therefore, the isomer forms
if the decay transitions have a large change in K [23]. An example of a K-trap isomer is
a 1.1 MeV excited state of '™Hf with K = 8. The most probable decay transition is an
excited state with K = 0. As L is less than the change in K, the transition is hindered,
forming an isomer [11].

A third type of isomer is the shape isomer. Transitions are strongest between states
that have a strong overlap of their radial wavefunctions. As mentioned in Section [2.1.3]
many nuclei have nonspherical shapes due to deformations on the nuclear surface. The
deformations in the shape of a nucleus can decrease the overlap between the excited state
wavefunctions, reducing the transition probability. Shape isomers occur when the defor-
mations have decreased the wavefunction overlap to the point that the decay transitions
are inhibited, trapping the nucleus in the isomer [24].

A version of the shape isomer is the fission isomer which occurs in nuclei that are super
deformed. In this instance, the excited state wavefunction overlap has been reduced by
such an extent that the nucleus decays from the isomer via a nuclear fission reaction
rather than through ~ decay. This inhibits the transition as the nucleus has to gain
energy to overcome the fission energy barrier and transition out of the isomer. Fission
isomers have been mainly observed in nuclei in the actinide region of the periodic table

[25] [26].
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2.4 Structure of ?'Sb

The evolution of single-particle structure is driven by the non-central, tensor component
of the nucleon-nucleon interaction [27]. Its effects on nucleons in a nucleus can be de-
scribed through the collision of two nuclei in different j-states. The high relative angular
momentum of the j-states means that there is a limited distribution of the spatial wave-
function that is orientated parallel to the spin projection. This is due to Heisenberg’s
Uncertainty Principle which limits the range of position Az relative to linear momentum
Ap so that Az - Ap ~ h/2 [14]. The orientation parallel to the spin projection is prolate,
therefore prolate deformations are favoured by the tensor interaction between the nuclei.
Thus prolate nucleon distributions have a greater degree of radial overlap between orbits
than oblate distributions [2§].

The single-particle evolution picture can be applied to the structure of isotopes of
antimony. As described in Section [2.1.1] it is expected that the orbits in the shell model
are filled progressively by nucleons. However, the five neutron orbits located in the shell
between N = 50 and N = 82 are very close in energy and pairing correlations between
nucleons lead to similar energy differences between each orbit. This results in the orbits
appearing to be filled simultaneously instead of progressively. The simultaneous filling
of the vhy; /5 orbit leads to an attractive interaction with the g, /2 orbit due to the non-
central tensor component. Increasing the number of neutrons in the vhy; /5 orbit causes
the mgy /, orbit to be more tightly bound, decreasing its energy [28]. This can be observed
in the evolution of the ground state of antimony nuclei.

Antimony nuclei with odd mass numbers have one unpaired proton outside the Z = 50
shell, which represents the key properties of the ground state such as spin-parity. For
antimony nuclei with odd mass numbers below A = 121, the unpaired proton occupies
the mds/, orbit, so the spin-parity of the ground state is 5/2%. As pairs of neutrons are
added to the vhyy s orbit, the energy of the 7g; , orbit decreases. At odd mass numbers
A =123 and higher, the 7g;, orbit has less energy than the mds/p orbit. Therefore, the
unpaired proton occupies the mg;/, orbit, switching the spin-parity of the ground state
to 7/2%, as illustrated in Fig. 2.6

As the heaviest isotope of antimony with a ground state spin-parity of 5/2%, the mg, /2
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and 7ds /o orbits of 121Sh are very close in energy. This results in the first excited state of
121Sh being only 37 keV above the ground state. This is low compared to other nuclear
excited states; the first excited states of the odd-A antimony nuclei in Fig. are all
an order of magnitude higher in energy. The 37-keV excited state is also an isomer with
a mean lifetime of 4.99(4) ns [29]. The low-energy isomer is suitable for testing energy

release mechanisms as it does not require a high interaction energy to populate.
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Figure 2.6: Energy and spin-parity of the ground state and first excited state for antimony
nuclei as the mass number increases. Energy and spin-parity data obtained from Ref.
[29-34].

2.5 Coulomb Excitation

5A technique that can be used to access excited states of a nucleus is Coulomb excita-
tion. In Coulomb excitation, a beam of ions is used to bombard a target nucleus; the
nuclei interact via the Coulomb force and undergo inelastic scattering demonstrated in
Fig. 2.7 The energy of the beam is selected such that the Coulomb force contribution

is maximised while the contribution of the nuclear strong force is minimised. An advan-
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tage of Coulomb excitation is that the minimised strong force contribution means that
nuclear interactions, such as fusion, are highly unlikely to occur. Thus the target nucleus
is excited without experiencing changes to its nuclear structure. In the context of isomer
energy-storage, this allows the nuclei to be excited into the isomer as the structure of the
nucleus has not changed, extending the lifespan of the energy-storage device. Due to the
energy scales of the electromagnetic interaction, Coulomb excitation favours populating
low-energy excited states (excited states below 1MeV) through population transitions
with F2 multipolarities 35|, |36]. This provides another advantage as the transition prob-
abilities can be calculated from the E2 matrix elements. These factors potentially make
Coulomb excitation an effective mechanism for exciting nuclei out of low-energy isomers.
To determine whether the assumptions made in the semi-classical theory of Coulomb ex-
citation are valid at low-energy, I performed a ~-ray spectroscopy on a Coulomb-excited

121Sh target and compare the transition probabilities to values determined from other

experiments.
:
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Figure 2.7: Schematic diagram of a Coulomb-excitation interaction (left). Diagram of
excited-state population and decay via Coulomb excitation (right). Figure on right from
Ref. [37]

2.5.1 Experimental Considerations

The theoretical models of Coulomb excitation assume a purely Coulomb interaction but
a nuclear-strong force component will always be present in any interaction between two
nuclei. Strong force interactions act at a shorter range than Coulomb interactions so

the strong force contribution can be minimised by selecting a beam energy leading to
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an interaction distance greater than the strong force distance. To approximate a pure
Coulomb interaction experimentally, the energy of the interaction must be selected such
that the distance of closest approach between the nuclei is always greater than 5fm [35].

The ‘safe’ energy in MeV is given by the equation in Ref. [38] as

Abeam + Atarget ZbeamZtarget
1 1 :
Atarget 1.25(A% 0 + Alger) + 5

Eoate = 1.44 (2.15)
When selecting a beam species for Coulomb excitation, the charge and excited state con-
figuration of the species have to be considered. As indicated in Eq. [2.15] the safe energy
is dependent on the charge product of the beam and target nuclei. Therefore, selecting
a beam nucleus with a high Z-number will allow for higher-energy beams, increasing the
amount of excitation that occurs.

The nature of Coulomb excitation means that both the beam and target nuclei are
excited during the interaction. If the beam excitations produce v rays in the same energy
range as the target, then the target v-ray spectrum will be contaminated with v rays
emitted from the beam nuclei. This can be negated by selecting a beam nucleus with
excited states above the energy range of states being investigated in the target [3§].

Doubly-magic nuclei such as '°O are often chosen for this reason.

2.6 ~v-ray Spectroscopy

As described in Section 2.2 when a nucleus decays, it emits a  ray with an energy equal
to the energy difference between the excited states minus a small recoil contribution. As
the excited states have discrete energies, the energy of the emitted v ray is characteristic
of the de-excitation transition [39]. Measuring the spectrum of 7 rays emitted by a nucleus
undergoing de-excitation can provide information on the excited states and structure of

the nucleus.

2.6.1 Photon Interactions

The photons detected by a ~-ray detector can undergo different interactions, affecting

the properties that are measured during the experiment.
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A photoelectric interaction is where an electron in an atomic shell absorbs a photon
and is ejected from the atom. The probability of the interaction is proportional to the
Z-number of the atom and inversely proportional to the energy of the photon. Therefore,
photoelectric interactions are more likely to occur in photons with energies below 100 keV
[40].

