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Abstract

This thesis reports on the measurements of the nuclear structure of the light neutron-
rich 220 and *F nuclides. The excited states of ?3F were studied via a one-neutron re-
moval reaction, using the high-resolution y-ray detector array, GRETINA, coupled to the
S800 spectrometer at NSCL. Several new transitions have been observed in the y-ray spec-
trum and by performing y-y coincidence analysis, an extended level scheme has been built
for 2E Additionally, the relative populations of the excited states and branching ratios were
studied using detailed Monte Carlo GEANT4 simulations and the spin assignments were
determined through the analysis of the y-ray angular distributions. These findings were
compared to the calculations from the phenomenological USD-type interactions, where it
was found that the USDB calculations were the most consistent with the experimental data

on the structure of 2E

The experiment to measure the electromagnetic transition rates in 220 was carried out at
ANL, using the GRETINA array coupled to the FMA. A novel '°Be target was developed in or-
der to populate the excited 2?0 recoils via the *C(}Be,2p)?20 fusion-evaporation reaction.
The molecular plating technique was used to prepare the °Be target on a thin platinum
backing, however a low deposition yield of about 20% significantly reduced the °Be con-
tent to be between 22-32 ug/cm?. The measured rates of the 220 recoils were too low for
the DSAM technique, with a potential 3199 keV transition of 14 + 5 counts being observed
in a single experimental setting. The analysis of the stronger exit channels of the fusion-
evaporation reaction, namely 'O and ?’Ne, suggested that the low rates of the 20 could be

primarily attributed to the low recoil acceptance into the FMA.






Contents

[List of Figures|

[List of Tables|
[Acknowledgements|
(I_Introduction|
(1.1 Descriptions of the Nuclear System| . . .. ... ..................
(LL1.1 _The Nuclear Shell Modell. . . . ... ... ... ... .. ... .. ...
(1.1.2 Shell-Model Formalism| . .. ................ ... ......
(1.1.3 USD-Type Interactions|. . . . . .. .. ... ... ... ... .......

(1.1.4 Interactions from Chiral Effective Field Theory| . . ... ... ... ...

(1.1.5 Ab Initio Approaches|. . . . . ... ... ... ... ... . . ... ... ..

(1.2 Light Neutron-RichNuclei|. . . ... ... ... ... ... ... ... ...

(1.2.1 The Oxygen IsotopicChain| . . . ... ... ... ... ... ......

[2° Background

[2.1 Gamma Decay|

12

13

15

17

18

19

22

23

24

26

28

29

31



2.2 Radiation Interaction with Matter . . .. ... ... ................ 35
[2.2.1 Interactionsof Heavylons|. . . .. ... ... ... ... .......... 35
[2.2.2 Interactionsofyrays|. . ... .. ... ... ... L o L. 37

[2.3  y-ray SPectrosCopy| . . . . . . . . i e e e e e e e e e e e 42
[2.3.1 Relativistic Doppler Shift] . . .. ... ... ... .. ............ 44

2.4 Lifetime Measurements| . .. ... ....... ... ... .. . . . o .. 46
[2.4.1 Doppler Shift Attenuation Method|. . . . . . ... ... ... ... ..... 47

I3 Nuclear Structure of “°F Following a One-Neutron Removal Reaction| 50

[3.1 Experimental Setup|. . . ... ... .. ... ... . .. e 51
[3.1.1 A1900 Fragment Separator] . ... ... ... ... ... ... .. ..... 52
[3.1.2 S800 Spectrographl . . . . ... ... ... .. ... .. 53
BI3 GRETINAL. . . . ottt e e e e e e e e e e e e e e e 56

1.4 rmanium D ] 58
[3.1.5 GRETINATracking . . ... ... ... ... ... .. .. ... .... 60

[3.2 DataAnalysis| ... ... ... . .. 61
3.2.1 Particle Identificationl . . ... ...... ... ... .. ... . ... 62
[3.2.2  GRETINA Energy Calibration and Efficiency| . . . ... ... ... .. .. 64
[3.2.3 Doppler Correction|. . . . . . . . . . . i e 66
[3.2.4 y-raySpectrum Analysis| . . . . ... ..o o oL 69
[3.2.5 7 -7y Coincidence Analysis| . ... ...................... 71
[3.2.6 y-ray Angular Distributions| . . . . . ... ... ... ... ... ... ... 73
3.2.7 GEANT4 Simulations|. . . . . . ... ... ... . . 77
[3.2.8 Simulation SpectraFit| . . . . ... ... ... ... ... ... ..... 80




B3 ResUlls . .« .ot 84
[3.3.1 y-ray SpectroscopyResults| . . . ... ... ... ... ..o L. 84
3.3.2 y-yCoincidenceResults| . . . ... ... ... ... ... . 0. .. 85
[3.3.3 y-ray Angular DistributionResults|. . . . . ... ... ... ... ... 90
[3.3.4 Summary|. . . . . . ... e e e e e e 94

B4 Discussionl . . . . . . o .o e 97
[3.4.1 Previous Experimental Works|. . . . ... ... ... ... ... ..., 97

4.2 Shell-Model Calculations| . . ......................... 100

[3.4.3 The 2909 keV, 3826 keV, 4908 keV and 5534 keV States| . .. .. .. ... 103

13.4.4 The 2241 keV, 3964 keV States and 4065 keV States| . .. ......... 105

13.4.5 The 3368 keV, 4624 keV and 7762 keV States| . . . ... ... ... .... 106

[3.4.6 Summary|. . . . . . ... e e e e e 107

4 Measurement of the Electromagnetic Transition Rates of >°O)| 109

4.1 Experimental Details| . . . . ... ... ... ... .. .. o 110
4.1.1 ATTAS|. . . . e e 113
4.1.2 GRETINAl. . . .. o 114
AI3 EMAL. « o oot e e e 114

4.2 DevelopmentofaNovel ‘"BeTarget| . . . . ... ...........0.00.o.... 116
4.2.1 Extraction andIsolationof Bel . ... ... ... ... ... . ..., 117
4.2.2 Target Development| . . . ... ... ... .. ... ... ... . .. .. 117
{4.2.3 Final Target Preparation| . . . . ... ... ... ... ............ 121

B3 RESUIE « o o oot e e 123
4.3.1 rchfor=Ol. .. ... . 126



[4.4.5 Summary|

nclusi

139

141



List of Figures

(1.1 Experimental and SEMF binding energy difference| . . . . . ... ... ... .. 19
[1.2  Single-particle states for the Woods-Saxon and spin-orbit potentials|. . . . . . 21
(1.3 Hierarchy of nuclear forces from chiral EFT} ... ................. 25
(1.4 Neutron-rich nuclei and the oxygenanomaly| . ... ... ... .. ....... 29
[2.1 Stopping power curve of helium ionsinsilicon| . ... ... ... ........ 37
[2.2  Schematic illustration of the y-ray interaction processes|. . . . . ... .. ... 39
[2.3 Contributions of each interaction process to the y-ray attenuation|. . . . . . . 40
[2.4 Polar plot of the y-ray scattering angle probabilities| . . ... ..... ... .. 41
[2.5 Annotated sketchofay-rayspectrum| . . . . ... ... ... ... .. ... ... 42
[2.6 Relativistic Doppler shiftplots| . ... ... ... ... ... ............ 45
[2.7 Effective regions of lifetime measurement methods|. . . . . ... ... ... .. 47
[2.8 Doppler shift attenuation method (DSAM) diagrams| . . . . ... ... ... .. 48
B.1 Shellstructure of °Fl . . .. .. ... ... .. 51
[3.2 A1900 fragment Separator] . . . . . . . v v v it i e e e e e e 53
[3.3 S800 and focal planedetectors| . . . ... ... ... ... ... .. ........ 54
[3.4 Schematic drawingofthe CRDCs|. . . . . . ... ... ... ... .. .. ..... 55
B.5 Sketch of GRETINA modulesandcrystals| . . . . ... ............... 57
[3.6 Photograph of open hemisphere of GRETINA| . . ... ... ........... 57




[3.8 Illustration of an n-type HPGe coaxial detector] . . ... ... ... ... .... 60
[3.9 Incoming particle identificationplot|. . . . . ... ... ... ... .. ... ... 62
[3.10 Dispersive correctionsonS800] . . . . . . . .. o oLl 63
[3.11 Outgoing particle identificationplot|. . . . ... ... ... ... ... ...... 64

12 *°Co and ">°E rce measurements for GRETINA calibration| . . . . . . . .. 65
[B.13 GRETINA calibration quality] . . . . ... ... ... ... ... 65
[3.14 GRETINA relative efficiencycurve| . . . . .. ... ... ... ........... 66
[3.15 Lab-frame y-ray spectrum|. . . . . . . .. ... ... ... e 68
[3.16 Doppler corrected y-ray spectrum| . . . . . . ... ... ... oL 68
[3.17 Gaussian peak fittingexample| . . .. ... ... ... ... ... .. 0., 70
13.18 y-y coincidence matrixfor F| . . . . .. ... ... ... . ... ... ... ... 72
[3.19 y-y coincidence analysis example| . . . . . . ... ... Lo oo oL 72
[3.20 Momentum distributiongating. . . . . . ... ... ... ... . . ... 75
[3.21 Division of angular detectionrange| . . .. ... ... .. ... .......... 76
[3.22 Simulated GRETINA GEOmEtry| . . . . . . . oo v v i oo e e e e e e 77
£3.23 Simulated GRETINA efficiencies| . . . ... ..................... 78
[3.24 GRETINA energy resolutionfitl . . . ... .. ... ... ... ........... 79
[3.25 Simulated lab-frame and Doppler corrected background| . ... ... ... .. 80
[3.26 Simulation fit for total y-ray spectrum|. . . . . .. .. ... ... L Lo L. 81
[3.27 Simulation fit for angularintervals|. . . . . ... ... .. ... ..o 00 L. 83
[3.28 First set of y-ray coincidence spectral . . ... ... ... ... .......... 86
[3.29 Second set of y-ray coincidence spectral. . . . . ... ... ... ... ... ... 87
[3.30 The y-ray angular distributions|. . . . . ... .. ... ............... 92




13.32 Previous experimental “°F level schemes| . . . . ... ............... 98
[3.33 Comparison of relative populations to previous measurement| . . . ... ... 99
[3.34 Theoretical excited states for the USD-type Hamiltonians| . . . . ... ... .. 101
4.1 Experimental and theoretical B(E2) values of oxygen nuclel . . . ... ... .. 110
{4.2  Schematic drawing of the experimental setup at ATLAS| . .. .......... 111
{4.3 PACE4 fusion-evaporation reaction cross sections|. . . . . . . . . ... ... .. 112
4.4 ATLASfloorplan| .. ... ... ... ... .. .. . . . .. ... 113
4.5 DOSTAL DOSY droplet depositiondevice|. . . . . ... ... ... ........ 119
4.6 Cofteering residue formation|. . . . . ... ... ... ... .. ... ... .. .. 120
{4.7 Molecular plating chamber schematic|. . . . .. ... ... ... ... .... 122
[4.8 Final targetimages| . . . . . . . . . . . . e e 123
4.9 ANLsourcespectral . . . . . . . . . . . i i e e 125
{4.10 ANL GRETINA energy and efficiency calibrations| . . . . . ... ... ...... 125
14.11 Time gatings and IC gatingsfor“°O| . ... ... .................. 126
[4.12 220 mass gatings| . . . . . . ...t 127
14.13 0 Doppler corrected y-ray SpECIIUM| . . . . . . .ottt e 128
.14 °NePID PIOts| . . . . o o oo 132
l4.15 Doppler corrected “*Ne y-ray spectrum| . . . . . . . . ..o o v e ... 132
[4.16 >*Ne recoil kinematics| . . . . . . ... ... 134
4.17 'O atomicnumbergate] . . . . . . ... ... ... 135
.18 210 mass Gates|. . . . . . .. 135
14.19 Doppler corrected 'O y-ray spectrum | . . . . ... ... ... ... 136
14.20 Comparison of > O and *°O recoil kinematics| . . ... .............. 136

11



List of Tables

[2.1 Reduced forms of the y-decayrate formulae| . . . . .. ... ... ... .. ... 34
[3.1 The y-ray energy and relative intensity measurements| . . . . . ... ... ... 85
[3.2 The y-ray coincidences summarytablel . . . ... ... ... ... ... .... 88
[3.3 Summary of the y-ray angular distribution fit parameters| . . . . ... ... .. 93
13.4 Full summary of the °F measurements| . . . . . ... ............... 96
[3.5 Experimental measurements compared to shell-model calculations| . . . . . . 102
[3.6 Comparison of shell-model calculations| . ... .................. 103
[4.1 Major experimental runsettings| . . . .. ... ... .. ... .. ... ..., 124
[4.2 RBS target compositionresults| . . . . . ... ... .. L oL 130
4.3 PACE4 ““Nereactionpathways| . . . . ... ..................... 131

12



Acknowledgements

There are number of people I would like to acknowledge, without whom this work would
not have been possible. First and foremost, I would like to thank my supervisor Marina
Petri for providing the opportunity to work on an interesting set of projects. The weekly
meetings and guidance were invaluable throughout the PhD. I would also like to express
my gratitude to all of the collaborators I have worked with, who so freely gave their time
and advice when it was needed. In particular I would like to acknowledge Emilio Andrea
Maugeri for offering his wealth of experience in the target preparation techniques, as well
as the opportunity to work at the lab in PSI. I look back fondly on those times in the lab, out
of my depth and trying to not break the tiny carbon foils.

I'would also like to extend additional thanks to the members of the nuclear physics group
at York, both past and present. The weekly meetings and discussions have given me a much
broader sense of the field. A special thanks also goes out to Sebastian Heil and Ryo Taniuchi,
whose help particularly in the early stages of the PhD was invaluable to getting started with

the analysis myself.

On a more personal note, I would like thank the members of the group who came to
the lockdown discord and drinks evenings, the laughs made a tough time much easier. Of
course a huge thanks goes to my mum and dad, as well as Matty and Lauren and the rest
of my family, for providing an ever open door and a comfortable space to decompress. The
final and biggest thanks go to my wonderful partner Nettie, whose continued belief and

support helped drive me across the finish line and will always be appreciated.

13






Declaration

I declare that this thesis is a presentation of original work and I am the sole author. This
work has not previously been presented for an award at this, or any other, University. All

sources are acknowledged as References.

15






Chapter 1

Introduction

The atomic nucleus is at the heart of the atoms from which all of the visible matter in
the known universe is comprised; from everything here on Earth, to the stars and plan-
ets throughout all of the galaxies. Though small in size, with diameters of 100,000 times
less than the atoms themselves, the nucleus contains 99.9% of the atomic mass and drives
some of the most far-reaching and cataclysmic phenomena in existence; from stellar evo-
lution, to supernovae and the origin of the elements. The atomic nucleus itself is a complex
quantum many-body system, and constitutes an ideal laboratory for the study of the fun-
damental interactions and dynamics of the elementary particles, from which emerge the

basic structures of matter.

