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ABSTRACT

Nuclear cluster structures are of great interest to the nuclear physics community, pro-
viding good tests of theoretical models and exciting physics beyond the highly-successful shell
model. Experiments have been performed in order to attempt to identify cluster structures in
180, C and C. The first experiment involved precision measurements of branching ratios
for high-energy states in 80, ranging from 7 — 16 MeV. Over 50 states were investigated,
with a mixture of previously measured and unmeasured branching ratios — in the case of
previously measured branching ratios, typically a very good agreement was seen between this
work and literature values. The values of T'e/ry, E, and I'y,; were extracted experimentally
and used to calculate 02 using the literature value of J™, where available. These 6% values
were used to establish the tendency towards clustering for these states, with an emphasis
on states that had previously been proposed to be members of rotational bands correspond-
ing to cluster structures “C @ «a and *C @ 2n @ a. No evidence of consistent cluster
structure across the proposed bands was observed, casting doubt on the existence of such
cluster bands in 0. However, some states with 62 values consistent with cluster structure
were observed. The second experiment, for which the analysis is ongoing, aimed to provide
a proof-of-principle measurement of the ability to produce excitation functions for the com-
pound nuclei 1*C and °C through the thick target inverse kinematics *He(!°Be,'°Be)a and
“He(*?Be,'?Be)a resonant scattering reactions, with the °Be and ?Be beams produced via
fragmentation. The experiment also aimed to identify resonances corresponding to nuclear

molecular Hoyle-state configurations, which have long since been theorised.
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Chapter 1

Introduction

To understand the nature of the Universe has been the fundamental aim of physics since the
very beginning. The matter that comprises the Universe, and the way it interacts, in many
ways remains a mystery. From as early as the ancient Greek concept of indivisible (&topoc)
building blocks of nature, the search for a base set of rules that can be applied to all matter
has been ubiquitous in the field of science. With the discovery of many chemical elements
and the subsequent observations that their properties could be predicted in groups in the 19"
century, the first phenomenological clues that these building blocks existed were uncovered.
This was particularly clear as the properties of these elements followed a repeating pattern,
which seemed to be generally well-ordered by chemical mass [1]. With the discovery of the
atomic nucleus by Ernest Rutherford et al. in 1911 [2], and subsequent discovery of the
neutron by James Chadwick [3], these building blocks had been thought to be found. By
varying the number of protons present in an atomic nucleus, the behaviours and properties
of the atom change drastically as the corresponding number of electrons changes — this is,
in fact, the underlying ordering that the periodic table produced by Dmitrii Mendeleev had

ascertained before the existence of the proton had even been discovered. It is now known that
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nucleons are actually composite particles, consisting of three quarks each: two up quarks
and a down quark comprise the proton and two down quarks and an up quark comprise
the neutron. However, the nuclear system itself presents many mysteries and difficulties
in understanding it, even at a nucleon level. Great effort has been taken to elucidate the
enigmatic behaviour of this structure, in attempts to develop models that can precisely and
accurately predict properties of specific nuclei, such as the existence of energy levels or the

deformation of the nucleus (which, in turn, affects the charge distribution and rotational

energy).

The focus of this work is in the investigation of a-cluster structures: nuclear systems in
which the constituent nucleons coalesce to form a-particle and other sub-structures within
the nucleus. This phenomenon provides a good example of nuclear collective excitations
that are not well described by the very successful spherical shell-model, and instances in
which these structures are found can be very helpful in developing theoretical models. The
advantage of these systems is clear in theoretical frameworks in which ab initio calculations
are attempted — to model a nucleus from first principles, all of the different nucleons (and
indeed their constituent quarks and gluons) must be modelled, all of which can interact with
one another. Cluster systems reduce the degrees of freedom needed to be considered, greatly
diminishing the required processing power. Thus, models can be tested on systems with a

larger number of nucleons due to the ability to model cluster structures as few-body systems.

1.1 Thesis work

The work detailed in this thesis relates to two experiments. The first was an experiment per-
formed at the Maier-Leibnitz Laboratory in Munich, populating high-energy states (7.0 —
16.0 MeV) in 'O through the transfer reaction 2C("Li,p)'®O* reaction (Er; = 44 MeV).
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The Q3D magnetic spectrograph was used to measure the recoil proton, identifying the
state populated for each event, while the Birmingham large-angular-coverage DSSD array
was utilised to measure products from the decay of the product #0, determining their species
in the process. The aim of this experiment was to establish the a-decay branching ratio for
various states proposed to have cluster structure, in order to identify the reality of this claim.
The second experiment was performed at the GANIL facility in Caen, France, utilising the
fragmentation method to produce beams of 1°Be and '2Be. These were incident on a thick
a-gas target, populating resonances in the 4C and *C compound nucleus systems through
use of the thick target inverse kinematics method. The aim of this experiment was to iden-
tify cluster structures in the two compound nuclei relating to Hoyle-state analogues, while
simultaneously providing a proof-of-principle measurement using this novel experimental

technique.



Chapter 2

Theoretical overview

This chapter will qualitatively and quantitatively describe some nuclear models, with an
emphasis on cluster models of the nucleus. Theoretical concepts are discussed that are later

referred to as part of the experimental techniques and analysis performed.

2.1 Liquid drop model

One of the simplest and earliest models for estimating properties of the nuclear system is
that of the liquid drop model of the nucleus, first developed by George Gamov in 1929
[4] and later adapted and refined (due in part to the discovery of the neutron) by Bohr,
Wheeler, and Weizsacker [5] [6]. The liquid drop model operates under the assumption
that the forces that bind nuclei together are analogous to those that cause the formation of
drops in liquids (such as surface tension). This model gives a reasonable approximation for
many nuclei, particularly for cases in which the density of nucleons remains approximately
constant across a spherical nucleus. Mathematically, this model is often represented by the

semi-empirical mass formula,
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2(Z-1)  (A—22)?

— _ /s _ _
Eg=ayA—agA ac Ve aa "

+ (A, 2), (2.1)

where E'p represents the binding energy of a nucleus with atomic number Z and atomic mass
A. The constants specific to each term, represented by a, are determined from experimental

data: ay =15.75 MeV, ag =17.8 MeV, ac =0.711 MeV, a4 =23.7 MeV and §(A4, Z) has a

11.18 MeV

VP for odd-odd and even-even nuclei, in which the numbers of protons

magnitude of (+
and neutrons are both odd (odd-odd) or both even (even-even), but this term vanishes for

even-odd nuclei.

The first term of this expression is known as the volume term, which is linear in terms
of A due to its proportionality to the volume. This term represents the attractive strong
nuclear force, as well as the incompressibility of nuclear matter due to the very short range
repulsion of the nuclear force, which only acts between close nucleons due to its short range.
Another problem that arises because of the short range of the nuclear force is that nucleons
on the surface experience less force than those further in the nucleus. This is corrected
for by the negative surface term (the second term in equation 2.1), which is appropriately
proportional to A% to represent the surface of the spherical nucleus. The next consideration
for investigating the binding energy of a nucleus is the repulsive nature of the electrostatic
interactions between constituent protons. This term, referred to as the Coulomb term,
approximates the electrostatic potential energy — this is apparent dimensionally, as the
Coulomb terms depends both on a distance, 1/a"s (where A'? is proportional to the radius
of the nucleus, R), and the square of the charge, though the relevant factor is Z(Z — 1)

rather than Z2 as one proton cannot repel itself.

The fourth term is the asymmetry term, again used for correction — based on the
Coulomb term, it is possible to draw the conclusion that systems of zero or one protons, with

a large number of neutrons, should be more stable than nuclei close to A = 2Z. The reason



Theoretical overview

this is not observed in nature, and hence what this asymmetry term represents, is that as
protons and neutrons are both fermionic particles, they are subject to the Pauli Exclusion
Principle (PEP) and thus must fill up energy shells with increasing energy requirements (as
with electrons in the atomic system). The spin dependence of the nuclear force also plays a
role — this behaviour is exemplified by the two nucleon systems: nn, pp and pn, of which all
the singlet states are unbound. The triplet state of the pn system, however, is bound (there

exists no triplet state of the two same nucleon systems, as the PEP requires opposing spins).

The final term is known as the pairing term, which again is related to the PEP. This

11.18 MeV

term is 0 when considering even-odd nuclei (A is odd), positive (+ LE

) for even-even

_ 11.18MeV

nuclei and negative (—=3;

) for odd-odd nuclei. The existence of this term matches the
observed stability of nuclei in nature — even-even nuclei make up the majority of known
stable nuclei (146/252), vastly outnumbering stable odd-odd nuclei (5/252). These final two

terms, which are related to a quantum-mechanical treatment of nucleons and are evidently

necessary based on observation, hint towards models that are more complex.

2.2 Spherical shell-model

It is apparent that quantum mechanics, in particular the degeneracy of energy levels caused
by the PEP, is at work in the nuclear system. By plotting the binding energy per nucleon
of different nuclei, like in figure 2.1, obvious peaks are present for the *He, ®Be, 12C and O
nuclei. This behaviour hints towards an analogue of the atomic system, in which certain
elements (e.g. noble gases, which have their outer electron shells fully occupied) are notably
more chemically stable than others. Through solving the Schrédinger equation for the nuclear
system, by considering each nucleon to be in a potential well formed by an average of all the

interactions with its neighbours (a mean-field approach), a series of quantised energy levels,
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or shells, are obtained.

Binding energy per nucleon (MeV per nucleon)

5 10 15 20 25 30

Mass number (A)
Figure 2.1: A plot of binding energy per nucleon against mass number, for isotopes corre-
sponding to the largest binding energy per nucleon for each mass number between A = 2 and

A = 30. Isotopes labelled in red are nuclei with complete nucleon shell or sub-shell closures.

Data taken from Ref. [7].

The form of one such representative potential, known as a Woods-Saxon potential, is

given by

Vo

Vi(r) = _W (2.2)

as a function of r, which represents the distance a nucleon has been removed from the
centre of a nucleus. In equation 2.2, V represents the energy difference from the top to
the bottom of the potential well, R is the mean radius of the nucleus (the radius at which
V(R) = Yo/2) and a is the diffuseness parameter [8]. The Woods-Saxon potential is easily
described phenomenologically, as it is chosen to reproduce the observed nuclear density.
This density is a result of the nature of the strong nuclear force, a residual interaction of the

strong force that is mediated by m mesons rather than the massless gluons that mediate the
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strong force between quarks. From the Heisenberg Uncertainty Principle, one can estimate
the range of the nuclear force. Using the my meson as an example, the energy of the exchange

particle can be calculated from its mass,
AE = mc® = 135.0 MeV. (2.3)

It is then possible to calculate a lifetime, At, for this exchange particle, by substituting the
value from equation 2.3 into the energy-time form of the Heisenberg Uncertainty Principle,

AFEAt ~ h (where h is the reduced Planck’s constant) and rearranging to get

h
At = Nk 1075 s, (2.4)

which in turn can be used to calculate a range. Assuming the 7y travels at a speed of ¢, the
range of this force is &~ 5 fm. The Woods-Saxon potential rapidly drops off to nearly 0 at
roughly this range, when sensible parameters for R and a are chosen. It is also attractive at
values of r below this value, as nucleons in nuclei are bound together by this potential. The
potential given in equation 2.2 is incomplete, however, as the experimentally determined den-
sity of nuclei implies that nucleons are not extremely compact (the known incompressibility
of nuclear matter, as mentioned previously in section 2.1), and hence the potential cannot
be wholly negative for short distances. Further requirements of an appropriate potential can

be extracted by comparison of shell model predictions to experimental data.

Nucleons fill up vacancies in shells rather than all collapsing to the lowest energy state
because, much like electrons, the proton and neutron are fermions and are thus subject to the
Pauli Exclusion Principle. However, as protons and neutrons are distinct from one another
due to different quark configurations, each nucleon type fills up shells independently. The
lowest energy shell, 1s (using spectroscopic notation, where the first number represents the
radial quantum number, and s,p,d... represent 0,1,2... units of orbital angular momentum, 7,
respectively), has a vacancy for two of each nucleon as by adopting opposing spins, § = —I—%

—

or s = —%, they can be distinct from one another. Figure 2.2 shows a basic example of the
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Sub-shell Total
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Figure 2.2: A diagram depicting the shells and sub-shells of the nuclear shell model (in-
creasing in energy from the bottom) alongside the number of nucleons that can occupy each
sub-shell and the total number of nucleons in a nucleus when a sub-shell is filled (total oc-
cupancy). Numbers in bold and underlined represent magic numbers, corresponding to a
closed shell and hence increase in stability. The splitting of a shell due to the spin-orbit
interaction can be seen to cause other shells to lie between its sub-shells, like with the 1d

and 2s shells — see text for details.

lowest-energy shells as described by nuclear shell model, highlighting the different shells and

their corresponding occupancies.

Nuclear excitations can hence be described as valence nucleons being “excited” from a
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lower shell to a higher shell by having too much energy, and when a nucleon de-excites from
a higher shell to a lower shell in the same nucleus, a v-ray is emitted from the nucleus equal
to the energy difference between the two shells. Closed shells result in a much more stable
nucleus due to the paired nucleons requiring more energy to excite them into an empty shell,
and there are no vacancies for lower shell nucleons to combine with previously unpaired
nucleons. Examples of isotopes for which this is the case are shown in red in figure 2.1.
Based on the solutions to the Schrédinger equation, peaks at “*He and 9O due to the full
shell closure are expected. However, the existence of a peak at 12C suggests there is another
factor to consider. The inclusion of a spin-orbit potential causes the theoretical shells to
split into sub-shells and thus match the vacancies seen in experiment [9]. Each original
shell, defined by the orbital angular momentum, splits into two sub-shells as the spin of a
nucleon can either support or oppose the motion of the orbital angular momentum, resulting
in different amounts of total angular momentum. The occupancies in a sub-shell, n, can be

calculated using the total possible angular momentum of a nucleon in the sub-shell, j, by

n=27+1=2(T+ 2] +1, (2.5)

where 7 -7 + 5. The total angular momentum must be half-integer, as T is integer and
3 is :I:%, thus n will always be integer. This splitting and corresponding degeneracy matches
what is observed with the binding energy per nucleon of 12C, as six nucleons of the same

kind results in the closure of the 1ps, shell.

The splitting of these sub-shells, and the energies at which they lie relative to one
another, also provides some explanation for the magic numbers that are observed in nature
— no magic number exists for the closure of the 2s shell, as the splitting of the 1d shell
creates a situation in which the 1d is only partially filled when it becomes energetically

favourable for nucleons to occupy the 2s level. As the 1ds, is close in energy to the 2s shell,
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nucleons in the 2s shell can be excited with relatively little energy. Thus, there is a reduction
in binding energy per nucleon and hence stability — the closure of the 1 f7/, sub-shell, on the
other hand, does result in a noticeable increase in stability due to its distance from the 2ps,
sub-shell. These shells, however, do not explain the increase in stability observed in the ®Be

nucleus relative to its neighbours.
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Figure 2.3: Calculated values of the different potentials in the **O nuclear system for varying
r, using the proton 1ds;, orbital. Here, the central potential represents that described in
equation 2.2. The total potential can be seen to be attractive only between values of roughly
2-5 fm, mimicking the behaviour of real nucleons in a nucleus. Calculations here were
performed using the program WSPOT.FOR, with this figure taken from Ref. [10] as Figure
1.2.

The addition of the spin-orbit potential to the Woods-Saxon potential described in
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equation 2.2 does not, however, produce a potential well in which nucleons can be bound at an
appropriate distance. These potentials can, however, be combined with a Coulomb potential
for the repulsive interactions between protons and a centrifugal barrier for nucleons with
non-zero values of [. As both of these potentials are positive (repulsive) and their magnitude
increases with decreasing r, a potential well can be formed in which bound nucleons can exist,
matching measurements of nuclear density. An example of these potentials from Ref. [10] is

shown in figure 2.3, calculated for the 1ds;, proton orbital in *6O.

2.3 Clustering

The spherical shell-model is very successful, as it is able to accurately predict the decay
properties and excitations of many nuclei to a great degree. Issues with this model become
apparent, however, when considering the collective excitation of nucleons rather than the
excitation of individual valence nucleons. The binding energy per nucleon of ®Be, for example,
can be explained when it is known that this nucleus exists not as a spherical collection of
protons and neutrons, but rather a two body system formed of a pair of weakly-(un)bound
a-particles — the high binding energy per nucleon is due to the high binding energy per
nucleon of its constituent a-particles, and this nucleus undergoes a-decay as its primary (and
only) decay mode due to the slightly higher binding energy per nucleon of the *He nucleus
(7.074 MeV/A) when compared to that of ®Be(7.062 MeV /A). This interesting structure is

an example of nuclear clustering.

Nuclear clustering is a well-established and important phenomenon in nuclear physics,
in which the constituent protons and neutrons of a nucleus can condense and hence form
substructures. The most common of these substructures is the a-particle, with much the-

oretical and experimental work supporting its existence as a cluster. One of the earliest
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indicators that the a-particle can form inside of a nucleus was a-decay, discovered by Ernest
Rutherford and Paul Villard in 1899 [11] and proven to be the emission of a *He nucleus
in 1907 by Rutherford and his colleague, Thomas Royds [12]. Further theoretical evidence
is presented by the large binding energy per nucleon of the *He nucleus relative to similar
nuclei (7.074 MeV /A for “He as opposed to 2.567 MeV /A for *He and 2.833 MeV /A for *H)
due to its closed 1si/, shells. Suggestions for the existence of a-particle structure in light
nuclei came as early as the late 1930s, with predictions from Hafstad and Teller [13] based
on binding energy and comparison of the level structure with that obtained for the nuclei

using the independent-particle model (the shell-model).

Direct evidence for the existence of a-clustering came in 1954, when astrophysicist
Fred Hoyle hypothesised that the contemporary understanding of the triple-av process in
stars was insufficient for 2C, and consequently heavier elements, to exist in such a large
quantity as was apparent in the Universe [14, 15|. This is due to the unbound nature of
8Be, which has a half-life of ~ 0.6 femtoseconds, and the lack of other stable mass-5 or
mass-8 isotopes of any element. Hoyle postulated that this lifetime was too short for a 3rd
a-particle to interact and form 2C unless 2C possesses an excited state, slightly above the
3a -threshold of 7.27 MeV [16], which had a 3a-structure. The existence of this resonance
would increase the cross-section for this reaction by several orders of magnitude — enough to
match the observed amount of 12C, and hence heavier elements, in the Universe. This state,
situated at 7.65 MeV, was subsequently measured by experimentalists and confirmed Hoyle’s
prediction [17, 18|, and thus was named the “Hoyle state”. That this is the only named state
in nuclear physics underlines the unusual nature of the discovery which, rather than being
measured directly or explicitly calculated, was inferred from phenomenological observations.
In about 1/2500 instances, the Hoyle state can de-excite into the ground state via y-emission
rather than decay back into three distinct « -particles — this too was predicted prior to the

measurement of this branching ratio, using observed 2C and 'O abundance ratios relative
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to lighter nuclei such as 'H and “He to fine-tune this prediction.

The Hoyle state represented a failure in the nuclear shell model, as the excitations
of individual nucleons was unable to predict the properties of the Hoyle state. This was
overcome by the efforts of Haruhiko Morinaga, who could predict the Hoyle state and some
of its properties by characterising it as a weakly bound 3« -system [19, 20]. The new physics
shown by the Hoyle state began a large amount of theoretical work, notably that of Kiyomi
Ikeda et al. The lkeda diagram (Figure 2.4) is still commonly used to show the threshold
excitation energies required for alpha clusters to condense from even-Z, N = Z nuclei that
hence could be described as alpha-conjugate [21]. The intrinsic link between the emergence

of a-cluster structure and excitation energy is clear from this work.

2.3.1 Core + alpha

The most basic cluster systems that can exist are found just above the ground state nuclei
(which occupy the diagonal) in the Ikeda diagram, the core + « system. The model was
developed as early as the 1970s, when theoretical calculations predicted that the density of
nuclear matter dropping to a third of its normal value inside of a nucleus could result in a
phase change; the density of nuclear matter clearly must be continuous but must also be 0
outside of the nucleus, meaning that this phase change (through which an « -particle can
condense) would occur at the surface, due to the relatively constant nature of the density
inside the nucleus [14|. The condensed « then proceeds to orbit around the remaining core,
the latter containing two fewer protons and two fewer neutrons than the original nucleus.
As only one « -particle needs to form, these systems can theoretically be found at relatively
low excitation energies. A well-studied example of this exists in ?°Ne — the 0 + « system
[22, 23|. Predictions made using this a-cluster structure are able to accurately reproduce

many parts of the known level scheme of the ?*Ne nucleus [24, 25].
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Figure 2.4: The Ikeda diagram, showing the alpha thresholds for various even, N = Z nuclei,
including the triple alpha threshold of 7.27 MeV for 2C. Taken from Ref. [15] and created
by Tz. Kokalova.

2.3.2 Nuclear molecules

Nuclei that contain valence protons or neutrons are also expected to show evidence of clus-
tering; extended versions of the Ikeda diagram exist, an example of which can be seen in
Figure 2.5, demonstrating potential cluster structures in neutron-rich nuclei. A structure
that has been predicted to form in some of these instances, such as Be, is called a nuclear
molecule, as explained below. As stated in Section 2.3, 8Be has a very short half-life and an
a + a structure. However, ?Be is stable with the simple addition of a neutron to the system.

An explanation for this is found through the description of nuclear molecules: the valence
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Figure 2.5: The extended Ikeda diagram, showing nuclei with excess neutrons. The lighter
nuclei depicted in Figure 2.4 can be seen in the bottom left of the diagram, with neutron

number increasing along the vertical axis. Original from Ref. [22], edited figure (used here)

from Ref. [26].

neutron acts analogously to an electron in a covalent chemical bond, binding the two alpha
particles together through the strong nuclear force, and indeed this model has had success in
predicting both the spin-parity of the ground state (J™ = %7) and the properties of the first
excited state (J™ = %+) [15]. The addition of neutrons to a system is typically more likely to

increase stability, particularly in a-cluster candidate nuclei which tend to be close to N = Z,

due to the lack of Coulomb repulsion between the valence neutron and the a-cores.

Similar to chemical bonds, there are multiple ways in which the neutron orbital can be
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Figure 2.6: Cluster Shell Model (CSM) calculations performed in Ref. [27] for the ground
state of “Be showing neutron density (top) and matter density (bottom), as well as a depiction
of the m-bonding that occurs in this state, are shown in (a). The same is shown in (b)
for the 1% excited state, along with a depiction of the o-bonding that occurs in this state.
Antisymmetrized Molecular Dynamics (AMD) calculations, which is a theoretical framework
from which properties of nuclei can be derived ab initio, for the proton and neutron densities
of light Be isotopes from Ref [28] are shown in (c). The neutron density for Be shows a

structure consistent with 7-bonding.
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positioned in order to bind clusters together. The ground state and first excited state of “Be
both have different bonding properties, caused by different overlaps of the valence neutron
1pssp-orbital. In the lower energy ground state system, the movement of the neutron in its
orbital is perpendicular to the axis through the centre of the two « -particles, which is known
as m-bonding as with chemical bonds. When the movement of the neutron is parallel to the
axis through the « -particles, as it is for the 1 excited state, this is known as o-bonding.
Examples of calculations of neutron density done on “Be are shown in Figure 2.6, as well as

depictions of both m-bonding and o-bonding in the *Be system.

2.4 Rotational bands

The energy of an excited state in a nucleus, F,, can be related to its total angular momentum,

J, via

2

Eu(J) = j—@u(u 1)) + Eo. (2.6)

where © represents the momentum of inertia of the nucleus and Fj is a constant. If the
excitation energy of states is plotted against the corresponding J(.J + 1) values, it is clear
from Equation 2.6 that states with an identical © and E, would be expected to lie on
a straight line, and the members of this line are collectively known as a rotational band.
The constant F, corresponds to a state that would lie on this line with no total angular
momentum, whether one exists or not. As these states share a moment of inertia, it can
be inferred that they also share a structure formed by their nucleons. In cluster physics, it
is often predicted that cluster states (such as the Hoyle state) should have corresponding

excitations for higher values of J™ [29, 30].
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2.5 Alpha widths

The total decay width, I', of a nuclear state is defined as the total rate of decays that occur
from that state. If there are multiple decay paths open to the excited state, I' is simply the
sum of all of the individual widths, or decay rates, of each decay path. These individual
widths, I';, where ¢ represents a single decay path, are known as the partial widths. The
ratio of a partial width to the total width for a particular state gives the branching ratio
for a certain decay. From this value, the reduced partial width, 72, can be calculated by

removing barrier penetrability contributions, Py, through

2 L

— . 2.7
%= 5, (2.7)
This value can then be compared to the Wigner limit, defined as
3
2 — 2.8
Tw 2[/1(12 ) ( )

where g is the reduced mass and a is the channel radius. The Wigner limit is the partial
width of a state that has a uniform wavefunction within the channel radius, and 0 outside of
the sphere defined by it [31, 32]. By taking the ratio of the reduced « partial width (looking
at the branching ratio for « -decay for a particular state against all other decay modes)
to the Wigner limit, the tendency towards clustering for a state can be determined. The
range of values this variable, known as the dimensionless reduced width (denoted by 6?2), can
take is between 0 and 1. Typically, a value of larger than 0.1 is thought to be substantially

clustered.

19



Theoretical overview

2.6 Selection rules

As the « -particle is an even-even nucleus, it has a ground state spin-parity of 0. As the «
-particle is bosonic in nature, it can only carry away integer values of angular momentum.
If the « -particle carries away an odd value of angular momentum (1,3,5...) then its parity
must be negative, based on the relationship P = (—1)! (the a -particle has even parity),
while it must have positive parity if it carries away an even amount (0,2,4...). If an initial
nucleus « -decays to a final nucleus with a ground state of 07 (for example, in the case where
both the initial and final state nuclei are even-even) and this final nucleus has no excitation
energy then only natural parity states in the initial nucleus (0%, 17, 2%, 37, 4T etc.) can «
-decay to the ground state of the final nucleus. This is true of any natural parity state in
the final nucleus, while unnatural parity states (07, 17, 27 etc.) in the final nucleus could

only be populated by the « -decay of an unnatural parity state [33].