Another photon interaction is Compton scattering, where a photon collides with a free
electron. The collision results in some kinetic energy being transferred to the electron
and the photon having a lower energy and altered trajectory. As the interaction occurs
with a free electron, the interaction probability only depends on the energy of the photon.
Compton scattering dominates interactions of photons in the 100-10*keV energy range
[40].

A third type of photon interaction is pair production. When a photon interacts
with the electric field of an atomic nucleus, it is possible for the photon energy to be
converted into an electron-positron pair. This interaction requires photons with energies
greater than 1.022 MeV, the combined rest mass energy of an electron and a positron, to
maintain conservation of energy. Extra photon energy is converted into kinetic energy

for the electron and positron [40].

2.6.2 ~-ray Detectors

To measure the v rays emitted during the excitation, specialised detectors are required
to record the energy and timing of the v rays. There are multiple different types of y-ray
detector such as photometers and scintillation detectors [39]. As this experiment involves
multiple v rays in a relatively small energy range, high-purity germanium (HPGe) semi-
conductor detectors were used as these detectors have a high energy resolution. Semicon-
ductors have regions where electrons are not free to travel without an additional source
of energy, known as the bandgap. When a ~ ray enters the detector, it provides energy
for electrons to cross the bandgap. The movement of charges creates a pulse that is pro-
portional to the energy of the v ray. A preamplifier converts the charge pulse to a voltage
pulse, which can be used to record the energy of the v ray. Germanium is used in the

detectors because it has a bandgap of 0.67 eV, the smallest bandgap of any semiconductor
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[39]. The small bandgap gives HPGe detectors a level of precision to about 1 keV, however
it also provides a source of noise. Due to the small bandgap in germanium, background
thermal energy is capable of exciting electrons across the bandgap, introducing noise into
the y-ray spectrum. Thermal electron noise in HPGe detectors is reduced by keeping the

detectors at a low temperature |39, |41].

2.6.3 Compton Suppression

While HPGe detectors have a high energy resolution, only a fraction of the v rays deposit
their full energy into the crystal within the detector, leading to low detector efficiencies.
For example, tests at Argonne National Laboratory in the USA discovered that a 1-MeV ~
ray only deposited its full energy on a 49 cm? germanium crystal 25% of the time [42]. One
of the causes of the low efficiency were Compton scattering events described in Section
[2.6.1] The Compton events meant the v rays were being measured at a lower energy
than when they were emitted from the target, thus decreasing the number of counts at
the expected transition energies. It also broadened the transition peaks on the energy
spectra as the range of energies corresponding to a transition increased. The effect of
Compton scattering is reduced by using Compton-suppression shields, placed around the
~v-ray detector. If two ~ rays are detected in coincidence between the v-ray detector and
Compton suppressor, the v ray is recorded as a Compton event and can be removed from
the spectrum during data analysis. My experiment utilised bismuth germanate (BGO)

Compton-suppression shields to reduce the effect of Compton events on the experiment.

2.6.4 Particle Detection

The ~-ray detectors were supplemented by particle detectors to record the number of
beam particles that scattered off the target. The particle detectors allow for particle-y
coincidences to be taken, which determine the type of interaction and are used to reduce
the background in the energy spectra. Particle detectors also give the kinematics needed
for Doppler corrections and the particle scattering angles are used in Coulomb-excitation
analysis, both of which are discussed in detail in Chapter 4. The particle detectors used

in the experiment were silicon photodiodes, which operate on similar principles to the
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HPGe 7-ray detectors. When a particle enters the photodiode, it excites electrons over
the semicondutor bandgap, creating a charge pulse that records the energy of the particle

[43].

2.6.5 Data Acquisition

The output signals from the vy-ray detectors, Compton shields and particle detectors are
input into a XTA Pixie-16 digitiser [44]. The digitiser is triggered on a range of pulse
conditions. For example, the trigger for the Compton suppressors are connected to when
the HPGe detectors register an event. The digitiser uses the properties of the voltage
pulse to determine the energy and timing of an event for each detector. The raw data is
converted into events with the signal energies, timing and detector identifier. The timings
are also used to measure events in coincidence, where two detectors measure signals that
are considered a single event. The time window for a event construction used in this

experiment was 3 1s.

2.7 Experiment Plan

The plan for my experiment was to Coulomb excite an '*!'Sb target with an '°0O beam
in order to exam the behaviour of Coulomb excitation at low energies. As mentioned in
Section [2.5.1] a suitable beam for Coulomb excitation has transitions that do not overlap
with the target. Oxygen-16 has Z = 8 and N = 8, meaning it is a ‘doubly-magic’ nucleus
as all of its nucleons are in closed shells. As a result, its first excited state is 6 MeV
above the ground state [45]. This is above the energy range of the 12181 states I am
investigating, which are all less than 1.5 MeV above the ground state. Therefore, there
was no possibility of the y-ray spectrum being contaminated by '°O transitions.

To prepare for which transitions of 2!Sb would be expected on the energy spectrum,
Gosia simulations were performed. Gosia is a software suite designed for the analy-
sis of Coulomb-excitation data that will be discussed in more detail in Chapter 4 [3§].
Antimony-121 data from Ref. [29] was input into Gosia to generate Coulomb excitation
yields. This helped improve my understanding of how to use Gosia and gave an indica-

tion of the transitions that I should have expected to see in the experimental spectra.
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I familiarised myself with the equipment used in the experiment by participating in
setup work in the laboratory. The setup involved installing pre-amplifiers that would
convert detector pulses into voltage pulses for the digitiser. I also regularly filled the ~-
ray detectors with liquid nitrogen to reduce the noise produced by thermal electrons and
learnt how to place the target chamber under vacuum so it could be used for experiments.

Another part of my preparation was learning how to process the experimental data for
analysis. The data recorded on the digitiser had to undergo post-processing to calculate
the y-ray yields from the raw data. This included calibrating the detectors, aligning
the particle and ~-ray spectra and correcting for factors such as detection efficiency. I
performed a simulation of this procedure by processing *°Fe Coulomb-excitation data
from a previous experiment. The analysis process will be discussed in more detail in

Chapter 4.
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Chapter 3

Experiments

This thesis presents work from a beamtime allocation at the Heavy Ion Accelerator Facil-
ity (HIAF) at ANU. The experiment aimed to Coulomb-excite '*'Sb using an accelerated
beam of %0 ions. The data collected would be used to determine transition probabilities

that would then be compared to values in the literature.

3.1 14UD Accelerator

The '°0O beam was delivered to the '!'Sb target using the 14UD tandem accelerator
at HIAF [46]. The 14UD has the ability to accelerate ions ranging from hydrogen to
plutonium to velocities up to approximately 0.1c. The accelerator delivers an ion beam in
a multi-step process, beginning with a sample containing atoms of the beam species being
inserted into a cathode and sputtered by caesium. The sputter process produces ions in
a ¢ = —1 charge state, which are then pre-accelerated to an energy of 150keV before
injection into the accelerator. The ions pass through a dipole magnet, which produces a
magnetic field that only directs ions with the charge-to-mass ratio of the selected beam
species into the accelerator. This removes contaminant ions generated during sputtering
by impurities in the sample. The accelerator operates at an adjustable terminal voltage
of up to +15MV, which is generated by three pelletron chains. The negative ions are
attracted to the positive terminal, accelerating the ions to an energy of eV, where V; is
the terminal voltage and e is the charge of an electron. At the terminal, a thin carbon
foil strips electrons from the ions, changing the ions to a new charge state, +q. The now
positive ions are then repelled by the terminal towards the bottom of the accelerator with

additional energy of ¢V;. At the bottom of the accelerator is an analysing magnet, which
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directs beam ions in the desired charge state into the target area. Additional magnets
are used to direct the beam down the beamline used for the experiment [46]. A diagram
of the accelerator facility is presented in Fig. [3.1]

lon sample Injecting magnet

Terminal

CAESAR

Figure 3.1: 3D render of the 14UD accelerator facility. Created by HIAF technical staff.