Since the atomic nucleus was discovered over a century ago in Rutherford’s pivotal a-
particle scattering experiment [1]], the study of nuclear physics as a field has come a long
way. Indeed, far from the charged, point-like, featureless particles they were originally un-
derstood to be, it is now known that they are quantum mechanical objects with intricate
structures, that are comprised of protons and neutrons, which themselves are made up of
quarks bound by the force-carrying gluons. It is from these underlying interactions be-
tween the elementary components of matter that the complexity emerges, with 118 pos-
sible atomic elements and over 3100 known isotopes. One of the overarching goals of the
field of nuclear structure as a whole, is to construct a coherent framework in which the

properties of these nuclei, their reactions and decays, can all be consistently described [2].
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1.1 Descriptions of the Nuclear System

To that end, throughout the history of the field, a number of models and frameworks have
been developed which present a simplified picture of the nuclear system, yet still contain
the necessary physics to make predictions that are grounded in reality and provide some
physical insight. What follows, will be a brief tour through some of the noteworthy models,
which will not only put into context some of the more recent developments, such as the ab
initio many-body methods, but will also serve to contextualise the work presented within
this thesis.

The liquid drop model was one of the earliest nuclear models to be developed, framing
the nuclear system as a small drop of high-density, incompressible fluid, to understand
the nuclear binding energy; acknowledging that the nucleons near the surface would be
less bound by the nuclear force than those in the bulk [3]. For such a simplified picture
the liquid drop model has proved remarkably insightful, describing a range of phenomena
from the so called valley of § stability, to the tight binding of the iron-group isotopes, as well
as nuclear fission. Within this picture, the semi-empirical mass formula can be derived,
parameterising the five key contributions to the nuclear binding energy, in terms of the

proton and neutron numbers, as shown in equation 1.1.

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

Ep=ayA-asA*® - ac Ve — +6(A,2) (1.1

The first term of the semi-empirical mass formula represents the attractive nuclear forces
that the nucleons experience when interacting within the bulk of the nucleus, with the sec-
ond term correcting for the surface effects; reducing the overall binding energy as the nucle-
ons on the surface have fewer neighbouring nucleons to interact with. Accordingly, the first
and second terms are proportional to the nuclear volume and surface area, respectively.
The third term accounts for the Coulomb repulsion between the protons, thus subtracts
from the total binding energy. An additional reduction is introduced in the penultimate
term, for nuclei with unequal numbers of protons and neutrons, arising from the Pauli ex-
clusion principle. The final term accounts for the pairing effect, where nucleons of even
numbers tend to pair granting additional binding energy, so that nuclei with even num-
bers of nucleons are more bound than odd nuclei. The coefficients of the semi-empirical
mass formula and magnitude of the pairing effect are empirically determined by fits to the

experimental binding energies.

The success of the liquid drop model as a tool for understanding nuclear structure lies

with its ability to describe the systematics of the nuclear binding energies across a wide
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Figure 1.1: Difference in the experimental binding energies obtained from [4], to those
calculated using the semi-empirical mass formula in equation 1.1, using the
coefficient values of ay = 15.8 MeV, as = 18.3 MeV, ac =0.714 MeV, a4 = 23.2

MeV and § = +12/ A2, The systematic underestimation of the binding energies

at the magic numbers provides strong evidence for the nuclear shell structure.

range of nuclei. Indeed, for the majority of nuclei it is able to reproduce the experimental
binding energies strikingly well, to an accuracy of under 1% for the heavier nuclei. However,
as is demonstrated in figure 1.1, that by using such a simplified picture, some of the nuclear
structure details are overlooked. At select neutron numbers, namely 2, 8, 20, 28, 50, 82
and 128, it can be seen that the experimental binding energies rise sharply beyond what
can be accounted for by the liquid drop model. These numbers are often referred to as
the magic numbers, which also occur with the protons, and are reflected not only in the
nuclear binding energies, but also the energies of the first excited states and the separation
energies [5]. To understand the origin and nature of these magic numbers, it is useful to

take an independent-particle approach.

1.1.1 The Nuclear Shell Model

In the nuclear shell model, which is loosely analogous to the atomic shell model, the
nucleons are described as independent point-like particles, that are free to move within
a shared mean-field potential. As the nuclear potential is generated by the nucleons them-

selves, it follows the rough shape of the nuclear density profile; having a rounded off square
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potential shape. A broadly used parametrisation of the nuclear mean-field potential is

given by the Wood-Saxon potential in equation 1.2 [6].

Vi(r)= —L (1.2)
1+exp %

Where 1} is the potential depth, R is the nuclear radius given by R = 1.25 AY3 fm, and a
is the diffuseness parameter. After solving the Schrédinger equation with the Wood-Saxon
potential, the set of energy levels displayed on the left side of figure 1.2 emerge. As in atomic
physics, the orbitals are labelled using the spectroscopic notation and have a degeneracy
of 2(21 + 1), where [ is the orbital angular momentum. The large gaps between the energy
levels that appear after the nucleon occupanicies of 2, 8 and 20, match the first three ex-
perimental magic numbers, but the calculations fail to replicate the higher magic numbers.
The inclusion of the spin-orbit interactions splits the levels into either an aligned or an
anti-aligned configuration, with a total angular momentum of J = [ + 1/2, where the level
with an aligned angular momentum experiences a reduction in energy [7,[8]. The exception
to this is for the s-orbital, where only J = 1/2 total angular momentum is permitted. The
magnitude of the energy level spitting increases with the [, so that the subshell spacing are
correctly reproduced, and the degeneracy becomes 2] + 1, leading to the emergence of the
experimental magic numbers from the calculations, see the right side of figure 1.2. As pro-
tons and neutrons are not identical particles, they are treated separately and are therefore
in different shells. Consequently, the magic numbers appear for both nucleons, leading to

the possibility of a doubly-magic nucleus.

In addition to explaining the origin of the magic numbers, the nuclear shell model pro-
vides a simple framework for accurately predicting the groundstate spins and parities, and
to a lesser extent the first few excited states, of a range of nuclei. By sequentially filling
the orbitals and noting that the nucleons in the same level form pairs of opposite angular
momenta, the nuclear properties are assumed to be attributed to the motion of the last un-
paired nucleon. The nuclear angular momentum is therefore determined by the orbital in
which the unpaired nucleon resides, and the parity is given by 7 = (—1)’. This explains the
origin of the groundstate properties of nuclei with even numbers of protons and neutrons
being 07, as the angular momenta couple to zero. In the case where the nucleus has both
an odd number of protons and neutrons, the nuclear angular momentum will be one of the
possibilities from the sum of the angular momenta of the unpaired nucleons and the parity
will be the product of the two.

This type of extreme independent-particle approach is a very course approximation, which

tends to work best for nuclei near closed shells and for the lower excited states, as it assumes
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there are no interactions between the valence nucleons. However, for open-shell nuclei
with several valence nucleons, it is known that the contributions from the residual inter-
actions become significant. To account for these effects in the description of the nuclear

properties, it is necessary to take a more detailed approach to the shell-model formalism.

1.1.2 Shell-Model Formalism

For the theoretical description of the nuclear system, the fundamental problem that needs

to be solved is the A-body Schrédinger equation, which is given by

Hy = v =Ey, (1.3)

A A A
Y. Ti+Vy
i

where T is the kinetic energy operator and V is the total nuclear potential. However, as the
form of the total nuclear A-body potential remains, as yet unsolved, it is useful to exploit
the short range of the nuclear force, so that the potential is restricted to only the two-body

interactions. The nuclear Hamiltonian can then be expressed as

A A A A A
H=) Ti+) Vi, (1.4)
i i<j

where V; j is the two-body interaction between the nucleons i and j. In general, many-body
problems such as this are difficult to calculate directly, as solving the Schrédinger equation
with the Hamiltonian above quickly exceeds the computational limits of the current hard-
ware, particularly as the A increases for the larger nuclei. The shell-model approach to
making this problem tractable is to introduce a central potential Uj; (r;), that only depends
on the co-ordinates of the nucleon i and represents the mean potential it experiences from
the other nucleons. The Hamiltonian can then be split into the behaviour of the indepen-
dent nucleons in the mean-field potential Hy and the residual interactions Hyes between
them [9].

~ J/
-

A A A
H=) [Ti+U;ia)] + ) Vij-Y Ui ) (L.5)

i<j i
L.

-

Ho Hres

By applying an appropriate potential, for instance the Woods-Saxon with the spin-orbit

interactions, the contributions of the residual interactions component Hes can be min-
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imised, so that the behaviour of the nucleus is described purely by the motion of the inde-
pendent particles in the mean-field potential. This is the simple shell-model approximation
that was discussed above, that could replicate the magic numbers and predict the ground
state properties of a range of nuclei. However, as was stated in the previous section, for
nuclei not near a closed shell this simplification breaks down, as it becomes necessary to
consider the residual interactions. Assuming the nucleus to be comprised of an inert core
of A— N nucleons, with N nucleons orbiting in the valence shells, the Hamiltonian can be
decomposed into each of the contributions, such that H = Hcore + Hyy. After applying the
aforementioned approximation that the two-body forces in the core can be replaced with
the mean-field potential, the Hamiltonians for each component can be expressed by the

equations below [10].

A
Hcore = Z [Ti+Ui (ri)] (1.6)
i=N+1
A N A A N A
Hya =) [Ti+Ui)] + Y. Vi (1.7)
i=1 i<j=1

Where Fcore refers to the nucleons in the inert core and Hy, denotes the contributions of
the valence nucleons. Here, the residual interactions are shown to be restricted to only the
nucleons occupying the valence shells, considerably reducing the dimensionality of the cal-
culations. The residual interactions between the valence nucleons are mediated by the ef-
fective two-nucleon (NN) interactions. These interactions, referred to as the two-body ma-
trix elements (TBME), can be empirically obtained by modifying the free nucleon-nucleon
interactions, via fitting to various experimental data sets [11]. Such phenomenological ap-
proaches have been used successfully to provide theoretical descriptions for a broad range
of nuclei, see the USD-type interactions in the section below. An alternative and more fun-
damental approach to obtaining the effective nucleon interactions, deriving them from chi-

ral effective field theory (EFT), is discussed in section 1.1.4.

1.1.3 USD-Type Interactions

The universal sd (USD) interactions are a phenomenological approach, where the va-
lence space is restricted to the sd-shell (third principle quantum number), with all lower
lying shells taken to be the core. The USD Hamiltonian is defined by 63 TBME and three
single-particle energies (SPE), that have been fitted to various experimental binding en-

ergies and excitation energies, for sd-shell nuclei between A = 16-40 [12]. This approach
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enables the description of the spectroscopic properties and energies of a broad range of
nuclei with sd-shell configurations, with respect to a unified Hamiltonian applied to the
sd-model space. The USD Hamiltonians are therefore able to provide realistic theoretical
descriptions of the sd-shell nuclei, for use within nuclear structure and astrophysics re-

search.

The original USD Hamiltonian has since been revised, using improved and extended
sets of energy data. The first refinements of note were the USDA and USDB interactions,
where updated data sets were particularly abundant around the neutron-rich sd-shell nu-
clei [13}14]. Consequently, these interactions are able to provide a greater level of precision
for the descriptions of neutron-rich nuclei in this mass region. An additional USD-type in-
teraction, the USDC, has been recently developed, that directly incorporates the Coulomb
interactions [15]. This Hamiltonian is therefore expected to be particularly effective at pre-

dicting the properties of the sd-shell nuclei in the vicinity of the proton drip line.

1.1.4 Interactions from Chiral Effective Field Theory

The inter-nucleon interactions are a fundamental consequence of the strong force that
confines quarks into hadronic matter, based upon their colour charge, which is described
by quantum chromodynamics (QCD). In the low-energy domain relevant to nuclear struc-
ture, the strong coupling of QCD which governs the interaction strength, is too large to allow
for a peturbative expansion. As a result, the direct derivation of the interactions between
nucleons, as a residual interaction stemming from the strong force, is highly non-trivial
(16} 17]. However, the development chiral effective field theory (EFT) provides a means to
navigate this issue, by using an appropriate separation of scales to approximate the nuclear

forces in terms of the nucleons and pions [18].

Chiral EFT is consistent with all of the underlying symmetries of low-energy QCD and
relies upon the separation of scales, based upon the large gap between pion mass of 140
MeV/c? and the masses of the vector mesons at around 800 MeV/ c?. An effective Lagrangian
can then be constructed, consisting of the relevant interactions between the nucleons and
pions, and organised as a systematic expansion in (Q/ AX)V. Here, Q is the typical momenta
of the nucleons and Ay is the chiral breakdown scale, which is generally set to be between
700-1000 MeV, and is associated with the physics not explicitly resolved in the calculations.
The hierarchy of the nuclear interactions that emerge in terms of power expansion in v,

from chiral perturbation theory, is displayed below in figure 1.3.
The interactions shown in figure 1.3 are defined in terms of the one- or many-pion ex-
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Figure 1.3: [llustration of the hierarchy of the nuclear forces that emerge from chiral EFT,

taken from [19]. The solid lines represent the nucleons, with the dashed lines
denoting pion exchange interactions and the solid circles, diamonds and boxes
representing vertices that are proportional to the low-energy constants of
chiral EFT.

changes between the nucleons, denoted by the dashed lines, and the nucleon-contact in-
teractions that are indicated by the vertices. These contact terms encapsulate the short-
range behaviour of the nucleon interactions, which is not explicitly resolved in the (Q/Ay)
expansion, due to the separation of scales. Therefore, the different vertices displayed on
figure 1.3 correspond to the low-energy constants of chiral EFT, which are determined by

fitting to experimental scattering data.

Using chiral perturbation theory to order the nuclear forces into the hierarchy in terms
of the power v, provides a means to estimate the relative contributions of each interaction
[20]. Starting from the leading order (LO, v = 0), the only contributions to the NN interac-
tions are from the one-pion exchange and nucleon-contact terms. The terms in the follow-
ing order of v =1 all vanish due to parity and time-reversal invariance. The next-to-leading
order (NLO, v = 2) contains higher-order contact terms, in addition to several two-pion
exchange interactions. In this order most of the details required to phenomenologically de-
scribe the NN forces have been included, with the primary shortfall being an insufficient
intermediate-range attraction [20]. This problem is solved in next-to-next-to-leading order

(NNLO, v = 3), where the first set of non-vanishing three-nucleon (3N) forces emerge. Con-
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tinuing to progress further through the powers of v, the higher many-body forces begin to
appear, with the four-nucleon forces (4N) appearing in the following order, at v = 4, and so
on. As the 4N interactions are a higher-order effect, they evidently contribute less than the
3N forces, which themselves are considerably weaker than the NN interactions from the
v = 0 order. Thus, this framework presents a clear explanation for the empirically known
hierarchy of nuclear forces, where Vyn > V3 > Vi > ... [19]. These interactions that have
been derived from chiral EFT are commonly used as the standard inputs for a broad range
of many-body calculations, such as the ab initio methods, which are outlined in the follow-

ing section.

1.1.5 Ab Initio Approaches

As the name suggests, the ab initio approaches aim to describe the properties of atomic
nuclei, starting from the fundamental interactions between the nucleons [21]. These meth-
ods differ from the aforementioned phenomenological shell-model calculations with the
effective interactions, in that the goal is to minimise the amount of fitting to experimental
data, so as to avoid losing physical insight into the underlying nucleon interactions. There
are a number of such many-body methods that have been devised in recent years, to solve
the A-body Schrodinger equation, whilst treating all nucleons as active degrees of freedom.
The nuclear interaction term again can be split into the individual contributions to the nu-

clear force, giving the Hamiltonian below.

A A A

F 7 NN 73N

H=) T+ ) Vit + ) Vig + .. (1.8)
i i<j i<j<k

Where VN and V3V are the two- and three-nucleon forces respectively. The interactions
for the ab initio calculations generally consist of the realistic NN and 3N contributions,
however in principle they can be expanded to include the higher orders. The NN interac-
tions are still the dominant contribution, as per the assumption in the shell model of the
short range of the nuclear force, but the inclusion of the 3N interactions can have notable
impacts on the results. These effects are particularly pronounced in exotic nuclei, where
the proton and neutron numbers differ significantly, see section 1.2. As was discussed pre-
viously, the chiral interactions are commonly used as the standard inputs for such calcula-

tions.