As the nucleus consists of protons and neutrons, there is a distribution of the magnetic
moments and charge that gives rises to magnetic and electric fields, as well as currents due to
the effect of orbiting protons, the most common of which take the form of dipole, quadrupole
and octupole, which all vary in intensity with angle. As the distribution of these quantities
will vary as nuclei are excited and de-excited between different states, there will be a shift
in the associated fields which gives rise to electromagnetic radiation. This is why the de-
excitation of a nucleus causes the emission of a y-ray. This type of decay can fall into
two types: electric or magnetic transitions. Electric transitions are defined as those which
are ascribed by a change in the charge distribution, while magnetic transitions are those
caused by a shift in the current distribution of orbiting protons [34]. The different types of
transitions have with them an opposite associated parity shift, each defined by the change in
total angular momentum between the two states. As the photon has odd parity, the parity

I+1

change between these states is defined as P = (—1)""', and if there is no parity change then
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the vy-ray is from an electric transition for an even angular momentum change, and magnetic
if the change is odd. The reverse is true for a parity change between the 2 states. There is
a suppression of the rate of v-decay for larger angular momentum changes, characterised by

the Weisskopf estimates [35], based on single proton excitations (see [34] for derivation):

A(E1) = 1.0 x 101445 E?,
A(E2) = 7.3 x 107 A3 5, (2.9)

A(E3) = 3.3 x 10" A’E],

_ 13 73
A(M1) = 5.6 x 10 E?,
A(M2) =3.5x 107ASE>  and (2.10)

A(M3) = 4.5 x 101 A5 BT,

where the electric transition decay rates for a change in angular momentum of 1, 2 and 3
are shown in Equation 2.9 and the magnetic transition decay rates for the same changes are
shown in Equation 2.10. Here, £, represents the energy difference between the initial and

final state and A is the total number of nucleons in the nucleus.

However, these decay probabilities (\) are larger for electric transitions than magnetic

transitions (for the same angular momentum change), approximated by

AME)
o <

(V1N

(2.11)

In fact, based on the Weisskopf estimates, the magnetic transitions tend to compete more
with the electric transitions corresponding to one order higher. As electric transitions are

preferred, it is much more likely for a natural parity state to decay to another natural parity
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state than an unnatural parity state of the same angular momentum, and vice-versa for

unnatural parity states.

2.7 Nuclear reaction theory

The theory behind nuclear reactions, and the mechanisms by which various nuclei can be
produced, is of vital importance both in nuclear structure physics as well as more generally.
The nuclear reactions that occur in the cores of fission reactors must be properly modelled and
predicted, both for understanding the various energies and amounts of materials needed for a
desired energy output, but also in understanding the production of waste products, actinides
and radioisotopes made by neutron-activation of reactor materials. Nuclear reactions are
also often used to produce medical isotopes, and a detailed understanding of the relevant

mechanisms can potentially allow for increased production rates or higher purity.

Nuclear reactions, particularly in the context of nuclear structure physics, involve
a beam nucleus incident on a target nucleus — the final state products are dependent on
the type of reaction that occurs. The likelihood of a certain kind of reaction taking place
between two particles is typically given by the cross-section, o, which has the dimensions
of area, essentially defining the effective area across which a collision would occur. More
generally, the cross-section is a measure of the flux for an outgoing particle (of a certain
species) as a fraction of the incoming flux from the beam nucleus [36]. A slightly more useful

quantity, known as the differential cross-section, is often used due to the angular dependence
do
sy

where () is the solid angle — this value can be integrated across {2 = 0,47 to give the total,

of cross-section for various reactions. Often the differential cross-section is written as

or integrated, cross-section [37].
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2.7.1 Direct reactions

Direct reactions refer to interactions in which nuclei interact with one another only as their
collective whole, or with a limited number of surface nucleons, such that they can be described

by perturbation theory using only first-order corrections [36, 38].

A very simple type of direct reaction is elastic scattering, in which the incident par-
ticles scatter off one another and as such change direction. In the case of nuclear elastic
scattering, all of the initial kinetic energy of the beam nucleus is transferred to the kinetic
energy of the final-state nuclei, so no (or negligible) energy is lost in the process. A common
example of this phenomenon is Rutherford scattering, in which two charged nuclei interact
with one another via the Coulomb interaction and scatter elastically. This process domi-
nates at low scattering angles, 6, as can be seen by the Rutherford scattering differential

cross-section relationship

2
do ZpZra(he)
— = — 2.12
e) ( 4Esin®§ )’ (2.12)
where Zp and Zp are the respective charges of the beam and target nuclei, « is the dimen-

sionless fine structure constant, A is the reduced Planck’s constant, c is the speed of light in

a vacuum and F is the kinetic energy of the beam nucleus.

Inelastic scattering, depicted in figure 2.7, is a similar process — the difference com-
pared to nuclear elastic scattering is that some of the initial kinetic energy of the beam
nucleus is used to produce one or more of the product nuclei in an excited state, and hence
the kinetic energy of the final-state products is lower than that of the initial-state kinetic
energy. In order to do this, the beam nucleus must have sufficient energy to overcome the

Coulomb barrier of the target. In the case shown in figure 2.7, of a *He nucleus incident
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Figure 2.7: An example of inelastic scattering shown in the laboratory frame, involving a
*He beam (A) incident on a '*C target (B), leaving the ?C in an excited state. The two
nuclei do not transfer nucleons, though missing kinetic energy in the final state is used to

rearrange the nucleons of the 2C.

on a '2C target, the beam must have an energy of at least 3.7 MeV in order to classically
overcome this barrier. The '2C is excited into a higher energy level, resulting in a change in
the nucleon structure. The excited >C nucleus will then decay, perhaps by 7-emission to a
lower-lying level or, if energetically allowed, by particle emission, such as a-decay into ®Be.

The cross-section of inelastic scattering dramatically increases for population of a resonance,
d*o
dQdE
in order to identify resonances. This is typically measured away from the beam axis, due to

so the differential cross-section in terms of both angle and energy ( ) can be measured

contamination at low angles from Rutherford scattering (as well as unscattered beam nuclei).

Other types of direct reaction can involve the transfer of surface nucleons, such as in
the case of aptly named transfer reactions. This type of reaction was particularly relevant
for the experiment described in chapters 3 and 4, as the 2C("Li,'80*)p reaction that was
utilised is a transfer reaction, in which the beam 7Li transfers a 5He nucleus to the target

12C in order to form O, populated in a range of energy levels limited by the initial kinetic
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Initial state Final state

Figure 2.8: A transfer reaction shown in the laboratory frame, in which a 7"Li beam transfers
a %He nucleus (shown with a yellow ellipse) to a target 2C nucleus, forming *O (potentially
in an excited state) and p products. There is a )-value associated with this interaction due

to the difference in mass of the initial and final states.

energy of the beam. The excitation energy of the O product can then be determined
easily through measurement of the kinetic energy and momenta of the recoil p. As transfer
reactions have an associated ()-value, due to the difference in the total mass of the inital
and final states, it is possible for the final state to either have a greater or smaller amount

of kinetic energy than the initial state.

2.7.2 Compound nucleus formation

Compound nucleus formation is a more complicated type of reaction in terms of modelling
the behaviour of the nucleons, as all of the nucleons present in the initial state nuclei interact
with one another to form an intermediate compound nucleus. This interaction takes longer
than those associated with direct reactions as a result, and this is sufficiently long that the
constituent nucleons are able to collide, distributing the kinetic energy from the initial state.
Thus, the method by which the compound nucleus then breaks apart should be independent

of the reaction that formed it — this is known as the independence hypothesis [39, 40|.
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Figure 2.9: A compound nucleus formation reaction shown in the centre-of-mass frame of
the compound nucleus, in which a Be nucleus and *He nucleus (in the entrance channel)
fuse to form '#C. This compound nucleus then breaks apart into two fragments in the exit

channel, a deuteron and a '?B nucleus.

Hence, whether a nucleus is formed via a direct reaction (such as via nucleon transfer) or
via compound nucleus formation should not affect the width or excitation energy extracted
for a given resonance. Compound nucleus formation is often used to investigate excitation
functions for various nuclei, investigating the cross-section for compound nucleus formation
as a function of initial beam energy. This type of reaction was utilised in the investigations

described in chapter 5 and an example is depicted in figure 2.9.

The decay of a compound nucleus, particularly in regions of low excitation energy
where resonances are distinct (i.e. where the average energy difference between the reso-
nances is larger than the average widths of the states), can be well described by R-matrix
theory, which can be used to calculate differential cross-sections as a function of energy and
angle for a given two-body entrance and exit channel. R-matrix theory is described in more

detail in section 2.7.4.
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2.7.3 Thick target inverse kinematics

Thick target inverse kinematics, often referred to as TTIK, is an experimental technique first
d*o
dQdE

angles and beam energies and thus measure excitation functions. The thick target, commonly

described in Ref. [41] which can be used to extract values of ( ) for given scattering
a gas target at a chosen pressure, fills the experimental chamber and the beam nucleus is
slowed via interactions as it traverses through the gas volume. The advantage over typical
thin target measurements is that due to the beam slowing down until it is stopped in the
gas, a continuous range of interaction energies can be investigated for a single incident
beam energy, removing the requirement for multiple incident beam energies in order to
produce an excitation spectrum, as well as avoiding the potential for gaps in the excitation
spectrum. Thick target measurements enable the measurement of all scattering angles,
including at 180°. This is particularly advantageous, as this minimises unwanted Rutherford
scattering events (see equation 2.12). However, unlike in thin target measurements where
the interaction position is relatively precisely known (limited to within the target), the
interaction point must instead be calculated from the momentum vectors of the product
nuclei. This worsens the experimental resolution, and often requires complete measurement
of the final state nuclei in order to constrain the interaction position well — the experimental
resolution has often been observed to worsen the further away from 6 =180° the events are
[42]. The requirement for a solid window at the entrance chamber, in order to prevent gas
escaping into the beam line, can also result in both angular and energy straggling, thus

further increasing position uncertainty.

This technique is performed using inverse kinematics, wherein the beam nucleus is
heavier than the target nucleus. Typically in TTIK experiments, the target is chosen to be
‘He gas as often this technique is used in investigating a-cluster phenomena. The purpose

of using inverse kinematics is to allow both the beam nucleus, as well as any product nuclei
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produced following an interaction, to travel a reasonable distance before stopping in the
target gas. Inverse kinematics also potentially allows for the investigation of nuclei otherwise
unfeasible due to stability, as radioactive beams can be produced at certain facilities (such as
GANIL, in Caen, France) which can be sent towards the chamber shortly after production
to react. In contrast, regular kinematics measurements require the target to typically be
stable or long-lived to avoid interactions with decay product contaminants (which will often
have very similar masses to the target nucleus of interest). A high beam current can be used
in thin target measurements in an attempt to obtain more data over a short period of time,
but this causes other experimental issues (e.g. multiple events occurring at the same time,
making analysis more difficult), but even with this, very short-lived nuclei are still unfeasible

as a target.

2.7.4 R-matrix theory

R-matrix theory was first utilised in describing resonance data [43, 44, 45|, though the
uses of this formalism are not limited to resonance data [46, 47|. Values of the differential
cross-section are determined from properties of the resonances that make up the excitation

function: centroid energy, E, reduced width for a given channel, v?, and the spin-parity, J".

In R-matrix theory, the nuclear system is split into two well-defined regions: an
internal region, defined as the volume within the channel radius, a, of the compound nucleus
system, and an external region beyond the channel radius. The external region is considered
at a distance, r, far enough away that the effect of the residual nuclear interaction is not
felt, so only the Coulomb interaction needs to be considered. The Schrodinger equation can
be explicitly solved to provide an exact wavefunction in the external region, x$**(r). This

wavefunction can be approximated by the expression
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XS (r) = cos (0x) Fx(n, kr) + sin (6,)Ga(n, kr), (2.13)

where F) and G, are the regular and irregular Coulomb functions respectively, J, is the
additional phase shift caused by the scattering potential and £ is the wavenumber of the

system [48|. The Sommerfeld parameter, 7, is defined as

o Zl 2262
" Adweghv’

(2.14)

with Z; and Z5 denoting the proton numbers of the two nuclei in the entrance channel and

v denoting their relative velocity.

In the internal region, the Schrodinger equation is instead solved numerically, as
the nuclear interaction is experienced in this region. The wavefunction and corresponding
derivatives that describe this region must equal 0 at the origin and equal x§**(r) at r = a for
the total wavefunction to be physical. In order to solve the wavefunction in this region, it

int

. . N )
is expanded over a general basis x¥'(r) = > ;| cxi0x:(r), where ¢y ; are coefficients for the

functions ¢y ;.

With x{(r), the matrix elements of the Hamiltonian can be computed. However,
due to the finite size of the internal region, the kinetic energy operator is non-Hermitian and
thus non-physical as this produces imaginary or complex eigenvalues. To overcome this, the

Bloch operator
ﬁ@—h%(—)d—L (2.15)
© 2ua TTO\e T F )" '

can be utilised, as the sum of the kinetic energy and Bloch operators is Hermitian. This is

because the Bloch operator is only non-zero for » = a, enabling it to deal with the issues
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of the finite size of the nuclear system. Here, p is the reduced mass of the two body exit
channel and L is an arbitrary constant, typically equal to 0. Hence, the Schrédinger equation

is replaced by the Bloch-Schrédinger equation,

(H—E—L)xY" = LID)XY" = LID)XS, (2.16)
from which both the Schrédinger equation and the boundary conditions at r» = a are satisfied
for an exact solution. Thus, the channel radius a is not needed as a parameter for calculating

the wavefunction as an exact solution will have this boundary condition property by nature.

The R-matrix, Ry, as a function of energy, F/, can be related to the wavefunction at

the channel radius through the expression

R\(E) = =2 (2.17)
A g XA
The size of this matrix depends on the number of entrance and exit channels [48]. From the

Coulomb functions Fy and G, incoming (/) and outgoing (O,) functions for the Coulomb

potential can be described:

Iy = Gy —F),
(2.18)
O, = Gy +iF)\.

These can be related to the shift factor, Sy, and penetrability, Py, via the dimensionless

logarithmic derivative [48, 46, 47| of Oy at r = a , Ly, by

ir (Oa(ka))

L, = P\ = ka¥ 2.1
A= 5N+ P\ =ka O (ka) (2.19)
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Two different types of R-matrix theory exist: calculable R-matrix, which enables simple
determination of solutions for the Schrédinger equation, which is particularly useful for
characterisation of the continuum; phenomenological R-matrix allows for the parameteri-
sation of cross-sections for two-body compound nucleus formation interactions, using input
parameters for resonances belonging to the system. In phenomenological R-matrix, the

expression

N 2
Y i
R)\J - E % (220)

j=1

is used to calculate the R-matrix and hence parameterise the system as a series of poles,
each with centroid energy E); and reduced width 'y?\,j. These values can be related to

experimental observables via

Em = E)\J — Re(L,\), (2 21)

I'= 2Im(L)\)’y§\,j7

where F, is the resonance centroid energy and I' is the decay width of a resonance, once the
parameters have been optimised to fit experimental differential cross-section data [38]. The

latter of these expressions can be related to the penetrability as in equation 2.7.
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Chapter 3

Experimental methods for precision

measurement of branching ratios in 0O

The potential for the existence of a-clustered states in 0 has been theorised for many
years, as 0 is an excellent candidate for displaying this exotic nucleon arrangement. The
full closure of the 1p neutron shell and the full closure of the 1ps/, proton subshell present in
the “C ground state system provides stability, which suggests that *C would make a viable
core in a “core + o structure. In fact, the properties of the 1*C closely resemble those of 160,
with the latter having both proton and neutron full 1p shell closures. Both nuclei have a first
excited level energy above 6 MeV — 6.0494(10) MeV for '°0O and 6.0938(2) MeV for 4C —
and a similar binding energy per nucleon: 7.98 MeV A~! and 7.52 MeV A~ respectively. The
comparison of theoretical calculations to experimentally observed states provides evidence
of the %O core, particularly in the **Ne (1O ) system as demonstrated by the work of
Matsuse et al. [25] and Buck et al. [24], and as such the existence of a 1*C @) a structure in
excited levels of 0O is in many ways plausible. Evidence of this structure has been reported

in the literature, such as in the works of Artemov et al. [49] and Morgan et al. [50].
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Nuclear molecular structures, previously mentioned in Section 2.3.2, have also been
predicted to present themselves in levels of 0. One such nuclear molecule is the 2C &)
2n @ «a structure, in which the two valence neutrons bind together the ?C core to the a-
particle via the nuclear force, stabilising the system and helping to overcome the substantial
Coulomb repulsion. This particular structure has also been suggested based on experiment
by Curtis et al. [51], which matches predictions of 6p-4h structures in this nucleus from the
field of shape coexistence [52] — there is much evidence linking shape coexistence in light

nuclei to cluster phenomena [53, 54, 55].

An experiment by von Oertzen et al. [56] measured an excitation spectrum for 180,
with states populated by the 12C("Li,p)'8O* reaction (Ey; = 44 MeV), with the recoil proton
incident on the Q3D (named for the constituent one quadrupole and three dipole magnets)
magnetic spectrograph. Determining the energy of the proton in this manner provides an
excitation spectrum, as the kinetic energy of the proton is dependent on the energy used in
exciting the *O product nucleus. States from 0 — 21.2 MeV were measured, of which ~ 30
were previously unobserved. The centre of the Q3D was set at several scattering angles (10°,
20° and 39°), which allowed for some indication of angular dependence on population of the
states, enabling some estimation of spin and parity. With these states and those observed
that had previously been measured in the literature (some of which had known spin-parity
properties), rotational bands were tentatively assigned. These proposed rotational bands
can be seen in Figure 3.1, alongside the structures proposed to be responsible for them and
the excitation energies at which the cluster configurations can form. The O;r/ ~ band was
proposed to have a 4C ® « structure while the 0]/~ was proposed to have a 12C ® 2n ®
a structure. Both of these bands have an associated positive and negative parity band —
this is due to signature splitting, as the structures are asymmetric about the rotation axis
(and hence affected by a reflection in this axis). The moment of inertia of both the positive

and negative parity bands is the same, but this asymmetry causes a notable difference in
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excitation energy for states of different parity.
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(a) (b)
Figure 3.1: The rotational bands with potential cluster structure in 8O proposed by von

Oertzen et al. [56] are shown in (a), while the excitation energy required for '*O cluster

structures to form is shown in (b).

For states in these cluster bands, it would be expected that they would have similar,
large values (>0.1) of the dimensionless reduced a-width — this quantity is described in
Section 2.5. This value can be calculated with five relevant experimental observables of
a specific resonance: the total width, I'y, the partial a-width, 'y, the excitation energy,
E,, and the spin-parity, J™. Both F, and 'y, can be determined simply by measuring the
excitation function of 80, but I',, requires either the measurement of a resonant scattering
function (*C + «a) or the branching fraction of a-decay for a particular resonance. The
spin-parity of the states could be determined by investigating angular distributions, however
as these states are proposed to be members of specific rotational bands, they have proposed

spins and parities which can be used to calculate the dimensionless reduced a-width.
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3.1 Experimental set-up

In order to determine the validity of these bands, a further experiment was performed.
This experiment aimed to measure the a-decay branching ratio for states in the proposed
bands through the detection of decay products from the compound '¥O nucleus. The exper-
iment was performed at the Maier-Leibnitz Laboratory (MLL) in Munich, Germany, with
population of states achieved via the 2C("Li,p)'8O* reaction (Er; = 44 MeV), in order to
best replicate the excitation functions observed by von Oertzen et al. [56]. The stable "Li
beam was provided by the Van de Graaff Tandem accelerator, with a beam resolution of ~

5 keV, and was incident on a "'C target. The experiment was run over two years, with a

44.0 MeV
’Li beam

Figure 3.2: A representation of the experimental set-up used, showing the positions of
the Birmingham large-angular-coverage DSSD array and the Q3D magnetic spectrograph
in-plane. Angles and distances shown are from the set-up used in 2017, though these are
very similar to those used in 2016. Angles and distances across both experimental runs are

summarised in table 3.1. Figure adapted from Figure. 1 published in Ref. [57].
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target thickness of 120 pg/cm? the first year and 110 pg/cm? the second year. The exci-
tation energy of the O recoil was determined through measurement of the corresponding
proton in the Maier-Leibnitz spectrograph, set at 39° (with an angular acceptance of +3°)
in-plane and 0° (with an angular acceptance of +2°) out-of-plane. The O recoil, or the
corresponding break-up particles, could then be detected by the Birmingham large-angular-
coverage double-sided silicon strip detector (DSSD) array, which subtended angular ranges
of 14° — 92° in-plane and —36° — 40° out-of-plane. The position of the array was such that
the majority of decay products from O (in the case where the recoil proton was incident

on the aperture of the Q3D) would be detected.

3.1.1 Q3D magnetic spectrograph

The Q3D magnetic spectrograph, as shown in figure 3.3, consists of a quadrupole magnet,
a multipole magnet and three dipole magnets. The quadrupole magnet lies just behind the
aperture of the Q3D, focusing any incident particles vertically, resulting in a larger range
of ejectile solid angles that will result in a measurement in the focal-plane detector. These
particles subsequently pass through the fields of the three dipole magnets, causing the path
taken by these particles to curve. The multipole element, placed between the first and second

dipole magnets, corrects for kinematic broadening and other effects [59, 58].

The Lorentz force for a charged particle in the presence of a magnetic field is given

F =q(7 x B), (3.1)

where B is the flux density of the magnetic field, ¢ is the charge of the particle and v is

the velocity of the particle. As for the same type of particle (e.g. protons) ¢ is constant
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Target Focay Plane

Figure 3.3: An overview of the Q3D magnetic spectrograph, with the path taken by charged

particles due to the magnetic fields highlighted in green [60].

(as is B for any particle passing through the spectrograph), only the velocity of the particle
(proportional to the kinetic energy) impacts the amount of curvature around the path of the
Q3D. Thus, the position of the particles as they are detected in the focal-plane detector is
thus dependent on the energy of the particles as they are incident on the aperture of the
Q3D. Not labelled in figure 3.3 is the electrostatic deflector, placed between Dipole 2 and

Dipole 3, which separates particles based on specific mass (/q) value.

3.1.1.1 Focal-plane detector

The focal-plane detector, depicted in figure 3.4, covers 0.89 m — the entire length of the
focal-plane is 1.8 m [61, 62|. The focal-plane detector is filled with isobutane gas, at a
pressure of 500 mbar, and consists of several stages with which the incident charged particle

interacts. The particle first passes through a cathode foil, past two anode wires (parallel
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incoming pargicle charge avalanche

cathode foil —
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induced -
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..Y..... threshold

position

Figure 3.4: Depiction of the focal-plane detector, showing the constituent parts. An ex-
ample trajectory of a charged particle can be seen at the top of the figure, with an example
histogram output of charge distribution across the cathode strip foil at the bottom. Figure

taken from Ref. [61].

to one another, in the plane shown by figure 3.4) and then through a second cathode foil,
which is segmented into 255 strips, which are each ~ 3.5 mm in size. Finally, the remaining
energy of the particle is deposited and measured in a scintillator detector. The movement of
the particle through the electric field generated by the cathode foils and anode wires causes
the particle to lose energy, as the charged particle causes ionisation along the path it is
travelling. The electrons that are ejected due to the ionisation are accelerated from the first
cathode foil towards the anode wires. Once the electrons have reached the anode wire, a
charge avalanche occurs, which is detected in strips of the second, segmented cathode foil.
There is a distribution of induced charge across strips in this foil, from which the position
of the charged particle can be inferred via Gaussian fitting to the charge distribution (an

example of which shown in figure 3.4).
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3.1.1.2 Particle identification

In order to identify the species of particle measured in the Q3D, the measurements of energy
loss and total energy can be used in conjunction with one another. Figure 3.5 shows different
particle identification methods, for states in 180 between 9.7 MeV and 11.8 MeV, from which
the proton loci can be identified and used to select events for further processing (aka gating).
In figure 3.5(b), regions of high counts corresponding to the states populated in the product

180 can be seen across the focal-plane detector.

The use of all three of the gates shown allows for a significant reduction in background
— in theory, gates using only the energy loss and charge avalanche could be used to filter
between species, but in practice the scintillator is needed in many cases to get a reasonably
clean spectrum [62]. Figure 3.6 shows a comparison between three spectra using the same
data (states in 80 around 7.5 MeV): the spectrum that utilises all three gates (figure 3.6(a))
has a background approximately half of that which does not utilise the anode wire /scintillator
particle identification gate (figure 3.6(b)). When no gates are utilised (figure 3.6(c)), the
background can be seen to be significantly larger, obscuring all but the most populated

excitations.

3.1.1.3 Calibration and resolution

Calibration of the spectra obtained from the Q3D was performed through identification of 1*O
excited levels, comparing the value of position in channels to previously measured energy
values from the literature. Originally, values from Tilley et al. [64] were considered, but
due to the large number of previously unmeasured states that required the centroid values
measured by von Oertzen et al. [56], the rest of the energy values were extracted similarly

for consistency. Labelled spectra from the five energy regions investigated are shown in
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Figure 3.5: Particle identification plots from which the species of particles incident on the
focal-plane detector can be determined. All plots involve measurement of the energy loss
of particles from the signal extracted from the anode wires on the y axis, plotted against
energy loss through the first cathode foil (a), position as measured by the cathode strip foil
(b) and energy deposited in the scintillator (¢). The gates used for the experimental data are

shown in red, corresponding to protons. The loci due to deuterons are also labelled. Figure

adapted from FIG. 1 published in Ref. [63].
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()
Figure 3.6: Q3D spectra obtained for counts as a function of focal-plane position, for the
case where all three gates shown in figure 3.5 are utilised (a), the two gates not including

the scintillator are utilised (b) and no gates are used to clean up the spectrum (c).

figure 3.7. In these plots, the focal-plane position corresponds to measured proton energy,
which in turn corresponds to decreasing excitation energy in the 80 recoil. It is important
to note that the focal-plane detector is curved, resulting in two effects: the first effect is
that the energy of a particle as a function of measured position in the focal-plane detector
is quadratic, which is reflected in the calibration; the second effect is that states which are
distinct and near the edge of the focal-plane can become skewed — this is less noticeable

when there is a large density of states as with the higher excitation energy regions.