3.2 CAESAR

Gamma-ray spectroscopy of the excited nuclei was performed using the Compton-

Suppressed Array (CAESAR) at HIAF. CAESAR consists of a target chamber surrounded
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by nine BGO Compton suppressors that house the HPGe v-ray detectors, as seen in Fig.
3.2al The BGOs are set to trigger if a signal is detected in coincidence with the corre-
sponding HPGe detector. The coincidence indicates that a v ray has not deposited all
of its energy into the HPGe, marking it as a Compton event. This allows for Compton
events to be suppressed during the data analysis, resulting in cleaner spectra [41]. The
HPGe detectors were placed at a range of angles, listed in Table 3.1], to provide wide
coverage of the target chamber. They required regular cooling using liquid nitrogen to
reduce noise generated by thermal electron excitations. The target chamber contains the
target which was mounted on a movable target ladder surrounded by the particle detector

array.
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Figure 3.2: (a) 3D render of CAESAR. The HPGe detectors are inserted into the holes
on the side of the BGOs. The beam travels from right to left through the target chamber.
Only six of the nine BGOs are visible in the render. (b) 3D render of the CAESAR target

chamber with particle detectors installed. 3D renders created by Tom Tunningley and
modified by Martha Reece.

The data were recorded by inputting the output signals of the photodiodes, HPGe
detectors and BGO suppressors into the Pixie-16 digitiser. The digitiser then sorts the
signals into time-ordered ‘events’ that contain properties of the signal and the detector
that produced it. The digitiser is triggered on a range of pulse conditions. For example,

the BGOs are only triggered in coincidence with an HPGe detector.
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HPGe Detector 0 (degrees) ¢ (degrees)

G1 144.5 90.0
G2 96.5 90.0
G3 48.0 90.0
G4 146.0 270.0
G5 98.0 270.0
G6 49.5 270.0
G7 131.6 168.2
G8 48.7 0.0
G9 52.6 171.9

Table 3.1: Angles of HPGe v-ray detectors in CAESAR. Note that detector G1 was not
used during the experiment. Furthermore, the data from detector G5 were not included
in the final analysis as they were poor quality.

Photodiode 6 (degrees) ¢ (degrees)

A 122.4 180.0
B 133.0 180.0
C 144.1 180.0
D 154.4 180.0
B 151.1 0.0
F 141.2 0.0
G 130.6 0.0
H 120.2 0.0

Table 3.2: Angles of the silicon photodiode particle detectors within the target chamber.

3.3 Particle Detector Array

The particle detector array consisted of eight rectangular silicon photodiodes with an area
of 25.15x9.25mm?. Like the HPGe detectors, the photodiodes were positioned at a range
of angles, listed in Table to detect scattered particles with a range of trajectories.

The photodiodes were wrapped in 6 pm of aluminised mylar which prevented visible light
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from reaching the photodiodes. The particle detector array was arranged symmetrically

about the beam axis at backwards angles on the horizontal axis, as depicted in Fig. |3.2b

3.4 Experiment Conditions

The HPGe detectors were installed into the BGOs in CAESAR and the photodiode
detectors were placed in the target chamber. During a prior experiment, HPGe detector
G1 stopped working, so it was present in the set-up but was not used to record any data.
The Coulomb excitation of '*'Sb was performed using a 44 MeV %0 beam. Oxygen-
16 was selected for the reasons discussed in Section the configuration of excited
states meant it was highly unlikely for °O transitions to contaminate the '*'Sb ~-ray
spectra. The beam energy of 44 MeV was below the safe energy of 46.4 MeV for a Coulomb
excitation experiment of an ®O beam on an '*'Sb target, calculated from Eq. .

Figure 3.3: The '?!'Sb target in the target chamber following the completion of the
experiment.

The target holder was set to a height that placed the target at the geometric centre
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of the target chamber, as demonstrated by Fig. [3.3] The original '*'Sb target was
manufactured at Argonne National Laboratory in the USA, however it was found to be
broken when being prepared for the experiment. This required the use of a different
121Sh target manufactured at ANU by Professor Andrew Stuchbery. The new target

2 and was held in a target holder with a 15-pm copper

had a thickness of 0.49 mgcm™
backing to prevent breakages. Antimony has two stable isotopes, '*'Sb and '**Sb, which
are both present in naturally-occurring sources of antimony. Therefore, the *'Sb target
was enriched to remove **Sb impurities. The target used was enriched to approximately
99.56% '*'Sb and 0.44% '**Sh.

Over a period of five days, the target was bombarded by an '®O beam, exciting
the '*'Sb nuclei and producing + rays. The 7-ray timings, counts and energies were
measured by the various detectors in CAESAR and recorded on the digitiser. Following
the completion of the experiment with the '*'Sb target, radioactive sources of '*?Eu, '**Ba
and °"Bi were placed separately in the target chamber. The ~-ray spectra produced by
the radioactive sources were used for calibrating CAESAR and calculating the HPGe
detection efficiencies.

I contributed to the setup and operation of the experiment by helping to install the
HPGe detectors and preamplifiers as well as venting the target chamber so it was under
vacuum. [ took shifts in the accelerator along with other members of the research group
to manage the experiment. While on shift, I monitored the beam current and adjusted
the apertures and magnets within the accelerator to ensure the beam was on target
and at the right current level. I also monitored the data acquisition system to check
for crashes and was responsible for alerting the technical staff if there was a significant
problem that required their attention. In addition to my experiment, I was also involved
in two other experiments using the accelerator throughout the year. The first was a test
of angular correlations for '**Te and the second was a lifetime measurement of '**Pt. In
both experiments, I volunteered for shifts in the accelerator. This further increased my

experience in operating the accelerator during an experiment.
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Chapter 4

Data Analysis

The data recorded by the digitiser had to be processed before it could be input into
Gosia. This involved sorting the events, calibrating the HPGe detectors in energy and
efficiency and placing gates around the spectra so that random particle-y coincidences are
removed. The different angles of the detectors also had to be accounted for by performing

angular correlation measurements.

4.1 Sorting Raw Data

The first step in the analysis was sorting the raw data from the digitiser into energy
spectra. The ~-ray spectra were viewed and analysed in ROOT, a program developed
by CERN for analysing data from particle physics experiments [47]. However the output
data from the Pixie was in the form of lists of time-ordered events. The data needed to
be sorted into a file that could be viewed in ROOT. The sorting was performed using a
code (CaesarSort) developed by the research group. CaesarSort takes the raw data

from the digitiser and sorts the events into a file for the ROOT framework.

4.2 Calibrations

4.2.1 Energy Calibrations

The first step was to perform energy calibrations on the detectors using the calibration
sources. The *Eu, '**Ba and ?°’Bi sources had transitions with well-known energies and
relative intensities, so they were useful for energy calibrations. Additionally, the range

of peak energies across the three calibration sources improved the detection efficiency
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Counts

corrections. The efficiency of HPGe detectors varied with energy, so the efficiency cor-
rection was performed by fitting an efficiency curve to the calibration data. The excited
states of '*!Sb being investigated had energies ranging from the order of 10keV to 1 MeV.
Therefore, a range of peak energies were needed to ensure the fit was accurate across
the energy range. This was particularly important for the 37-keV transition, as the low-
energy efficiency of HPGe detectors was difficult to determine. The peak energies of the
three sources cover the necessary energy range and therefore are useful for performing

efficiency calibrations.
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Figure 4.1: The 122-keV peak in the *?Eu energy spectrum. A Gaussian fit was used to
measure the centroid of the peak, which corresponds to the energy of the peak.