In addition to including the interactions from chiral EFT, most modern many-body ab

initio approaches apply the similarity renormalisation group (SRG) technique, in order to
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expedite the convergence of the calculations. The process aims to decouple the low- and
high-momentum physics of the interactions, simplifying the many-body calculations, with-
out altering the described physics. This increases the applicability of the methods to be-
yond just the lightest and least complex systems. The basic principle of the SRG technique

is to apply a continuous unitary transform to the many-body Hamiltonian [21]

H() =0 HO)U (5), (1.9)

where H(s = 0) is the starting Hamiltonian, s is the flow parameter that parameterises the
unitary transformation U, and H(s) is the SRG evolved Hamiltonian. Taking the derivative

of equation 1.9 yields the operator flow equation

iﬁm—ﬁﬂﬁm] (1.10)
ds - S ’ '

Here, the anti-Hermitian generator 7)(s) is related to U(s) by

_dU(s)

ATeay — _at
ds U'(s)=-7(s). (1.11)

7(s)

The Hamiltonian can then be transformed by integrating the flow equation for s — co. The
generator f) is chosen in order to achieve the desired transformation of the Hamiltonian.
For the choice of 7) there are many approaches, however one commonly used for nuclear
structure and reaction calculations is the commutator of the kinetic energy with the Hamil-

tonian, which can be expressed as

2
:—)mmmm, (1.12)

where p is the reduced nucleon mass and Tine is the intrinsic kinetic energy operator. Us-
ing this generator diagonalises the Hamiltonian in momentum space, thus decoupling the
low- and high-momentum physics in the operators and eigenstates. This process is reg-
ularly performed on the chiral NN+3N interactions, in order to improve the convergence

properties of the many-body calculations.

The application of the SRG technique with the interactions from chiral EFT, has facili-
tated the development of a broad range of ab initio many-body approaches, such as the

in-medium similarity renormalisation group (IMSRG) [22], self-consistent Green’s function
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(SCGF) [23], coupled cluster [24] and no-core shell model (NCSM) [25] methods. An ex-
haustive review of these techniques, amongst several other not mentioned, can be found
here [19]. These computationally efficient techniques, with controlled truncations, are able
to extend the range of nuclei that can be described the ab initio many-body calculations up

to and beyond the tin region.

1.2 Light Neutron-Rich Nuclei

Experimental observables from neutron-rich nuclei offer some of the most stringent tests
to the current theoretical models of the nuclear system. Indeed, recent developments in
rare-isotope beam facilities and experimental techniques have paved the way for new mea-
surements that have challenged the conventional descriptions of the atomic nucleus. A
prime example of this is the disappearance of the traditional magic numbers, which were
once thought to be immutable, and emergence of the new magic numbers when approach-
ing exotic nuclei with extreme neutron-proton ratios. The first indication of a vanishing
magic number was for the N = 20 shell closure in the neutron-rich sodium and magnesium
nuclei [26, 27], which was able to explain the anomalous measurements in their binding
energies [28], nuclear spectra [29] and mean square radii[30]. Further disappearances were
observed for the N = 28 shell, in the measurements of the neutron-rich silicon and sulphur
isotopes, below the doubly-magic 48Ca nucleus [31} 132} 33]. Various new magic numbers
have also been observed in the neutron-rich region of the nuclear chart, with the emer-
gence of the apparent magic characteristics of 220 (N = 14) [34] and 2O (N = 16) [35], as
well as in the %2Ca (N = 32) [36] and **Ca (N = 34) [37] isotopes. A comprehensive review of
the shell evolution effects and the emergence of the non-standard magic numbers in this

region, can be found here [9,38].

Neutron-rich nuclei in the vicinity of the drip line, the point after which additional neu-
trons will not be bound to the nucleus, exhibit a vast array of exotic phenomena. One such
instance is that a select few weakly bound isotopes have a halo structure, with a well defined
core and a ’halo’ of lightly bound nucleons. The most well known of such nuclei are the
6He, !'Liand 'Be isotopes, which are characterised by their larger than expected radii and
comparatively low separation energies [40, [41]. Additionally, extremely neutron-rich nu-
clei often undergo new and exotic decay modes, such as the weakly unbound 20 nucleus,
which was discovered to decay directly to 2O through the two-neutron emission [42], the
dynamics of which are sensitive to the neutron-neutron interactions [43}44]. These exotic
effects therefore constitute key observables that can be used to test the nuclear models,

benchmark their development and refine their predictive capabilities.
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Figure 1.4: [llustration of the neutron-rich region of the chart of isotopes, highlighting the
oxygen anomaly in the neutron drip line, adapted from [39].

1.2.1 The Oxygen Isotopic Chain

The oxygen isotopic chain at the interface of the medium-light mass regions, have proven
to be excellent laboratories for the study of the nucleon interactions in neutron-rich nuclei
[45]. With a closed shell of protons at Z = 8, the full range of bound isotopes are acces-
sible to experiment, from the proton drip line at '30 to the neutron drip line at 2?0, and
beyond to the unbound 220. Across this range, these isotopes offer a number of challenges
to the theoretical nuclear models, such as the weak Gamow-Teller § decay of 140 [46], to
the aforementioned closed-shell characteristics of 220 (N = 14) and %O (N = 16), and the

two-neutron decay of the unbound 260.

The discovery of the abrupt termination of the neutron drip line at 240 [47], which is
anomalously close to the line of stability, see figure 1.4, presented further challenges to nu-
clear theory. At the time, phenomenological shell-model calculations involving only the
NN interactions generally placed the drip line at 280. It was only with the inclusion of the
3N forces from chiral EFT into the calculations, which added a repulsive component to the
interactions between the valence neutrons, that the correct position of the neutron drip
line at 2*O could be reproduced. Valence space calculations including the 3N forces were
first to correctly place the neutron drip line at 240 [48], later followed by ab initio calcula-
tions, treating all nucleons as explicit degrees of freedom [51]. This effect has also
been replicated using the effective USDB interaction [45], but only after phenomenological

adjustments to data in the mass region, that account for the neglected 3N forces.

The oxygen isotopes have since become a crucial benchmark for the developments of

the many-body methods that include the chiral NN+3N forces. The structure of these iso-
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topes have been systematically studied via a variety of approaches (NSCM [49], IM-SRG
[52], coupled cluster [53] and valence space calculations [54]), with the calculated excita-
tion spectra generally in agreement with experiment, and almost on par with those given
by the phenomenological approaches. Therefore, the next logical step is the measurement
of observables that are sensitive to the details of the nuclear structure, beyond that of the
excitation energies. The electromagnetic transition rates for instance, constitute such an
observable, with the recent report on the transition rates of 2O [55] demonstrating the sen-
sitivity to the chiral interactions, as well as the effective charges in the phenomenological

shell-model approaches.

Following on from the 2O measurement, the natural progression would be to extend the
study to the heavier oxygen isotopes. The transition strengths in 20 have been measured
once before in a Coulomb excitation experiment, which inferred the lifetime of the 3199 keV
2* state to be 690 + 280 fs [56]. One of the objectives of the work presented within this the-
sis was to obtain an improved measurement of this lifetime, using the model independent
Doppler shift attenuation method, to examine the sensitivity to the chiral interactions. The
experimental details, development of the novel '°Be target required to populate the 220,
analysis and results of this measurement are presented in chapter 4. The second key objec-
tive in this thesis was to analyse the nuclear structure of the odd neutron-rich 23F isotope
following a one-neutron removal reaction, which is detailed in chapter 3. The structure of
23F can be roughly described as a 20 (Z = 8, N = 14) core with a single valence proton. Thus,
it can be used to test the proton-neutron interactions derived from chiral EFT, in addition

to the interpretation of the single-particle degrees of freedom on top of a closed-shell core.
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Chapter 2

Background

In this chapter the basic physics that underpins the experiments and analysis techniques
that are mentioned throughout the thesis are discussed. Section 2.1 below gives a brief sum-
mary of the basic principles of y decay, outlining the selection rules and the transition rates,
primarily following the discussions in [5,[10]. This is followed by a review of the mechanisms
by which both heavy ions and y rays interact with matter in section 2.2, with particular em-
phasis on the processes relevant to the in-beam y-ray spectroscopy experiments that are
presented in this thesis. In section 2.3, the key characteristic features of y-ray spectra are
outlined, with a discussion on the Doppler correction process. Finally in section 2.4, there
is a review of the various techniques to both directly and indirectly measure the lifetimes of
nuclear excited states, with an in-depth overview of the Doppler shift attenuation method
(DSAM).

2.1 Gamma Decay

Gamma decay is a mode of nuclear radioactivity that often follows a prior decay or reac-
tion that results in the population of a nucleus in an excited state. Through the spontaneous
emission of a y-ray photon, the nucleus transitions from its initial state to one of a lower en-
ergy, with the energy difference carried by the y ray. Neglecting the small nuclear recoil ef-
fects (generally smaller than the experimental uncertainties in the energy measurements),

the y-ray energy is given by

Ey=AE=E; - Ef. 2.1)
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Reflecting the typical energy differences between nuclear excited states, y rays are gen-
erally measured to have energies between 0.1 to 10 MeV. By studying the y-ray emission
through the y-ray spectroscopy techniques mentioned throughout this thesis, a broad range
of important nuclear structure observables can be accessed and compared to predictions
from theory. Indeed, in addition to the energy difference between the states, the outgoing y
rays also carry some quanta of angular momentum [, to maintain conservation of angular
momentum and parity when a nucleus transitions from a state of J to J } . The [ of the y
ray can be determined by measuring the angular distributions of the outgoing y rays, see
section 3.2.6. The angular momentum and parity of the emitted y-ray photon are restricted

by the gamma-decay selection rules, such that

Ji—Jfl<l<Ji+Jf 2.2)

(-1)!  electric multipole 0.3
7'[7 =TT f= .
(-1)*!  magnetic multipole

Where 7; and 7y are the parities of the initial and final states respectively. The angular
momentum selection rules often permit several values of / units of angular momenta to
be transferred when decaying from J; to Jr. The different y rays are therefore referred to
by their multipolarities (2/-pole), such that transitions with I = 1 are labelled dipole (2')
transitions, [ = 2 are quadrupole (2%) and [ = 3 are octupole 2%). In such a circumstance
where several multipolarities are allowed, the transitions with the lowest allowed value of /
tend to dominate, with the higher multipole transitions being a much slower process, see

the transitions probabilities section below.

The exception to the above angular momentum selection rule occurs when J; = J¢, which
would give a monopole (/ = 0) transition to be the lowest allowed multipolarity. However,
as there are no (/ = 0) transitions in which a single photon is emitted, the lowest possible
multipole y ray for transitions where the initial and final angular momenta are the same,
is a dipole (I = 1). In the unique situation where the angular momentum of the initial and
final state are both zero (J; = Jr = 0), [ = 0 is the only solution to the angular momentum
selection rule. Consequently, in such cases the decay via y-ray emission is forbidden, in-
stead decaying via the internal conversion process, where the excitation energy is carried

away by an ejected orbital electron.

The class of the emitted radiation, whether it is electric or magnetic type, can be deter-

mined from the relative parities of the initial and final states. As the parity selection rule
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in equation 2.3 indicates, if there is no change in parity (An = no) then the radiation field
must have an even parity. This only occurs in electric transitions where the [ is even and in
magnetic transitions where the [/ is odd. Inversely, in the case where the transition results in
a change in parity between the initial and final states (Ax = yes), the radiation field has an
odd parity, which limits the multipolarities of the electric and magnetic transitions to odd

and even values respectively. Therefore the parity selection rule can also be expressed as

Am =no: odd magnetic, even electric
(2.4)
Am =vyes: even magnetic, odd electric

The class of the electromagnetic transition and the mulitpolarity can be abbreviated us-
ing the notation (o), where o is either E or M, representing an electric or magnetic transi-
tion. Taking an example of a gamma decay from an initial state of J7 = 7/2" to ]}’ =5/2",
using the selection rules above, it is clear that the / can take values of between 1 to 6, and
since there is no change in parity, the allowed transitions are M1, E2, M3, E4, M5 and E6.

The transition is therefore likely to be M1 dominated, with a small amount of E2 mixing.

2.1.1 Transition Probabilities and Lifetimes of Nuclear States

The rate of radioactive decay is mediated by the decay constant A, which denotes the
probability per unit time of a decay event, and is related to the average lifetime of a ra-
dionuclide or excited state by 7 = 1/A. For electromagnetic transitions, the decay constant
can be calculated directly from the nuclear wave functions before and after the decay, v;

and y ¢ respectively, using Fermi’s golden rule

2 a
A= %’ 101y Pp(Ep). (2.5)

Where O is the operator that mediates the transition from v; to ¥ rand p(Ey) is the den-
sity of final states. The dependence of the decay rate on the density of final states can be
heuristically understood by considering that the decay probability will be higher if there is
a larger density of states in proximity to Ey, that can be accessed via the transition. Noting
that the decay rate is proportional to the square of the transition matrix element, an addi-
tional parameter is often defined for the electromagnetic transition of a state J7 to J%, given
by

33



Bl T —J7) = Zji%lwgnm(alnu% 2. 2.6)

The B(ol) parameter is known as the reduced transition probability, which contains the
nuclear structure dependency of the transition, where 71(ol) is the radiation transition op-
erator. The character of the transition, whether it is electric or magnetic, is again denoted
by o and [ is the multipole order. Assuming the transition has a single radiation character
of (o1), Fermi’s golden rule can be adapted for electromagnetic transitions, and including
the reduced transition probability, the probability of photon emission per unit time can be

written as

Aol)

E 21+1
~tars i 1) 2O, e

As is evident from equation 2.7, the rate of an electromagnetic transition is dependent
upon a number of different factors. The energy of the emitted y ray (E, in MeV), affects
the rate of transition, where the larger the y-ray energy, the faster the transition will occur.
Additionally, there is a strong dependence on the multipolarity, as low [ transitions decay
much faster than the higher [/ transitions of the same energy. Finally, there is the struc-
tural component to the transition that is contained within the B(ol) parameter, which was
shown in equation 2.6 to be directly linked to the structure of the initial and final states. This
highlights the power of the lifetime measurement as an experimental tool for understand-
ing nuclear structure. As through this observable, there is a direct, model-independent way

of accessing the detailed nuclear structure of the involved states.

The expression for the y-decay rate in equation 2.7, can be rewritten into the reduced
forms displayed in table 2.1 below, for the four lowest multipolarities of both the electric

and magnetic transitions [57].

! A(ELD [€? fm?!] A(MI) (3, fm?2]
1 1.59 x 10'° EJ B(E1) 1.76 x 10'* EJ B(M1)
2 1.22 x10° E; B(E2) 1.35 x 10” E; B(M2)
3 5.67 x 10> E] B(E3) 6.28 x 10° E] B(M3)
4 1.69 x 107* E) B(E4) 1.87x 107° E) B(M4)

Table 2.1: Reduced forms of the y-decay rate formulae for the four lowest multipolarities

of both electric and magnetic transitions, where Ey is in MeV.
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Through the comparison of the formulae in table 2.1, the magnitude of the [ dependence
on the transition rate becomes apparent, where the decay probability falls off sharply for
all but the lowest allowed multipolarities. The table also shows that the electric transitions
have an additional two orders of magnitude in strength over the magnetic transitions of the
same multipolarity. This therefore supports the example discussed in the selection rules
section above, wherein it was concluded that a transition from J7 = 7/27 to ]}[ =5/2% would
be M1 dominated, with small amount of E2 mixing. However, in the opposite case where
an E1 transition were to dominate, there would be a significantly lower, almost a negligible

contribution of M2, due to this difference in strength.