In order to fit the states reasonably, the resolution of the focal-plane detector had

to be determined in order to limit the degrees of freedom of fitting — this is particularly
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Figure 3.7: Q3D spectra obtained for the different excitation regions: —0.5 — 2.5 MeV (a),
7.0 = 9.4 MeV (b), 9.6 — 11.9 MeV (c), 124 — 14.5 MeV (d) and 14.5 — 16.3 MeV
(e). Energy values given for excitations are taken from Ref. [56] in keV. An increase in the
background level for increasing excitation energy is observed, due to various n-body phase

spaces that become available above certain energy thresholds. See Sec. 3.1.1.4 for details.
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important due to the high number of close-lying states in many of the excitation regions.
The measured width of an excitation (I'y;) can be disentangled into the natural linewidth
of the state, I',,¢, and the width due to the experimental resolution of the focal-plane, I'je,

through the relationship

Fto‘c =V Fna‘c2 + I_‘resz- (32)

In the case where I',,; << @', the measured width of a state can be approximated to be
entirely due to the experimental resolution. Thus, by investigating the lowest excitation
region containing only bound states (the ground state and first excited state, shown in
figure 3.7(a)), the experimental resolution could be extracted as the natural linewidths of
these states are negligible (0 for the stable ground state, and 3.4 x 107* eV for the first

excited state).

Unfortunately, as can be seen in figure 3.8, the ground state excitation appeared
skewed due to the position on the focal-plane. A non-normalised Gaussian distribution,

g(x), is defined by

A
exp *(967#)2/202’ (33)

g(z) = gy

where o is the standard deviation from the mean value, pu, of the distribution and A is a
constant (scaling factor). When fitting a Gaussian, the parameters used are typically the
centroid (u), the full width at half maximum, or FWHM, (= 2v/2In2 ¢) and the counts

under the curve (oc A). In order to fit skewed distributions, the function

f(z) =g(x) x (1 4 erf {a(:—\;;)}) (3.4)

43



Experimental methods for precision measurement of branching ratios in *O

70/

&)

[ N
60 ol .

r N

[ o0
50" a ]

(%]

-‘E -
S
(@]

(@] ]

R RN S S SRS NS I S B L S G L ot 2 S
500 1000 1500 2000 2500
Energy (keV)
(a)

70* e B B L A S B A T 7

o ]

[ = ]

60 o |l ]

i ~
[ 0

50+ o .
(%]

E _
S
(@]

(@] ]

© 500 1000 1500 2000 2500
Energy (keV)
(b)
Figure 3.8: Fitted Q3D spectra for the —0.5 — 2.5 MeV region, with pure Gaussian fits for
both states (a) and with a skewed Gaussian fit for the ground state (b). A visible increase

in the fidelity of the fit to the data can be seen for the skewed fit.
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was employed, where « is a parameter that defines the skew of the distribution [65, 66]. A
problem arises, however, as the FWHM is not defined for this function and thus cannot be
extracted from the fit simply. The FWHM can be estimated analytically, by calculating the
difference between the fit values at half of the maximum value for the distribution, though
this is less reliable as the corresponding uncertainty is larger. For the fit of the ground state,
shown in figure 3.8b, calculating the value of the FWHM using this method gives 69.1 keV,
while the extracted width of the first excited state from fitting is 63(4) keV. The resolution
of the focal-plane detector is expected to vary over the entire length of the detector, mostly
due to the fact that the experimental resolution arises from energy loss from both the beam
and product nuclei in the target, which varies with the scattering angle of the proton (which

is not uniform with respect to excitation energy in the lab frame) [56].

The values extracted for both of the states shown in figure 3.8 are comparable to the
resolution of 60 keV extracted for the same reaction with the Q3D at —39°, as determined
by T. Dorsch et al. [67]. A resolution of 65 keV was established, based on the extracted
values and the knowledge that the target thickness in the current work (110 pg/cm? and
120 pg/cm?) was larger than that of T. Dorsch et al. (70 pug/cm?). Thus, a lower limit of
65 keV was obtained from these excitations, which prevented issues when fitting weakly-

populated states that lay near other, better-populated excitations.

With the resolution of the Q3D established, calibrations of the regions could be per-
formed using Gaussian fitting to establish the centroids of the excitations in units of focal-
plane position, estimating the phase space distributions and other background components
using a quadratic background. The usual dispersion of events over 2550 channels (corre-
sponding to the number of physical strips multiplied by ten, obtained from the charge fitting
procedure) does not provide the necessary statistics for each bin in order to be able to rea-
sonably fit the spectrum, as x? minimisation assumes Gaussian errors and in the low-count

limit (N < 10) the errors are more Poissonian. Figure 3.9 shows a comparison of different
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Figure 3.9: Q3D spectra for the 7.0 — 9.1 MeV excitations, rebinned relative to the usual
dispersion over 2550 channels for the position of detection in the focal-plane detector (a).
Larger bin sizes of x10 (b), x20 (c) and x60 (d) are shown for comparison. Statistics too
low for reasonable fitting in many areas can be seen even in the peaks in (a), whereas an
obvious loss of features can be observed in (d) relative to the other three. Plots (b) and (c)

compromise these two qualities.

binning for the position measurements from the focal-plane detector. The binning chosen for
the calibration was typically that of figure 3.9(b) (10 times larger bin size than that of fig-
ure 3.9a), as the statistics were appropriate for fitting but did not significantly diminish the
ability to distinguish features of the spectrum. In some cases (see figure 3.10) the binning was
that of figure 3.9¢c, in order to aid in the fitting of low-statistics features. Figure 3.10 shows

the data used to calibrate the different excitation regions for focal-plane position against the
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Figure 3.10: Plots of the literature values of energy for excitations in keV against measured
centroid value in the focal-plane detector in channels, for 7.0 — 9.1 MeV (a), 7.0 — 9.4 MeV
(b), 9.6 — 11.9 MeV (c), 12.4 — 14.5 MeV (d) and 14.5 — 16.3 MeV (e). Fits with the
functional form y = Ax? + Bx + C were used in all cases and are shown in red, along with
the corresponding value of X*/dof. Error bars are displayed for each data point, although the

error bars are often comparable to the size of the symbol representing a data point.
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literature energies from Ref. [56], plotted with the function determined using a least squares

regression, with each data point weighted by 1/02, where

o=/ dz?+ dy?, (3.5)

dx represents the uncertainty on the measured centroid in channels and dy represents the
uncertainty on the literature value for the corresponding energy. A convincing quadratic
trend can be observed for the calibrations of all regions. It should be noted that figure 3.10(a)
and figure 3.10(b) correspond to calibrations for the same excitation region, but these were

done for data sets taken a year apart and thus required separate calibrations.

3.1.1.4 Background

When each region was calibrated, a further fit was performed in order to better establish
the centroids and widths for each excitation, and perform a more realistic treatment of
the background. These fits can be seen in figure 3.11. The background is represented
by a dashed pink line, and can be seen to increase (relative to the data) with excitation
energy, F,. Below E, = 8045 keV, the neutron-decay threshold for '¥0, the background
is treated as a constant. Above this value, the background is mostly due to phase-space
distributions — from 8045 keV< FE, < 12118 keV the only available phase-space is the
three-body phase-space ("O+n+pgysq, where pyaq is the proton detected in the Q3D). The
four-body neutron phase-space (**0-+n-+n-+pq3q) becomes available above E, = 12.118 MeV,
which again affects the shape of the background — the introduction of this phase-space to
the background occurs between the two regions shown in figure 3.11(b) and figure 3.11(c).
There is also the contribution from a further three-body phase space, *"N*+p+pgsq, above
E, = 15942 keV, though the contribution is minimal in the excitation ranges observed due

to proximity to the threshold. These phase-space distributions were extracted from Ref. [56],
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Figure 3.11: Fitted Q3D spectra for the observed excitation regions, with certain centroid
values extracted in this work shown next to the resonances. The regions are 7.0 — 9.4 MeV
(a), 9.6 — 11.9 MeV (b), 12.4 — 14.5 MeV (c) and 14.5 — 16.3 MeV (d). The total fit
to the data is shown by a solid red line, whereas the individual Gaussian components are
indicated using a solid blue line. The dashed pink line represents the background, discussed

in the text. Subfigures here have been published in Refs. [57] and [63].

where the distributions were calculated using the code SPEC [68]. The backgrounds were
then fitted using regression to a quadratic functional form (R? > 0.99 in all cases, where
R? is the coefficient of determination), with a scaling factor as a free parameter in order
to account for the difference in statistics between the work of Ref. [56] and the current
work. The total fit for each region is shown in figure 3.11 with a red solid line, whereas the

individual Gaussian components of each state are shown using a solid blue line.
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3.1.2 Birmingham large-angular-coverage DSSD array

In order to detect the 8O nucleus, or the associated fragments from an **O* decay, the Birm-
ingham large-angular-coverage DSSD array was utilised. This array consisted of four 500 pm
thick, 50x50 mm? W1 DSSDs made by Micron Semiconductor Ltd [69]. These detectors
are primarily constructed from silicon, which is a Group IV element; silicon forms a crystal,
with each (non-surface) silicon atom forming a covalent bond with four neighbouring sili-
con atoms. Silicon is a semiconductor material, meaning that the conductivity of electricity
attempting to pass through it is less than that of a conductor (typically metals) but more
than that of an insulator. There are many physical properties of semiconductors that make
them useful, such as a decreased resistivity as a function of temperature (the opposite of the
phenomenon observed in typical conductors); in the field of semiconductor detector physics,
the most vital property is that the resistivity of semiconductors is highly variable with the

addition of impurities to the crystal.

3.1.2.1 P-N junctions

The removal of an electron from an atom in the crystal — the movement of an electron to
the conduction band from the valence band in band theory — also results in the production
of a hole, and hence the creation of an “electron-hole pair”. A hole is the name given to the
resultant positive charge present in the crystal due to an electron missing from the valence
band, and can move through the crystal similarly to electrons promoted to the conduction
band. This movement can be understood by considering the movement of an electron from a
different atom to the ion — the hole has thus moved in the opposite way through the crystal
to that electron. Silicon crystal at 300 K has a band gap, the difference in energy between the
valence and conduction bands, of 1.11 eV [70], corresponding to a required temperature of

~ 12.9 kK for electrons to be promoted to the conduction band. Thus, in an intrinsic (pure)
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silicon semiconductor, the number of thermal electron-hole pairs produced is relatively small
and explains the partial conductivity of this material, as well as the relationship between

the resistivity and temperature mentioned previously.

In the case of silicon, the conductivity of the crystal can be affected through the addi-
tion of Group III (containing three valence electrons, such as boron) or Group V (containing
five valence electrons, such as antimony) atoms. The introduction of these impurities results
in a large increase in the number of available charge carriers. For Group V doped silicon,
known as an n-type semiconductor, this is easy to conceptualise: the addition of the extra
electrons from the doping fills the valence band, as the impurity atoms form four covalent
bonds with silicon. The remaining fifth valence electron thus must be present in the con-
duction band. For p-type semiconductors (Group III impurity), there are fewer electrons
available per atom. However, the resulting deficiency of electrons causes a net increase in

the number of holes that can travel through the crystal.

p-type n-type Negative terminal 1 I Positive terminal
(excess holes) (excess electrons) 1
A Al
'd ' N\
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(a) (b)
Figure 3.12: A P-N junction in equilibrium (a), with the depletion region formed between
the two doped semiconductors. The same P-N junction is then put under reverse-bias (b),

causing the size of the depletion region to extend across the crystal. Images edited from

Ref [71].
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When a p-type semiconductor and an n-type semiconductor are joined together to
form a P-N junction, electrons and holes are free to diffuse across the junction. These
free charges will migrate across the junction due to the differing potentials of the different
regions, producing a diffusion current. The recombination of these holes and electrons near
the junction causes ionisation in atoms within this region: a net positive charge within n-type
region due to creation of positive ions near the junction, while the p-type region achieves a
net negative charge from the creation of negative ions. The region of charge produced by
these ions at the boundary of the p-type and n-type semiconductors is known as the depletion
region, shown in figure 3.12(a), due to lack of free charges. The electric field established by
the movement of free charges across the junction causes a drift current which opposes the
diffusion current, and eventually an equilibrium is reached — thus, the depletion region does

not grow indefinitely.

A reverse bias can be applied across the semiconductor, with the positive terminal
connected to the n-type region and the negative to the p-type. This is depicted in fig-
ure 3.12(b). The reverse bias causes an initial current flow which matches the direction of
the drift current, opposing the movement of free charges across the junction, so the free
charges are swept further out of the depletion region, increasing its size. If a sufficiently
large potential difference is applied, the depletion region can extend across the entire crys-
tal. Hence, if any free charges were produced in the crystal, such as if electron-hole pairs were
produced through ionisation caused by a charged particle such as an a-particle or photo-
electron incident on the crystal, they would be swept up by the field due to the reverse bias
and the resulting currents, from both the collection of electrons at the positive terminal and
the collection of holes at the negative terminal, could be measured. This is the principle
by which the DSSDs measured the energy of incoming charged particles — the number of
liberated electron-hole pairs in the crystal is proportional to the energy of the incident par-

ticle. Although theoretically there should be no current across the depletion region without
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an incident particle to liberate electron-hole pairs, in practice a small leakage current would
be observed. This is often due to slight imperfections in the crystal structure of the silicon
wafer, and as the detectors age and receive radiation damage, displacing atoms in the crystal

structure, the leakage current increases accordingly.

3.1.2.2 Measuring the position of incident particles

The DSSDs used in this work are segmented into 32 strips, with 16 of those being on the
front of the detector and 16 on the back, with the front strips orthogonal to the back strips.
The detectors largely consisted of n-type silicon, from which the front (p-type) strips were
formed. This was achieved by removing oxidised silicon from the surface of the crystal in
vertical strips, and then utilising the ion implantation technique with boron to convert the

underlying n-type silicon into p-type silicon. The back strips were n-type, achieved through

Figure 3.13: A front strip of the detector (red) is hit by a charged particle in coincidence
with a back strip of the detector (blue), resulting in a pixel within which a charged particle

can be detected. Image edited in Ref. [71], originally from Ref. [69].
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doping with arsenic. Both sets of strips were covered in a thin layer of aluminium in order
to serve as an electrical contact, and were separated from one another through the use of a
thin insulator, SiO, which was also implanted [72|. The effect of this was the creation of a
grid of 256 pseudopixels, enabling measurement of the position of a particle incident on the
DSSD, to within an area of ~ 9 mm?, by identifying which strips on the front and the back
had a particle incident on them within a certain time (in this work, this was about 5 ps). A

diagram depicting this is shown in figure 3.13.

Usage of pseudopixels reduces the cost and complexity of experimental set-ups, re-
quiring only 32 channels of nuclear electronics per detector rather than the 256 required if
the DSSDs instead had distinct pixels. There is a drawback, however, in the form of uncer-
tainty regarding hit detection. Single pile-up, depicted in figure 3.14(a), occurs when two
particles hit the same strip on one side of the detector within 5 ps, resulting in an imbalance
in the number of hits in the front and back of the detector. As the front and the back of
the detectors measure the energy independently (the front collects the holes, while the back
collects the electrons), the events can be reconstructed by taking only the energy from the
side of the detector with two hits, and the position of the detections are still known. Double
pile-up events, in which two particles hit both the same front and back strip of a detector,
are unable to be reconstructed using this method as individual energy measurements for the
two particles cannot be extracted. A multiple-hit event, depicted in figure 3.14(b), is similar
to the case of single pile-up, but instead the two particles hit entirely different strips on the
front and back. This results in four possible detection positions for the two particles, which
need to be disentangled in order for the event to be usable. To do this, the energies measured
by the front and the back strips can be compared — the true matching of the front strips
to the back strips should have very similar energies. In the current work, this was achieved
by sorting the hits in the front strips and the hits in the back strips in order of decreasing

energy, and grouping the hits based on this ordering. While this method allows for the
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(c)

Figure 3.14: Depiction of the surface of a DSSD, showing an example of single pile-up (a),
multiple-hit (b) and charge-sharing (c). Possible hit positions are shown in purple, with the
front strips and back strips corresponding to a hit shown in red and blue, respectively. The

relevant inter-strip area in the case of charge-sharing is shown in yellow.
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reconstruction of the vast number of events, occasionally this could result in the incorrect
assignment of positions, particularly in cases of very close particle energies. Figure 3.14(c)
depicts the third effect, known as charge-sharing, in which a particle is incident between the
strips (shown in yellow) rather than on a strip. This causes the resulting charge in the silicon
to be shared between the two neighbouring strips. Reconstructing the hit in this case is very
similar to the case of single pile-up, with the only difference being that the position of the
singular hit is known to be at the contact wire between the two strips. Distinguishing these
events from single pile-up events is not always possible, and as such in the current work any
incidents involving detections in two neighbouring strips were assumed to be from a single,
charge-sharing event. Events in excess of two hits involving single pile-up were unable to be
reconstructed, due to large uncertainty in extracting correct hit patterns — with multiple-hit
events, reconstruction is still possible, as long as the hits are all in distinct strips on both

the front and back.

3.1.2.3 Detector placement

The four detectors that constitute the Birmingham large-angular-coverage DSSD array were
placed in the Q3D reaction chamber (see figure 3.2) such that a total angular coverage of
approximately 16° — 92° in-plane and —36° — 40° out-of-plane was achieved. Figure 3.15
shows the layout of the DSSD array, with the centre position of each pseudopixel represented
by a blue dot. The four corners that enclose the active area of each detector are also shown
by a blue dot. The detectors were mounted sideways to enable less distance between each
detector, as otherwise the cabling would prevent this and hence there would be large gaps in
the coverage. The positions of the detectors were kept largely consistent across the two years
of measurement — the in-plane centre angles and perpendicular distance from the target
differed slightly, an overview of which is given in table 3.1. The uncertainties presented

for the values in table 3.1 were estimated using comparison to Monte-Carlo data. The
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Monte-Carlo data are discussed in detail in section 3.2. The top detectors (1 and 3) and
bottom detectors (2 and 4) were offset by 27.5 mm in opposite vertical directions from the
centre of the target, though due to an offset of the beam relative to the set-up (=~ 6 mm
in 2016, ~ 5.5 mm in 2017), the 0° out-of-plane plane intersected detectors 2 and 4. Each
constituent DSSD in the array was set such that the face of each detector lay approximately
perpendicular to the vector between the centre of the detector and the target in-plane. It
was not possible to achieve this out-of-plane, and as such the effective size difference of
the outer (furthest from 0° out-of-plane) strips was larger when compared with the inner
strips. This effect, however, was corrected for when considering geometric efficiencies via

comparison with Monte-Carlo simulation.

Table 3.1: The centre angles (in-plane) and distances of each constituent DSSD in the
Birmingham large-angular-coverage DSSD array, shown for both experimental set-ups (2016

and 2017) during which data were taken.

2016 2017
In-plane centre angle | Distance | In-plane centre angle | Distance
Detector
(degrees) (mm) (degrees) (mm)
1 27.9(5) 87(1) 28.9(5) 86(1)
2 69.0(5) 80(1) 72.0(5) 80(1)
3 27.9(5) 72(1) 28.9(5) 70(1)
4 69.0(5) 65(1) 72.0(5) 64(1)

3.1.2.4 Electronics

The charge signals output by the DSSDs were processed using a typical nuclear electronics
chain, an overview of which is given in figure 3.16. The output of each detector was connected

to a Mesytec MPR-32-Series preamplifier [75], with two groups of 16 channels corresponding

57



Experimental methods for precision measurement of branching ratios in *O

40.0+ Dol -
g _ SRR |
s 20.03 : I -
) ] : L
z ] g
Q ] L
=) . C
c | C
S 0.0 SRR | -
(] - S | L
C B A r
& ] SRR 5
o i B
ql_ : 2: ...............
2 -20.01 SEREEE A
5 ] SERREREESET | E
o ] R N

-40.04 -

LIS L L L I L L L

20.0 40.0 60.0 80.0
In-plane angle (degrees)

Figure 3.15: A depiction of the layout of the Birmingham large-angular-coverage DSSD
array, with blues dots indicating the centre positions of each pseudopixel. The in-plane and
out-of-plane angles are shown on the horizontal and vertical axes respectively. Borders have
been placed around each DSSD to enable distinction between the different groups of pixels,
with black boxes (representing the pins that are connected to the preamplifier) to indicate

the bottom of each detector in the normal orientation as depicted in figures 3.13 and 3.14.

to the front and back strips of the detector. The purpose of the preamplifiers was integration
and amplification of the small charge pulses before the introduction of large amounts of noise,
which increased as the signals travelled. As such, the preamplifiers were placed close to the
detectors in order to maximise the signal-to-noise ratio. These preamplifiers were able to
output a signal that maintained both the amplitude and timing information of the original
charge pulse, through use of a feedback loop containing a capacitor and a resistor in parallel.
The output signal demonstrated a sharp rise: the time over which this rise occurred was

equal to the charge collection time of the detector. This was followed by a long exponential
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Figure 3.16: An overview of the electronics set-up used for the DSSDs, showing the processing
of the charge signal through to digitisation of the signal by ADCs. Numbers in brackets on
each electronics unit refer to the number of inputs. The x10 multiplicative outputs are the
same as the x1 multiplicative outputs, but amplified by a constant factor of 10. The logic

signal from the V895 LEDs is input into the trigger logic, shown in figure 3.18.

decay (over ~ 25 ps), a signal shape characteristic of preamplifiers [73]. An example of
this signal shape can be seen in figure 3.17. The time constant of the loop, defined as the
resistance, 10 MS2, multiplied by the capacitance, 10 nF, was much larger than the charge
collection time, so to a good approximation the amount of charge, (), present in the charge
pulse from the detector was proportional to the output voltage of the preamplifier: in fact,
as the capacitance of the preamplifier was constant, the output voltage at the maximum

amplitude, V., was related to the charge by the simple expression Vg, = m%.

The signals from the preamplifiers were then processed by CAEN N568B 16 channel
spectroscopy amplifiers [76], with two amplifiers required per detector. Amplifiers perform

two functions, the most obvious is an increase in the amplitude of the signal, often by
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Figure 3.17: A depiction of the common shape of signals output by a detector (top), pream-
plifier (middle) and amplifier (bottom). Pulses due to three separate detections of charged
particles are shown in green, red and blue respectively. The duration of the original charge
pulse is shown by the dashed black lines, demonstrating the relationship to the rise time of
the preamplifier signal. The width of a Gaussian produced by the amplifier is shown; the
width of these pulses can be controlled via the amplifiers. Time axes shown here are not
to scale with the real length of pulses in order to compare features. Figure adapted from

figures in Refs. [73| and [74].

one or two orders of magnitude. The other function is a reshaping of the signal from the
preamplifiers into a Gaussian shape, the width of which can be varied. An advantage of
this can be seen in figure 3.17, in which the blue charge pulse has been generated too soon
after the red charge pulse, before the capacitor in the preamplifier has fully discharged.
This results in signal pile-up, distinct from the DSSD strip pile-up mentioned previously, in
which the blue signal is added to the remaining red signal (shown in purple). Thus, there
is additional difficulty in extracting a voltage signal proportional to () for the original blue

detection. By shaping the pulses into much narrower Gaussians, the individual pulses can
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be extracted and their relevant heights obtained. In this work, the shaping time was chosen

to be 1 ps for all DSSD events, which vastly reduced the chance of pile-up.

The DSSDs were biased on the back of the detector using a positive high-voltage
supply, while the front was grounded in order to produce the reverse bias. As such, the signal
from the back strips was likely to be slightly noisier than that of the front strips — to this
end, the x1 multiplicative outputs from each channel of the amplifiers corresponding to the
front strips of the DSSDs were input into CAEN V895 16 channel leading edge discriminators
(LED) [77], through which minimum voltage thresholds were set. If a Gaussian signal from
the amplifiers had a maximum voltage larger than that of the threshold, a negative logic
pulse was output to the trigger logic, discussed below. The x10 multiplicative outputs of
the amplifiers, for both the front and the back strips, were fed into CAEN V785 32 Channel
Peak Sensing Analogue-to-Digital Converters (ADCs) [78|, with one ADC for each DSSD.
The ADCs were also used to set voltage thresholds for incoming pulses — the ADC would
only convert an event, even if told to read out by a logic pulse, if the corresponding voltage
signal were above this threshold. The ADCs were connected such that if a 5 s gate were
produced by the trigger logic, all of the ADCs would read out the events from all of the
DSSD channels measured during that window. The events were processed through use of
the Multi Instance Data Acquisition System (MIDAS) software [79] and stored digitally for
further analysis. The software SunSort [80] was used for data analysis both during data

collection and subsequently offine.

3.1.2.5 Trigger logic

The trigger logic, summarised in figure 3.18, shows the discriminator signal from figure 3.16
input into a LeCroy 429A quad logic fan-in/fan-out (FIFO) [81]. This unit acted as an

OR logic gate, outputting a logic pulse whenever a logic pulse from any of the V895 LEDs
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Figure 3.18: An overview of the trigger logic, which was used to gate both the ADCs and
the Q3D to provide singles events for both systems. The output logic pulse from the V875

LEDs shown in figure 3.16 is shown in dark green.

was input. The outputted logic pulse was sent to a dual rate divider, through which the
occurrence of these signals was scaled down by a factor of 10,000 (through two processes of
dividing the rate by 100), due to the high rate of events in the DSSD array. The resultant
logic signal was then input to the FIFO unit, this time alongside the trigger from the Q3D.
The production of a Q3D trigger signal required a coincidence between a horizontal anode
wire and the scintillator detector of the focal-plane detector — due to the relative position
of the focal-plane detector elements, this requirement filtered the vast majority of cosmic
events out of the trigger. As such, singles events from both the Q3D and the DSSD array
were able to trigger a readout of the system. Two OR outputs from the FIFO were then
input into a LeCroy 380A multiplicity logic unit [82], and the N > 1 outputs of the module
were utilised. The N > 1 outputs were used rather than the N = 1 outputs, as the N =1

outputs exhibited a fault, whereby multiple logic pulses were generated per event rather than
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single pulse (see figure 3.18). Thus, in order to generate a signal from the N > 1 output, two
identical inputs were required. The module was vetoed by the total dead time of the system,
which was in the order of 40 ps per event. The outputs from the multiplicity unit were then
used to generate gates via a LeCroy 222 dual gate generator [83|, with a 5 ps gate used to

readout the ADCs and a 600 ns signal used as the master trigger for the whole system.

3.1.2.6 Energy calibration

In order to calibrate the detectors along the electronics chain, a triple-a source containing
239py, 2'Am and ***Cm was utilised. An example fitted spectrum is shown in figure 3.19,
showing the six peaks observed. The fitted states have the vast majority of the a-decay
strength for each of their associated isotopes: the 5.106 MeV and 5.154 MeV peaks make
up 11.94(7)% and 87.88(20)% of all 23°Pu a-decays respectively, while the 5.443 MeV and
5.486 MeV peaks represent 13.1(3)% and 84.8(5)% of ?! Am a-decays respectively and the
24Cm peaks at 5.763 MeV and 5.805 MeV provide 23.10(10)% and 76.90(10)% respectively.