The " Eu source was used for the HPGe energy calibrations as it has the highest
number of well-known transition energies and intensities of the three sources. The cen-
troids of the peaks on the energy spectra were identified by fitting Gaussian functions
despite the peaks not taking Gaussian shapes, as illustrated in Fig. [£.1] This was because
the Gaussian function is able to accurately identify the centroid of the peak, the main

point of interest. Therefore, the Gaussian fit can be used during the energy calibrations.
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Each peak in the spectrum was matched to an expected "*Eu peak based on the
relative location and height of the peaks. The expected peak energies and intensities
were obtained from Ref. [48]. The spectrum peak energies were plotted against the
corresponding literature energies and a linear fit was applied, demonstrated in Fig. [£.2]
As HPGe detectors tend to have a linear gain, the gain was determined from the gradient
of the linear fit. While the energy calibration could be achieved with two peaks, I used
eleven peaks as it improved the robustness of the fit. The »?Eu peaks used in the energy

calibration are labelled in Fig. [£.3]

1,000 |
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Expected Peak Energy (keV)

\ \ \ \
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Measured Peak Energy (Channel)

Figure 4.2: Linear fit of the measured peak energies and literature peak energies for the
1%2F source. This was used to calculate the gain on HPGe detector G2.
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Figure 4.3: A calibrated ~-ray energy spectrum from the *?Eu source. The peaks used
for the energy calibration are labelled with energies rounded to the nearest keV.

4.2.2 Doppler Corrections

When '*'Sb nuclei undergo Coulomb excitation, they scatter and a portion of the v decay
occurs while the nuclei are in flight. This causes the energy of the v ray being measured
to be Doppler shifted relative to the expected energy. The extent of the Doppler shift is
dependent on the lifetime of the excited state. The mean lifetimes of the low-lying excited
states of '*'Sb range from the order of femtoseconds to nanoseconds. For example, the
37-keV isomer has a lifetime of 4.99 ns, the 573-keV excited state has a lifetime of 14.4 ps
and the 1024-keV state has a lifetime of 160fs [29]. As a result, the target nuclei are
in flight when decaying from the short-lived excited states but may be stopped when
decaying from the longer-lived states. Therefore, the magnitude of the Doppler shift was

determined by the velocity of the recoiling target nucleus when the v ray was emitted.
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Figure 4.4: The particle-y energy spectrum summed over all of the HPGe-photodiode
pairs for the Coulomb excitation of a 44 MeV '°0 beam on an '*'Sb target. The identified
peaks have been labelled with the energy to the nearest keV. This spectrum has not had
a Doppler correction applied to it.

The Doppler shift of the measured peak energy, Fieasured, relative to the expected
energy [, is expressed using the equation from [49)

Emeasured o 1 + 6 cos a

E, V1=

(4.1)

where (3 is the velocity of the nuclei in units of ¢ and « is the angle between the recoiling
target nucleus and the emitted v ray. The angle o was calculated from the kinematics of
the beam. The angle A is the angle between the recoiling beam nucleus and the emitted
~ ray. This is equal to the angle between the photodiode that detects the beam nucleus
and the HPGe detector that detects the + ray. Using the spherical coordinates of the
photodiode and HPGe detector,

cos A = cos 6., cos0p + cos(¢., — ¢p) sinb., sinbfp, (4.2)

where 0p and 0., are the polar angles and ¢p and ¢, are the azimuthal angles of the
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photodiode and HPGe detector respectively. Once A was known, the kinematics of the
beam were used to calculate a.

Doppler shifts were present in the data, as seen in the 1024-, 1107- and 1144-keV peaks
in Fig. 4.4 Doppler shift misaligns the transition peaks between detectors, making it
difficult to take fits of the peaks. The peak resolution can be improved by making a
Doppler-correction, where the J values are calculated and used to correct the spectrum
for Doppler-shift effects. While there are 56 HPGe-photodiode pair combinations, the
velocity of the target nuclei is only determined by the photodiode direction. Therefore,
each Doppler correction consisted of eight 5 values.

I calculated the § values using a code developed by PhD student Jack Woodside
(GetBetas) which fit 8 values for each photodiode for a specific transition using Eq.
4.1, The expected peak energy along with the range of energies of the peak in the
uncorrected "*'Sb 4-ray energy spectrum are input into GetBetas, which then performs
a fit to calculate the § values. An example of a GetBetas is presented in Fig. As
GetBetas was only capable of calculating 5 values for one transition, I repeated the

process for three separate transitions.
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Figure 4.5: A fit produced by GetBetas to calculate the g value for photodiode ‘A’ at
the 1024-keV peak. The observed shift represents how far the peak has been Doppler-
shifted from the expected value and « is the angle between the recoiling target nucleus
and the v ray. Each measured point represents the Doppler shift in an individual HPGe
detector.
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The results of the Doppler corrections are presented in Fig. and Fig. [£.7] In both
spectra, the peak that was Doppler-corrected is sharper compared to the uncorrected
spectrum in Fig. [£.4] thereby allowing better fits to be taken when measuring the peak
areas. For example, the 1024-keV peak is 34 channels wide in the uncorrected spectrum
in Fig. [4.4] and 17 channels wide in the corrected spectrum in Fig. However, the
Doppler-corrected spectra also illustrated why the Doppler corrections have to be taken
for each peak separately. Correcting for the higher-energy peaks introduced energy shift
into the lower-energy peaks that was not present in the uncorrected spectrum in Fig.
[4.4] Therefore, the Doppler-corrected spectra could only be used to measure the area of

a specific peak.
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Figure 4.6: A v-ray spectrum of the ?'Sb target Doppler-corrected around the 1024 keV
peak. The higher energy peaks are much sharper, allowing for more accurate fits to
get the counts under the peak The lower-energy peaks are less defined compared to the
uncorrected spectrum.
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Figure 4.7: A ~-ray spectrum of the ?'Sb target Doppler-corrected around the 1144 keV
peak. The higher energy peaks are much sharper, allowing for more accurate fits to get
the counts under the peak.
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4.2.3 Particle Detector Calibrations

Timing and energy gates were applied to the particle detectors to remove contaminants
from the spectra and align the timings of the particle detectors and the HPGe detectors.
The particle-energy spectra, such as the example in Fig. include both particles
emitted from the target and contamination by other particles such as electrons. The
contaminant particles were at a lower energy than the target particles and were eliminated
by applying software energy gates to the particle energy spectra. The gates performed an
energy cut and only included events within the gates when resorting the data. The particle
region and the contaminant region of the spectra did not overlap, so there was no chance of
including contaminants in the final y-ray spectrum. Initially, CaesarSort was hard coded
to apply one specific particle-energy gate. As a result, the gain of the particle-energy
spectra had to be adjusted to ensure the particle-energy distribution for each photodiode
fit within one set of gates. This had the consequence of losing coincidence events as each
particle-energy distribution had a different shape. Improvements to CaesarSort in 2024
made by J. Woodside enabled individual energy gates to be set for each particle detector,
allowing for energy gates that fit the different energy distributions.

Timing gates were also applied to identify coincidences between the photodiodes and
HPGe detectors. The time-difference spectrum between a particle detector and ~-ray
detector had one main peak representing ‘real’ coincidence events and a background
representing ‘random’ coincidence events, as shown in Fig. 1.9 A software timing gate
needed to be applied to align the detectors in time and a random subtraction also had
to be performed due to the prominence of uncorrelated events. This required placing a
main gate around the peak in the time-difference spectrum and two background gates
on either side of the peak. Unlike the particle-energy spectra, CaesarSort only allowed
for one specific particle-y timing gate to be applied. Therefore, the time-offset of every
particle detector was adjusted so that the main coincidence peak was centred around zero

to fit within the timing gates.
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Figure 4.8: The particle energy spectrum for photodiode ‘B’ summed over the entire
experiment. The spectrum was gated around the higher end of the energy range to
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4.2.4 Peak Area Measurements

The HPGe ~-ray detectors used in this experiment have energy resolutions on the order of
a single keV. As a result, the transition peaks have near-Gaussian energy distributions in
the spectra. The peaks have a tail at the low end of the distribution due to the incomplete
energy deposition of the v ray into the germanium crystal, as illustrated in in Fig. [4.10]
The near-Gaussian shape of the peaks was also a result of Doppler shifts discussed in
Section [£.2.2] The Doppler-shifting of the 7 rays increased the range of energies of v rays
emitted during a specific decay, leading to the peak becoming wider. As a result of these
factors, the peaks do not have Gaussian shapes and so a Gaussian fit would not give an

accurate measurement of the peak area.
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Figure 4.10: A fit using the sum over background method on the 573 keV peak for the
energy spectrum of photodiode ‘A’ summed over all of the HPGe detectors. The red
region is the peak and the blue regions are the backgrounds.