In the regular occurrence where there are several permitted transitions for a y decay, the
total decay constant is simply the sum of the individual decay constants for the contribut-
ing modes of decay. It is from this total decay constant that the lifetime of an excited state
can be determined via T = 1/ . Therefore, to theoretically compute the average life-
time of an excited state, the individual decay constants for each of the transitions must be

calculated using the formulae in table 2.1, and then summed.

2.2 Radiation Interaction with Matter

The mechanisms by which the different types of radiation interact with matter are nec-
essary to understand the basic operations of their detectors. Since both experiments pre-
sented in this thesis involve in-beam y-ray spectroscopy, the sections below outline the key
processes relevant to the interactions of both heavy ions and y rays, primarily following the
discussions in [58]. In these sections, references will made to how the interactions are ex-
ploited in order to separate and identify the ions via their atomic numbers and masses, and

for the detection and measurement of the y rays.

2.2.1 Interactions of Heavy lons

When heavy charged particles (Z>1) pass through matter, they experience a loss of kinetic
energy via the interactions with the material. The total energy loss of the traversing parti-
cle is therefore the sum of the energy lost from each individual interaction over the entire
trajectory. The kinetic energy reduction of the particle per distance travelled, in a specific

absorbing material, is referred to as the linear stopping power and given by
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The stopping power of an ion passing through a material has two key components (ne-
glecting radiative effects at extremely high energies), the electric and nuclear stopping pow-
ers, denoted by the subscripts e and 7 in the equation above. The nuclear stopping power,
which refers to the discreet elastic collisions with the material nuclei, often resulting in the
significant deflection of the ions, is the primary energy loss mechanism for particles with
kinetic energies of less than a few keV. However, as the ion-beam energies in the experi-
ments discussed throughout this thesis are notably greater than this region, the principle
contribution of interest is that of the electric stopping power. Thus, the remainder of this

discussion on heavy-ion interactions will be on this component.

In contrast with the nuclear stopping power mentioned above, the electric stopping power
processes give rise to a continuous energy loss of the ion, with no significant changes in
direction, caused by inelastic interactions with the orbital electrons in the material. As a
charged particle traverses an absorbing medium, the Coulomb interactions result in many
of the bound electrons being excited to a higher energy state in the atom, or fully ionised,
depending on their proximity to the ion. An equal amount of energy gained by the excited or
ionised electrons, is lost by the traversing ion. Whilst each individual interaction results in a
small loss of energy loss, the multiple simultaneous interactions sum up to be a significant
net energy loss. It is for this reason why the ions generally take a straight path through mat-
ter, as they are not significantly deflected by any particular interaction, and also because
the interactions occur from all directions simultaneously. The electric stopping power of
high-energy charged particles passing through matter is well described by the relativistic
Bethe-Bloch formula,

_(dE) Z%e*n, [n( 2mev
e

dx 11— p?)

2

2
e |-52]. (2.9)
Where Z and v are the atomic number and velocity of the traversing ion, where = v/c,
and e and m, are the electron charge and rest mass respectively. The n, parameter repre-
sents the electron density in the absorbing material, €y the vacuum permittivity and the I
quantity specifies the mean excitation and ionisation potential of the material. The Z? de-
pendence highlighted by equation 2.9 enables the separation and identification of the ions,
via their atomic numbers, in recoil detectors such as ionisation chambers. The generation
of the electron-ion charge carriers in this process, and their flow in an applied electric field,

produces the signals.
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Figure 2.1: The stopping powers of a helium ion travelling through silicon is plotted
against the ion energy, demonstrating the typical energies over which the
electric and nuclear components dominate. The data in this plot was
calculated using the SRIM stopping power tables [59], where the units of

MeV/(mg/ cm?) were used to remove the material density dependence.

The energy dependence of the stopping power of an ion passing through matter can be
observed from the plot in figure 2.1. The stopping power curve demonstrates that as an
ion traverses an absorbing material, the stopping power it experiences increases as it slows
down, with a rough 1/v? dependence, until a maximum is reached towards the end of its
range. This is often referred to as the Bragg peak. This inverse proportionality to the velocity
of the particle can be understood with a simplified picture of an ion spending more time in
the vicinity of the orbital electrons, thus transferring a greater amount of energy. At the
lower ion energies the electron pickup from the absorbing material becomes significant,
causing the electric stopping power to rapidly fall off, as the ion charge has effectively been
reduced. Towards the end of its trajectory, the ion has accumulated sufficient electrons
to be a neutral atom, and thus has no energy loss contribution from the electric stopping

power.

2.2.2 Interactions of y rays

Unlike heavy ions, y rays do not continuously interact with the material they are pass-

ing through, instead undergoing abrupt interactions in which some or all of the photon
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energy is transferred to the material, resulting in the scattering or full absorption of the y
ray. Neglecting coherent scattering, which does not contribute any significant deposition
of energy, there are three primary mechanisms by which y rays interact with matter. These
are the photoelectric absorption, Compton scattering and pair production, which are illus-
trated in figure 2.2. The energy dependence of each interaction to the attenuation of a y ray
passing through germanium is demonstrated in figure 2.3, highlighting the energies over

which the cross section for each mechanism dominates.

In the photoelectric absorption interaction, as is demonstrated in figure 2.2, an incident
Y-ray photon is fully absorbed by an atom in the absorbing material, transferring all of its
energy and ejecting a photoelectron from a bound atomic shell. The most probable emis-
sions, for a y ray of sufficient energy, are from the tightest bound shell or K-shell of the

atom. The photoelectron is emitted with a kinetic energy given by

E,_=hv-E,, (2.10)

where E}, is the energy required to remove the photoelectron from its original atomic shell
and v is the frequency of the absorbed y ray. An additional consequence of the photo-
electric absorption is the creation of vacancies in the bound shells of the absorber atoms.
These vacancies are promptly occupied via the capture of free electrons in the material, or
through the rearrangement of the bound electrons, resulting in the emissions of character-

istic X-rays or Auger electrons.

As figure 2.3 demonstrates, photoelectric absorption constitutes the primary mechanism
by which low-energy y rays, of up to a few hundred keV, interact with matter. The prob-
ability of this interaction scales approximately proportional to Z"/ E$'5, where n is gener-
ally between 4 and 5. It is for this reason why materials with greater atomic numbers are
favoured for y-ray detectors and shielding materials. The sharp discontinuity in the proba-
bility of photoelectric absorption, in the low energy region of figure 2.3, is the K-absorption
edge, which corresponds to the binding energy of an electron in the K-shell of the absorber
atom. For an incident y ray with an energy slightly over the binding energy, the emission of
a K-shell electron is energetically possible. However, for y rays where the energy is below
this absorption edge, this process is no longer possible, thus the probability of interaction
falls sharply. There are similar absorption edges located at the binding energies of the L-

and M-shells for the lower energy y rays.

Compton scattering is the most probable interaction mechanism for intermediate-energy

Y rays, of between a few hundred keV to roughly 10 MeV, which are typically the energies
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Figure 2.2: Schematic illustration of the three main mechanisms by which y rays interact

and deposit energy into matter.
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Figure 2.3: The contributions of each interaction process to the attenuation of y rays in
germanium, is plotted across a range of y-ray energies. The energy regions over
which each interaction mechanism dominates is clearly visible, as is the
K-edge discontinuity in the low-energy part of the photoelectric absorption
cross section. The y-ray attenuation data presented in this plot was gathered
from the NIST XCOM database [60].

expected from the y decay of most radionuclides. In Compton scattering, the incident y
ray interacts with an electron in the absorbing medium and is scattered to an angle 6 with
respect to the incoming direction, as is shown figure 2.2. A fraction of the initial y-ray energy
is transferred to the recoil electron, which was assumed to be free (or very weakly bound)
and at rest before the scattering event. The expression relating the energy of the scattered

Y ray E;, to the angle through which it was deflected 0, is given by

E
E = Y . 2.11)

Y
1+ mb;ycz (1-cosb)

Where m, is the electron rest mass and E is the initial y-ray energy. The expression above
indicates that for the forward scattering angles, a relatively small fraction of the initial y-ray
energy is transferred to the recoil electron. Inversely, for the larger scattering angles where

0 = m, a much larger proportion of the y-ray energy is deposited in the material.

As the likelihood of an incident y ray Compton scattering in a medium is dependent upon
the number of electrons available to be scattered from, the cross section scales linearly with

the number density and the atomic number of the material. The differential scattering cross
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sections given by the Klein-Nishina formula below in equation 2.12, describe the angular

distributions of the Compton scattered y rays [61].

2
do r? 1 i (mEYcZ) (1~ cos)’

== =2(1+c0s?0) | — 1+ ‘ . (2.12)
aQ 2 1+515(1-cos0) (1+cos?6) (1+ meycz(l—cose))

Where r, is the classical electron radius. The angular distributions, given by the Klein-
Nishina formula are illustrated in figure 2.4, for a range of incident y-ray energies. The
distributions demonstrate the preference of high-energy y rays to be scattered to the for-

ward angles.

1 KeV
—— 100 KeV

90° —— 1 MeV
—— 10 MeV

45°

180° 0°

270°

Figure 2.4: Plot of the probability of a y ray to be deflected to a specific angle following a
Compton scattering event, using the Klein-Nishina formula for a range of y-ray
energies. The tendency of higher energy y rays to scatter towards the forward

angles is demonstrated.

The final mechanism by which y rays interact with matter is pair production, displayed
in the bottom panel of figure 2.2. This process involves an incident y ray interacting in the
Coulomb field of a nucleus, and being replaced with an electron-positron pair. For this in-

teraction to be energetically possible, the incoming y-ray photon must have at least twice
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the energy of the electron rest-mass energy (1.022 MeV), with the interaction cross section
increasing sharply as the photon energy increases beyond this threshold. Consequently,
for high-energy incident y-ray photons (>5 MeV), pair production becomes the predomi-
nant interaction mechanism between y rays and matter. The pair production cross section
is also proportional to the square of the atomic number of the absorbing material, as the

interaction must take place within a nuclear Coulomb field.

After the pair production event, any energy in excess of 1.022 MeV that was carried by
the photon, is split between the kinetic energies of the outgoing electron and positron. At
the end of its track, the positron will annihilate with an electron in the absorbing material,

emitting the two characteristic 511 keV y rays.

2.3 7y-ray Spectroscopy

When an incident y ray interacts within the sensitive volume of a detector, via the mech-
anisms described above, some or all of the original photon energy is transferred to the elec-
trons in the material, which are then detected and processed as a signal. A detailed dis-
cussion on the principle operation of semi-conductor detectors after interacting with an
incident y ray can be found in section 3.1.4. Although the detector response to an incident
Y ray is dependent on the type of detector, the geometry and the material, there are char-
acteristic features that appear on most y-ray spectra. The annotated drawing in figure 2.5
illustrates a typical y-ray spectrum resulting from the detection of high-energy y rays, with
the characteristic elements highlighted.

Full-energy peak
A Annihilation

peak Single
» escapepeak y
T l Double
- escape peak
Q Compton Maximum height
®) background ¢

l

height l
\

Figure 2.5: Annotated sketch of a typical y-ray spectrum of a medium-high energy y ray.

The features that are present on all y-ray spectra are the full-energy peak and the Comp-

ton background. The full-energy peak represents the scenario in which the total energy of
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the incident y ray is deposited into the detector, independent of its track through the ma-
terial. A y ray that Compton scattered several times in the detector material before under-
going photoelectric absorption, would have the same response as a y ray that underwent
photoelectric absorption as the first interaction, provided all of the scattered y rays and
recoil electrons were captured. This is due to the events of a single y-ray track effectively
occurring in coincidence, with respect to the detector response times. Therefore, the sig-
nals from the individual electrons combine, and assuming the detector responds linearly to
electron energy, the produced signal is proportional to the total deposited energy, which if

no secondary radiation escapes, is the energy of the incident y ray.

In situations where the Compton scattered y rays escape from the sensitive volume of the
detector, only a fraction of the incident y-ray energy will be deposited. As was discussed in
the above section, the energy transferred to the recoil electrons is dependent on the scat-
tering angle of the y ray, with the maximum energy deposition being when the y ray is
backscattered. As all scattering angles will occur in the detector, a continuum of energies
will be deposited into the material, forming the characteristic shape illustrated in figure 2.5.
The Compton edge can be observed to be where the continuum terminates at the higher
energies, corresponding to the largest amount of energy that can be deposited via a single
Compton event. In the rarer cases where the y ray undergoes multiple Compton scattering
events before escaping the detector, more energy is able to be deposited into the material
than can be transferred by a single Compton event, partially filling the gap between the
Compton edge and the full-energy peak.

For higher energy y rays where the pair production interaction becomes significant, ad-
ditional features appear upon the y-ray spectrum, on account of the two 511 keV y rays
emitted at the end of the positron tracks. Assuming a total deposition of the electron and
position kinetic energies, the escape without interaction of one or both of the annihilation
Y rays, results in the appearance of additional peaks on the y-ray spectrum, that correspond
to the subtraction of the total energy deposition, by the escaped y rays. These structures are
referred to as the single escape and double escape peaks, and are located 511 keV and 1.022
MeV below the full-energy peak, respectively. In reality, there exists a wide range of other
possibilities in which one or both of the 511 keV y rays undergo a partial energy deposition
via Compton scattering, before escaping the detector. In such circumstances, these events
form part of the continuum between the double escape and full-energy peaks. Additionally,
the detection of the secondary annihilation y rays, resulting from the pair production inter-
actions in a non-sensitive medium, produces the characteristic 511 keV peak in the y-ray

spectrum.
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2.3.1 Relativistic Doppler Shift

A key characteristic of both of the experiments presented in this thesis, is that they are
in-beam 7y-ray spectroscopy measurements, in which the y rays of interest are emitted in-
flight, by the excited ions. The high ion velocity at the instance of emission, means that
the relativistic Doppler shift of the y rays becomes a significant effect. Consequently, the
detected y-ray energies in the laboratory frame have a dependence upon the angle at which
they were detected, relative to ion-beam direction. The expression relating the detected
lab-frame energy of a y ray with a transition energy Ey, detected at an angle 6 and emitted

by a source travelling with a velocity f = v/c, is given by

VTP

Erap=Ey————.
Lab Ol—ﬁcosey

(2.13)

The image at the top of figure 2.6 demonstrates the ratio of the detected y-ray energy to
the centre-of-mass energy, across a range of detection angles and beam energies. The plot
shows that for y rays emitted by high-velocity ions, the detected energies can be smeared
over extremely large energies on the y-ray spectrum, losing any peak definition and forming
smooth background structure, as is evident from the uncorrected spectrum in figure 3.15.
Clearly then, to recover the y-ray peak structures in experiments with such beam energies,

the energy-angle dependence of the y rays has to be removed via a Doppler correction.