As such, other a-particle emissions are negligible and hence do not need to be considered
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Figure 3.19: An example calibration for a strip of one of the DSSDs, showing the six peaks

and the isotopes from which they originate.
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during the calibration. The peak seen at 5.154 MeV is actually caused by two distinct a-
emissions, at 5.144 MeV and 5.157 MeV — these are much closer together than the resolution
of the DSSD array at this energy (= 50 keV, which can be determined by the measured width
of the « states). Thus, an average of the literature values of the two energies weighted by
their intensities was performed in order to obtain the 5.154 MeV value. As each strip on a
DSSD had a separate chain of electronics, the calibration was performed for each of the 128
strips. A comparison of the energy spectra obtained for each channel, both before and after

calibration, can be seen in figure 3.20.
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Figure 3.20: Energies measured from a triple-a source in each strip of the DSSD, plotted
against electronics channel number, before (a) and after (b) the energy calibration was
performed. Three distinct bands (due to the compressed vertical scale) corresponding to the
energies from the three isotopes can be seen in the calibrated spectrum. An empty channel
can be seen in (b), which was unable to be calibrated due to the lack of a sensible triple

a-spectrum — this can be inferred from the corresponding channel in (a).
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Figure 3.21: A Cartesian view of the detector array, showing data taken using a triple-«
source with the faces of the detectors covered by the R-masks. A comparison of incorrect
mapping of pins to the electronic channels (a) to the correct mapping (b) is given — the Rs

can be clearly seen with the correct mapping for each DSSD.

3.1.2.7 Position calibration

As well as calibrating the measured energy of particles incident on the DSSDs, the position
of interaction in real space had to also be determined. The cabling from the detector to the
preamplifier does not necessarily result in a logical channel number for each strip. This is
because of space restrictions on the detector printed circuit board (PCB), which results in
blocks of 8 strips being reversed on the rear side. Additionally, the wiring of the electronics
can lead to detectors being read top-to-bottom or bottom-to-top arbitrarily; the in-plane
direction can be read left-to-right or right-to-left. Thus, in most cases assuming that the
strips are in order along the electronics chain results in incorrect assignment of position.
In order to correct for this, plastic blocks made to fit over the face of the DSSDs were 3D
printed. These blocks, known as R-masks, each had a hole in the centre shaped like the

letter R. The asymmetry of the letter R across the centre in both axes was ideal, as the
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risk of confusing quadrants of the DSSDs is greatly diminished. Thus, incident a-particles
from the triple a-source reached the detector through the R-shaped hole, but otherwise were
stopped by the plastic block surrounding it. As such, a pattern of hits in an R-shape was
observed on the faces of the detectors. Data taken using the triple-ae source, with the R-
masks placed over the DSSD array, are shown in figure 3.21, highlighting the importance of

correct assignment of the strip positions.

A

y

\ 4

Figure 3.22: Diagram detailing angle definitions, as well as providing the geometry with
which to determine them. The beam travels along the z-axis and interacts with the target,
located at the origin, while the product nuclei are detected in the z-y plane shown. Figure

adapted from Figure 2 of Ref. [84].

From the position of detection on the DSSD array, the in-plane angle, ., and out-

of-plane angle, 0,, can be determined simply through knowledge of the detector position
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relative to the target. The beam axis is chosen to be the z-axis by convention, and the
detectors are placed in the z-y plane. The position measurement combined with the energy
measurement allows for the determination of the momenta of the particle in each Cartesian
direction, values that are necessary to identify the species of decay fragments as discussed
later in section 3.3.2. The magnitude of the total momentum, P, of a non-relativistic

particle, with known mass m and energy E as measured by the DSSD array, is simply given

by

Prot = V2mE. (3.6)

Utilising 6, and 0, with the scalar value P provides the value of ]3tot, which can be dis-
entangled to provide the Cartesian components P,, P, and P,. From figure 3.22, it can be

demonstrated that these components are given by

1

P, = Py sind, cosb,,

P, = ]3tot sinf, and (3.7)

P, = Pio cos 0, cos 8.

The scattering angle, 0, and azimuthal angle, ¢, can also be determined simply. In fig-
ure 3.22, the different Cartesian momenta are equal to their corresponding unit position
vectors multiplied by the scalar Pi,;. Hence, the scattering angle is related to the Cartesian

in-plane and out-of-plane angles by

= arccos(cos 0, cos ,), (3.8)

and the azimuthal angle is given by
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¢ = arccos(sin 6,), (3.9)

enabling a simple conversion between the two co-ordinate systems [84].

3.1.2.8 Resolution

As the DSSDs measure energy from both the front (holes) and back (electrons) strips, logi-
cally a reduction in the statistical error of the number of charge carriers, and hence on the
measured energy, could be achieved by taking an average of the two values, and this was
performed for measurements of energy in the current work. However, this is predicated on

the assumption that the measurement of energy from the front and back are always corre-
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Figure 3.23: Energy measured in a front strip of detector 2 against energy measured in a
back strip, for silicon singles events obtained during the 9.6 — 11.9 MeV excitation region
runs. Events ungated except for a low-energy threshold are shown in (a), while an example
software gate (the requirement that front and back hits must be within 0.7 MeV of one

another for a good event) is shown in (b).
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lated in an event — in the case of pseudopixel pile-up, for example, this may not be the
case. Figure 3.23(a) shows the energy measured in a front strip of the detector against the
energy measured in the back strip of detector 2 for all silicon-only events above a threshold
of 0.5 MeV. This threshold was set across all events in order to eliminate the presence of
events due to electronic noise. A clear diagonal line in this plot can be observed, indicating
events in which the measured front and back energies are in good agreement. Events with
very little energy measured in one of the front or back strips of the detector can be observed
near either axis. A region of non-negligible counts either side of the diagonal can also be
observed, indicating events where the energies are close but not identical. At high energies,
the diagonal line can be seen to disappear into this region, which occurs for two reasons. The
first effect is the decrease in resolution, R, of the silicon detectors with increasing energy, F,

as defined by the relationship

Fw
=24/2In2— 1
R n 7 (3.10)

where F' represents the Fano factor, the ratio between the observed variance in the number of
charge carriers produced by an interaction in the depletion region of a semiconductor and the
variance predicted by Poissonian statistics (for scintillator detectors, this value is 1, whereas
for silicon the theoretical and experimental values lie within a range of 0.07 — 0.17 [85, 87,
86]), and w represents the energy required to create an electron-hole pair (in silicon, this
value has been measured to be approximately 3.6 ¢V [90, 89, 88, 86]). Again, this effect can
be seen in figure 3.23 to not exceed the 0.7 MeV gate in the region of interest. The second
effect is that as the linear energy calibration is performed across 5 — 6 MeV, the fidelity
of the calibration at energies far from the calibration region decreases. The fragments from
decaying 80* for the observed states in this work had a maximum energy of ~ 19 MeV for
the case of the ground state of 14C produced via an a-decay from an *O excitation at around

16.3 MeV. The accuracy of the calibration was hence acceptable for all events of interest,
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and a gate requiring a difference of no more than 0.7 MeV between front and back energies
measured in 2017 was introduced to remove wrongly constructed events, the effect of which
can be seen in figure 3.23(b). For 2016 events, the maximum difference was 0.4 MeV, as
for these data lower excitation energies were populated and hence the maximum energy for

fragments of interest was correspondingly lower.

3.1.2.9 Determination of kinematic lines

In reactions with a two-body entrance and exit channel, such as in the case of scattering or
nucleon transfer reactions, the energy and momentum of the two product nuclei are solvable
given knowledge of the masses of all reactants, as well as the energy of the beam nucleus
and the excitation energy, if any, of the product nuclei. A derivation for this is provided
in Appendix A. As the DSSDs did not require a Q3D trigger to be read out, events not
corresponding to the 2C("Li,p)*®O* reaction were able to be observed. As the beam provided
by the tandem Van de Graaff accelerator was both stable and pure, and the abundance of
12 in mat-C is 98.9%, elastic scattering of "Li on 2C was expected to be common, and hence
visible in the data. As the energy of the “Li and 2C after scattering can be calculated for a
particular scattering angle, lines can be drawn over an experimental plot of scattering angle
against energy, such as in figure 3.24, where the orange and red lines represent the energies

of elastically scattered "Li and '2C as a function of scattering angle, respectively.

During comparison of the experimental data with Monte-Carlo simulation, a substan-
tial difference in spectra produced using energies measured in the DSSD array was noticeable.
This issue did not extend to spectra utilising other values, such as comparisons of the shape
of the Gaussian profiles for decay species on the face of the detectors (see section 3.3.1 for
more detail). This effect was present in all data using both the DSSD array in conjunction

with the Q3D taken during both 2016 and 2017. The logical conclusion was that there was
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Figure 3.24: Plots of scattering angle against energy for singles events in the DSSD array,
using energy values determined via calibration with the triple-a source (a) and double the
energy determined via calibration (b). Calculated kinematic lines for elastic scattering of
"Li on '2C are also plotted for the recoil '*C (red) and the ejectile "Li (orange) — see text

for details.

some issue present with the DSSD energy calibrations, but calibrations taken at different
times across the experimental runs all agreed with one another precisely. The possibility of
the triple-a calibration not holding true for other species of nuclei was considered, perhaps
due to energy loss through the thin (=~ 100 nm) dead layer on the surface of the DSSDs —
these were ignored during calibration, as the energy loss of the a-particles through this dead
layer was 14.4 keV, which is small compared with the intrinsic resolution of the detectors at
this energy. However, the discrepancies observed were of the order of MeV, so this was not
a sufficiently large effect. Singles events from the silicon were investigated, with the scatter-
ing angle (determined through use of equation 3.8) plotted against the measured energy, in
order to identify kinematic lines. These data are shown in figure 3.24, with the previously
described kinematic lines overlaid in order to match features. Figure 3.24(a) shows the data

using the a-calibration as before, and there is a distinct lack of scattering features near the
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calculated kinematic lines. However, it was noted that by doubling the energy of the detec-
tors in the DSSD array, as shown in figure 3.24(b), a good agreement was achieved between
the scattered Li kinematic line and a feature in the experimental data. This doubling of
energy measured in the DSSD array was applied to the experimental data across all four
detectors (thus, all eight amplifiers/four ADCs). These data were again compared to Monte-
Carlo simulation, and a very good agreement was seen in the spectra generated (examples are
shown in section 3.3.2), confirming that the kinematic line was identified appropriately. The
energies measured in the DSSD array were thus doubled from those calculated via calibration

for all data across the experiment.

Total pulse height

from amplifiers

Voltage

Pulse height

recorded by ADCs

5us

v

Time

Figure 3.25: A diagram showing the likely cause of the energy jump. The amplifier signal,
shown in blue, is only partially inside of the 5 ps gate, shown in red. As such, the ADC only

registers the height of the signal present in the gate as the gate ends.

As the actual energy of particles was roughly double that measured from using just the
triple-a calibration, it was considered that perhaps the gain across the amplifiers had been
changed, but as the effect was present across both years, across all eight amplifiers and not
present in any DSSD calibration runs (which were interspersed throughout the experimental

campaign), this eventuality was deemed unlikely. The shift in energies for events in the DSSD
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array only occurred when Q3D events were also collected (using the trigger logic described
previously and shown in figure 3.18), so the likely cause of this shift lay in the timing of the
5 ps gate. As the electronics for readout of events in the Q3D are usually positioned outside
of the experimental room, there is usually a sizeable time during which the signal travels.
This work necessitated the placement of these electronics closer to the experimental chamber,
and as such an artificial delay was added via >20 m of cabling in order to best maintain
the usual timing. However, also changed was the output polarity from the amplifiers from
previous experiments performed using this set-up, which can have an effect on the delay of
the signal [76]. If this timing were slightly off as a result, the 5 ps gate would not allow the
ADCs to register the full pulse height of signals from the amplifiers. A depiction of this is

shown in figure 3.25, and further effects from this are discussed in section 4.1.

3.2 Monte-Carlo simulation

In order to determine branching ratios for states in *O, accurately measuring the expected
number of events from different decay channels is paramount. As such, Monte-Carlo simula-
tions were produced and used to estimate the geometric efficiency, the fraction of all events
from a certain exit channel that would be incident on the DSSD array, including taking into
account the gating efficiency, as well as to verify or identify experimental features in the

data.

3.2.1 Resolution8.1

Monte-Carlo simulations used in this work were produced using Resolution8.1, an unpublished
in-house FORTRAN 77 package written and used by the nuclear structure group at the

University of Birmingham, with some details given in Refs. [72, 91, 92, 93, 94, 95]. Thin
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target non-relativistic nuclear reactions and decays were simulated through multiple stages
of sequential two-body interactions, including direct interactions and compound nucleus
formation: scattering (both elastic and inelastic), resonance reactions and nucleon transfer.
The nuclei involved in the reaction were each defined via their corresponding mass, m, and
charge, q. The mass of a nucleus was approximated to be equal to the total nucleon number.
Resolution8.1 would check these values to confirm equal total masses and charge in both the
entrance and exit channel, and required that all nuclei involved had A > 0. The energy of
the beam nucleus was entered, as this was necessary in order to calculate the appropriate
kinematics — in this work, the value was 44.0 MeV. Any product nuclei could then be given
excitation energy, with a corresponding width, and, if this excitation energy were sufficient,
simulated to decay further. The ()-value at each stage of the reaction was required, and
thus could be used to check if there were sufficient excitation energy for a decay to proceed.
The total number of good events (i.e. events that the simulation would output to file) was
also user-specified, though the simulation would terminate if no good events were produced
during the first 10° simulated events. Only events that had a recoil proton incident within
the angular acceptance of the Q3D (—42° to —36° in-plane and —2° to +2° out-of-plane)
were simulated, as these were the only events of interest and thus simulating events in which
this were not the case was unnecessary, allowing for a significant decrease in computational

time required.

Nuclei produced through a nuclear reaction in the simulation travel in a straight line,
the direction of which was determined by randomly sampled angles, which were defined rel-
ative to the beam axis. Appropriate angular distributions for the decay fragments could
be produced using a spherical polar coordinate system (r,0,¢), where ¢ would be generated
randomly between user-specified low and high limits. The distribution of # for the products
produced by the initial interaction (in this work, these products were the p recoil and ®O

ejectile) could be selected from two user-specified options: these included a uniform distri-
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bution in the centre-of-mass frame and a distribution featuring an exponential drop-off in
probability from the beam direction. The ability to include a user-defined distribution was
also present. A uniform distribution was selected in the present work, in which # and ¢ of
the proton was limited to within the angular acceptance of the spectrometer. The angular
distributions of fragments were randomly selected in the lab frame using the in-plane and
out-of-plane angles, and so 6 and ¢ were instead calculated from these values. The reasoning

behind this is discussed in section 3.3.1.

In order to best produce realistic Monte-Carlo data, real-world smearing effects needed
to be included. The smearing effects (with the values used in the current work given in

brackets, if appropriate) that were applied in Resolution8.1 were:

e Beam energy spread from the Tandem accelerator (0.0004 MeV),

e Divergence of the beam from the entrance of the chamber (0.1°, both in-plane and

out-plane),
e The size and shape of the beam spot (1.5 mm, both in-plane and out-plane),
e Energy loss of the beam and fragments in the target,
e Energy straggle of the beam and fragments in the target,
e Angular straggle of the beam and fragments in the target,

e Recoil due to in-flight y-decay.

Energy loss effects were calculated using the FORTRAN code dedx.f [96], adapted from the
code SPAR developed by Armstrong and Chandler, with details of the various energy-loss
calculations for the different energy regimes given in Ref. [97]. This code was then also

used during analysis to correct for the energy loss of fragments through the target, assuming
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the interaction between the beam and target nuclei to have occurred at the centre of the
target thickness, through interpolation of a series of energy and range values for the relevant

fragment ions in solid *2C.

Resolution8.1 provided a variety of options regarding conditions for the output of
simulated data. Only the information pertaining to final state nuclei was output following
the simulation, which could be in two forms: the momenta of the nuclei along each Cartesian
axis, or the kinetic energy of the particle along with the in-plane and out-of-plane angles.
The conversion between the two outputs is simple, utilising equations 3.6 and 3.7. Simulated
strip detectors could be placed in the Monte-Carlo simulation, requiring definition of their
physical dimensions (area and number of strips) and positions (defined by their angles from
the beam axis and distance from the target). Real detector effects, such as an energy
threshold, resolution and missing strips (such as in the case of a damaged bond wire in a
DSSD), were also able to be simulated. The simulation could then be set to output only
final state particles incident on a working strip in the active area of a detector if they had
sufficient energy, which would then be smeared according to the energy resolution of the
detector. From this, an efficiency could be provided regarding the ratio of events with
at least one final-state nucleus incident on a working strip to the total number of events

simulated.

In this work, the detectors were not simulated in the Monte-Carlo package and instead
were defined in the sort code used to analyse the experimental data, as this guaranteed
consistency between the physical positions of the detectors in both the experimental and
Monte-Carlo data. As such, the energies and angles of all final state particles, smeared only
by the real-world effects listed above, were output for each good event in order to determine
geometric efficiencies using the sort code to establish how many events were incident within

the solid angle subtended by the DSSD array.
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Figure 3.26: Cartesian views of the detector array for events corresponding to excitation
energies of 9.6 — 11.9 MeV, for Monte-Carlo data with no position smearing (a), Monte-
Carlo data with position smearing as described in the text (b), experimental data coincident
with a good Q3D event (c) and all singles DSSD events (d). Subfigures (b) and (c) are
published in Ref. [91]. The magenta and green regions in (a) are used to highlight the
Gaussian profiles of *C and 7O detections respectively, while the magenta boundary in (d)

highlights the experimental gate placed on data to avoid obscured pseudopixels.
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3.2.2 Further smearing effects

As the detectors were defined in the code, other experimental effects needed to be accounted
for in order to reproduce the data taken during the experiments. One such example is
the uncertainty of position across a DSSD strip. In the experimental data, the position
of particles detected by the DSSD array is only known to within an area of ~ 9 mm?, a
limitation of the size of the strips. In order to aid in analysis of these data, the position
of the hit is randomised across the width of a strip, both in the front and the back of
the detector, in order to produce a continuous distribution across all of the strips. As the
Monte-Carlo data are outputted with the “true” values of energy and angle (after real-world
smearing effects), these events need to be smeared across the the widths of the strips to
truly recreate the experimental data. Figure 3.26 demonstrates the effect of this, showing
the detection position for events arising from the decay of 9.6 — 11.9 MeV excitations in *0O.
The events plotted with an unsmeared detection position in figure 3.26(a) can be compared
with the same events plotted using a random position across the widths of the corresponding
strips shown in figure 3.26(b), with the latter providing a much closer recreation of features
present in the real data, shown in figure 3.26(c), gated on good Q3D events. In order to
improve the comparison between the Monte-Carlo and experimental data, missing strips
(for example, at the bottom of detector 1) are also included. A sharp cut-off for large
values of in-plane angle on detectors 3 and 4 can be observed in both figure 3.26(b) and
figure 3.26(c) — this was due to the positioning of the target ladder (and in the case of the
gap at the top of detector 4, a protruding screw), blocking events from reaching the DSSD
array. Figure 3.26(d) shows hits in the DSSD array without the requirement for a good Q3D
event, increasing the available statistics in order to better demonstrate this effect, showing
the boundary, in magenta, at which events begin to be blocked by the target ladder. This

feature needed to be consistent across the Monte-Carlo and experimental data in order to

78



Experimental methods for precision measurement of branching ratios in *O

calculate accurate geometric efficiencies, and hence a software gate was created to exclude

angles blocked by the target ladder across all data.

The energy of final-state particles output in the Monte-Carlo data also required further
smearing, in order to best match the resolution of the detectors. While the resolution of the
detectors from calibration with the triple-a had been established, this only held true for
particle energies around 5 — 6 MeV — the range of energies investigated was much larger.
Also, the resolution of semiconductor detectors worsens as a function of incident particle rate,
as well as incident ion species: the production of delta electrons (electrons with sufficient
energy to cause further ionisation of atoms in the crystal, produced in an initial heavy
charged particle interaction in a semiconductor crystal) results in a larger fluctuation in
the number of charge carriers produced per event [98|. With a lack of excitation peaks with
narrow widths measured by the DSSD array in the high-rate experimental runs, the difference
in measured energy between the front and back strip for a given event was investigated.
Figure 3.27 shows the difference in front and back energies for detector 3 for singles events
measured during the 9.6 — 11.9 MeV excitation region runs, displaying a clear peak centred
around 0 on top of some much broader feature. Events corresponding to the broader feature
belong to events in which there has been an incorrect assignment of hits — detector 3 was
selected due to a decreased incident particle rate, reducing the likelihood of pile-up and
multiple-hit events. By approximating the broad feature to that of a broad Gaussian on a
constant background, a reasonable estimation of the width of the narrow feature (through
approximation to a Gaussian) could be established: the value of this width extracted from
the fit was 144.5(8) keV (¥*/aot & 5.0). For singles events taken during the 12.4 — 14.5 MeV
excitation runs (these two excitation regions corresponding to the highest available statistics
in the DSSD array), the equivalent value was 142.9(7) keV. A Gaussian smearing with a
width of 100 keV on the Monte-Carlo energies of final state particles performed twice, once

representing the measured front strip energy and once for the measured back strip energy,
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was thus appropriate. The resulting Gaussian energy distribution, when these two values

were averaged, had a width of 100v/2 keV, comparable to the estimated result from the data.
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Figure 3.27: The difference in energy between the front and back strips of a DSSD for events.
This was fitted using two Gaussians and a constant background to a good approximation.

The width of the relevant fitted Gaussian was 144.5(8) keV.

The recoil proton detected by the focal-plane detector also needed significant smearing
of both energy and angle in order to match the experiment. As the angle of any proton
measurement was unknown, except that it was within the solid angle acceptance of the
aperture (£3.0° in-plane and +2.0° out-of-plane), calculating the momentum of the proton
resulted in a large uncertainty. Smearing the angle for the Monte-Carlo data was simple, as
all Monte-Carlo protons were treated as if they had entered the Q3D at angles of —39.0°
in-plane and 0° out-of-plane. The energy and momentum of the proton, which needed to
be known in order to establish the species of decay products measured in the DSSD array
(see section 3.3.2 for more detail), could not be smeared so simply. In the analysis of the
experimental data, the Q3D spectra obtained were calibrated to the excitation energy of
180 rather than to the kinetic energy of the proton. Thus, the energy of the proton had to

instead be calculated using two-body kinematics (see Appendix A for more detail), using
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the centroid angle of the Q3D in conjunction with the known @-value of 8.401 MeV, the
masses of the reactant and product nuclei, the beam energy (44.0 MeV) and the excitation
energy as measured by the Q3D. An example for the range of proton energies for states in the
9.6 — 11.9 keV region is shown in figure 3.28(a). In order to produce comparable smearing
for the recoil proton in the Monte-Carlo data, the value of excitation energy measured
in the Q3D corresponding to an unsmeared proton energy, as output by the Monte-Carlo
simulations, was calculated through two-body kinematics using the true angles provided by
the Monte-Carlo data. The calculated excitation energy could then be used to calculate a
smeared proton energy, again through two-body kinematics, using the centroid values of the
Q3D acceptance. The result of this is shown in figure 3.28(b), from a simulation, using states
with equal widths (50 keV and equal population (10° counts)). The centroids of states in
figure 3.28(a) and (b) can be seen to align well, and discrepancies between the features in the
two subplots can be explained by the differing widths, differing populations and phase-space
background present in the real data. The unsmeared proton energies from the Monte-Carlo
are shown in figure 3.28(c), which shows a continuous distribution that does not match that

extracted from the real data.

The effect of all the smearing effects on the data together provides a realistic sim-
ulation. Figure 3.29 shows simulated Catania plots (discussed in detail in section 3.3.2)
produced assuming detection of a C nucleus from a (*¥0,a) event, with varying levels of
smearing compared to a Catania plot produced using real data. In figure 3.29(a), no smearing
effects of any kind are present, while in figure 3.29(b) only the smearing effects incorporated
by Resolution8.1 are present. Figure 3.29(c) shows the case in which all previously described
smearing effects are present, and a clear match to the position and widths of the loci to the
experimental data (figure 3.29(d)) is observed. The effect is clearest in the locus correspond-
ing to detection of a C, labelled in figure 3.29(a), as the other loci are further smeared due

to incorrect kinematic assumptions when producing the Catania plots.
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Figure 3.28: Histograms showing the measured proton energy for good Q3D events with cor-
responding ®O excitation energies of 9.6 — 11.9 keV, for the experimental data (a), smeared
Monte-Carlo data (b) and unsmeared Monte-Carlo data (c¢). A much better agreement with

the centroids of the states and general features can be seen between (a) and (b).
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Figure 3.29: Catania plots generated for states in the 9.6 — 11.9 keV region, assuming
detection of a C from a (}¥0,a) event, using the energy of the highest energy hit per
event. Three plots generated using Monte-Carlo simulation are provided, produced with
different amounts of experimental smearing: no smearing (a), Resolution8.1 specific smearing
(b) and all smearing effects (c). These can be compared to the experimental data (d),
with (c) showing the closest agreement. Here, the energy of the undetected a product,
as calculated through conservation of momentum, is plotted horizontally, while the energy
difference between the beam and detected product nuclei is plotted vertically. The decay

paths giving rise to each locus are shown in (a), with the detected particle given in red.
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3.2.3 Simulations performed

For each of the excitations observed in the various Q3D spectra, Monte-Carlo simulations
were performed in order to establish geometric efficiencies and identify kinematic features
during analysis. Each observed state was simulated for the different decay paths available to
it: for states with F, < 6.227 MeV, the only available decay branch measured in this work
was de-excitation via y-emission; for states within the range 6.227 MeV < E, < 8.045 MeV,
only a- and 7-decay were available; '¥0* with an excitation energy within 8.045 MeV <
E, < 15.942 MeV could also decay via n-emission to !7O; states above 15.942 MeV could
also decay via p-emission exclusively to the ground state of '"N. This is because the highest
level investigated in *O* sat at 16.324(16) MeV, so it was not energetically possible to excite
the "N daughter in the current work, the first excited state of which lies at 1.3739(3) MeV
[64]. It should be noted that a-decay was not available to states with unnatural parity
below 13.129 MeV, as the first unnatural parity state in the daughter *C nucleus lies at
6.9026(2) MeV (see section 2.6 for details). The population of excited levels in daughter
nuclei, where energetically possible, was also simulated, as well as further particle decays
that could occur following these excitations. For each decay path, 107 events were simulated
in order to decrease the relative uncertainty of the associated geometric efficiency. Typically,
the widths of states were set to be approximately the average resolution of the focal-plane
detector — the effect of smearing on loci due to these widths was negligible when compared
to other smearing effects, so these did not need to be simulated again when the widths of

each resonance had been extracted from the various Q3D spectra.
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3.3 Determining the species of decay products

As the species and energy of the recoil proton was measured by the Q3D, measurement
of events from the correct reaction (*C("Li,p)'®0*) could be confirmed for DSSD events
in coincidence with a good Q3D event. However, determination of the species of products
arising from the decay of the ejectile '80* was also required in order to determine branching
ratios. The DSSD array was utilised to determine the species of incident particles, using the
known kinematics of the two body exit channels in order to identify features due to distinct

daughter nuclei.