An alternative method to fitting Gaussian functions used was the ‘sum over back-
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ground’ method. In this method, an energy gate is placed around the peak and two
background regions are defined on either side of the peak. An integration sum of the
peak region is taken and the background regions are subtracted from the sum to give
a peak area measurement. The sum over background method was independent of peak
shape, which improved its accuracy for non-Gaussian peak. The main limitation of the
sum over background method is that it is difficult to fit overlapping peaks. However,
the ''Sb spectra did not feature any overlapping peaks, so this was not an issue when

measuring the peak areas.

4.2.5 Efficiencies

Another correction that needed to be performed on the yields is correcting for the detec-
tion efficiency. The efficiency of the detectors was dependent on the energy of the v rays
so the yields of each transition had to be corrected separately. The efficiency correction
was performed by calculating the relative efficiencies of the peaks of the three calibration
sources. A relative efficiency curve was fit to the data points and then scaled to produce
absolute efficiency curves. The three calibration sources were all used in calculating the
efficiencies as the peaks provided a wide range of energies that improved the fit accuracy,
especially in the energy range below 100 keV.

HPGe detector efficiency increases exponentially until it peaks at around 200 keV and
then exponentially decreases. The transition from the isomer state was below this energy
and the other '*'Sb transitions of interest were significantly above this turnover point. A
function describing the relative efficiency as a function of energy, n,a(E), was fit to the

relative efficiencies of the calibration sources. I used the fitting function [50]
—c —c] %
T]rel(E) = exXp { |:((l() + a1xr + CLQI2> + (b(] -+ bly -+ b2y2) :| } 3 (43)

where a;, b; and C are fitting parameters, x = In (1—]&)) and y = In (W]%o)'

An initial fit was performed to test the fitting function using the ?Eu source.
Europium-152 was selected for initial fit as it was also the only calibration source that the
function could fit to by itself. This was because the "**Ba and ?“"Bi sources did not have

enough peaks to take a fit of the efficiency function. I included nine '*?Eu y-ray peaks as
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well as the two europium x-ray peaks produced during internal conversion. The x-rays
had energies of the order of 10keV so they improved the fit in the energy region below
100keV. I determined relative efficiency of the **Eu peaks by measuring the peak areas
using the sum over background method described in Section and then divided the
peak areas by the relative intensities obtained from Ref. [48]. A initial relative efficiency
curve was produced for each HPGe detector, an example of which is presented in Fig.
[4.11] Once the initial fits were taken, the process of calculating the relative efficiencies
was repeated for the "*Ba and **"Bi peaks using intensity data obtained from Ref. [51]
and Ref. [52]. However, as the relative efficiencies were at an arbitrary scale, the absolute
efficiencies of the three sets of calibration data had to be calculated so that an absolute

efficiency fit could be performed.
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Figure 4.11: An initial fit of the relative efficiency curve for the **Eu source in HPGe
detector G2. Uncertainties were determined from the background subtraction method
but are too small to be seen at this scale.
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Absolute Efficiencies

The absolute detector efficiencies were calculated by measuring the ~v-ray cascade from
the calibration sources. A cascade in v decay is where a transition from level A to level
B is followed by a transition from level B to level C, illustrated in Fig. [£.12] As a result,

two 7y rays, v1 and 7, are emitted in series and detected by different detectors [53].

A

71
B

Y2
: C

Figure 4.12: A level scheme showing a y-ray cascade (left). The two 7 rays are emitted
from a source and detected by different y-ray detectors separated by angle © (right).

The number of v, events recorded by Detector 1 is

Ny = Ny, (4.4)

where N, is the actual number of « rays that reached Detector 1 and 7, is the absolute
efficiency of Detector 1. The number of 7, events recorded by Detector 2 in coincidence
with Detector 1 is

Ny = paNimmW(0), (4.5)

where ps is the probability of v, being emitted, 7, is the absolute efficiency of Detector
2 and W (O) is the -y angular correlation term that will be discussed later. Combining
Eq. and Eq. and accounting for internal conversion gives the absolute efficiency
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of Detector 2 as
1y = N271 (1 + Od)
? Nipo W(@) 7

(4.6)

where « is the internal conversion coefficient. Therefore, the absolute efficiency of Detec-
tor 2 at the energy of v, can be calculated by taking the ratio of Ny ; and /V; and scaling
by the probability of 75 and the angular correction factor.

The cascade method was performed using the *°"Bi source. Bismuth-207 undergoes
electron capture and decays to a 2°"Pb nucleus in a 1633-keV excited state. The **"Pb
nucleus then undergoes a 1063-keV decay transition followed by a 569-keV decay transition
to its ground state [51].

The cascade method was performed by sorting the calibration source data using Cae-
sarSort to produce y-v coincidence spectra. The sum over background method was used
to get the 569-keV coincidence areas by gating around the 1063-keV peak and then mea-
suring the 569-keV peak area. This process was repeated for each HPGe-HPGe detector
combination. As there were seven HPGe detectors and a detector cannot be in coin-
cidence with itself, I had six data points per detector. I averaged the result to get an
absolute efficiency at 569 keV for each HPGe detector and took the standard deviation
as the uncertainty. The absolute efficiency at 569 keV was used to convert the relative
efficiency data to absolute efficiencies.

Initially, the *°’Bi cascade was used to scale all of the calibration data to absolute
efficiencies. However, the '**Ba data was not in agreement with the other sources, which
caused the fitting code to fail. This was resolved by applying the cascade method to each
source separately. The ?Eu cascade was a 1408-keV transition into a 122-keV transition
and the "Ba cascade was a 356-keV transition into a 81-keV transition. This aligned
the data correctly and produced absolute-efficiency functions for each HPGe detector, an
example of which is shown in Fig. [4.13]

Another issue was fitting the low-energy region of the absolute efficiency curves. The
fitting function Eq was numerically unstable at low energy values and combining the
192By, ¥Ba and 2°"Bi data would break it due to this instability. The issue of numerical
instability at low energy was solved by implementing an algorithm provided to me by

Professor Greg Lane. The algorithm performed the fit in stages, first by calculating
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the a; and b; parameters separately. It would then check the difference between the
ap + arx + agz?® term and the by + byy + byy? term in Eq. [£.3] If the difference between
the terms was greater than six orders of magnitude, the code would fit the exponent of

the smaller term. Otherwise, the code would fit the data to the form of Eq. 4.3
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Figure 4.13: Absolute efficiency curve fit to all three calibration sources in HPGe detector
G2. Uncertainties were determined from the sum over background method used to get
the yields but some uncertainties were too small to be seen at this scale.

~v-v Angular Correlations

The cascade method relies on the two v rays in the cascade being detected by different
detectors separated by an angle ©. As a result, the absolute efficiency correction includes
a v-y angular-correlation term W (0) to account for the difference in angle between the
HPGe detectors. The angle between the two detectors © with angle positions (61, ¢1)

and (0, @) respectively is expressed as
cos © = cos 6y cos Oy + cos(p; — ¢o) sin b sin bs. (4.7)
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The angular-correlation factor can be expressed as

N
CW(O) = NEQ,

(4.8)

where N, is the number of v, events detected independent of v, events and C'is a constant.
The values of CW(O) were calculated using Eq and the results were plotted against
O for each HPGe-HPGe combination. The data points were fitted to a trigonometric

polynomial function [14]
L
CW(O) =1+ ascos™(O), (4.9)
k=1
as illustrated in Fig. 4.14]
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Figure 4.14: The -v angular correlation curve for the *"Bi data. Unlike the efficiency
curves, the angular correlation is fit to all HPGe-HPGe detector combinations simulta-
neously.

The fit was used to determine the values of C' and ag, up to L = 2. This gave W (O)
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a functional form which could be used to calculate the W (©) value for each HPGe-HPGe
combination. The values of W (©) varied depending on calibration source. The *?Eu
and 2"Bi angular corrections ranged from 1.0 to 1.3 while the '**Ba angular corrections

had a smaller variance of between 1.0 and 1.1.