The Doppler correction process removes the correlation between the detected y-ray en-
ergy and the angle it was detected at, by inverting the relationship in equation 2.13. How-
ever, there is often a noticeable reduction in the energy resolution of the y-ray spectrum
post Doppler correction. Indeed, for the higher energy beams, it is the uncertainties in
the Doppler correction itself that often dominate the energy resolution of the Doppler cor-
rected spectrum. The impact of each of the uncertainties in the Doppler correction, to the
energy resolution of the spectrum, can be derived from equation 2.13 [62]. These contribu-
tions can then be summed up via the propagation of uncertainties, to obtain the expression
for the energy resolution of a peak post Doppler correction [63], shown below in equation
2.14.

B —cosb,
(1-B2)(1 - Bcoshy)

(AEYO)Z :( Bsin6,

2 2
2 AEintr)
Eyo 1 - fcosb, ) (AP) +( (2.14)

2
oo :

Where the energy resolution here is represented as a fraction of the transition energy AEy o/ Eyo.

The total energy resolution is the sum of the contributions from the uncertainties in the
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Figure 2.6: The plot on the top illustrates the ratio of the y-ray energy in the laboratory
frame to the rest frame, across a range of detection angles. The bottom four
plots demonstrate the contributions to the energy resolution loss of a peak
post Doppler correction. The top left panel shows the contribution due to an
uncertainty in the Doppler correction S, the bottom left from an uncertainty in
the detection angle, the top right is the intrinsic resolution and the bottom
right panel shows the sum of the individual components. The contribution
from the intrinsic resolution is multiplied by 20 in this plot, to demonstrate the
lesser affect it generally has on the Doppler corrected resolution. All of the data
that is presented in these plots was calculated for an A = 20 ion with a kinetic
energy of 5 MeV/u, 50 MeV/u and 200 MeV/u.
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detection angles A6, and emission velocities Af, in addition to the intrinsic energy reso-
lution of the detector AEj,;. The contributions of each of the components is illustrated in
the bottom four plots of figure 2.6, across a range of detection angles, for an example set of

uncertainties and beam energies.

The importance of a good Doppler correction is highlighted by equation 2.14, as to main-
tain a high-resolution Doppler corrected y-ray spectrum, the detection angles and emis-
sion velocities must be accurately determined. There are however situations in which these
uncertainties can be deliberately induced into a measurement, exploiting the relationships
in equation 2.14 to produce lifetime-sensitive lineshapes on the y-ray spectrum. Indeed,
the induction and subsequent measurements of these lineshapes constitutes the funda-
mental principles of several Doppler Shift lifetime techniques, which are discussed in fur-

ther detail in the section below.

2.4 Lifetime Measurements

Once populated via a reaction or decay, a nuclear excited state will exist for an average
lifetime 7 before decaying. This lifetime is related to the total decay width of the initial state
by

ItotalT =, (2.15)

where the total width I'y¢q, is the sum of the partial widths of all possible transitions. The
measurement of the lifetime of an excited state, either directly or by inferring from the de-
cay width, is a critical tool in experimental nuclear physics, providing key nuclear structure
insights [64]. As was discussed in section 2.1.1, the excited state lifetimes are linked to the
reduced transition strengths B(o[), which represent a model-independent way to access
information on the nuclear wavefunctions and matrix elements. These measurements can
therefore be compared to the predictions from theory and used to assess the accuracy of

nuclear models.

A variety of experimental techniques have been developed in order to measure the ex-
cited state lifetimes across a broad range of sensitivities. The techniques displayed in fig-
ure 2.7, can be divided into either directs methods, which directly measure the lifetimes of
the excited states, or indirect methods, in which the lifetimes are extracted from the decay
widths. The objective of the experiment presented in chapter 4 of this thesis, was to di-

rectly measure the lifetime of the first 2" state in 20, which was inferred to be 690 + 280
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Figure 2.7: [llustration of the effective ranges for an assortment of lifetime measurement
techniques. The direct methods measure the lifetime 7 of the state of interest
directly, whilst the indirect methods infer the lifetime from the width I". This
plot was taken and adjusted from [64].

fs from a previous Coulomb excitation measurement [56]. Therefore, to cover the expected
lifetime range of this state, the Doppler shift attenuation method (DSAM) was selected for

the measurement.

2.4.1 Doppler Shift Attenuation Method

The Doppler shift attenuation method (DSAM) is a technique that enables the direct
measurement of the nuclear level lifetimes in the femtosecond to picosecond range. The
premise of this technique involves the population of an excited state via a nuclear reac-
tion, followed by the subsequent observation of the y decay in-flight, as it passes through a
known material [65]. By measuring the Doppler shift of the y-ray energy in the laboratory
frame, given by equation 2.13, the velocity of the recoiling nucleus at the instance of y-ray
emission can be determined. The distributions of recoil y-emission velocities results in the
emergence of a lifetime-sensitive lineshape on the y-ray spectrum. If the time frame of the
slowing and energy loss processes of the recoils passing through the stopping medium is

known, see section 2.2.1, the lifetime of the state can be extracted from this lineshape.
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Figure 2.8: Diagrammatic sketch demonstrating the principles of the Doppler shift

attenuation method (DSAM), where the ions leave the back of the target and

the y-ray detectors are placed towards the backward (> 90°) angles. The

average emission velocities (8, (z)) of the excited recoils are visually

represented by the colours, where the red denotes a higher velocity and the

blue is slower. A sketch of a typical peak and lineshape on a Doppler corrected

Y-ray spectrum, resulting from the distribution of emission velocities, is shown

in the bottom image, with the exit velocity taken for the Doppler correction.
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There are several variations and modifications to the DSAM technique that can be config-
ured to the requirements of the measurement. The diagram in figure 2.8 illustrates setup of
the DSAM measurement of the first 2* state in 20, see chapter 4, where the recoils leave the
back of the target and the y-ray detectors are placed towards the backward (> 90°) angles.
Typically in such DSAM measurements, the targets are comprised of two distinct sections;
the excitation layer wherein the reactions to populate the state of interest takes place, and
the stopping layer, which degrades the velocities of the ions that pass through it. The av-
erage velocities of the excited recoils are visually represented in figure 2.8 by the coloured

arrow, where red is fast and blue is slow.

The plots beneath the sketch of the target in figure 2.8 break down the formation of the
expected lineshape on the Doppler corrected y-ray spectrum. After the excited recoils are
populated by the reactions in the excitation layer, they pass through the remainder of the
target, all the while emitting y rays according to the exponential decay law. The recoils
passing through the target gradually lose energy so that the average velocity at the instance
of y-ray emission (f, (z)), reduces until the recoils leave the back of the target, as is illus-
trated by the central plot. Taking the recoil exit velocity for the Doppler correction Bcorr,
causes the decays that occur outside of the target to be reconstructed back to the centre-of-
mass energy E.n. Alternatively, the decays that occur inside the target, at higher velocities
(B1 > P2 > P3 = Pcorr in the diagram), will have a lower Doppler corrected energy due to the
backward (> 90°) detection angles. For setups with forward detection angles the reverse is
true, where the higher velocities in the target causes an increase in the Doppler corrected y-
ray energies, and the line in the second-to-last plot is reflected in the y-axis, about the Ep,
energy. This distribution of recoil y-emission velocities creates a lineshape on the y-ray
spectrum, an example of which is sketched on the bottom plot of figure 2.8, demonstrating
the slow and fast components by the blue and red shaded regions. The lifetime sensitivity is
clear by considering that for different nuclear state lifetimes 7, the decay curves will change,
resulting in different recoil y-emission velocity distributions, altering the lineshape of the
Doppler corrected y-ray peak. Thus, the sensitive range of lifetimes for this technique is

constrained by the recoil stopping/transit time through the target.
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Chapter 3

Nuclear Structure of “°F Following a

One-Neutron Removal Reaction

The neutron-rich 23F isotope is located one proton above the weakly doubly-magic 220
(Z = 8, N = 14) and decays via - decay to 2°N, with a half-life of 2.23 + 0.14 s [66]. The
structure of a single valence proton outside the 220 core makes 2*F an excellent candidate
for studying the single-particle properties, as the assumption of the single-particle degrees
of freedom on top of a closed-shell core can be tested, see figure 3.1. The measurement
of the excitation spectra of the fluorine isotopes provides a unique opportunity to study
the effect of the proton-neutron interaction on the orbital energy gaps for odd-A isotopes.
Previous measurements of the energy of the first excited state of >3F a low-lying single-
particle proton 1/27 state, shows it to be significantly higher than those of the neighbouring
odd-A 171921 F isotopes [67], indicative of the strong N = 14 shell closure also present in 220.
Take for example the !“F isotope, which has a similar structure to the 2°E in that a single
proton is located outside of the doubly-magic 0 core. Any differences in the energies of
the low-lying proton states between these isotopes can then be ascribed to the full or empty
occupancy of the v1ds, orbital. This can be seen in the independent-particle picture as the
neutron occupancy widening the energy gap between the 71ds5,2 — 725/, orbitals. Another
interesting measurement along this theme is the energy of the 3/2* proton state, as it could
determine the energy gap between the m1ds,,—m1d3,, orbitals. This would effectively probe
the spin-orbit splitting of the d-orbital, in which the tensor interaction is suspected to have

a contribution [9].

The production of the 23F via the one-neutron knockout reactions on incoming ?*F frag-
ments, will populate a range of states with spins from 1/2* to 11/2%, via the removal of a

neutron from the v1ds,, orbital. The knockout of the neutron in the v1s;,, orbital will di-
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Figure 3.1: Sketch of the 23F shell structure, illustrating the interpretation of a single

valence proton on top of a 220 core.

rectly populate the ground state of the 23F fragments and the removal of a neutron from
the lower shells is unlikely, as they are more deeply bound. The excitation spectrum of
Z3F has previously been measured; most notably following the 8 decay of 220 [67] and
various particle-transfer reactions [68, [69]. However, no electromagnetic transition rates
have so far been recorded. The measurement outlined in this chapter, with access to the
high-resolution y-ray detector array, GRETINA, and significantly greater statistics, stands
to markedly improve the quality of the excitation spectrum data and enable a more precise

probing of the nuclear structure of this system.

In the following sections the different aspects of the measurement are discussed. Starting
with section 3.1, the experimental setup is outlined, providing a brief review of the key com-
ponents, how they operate and why they were necessary for the measurement. Section 3.2
overviews the methods and techniques that were applied in the data analysis, stating and
reviewing any approximations that were made. This is followed by a presentation of the
results in section 3.3 and the discussion in section 3.4, where the results are compared to

those of previous experimental works and the phenomenological shell-model calculations.

3.1 Experimental Setup

The experiment was carried out at the National Superconducting Cyclotron Laboratory
(NSCL) at Michigan state university, in March/April 2016. A *8Ca primary beam was accel-
erated by the two coupled cyclotrons, K500 and K1200, into the A1900 fragment separator
and then onto a 9Be production target. Various reactions in the primary target resulted in
the production of a wide assortment of fragments. The A1900 was used to separate these

incoming fragments and select the 2*F isotopes, with energies of around 95 AMeV. The ac-
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cepted 2*F beam had a purity of 95% with a momentum spread of approximately 2%. The
selected 2*F fragments were then impinged upon a 2 mm thick (370 mg/cm?) 9Be secondary
target, wherein the one-neutron removal reactions took place to populate the 23F The y rays
emitted in-flight by the excited 2*F fragments were detected by the tracking y-ray detector
array GRETINA, which was mounted surrounding the target chamber. GRETINA was cou-
pled to the S800 spectrograph, so that the outgoing fragments and unreacted beam could

be separated and identified, and the y-ray transitions in ?°F could be studied.

The experiment was originally set up and optimised for the measurement of electromag-
netic transition rates in 2! 0, via the recoil distance method, and thus ran with two settings.
The first was with a single YBe target for the simple identification of the 'O fragments and
the transitions of interest. The second configuration was with the inclusion of a '8!Ta de-
grader to induce lifetime-sensitive lineshapes in the peaks of interest, that could be mea-
sured [70,55]. In addition to the 2!0, it was discovered that there were several other chan-
nels that were strongly populated in the experiment. One of which, the 2°F, is the subject of
the analysis in this chapter. Only the runs in the first setting were analysed here however,
as the addition of the '8! Ta degrader blocked the acceptance of the 23F fragments into the
S$800. The following subsections detail the key components of the experiment, with a focus

on their operations and necessity to the measurement.

3.1.1 AI900 Fragment Separator

The A1900 Fragment separator is a large-acceptance spectrometer, comprising of several
dipoles and detector systems, see figure 3.2. Together with the K500 and K1200 coupled
cyclotrons, the A1900 constitutes one of the key components at NSCL, for the production
of rare-isotope beams [71]. Following the fragmentation reactions of the *8Ca primary beam
within the 9Be production target, there were a wide assortment of fragments entering the
A1900. The first dispersive half of the A1900 filters these fragments to a single magnetic
rigidity Bp, see equation 3.1.

c

Bp-— =" 3.1)
YB q '

Where a fragment of mass m with a velocity v and charge g is bent by a radius p in the
magnetic field B (the §, y and c parameters take their usual relativistic definitions). As the
fragments with this energy range are fully ionised, the fragment charge is identical to Ze.
The momentum distribution, Ap/p, of the secondary beam may be selected here, through

the adjustment of the beam slits at the dispersive focal planes. Full separation of the frag-
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Figure 3.2: Schematic drawing of the A1900 fragment separator and the coupled
cyclotrons at NSCL [72].

ments according to their atomic number and mass cannot be achieved solely through the
use of the bending magnets. As can be seen from equation 3.1, the fragments are selected
based upon the ratio of the momentum to charge. To disentangle these quantities, the
fragments are passed through a degrader at the image 2 position. The energy loss of the
fragments passing through the degrader is proportional to the square of the charge, speci-
fied by the Bethe formula in equation 2.9, so that fragments with different atomic numbers
will emerge with different momenta. A wedge shaped degrader is used to maximise the mo-
mentum spread of the fragments, as fragments with a greater momentum will pass through
more material and therefore experience a greater energy loss. Consequently, a better frag-

ment separation is achieved.

In the second half of the A1900 Fragment Separator, the remaining optical elements en-
able a complete isotopic separation of the outgoing fragments. In order to allow the identifi-
cation of individual isotopes on an event-by-event basis, time of flight (TOF) measurements
of the secondary beam are measured by the extended focal plane scintillator (Xgp), at the
focal plane of the A1900. A full overview of the particle identification (PID) of the incoming

secondary beam is discussed in section 3.2.1.

3.1.2  S800 Spectrograph

The S800 is a high-resolution, large-acceptance spectrometer at NSCL, that enables the
event-by-event tracking and identification of the outgoing fragments from the secondary

target [73]. As can been seen from schematic in figure 3.3, the S800 has two main sections:
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Figure 3.3: Schematic drawings of the S800 (left) [73] and of the detectors at the focal
plane (right) [74].

the analysis line and the spectrograph itself. At the focal plane of the spectrograph, there is

an array of detectors that are used to identify and track the fragments.

The analysis line is the section that spans from the object station to the target chamber. It
has two commonly used modes of operation: the focused mode and the dispersion match-
ing mode. In the focused mode, only the analysis line is achromatic, so that the beam is
focused on the target and that the image at the focal plane is chromatic. This means that
the momentum distribution of the fragments at the focal plane is set by the momentum
width of the incoming beam, modified by the induced momentum change whilst transiting
the target. This mode provides the highest momentum acceptance of approximately + 2%.
In the dispersion matching mode, which was used in this experiment, both the analysis line
and the spectrograph are tuned to be achromatic. In this mode, the beam at the secondary
target is momentum dispersed, resulting in a limited momentum acceptance of less than

+0.5%. However, this mode does provide the greatest energy resolution of the S800.