3.3.1 Kinematic cones

The reaction of interest, *C("Li,p)'80*, has both a two-body entrance and two-body exit
channel — therefore, the energies of the recoil and ejectile can be solved for a given scattering
angle. As good events measured by the DSSD array require detection of a proton, this highly
limits the angles the proton (and hence the '*O, in order to conserve momentum) can travel
at during a good event. Thus, any daughter nuclei arising from the decay of an *O nucleus
are constrained to within the volume of a cone, known as a kinematic cone [99], by the
path of the proton. A depiction of this is shown in figure 3.30(a), in which the “Li beam
(travelling along z) interacts with the '2C target at the origin, producing the recoil proton
and 180 ejectile. The reaction occurs in-plane, with the proton travelling at an angle of —39°
and the 180 travelling at a corresponding angle, 3. This O is excited, and 3 decreases with
increasing excitation energy due to a decrease in the available kinetic energy of the two nuclei
and subsequently decays into an 'O nucleus by the emission of a neutron. Again, this is a
two-body exit channel and as such the energy /angle relationships of the two product nuclei

can be calculated. In the centre-of-mass frame, the total energy the two particles share is
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Figure 3.30: A depiction of the (**C("Li,p,n)'"0) break-up reaction, following the decay of
the intermediate 80 (a). The area in which the ejectile 17O can be incident is highlighted
by the blue circle. Also shown are plots of the position of 17O ejectiles in the plane of the
DSSD array, for a Cartesian co-ordinate system (b) and a polar co-ordinate system (c). See
text for details of the various regions shown in subfigure(b). These were produced through
Monte-Carlo simulations of three excitations, centred at 8.5 MeV, 10.9 MeV and 20.0 MeV.
From these three cases, only events arising from the 20.0 MeV excitation energy can be

measured at azimuthal angles larger than 180°. Figure has been published in Ref. [92].
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constrained by the original excitation energy of the 80 nucleus, but the decay can happen
in any plane. In the lab frame, the ¥0 was moving forward relative to the target position
and thus the product nuclei are boosted in the lab frame in order to conserve momentum
— hence, the paths of the product nuclei are constrained to within the volume of a cone,
determined by their masses and available kinetic energy, with a centre along the same vector
as the direction of movement of the 0 nucleus, projected from the decay position. In the
x-y plane occupied by a DSSD, the result is a circular feature — this is shown by the blue
ellipse, representing a plane perpendicular to the path of the O nucleus at an arbitrary
distance. Figure 3.30(b) shows the kinematic cones (projected onto the z-y detection plane)
for three simulated states, of excitation energies 8.5 MeV (the yellow feature, with the
smallest diameter), 10.9 MeV (the orange feature, with the median diameter) and 20.0 MeV
(the green feature, with the largest diameter) respectively, which can be observed distinctly.
The centres of these cones are shifted from one another, due to the decrease in angle g with
increasing excitation energy, while the radius of the cones increase with increasing excitation
energy. It can also be observed that the surfaces of the cones are the most likely position
of detection when no smearing effects are included, a result of kinematic focusing effects.
The same data are displayed in figure 3.30(c) as in figure 3.30(b), transformed into spherical
polar co-ordinates. The kinematic cones lose the obvious structure displayed in Cartesian
co-ordinates, and as such the speed of Monte-Carlo simulation production can be increased
when a spectrometer is present by randomly selecting the relevant in-plane and out-of-plane

angles, as fewer calculations are required.

Because of these kinematic cones, distinct regions on the DSSD array can be iden-
tified as containing all events from a certain decay path — these can be clearly seen in
subfigures 3.26(a), (b) and (c), in which events corresponding to the detection of an 7O
nucleus from the n+170 (g.s.) exit channel result in the smallest circular feature (enclosed

by the green border), due to the limited kinetic energy available to the decay products rel-
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ative to the other common exit channel, a+!C (g.s.). The latter decay path gives rise to
the other two cones, with detection of the *C nucleus resulting in the smaller of these two
(enclosed by the magenta border) and detection of the o providing the cone with a volume
that encapsulates the entire DSSD array. Thus, identifying a region of events due purely
to a-+'C is simple, but the n+!7O (or any decay channel with a smaller kinematic cone)
events are contaminated also with other decay paths, meaning that this is an imperfect
method of determining the species of incident particles. This method, however, can be used

in conjunction with another, as outlined in the section below.

3.3.2 Catania plot

Consider the case where, with the recoil proton measured at the focal-plane detector in the
Q3D, the ejectile 80 breaks apart into a **C (g.s.) nucleus and an a-particle. The total

(Q-value for the reaction is given by the expression

Q = Ec + Eo + E, — Fyeam = 2.173 MeV, (3.11)

where E¢, E,, E, and Epeam are the kinetic energies of the 14(C, a, recoil proton measured in
the Q3D and the beam "Li nucleus (= 44.0 MeV) respectively. If the “C nucleus is detected
in the DSSD array, then all of these values apart from E, are known. This value, however,
can be determined through calculation of the total momentum of the recoil .. Determining
the momenta of the detected *C and recoil proton via use of equations 3.6 and 3.7 enables
calculation of the momentum of the « in each of the Cartesian directions (i = z,y, z) via

the generic expression

Pai :Pbeami_PCi_Ppia (312)
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though as the beam travels along the z-axis, Pyeam. = Pheam and Pyeam,, = 0. The com-
ponents can be added in quadrature to yield the total momentum of the a-particle, P,,

as

Pi= Y Pl (3.13)

2‘:277%2
Again utilising equation 3.6, equation 3.11 can be rearranged to show
P2

Ebeam - EC - Ep = 2773 - Q7 (314>

in the form of a linear expression relating the known quantity Epeam — Ec — E), to the cal-
culated quantity P2. These quantities can be plotted against one another, and the expected
result would match a line with a gradient of !/m, and intercept —(@). These momentum
calculations are performed assuming that a '*C nucleus is detected, using the appropriate
mass to calculate the total momentum in equation 3.6, and as such any events in which the
« is detected rather than the *C, or indeed any products belonging to an entirely different
decay path, will be reconstructed incorrectly. Thus, only events that match the assump-
tions made in the calculations will match the predicted line. Figure 3.31 shows examples of
these plots, known as Catania or Romano plots [100], produced using data corresponding
to 9.6 — 11.9 MeV O excitations, with subfigures 3.31(a), (c) and (e) produced using
experimental data and subfigures 3.31(b), (d) and (f) produced via Monte-Carlo simulation.
In (a) and (b), the line described previously corresponding to a gradient of 1/2 A= and in-
tercept —2.173 MeV is also plotted, showing the match between this and the data — events
corresponding to the locus that matches this line must thus arise from a *C-+a decay in
which the 4C is detected. The other loci that do not match this line must arise from other

decays. By performing the above calculations again, either assuming an *C-+a decay but
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Figure 3.31: Catania plots generated assuming detection of a *C from a “C+a decay (a)
(b), detection of an a-particle from a “C+a decay (c) (d) and an 7O from a "O+n (e)
(f). Subfigures (a), (c) and (e) were generated using experimental data, while (b), (d) and
(f) were generated using Monte-Carlo data, using all hits in each good event. Subfigures (a)

and (b) have been published in Ref. [91].
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the « is instead detected (as in (c) and (d)), or a **O+n decay in which the 7O is detected
(as in (e) and (f)), further Catania plots can be produced and the corresponding line with
the relevant gradient and intercept plotted. The other loci produced can be seen to match

these lines well.

It was not necessarily the case that the highest energy hit, if there were more than one
hit across the DSSD array, corresponded to the same reaction that produced the coincident
recoil proton measured in the Q3D (though is often the case). As such, all hits were consid-
ered when calculating branching ratios, as random coincidences were not simulated in the
Monte-Carlo data to take this effect into account. A difference can be seen in figure 3.31(a)
and figure 3.29(d), plotted using data from the same excitation range, as the latter is plotted
only for the highest energy good hit (N = 1) in the DSSD array while the former is plotted
for all good hits in the DSSD array (N > 1). A feature at the top of the Catania plots
(low values of E¢), present in both figures but not in the Monte-Carlo data, that was most
prominent in the N > 1 case can be seen joined to the locus corresponding to detection of
a 1C in a “C+a event. By plotting the data on a Catania plot for each hit number after
energy ordering, this feature can be seen to persist while the others do not: this is shown
in figure 3.32, where the Catania plots for all hits corresponding to the same element in the
energy-ordered array of hits (i.e. N =1 (a), N =2 (b) etc.) are compared to one another.
A likely explanation for this feature was the existence of events due to electronic noise that
had sufficient energy to surpass the thresholds set for good events in the DSSD array. The
low energy of the hit, alongside the high number of hits in this feature present in many-hit
events, leads logically to this conclusion. As these events were commonly paired with a good
event, the slight overlap between this feature and the *C+a locus was not cause for concern
— in the case where there were hits that lay at the top of this "*C+a locus and within the
170 -+n locus for the same Q3D event, the event was attributed to be due to n-decay in an

effort to correct for these rare cases.
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Figure 3.32: Catania plots generated assuming detection of a *C nucleus for the various hit
numbers in the DSSD array in a good event. These hits are ordered by energy. The first 6
highest energy hits ((a)—(f) respectively) are given. The events near the top can be seen to

persist through to the sixth hit. Subfigure (a) has been published in Ref. [63].
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3.3.2.1 Determination of v-decay branching ratios

In general, the Catania plot loci are distinct and thus events due to the different decay
paths are easy to separate. However, in the excitation ranges investigated there are non-zero
v-decay branches: unnatural parity states below the n-decay threshold for #O (8.045 MeV)
cannot decay via a-emission, and thus were very likely to decay via vy-emission. This would
also be true of natural parity states below the « threshold (6.227 MeV), but states meeting
these criteria were not investigated due to the interest in a-clustered states. The states
that undergo vy-decay presented a problem, as the photons can carry away a large amount
of energy while taking comparatively little momentum. This, combined with the fact that
there was a large amount of variability on the position of v-decay loci based on the energy of
the associated photon, meant that these features could contaminate the loci corresponding

to other decay paths, thus leading to inaccurate branching ratios.

From the excitations investigated below the n-decay threshold, there was obvious
potential for high y-decay branches: the high spins of the 7.117(2) MeV (J = 4 [64]) and
7.861(1) MeV (J =5 [64]) states lend themselves to a decreased a-decay probability due to
the increased centrifugal barrier, particularly for the 4™ state due to proximity to the a-decay
threshold; the unnatural parity of the 7.7710(5) MeV (J™ = 27, energy and J”™ values taken
from Ref. [64]) state and suggested unnatural parity of the 7.969 MeV (J™ =(3%,47) [64])
state suggest 100% ~-decay branches due to lack of available a-decays, as excited states in

the daughter are not energetically available for such low-lying O excitations.

Close investigation of the Catania plots produced for events corresponding to #0O
excitations between 7.0 — 9.4 MeV revealed strong, narrow features that appeared over the
a-decay and n-decay loci, which can be observed in figure 3.33(a). Events arising from the
~v-decay of states listed above were simulated, with the simulated transitions determined by

the strongest v branches known in the literature [64]. In figure 3.33(b), the transitions from
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Figure 3.33: Catania plots generated assuming detection of a *C. The regions due to 17O-+n
decay and *C+a decay are shown in green and red, respectively. Features arising from -
decays beginning in the 7.117 MeV and 7.969 MeV states are given in magenta and yellow,
respectively. Experimental data (a) and Monte-Carlo data (b) are provided for comparison.

Figure adapted from Figure 3, published in Ref. [101].

the 7.117 MeV to the J™ =47 (M1) state at 3.555 MeV (I = 69.2(7)%) and to the J™ =2+
(E2) states at 1.982 MeV (I = 27.1(4)%) and 3.920 MeV (I = 2.1(2)%) are simulated,
with the relevant feature shown in the magenta ellipse. The yellow ellipse shows the feature
arising from the transitions starting at the 7.969 MeV to the J™ = 4T state at 3.555 MeV
(I =67(2)%) and to the J™ = 3% state at 5.378 MeV (I = 21(2)%). A good agreement can
be seen between the features in the experimental and Monte-Carlo data-sets. The energy of
the transition does not affect the kinetic energy available to the ejectile #O, only causing
very small momentum smearing, and as such these features are largely independent of the
transition energy (but not of the initial excitation energy). The features that arise due to
a-decay (in which a 11C is detected) and n-decay (in which an 170 is detected) are delineated

by red and green, respectively.

In order to remove these events from loci associated with branching ratios of other
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Figure 3.34: Cartesian views of the DSSD array for states ranging from 7.0 — 9.1 MeV,
for experimental data (a) and Monte-Carlo data (b). The magenta boundary represents
the experimental gate over five pseudopixels used to remove y-event contamination. Also
provided are the Monte-Carlo data for just the v-decay events, showing the population of

each pseudopixel by the ejectile 180. Figure adapted from Figure 4, published in Ref. [101].

states and channels, the relevant kinematic cones were considered. Due to the small amount
of momentum taken away by the photon in a y-decay, the direction of travel of the detected
180 was almost entirely dependent on the direction of travel of the recoil proton. As such,
the solid angle subtended by the associated kinematic cone was very small, due to the large

relative mass difference of the two product nuclei and the small angular range of detected
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protons. Therefore, the number of pseudopixels which a coincident **O nucleus could hit was
limited. The gate used to select these pseudopixels is shown in magenta in figure 3.34, as
shown over both experimental and Monte-Carlo data for states ranging from 7.0 — 9.1 MeV.
A Monte-Carlo simulation showing only events in which an O was detected in the DSSD
array following ~-emission, using the transitions listed above, is shown in figure 3.34(c):
the magenta boundary around the pseudopixels indicates the region in which > 99.6% of
events were found; the green boundary around the central pseudopixel indicates the region
containing > 88.7% of events. Events that lay inside of this gate were removed from the

Catania plots, and thus these events could be used separately to produce Q3D spectra.

As events from other decay paths also lay within these gates, it was important to
consider these events and thus not over-correct for the y-decay events, which would result in
inaccurate branching ratios. In order to do this, the Monte-Carlo simulations were utilised to
determine the amount of events from each decay path (for each excitation) that fell outside of
the magenta gate shown in figure 3.34 as a fraction of the total number of simulated events.
This fraction, f, could then be applied to the experimental data: the remaining number of
events in the relevant locus of the Catania plot for each decay path (for each excitation),
Neat, could be determined by producing and fitting Q3D spectra gated on the loci. Using

this value, the expression

Ngate - cat/f - Ncat (315)

was employed to establish the number of events incorrectly removed by the gate, Ngate, which

were then removed from the «-decay branch and reinstated in the appropriate decay path.
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Figure 3.35: A comparison of experimental data (a) to Monte-Carlo data (b) for events with
excitation energy between 14.3 — 14.5 MeV. All available decay paths were simulated, and
the corresponding loci identified via Monte-Carlo are labelled. Figure has been published as
Figure 4 in Ref. [92].

3.3.2.2 Excited levels in daughter nuclei

Another type of decay path, in which the initial decay of the ¥0O had sufficient energy to
populate excited levels in the daughter nuclei, required careful consideration and treatment
as the reduced kinetic energy of the product nuclei greatly affected the geometric efficiency
of these events. If any such events were calculated using the geometric efficiency of the
corresponding ground state daughter nucleus branch, the relevant branching ratio would
thus be inaccurate, lower than the true value. For events with a *C daughter, the number
of levels that needed to be considered and thus Monte-Carlo simulated was relatively low,
due to the angular momentum constraints for a-decay discussed previously in Section 2.6.
These levels were then simulated and the features on the Catania plots compared with the

experimental data. An example of this can be seen in figure 3.35, in which experimental
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data are compared to Monte-Carlo data for events corresponding to an excitation energy of
around 14.4 MeV as measured in the Q3D. The locus due to population of the first excited
state in 1C, with E, = 6.0938(2) MeV and J™ = 1~ [102], is shown in black — no such
feature can be seen above background in the experimental data, suggesting that no (or
negligible) population of this state had occurred. Events visible on the right of this locus
were determined to be due to multiple-hit events, previously shown in figure 3.32, as this
clustering of events is not characteristic of the population of an excited level, which would
distribute events across the entire area of the locus as determined by Monte-Carlo simulation.
In order to avoid misassigning or double counting events that lay within multiple loci, such
as with the crossover between the red and black loci in figure 3.35, areas of no crossover for
loci arising due to population of excited level, and the number of events within them, could
be identified and the likely number of events present in crossover regions determined and
corrected for, utilising the Monte-Carlo data to determine the relevant fractions of events —
the only instance in which this occurred was for the 15.825(2) MeV state, in which a non-
negligible number of events could be observed for decays through a state at approximately

6.9 MeV in *C. This is further discussed in section 4.2.10.

Events with a 7O daughter (produced via n-decay) had the potential to populate
any excited level that was energetically available for a given O excitation energy, as n-
decay is not subject to the same constraints by selection rules as in the case of a-decay. For
events below the 2n-decay threshold of Ss, = 12.188 MeV (above which two neutrons are
emitted sequentially via the intermediate !“O nucleus, where S, = 8.045 MeV for O and
S, = 4.143 MeV for 170), the difference in the hit patterns produced by events corresponding
to different 7O daughter levels could be utilised, due to the decrease in available kinetic
energy (and hence size of the kinematic cones) for the 7O and n products with increasing
excitation energy in the daughter nucleus. The effect of this can be observed in figure 3.36,

in which Monte-Carlo data are compared for decays producing 7O in the ground state and
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Figure 3.36: Hit patterns on the DSSD array for (¥*O,n) events with an excitation energy
of 11.849 MeV. Monte-Carlo data populating the ground state of 7O (a) and 3.055 MeV

state (b) are compared with experimental data (c). Figure has been published as Figure 3

in Ref. [92].

in the second excited (E, = 3.055 MeV) state, both for reactions proceeding through the
11.849 MeV level in 80. A large difference in the hit patterns is visible, which was compared

to the experimental data in each case in order to establish the tendency towards each level

99



Experimental methods for precision measurement of branching ratios in *O

in the daughter '7O. In figure 3.36, the experimental data can be seen to compare well
with the decay through the ground state of 7O rather than through an excited level —
the relatively even distribution of events across the pattern established by figure 3.36(a)
indicated that most, if not all, of the events in the experimental data populated the ground
state of 17O. While careful examination of the experimental data for all states suggested that
most of the single n-decay events populated the ground state of 17O, this became harder to
establish as excitation energy in the 80 nucleus increased. This relative difference between
the kinematic cones decreased — however, the differences in the relevant geometric efficiencies
would similarly decrease. Due to these reasons, single neutron decays were assumed to all

proceed through the ground state of 7O when considering geometric efficiencies.
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Figure 3.37: A Catania plot (generated assuming an (*0,a) reaction) (a) and view of the
detector array (b) for Monte-Carlo data. Red regions encapsulate the location of >99.9%
2n-decay events. Subfigure (b) is plotted using only events within the locus to the top left

of subfigure (a), containing both (**0,n) and (**0,2n) events. Figure has been published as
Figure 5 in Ref. [92].

Above the 2n-decay threshold, the daughter 1O had sufficient energy to decay into 160
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by emission of a n. As this decay path resulted in the production of two final state neutrons,
both of which were undetected due to their lack of charge, the Catania plot method alone
was not sufficient to distinguish these events from other loci — specifically, the single n-
decay locus. As the geometric efficiencies of these channels differed greatly, it was important
to find some method to distinguish them. In order to do this, both techniques discussed
above (using Catania plots and the hit patterns of the detectors) were used in conjunction
with one another. Figure 3.37 shows plots created with Monte-Carlo data generated for a
state centred around 14.443 MeV, with all available decay paths simulated. Figure 3.37(b)
was produced by gating on events in the n-decay locus of the Catania plot in figure 3.37(a)
(the locus at the top left), removing the unwanted (!*O*,a) events from the hit position
plot. Using these Monte-Carlo data, the regions corresponding to 2n-decay events could
be identified and gated around. The regions shown in red contain > 99.5% of (*0*, 2n)
events, but only 39.0% of (¥*O*, n) events are found in both gates — this greatly reduces
the uncertainty when estimating the total number of (1¥0*, n) events by extrapolating from
the events outside of the red region. A similar method was employed as in section 3.3.2.1 in

order to determine the relative branches:

N out

Nn: )
1—f,

(3.16)

where N, is the total number of events from the (**O*, n) channel, f,, is the fraction of
(**O*, n) events that lie within the (180*, 2n) gated regions determined through Monte-
Carlo simulation and N,y is the number of (*¥0*, n) events present outside of the gated
regions in the experimental data. Hence, the total number of events due to the (**O*, 2n)

channel, N,,, is given by

NQn = IVgate — (Nn X fn)7 (317>
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Figure 3.38: Energy distributions of 10 daughters for (**O,2n) events, decaying through an
intermediate state in 17O at 4.553 MeV(a) and a state at 6.356 MeV (b). Figure has been

published as Figure 6 in Ref. [92].

where Ngate is the total number of events of any kind present inside of the gated regions.
Thus, the only remaining issue was determining the state through which the intermediate
170 nucleus decayed. Unfortunately, due to the lack of information about this intermediate
stage due to the uncharged nature of the neutron product, these states were very difficult
to distinguish between. One possible method that could be used is via the distribution of
the kinetic energies of **O daughter nuclei. An example of this is displayed in figure 3.38, in
which (*¥0*, 2n) events are simulated through the decays of the 4.553 MeV and 6.356 MeV
states; a clear difference in the distributions can be seen. Unfortunately, the statistics were
not high enough in the current work to investigate this further. The geometric efficiency
of the (**O*, 2n) channel for each ¥O excitation was thus determined by averaging across
the associated geometric efficiencies found via Monte-Carlo for each possible 17O daughter
nuclei level. The uncertainty associated with the averaging of the geometric efficiency for

this branch was propagated when calculating the relevant branching ratio uncertainties.
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Chapter 4

Results

Using the experimental techniques described in the previous chapters, branching ratios were
established for various decay paths. This was done for states in all of the measured excitation

region, a range of 7.0 — 16.0 MeV, with the results presented and discussed in this chapter.

The results discussed in this chapter have been published across two papers: S. Pirrie
et al. “Search for evidence of rotational cluster bands in ¥0”, published in Phys. Rev. C
102 (2020), p. 064315 [57], and S. Pirrie et al. “Precision branching-ratio measurements in
180", published in Eur. Phys. J. A 57.4 (2021), p. 150 [63]. Much of the text in this chapter
was originally published in these papers, specifically in sections 4.2.2 and 4.2.7, where this

is again stated.

4.1 Validation of branching ratios

The total number of decays of a particular path that were expected, calculated using Monte-

Carlo data in conjunction with the decays measured in the geometric acceptance of the
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DSSD array, could have been used in principle to determine absolute branching ratios. In an
attempt to validate this, the results gathered for the bound state excitation region (—0.5 —
2.5 MeV) were utilised as the recoil 10 produced was expected to have a geometric efficiency
of ~100% due to the limited radius of the associated kinematic cone (kinematic cones are
described in detail in Section 3.3.1). The fraction of good Q3D events with a corresponding
hit in the DSSD array for this excitation region was found to be 80.1% (372 good Q3D events,
of which 298 had a corresponding good DSSD event), much lower than expected based on
the geometric efficiency established from the Monte-Carlo data. One possible explanation
for this was that background events in the Q3D excitation spectrum, events which did not
correspond to a population of either the ground or first excited states, could be affecting this
fraction and causing a systematic shift downwards. This was investigated by plotting the
Q3D excitation spectrum for any events with at least a single detection in the DSSD array,
in order to identify if the counts in each resonance remained the same as for the ungated

Q3D spectrum.

As can be seen from Figure 4.1, there was a notable decrease in the fraction of counts

50r 70;

Experimental data [
Fitted peaks w/quadratic bkg
Background

Gaussian components

40+ 60"

1982.07(9)
1982.07(9)

50"

30; 40

Counts
Counts

20 30

t 20"
10 t
[ 10-

0.0 (g.s.)
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Energy (keV) Energy (keV)

(a) (b)
Figure 4.1: The Q3D excitation spectra obtained for the —0.5 — 2.5 MeV region, gated on
events with a corresponding hit in the DSSD array (a) and ungated (b). Note the different

vertical scales for subfigures (a) and (b).
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in both peaks for the events gated using the DSSD array relative to the ungated spectrum:
75+17% for the ground state and 61+8% for the first excited state. This demonstrated
that it was not possible for all good Q3D events to have had a corresponding DSSD hit for
these states, despite the predictions of the Monte-Carlo simulations. Due to the proximity
of the kinematic cone to the region between detectors 1 and 2 in which events could not be
detected, the possibility that the detector placement was inaccurate in the simulations was

considered.