4.3 ~v-Ray Yields

4.3.1 Yield Corrections

Once the particle-gated y-ray spectra were calibrated and the absolute detection effi-
ciencies were calculated, the overall yields for each individual particle detector could be
determined. The yields were determined by measuring the peak areas using the sum over
background method. Those measurements then needed to be corrected for factors such
as angular correlations and HPGe detector efficiency as discussed previously. For a given

particle detector, the total yield of a peak across a 47 solid angle is given by

abs Ecasca e !

Yield(E,) = N{ 3 lnrel(Ew)  Mabs( Becascade) W (b, Agb)]} (4.10)
HPGe Threl (Ecascade)

where N is the number of counts, equivalent to the peak area, and W (6., A¢) is the

particle-y angular correlation factor.

Particle-y Angular Correlations

When an excited nucleus emits a v ray, the spin of the initial excited state influences
the direction of the trajectory of the v ray. The distribution of spin alignment in the
target nuclei is related to the particle scattering angle, while the radioactive calibration
sources have no spin alignment. However, when using the cascade method, the alignment
of the middle state was determined by the direction of the first v ray, which affects the
directional distribution of the second ~ ray.

The ~-ray yield averaged over the full 47 solid angle range for each photodiode needs
to be discerned in order to calculate the Coulomb excitation cross-section. This was done

by correcting the measured yields for each photodiode-HPGe pair for deviations from the
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average yield across the full solid angle.
The angular distribution of 7 rays after Coulomb excitation is given by the function [54,
5]

W(0p,0,,A¢p) = qu(QP)QkaGkD(I;S(AQ 05,0), (4.11)
kq

where A¢ is the difference in azimuthal angle between the particle and ~-ray detector.
For E2 and mixed M1 + E2 transitions, k € {0,2,4} and ¢ can take on integer values
from —k to k.

The By,(0p) term is the statistical tensor which determines the initial spin alignment
and can be calculated for a specific angle using knowledge of reaction dynamics [55].
The tensor must be integrated over the range of possible scattering angles, which in this
experiment was the rectangular surface of the photodiodes.

The @ terms account for the solid-angle attenuation from the finite shape of the
~v-ray detectors. The BGO Compton suppressors limit the HPGe opening angle so it was
assumed that Q) = 1.

The F}, terms contain information about the initial and final spin states. These can
be found in various tables [56].

The G}, terms account for the vacuum deorientation effect. When a nucleus recoils
into a vacuum, the By,(fp) changes over time in relation to the nuclear g-factor. The

time-dependent G terms can be expressed as
Gr(t) = e ™M, (4.12)

where )y is the vacuum orientation rate. Integrating over time ¢ gives the G}, terms as

1

Gp=—"—
F 1—i‘>\k7']\[7

(4.13)

where 7y is the state mean lifetime [57]. The DXi(A¢,0,,0) terms are the Wigner-D
matrices.

For the described analysis in this thesis, I used Gosia to calculate the angular corre-
lation term. I simulated a Coulomb-excitation interaction of '°0O on '!Sb at 44 MeV for

both a single detector with a 47 solid angle and the CAESAR array used in the exper-
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iment. The input levels, transitions and matrix elements were obtained from Ref. .
The yields output by Gosia were used to calculate W (6,, A¢) term through dividing the
yields from the CAESAR simulation by the yields from the 47-detector simulation.

4.4 Gosia

Gosia is a program designed to analyse large volumes of data from Coulomb-excitation
experiments . It is able to fit transition matrix elements to experimental yields. Gosia
is based on the Winther-de-Boer code that uses a semi-classical theory of Coulomb

excitation to calculate expected ~-ray yields from matrix elements.

4.4.1 Inputs
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Figure 4.15: The positions of the photodiodes in spherical coordinates that were used in
the Gosia input file. Photodiodes ‘A’ to ‘D’ are on the left and photodiodes 'E’ to "H’
are on the right. Figure created by J. Woodside and reproduced with permission.

Gosia takes a variety of inputs to define both the experimental conditions and the struc-

ture of the nuclei. Properties of the nuclear states such as energy, spin and parity have
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to be specified, as well as the transition matrix elements for each multipolarity. The
initial matrix elements have to be guessed, though the guess can be informed by previous
experimental data. The allowed range of the matrix element in the fitting has to be
defined or alternatively the matrix element can be fixed. Other properties of the nucleus,
such as the branching ratio of two transitions, the mixing ratio of a mixed transition and
mean state lifetimes, were optional inputs but provided more constraints for the fitting
process. Internal conversion coefficients were calculated through the Brlcc database [59].
Experimental conditions also needed to be input, including a set of energies for Gosia
to integrate over, the spatial coordinates of the detectors and the experimental ~-ray
yields. The lower value of the energy set was the full energy loss in the target, which was
calculated using a code developed by Professor Andrew Stuchbery. The upper value was
the energy of the beam.

The ~-ray detector angular positions were fixed while the particle detectors had a
range of ¢ values for every 6 value. These were input as a list of 6 values and a range
of ¢ for each particle detector. The possible (0, ¢) combinations for each photodiode are
displayed in Fig. [4.15] Other inputs included the stopping powers which were used to
define the target thickness. I calculated the stopping powers from the set of energies using
SRIM, a software packages which calculates the energies of interactions of ions in matter
[60]. The experimental yields for each particle detector, calculated using Eq. , were

input with uncertainties into Gosia to be used in the fitting process.

4.4.2 Fitting and Outputs

Gosia calculated the excitation cross-sections from the given initial matrix elements us-
ing the Winther-de Boer code. The excitation cross-sections are then used by Gosia,
alongside the input parameters to calculate the y-ray yields through an iterative process
of recalculating the cross sections to vary the matrix elements. During the fitting pro-
cess, Gosia outputs a x? parameter which represents the differences between the inputs
and the calculated outputs. The fitting stops when the y? parameter reaches a local
minimum. Gosia then outputs the fitted matrix elements, yields calculated from those

matrix elements and other results from the fit such as branching and mixing ratios. The
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output also included a comparison between the calculated and expected values of each
input parameter. The fitted yields were then compared to the experimental yields to
evaluate the accuracy of the fit. The fitting process was repeated with different input

matrix elements to improve the alignment between the experimental and fitted yields.

4.5 Analysis Approach

The analysis is described in detail in Chapter 5. The experimental yields were normalised
and compared to the yields produced by the Gosia fits. The accuracy of the Gosia fits
was determined by how many fitted yields were within uncertainty of the experimental
yields. The initial matrix elements were varied to improve the quality of the fits. Once
I was satisfied with the agreement between the experimental yields and the fitted yields,
[ used the fitted matrix elements generated by Gosia to calculate the B(E2) values for

each transition and compared them to the literature values.
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Chapter 5

Results

In this chapter, I will discuss the results of my analysis. First, I identified transitions
of "!Sb in the v-ray spectra and measured the areas of those transition peaks (Section
. I applied the correction factors to calculate the ~-ray yields from the peak areas
(Section . This enabled me to verify the analysis method by comparing the final
yields between particle detectors (Section . I will then discuss the results of fitting
Gosia yields to the experimental yields (Section [5.4]). Finally, I will discuss the B(E2)
values and state mean lifetimes calculated from the fitted matrix elements and compare

them to literature values (Section [5.5]).