The spectrograph is located directly after the target chamber, with an angular coverage
of approximately 20 msr and a momentum acceptance of about 5%. The spectrograph it-
self is comprised of the superconducting bending magnets and the detectors at the focal
plane position. As opposed to tracking the fragment trajectories through the spectrograph,
the S800 relies upon ray reconstruction to correct, event-by-event, for any aberrations in-
troduced by the fringe fields of the magnets [75]. This method requires the inversion of the
transfer matrix from the target to the focal plane, calculated by the ion optics code COSY In-
finity. These inverse maps link the positions and angles of the fragments, measured by the
position sensitive detectors at the focal plane, to their energies, angles and non-dispersive
positions at the target. However, the dispersive positions of the fragments at the target po-
sition are not able to be deduced. After passing through the spectrograph, the fragments

enter the focal plane detectors, which are outlined below.
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Focal Plane Detectors

At the focal plane of the S800 is a group of detectors that are used for the tracking and
particle identification of the outgoing fragments [74]. The detectors start with pair of posi-
tion sensitive cathode-readout drift chambers (CRDC), to measure the positions and angles
of the outgoing fragments. The first CRDC is located at the position of focal plane of the
spectrograph, with the second 1 m downstream. With a position measurement from each
of the CRDCs, the fragment trajectory at the target position is able to be deduced, using
the inverse mapping described above. The CRDCs are essentially thin gas chambers, with
an active depth of 1.5 cm and area of 30 cm x 59 cm. An anode wire spans the bound-
ary of the gas chamber and runs through the 224 cathode pads, as shown in the schematic
drawing in figure 3.4. These cathode pads are fundamental to the position sensitivity of
the CRDCS. When a charged fragment passes through a CRDC, the gas (80% CF, and 20%
C4H;g at 40 Torr) contained within becomes ionised, and the electrons are drawn towards
to anode wire. As the electrons drift towards the anode wire, they induce a positive charge
into the cathode pads. The signals in the cathode pads are then readout to determine the
positions of the fragments. The x positions are determined by the pads with the largest

signal readout, whereas the y positions are determined by the electron drift time.

AN
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—
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Pad Number

Figure 3.4: Schematic drawing of the pair of CRDCs located at the focal plane of the S800.
Measurements of the x and y position from both CRDCs are used to calculate
the trajectory of the fragment. The inset demonstrates the determination of the

X position to be the pad with the largest signal [75].
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After the fragments pass through the CRDC2, they immediately enter the ionisation cham-
ber (IC). The IC has a depth of 41 cm and is segmented by 16 anodes that run perpendicular
to the flight path of the fragments. As the outgoing fragments pass through the chamber
they ionise the gas, producing electrons and ions. The charge carriers are then collected
at the anode and cathode respectively. The number of ionisation events is proportional to
the energy lost by the fragment passing through the gas, which is specified by the Bethe
formula in equation 2.9, to be proportional to the square of the charge, Z, of the fragment.
Therefore, the energy loss of a fragment passing through the IC, enables the determination

of it’s atomic number.

After the IC, a plastic timing scintillator E1 was installed, which provided the main trigger
for the data acquisition (DAQ) system in this experiment. The trigger conditions were set
to record the y-ray data in coincidence with a fragment event at the E1 scintillator, and
the S800 singles events with a downscale factor of 5. Timing measurements from the E1 in
conjunction with the measurements from the object station scintillator (OBJ), enabled the

measurement of the time of flights (TOF) of the fragments.

3.1.3 GRETINA

The Gamma-Ray Energy Tracking in-beam Nuclear Array (GRETINA) is a state-of-the-art
y-ray tracking detector array, that was used to study the y rays emitted in-flight, by the ex-
cited 2F fragments [76]. By making use of sophisticated tracking algorithms, which will be
expanded upon further in this section, GRETINA is able to produce high-resolution y-ray
spectra, with excellent peak-to-total ratios [77]. Additionally, these algorithms also allow
GRETINA to track the three-dimensional positions of the y-ray interactions within the ger-
manium, to a position resolution of approximately 2 mm. This enables a good reconstruc-
tion of the detection angles, which is crucial to achieve a good Doppler corrected spectrum,

see section 2.3.1.

Each module of GRETINA consists of four highly-segmented, high-purity germanium
(HPGe) crystals [78]. The crystals begin in a cylindrical form at the base, that tapers towards
the front, to one of two irregular hexagonal shapes; type A or type B, see schematic in figure
3.5. The coaxial design of the crystals enables them to be arranged in a close-packed forma-
tion, so that the hexagonal shapes tessellate to form a closed surface of HPGe surrounding
the target chamber, as the photograph in figure 3.6 demonstrates. Each GRETINA crystal
is electrically segmented 36 times, with five transverse and six longitudinal segmentation
lines, illustrated by the schematic in figure 3.5. Therefore, for every crystal there are 37 con-

tact signals, one from each segment, and from the central contact, which are individually
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Figure 3.5: Sketch of a GRETINA module (left) with the four crystals arranged into two
irregular hexagonal shape and a drawing of a single GRETINA crystal (right)

demonstrating the electrical segmentation [78].

Figure 3.6: Photograph of an open hemisphere of GRETINA with 6 modules visible. The
slots in the frame into which the modules are mounted can be seen, as well as
the tight configuration of the crystals. This hemisphere may be closed with the

one out of view of the picture so that the crystals surround the target chamber.

read out. These signal readouts from the segments are crucial to the tracking functionality

of GRETINA, which will be discussed in the following few sections below.

For the experiment being discussed in this analysis, nine GRETINA detector modules
were available, resulting in a solid angle coverage of approximately 1.27 sr. As the pri-
mary objective of this experiment was to measure the lifetimes of the excited states in 210,

the target was shifted 13 cm upstream from the nominal position. This had the effect of
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shifting the detection angles further forwards, thus increasing the sensitivity of the Recoil
Doppler Method (RDM) setup, see section 2.4. With respect to the new target position, four
of the modules were covering detection angles of approximately 40 degrees and the other
five were placed at approximately 60 degrees. Additionally, for this experiment, lead plates
were attached to the faces of the GRETINA modules, which acted as shields to mitigate the

high rates of low-energy y rays produced during the experiment.

3.1.4 Germanium Detectors

The fundamental operation of GRETINA is that of a highly-segmented, high-purity Ger-
manium (HPGe) detector. Germanium is a semi-conductor detector material that is heavily
favoured for high-resolution y-ray spectroscopy [58]. Germanium detectors significantly
outperform scintillators in terms of y-ray energy resolution and are preferred over silicon
detectors due to the photoelectric absorption cross section being approximately 60 times
greater in germanium (Z2,/Z3 = 32°/14° =~ 60 ), see section 2.2.2, as well as the higher
achievable material purity. This section will briefly outline the key characteristics of ger-
manium detectors and their response to an incident y-ray interaction within the detection

medium.

When a reverse-bias voltage (negative voltage to the p-region and positive voltage to the
n-region) is applied to a p-n junction in a semiconductor detector, the depletion region in
the detector is increased. The depletion region is a layer in which there are no free charge
carriers, and constitutes the sensitive area for the detection of radiation. For y-ray spec-
troscopy, it is necessary to maintain a large depletion region for effective charge collection
and detection efficiency of the y rays. The width of the depletion region d, for a specified

reverse-bias voltage V, is given by

2 V 1/2
d= (G—N) , (3.2)
e

where € is the dielectric constant, e is the electron charge and N is the net impurity con-
centration. Clearly, to increase the depletion region for a set voltage, the net impurity con-
centration, N, must be reduced as much as possible. Therefore, high-purity germanium

(HPGe) is often used. The HPGe crystals used in GRETINA have less than 1.8 x 10!° cm™3

net impurity concentration.

When an incident y-ray photon interacts within the depleted region of a reverse-biased

HPGe detector, free charge carriers (electrons and holes) are produced, which drift in the
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electric field, towards their respective electrodes. This flow of the charge carriers constitutes
a small current, which is passed through a charge-sensitive preamplifier to get the signal.
This signal is dependent on the number of charge carriers, which itself is proportional to
the energy deposited by the y ray in the interaction. As the electron allowed-energy band
gap in germanium, see figure 3.7, is smaller than that of silicon, more charge carriers are
produced for the same energy deposition. Consequently, a y-ray energy spectrum taken
by a germanium detector will have a greater energy resolution, than one taken by a silicon
detector. However, because of the small band gap in germanium, the detectors must be
cooled to temperature of approximately 77 K, to limit the leakage current caused by the
thermal generation of the charge carriers. Without cooling, the energy resolution of the

detector would be severely hampered by the noise induced by the leakage current [58].

A Conduction
band
Electron Conduction
energy band Eu> 5 eV
YEmm ey
Valence Valence
band band
Semiconductor Insulator

Figure 3.7: A simple sketch of the electron allowed-energy band structure, highlighting the
difference in the band gap for a semiconductor material and an insulator. The
electrons must be excited from the valence band to the conduction band,
across the band gap, to freely move about the crystal. The smaller the band

gap, the more charge carriers are produced from the same energy deposition.

The detector crystals in GRETINA are comprised of an n-type HPGe material, in a coaxial
(cylindrical) geometry, see figure 3.8. The coaxial configuration enables a much larger ac-
tive detection volume, and allows the crystals to be closely packed to one another. In such
a configuration, the outer surface of the crystal is the p* contact, whilst an inner cylindri-
cal surface is the n™ contact. When the reverse-bias voltage is applied, the central contact
becomes the anode, to which the electrons are drawn, and the outer contact becomes the

cathode, which collects the holes.
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Figure 3.8: A simplified sketch of an n-type HPGe coaxial detector, highlighting the n+ and

p+ contacts and the drift directions of the charge carriers.

3.1.5 GRETINA Tracking

The ability of GRETINA to effectively determine the interaction positions of the y rays
within the detector material, and thus effectively track them, sets it apart from other y-ray
detector arrays (except for AGATA [79]). This ability to track enables a good add-back of
Y-ray interactions across crystals and the identification and rejection of the partially ab-
sorbed y rays that Compton scatter out of the detector material. This leads to GRETINA
having a high detection efficiency and an excellent peak-to-total ratio. Furthermore, the
high position resolution with which the point of the first interaction of the y ray within the
detector volume can be determined (i.e. the interaction with the highest energy deposi-
tion), enables the accurate reconstruction of the detection angle of the y ray, with respect
to the fragment trajectory. The importance that this quantity has on the resolution of the

peak, post Doppler correction, is described in detail in section 2.3.1.

When a y ray interacts within the HPGe crystals of GRETINA, the electron-hole pairs are
created and separated by the bias voltage. The electrons drift towards the central contact,
whilst the holes drift towards the outer surface. The anode at the central contact will gen-
erally collect the full charge from the electrons, however the outer contacts often share the
charge into the neighbouring segments. The time dependency and shape of the signals,
read out from each segment, are sensitive to the position of the y-ray interaction within the
detector volume [80]. Therefore, by looking at all of the signal waveforms, it is possible to
determine the position of the interaction, even to within a segment. However, y rays usu-

ally interact several times within the crystals, with each interaction creating its own set of
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signals. The readout pulse then becomes a superposition of the generated signals from the
individual interaction points. A method called signal decomposition is then applied to this
pulse, in order to determine the position of each interaction point [78]. In brief, this process
entails the comparison of the measured signals to a library of simulated single-interaction-
point pulses. The end result is the real-time recovery of the number of y-ray interactions,

and their three-dimensional positions within the detector crystals.

The tracking algorithms are then applied in order to associate the interaction points to in-
dividual y rays and reconstruct their trajectories and energies. The details of the tracking al-
gorithms can be found in [81]. In brief, the interaction points are grouped into clusters that
are likely to have originated from a single y ray. The energy-angle relationship in the Comp-
ton scattering formula, see section 2.2.2, is exploited to link these interactions points. Each
potential sequence of interactions is assigned a figure of merit (FoM) value, to describe the
likelihood of the y ray following that sequence. The FoM value is determined by the devia-
tion of the measured energy deposited and scattering angle of the y ray, from the expected
values given by the Compton scattering formula. By minimising the FoM, this algorithm
determines the most probable interaction sequence for the given interaction points, thus
tracking the path of the y ray through the detector. The type of algorithm, described above,
is known as a forward tracking algorithm [82]. There are alternative methods, such as the
backward tracking algorithms, which track the y rays starting from the end of the interac-
tion sequences [83]. Either way, the end result of the tracking algorithms, is the extraction
of the energies of the y rays and their trajectories through the detector crystals. This en-
ables a good add-back of the y-ray interactions across the crystals and the removal of y rays
which Compton scatter out of the crystals. Thereby, improving the detection efficiencies

and peak-to-total ratios of the entire detector array.

3.2 Data Analysis

This section outlines the methods and techniques that were employed for the analysis of
the data. Specifics on the particle identification of the incoming and outgoing fragments, as
well as the energy and efficiency calibrations of GRETINA are covered. The Doppler correc-
tion and subsequent analysis of the y-ray spectrum of the 23F fragments is then discussed,
followed by an outline of the y-y coincidence analysis and the y-ray angular distributions.
Each technique that was made use of during the analysis is reviewed, alongside any approx-
imation that were made. The data was initially unpacked using the GrROOT package [84],
with the rest of the analysis performed using ROOT [85]. Prior to the work presented in this
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section, the data was calibrated and the CRDCs were gain matched and drift adjusted by
Sebastian Heil [70]. The results of the analysis are presented in section 3.3, followed by the

discussion in section 3.4.

3.2.1 Particle Identification

The scintillation detectors at the focal plane of the A1900 (Xgp), and the object (OBJ) and
focal plane stations (E1) of the S800, were used for the event-by-event particle identifica-
tion (PID) of the incoming and outgoing fragments. For the incoming PID, the time of flight
(TOF) from the Xpp scintillator to the E1 was plotted against the TOF from the OB]J scin-
tillator to the E1, see figure 3.9. The diagonal lines in the PID plot denote the incoming
fragments with the same velocities. The ?*F fragments are easily identifiable in this plot

due to the high purity (= 95%) of the secondary beam.
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Figure 3.9: Incoming particle identification plot. The TOF of the fragments from the Xgp
scintillator to the E1 is plotted against the TOF from the OB]J scintillator to the
El. The incoming ?*F fragments are labelled and the cut is indicated by the
dotted black line.

The outgoing fragments were also identified using the TOF from the OB]J scintillator to
the E1 station. However, a correction had to be applied to this TOF to account for the tra-
jectories of the outgoing fragments. The momentum change induced by the reactions in
the target resulted in the outgoing fragments taking different flight paths through the S800,
therefore having different TOFs. The plots on the left side of figure 3.10 demonstrate a corre-

lation between the TOFs of the fragments transiting the S800 and their dispersive positions
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(Xpp) and angles (App) at the focal plane. With this correlation, the left plot of figure 3.11
shows that it was impossible to clearly identify the outgoing fragments, simply by plotting
energy loss through the ionisation chamber (AEjc) against the TOE Therefore, the fragment

TOFs were corrected according to the function

TOFcorr = TOF + aX X XFP + aA X AFP . (3.3)

Where the factors ax = 0.157 mm~! and a4 = 1.61 mrad~! were set to remove the TOF cor-
relations [70]. The plots on the right of figure 3.10 show that the corrected TOFs are now
independent of the position and angle of the fragment at the focal plane. Consequently,
the outgoing PID, constructed by plotting the AEjc against the corrected TOE now shows
distinct and separate structures for each outgoing fragment, according to their charge and
mass. This enabled the simple identification and selection of the 2°F, see the right plot of
figure 3.11.
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-1400 -1350 -1300

Figure 3.10: The dispersive positions Xgp and angles of the fragments App at focal plane of
the S800 are plotted against the time of flight from OB]J to the E1 scintillator.
The images on the left highlight the correlation with the position and angle
when the TOF corrections are not applied. The plots on the right show that

when the corrections are applied, the correlations are removed.
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Figure 3.11: The outgoing particle identification plots. The energy loss of the fragments
passing through the ionisation chamber is plotted against the uncorrected
(left), and corrected (right) TOF from OB]J to E1. The plot on left clearly
demonstrates that without first correcting the TOF of the fragments, to
account for their trajectories, it is impossible to discern any clear structures in
the PID plot. The plot on the right shows that with the TOF corrections
applied, the individual isotopes can then be identified and selected. The
strongest channels are labelled in the PID and the cut used to gate on the

outgoing 23F fragments is indicated by the dotted black line.