This was explored, and the results are shown in Figures 4.2 and 4.3. In these figures,
the Monte-Carlo data are presented both unsmeared as well as smeared across the relevant
pseudopixels of the DSSD array, in order to better visualise the number of events based
on the geometric efficiency. The red boxes shown highlight the pseudopixels in which the
vast majority (>99.9%) of Monte-Carlo events lay. The ratio of events between the top and
bottom central pseudopixels for the experimental data, shown in Figure 4.2, was 0.74+0.07,
with 90 and 121 events in the top and bottom pseudopixel respectively. The uncertainty on
the ratio was determined through propagation of the standard error on each count, o = v/N.
The beam offset (the vertical position of the beam relative to the experimental set-up)
was varied in the Monte-Carlo simulations in order to establish whether or not such an
offset occurred that both decreased the geometric efficiency of the 80 detections while
maintaining the general distribution of the events across the pseudopixels. Unfortunately, it
was determined that the geometric efficiency would only begin to significantly decrease after
the events were distributed almost entirely across the top strip of detector 2, as shown in
figures 4.2(a) and (b), which did not match the experimental data. The beam spot size was
also varied in order to investigate the effect this would have on the data, but the position
distribution of O nuclei, displayed in figures 4.2(b), (d) and 4.3(b), were instead found to
be limited by the acceptance window of the Q3D rather than by the shape of the beam. In

fact, due to the small size of pseudopixels, a slight beam shift of 1 mm (as is the difference
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Figure 4.2: Monte-Carlo data generated for events in which a recoil '¥O nucleus was detected,
produced in either the ground state or first excited state. A beam offset of 3 mm is shown
in (a) and (b), matching the geometric efficiency of the experimental data but not the hit
pattern, while an offset of 7 mm is shown in (c¢) and (d) which neither replicates the geometric
efficiency nor hit pattern. Subfigures (a) and (c) show events smeared across the widths of

the DSSD pseudopixels, while (b) and (d) show the true position of events before smearing.

between figures 4.2(c) and (d) compared with figures 4.2(a) and (b)) results in a large change
in the hit distribution across the DSSD pseudopixels. For these data taken in 2016, the beam
offset was found to be a6 mm based on matching the Monte-Carlo hit distribution to the

experimental data (as shown in figure 4.3).
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Figure 4.3: Monte-Carlo data generated for events in which a recoil 180 nucleus was detected,
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(a) and (b), reproducing the hit pattern of the experimental data (c) well — the geometric

efficiency does not.

Thus, in order to explain the missing events, the issues with timing described in
section 3.1.2.9 were revisited. As events output via the amplifier had a decreased voltage,
it was probable that good events from the DSSD array would be rejected due to being
below the threshold of the peak-sensing ADCs, and would hence result in an artificially
decreased number of events. As there were only data for two states from which the amount

of events lost could be determined due to known branching ratios, the ground state and
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the first excited state, it was not viable to infer the number of missing events for higher-
lying states to a reasonable certainty. As such, the decision was made to normalise the
measured branching ratios to each other rather than calculate the absolute branching ratios.
This normalisation involved establishing the available decay paths (with the exception of /-
decay and electron capture), calculating the total number of events from each branch (using
the geometric efficiencies and measured events) and normalising each branch over the total

calculated number of events from all branches.

In an attempt to validate this method, the 7.0 — 9.1 MeV data collected in 2016 and
the 7.0 — 9.4 MeV data collected in 2017 were compared in order to establish consistency
between the two experimental runs, due to the large overlap of the two data sets. The
calculated branching ratios for each year and their associated uncertainties are given in
table 4.1. From these results, it can be seen that 11 of the 15 states had branching ratios
that lay within one standard deviation of one another (shown in green) while 4 of the
states lay within two standard deviations (shown in yellow). Typically, the results shown in
tables 4.2 and 4.3 for these states were calculated using the weighted average of these two
results: two notable exceptions are the 7969(3) keV and 8037(5) keV states, for which the
fits to the 2016 data were difficult to constrain — hence, only the 2017 values are used. The
uncertainty for these states in the 2016 data is underestimated, as in order to fit the data

very stringent conditions on centroid and width had to be placed.

4.2 Precision branching ratio measurements

Branching ratio values were obtained for most of the observed states — these, along with
discussion of the results, were split across two papers: Ref. [57| (S. Pirrie et al. Search for

evidence of rotational cluster bands in 8O, Phys. Rev. C 102 p. 064315), focused on the
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Elevel F"‘/ Dot

Loy /n/Peot

F"‘/ Ftot

Loy /n/Peot

2016

2017

8963(5) | 0.33(8)
9076(8) | 0.13(4)

0.67(8)
0.87(4)

0.16(8)
0.24(6)

0.84(8)
0.76(6)

Table 4.1: Branching ratio results for both the 7.0 — 9.1 MeV (2016) and 7.0 — 9.4 MeV

(2017) excitation regions in 80, presented together for comparison. Results shown in green

were within one standard deviation of one another, while results shown in yellow were within

two standard deviations.
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states that were tentatively assigned to the proposed rotational bands discussed in Ref. [56],
and Ref. |63 (S. Pirrie et al. Precision branching-ratio measurements in '® O, Eur. Phys.
J. A 57.4 p. 150), a more general paper detailing the branching ratios obtained for states
that were not involved in the proposed rotational bands. Discussion of the results from
these publications as published is presented below, along with the tables (Table 1 in both
publications) containing all the experimental results. Figures 4.5, 4.6, 4.7, 4.8 and 4.9 are

taken from Ref. [63], while figure 4.4 is taken from Ref. [57].

4.2.1 Efficiency-corrected background

The following text and figure were previously published in Ref. [57].

The background for fitted states, shown by dashed magenta lines in Figures 4.5, 4.6,
4.7, 4.8, represents the different n phase space distributions: the two-body '7O,n distribution
between 8.045 MeV and 12.188 MeV, and the combination of the two-body and three-body
160 ,2n distributions above 12.188 MeV. Below S,, a constant background was fitted. The
functional form of the background was extracted from Ref. [56] and scaled to match the
spectra obtained - this was done for all decay channel spectra. The chosen scaling of the
background results in a non-negligible systematic shift in measured branching ratios for wide
states in the n-decay channel, where the background was expected and seen to be largest,
resulting in a larger relative uncertainty than for other states. Figure 4.4 shows the efficiency-
corrected backgrounds for each region, for the a- and n-decay channels, demonstrating very
similar functional forms to the ungated Q3D singles profile. This is due to the change in
detection efficiency over a given excitation region being negligible when compared with the

experimental uncertainty:.
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Figure 4.4: Efficiency-corrected background profiles for the (a) 7800 keV, (b) 10500 keV, (c)
13200 keV and (d) 15100 keV regions, calculated as the product of the scaled background
for each spectrum multiplied by the geometric efficiency profile across the excitation region.
The red solid line, dashed magenta line and dotted blue line represent the background profile
from the Q3D singles only, a-gated and n-gated events respectively. This demonstrates that
the functional form is unchanged by efficiency correction due to uncertainties being larger

than efficiency effects. Figure previously published in Ref. [57] as Figure 4.

4.2.2 Non-clustering results

The results from Ref. [63] are presented first, along with the fits to the data referred to in
the text. The text is edited slightly to relate to relevant sections in this work, but is largely

left untouched from the published version.

Previous measurements in which excitations in **O were measured along with values of

I', and, in some cases, I',, have been performed using various techniques. Notable examples,
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which are compared to the results obtained in the current work in the text and tables 4.2
and 4.3, include the work of Avila et al. [103], Yang et al. [104], Goldberg et al. [105]
and Johnson et al. [106]. Avila et al., Goldberg et al. and Johnson et al. populated states
in O using the Thick Target Inverse Kinematics (TTIK) technique through **C+q elastic
scattering, investigating T'a/r., via resonant scattering and an R-Matrix approach for energies
of 8.0 — 15.0 MeV, 9.0 — 21.3 MeV and 8.0 — 11.0 MeV, respectively. Yang et al.
populated states via the Be(3C,80)a reaction and measured lower limits for branching

ratios of several states ranging between 10.3 — 15.9 MeV.

112



Results

— — — 1001 (9)£206 — (€)¥8°0 (€)oo (02)o6 (89,06
— 2(9)6°0 2(€)L0°0 (€)ev (¥)5568 — (9)92°0 (9720 €e> (¢)€968
(+1) l 100> (e1)0L (c1)L188 €0°0 (01)89°0 (0D)ze0  (08)08  (P1)€rs8
— — — 8 (9)0998 — (6)28°0 LT0> 91> (¥)6298
(-¥%) — — G (9)1258 80°0 (¢)18°0 (9)61°0 ce> (¢)rres
(-2) — — (9)8 (8)01¥8 7000 (#)¥6°0 01°0> 9G> (T1)6078
€ 2(01)99°0 {M¥e0 (1)8 (€)z8e8 .10 ()zg 0 (F)8v°0 8z (1)0szs
+C (9110 2(11)68°0 ()1 (P)e1es 100 (¢)z10 (¢)88°0 e1> (1)6128
-G — — — (c)ge18 0g> (€)or'0 (€)o60  ¢1> (£)9zT18
VAN /g AT P08 = “§

1 — 2T ¢G> (L)872€08 | .F00°0> (6)99°0 (6)¥€0 ee> (¢)L€08
(_7'+€) — — — (¥)L26L ¢0> (€)L6°0 900> el (€)696.
- — — — (¢)¥982 0LT> (1)20°0 (De6°0 1> (1)1982
+0 — — £0G> (¢)96LL L0°0 (¢)Le0 (9)eo0< 91> (¢)¥6LL
-1 — — ¢T> (L)6°GT9L | 200> L00> (6)20°1 ce> (9)189.
47 — — 720000>  (Z1)6°9TTL | +L000< (2)15°0 (¢)6¥°0 91> (@)L11L
) (A9%) . (A9%) (A23)

uf VAN (1) M/ - - et VAN I o g oy pong

2INeIANIT

JI0M JUBLIN)

‘pueq Teuorjejor pssodoid Aq padnoid ¢§ s[qe) Ul urede UMOYs pue

‘)"’ TOIP09s UT PAsSNOSIP oIe Pal Ul saN[eA "$9j01}00] Aq payads aleym jdeoxa ‘[F9| Joy woIj are senfea amjera T ‘[e9] ‘Joy

ur poysiqnd se ‘spueq 1ojsnpo poesodord Jo soqUIOW og 0} POISESINS JOU SOJRIS I0f SON[RA L) PUR ORI Sumpuelg :z§ O[qeL

113



Results

T — — 107 (Lseoer | F000  (2)9T0  (L)g0  (L9z0o  (TDI8  (£)g60€T
(-7)  L(01)9z0 (8T)7L°0 (81)89  (02)0662T | 6000  9z0> (1T1)8¢'0 (TT)8%0  (91)6F  (£)S00€T
— — — 1L 1(L)eo6eT — €0>  (8)sv0  (8)6e0  (9)FeT  (L)g68aT
— — — 0T 1(8)22231 — 120> (8)9¢0  (8)16°0  (02)8s  (£)¥9LTT
— 2(21)09°0 (9)ov 0 ) (811281 — o> (Lo (Lego  L1> (£)089gT
+9 (91)62°0 ¢(€)6L°0< ‘2(2)L0 e (0g)oegar z0 o> (910  (9)€90  (8)20T  ()LegeT
(-9 — — Ve (02)ot¥el | 2000 120>  (6)650  (6)650 16>  (S)Leral
S VAN B VN AT 88151 = “25
(—¢) — — 161 (02)0zSTT | ¥00°0 (£)e8°0 (©)L10 (909  (3)6¥811
+9 (9)87°0 (£)68°0< ‘£(9)25°0 1L (02)069TT 70 (9)L2°0 (9)eLo  (©rL  (1)969T11
g (8)6z°0 H01)06°0 ‘£(2T)SL°0 18 (02)0Z9TT L0°0 (01)0S°0 (orjogso  (2)9L  (6)¥091T
(+7) 310 H01)06'0 ‘(1)€2°0< ‘Z(£)8°0 els (02)0THTT G0'0 (9)9z°0 9@¥L0  (99¥8  (P)6TITL
— — ;08°0 ¢(€)99°0< e (0g)oertr — (9)2€0 (9)89°0  (8)ev  (¥)LeIll
(-2) 2(9)6°0 AN 05> (02)0660T | T00°0> (9760 10> L= (91)L660T
— — — L0€ (02)0T60T | €000 ()20 (7)s10  (0z)oe  (¥)6160T
— — H(ST)ST0 ) 1(8)29201 — (c1)08°0 ge'0>  (08)ooT  (6)¥LL0T
— — — 10 (61)$6S0T | €000 (9760 ero>  (01)96  (€)L890T
€ <¥)L0 (220 10 (6)96£0T 200 (L)19°0 (L)6g0  (sr)oL  (L)98€0T
+F (8)¥€°0 (€)L£70< (11)99°0 05> (¥1)56201 G0°0 (m)or o (mooo  (9)or  (1)L820T
¢ 2(€)9°0 p(L)5€°0 ‘Z(8T)TF0 (¥)91 (0T)8TTOT | 800°0> (01)s¥°0 (or)egso  v1>  (11)9010T
(-9) — H(€)L2°0 18T (L)e1L6 | L000> (L)¥L0 (1)9z°0 02> (¢)0z.L6
4T — — (S1)L% (9)19¢6 200 (8)95°0 (®)v70  (0g)og  (6)69€6
(g'1T'0) — — — (02)0Lg6 | 600°0> 6£°0> (€)6°0 P> (91)8€26

114



Results

‘[g01] 7oy woxy ON[BA
[vot] joy woxy anep
‘leot] “joy woy onfep

‘l9g] 3oy woxy ON[eA ;

(2)L570<

(270
(1)91°0<
2(61)€5°0

e(2)ze0< ‘2(9)eT0

(1)20°0<

102
v
Le1
008~
188
1€6
122
0L0T~
(09)07T
L1
18T
€
133
101
(02)80T
106

((or)otset
(8)29961
(6)TLPST
(0v)oezst
(6)g867T
(L)eosrT

((01)ogort
(08)ogr¥T
(0P)0LT¥T
1(9)2¢6¢1
:(0z)0zseT
(L)TvLer
1(9)vz9et
«(G)e6reT
(0z)ooreT

1(8)zozeT

80°0 150> (0m)68'0  (L)9¢  (2)eesst
— (8)ze'0  (8)150  ¥&0>  (61)es  (£)¥99¢1
— 9reo  (9¥s0 810> 911<  (6)€g¥er
— (€)8e'0  (e)ego  (8)600  (9)og  (2)e8est
— (9260 (9670 (910 (0F)0zT  (91)200ST
— 670 (6)0s0  €10>  (0F)OTT  (0T)F08FI
— (e)gc0  (zeo  (e)ero  (08)0g  (2)ge9rt
— Mevo  (veo  M1zo  (0£)oge  (21)0THFI
00  (8)ze0  (R)ze0  (8)9¥°0  (21)S0T  (F)8ETHT
— (®veo  (®)reo (®)ge0  (gr)og  (8)zL6eT
100 (e)6g0 (e)ezo  (e)se0  (g)eL  (T)zeser
— (6270  (6)1e0  (6)gzo  (D)ge  (9)9zLer
¢000>  (e)sv'0  (g)oro  (e)sT0 > ()v19ET
— (8)660  (R)OF0  (8)Tz0  8e>  (F)96FeT
1000> (Mero  (P)8ro  (1)600  €5>  (€)68eeT
— (Logo  (Lezeo  (L)6e0  (01)zel  (01)8%zeT

115



Results

4.2.3 7.0 MeV to 9.4 MeV

The first region (Q3D setting) investigated lay between 7.0 MeV and 9.4 MeV, above the a-
decay threshold of 6.227 MeV. During this excitation region, the n-decay channel becomes
possible (S, = 8.045 MeV). States below this energy are given a value of I'v/ry, using
the method detailed in section 3.3.2.1 and Ref. [101]. There has been little work done in
determining particle-decay branches relative to y-decay branches for states in *O, so these
values represent a first measurement of both I'+/ry,, and T'a/r,,, for these resonances. The value
of Ta/ry,; for the 7969(3) keV state is consistent with 0, supporting the tentative unnatural
parity 37 or 4~ assignments. The value of #2 < 0.5 in Table 4.2 was calculated assuming
J = 4, but it should be noted that 62 < 0.07 assuming J = 3. The excitation spectra

acquired while gating on the different decay paths are shown in Figure 4.5.

Above the n-decay threshold, several states have been observed with no prior measure-
ment of I'e/r,,, and 'n/r,,. The J™ = 3~ state at 8280(1) keV has been previously measured
in Ref. [103] to have values of 0.34(4) and 0.66(10) for I'e/r.,; and I'n/r... respectively. This
value of I'n/r., is in agreement with the value of 0.52(4) obtained here, while the value of
Pa/ry,., 0.48(4), lies a little over 20 away. This state has a calculated value of % = 0.1 using
the literature value of I'y,; = 8(1) keV from Ref. [64], which is often the typical boundary at

which excitations might be considered clustered.

The state at 8843(14) keV has a similar energy to that measured by Avila et al. [103]
of 8.82(3) MeV, but the value of I'n/r,,, obtained is ~2100%, significantly different to the value
of 0.68(10) measured in the current work. This could imply that a different state has been

observed in this work.

The 9238(16) keV state is proposed in the literature [64] to have possible spin assign-

ments of 07, 1~ and 27. Based on the value I'o/r,,, = 0.9(3) obtained in the current work, the
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Figure 4.5: Q3D spectra obtained for states between 7.0 and 9.4 MeV for Q3D singles data
(a), a-decay events (b), n-decay events (c¢) and 7-decay events (d). The fitted background
(dashed magenta line) is constant at just above 0 until the n-decay threshold, at which point

the background becomes due to the two-body (}7O,n) phase space.
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only possible assignment of these three is the natural parity 17, due to angular momentum
selection rules for a-decay. The large error on this value is due to the weak population of

the state.

The tentative assignment of J™ = 2~ (unnatural parity) for the 8409(11) keV state
[64] is consistent with the results obtained in this work, as the value of I'e/ry,, is within 20
of 0. For the state at 8514(5) keV, the non-zero value of T'a/r,,, = 19(5) contradicts the

tentative J™ = 4~ assignment in Ref. [64].

The states at 7861(1) keV and 8126(3) keV have upper limit values of 62 presented in
Table 4.2 of < 170 and < 50 respectively, which gives potential for these states to display
cluster structure. This largely depends on their widths, which are too narrow to be measured
in the current work - in the case of the 7861(1) keV state, this could be as narrow as 10 eV
and still be above the typical cluster threshold of 62 =0.1. Other than these two states and
the 8280(1) keV state, the values of 62 obtained do not suggest a-cluster structure in the

measured states in this excitation region.

4.2.4 9.6 MeV to 11.9 MeV

The states in the excitation range of 9.6 MeV to 11.9 MeV are shown in Figure 4.6, along

with the spectra obtained when the available decay paths in the Catania plot are gated on.

The J™ = 3~ state at 10106(11) keV has been measured to have Ta/r,,, = 0.44(18)
by Avila et al. [103]|, within lo of the value 0.55(10) obtained in the current work, and
Pa/ryo, = 0.35(7) by Goldberg et al. [105], within 20. The value of I'»/r,,, obtained in this

work, 0.45(10), is also in agreement with that of Avila et al. [103] of 0.6(3).

Regarding the J™ = 3~ 10386(7) keV state, the value of I'n/r.,, = 0.61(7) is in agree-
ment with that obtained by Avila et al. [103]| of 0.7(4), while the value of Ta/r.,, = 0.39(7) is
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Figure 4.6: Q3D spectra obtained for states between 9.6 and 11.9 MeV for Q3D singles data

(a), a-decay events (b) and n-decay events (c). The fitted background (dashed magenta line)

is due to the two-body (}"O,n) phase space.
within 20 agreement of the previous value of 0.7(2).

A previous measurement by Goldberg et al. [105] of the 10774(9) keV state produced

a value of T'a/r,,, = 0.45(15), in agreement with the value of I'a/r,, < 0.32 obtained in the

current work.
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Measurement of the 10997(16) keV state yielded values of Fe/ry, < 0.11 and I'n/r, =
0.94(5), in excellent agreement with the values of < 0.12 and 0.9(6) obtained by Avila et al.

These values are also consistent with the tentative assignment of this state as a J™ = 2~

[64].

The value of Fe/r,,, = 0.68(6) measured for the 11127(4) state is in good agreement
with that measured by Yang et al. [104] of > 0.65(3), and is within 20 of the value of 0.80

published by Goldberg et al. [105] without an uncertainty.

The tentatively assigned J™ = 47 [64] 11419(4) state was measured to have a value of
Pa/ryor = 0.74(6), in excellent agreement with the results of Avila et al. (0.8(3)), Yang et al.
(>0.23(1)) and Goldberg et al. (0.90(10)), while improving upon the uncertainty provided by
the other absolute measurements. The value of I'n/r..,, = 0.26(6) is likewise in good agreement

with the value of 0.25(14) measured by Avila et al. [103].

Aside from the 11696(1) keV state discussed in Ref. [57], there is no evidence of cluster
structure for any states in this region with prior spin-parity information. All calculated 6%
values are significantly under 0.1, suggesting typical shell-model behaviour of states in this

region.

4.2.5 12.4 MeV to 14.5 MeV

The Q3D excitation spectra for energies ranging from 12.4 MeV to 14.5 MeV are shown
in Figure 4.7, with the Q3D singles spectrum as well as spectra arising from a-decay and

n-decay events.

At 12188 keV, the 2n-decay channel opens and excited ¥O nuclei have enough energy
to decay sequentially to 0. As described previously in section 3.3.2.2, this can have a

significant effect on the geometric efficiency and as such must be taken into account to
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Figure 4.7: Q3D spectra obtained for states between 12.4 and 14.5 MeV for Q3D singles data
(a), a-decay events (b) and n-decay events (c). The fitted background (dashed magenta line)

is due to the combination of the two-body "O+n and three-body (1°0,2n) phase spaces.

produce accurate branching ratios. Results in this region have the total n-decay branch split

into decays that proceed via single n-emission and double n-emission.

The levels at 12680(3) keV and 12764(3) keV provide a challenge to fit, especially as

there is evidence of wide, a-decaying states around this region [103, 105]. Despite this, the
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value of Ta/ry,, = 0.53(7) for the 12680(3) keV state is in good agreement with the value
obtained by Avila et al. [103] of 0.40(5), perhaps being slightly higher due to the presence of

these wide states.

The 13005(3) keV state has a measured e/r,, of 0.49(16), over 3o from 0. This
suggests that the tentative J™ = 4~ assignment is incorrect, as no evidence is seen of decays

through an excited state of *C for a-decays from this level.

The value of T'a/ry,, = 0.18(4) for the 13614(2) keV state is consistent with that mea-
sured by Yang et al. [104] of >0.07(1). Consistency is also seen for the states at 13972(8) keV,
14138(4) keV and 14410(12) keV, all lying within 1o of the results from Avila et al. [103],
or consistent with the lower limits measured by Yang et al. [104]. The 14138(4) keV state is

also seen to be inconsistent with the tentative J™ = 6~ spin-parity assignment.

No states in this region, aside from the J™ = 6T state at 12557(2) keV, display
cluster structure based on the values of §2. This again suggests population of mostly shell-
model states in this region, though there is potential for cluster structure in the states at
12764(3) keV and 12893(7) keV if these states were determined to have sufficiently-high spin

(J > 6).

4.2.6 14.5 MeV to 16.3 MeV

The Q3D excitation spectra for singles, a-decay-gated and n-decay-gated events is shown in
Figure 4.8. The 14410(12) keV state is seen on the far left of the spectra, though with consid-
erably lower statistics than in Figure 4.7. The width for this state is fixed to that measured
in the previous excitation region when fitting this excitation region, as lower statistics in this
region and a possible artificial decrease in counts at the edge of the focal plane acceptance

can cause fitting difficulties. The value of I';,; given in Table 4.2 for this state is thus that
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measured in Figure 4.7. The branching ratios extracted using the data in this region are

P/ = 0.17(7), Tn/rioe = 0.38(7) and T2n/ry, = 0.45(7), which all lie within 1o of the same

results from the lower excitation range measurement.
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Figure 4.8: Q3D spectra obtained for states between 14.5 and 16.3 MeV for Q3D singles data

(a), a-decay events (b) and n-decay events (c). The fitted background (dashed magenta line)

is due to the combination of the two-body (}*O,n) and three-body (°0,2n) phase spaces.

There is literature information on values of T'i/r,, for states in the range of 14.5
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to 15.0 MeV from Avila et al. [103], though the largely different widths and values of T/
compared with states measured in the current work suggest that different states are observed
across both works, which is likely due to the typical increase of level density as a function

of excitation energy.

Three further states at 15970(8) keV (I't:=90(30) keV), 16112(16) keV (I';,:=90(40) keV)
and 16324(16) keV (I'y; >126 keV) are observed, which have previously been seen in the
work of von Oertzen et al. [56] at energies of 15981(9) keV, 16111(8) keV and 16333(7) keV
respectively. These centroid energies lie above the p-decay threshold, S, = 15.942 MeV,
the branching ratio for which was unable to be determined in the current work due to con-
tamination of this locus. The contamination arises from pile-up events — events in which
there are multiple hits in a DSSD detector, of which some are random (do not originate from
the reaction which produced the recoil proton incident on the Q3D). Reconstruction of the
unrelated hits causes a region on the Catania plot that lies across the p-decay locus. As

such, values of branching ratios for these states have not been presented.

The results from the current work represent the first comprehensive branching-ratio
measurements of **O below 16 MeV. Where previous results exist, these are generally in
good agreement to the current work. In some instances, the branching ratios have provided

additional constraints and allow unnatural spin-parity assignments to be ruled out.

4.2.7 Clustering results

The results from Ref. [57]| are presented below, detailing the tendency towards clustering
of the states suggested to be members of the proposed rotational bands in Ref. [56]. The
text below is again largely unchanged from the published version. The fits used to extract

experimental values were those shown in figures 4.5, 4.6, 4.7 and 4.8.
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4.2.8 The proposed K™ = (05 band

The states observed in the potential K™ = 0 band were the 47 7.117 MeV and the 6T
11.696 MeV states. Due to the 7.117 MeV state lying below the neutron threshold, y-decay
had to be taken into account using the method detailed in section 3.3.2.1. The value of I'a /Ty
obtained was 0.49(2), representing the first-such measurement for this state. Using this value
gave 62 >0.007 when calculated using the upper limit of Ty of <25 fs (>2.63x1072 &V)
[107], as due to the resolution of the Q3D, the fitting performed was not sensitive to the
width of this state. It is therefore concluded that the 4 state is not a member of a cluster
band, limited by the narrow I'y,;. It should, however, be noted that the value of I'y,; was
not established from direct measurement, and if the width of the state were determined
accurately and found to be an order of magnitude larger than the limit presented in Ref.
[107], the value of 62 would increase to above 0.1.

The 11.696 MeV 67 state was measured to have To/r,, = 0.73(6), a value that lies between
that measured by Avila et al. [103] via resonant scattering of 0.52(6) and the lower limit
determined by Yang et al. [104] of >0.89(3). The mean of these two values gives To/ryo =
0.82(15), which lies within 1o of the value from the current work. Using I'yor = 74(3) keV
from the fit of the excitation spectrum, a value of 62 = 0.39 is obtained, suggesting that this

state does indeed possess a cluster structure.