5.1 Identified ?'Sb Transitions

Nine transitions of '*!Sb were observed in the 7-ray spectra and are labelled in Fig.
4.4 The level scheme in Fig. shows where the identified transitions are located in
the structure of !Sh. Some of the identified transitions were not be included in the
analysis due to low statistics. The 11/27 — 9/23 transition was visible on the combined
spectrum at 391keV but was only visible above background on two of the individual
particle-detector spectra. The 11/2] — 9/2] transition was only visible on the spectrum
for particle detector ‘E’ and was not visible above background on the combined spectrum,
so it was not labelled in Fig. [£.4l The low statistics made it difficult to distinguish the
peak from the background and thus the peak area for the 282-keV and 391-keV peaks
could not be reliably measured. Without peak area measurements, the experimental
yields were not able to be calculated and thus the 282-keV and 391-keV peaks were not

included in the Gosia fitting process.
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Figure 5.1: Level scheme of ?'Sb showing transitions that were identified in the exper-
iment. The excited state energies are labelled with energies to the nearest keV on the
left and spin-parity on the right. Excited state energies and spin-parities obtained from
Ref. |29]. Note that the 1385-keV excited state did not have an assigned spin as of the
publication of Ref. [29]. The transitions are labelled with energy to the nearest keV. The
7/2] state is the isomer of interest for the isomer power program.
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5.2 Correction Factors

5.2.1 Absolute Efficiency

I calculated the absolute-efficiency correction using the cascade method described in
Section for each calibration source. Initially, I used the **’Bi cascade to correct
for all three sources but the '**Ba data points were found to be inconsistent with the
relative the efficiency curve. This was problematic because the focus of this thesis was on
low-energy Coulomb excitation, particularly the 37-keV transition from the 7/27 isomer
to the ground state. Barium-133 was the only calibration source to have a peak below
37keV. Therefore, the **Ba data had to be included to ensure the efficiency curve was
accurate for all *!Sb peaks. To resolve this issue, I performed the cascade method on
each source individually, which aligned the three sources and enabled me to fit an absolute

efficiency curve for each HPGe detector.

5.2.2 Angular Correlations

I calculated the angular correlations using Gosia to simulate the Coulomb-excitation
yields. To do so, I calculated matrix elements using '*'Sb transition probability data from
Ref. |29] and input them into Gosia. The first simulation assumed a single detector with
47 coverage, similar to my tests described in Section [2.7, while the second simulation
used the positions of the HPGe detectors in CAESAR. This enabled me to calculate
the angular correlation factor for each transition in each HPGe-photodiode pair. The
angular correlation factor W (60, A¢) ranged between 0.9 and 1.1 for the different HPGe-

photodiode combinations.

5.2.3 Final y-ray Yield Corrections

I calculated the absolute efficiency and angular correlation factors using the methods
discussed in Section and further elaborated on in Chapter 4. I was able to use the
sum over background method to measure the yields of eight of the identified transitions

and applied the correction factors to get the final y-ray yields using Eq [4.10]
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5.3 Comparison of Experimental Yields

To check the efficiency calibration and angular correlation of the measured ~-ray yields,
I compared the experimental yields between each particle detector. When the correction
factors are applied and the yields are normalised relative to a chosen transition, the yield
for a specific transition should be the same in each particle detector. I normalised the
yields of the observed transition to the 1/2 — 5/2] transition, as that transition had
the highest number of yields. An example of comparing the normalised experimental
yields is illustrated in Fig 5.2 Most of the normalised experimental yields for each
transition agreed within uncertainty across the particle detector array. The only notable
outlier was the 3/2{ — 5/2 transition yield in particle detector ‘B’ which had higher
yields compared to the other detectors. This was most likely due to an over count as
the measured peak areas in the detector ‘B’ spectrum tended to be lower than the other

particle detectors.

o

S

7 0.12

S

o

-

4+~ O.]_ |

N

~—

1O

T 0.08 -

+—

™ o

N

b

o 0.06

= o

e,

%

= 0.04 o
s

3

Z 0.02 -

5 | | | | | | | |
E) A B C D E F G H

Particle Detector

Figure 5.2: Comparison between the experimental yields of the 7/2f — 5/2] transition
for each particle detector.
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5.4 121Sb Results

5.4.1 Yield Measurements

The areas of the other identified peaks were obtained using the sum over background
method described in Section [£.2.4] The higher-energy peaks exhibited Doppler shifts
which made fitting difficult. This was resolved by correcting for Doppler shifts as dis-
cussed in Section around the 1024keV, 1107keV and 1144 keV peaks individually.
This gave the peaks better definition, which allowed for better fits using the sum over
background method. The correction factors were applied to produce the v-ray yields,

which were input into Gosia.

5.4.2 Initial Values for Matrix Elements

The initial matrix elements for the Gosia fits were calculated using literature values of the
B(E2) and B(M1) values obtained from Ref. [29]. The matrix elements were obtained
from previous Coulomb-excitation measurements where possible, and results from lifetime
measurements were used if Coulomb-excitation measurements were not available. It was
initially assumed that all of the matrix element signs were positive. When creating the
Gosia input file, matrix element signs were changed to match the mixing ratios given in
Ref. [29].

I allowed the matrix elements corresponding to transitions observed in the spectrum
in Fig. to vary. The exception was the 1/2] — 5/2] matrix element, which was used
to normalise the other transitions and therefore was fixed. The Gosia input included
matrix elements from transitions in the literature that were not observed in the data.
I also included matrix elements for unobserved but allowed E2 transitions. Coulomb-
excitation population paths can include population transitions between states that have a
highly-inhibited decay transition. While not observed as decay transitions, the population
transitions still influence the population of the excited states, and by extension the fitted
yields. Therefore, when creating the Gosia input file, I added matrix elements for every
E2 transition allowed by the multipolarity selection rules from Section [2.2.1] as Coulomb

excitation populates states via E2 transitions. The matrix elements for the unobserved
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transitions were calculated using the state mean lifetimes listed in Ref. [29] and were not

allowed to vary.
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Figure 5.3: The experimental yields of each transition compared to the yields generated
by the Gosia fits. All yields are normalised to the 1/2{ — 5/2{ transition.
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5.4.3 Fitted Yields

The fitting process revealed certain relationships between transitions and how the yields
were influenced by the population of other excited states. Most of the transition yields
were sensitive to changes of the (9/2 ||m(E2)||7/27) matrix element. For some states,
they were more sensitive to the (9/2f||m(E2)||7/2{) matrix element than they were to
a transition connected to that state. This made sense for the 9/2; — 5/2{ transition, as
both depopulate the 9/2; excited state and therefore both vary to maintain the branching
ratio between the two transitions. This also made sense for the 7/2f — 5/2] transition as
the initial state is populated by the 9/2f — 7/2] transition. However, the 9/2§ — 7/2{
transition was also highly sensitive to the (9/2f||m(FE2)||7/2]) matrix element. This
suggested that both the 9/25 and 9/2] excited states were being populated through
the 7/2] isomer. Thus, changing the matrix element of a transition to the 9/2; would
influence the population of the 7/2] and 9/27 states.

Another influential factor in the fits was the mixing ratio of the mixed transitions. As
discussed in Section [2.2.1] some transitions have significant contributions from more than
one multipole during v decay. The low-energy transitions of '*'Sb include transitions with
notable contributions from both the M1 and E2 multipoles. The mixing ratio input into
Gosia was the E2 transition probability divided by the M1 transition probability. Gosia
calculated the mixing ratios when performing the fits and compared the calculated mixing
ratios to the expected values obtained from Ref. [29]. The fits had a lower x* parameter
if the mixing ratio calculated from the fitted matrix elements was within uncertainties of
the expected ratio. Similarly, the branching ratio also represented the quality of the fits.
The branching ratio is the ratio of intensities of two transitions that decay from the same
state. Gosia calculated the branching ratios from the fits and an indicator of a poor fit
were branching ratios that were well outside uncertainties of the expected values.

The signs of the matrix elements represent the matrix element phase and as a re-
sult, the matrix elements interfere with one another while populating and de-populating
excited states. This interference contributes to the value of the fitted y-ray yields. There-
fore, switching the sign of the matrix elements changes the interference pattern, and by

extent the fitted yields. As discussed in Section [4.4.2] the output represents the local
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minimum of the y? parameter of the fit. The yields affect the initial y? value, which
shifts the y? local minimum. The fitted matrix element signs matched the sign of the in-
put matrix element because the x? parameter has a large peak at x? = 0. Therefore, the
fitting process could not change the sign, which meant the initial signs would influence
the local minimum of the x? parameter.