3.2.2 GRETINA Energy Calibration and Efficiency

Measurements of the °°Co and '®2Eu sources, at the target position, were carried out for
the energy and efficiency calibration of GRETINA, the spectra from which can be seen in
figure 3.12. The calibration was determined to have a precision of generally better than
0.1% across the measured energy range, with good agreement between the measured and
expected y-ray energies of the sources [86], as demonstrated in figure 3.13. However, due to
the limited energy range of the two sources, any y rays that were detected in the experiment
with energies greater than 3.5 MeV, will have had some systematic uncertainty introduced

into their measurement from the calibration.

For the accurate determination of the relative intensities, branching ratios and angular
distributions, it was essential that the y-ray detection efficiencies were properly calculated
and corrected for. In this analysis, the absolute detection efficiencies were unable to be
accessed, as in the course of the experiment, the scalars were not accurately recorded.
However, the relative detection efficiencies could still be ascertained. Furthermore, as the
GEANT4 simulations used extensively throughout this analysis, see section 3.2.7, could not
replicate the tracking functionality of GRETINA, the relative efficiencies here are obtained

using the single-crystal analysis. In order to plot the relative efficiency curve for GRETINA,
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the %6Co and !52Eu calibration sources were used. By measuring the intensities of the tran-
sitions on the spectra shown in figure 3.12, and adjusting for the known relative intensities
of the y rays [86], the relative detection efficiencies were calculated. The detection efficien-
cies of the y rays from the >®Co source were calculated relative to the 846.7 keV transition

and the 52Eu y rays relative to the 876.4 keV transition.
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Figure 3.12: °Co (left) and '°?Eu (right) source measurements for the GRETINA energy

and efficiency calibrations.
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Figure 3.13: The relative difference of the measured energies from the expected y-ray
energies of the %6Co and ®2Eu sources, for each transition. The plot shown
constitutes a measure of the quality of the energy calibration of GRETINA. In

general, most of the measurements across the energy range are within 0.1% of

the expected values.
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In this way the sources were effectively normalised to each other, as the two transitions
have a similar energy, so a single continuous efficiency curve could be plotted, see figure
3.14. The relative efficiency curve given by equation 3.4, was fit to the data to enable the

determination of the relative detection efficiency for any y-ray energy.

N E i—1

Ine= Z a; (ln—) (3.4)
i=1 Ep

Where E| is a fixed reference energy and the values of a; are the fitted parameters. Using the

846.7 keV transition as the reference energy, it was found that the 5th order of the equation

minimised to be the best fit, where the coefficients are a; =0.0135, a, =-0.4584, az =-0.0639,

as =-0.04 and as = -0.0223.
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Figure 3.14: The relative detection efficiencies from the single-crystal analysis, plotted

over the y-ray energies for the *°Co and ®?Eu sources. The efficiency curve

given by equation 3.4 has been fitted to the data.

3.2.3 Doppler Correction

The y rays emitted in-flight, by the de-excitation of the ?*F nuclei, were detected by the
GRETINA array surrounding the target chamber. The high velocities of the excited >*F frag-
ments at the instance of emission, resulted in the significant Doppler shift of the emitted y
rays. Consequently, the detected y-ray energies in the laboratory frame, emitted by the 23,

were greater at the smaller detection angles relative to the beam-axis direction. This effect
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is described by the relativistic Doppler shift expression in equation 2.13.

The measured lab-frame y-ray energy spectrum is displayed in figure 3.15. The peak
structures that can be seen on the spectrum predominantly originate from neutron-induced
reactions on aluminium and germanium. The corresponding structures on the inset are
straight, indicating that the detected energies are independent of the angle at which they
were detected, and thus are not Doppler shifted. The aluminium and germanium, from
which the majority of these peaks originate, are ubiquitous within the experimental setup.
Aluminium constitutes the primary structural material from which the beam tubes, detec-
tor frames, casings and chambers are constructed, whilst germanium is the detector mate-
rial of the GRETINA modules. The peaks originating from the neutron inelastic scattering
from germanium can be identified on the y-ray spectrum, as they have a distinctive trian-
gular shape. This is due to the energy of the nuclear recoil being measured in addition to

the y-ray energy [87].

The inset of figure 3.15 demonstrates that the y rays from 2F have a clear correlation
between their measured energies and the angle at which they were detected, due to the
relativistic Doppler shift. Thus, on the lab-frame y-ray spectrum, these peaks are smeared
out into the smooth background. In order to recover the peak structures of the y-ray tran-
sitions of 23F from which their energies and intensities could be measured, the detected

Y-ray energies were Doppler corrected, see section 2.3.1.

The Doppler correction of the y-ray energies was carried out on an event-by-event basis.
As the exact location along the z-axis of the *F fragments at the instance of decay could not
be known, the centre of the 2 mm ?Be target was taken to be the z-coordinate of the decay
position. The beam direction was defined as the vector from this point, to the position of
the fragments at the entrance of the S800. Similarly, the y-ray directions were defined to
be the vector from the decay position, at the centre of the target, to the position of the first
interactions of the y rays with GRETINA. This was defined to be the position of the inter-
action with the largest energy deposition for the spectra using the tracking functionality of
GRETINA, or to be the crystal with the largest energy deposition, for the single-crystal spec-
tra. Either way, from these two vectors, the detection angles could be reconstructed. The
other variable necessary for the Doppler correction, the average emission velocity () =
0.4175, was set to be the velocity required for the y-ray energies to be equal to the expected
rest-frame energies, and to be independent of the angle at which they were measured. Sev-
eral of the most intense transitions across the spectrum were used for this purpose, to re-
move the possibility of introducing a systematic uncertainty to the spectrum, due to the
reference transitions having a lifetime effect. The resulting Doppler corrected y-ray spec-

trum is displayed in figure 3.16.
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Figure 3.15: The lab-frame y-ray spectrum. The inset shows a plot of the detection angle
against the detected y-ray energy. For the 23F transitions, there is a clear
correlation between the detected y-ray energies and the detection angles.
Consequently, the 2F peaks are smeared out into smooth curves across the
spectrum. The sharps peaks that are clearly visible on the spectrum, originate
from the neutron-induced reactions on aluminium and germanium.
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Figure 3.16: The Doppler corrected y-ray spectrum, using the full tracking capabilities of

GRETINA. The inset now shows that the correlation between the detection
angle and the y-ray energy has been removed. Therefore, the Doppler

reconstructed peaks are now visible on the spectrum.
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The Doppler reconstructed y-ray spectrum for 23E, displayed in figure 3.16, demonstrates
the removal of the correlation between the y-ray energies and their detection angles, and
the recovery of the peak structures for the 23F transitions. Inversely, the peaks from the neu-
tron inelastic scattering reactions on aluminium and germanium are now smeared across
the angles, and form broad background structures in the low-mid energy regions of the y-

ray spectrum.

The apparent reduction in the energy resolution of the y-ray spectrum post Doppler cor-
rection, that can be observed when comparing the spectra, was explained in section 2.3.1
to be a consequence of the uncertainties in the Doppler correction parameters. In the
experiment, the uncertainties in the detection angles were minimised through the use of
GRETINA. The ability of GRETINA to effectively determine the positions of the first interac-
tions of the y rays, to a resolution of 2-3 mm, significantly reduced the contribution of this
uncertainty to the broadening of the peaks. In addition, the approximation of the decay
position being in the centre of the target, is generally valid for transition with lifetimes that
are much shorter than the transit time of the excited fragments through the target. If there
were any transitions with lifetimes on the order of, or greater than the fragment transit time
(r > 15 ps), then this approximation would induce a significant uncertainty in the detection
angle, and a lifetime-sensitive lineshape would appear in the spectrum. Finally, the uncer-
tainty in the Doppler correction velocity arises on account of the emission velocities being
a distribution. This distribution was a convolution of initial momentum distribution of the
fragments, with the energy loss effects through the target. The contribution of this uncer-
tainty was minimised by selecting as close as possible to the mean emission velocity of the

distribution.

3.2.4 y-ray Spectrum Analysis

The Doppler corrected y-ray spectrum was systematically analysed through the fitting of
Gaussian curves to the peaks, with an approximated linear background, of the form shown
in equation 3.5. From these fits, the y-ray transitions in 23F were identified, and the cen-
troid energies and Full Width Half Maxima (FWHM = 2.350) of the peaks were measured.
Additionally, from the fitting of symmetric Gaussians to the data, it can be can be inferred

that there were no strong lifetime effects present in the measured transitions.

_ G-p?
fx,a,u,0,b,c)=ae 2> +bx+c (3.5)

Where a is the height of the Gaussian, p and o are the centroid energy and standard devia-
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tion respectively. The free parameters b and ¢, describe the linear background upon which

the Gaussian sits.

The fits were carried out using the Minuit fitting package, built into the ROOT data-
analysis framework [85]. The least squared technique was used to minimise the fit and
extract the observables. The basic principle of this technique is to minimise the following

x? function, with respect to the free parameters.

n L 2
XZ _ Z (vi f(x;a)) 3.6)
i=1

2
oy

Where y; are the measurements and o; are their uncertainties, f is a function of x and an
array of free parameters to be fitted a = (a; + a» + as + a4 +...). The optimum parameters
are defined as the values which return the ¥ at a minimum. The curvature of the function
in the vicinity of the minimum, provides information regarding the uncertainties in the

parameter values.
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Figure 3.17: Plot of an example fitting of the 1999 keV transition in 23E The peak is fit using
a Gaussian on top of an assumed linear background. The background
subtraction of the peak can be carried out by the subtraction of the integral of

the linear component from the integral of the total function.

In principle, the intensities of the y-ray transitions could be measured from these fits, by
performing a background subtraction on the peaks. As demonstrated by figure 3.17, this
would entail the subtraction of the integral of the linear background component, from the

integral of the entire function. However, the peaks on the Doppler corrected y-ray spectrum
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often had complex background functions. This was due in part to their broadness, causing
them to merge with the other structures on the spectrum; such as the neutron inelastic
scattering peaks and the Compton structures and escape peaks of other nearby transitions.
This made the linear background approximation significantly less valid and would consti-
tute the dominant source of uncertainty in the intensity, and thus branching ratio measure-
ments. Therefore, detailed Monte Carlo simulations were carried out, with the y-ray energy
measurements as inputs, to extract not only the relative intensities of the transitions, but
also the relative populations and branching ratios of the excited states in 23F, see section
3.2.7.

3.2.5 vy -7y Coincidence Analysis

The excited states of nuclei do not necessarily decay directly to the ground state with the
emission of a single y ray. Many transitions form part of a cascade, a chain of decays in
series, emitting two or more Y rays in coincidence. Before being able to deduce the rela-
tive populations and branching ratios of the excited states in 2F via the simulations, the
cascades first had to be identified. For this purpose, a y-y coincidence matrix was con-
structed, with GRETINA tracking, to determine which y rays were detected in coincidence,
see figure 3.18. In principle, this technique could be expanded to the observation of the y
rays detected in coincidence with several other y rays, a y-y-y cube for instance. However,
in practice this is limited by the fact that the efficiencies are multiplicative. In this case,
this means that the limited geometrical coverage of GRETINA results in a reduced y-y effi-
ciency. Consequently, only the cascades with the most intense transitions were able to be
identified.

In order to observe and measure the cascades, the previously measured transition ener-
gies were gated upon. The peaks on the resulting gated spectra were then fitted, and the
cascades deduced. Figure 3.19 displays each of the steps involved in the y-y coincidence
analysis. The first step was to define a "data gate" around the energy of a transition, be-
tween the red lines in the top left panel. A background subtraction was then carried out, so
that only the transitions in coincidence with the gated transition energy were visible upon
the gated spectrum. The background subtraction was performed by defining the back-
ground gates as the regions directly adjacent to the data gate, denoted by the black lines.
The background gates were then summed, scaled and then subtracted from the data gate,
to produce the background-subtracted spectrum shown in the bottom right panel. The
analysis of these gated spectra, coupled to the prior analysis of the y-ray spectrum, enabled

the construction of a new level scheme for 2°E which is presented in figure 3.31.
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Figure 3.18: y-y coincidence matrix for 23F.
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Figure 3.19: Example of y-y coincidence analysis. The top left panel is the full projection
of the y-y matrix, where the black and red lines denote the "data" and
"background" regions respectively. The spectra for the y rays in coincidence
with these regions are displayed in the top right and bottom left panels, with

subtracted spectrum in the bottom right.
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3.2.6 y-ray Angular Distributions

The measurement of the angular distributions of the y-ray transitions, emitted from the
nuclear excited states, is an important tool in nuclear structure research. Indeed, by study-
ing the y-ray angular distributions, the multipolarities of the transitions are able to be de-
rived. Thus, enabling the assignment of spins to the excited states. The one-neutron knock-
out reactions of 2*F populated aligned excited states in the 2*F fragments, the transitions
from which had measurable angular distributions. A nuclear state is said to be oriented if
there is a preferential relative population of the m-substates, so that P(m) # P(m'). In the

circumstance where P(m) = P(—m), the state is said to have an alignment [88].

In the following subsection there is a brief summary of the principles and framework
required to interpret the angular distribution data, and an outline of the commonly used
notation. A complete discussion of the y-ray angular distributions for intermediate-beam

energies can be found in [89,[90].

Angular Distribution Framework

The orientation of a state of interest, with a spin I, is specified by a statistical tensor. A
statistical tensor describes a collection of nuclei in a specific state, and is related to the dis-
tribution of magnetic substates, with respect to a chosen coordinate frame. In this analysis,
the coordinate frame is chosen be with the beam directed along the positive z-axis. The
magnetic substate distribution is given by the populations P(m) of the 21 + 1 m-substates,
which are normalised so that )_,, P(m) = 1. For an axially symmetric m-substate distribu-

tion, the statistical tensor By is defined by

Be(D) =V RI+1)Y. (1) ™(I — mIm|k0)P(m), 3.7)
m

where k =0,1,2,...,21 if I is an integer spin, or k =0,1,2,...2] — 1 if I is a half-integer spin.
For an aligned state, where P(m) = P(—m), only the statistical tensors with even values of k

are non-zero [90].

In the circumstance where the orientation of an excited state of interest is due to several
different population channels (i.e. direct population via neutron knockout, or feeding from
a higher energy state), the alignment of the state may vary based upon the relative strengths
of each channel. In this case, the overall statistical tensor required, is simply the weighted

sum of statistical tensors of each population process.
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The y-ray angular distribution function W (0), specifies the intensity of a y-ray transition,
measured at an angle 6 with respect to the beam axis. The angular distribution function
of a transition is calculated using the statistical tensor of the initial state. If the state has
axial symmetry about the quantisation axis (z-axis) then the angular distribution can be

expressed as

W(0) =) Bir(I;) Ax(6y11'I£1;) Pr(cos (D)) . (3.8)
k

This can be written in terms of the m-substate populations P(m) by substituting the for-

mula for the statistical tensor By, in equation 3.7.