4.2.9 The proposed K™ =0, band

The observed states from the proposed K™ = 0, band were the 1= 8.037 MeV, (37)
9.720 MeV and (57) 13.614 MeV resonances. For 8.037 MeV, the value of To/r, mea-
sured was 0.34(9). While this is not in agreement with the result from Avila et al.

[103], which measured 100% of the strength of this resonance belonging to the a-branch, this
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current measurement is sensitive to the y-branch, to which the majority of decays for this
state belong. Using the upper limit of Ty, <2.5 keV [64], a value of 62 <0.004 is obtained,
which suggests that this state does not represent a clustered band head.

The 9.720 MeV state appears to be a combination of two closely-separated states, as the
centroid of the resonance changes from 9.711(4) MeV when gated by n-decay events to
9.760(12) MeV when gated by a-decay events. The existence of a further, weakly-populated
majority a-decaying state is in good agreement with previous measurements [105, 103, 106]
in this region. The value e/, = 0.26(7) for this combined part is consistent with the value
of 0.27(5) measured by Goldberg et al. [105], and produces 62 < 0.007 from the upper limit
ot <20 keV.

The 13.614 MeV state is measured to have T'e/ry,; = 0.15(3) here, in agreement with the
upper limit measurement of Ref. [104], I'«/ry, >0.07(1). Together with the measured width,
< 23 keV, a value of 62 < 0.002 is obtained. It can clearly be seen that none of these states

display cluster structure, and thus the cluster band does not exist.

4.2.10 The proposed K™ = 0] band

The band head of this proposed band lies at 7.794 MeV and has J™ = 0", determined by
angular distributions [56]. There is difficulty in resolving this state, as there also exists a 2~
state at 7.770 MeV which lies well within the experimental resolution of the 0" level. By pre-
senting both states summated, the value of I'/1,, represents a lower limit for the 7.794 MeV
state due to the inability of the 7.770 MeV state to a-decay. Taking I'e/r. = 0.63(5) and,
using the measured width of <16 keV, a value of 62 = 0.07 is obtained — this could increase
depending on the true a-branch of the state, but it is likely this state does not display cluster
structure as the true width of the state may be much lower, while the corresponding T'e/r

cannot be >1.
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The 8.219 MeV 2" state lies above the n-decay threshold, and for this excitation energy the
n-decay and y-decay events are indistinguishable due to overlapping loci on the Catania plot,
as well as the extremely similar geometric efficiencies of the n- and «-branches just above the
n-threshold. As the geometric efficiencies are so similar, assuming all of these non-a events
arise from n-decay has no effect on the measured value of the a-branch. The effect on the
n-branch decreases as excitation energy increases and the y-branch is suppressed. The value
of e/, = 0.88(2) measured in the current work agrees with that measured in Ref. [103| of
0.89(11) to within 1o, while reducing the uncertainty by an order of magnitude. Together
with the measured width from Ref. [103], a value of 2 = 0.01 is obtained, suggesting that
this state does not display cluster structure.

The 10.287 MeV 47 state is well-populated, with Te/r.,, = 0.60(4). This value is consistent
with previous measurements, 0.66(0.11) [103] and > 0.37(3) [104]. The width measured in
this work is 40(6) keV, resulting in 62 = 0.05.

The 67 state lies at 12.557 MeV, with a measured width of 107(8) keV. The measured
value of Te/ry. = 0.63(5) is consistent with the value obtained by Ref. [103] of 0.7(2), but
lower than that measured by Ref. [104] of >0.79(3). The large discrepancy in width with
literature values may suggest an overlap of states in this region in the current work, unable

to be clearly separated due to the experimental resolution.

A state at 15.824 MeV, predicted to have J™ = 8% based on being a member of the
proposed band, was observed in the current work. The measured value of I'a0/r,, = 0.38(10)
is within two standard deviations of the result measured in Ref. [104] of >0.57(2). However,
there is also a large a-branch that passes through an excited state in C (7.012 MeV,
J™ = 27), suggested, through comparison to Monte-Carlo simulation and the requirement
that the excited level be natural parity due to selection rules made evident by the existence

of decays to the ground state of C, to be Tas/r,, = 0.51(10). However, a notable centroid
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Figure 4.9: Catania plots generated for the 15825(2) keV excitation in 80, assuming the
decay of O* into "C (detected) +a for experimental data (a) and simulated data (b).
The different decay paths are labelled and coloured to indicate the different loci. Figure

previously published in Ref. [63] as Figure 5.

shift occurs (= 20 keV, to 15.841(4) MeV) when looking at events passing though the excited
level of *C. It is therefore possible that this region contains the overlap of a natural and
unnatural parity state which have a separation much less than the experimental resolution
of this work, and these decays pass through the 6.903 MeV J™ = 0~ state, the lowest-
lying determined unnatural parity state in *C, as the comparison to Monte-Carlo data is
not sensitive to a 100 keV shift in the excitation energy of the daughter nucleus. This
state is the only state to suggest decay through an excited level in the daughter 4C in the
experimental data. Figure 4.9 shows the Catania plot generated using experimental data
for this excitation, compared with Monte-Carlo simulation. A clear number of events in the
blue locus (corresponding to decay through an excited state in 1*C) distinct from other loci

can be seen in the experimental data.
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4.2.11 The proposed K™ =0, band

There are three observed states in this proposed negative-parity rotational band, lying at
measured energies of 10.587(3) MeV (17), 10.919(4) MeV (37) and 13.832(1) MeV (57).

These spin-parities are all tentative, arising in-part from rotational fitting [56].

The 10.587 MeV state was observed to have I'«/ry,, < 0.12, much lower than expected
for a cluster state with a low spin. This represents the first measurement of this value by
any method, and using the measured width of 96(10) keV gives #2 < 0.003, indicating a lack

of cluster structure for this state.

The 10.919 MeV state was strongly-populated, overlapping with a weakly-populated
state at 10.985(6) MeV. The current work measures I'o/ry,. = 0.18(4) for the 10.919 MeV
state, again representing a first measurement of this value. Due to the overlap of the peaks,
there was a reasonable uncertainty on the value of the width, measured here to be 30(20) keV.

This gives #2 = 0.003, again indicating that this state does not belong to a cluster band.

The highest energy state observed in this proposed rotational band was the 5~
13.832 MeV state. This state was well-populated, overlapping with two smaller states (one
either side) of energies 13727(5) keV and 13965(1) keV; as the centroids of these states were
at least 100 keV away from each other, resolving them was possible. The value of Fa/ry
was measured to be 0.38(3), in agreement with the value of >0.32(2) from Ref. [104]. A
value of 0.12(5) is reported in Ref. [103|, measured through resonant scattering, though this
discrepancy may be due to the high level-density in this region. The width of this state was
determined to be 73(3) keV, which results in 62 = 0.01, suggesting an absence of a-clustering

in the structure of this excitation.
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4.2.12 The proposed K™ = 1~ band

The proposed K™ = 1~ band had potential members within the observed excitation regions.
One state of interest is at 11.127(2) MeV, suggested to be the 4= member of this band. The
value Tao/ro. = 0.68(6) was extracted, disproving this state assignment as unnatural parity
a-decays are forbidden to decay to the ground-state of *C, and this excitation energy is too
low to populate the first excited state. This result is in good agreement with the value from
Ref. [104] of >0.65(3) and within two standard deviations of 0.8, presented without error in

Ref. [105].

4.3 Discussion and summary

Branching ratios for the states proposed to be members of the tentative rotational bands
suggested in Ref. [56] were determined, as well as for other states that lay within the observed
excitation region, with a total of > 50 states investigated. For members of the proposed
negative-parity bands, K™ = 0, and K™ = 0, no cluster structure was observed based on
values of 62, with the largest of these belonging to the J™ = 5~ state at 13.832(1) MeV with
a value of #2 = 0.01, an order of magnitude below the threshold at which a nuclear state

could be considered clustered.

By itself, the lack of evidence towards the existence of these negative-parity bands
also casts doubt on the existence of the positive-parity bands, as these exist with the corre-
sponding negative parity bands due to the intrinsic reflection asymmetry of the associated
structures (MC @ « and 2C @ 2n @ «). Supporting this, the majority of members across
the positive-parity bands were also determined to have values of #2 that were not consistent

with cluster structure. Two notable exceptions are the J™ = 67 members of both proposed
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Figure 4.10: The proposed states assigned to the tentative cluster bands, with observed
excitation energies (given in MeV) from Ref. [56], compared to the results from this work.
States determined to display cluster structure are shown within a blue box. Figure originally

published in Ref. [57].

bands: the 11.696(1) MeV state with #2 = 0.4 and the 12.557(2) MeV state with 6% = 0.2.
The J™ = 47 state at 7.117(2) MeV in the proposed K™ = 05 band was not found to be
consistent with cluster structure, and due to the lack of other potential 4™ band members
observed in this energy regime this suggests that the proposed K™ = 05 band does not exist.
However, the value of 62 obtained for this state is limited by the width of the state. The
width extracted from the literature [107] was not measured directly, and as such measure-
ment of this width could, in principle, result in a value of 62 consistent with cluster structure
— however, this would require the measured width to be an order of magnitude higher than
the lower limit established from Ref. [107|. The lack of other measured states consistent
with cluster structure in the proposed K™ = 0f band indicates that this band does not
exist with the members proposed. As such, none of the proposed bands investigated were
found to contain members with consistent cluster structure — these results are summarised
in figure 4.10. While no clear cluster bands were observed, the existence of two states dis-

playing significant cluster structure, both with J™ = 6", hints at the potential existence

of fragmented clustering in 80, a phenomenon that has been observed in mid-mass nuclei
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[108].

Due to the lack of conclusive spin assignments for many of the states investigated,
there is difficulty in establishing whether or not there is sufficient cluster strength fragmented
across many states of the same spin-parity. In the work of Avila et al. [103], Cluster Nucleon
Configuration Interaction Model (CNCIM) [109] calculations were performed to model states
displaying the cluster configuration *C@) . From these calculations, several states with low
values of 02 (< 0.1) were predicted, with the cluster strength in each J™ split across the states,
which were then compared with states observed experimentally, populated through *C+a
resonant elastic scattering. There was some overlap between the states observed in the
current work and those in Ref. [103], with around 20 comparable states — this potentially
signals a lower likelihood of populating **C@®) « states via the 2C("Li,p)'80* SHe transfer
reaction. Of the states measured, some similarities between predictions made by this model

and the current work are observed.

The predicted J™ = 3~ states at 9.990 MeV, 10.655 MeV and 10.789 MeV with 62
values of 0.01, 0.02 and 0.04 respectively can be compared with the known J™ = 3~ states,
measured in the current work with excitation energies 10.106 MeV and 10.386 MeV, and the
state at 10.774 MeV with unknown parity. These states were determined here to have 6%
values of < 0.008, 0.02 and 0.02 (assuming the latter state was indeed a J™ = 3~ excitation)
respectively, comparable with those predicted by the CNCIM calculations — in the case of
the upper limit < 0.008, this value was limited by the experimentally measured width (in
this work determined to be < 14 keV), which in the literature is given to be 16(4) keV [64],
implying the width of this state likely lies close to the < 14 keV value and hence the true

value of 62 is close to 0.008.

Two previously assigned J™ = 4" states that were measured in the current work, at

10.287 MeV and 11.419 MeV, were found to have 6% values comparable to those determined
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by Avila et al.: the former was found to be 0.05 in the current work (rather than 0.09
found by Avila et al.); the latter was found to be 0.05, the same as the value determined
by Avila et al. Only in the latter case does this state match the prediction made by the
CNCIM calculations regarding the a-strength of the state. However, the unassigned state
at 8.963 MeV was found to have a value of §2 < 0.17 if a spin of J = 4 was chosen, similar
to both the value predicted by calculation, #2 = 0.26, and experimentally, 6% ~ 0.2 [103].
Again, the upper bound in the current work arises from the experimentally measured ',

which, based on previous literature values, is likely a limit close to the true value.

The two states displaying significant cluster structure (as measured in this work), the
J™ = 67 states at 11.696 MeV and 12.557 MeV, yield values of 62 of 0.4 and 0.2 respectively,
which are not entirely consistent with those predicted by the CNCIM calculations for states at
energies of 11.112 MeV and 13.035 MeV, predicted with 62 values of 0.2 and 0.28 respectively,
though the suggestion of strong cluster states in the region is supported by these states
measured experimentally. A state between these two, with energy at 11.991 MeV and with
62 = 0.07, is predicted by the calculations: if the previously tentative assighment of J™ = 3~
for the state at 11.849 MeV were incorrect, and this state were instead a 67, the value of 62

obtained in the current work is 0.06, matching well this prediction.

It can therefore be concluded that the possibility for fragmented clustering in this
nucleus is present, though further spin assignment information for the states measured here
would be required to provide a more definitive answer, as the density of states measured
in this work was relatively high and thus comparison between measured unassigned states
and those predicted by calculation is tenuous. The lack of strong cluster states measured in
this work as compared with that of Avila et al. [103] perhaps hints at a lower propensity for
population of MC ) «a structure states using the SHe transfer reaction utilised in the current

work, perhaps instead favouring states that display a 2C &) 2n &) « structure.
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Chapter 5

Investigations into nuclear molecular

structures in 4C and 1°C

An experiment was performed utilising the LISE (Ligne d’lons Super Epluchés) [110, 111]
beam-line at the Grand Accélérateur National d’lons Lourds (GANIL) facility in Caen,
France. Beams of 1Be and ?Be were produced using the fragmentation method [112, 113,
114], a beam production technique in which a high-energy beam is incident on a target
nucleus. This collision, typically peripheral, results in a system of the participant nucleons
within the overlap region of the interaction, and a system of the remaining nucleons in
the beam nucleus, known as a prefragment. Not all of the nucleons from the two nuclei
are involved in the process, and hence the system is not in thermal equilibrium. Several
spectator nucleons are lost due to this lack of thermalisation, with other nucleons lost through
evaporation from the prefragment (the abrasion-ablation model of fragmentation [115]), but
the remaining nucleons are able to produce an intermediate compound nucleus with a high
excitation energy. This nucleus proceeds to decay into secondary fragments, the species of

which depend on multiple conditions, such as the distribution of excitation energy within in
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the spectator nucleons [114]. A depiction of this multi-step process is shown in figure 5.1.

®
/
&

®
/

&)

—

N\

>

Compound Fragments
nucleus produced

High-energy collision
(typically peripheral)

Prefragment Evaporation

Figure 5.1: A depiction of a fragmentation reaction, showing the various stages with time
progressing from left to right. The overlap region for both the beam and target nuclei are
shown in yellow, while the nucleons that go on to produce the prefragment are shown in

purple.

The °Be and ?Be were incident on a thick *He gas target in order to produce *C and
16C nuclei respectively. A series of silicon detectors were used in order to detect fragments
from the decays of the compound nuclei, enabling the generation of corresponding excitation

functions. Analysis of these data is ongoing, with the current status presented in this chapter.

5.1 Motivations

In order to develop complete models of nucleon-nucleon interactions, data are needed from
a wide variety of nuclear systems. The available data that can be obtained are often limited
by ease of measurement: in many cases, production of a desired nucleus can be the limiting
factor, due either to low cross-sections or the short lifetime of possible reactants. The latter

can be overcome by the use of radioactive ion beam facilities, producing short-lived isotopes
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through methods such as fragmentation. These isotopes can then travel further along a
beam-line and hence be used in further reactions. Utilising this method in conjunction with
thick target inverse kinematics (TTIK), detailed in section 2.7.3, could theoretically enable
the investigation of exotic nuclei considered implausible via more common techniques. The
current work represents the first use of high-energy fragmentation beams used to populate
resonances through the TTIK method. A possible hurdle in this method is the anticipated

decrease in the experimental resolution provided utilising the TTIK method.

The “C and '9C nuclei were investigated due to the potential for the existence of
nuclear molecular structures in these nuclei; nuclear molecules are excitations in the form
of nuclear clusters, commonly a-particles, typically in a chain formation, and bound by
valence nucleons which are often neutrons due to the lack of Coulomb repulsion. Similar
structures have been observed in isotopes of beryllium [15, 116, 117|, which were discussed
in section 2.3.2. Theoretical calculations performed by Itagaki et al. [118] have suggested
that these structures may in fact by more stable than corresponding a-conjugate structures
found in even-even, N = Z nuclei, such as the Hoyle state in ?C. As the *C system has
previously been studied using similar methods, such as in the work of Freer et al. [119], mea-
surement of this nucleus through the fragmentation and TTIK method described previously
allows for a validation of results obtained. The 'C is in particular of interest due to the
potential for Hoyle-state analogues, though many of the findings relating to these structures
are contradictory: thus, the use of a novel approach may shed some light on the proposed

existence of these analogues.
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Figure 5.2: An overview of the LISE beam-line, showing the constituent quadrupole and
dipole magnets. The ECLAN chamber, which contained the experimental set-up, was situ-

ated in the D4 room at the end of the LISE 2K beam-line. Figure taken from Ref. [120].
5.2 Beam production

A beam of 0 at 900 MeV, with a current of ~3 euA, was produced by CSS2 [121] — a
separated sector cyclotron at the GANIL facility — which was then sent through the LISE
beam-line, an overview of which is shown in figure 5.2. Within the beam-line, the *O beam
nuclei were focused onto a natural Be target, of thickness 1.9995 mm and at an angle of 45°,
by a series of quadrupole magnets in the D3 room. A fragmentation reaction then occurred,
producing a variety of fragments of different nuclear species in the final state. Measurement
of the values of magnetic rigidity, B,, kinetic energy, I, energy loss through a known distance
and material, AF, and time-of-flight (TOF), T', could be utilised to determine the species of
each final state nucleus. The total kinetic energy of a nucleus travelling along the beam-line

is related to the magnetic rigidity via the expression

2 2
-
24

(5.1)
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where ¢ is the charge state of the nucleus and A is the nuclear mass [110]. Thus, the kinetic
energy of a beam nucleus could be determined simply from the magnetic rigidity. The
TOF was determined between the target and the final focusing element, a total distance of
43 m [111], in order to reduce the relative uncertainty. An example of species identification
is shown in figure 5.3, with energy plotted on the vertical axis and TOF plotted on the
horizontal axis. The species that correspond to each feature are labelled — once one species
had been identified, it was trivial to identify the rest. Species with a value of A/q = 2 can be
seen grouped at the right-hand side of the plot, and the feature corresponding to the relevant
beam in this instance, “Be, is circled — it is clear from figure 5.3 that many species were
produced, with creation of 1°Be relatively uncommon when compared with other isotopes,

hence necessitating good beam purification.

14000—

200
190
12000{— ’
18N ;
10000f— ’17N N
- "
8000[— 3

. 14C
6000— 13g ‘ ” BC 1¢

Energy (arbitrary channels)

Mg 11pg
4000(— 108e . 108
B @ wisp . "BE
2000(— N L I &
| | | | I | |
0 2000 4000 6000 8000 10000 12000 14000

Time-of-flight (arbitrary channels)

Figure 5.3: Energy of particles plotted against time-of-flight, as measured along the LISE
beam-line. Loci due to many different species are labelled, with the locus due to °Be circled

in red.

To achieve high secondary-beam purity, several techniques were employed. The LISE

beam-line incorporates a three-step process, selecting events using AE and B, values to
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remove unwanted species from the beam. A Wien filter, in which an electrostatic and
magnetic field are used in conjunction to select species based on velocity, is also contained
within the beam-line in order to improve purification [111]|. As well as these, a 2.252 mm thick
Be wedge was placed downstream of the Be target to further increase the purity of the Be
beams, through separation of different beam species due to different amounts of energy-loss
through the wedge. Figure 5.4 shows an example of the effect of the purification techniques,
with a 96% total purity for 1°Be events and limited features that could potentially be due

to other species.
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Figure 5.4: Energy of particles plotted against time-of-flight, as measured along the LISE
beam-line, following beam purification. The region containing °Be events is shown in a red
box; the purification of the beam resulted in a 96% final purity in this instance. Events
within the red box, but with higher energy than the obvious energy peak, were mostly likely
caused by the high-energy Be nuclei causing the production of charged particles within the

silicon detector, resulting in an increased amount of charge measured.

140



Investigations into nuclear molecular structures in “C and 6C

5.3 Experimental set-up

An overview of the experimental set-up used with the °Be beam, showing the positions of
the various detectors based on perpendicular distances defined by the beam axis, is shown

in figure 5.5.

“He gas at ~1 bar

Si degrader
1000 pm

Lampshades
(500 um) Si degrader

Telescope 65 um LISE 3 beamline

; 45°
(zero degree) % % }w ’_ﬁ (under vacuum)
Iu\ 10Be beam
i % & 10ge beam! (~200 MeV)
14 mm a+ (~50 MeV) ,

E 149 mm E

i Mylar window
500 pm

1163 mm!
. 1

Figure 5.5: Experimental set-up used in the current work. See text for more details.

In order to reduce the energy of the beam to roughly 50 MeV, two silicon degraders
were utilised. These were both W1 Micron Semiconductor Ltd double-sided silicon strip
detectors (DSSDs) [69], one with thickness 65 pm and the other 1000 pm. The 1000 pm
detector was placed in the beam-line, and could be tilted with respect to the beam in
order to change the effective degrader thickness. This was located outside of the ECLAN
(Experimental Chamber with Low Attenuation for Neutrons) [122] reaction chamber depicted
in figure 5.5. The 65 pm degrader was placed inside the reaction chamber, 45 mm behind
a 500 pm Mylar window. The purpose behind placing this detector in the chamber was
in order to be able to better identify the beam energy following energy straggling through

both the 1000 pm degrader and the Mylar window, as well as enabling some indication of
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the amount of angular straggling on an event-by-event basis. These active degraders also
enabled measurement of the beam spot size, through identification of the area of high event

rate. An example of this is shown in figure 5.6.
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Figure 5.6: A plot of the active area of the 1000 pm degrader, with horizontal strip number
plotted against vertical strip number. The beam-spot is clearly visible in the centre of this

active area.

The reaction chamber was filled with “He gas at a pressure of approximately 1 bar,
contained by the Mylar window in order to prevent gas leaking into the beam-line. Twelve
Micron Semiconductor Ltd 500 pm YY1 single-sided non-resistive silicon strip detectors [123]
were placed in the chamber in order to detect products from reactions of the beam with the
gas. Each YY1 detector consisted of sixteen strips, enabling detection of charged particles
(see section 3.1.2.1 for more information on the function of semiconductor detectors) across
a total coverage of 42°. The geometry of these detectors can be seen in figure 5.7, showing

the positions of the strips and printed circuit board (PCB).

The detectors were placed into two lampshade configurations, depicted in figure 5.8,

in which six YY1 detectors are mounted at an angle of 45° from the beam axis in order
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Figure 5.7: Depiction of a Micron Semiconductor Ltd YY1 detector [123], showing some

relevant angles and distances. Figure taken from Ref. [124], published as Fig. 2.

to provide total azimuthal coverage. Adjacent YY1 detectors were mounted 60° apart, as
measured from the centre of each detector, in order to subtend the entire azimuthal space —
the centres of the detectors were placed at azimuthal angles of 30°, 90°, 150°, 210°, 270° and
330° respectively. There was a gap in the centre of the lampshades such that zero degree
unscattered beam travelled through the centre of the array without interacting with a YY1
detector. The positions of the lampshade detectors was determined through measurement of
the perpendicular distance between the front of the lampshade mount and the Mylar window.
The perpendicular distance between the mount and the inner edge of the YY1 detectors was
known to be 9 mm, though this was verified through use of Vernier Calipers. The distances
given in figure 5.5 are relative to the inner edge of the YY1 detectors: the distance from the
window to lampshade 1 was determined to be 472 mm and the distance from the window to
lampshade 2 was determined to be 621 mm. Figure 5.9 shows the positions of the active areas

of the strips in Cartesian space — data shown here were collected with the °Be beam incident
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Figure 5.8: Depiction of the two lampshade arrays used in this experiment. Here, the 1°Be
beam can be seen travelling through the gas volume until it reacts, releasing a product °Be
(measured in lampshade 2) and « (measured in lampshade 1). Figure adapted from figure

in Ref. [124], published as Fig. 1.
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Figure 5.9: Cartesian views of the lampshade 1 (a) and lampshade 2 (b) arrays.

on the *He gas target, with the number of events in each strip of the detectors decreasing
radially from the beam axis. Several missing strips can be observed in the detectors that

constitute lampshade 1.
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Figure 5.10: The energy loss of particles through a thin detector plotted against kinetic
energy measured in a thick detector. These data were collected using the 65 pm degrader
detector in conjunction with the F detector described in the text. The loci associated with
the detection of “Be and o nuclei are labelled. These data were taken during a typical

experimental run using the experimental set-up shown in Figure 5.5.

At a distance of 702 mm from the window, a zero-degree telescope consisting of a thin
20 pm (AFE) and a 1000 pm (E) W1 Micron Semiconductor Ltd DSSD was positioned. The
E detector was mounted 14 mm behind the AFE, determined by measurement of the mounts
and the PCB thickness using Vernier Calipers. As a charged particle travels through the AE

detector, the kinetic energy of the particle decreases as ionisation occurs in the semiconductor

. . . . dE
crystal — for a sufficiently thin detector, the energy change per unit distance, %=, can be
well approximated by the mean stopping power for ions in silicon, <%)Si, given by the

non-relativistic Bethe formula
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dFE ngiz> e’ 2mv?
—{( — = X —— X% 1 . 5.2
< dx >Si mev?  dmel " ( I (5:2)

Here, m, is the electron mass, ng; is the electron number density of silicon and Ig; is the mean

ionisation potential of silicon. Thus, the only values that vary based on the properties of the
incoming particle are z and v, the charge and velocity of the incident particle, respectively.
As equation 5.2 is proportional to the reciprocal of v?, the energy loss for a particle (for
a given mass, m) is inversely proportional to the kinetic energy as, in the non-relativistic

limit, £ = {mu?.

Typically, the particle will have sufficient remaining kinetic energy to
pass through the volume of the AFE detector and pass into the E detector, hence the kinetic
energy of the particle can be measured. Thus, by plotting the energy loss of the particle as a
function of the total kinetic energy, species can be distinguished due to the mass and charge

dependence of this relationship. An example of this form of particle identification is shown

in figure 5.10.

5.3.1 Electronics

The signals from these detectors were output along a typical nuclear electronics chain. The
charge pulses from the detectors were each input into a Mesytec MPR-32-Series preamplifier
[75] followed by a CAEN N568B 16 channel spectroscopy amplifier [76]. These analogue
signals were digitised through use of CAEN V785 32 Channel Peak Sensing ADCs [78|,
allowing the data to be processed by the software MIDAS [79]. For more detail on the
function of these modules, see section 3.1.2.4. The ADCs were gated through use of trigger

logic, summarised in figure 5.11, the result of which was a 5 pus gate output.