Fig. shows the yield ratios for the Gosia fits and the experimental yields nor-
malised to the 1/2] — 5/2] transition. Approximately half of the Gosia yields agree
within uncertainty of the experimental yields and all of the Gosia fits are within 30
of the experimental yields. The quality of the fits varied across the transitions but the
quality tended to be higher for the transitions with the largest peak areas. The highest-
quality fit was the 7/23 — 5/2] transition as all but one of the fits aligned within the
experimental yield uncertainties. This corresponds to the peak with the highest yields
of the seven being considered. Similarly the peak with the worst fit, the 9/25 — 7/2f
transition, had the lowest yields. While there was not a direct correlation between num-
ber of yields and fit quality, it demonstrates the importance of statistics in the quality of

the measurements.

Transition Energy (keV) E2 matrix element (eb)  B(E2) (eb?) B(E2) (W.u.)
3/2F — 7/2f 470 0.808(15) 0.163(5) 45.9(14)
3/27 —5/2f 507 —0.240(5) 0.0143(5) 4.05(14)
7/25 —5/2f 1024 0.801(20) 0.080(4) 22.6(11)
9/25 — 7/2f 998 —0.0621358, 0.000417, 0.108133%
9/2f —7/2f 1107 —0.730(30) 0.058(4) 16.3(11)
9/2f —5/2f 1144 —0.930+% 0.087+3 244111

Table 5.1: Fitted reduced matrix elements in '*'Sb and the corresponding B(E?2) values.
Note that the matrix element errors are diagonal errors and have not been correlated.
The 7/2] — 5/2{ transition was an M1 transition and the 1/2] — 5/2{ transition was
used for normalisation, so neither had a fitted £2 matrix element.
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B(E2) (W.u.)
Transition Present work  Adopted Coulomb excitation |29‘761':64: Hooper et al. |64] Adopted lifetimes [29:7
3/2f = 7/27 45.9(14) 0.79(14) 26.0(30)
3/2F — 5/24 4.05(14) 4.14(50) 4.23(12) 4.2(8)
7/2;’ —5/2f 22.6(11) 15.2(22) 21.1(42) 15.0(40)
9/25 = 7/2F 0.108%353 1.01(11)
9/2f — 7/2f 16.3(11) 4.0(30)
9/2f —5/2f 24.47¢! 17.7(62)

Table 5.2: Summary of the measured B(FE2) values compared to other experiments.
The adopted Coulomb-excitation values were a weighted average of the results of various
Coulomb excitation experiments on '*'Sb performed by the author of Ref. [29]. The
results from Ref. [64] were included in the weighted average but also measured B(E2)
values that were not given in Ref. [29).

5.5 Reduced Matrix Elements and Transition Prob-
abilities

The fitted matrix elements and B(E2) values along with uncertainties are listed in Ta-
ble 5.1] The comparisons of the experimental B(E2) values to the literature values are
listed in Table The accuracy of the B(FE2) results varies significantly by transition.
The B(E2;3/2{ — 5/27) value agreed within uncertainties for all three literature values
and the B(E2;9/2f — 5/2{) value agreed within uncertainty of the weighted average
in Ref. [29]. The B(E2;7/25 — 5/2F) value agreed within uncertainty of the result
in Ref. [64] and was within 20 of the other literature values. The three other B(E?2)
values were well outside uncertainty of the literature values. The B(E2;9/25 — 7/27)
and B(E2;9/2f — 7/27) values were over an order of magnitude outside the literature.
The B(E2;3/25 — 7/27) values showed the most variance across the experimental and
literature values. My value and the value calculated from lifetime measurements in the
literature did not agree within uncertainties but were within the same order of magni-
tude. The value from Ref. [64] was two orders of magnitude below the other values for
B(E2;3/25 — 7/2]). A pattern in the results was that the B(E2) values that were well
outside literature uncertainties decayed to the 7/2{ isomer while the B(E2) values that

aligned with the literature decayed to the ground state. Additional experimentation is
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required to investigate this phenomenon.

A possible explanation is that the data I was fitting was under constrained. Part of the
process of measuring ~-ray yields is constraining the data based on known information,
thereby ensuring the data aligns with existing results. If the data is under-constrained,
then it is less likely to agree with previous results. The source of the under-constrained
data could be from a range of factors such as the precision of the particle detectors.
Further investigation is needed to see whether the data can be constrained in the analysis

to produce B(E2) values that align with the literature.

5.5.1 Lifetimes

Excited state Energy (keV) Calculated lifetime (ps) Adopted lifetime [29] (ps)

7/27 37 4.99 x 103 4.99(4) x 10°
3/2f 507 1.59 2.78(27)
1/2f 573 9.57 14.4(23)

7/25 1024 0.111 0.230(40)
9/2F 1144 0.287 0.660(130)

Table 5.3: State mean lifetimes calculated from the Gosia fits compared to literature
values from Ref. [29).

Gosia calculated mean lifetimes for each of the states from the matrix elements, which
were compared to the literature lifetimes, as listed in Table . Only the 7/2{ isomer
mean lifetime was reproduced within uncertainties of the literature values by the Gosia
fits. The other lifetimes were within an order of magnitude of the literature values but
significantly outside uncertainties. I varied the (7/23 ||m(F2)||5/2{) matrix element in
the input file to examine the influence of the initial matrix element on the calculated mean
lifetime. However, varying the (7/25 ||m(FE2)||5/2]) matrix element had a negligible effect
on the calculated lifetime. This further indicated that the data recorded in the experiment
was under-constrained, as if the source of the lifetime disparity was the Gosia fit, varying

the matrix element would have changed the calculated mean lifetime.
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Chapter 6

Conclusions

We have successfully conducted experiments to investigate the theoretical assumptions
of Coulomb excitation at low energies. I was able to access the low-lying excited states
of '*!Sb and measure the v rays emitted during de-excitation in order to calculate the
B(E2) values for the transitions and the mean lifetimes of the excited states.

The measurements of the B(E2 : 3/2f — 5/21), B(E2 : 7/25 — 5/27) and
B(E2 : 9/2f — 5/2]) values agreed within uncertainties with the adopted values
from the literature. However, the B(E2 : 9/25 — 7/27), B(E2 : 9/2f — 7/2) and
B(E2 :3/27 — 7/2]) values significantly diverged from the literature values by over an
order of magnitude. Furthermore, aside from the 7/2] isomer, the mean state lifetimes
calculated by Gosia from the matrix elements were outside uncertainties of the literature
lifetime values.

The results highlighted issues with the ability of CAESAR to apply the necessary
constraints to the data. The constraints on the data are planned to be improved by
installing new particle detectors in CAESAR at HIAF and repeating the experiment.
The new detectors will have smaller solid angles that decreases the range of angles at
which the data is integrated over, which should improve the precision of the experiment.

The results also demonstrated that the B(E2) values of transitions to the 7/2] iso-
mer substantially disagreed with the literature values. Further research is required to
determine the cause of this disagreement and if it is related to the under-constraint of
the data.

A future goal is to verify the results using a a lower-Z beam. The use of beam species
such as protons with Z = 1 means that the safe energy will be lower compared to an '°O
beam. This decreases the chance that higher-energy states will be accessed, allowing for

more focus in the analysis on the low-lying excited states.
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An alternative research pathway is to use higher-Z beams to increase the amount of
excitation. The magnitude of the excitation in Coulomb excitation is proportional to the
charge of the beam nuclei. Beams with higher charge could increase the amount of exci-
tation that occurs. This is because there is more charge in the interaction and therefore
the reaction rate is greater [38]. While 'O is a suitable beam for its configuration of
excited states, it has a relatively low charge of Z = 8. The higher-Z beam will increase
the excitation of the low-energy states and produce greater quantities of data to analyse.
A potential beam species is *®Si as it has a charge number of Z = 14. Additionally, its
lowest-energy excited state is at 1779keV, so it does not overlap with the low-lying '?'Sh
excited states [65]. Silicon-28 has already been used in Coulomb-excitation experiments
at HIAF, so it is a viable beam species for future research into low-energy Coulomb

excitation.
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