The detectors were calibrated using a triple « source, with an example spectrum

shown previously in figure 3.19. The resolution of the detectors varied drastically, and thus
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Figure 5.11: A summary of the trigger logic used in the current work to gate the ADCs and
TDC.

a mixture of three and six peaks (the latter including the strongest fine-structure features
of the a-particle peaks) were fitted to the data. The 20 pm AFE detector posed a problem,
however, as even at around 5 MeV the a-particles are able to pass through the crystal
without stopping, thus preventing a total measurement of the kinetic energy. As such, the
thickness profile for the AE detector was obtained in order to calculate the expected energy
loss of a-particles through the detector. This calculation was done using the code DEDX
[96].

Time-of-flight measurements were possible through use of a CAEN V775 16 channel
Time-to-Digital Converter (TDC) [125], which was started by the RF from CSS2 and stopped
by the output signal from the front strips of the 1000 pm degrader. The stop signal was passed
through the fast timing output of the amplifier into a CAEN V812 16 channel Constant

Fraction Discriminator (CFD), from which a gate was produced through use of a Lecroy 222
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dual gate generator [83] with a delay of approximately 350 ns. By plotting the Energy of a
detection in the degrader against time elapsed between the start and stop signals input into
the TDC, another form of particle identification was possible. An example of this is shown

in figure 5.12.

Lab energy (MeV)

- - I |
0.0 1000.0 2000.0 3000.0 4000.0 5000.0

Time elapsed (channels)

Figure 5.12: An example of the particle identification technique using the measured energy

of a particle against TOF. Vertical lines can be seen, corresponding to the beam repetition

from CSS2.

5.3.2 Degrader thickness

As the 65 pm active degrader was required to measure the beam energy in order to improve
experimental resolution, a thickness profile was needed in order to accurately establish the
relationship between energy loss through this degrader and incident beam energy. In order to
do this, a measurement was performed at the Birmingham MC40 cyclotron [126] in which a
“He beam of ~12.3 MeV was incident on a 90 pg/cm? natural gold (197Au) foil. By measuring
elastic scattering of the beam off the the foil, for which the product energy at a given angle is

well-known, the amount of energy loss through a strip in the 65 pm DSSD could be utilised to
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determine the thickness of the strip. The 65 pm DSSD was placed in a telescope orientation
in conjunction with a 1000 pm DSSD, in-plane at an angle of —32.5° relative to the beam
direction, with the thin and thick detectors placed at distances of 138 mm and 153 mm from
the foil respectively. Additionally, a 500 pm DSSD was placed at an angle of 32.5°, slightly
further away (at a distance of 170 mm) i.e. on the opposite side of the beam to the telescope.
The purpose of this detector was to enable a better measurement of the beam energy —
though all of the detectors used were calibrated using a triple « source, the total energy of
the beam deposited in the telescope was subject to the resolution of both the thin and thick
detector thus producing a less clear result. Particles detected by the telescope also had to
travel through three dead layers (two from the thin detector, one from the thick detector)

as opposed to one dead layer for detection by the 500 pm DSSD.
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Figure 5.13: Measured energy against scattering angle for the telescope (a) and 500 pm
DSSD (b). The kinematic lines corresponding to the elastic scattering of “He on *TAu are

plotted, and can be seen to agree well with the data.

Figure 5.13 shows a plot of measured lab energy for detected particles against scatter-
ing angle in the lab frame: figure 5.13(a) contains the energy-angle data for the telescope, in
which the energy plotted is the sum of the energies measured by both stages of the telescope;

figure 5.13(b) shows the data obtained for the 500 pm detector. Also plotted in both fig-
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ures 5.13(a) and (b) is the kinematic line associated with an « particle scattered from 97 Au.
This can be seen to agree well with the observable features in the data — however, the
feature present in (a) can be seen to be much wider than that in (b) as predicted. Thus, the
line in figures 5.13(b) was used to establish the beam energy. The energies of nuclei detected
by the detectors were corrected for energy-loss through the gold foil, through use of the code
DEDX [96], assuming the average interaction occurred at the centre of the thickness of the
target. Once this had been achieved, the thickness profile of the detector was determined by

calculation, again using DEDX.

5.4 Excitation function determination

In order to produce an excitation function for the compound nucleus from the detected
energies and positions of charged particles incident on the various detectors described in
section 5.3, a conversion between the lab frame (in which the particles are measured) and the
centre-of-mass (COM) frame can be used. Figure 5.14 shows a generic interaction between
a beam nucleus, B, and a target nucleus, A, to produce two product nuclei, C' and D, for
both the lab frame and the COM frame. In the lab frame, A travels towards B (which is at
rest) with energy and mass F4 and my, and the two product nuclei are focused in the beam
direction due to conservation of momentum. In the COM frame, A and B travel towards
each other with kinetic energies Ej and E'; — the product nuclei instead travel at angles of

a and [ respectively, where o + 3 = 180°.

In the reaction of interest, an intermediate compound nucleus is formed between
these initial and final states. The excitation energy of this compound nucleus, F,, can be

calculated through the expression
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Figure 5.14: A comparison of a typical nuclear reaction (A + B — C' + D) in the lab frame

and in the centre-of-mass frame.

ma
E,=——F compound 5.3
ma+mp B + Qcompound (5.3)

where Qcompouna 15 the (-value associated with the formation of the compound nucleus.

Using D as an example, the energy of a product nucleus in the lab frame, Ep, can also be

related to its corresponding velocity in the COM frame, v, = 1/ Qf—D, and the velocity of the
D

_ mgcvc+mpv
COM, VCOM = W [42], by

4 3 2
Ep=FEjg MBMD ch)M +2 VC?M cosa + VCEDM . (5.4)
(ma +mp)? Up Up Up

In order to determine the value of «, the initial interaction position must be deter-
mined. This can be done by calculating different values of o and [ for given interaction

positions and determining which position corresponds closest to a + 5 = 180°.
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5.5 Monte-Carlo simulation

Monte-Carlo simulations were performed using REX (Resonant EXcitation simulation), an
in-house package used by the nuclear structure group at the University of Birmingham. A
previous version of this code (REX 6) is described in detail in Ref. [124], while the Monte-
Carlo simulations described here were produced using REX 8. The changes from REX 6 to

REX 8, some of which are mentioned later in the text, including the addition of

e an excitation function option, defined by a Rutherford scattering energy dependence,

e the ability to simulate compound gas targets, in which the average mass and charge
of the constituent elements are used for energy loss, angular straggling and energy

straggling,

e calculation of time-of-flight for the beam and product nuclei, which can be output

following each event,
e solid target options (previously only gas targets were able to be simulated),
e the ability to simulate break-up reactions following a two-body interaction,
e the option for active degraders (detectors that double as degraders),

e the ability to calculate energy-loss using a user-inputted file (of energy in MeV against

energy-loss in MeVem?/mg), rather than the default DEDX code.

REX requires a number of user inputs in order to generate Monte-Carlo data, which can
be split into two following categories: inputs defining the reaction of interest and inputs

defining the experimental set-up.

152



Investigations into nuclear molecular structures in “C and 6C

The reaction of interest is defined by the masses and charges of the reactants and
products, as well as the total ()-value for the reaction. Products can be defined to undergo
break-up reactions, again defined by the masses and charges of the fragments and Q)-value
of the break-up reaction. Compound nucleus formation reactions also require the )-value
for the compound nucleus formation stage as well as for the total reaction. Population
of excited levels, particularly in the case of compound nucleus formation, is an important
consideration. As well as allowing for individual levels to be defined in the simulation,
with a Gaussian distribution defined by centroid, FWHM and intensity for each state, the
option for a uniform distribution of excitation energies is also available; useful for examining
continuum effects as well as investigating ranges of excitation energy that could be expected
to be seen for a given experimental set-up. The effect of the background from Rutherford
scattering, inversely proportional to the square of the beam energy as previously shown in
equation 2.12, can also be simulated. Angular distributions for each excitation can also
be defined, returning the distribution of the relevant Legendre polynomial for a given user-
defined value of angular momentum. Excitation energies, defined by centroid energy and

width, can also be assigned to product nuclei.

The experimental set-up parameters require definition of a target, either solid or gas.
The material is then defined by the density (at standard temperature and pressure for a gas
target), as well as the relative amounts of different atoms in the material (defined by mass
and charge). For gas targets, the pressure must also be provided. A user-defined step-size
for particles travelling through the gas is used to calculate kinematics during generation of
the data. A circular window for gas target experiments can be simulated, defined by radius,

material and thickness.

Beam degraders, either active (in the form of a DSSD) or inactive, can be simulated
both inside and outside of the reaction chamber. All DSSDs (including active degraders)

are able to be simulated with a range of thicknesses, active areas, energy thresholds and
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energy resolutions. Degrader detectors, unlike DSSDs positioned in the chamber to detect
fragments, only require the distance from the window, as these sit along the beam-axis;
DSSDs positioned in the chamber are also defined by the relevant polar and azimuthal
angles. Lampshade arrays, defined with the same geometry described in section 5.3, can be
placed within the simulation. Much like the degrader detectors, these arrays sit centrally
along the beam axis (albeit inside the chamber) and hence only the position relative to the

window is needed.

Once all of the inputs have been entered, REX generates a scattering event with a
random excitation energy (bound by the input parameters). The position relative to the
window, direction of travel from the beam axis and energy of the beam nucleus are then
calculated as the beam travels through the degraders and gas volume for each step (the
frequency of which is defined by the inputted step-size). In order to do this accurately,
energy-loss through the various materials is calculated through use of DEDX. Energy and
angular straggling effects are also calculated, smearing both the energy and direction of the
beam randomly (based on the parameters of the material the beam is travelling through) for
each event. Once the kinetic energy of the beam has dropped to that of the initially selected
excitation energy, the previously defined input two-body reaction (or reactions, in the case
of break-up events) occurs. As REX simulates reactions as a series of two-body interactions,
the energies and angles of these product nuclei are randomly selected as confined by non-
relativistic two-body kinematics (see Appendix A for more details), though this may be
weighted by a corresponding Legendre polynomial if relevant. The resulting product nuclei
are then tracked similarly to the beam at each step, until they are either incident upon an
area defined as an active detector (detected), or stopped in the gas (undetected). Product
nuclei can also be considered undetected if they reach the edge of the defined simulation
volume, if they are incident on the inactive region of a detector (e.g. the PCB around the

detectors), if they do not have sufficient energy upon reaching the active area of a detector
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to be considered an event (below the set energy threshold, once energy resolution effects
have been calculated), or if they have sufficient energy to pass through the detector (such as
in the case of a AE detector). Each detector can also be specified to detect only species of
certain types (for looking at specific kinematic features), so events can also be rejected based
on this condition. Once a certain number of good events (defined by the number of required
detections) have been generated, the simulation ceases. The ‘good’ events are output with
the energy and position at detection (defined by the Cartesian in-plane and out-of-plane
angles), enabling equivalent analysis as performed on experimental data. Also included in
the output are the mass and particle ID of the particle, enabling more specific Monte-Carlo

analysis not possible within the real data.

2000/
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Figure 5.15: The excitation function generated for all hits in the lampshade arrays for the
10Be+a exit channel. Excitation energies at 19 MeV, 20 MeV and 21 MeV were simu-
lated, shown by the green lines — it is clear the reconstructed excitation function does not

reproduce these energies accurately. See text for details.

Monte-Carlo events were generated in which °Be and a events were produced follow-
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ing the formation of a *C nucleus, in order to establish the resolution and accuracy with
which excitation energies could be reconstructed. Three excitation energies, delta functions
situated at 19 MeV, 10 MeV and 21 MeV, were simulated to this end. Reconstruction of
these excitation energies utilising detection of both products in any of the lampshade de-
tectors is shown in figure 5.15. The green vertical lines denote the positions of the various
excitation energies, while the red line overlaid on the data shows a fit using three Gaussian
distributions. It is clear from comparison of the fit to the green lines that the centroid
energies are incorrectly reconstructed in this case, with the reconstructed excitation energy

between 100 — 200 keV too large.
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Figure 5.16: A comparison of the different excitation functions produced using different hit

patterns for the 1°Be+« exit channel. Details of each subfigure are given in the text.

In order to investigate this, the individual hit patterns for each lampshade were inves-
tigated. Figure 5.16 shows the results of this investigation, with the hit patterns as follows:
figure 5.16(a) shows events in which both the Be and a were detected in lampshade 1;

figure 5.16(b) shows events in which the °Be nucleus was detected in lampshade 1 and the
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Figure 5.17: Kinematic features generated for detected °Be products. The individual sub-

figures are described in the text.

a-particle was detected in lampshade 2; figure 5.16(c) shows events in which the °Be nucleus
was detected in lampshade 2 and the a-particle was detected in lampshade 1; figure 5.16(d)
shows events in which both the “Be and o were detected in lampshade 2. In all but fig-
ure 5.16(c), it is clear that the excitation energies are reconstructed too high to varying
degrees. However, the reconstructed excitation energies in figure 5.16(c) match well to the
input excitation energies. This was explained through the kinematic distributions for each

case, shown in figure 5.17.
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Figure 5.17 shows the kinematic features (including experimental resolution effects)
for the 1°Be product for cases in which the particle is detected. Here, subfigures (a) — (d)
are using the same data as described for the subfigures in figure 5.16. Due to the nature
of inverse kinematics, multiple energy solutions exist for a given angle — this, however,
results in a crossover point in the energy-angle distributions for which a large change in
energy is experienced for small change in angle, leading to a relatively large uncertainty in
angle (resulting in a large uncertainty on the position of the interaction). As can be seen
from figure 5.17, this crossing over point was visible in all distributions other than that
in figure 5.17(c) (in which the °Be is detected in lampshade 2 and the « is detected in
lampshade 1), providing an explanation for why this particular hit configuration provided

accurate excitation reconstruction.
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(a) (b)
Figure 5.18: Excitation functions generated through two different methods of determining
the interaction position: inclusion of an offset based on position of the beam on the degrader
(a) and averaged across several interaction positions, detailed in the text (b). The centroids
extracted from both methods were reasonable, though the widths of the peaks are visibly

larger in (a) relative to (b).

While only using data in which the Be and o were detected in this specific config-
uration is possible, this would severely limit the available statistics and thus increase the

uncertainties on extracted quantities. In reconstruction of these excitation energies, the an-
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gles o and (8 (as shown in figure 5.14) were calculated for various positions along the beam
axis. The corresponding position for which o 4 8 was closest to 180° could then be assumed
to be the interaction position of the beam and target. However, this method was the one
used to produce figure 5.15 and hence did not work at the crossover point. As such, an
offset in the beam axis for an interaction (done on a case-by-case basis, due to the large
beam-spot size observed on the degraders, in order to correct from the distance from the
centre of the degrader) was included, as if the interaction did not occur along the beam-axis
as a result of the beam-spot size then the reconstructed excitation energies could potentially
be smeared out. While this succeeded in increasing the fidelity of the reconstruction in
terms of centroid, the resolution of the reconstruction observed was still larger than ideal
(567(4) keV, 579(5) keV and 610(3) keV for the widths of the three reconstructed excitation
energy peaks, respectively). The data and corresponding fit are shown in figure 5.18(a).
Thus, some more stringent conditions were placed on the data in order to identify the cor-
rect interaction position. Any gas steps in which the difference between the expected value
and the calculated /measured value for several different experimental observables was below
a certain threshold tolerance (weighted for each value, depending on the magnitude) were
determined. Thus, the interaction position was taken as the average of these possible posi-
tions and the excitation energy thus calculated, an example spectrum of which is shown in

figure 5.18(b). The observables used were

e the difference between o + 3 and 180°,

e the difference between the predicted energy of each product (o and °Be) and the

measured value,

e the difference between the predicted scattering angle of each product and the measured

value.

By calculating the average possible interaction position in this way, the resolution consid-
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erably improved, with the widths of the excitation features determined to be 455(2) keV,
475(2) keV and 508(2) keV respectively, a decrease of around 100 keV from the features in
figure 5.18(a). The fidelity of the fitted excitation energies to the known centroid values was
also good, with values of 19.013(1) MeV, 20.006(1) MeV and 21.011(1) MeV respectively,

where the uncertainties provided are simply those associated with the fitting.

5.6 Summary

The motivations and a description of the experimental technique have been discussed for
the ongoing analysis of the “C and '°C nuclei using fragmentation and TTIK techniques
to measure excitation functions. At present, the data have been calibrated through use of
the triple-a data and analysis code has been prepared in order to attempt to reconstruct
events, utilising the method of determining the interaction position of the beam and target
(via the average position along the beam-axis for a series of acceptable possible positions) as
described with the Monte-Carlo data. Initial investigation of the experimental data suggests
that an excitation function will be able to be produced with reasonable resolution, once

cleaning of events using the telescope and degraders have been fully implemented.
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Chapter 6

Conclusions

Investigations into potential cluster bands in 'O were performed, utilising high-resolution
particle spectroscopy, through both the Q3D magnetic spectrograph at the Maier-Leibnitz
Laboratory and the Birmingham large-angular-coverage DSSD array, in conjunction with
extensive Monte-Carlo simulations to determine branching ratios for a number of decay
paths. The decay paths investigated were v-decay, a-decay, n-decay and 2n-decay, with
consideration of the population of excited states in the daughter nuclei in order to provide
more accurate branching ratios — the only energetically available decay paths to which the
employed method was not sensitive were those of S-decay and electron capture, though these
are typically suppressed well above particle-decay thresholds due to the comparatively long
half-lives of these decay modes. Methods to determine branching ratios for y-decay and

n-decay were discussed and employed without the use of v- or n-spectroscopy.

States between 7 — 16 MeV were populated through use of the 2C("Li,p)'80* re-
action (Er; = 44 MeV) reaction, and the values for the individual branches were mostly in
good agreement with previous literature values, such as those presented in Refs. [103], [104],

[105] and [106]. Many of the branching ratios determined here were previously unmeasured,
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though the agreement of previously measured branching ratios with the literature for other
states gives confidence in these values. The value of § was calculated, using the measured
excitation energy and widths, for states with known or proposed values of J™ in the liter-
ature. For cases in which the measured width of the state was too small to be determined
due to the experimental resolution, an upper limit was calculated based on the uncertainty
of the fit — an upper limit of 2 was then determined, unless an appropriate literature value

of the width was available.

For states in the tentative cluster bands, only two were found to be consistent with
cluster structure: the 11.696(1) MeV proposed J™ = 6 member of the K™ = 05 band and
the 12.557(2) proposed J™ = 6 member of the K™ = 0f band. All other values of 2 were
found to be inconsistent with cluster structure, thus refuting the existence of these bands

with the tentatively assigned members.

Another investigation, exploring potential nuclear molecular structures in the '4C and
16C systems, has been performed. This was done utilising resonant scattering through the
thick target inverse kinematics approach, with °Be and '2Be secondary beams produced
through high-energy fragmentation of a 900 MeV O primary beam incident on a ~2 mm
thick natural Be target. These secondary beams were incident on a thick a-gas target, causing
interactions along the beam axis. The products of these interactions could subsequently be
detected by a variety of silicon strip detectors placed in the reaction chamber. Monte-Carlo
simulations have been performed, investigating the effect of various methods of reconstructing
the interaction position between the beam and target nuclei on the measured excitation

centroid energy and experimental resolution, allowing analysis to progress to the next stage.
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6.1 Future work

States that lie just above the a-decay threshold in 0 (S, = 6.227 MeV) are typically rela-
tively long-lived, partly due to the lack of energetically available decay paths. This increase
in lifetime corresponds directly to a decrease in the natural linewidth, I', of the state. In
order to better identify the tendency towards clustering for several of the states investigated
in the current work, measurement of these natural line-widths could be performed. In the
case of the 7.117 MeV state, the magnitude of this value is potentially too small to measure
as a width, though lifetime measurements for the ~-decay, S-decay (if present) and a-decay
branches could be performed with more ease to determine each of I',, I'3 and I', through
the Heisenberg Uncertainty Principle relationship. These could then be used to evaluate I'
for the system, enabling a more certain evaluation on the tendency towards cluster structure

in this state.

As mentioned previously in section 4.3, the existence of two clustered states with
the same J7™ (with no other clustered states observed) is reminiscent of the fragmented a-
clustering phenomenon, in which coupling of a cluster state to a non-cluster state causes
a series of excitations to form nearby to the original cluster state, each with the same J™
as one another. This has been well observed in light-to-medium mass nuclei [108, 127,
128]. Further fragmented states from this coupling could exist nearby, which could aid
in extracting information about the original cluster state (if such a state existed). The
most probable region for these to sit is between 11.9 — 12.4 MeV, where several states
have previously been measured by von Oertzen et al. [56] utilising the same reaction as
the current work. An experiment similar to the current work in which the values of Ta/r
and [y for states in the region could be determined may yield a clue to whether any
potential fragmented structure exists. Definitive spin assignments for many states in the

excitation region investigated would also allow comparison between states with similar J™
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values, enabling a more conclusive determination of whether fragmented clustering is present

in this nucleus.

With regards to the analysis of the 1*C and '°C data, excitation functions must be
generated through identification of events in which a °Be and o product are detected from
the same interaction. The data can be cleaned up to provide this, using vetoes provided by
the zero degree telescope and better determination of the inital beam energy and position
through use of the degrader detectors. The excitation functions generated will be efficiency
corrected, compensating for effects caused by detector positioning. These can then be fully
normalised, providing a value for the differential cross-section as a function of energy for
different scattering angles. Using the R-matrix code AZURE2 [129], observables such as
centroid, width and J™ for the resonances populated will be determined and compared with
previous data to check for consistency and legitimacy in the measurement, particularly for
the previously studied *C system. The tendency towards clustering for these resonances
can then be determined, calculating 62 in each case — from these values, cluster states with
appropriate values of J™ to form a rotational band may or may not be observed, in an effort

to identify structures that could be nuclear-molecule Hoyle-state analogues.
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Appendix A

Derivation of two-body non-relativistic

kinematic solution

Consider the non-relativistic two-body case, displayed in figure A.1, in which a beam nucleus,
B, of known energy, Epg, interacts with a target nucleus, A, which is at rest, to produce two
product nuclei, C' and D. The product nuclei have energies E- and Ep respectively, and

the masses of the the nuclei are known. The nucleus C' is left in an excited state, with an

Figure A.1: A generic two-body nuclear interaction, in which nuclei C' and D are produced

at angles ¢ and 6 from the beam axis from the reaction of beam A and target B.
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excitation energy, E,. Choosing the plane in which the reaction occurs, C' and D travel at
angles ¢ and 6 from the beam axis respectively. The )-value of the reaction is determined

by the difference in nuclear masses, m, before and after the reaction, as described by

Q= m; — mf)CQ, (A.1)
i=A,B f=C,D

where c is the speed of light. Conservation of momentum, P, along the beam axis, momentum
along the in-plane axis perpendicular to the beam axis, and energy can be employed to yield

the expressions

Eg+Q=FEs+ Ep+ E,, (A.2)
P = Ppcosf + Pocos¢p  and (A.3)
Pcsing = Ppsin6. (A.4)

Rearranging and squaring equation A.3 leads to equation A.5,

P2 cos® ¢ = (Pg — Ppcosf)>. (A.5)

Squaring equation A.4 gives

PZsin® ¢ = P} sin’ 0, (A.6)

which, through use of the trigonometric identity sin?@ = 1 — cos?#, yields

P2 cos®> ¢ = P2 — P} sin® 0. (A.7)
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Both equation A.5 and equation A.7 can be equated and rearranged, to produce the expres-
sion
P2 = P + Pjcos® 0 + Pjsin® — 2Pz Pp cos ), (A.8)

which can again be simplified using the identity Pp sin® 6 + P2 cos?# = P3. The momentum
of a non-relativistic particle can be related to its mass and energy by v2mkFE, transforming

equation A.8 into

2mcEC = 2mBEB + 2mDED —4 mBmDEBED COS 0, (Ag)

which can be further manipulated by substituting in equation A.2. Thus,

P Ep+Q—Ep—E,) =Ep+—L2Ep—2,| 2 EzEp cosf (A.10)
mpg mp mp

by dividing through by 2mp. This can be expressed in the form Axz? + Bz + C = 0, as

Ep <@ + @) — 2, /"2 By cos05/Ep + Ep <1 - @) 9 -B)=0, (A11)
mp mp mp mp mp

where © = \/Ep, as all the other values are known. Hence, through solving the quadratic,

the energy of particle D, as a function of the angle 8, can be shown to be given by

=2, /"2 Epcost + \/4%EB cos? —4 (Z—g + %) (Ep ( — %) — (@ - Ey))
: (5 )

mp mp

Ep

(A.12)
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where the positive and negative roots provide the first and second kinematic solutions. If
there is no second kinematic solution, the negative root yields the positive root, offset by a
phase difference of 180°. The energy of particle C' can be determined through rearrangement
of equation A.2, though this will be in terms of § rather than ¢, the angle of scattering for

particle C'. To convert from 6 to ¢, equation A.4 can be rearranged to provide the expression

¢ = arcsin < Zmﬂ sin 9) : (A.13)

mckEc

from which it is trivial to calculate ¢, as Fc and Ep are known. Figure A.2 shows the
example for a 44.0 MeV “Li beam nucleus (B and D) incident on a '2C target nucleus (A
and ('), scattering elastically — only the first kinematic solution is shown, as there is no
second kinematic solution for this case. In figure A.2(a) and figure A.2(b), the energies F¢
and Ep sum to 44.0 MeV for a given angle, as expected. The range of ¢ is —90° < ¢ < 90°,
again as expected, as it is not kinematically possible for the product 2C to back-scatter.
Figure A.2(d) shows that if the "Li were to perfectly back-scatter (§ = 180°), then the
corresponding ?C would move in the opposite direction along the beam axis (¢ = 0°), which
is logical in order to conserve momentum. The opposite case, in which 8 = 0°, results in
¢ being undefined, as the “Li would have to have not interacted with the >C nucleus and
passed straight through it — the two-body non-relativistic kinematics calculated here sadly
do not have the scope to predict quantum tunnelling, as the corresponding energy of the “Li

in this case remains at the beam energy, 44.0 MeV.
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Figure A.2: Plots for the 2C("Li,"Li)*?C (Ep = 44.0 MeV) case. The energies F¢c and Ep
are plotted against 6 (a), against ¢ (b) and against the corresponding scattering angle for

each nucleus (0 for D, ¢ for C') (c). A plot of 6 against ¢ is also provided (d).
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