W) =v2I+1) (-1)"*"™(I - mIm|k0)P(m) Ay (8, LL I 1;) P(cos6) (3.9)

k,m

Where I is the initial state spin of the y-ray transition, / and I’ = [ + 1 are the lowest possible
multipolarities of the y ray. The Py(cos6) terms are the Legendre polynomials, where only
the even ordered terms contribute to the angular distributions. The Ay terms are related
to the dynamic angular momentum coupling of the initial and final spins of the transition,

with a term to account for transitions with mixed multipolarities [89].

The y-ray angular distribution formula, given by equation 3.9, specifies the intrinsic an-
gular distribution of the transition in the centre-of-mass frame. Therefore, to enable com-
parison to the experimental data in the lab frame, a series of corrections needed to be ap-
plied in order to account for Lorentz boost of the fast moving fragments, in addition to
other detection efficiency terms. The following subsection outlines the measurement of
the angular distributions of the y-ray transitions and details each of the corrections that

were required.

y-ray Angular Distribution Data

The nucleon knockout reactions that take place in the secondary target induce a mo-
mentum change in the outgoing fragments. The momentum distribution of the outgoing
fragments provides some insight into the nucleon that was knocked out, as the angular
momentum of the knocked-out nucleon alters the width of the fragment momentum dis-
tribution. In the reaction being studied in this analysis, it is highly likely that the excited
states in 23F were populated via the removal of a neutron from the 1ds,» shell. The removal

of the neutron from the 2s1,» would instead populate ground state 23F, and the removal of a
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neutron from the lower shells is unlikely as they are more deeply bound.

The S800 is able to a extract a measure of the momentum distribution of the outgoing
fragments. The Dty displayed in figure 3.20, is the relative difference of the measured mag-
netic rigidity (Bp) from the central rigidity. The distribution is not symmetric about the
zero, as the S800 was not centred for the 23F fragments, but rather for 2! 0. The structure to
the right of the distribution is the unreacted *F beam, that can be seen to be leaking into
the PID gate in the inset. The comparison of the widths of these two structures, reveals the
effect of the reaction on the momentum distribution of the fragments. Before proceeding
with the y-ray angular distribution analysis, a cut was applied from the centre of the frag-
ment momentum distribution to the high-energy region, denoted by the dotted black lines.
This was to ensure the removal of any asymmetries in the low-energy region of the momen-
tum distribution, which have been associated with higher-order dissipative effects in the

nucleon knockout reactions at NSCL, as discussed in a number of reports [91},192}193],94,95].
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Figure 3.20: Plot of the Dty from the S800, gated on the 2*E The inset shows the ?*F leaking
into the 23F gate in the outgoing fragment PID. The momentum distribution
cut is denoted by the black dotted lines.

The distributions of y-ray emission angles were obtained by dividing the total angular
detection range into intervals of 10 degrees in the laboratory frame, see figure 3.21. This
interval was selected to allow enough statistics for the spectra to be fit with high level of
confidence, whilst also maintaining enough data points for the shape of the distribution to
be visible. The intensity of a transition across each angular interval constitutes the angular

distribution of that transition. However, in order to effectively compare these intensities
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Figure 3.21: [llustration of the division of the full angular detection range into the regions

used for the y-ray angular distributions analysis.

and extract the angular distributions, it was of paramount importance that the detection
efficiencies at each angle were dealt with correctly. There were a number of factors which
affected the efficiency of the y-ray detection, at the different angles. This resulted in the
deviation of the detected y-ray angular distributions Wpe, from the intrinsic angular dis-

tributions of a transition Wiy, such that

1-f°

(Beos@) -1 (3.10)

Wpet(0) = Wine(Oc.m) * €pet(0) - €Geo (0) -

To recover the intrinsic angular distributions, from which the multipolarities of the tran-
sitions could be derived, these efficiency terms needed to be accounted for. The first cor-
rection term in equation 3.10 is the detection efficiency of the y ray. The angular depen-
dence of this term originates in the Doppler shift of the y-ray energies, in the laboratory
frame. As has already been discussed in section 2.3.1, y rays detected at different angles
will be observed to have different lab-frame energies, therefore different detection efficien-
cies. Consequently, for the same transition, y rays detected at the forward angles, would
have a reduced detection efficiency compared to the back angles. The second efficiency
factor in equation 3.10, is the geometrical coverage of the detectors. This a measure of how
many detectors were present in each of the angular intervals. Clearly, a greater number of
detectors in an angular interval would result in a higher detection efficiency. The final cor-

rection term is the Lorentz boost, which arises due to the relativistic velocity of the beam
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fragments. This term results in the y-ray angular distributions being skewed towards the
forward angles. Each of these terms were accurately accounted for, via the analysis of the

detailed Monte Carlo simulations, see section 3.2.9.

3.2.7 GEANT4 Simulations

Detailed Monte Carlo GEANT4 simulations [96] of the experimental setup were carried
out, in order extract the relative intensities of the transitions, branching ratios, level popu-
lations and y-ray angular distributions. The simulation and fitting of y-ray spectra to mea-
sured data is a power analysis tool, enabling the complete evaluation of all components on
the y-ray spectrum. This is particularly useful when measuring the intensities of transi-
tions with a complex background function, such as peaks found on the Compton edge of
another nearby transition, or overlapping with a neutron-induced background peak. The
simulations also provide a means to identify and interpret any subtle abnormalities in the
peak structures, arising due to lifetime effects, or multiple peak overlaps, that may have

been missed upon first inspection of the y-ray spectrum.
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Figure 3.22: The simulated GRETINA geometry in the same configuration as the

experiment.

The simulations were carried out using a modified version of the G4Lifetime simulation,
in GEANT4, which is a tool originally devised to assist with the analysis of Recoil Distance
Lifetime Measurements at NSCL [97]. As such, it has the GRETINA geometry implemented
asitwas at NSCL during the experiment, see figure 3.22, as well as the beampipe and shield-

ing. The target material, density and position were inputted into the simulations, in addi-
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tion to the incoming-beam properties and reaction details. The y-ray transition energies

measured in section 3.2.4 were also implemented.

The simulation runs event-by-event, with each event starting with the generation of the
primary beam particle, and ending once all primary and secondary particle tracks have
ended. The simulation contains the physics processes governing particle and electromag-
netic interactions, and as such accurately describes the passage of particles through matter.
They are particularly adept at dealing with the Doppler effect and the corrections of y rays
emitted from a fast beam, travelling through a degrader or backing, and replicating the
lineshape on the spectrum due to any lifetime effects. However, the simulations did not
include the tracking functionality of GRETINA, and therefore had to be compared to the
single-crystal y-ray spectra, without add-back, reducing the peak-to-totals. The simulated
output files were processed in the same way as the data files, so as to allow the comparison

and fitting of the spectra.
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Figure 3.23: The plot on the left shows the simulated y-ray detection efficiencies from
simulated *°Co and '°Eu sources. The data is plotted alongside the
experimental single-crystal efficiency curve from figure 3.14, to demonstrate
the good replication of the GRETINA efficiencies in the simulation. The plot
on the right is the difference in the simulated efficiency from the

experimental efficiency.

In order to accurately fit the simulated spectra to the measured data, and extract the tran-
sition intensities, branching ratios and level populations, the y-ray detection efficiency and
energy resolution of GRETINA must be properly simulated. To verify that the detection ef-
ficiency was correctly implemented, the 56Co and 152Eu source peaks were simulated, with
the relative intensities obtained from [86]. The simulated relative efficiency data, again
normalised to the 846.7 keV transition, was compared to the experimental single-crystal

efficiency curve with good agreement, see figure 3.23.
The detector energy resolution was simulated by assigning the exact y-ray energy calcu-
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lated by the simulation, to be the mean p of the Gaussian probability distribution, given by
equation 3.11. The y-ray energy value taken by the simulation was then obtained through

the random sampling of this Gaussian distribution.

_ 2
fE) = o) (3.11)

1
ovV2n

The standard deviation of the distribution o, was again determined via the measurement
of the calibration source data. The Full Width Half Maxima (FWHM) of the peaks from
the 6Co and '°2Eu sources were measured and plotted against the transition energies, see

figure 3.24. A linear fit was then carried out to this data, in order to determine the FWHM

as a function of the y-ray energy, with the form

FWHM(E) = a; x E[keV] + a,. (3.12)

From the fit in figure 3.24, the coefficients were calculated to be a; = 0.8256 x 10~% and a,
= 2.025 keV. This function was then applied to the Gaussian distribution for the simulated
detector energy resolution, where o = 0.425 x FWHM(E). The result of this was a realistic,

energy dependent, simulated detector resolution.
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Figure 3.24: The FWHM of the peaks from the *®Co and ®*Eu sources, plotted against the

y-ray energy. The linear fit function is given by equation 3.12, and was used to

tune the simulated GRETINA energy resolution.
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3.2.8 Simulation Spectra Fit

The fitting process was carried out in a similar way to the Gaussians in section 3.2.4, only
this time with a greater number of free parameters to be fit. First, the background peaks
were simulated, representing the decays originating from the neutron inelastic scattering
on aluminium and germanium, figure 3.25. These were then Doppler corrected to form the

broad background structures that can be seen on the spectrum.

351~ 3

o
=3
<3
o

30f 3

Counts / 1 KeV
3
o
o

Counts / 1KeV

a5f =

W
o
<3
o

20F 3

n
o
=3
=3

et | LT IS

L L L L . L
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Energy (KeV) Energy (KeV)

Figure 3.25: The plot on the left shows a y-ray spectrum of the simulated neutron inelastic
scattering peaks of aluminium and germanium. The right plot displays this
spectrum after the Doppler correction has taken place, with respect to the

same direction and velocity as the 23F fragments.

These background structures were then fitted to the experimental spectrum, along with
a double exponential curve, and the individual cascades and transitions, where the fitting
parameter was a coefficient representing the intensity of each transition, equation 3.13.
A Doppler shifted 511 keV term was also present in the fit. This term was required, as
many of the y rays in the background were not simulated, instead substituted for by the
double-exponential curve. This meant far fewer pair production and annihilation events
took place, resulting in the smeared out structure around 460 keV, which is the Doppler
corrected 511 keV peak, not being fully filled in. Without the introduction of this term, the

low-energy region of the spectrum can not correctly be accurately reproduced.

—azXx

f(x,a) =aye +aze” " + ashpg(x) + aghsi1 (x) + a; hy (x) + agho (x) + ... (3.13)

Where a = (a;, ay, as, ...) again represents a vector of free fitting parameters, ipg and hs;; are
the Doppler corrected background peaks and 511 keV spectra respectively, and h, (x), ha(x), ...

are the spectra of the individual cascades and transitions. The free parameters (ay, as, ...)
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represent the intensities of their corresponding transitions. The functions representing the
cascades here are a full spectrum, taking not only the peak intensities into account, but also
the intensities of the escape peaks, Compton structures and the 511 keV peak, and their im-
pact on the total spectrum and other nearby peaks. All of these components are combined
into the fit, so that there can only be a single solution to correctly replicate the experimental
spectrum, see figure 3.26. Therefore, this method provides a uniquely holistic understand-
ing of the spectrum, as all aspects of the spectrum are simulated and accounted for and
anything missing from the fit is noticeable by its absence. The fit replicated the shape of
the spectrum and provided valuable insight for the determination of the intensities and

branching ratios of the transitions, as well as the relative populations of the levels in 2°E
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Figure 3.26: Plot of the simulated data fit to the experimental single-crystal y-ray
spectrum. The experimental data is in red and the total simulated fit in blue.
The components of the fit, the double exponential curve, the neutron-
induced reaction peaks, and the 23F vy rays are denoted by the black, green

and grey lines respectively.
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3.2.9 Simulation Angular Distribution Analysis

The simulations that were used to fit the full angle spectrum were also cut into the angu-
lar slices defined in figure 3.21. These simulated transitions had an intrinsically-isotropic
angular distribution, where any differences between the measured intensities of the tran-
sition at the different angles, were due to the efficiency terms described by equation 3.10.
As the Lorentz boost is included in the simulations, and the GRETINA geometry and detec-
tion efficiencies have been correctly implemented, figures 3.22 and 3.23 respectively, the
total efficiency factors relevant to the y-ray angular distributions, were well reproduced by
the simulations. Therefore, by fitting the simulated to the experimental spectra, these effi-
ciencies have effectively been corrected for. Thus, the fitting parameters of the simulated
transitions once again provided a measure of the intensities of the transitions, enabling the

extraction of the y-ray angular distributions.

The fitting of the y-ray spectra across the angles, figure 3.27, was carried out using the
same procedure as for the full angle spectrum. As before, this process enabled the complete
description of the spectra, including the background peaks, Compton structures and the
escape peaks. Rather than form the smooth background structures as in the full angle fit,
the neutron inelastic scattering peaks, denoted by the black lines on figure 3.27, form block
shapes. This is a result of the angular cutting of the Doppler corrected peaks, where the
Y-ray energy is correlated with the detection angle. The results of the fitting and the y-ray

angular distributions for each of the transition are displayed and discussed in section 3.3.3.
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Figure 3.27: The fitting of the simulated data to the experimental single-crystal y-ray

spectra, across each angular interval. The parameters of the fit are the same

as for the full angle case, where the components are again denoted by the

coloured lines. The intensities of each transition, in each interval, can be

extracted from the fit to calculate the y-ray angular distributions.
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3.3 Results

The following sections present the results of the analysis detailed above. Section 3.3.1 cov-
ers the results from the analysis of the Doppler corrected y-ray spectrum, obtained through
the fitting of Gaussians and simulations to the data. The results of the y-y coincidence
analysis are displayed in section 3.3.2, as well as the identification of the cascades and the
constriction of a new 23F level scheme. The y-ray angular distribution results are then pre-
sented in section 3.3.3, alongside the spin assignments of the excited states. The results are

summarised with the complete level scheme in section 3.3.4.

3.3.1 y-ray Spectroscopy Results

The combined analysis of the Doppler corrected y-ray spectrum, through the fitting of
both the Gaussians and the simulations, enabled a complete description of the spectrum.
The fitting of the Gaussians on a linear background, outlined in section 3.2.4, was used for
the identification and energy measurements of the y-ray transitions, on the tracked spec-
trum. From this analysis, several new transitions were observed for the first time, in addi-
tion to many transitions that have previously only been observed in other reaction chan-
nels, i.e proton transfer reactions. The populations of these states and transitions is further

elaborated upon in section 3.4.

Through the fitting of the simulations to the experimental single-crystal spectrum, the
strengths of the transitions relative to the 2909 keV y ray, were extracted with an accurate
accounting of the background components. Additionally, the lack of any apparent lifetime
induced lineshapes on the spectrum, confirmed by the simulation fit, also indicates that
there were no measurable lifetime effects for these transitions. Table 3.1 summarises the
measured y-ray energies and their relative intensities. The new transitions are highlighted
in bold and those observed for the first time in the neutron removal reactions, by the as-
terisks. All of the transitions listed in this table have been fitted by Gaussians, with a confi-

dence level of greater than 50.
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E, (keV)  Int.pe (%) | E,(keV) Int. ge. (%)
459.2 (11) 1.3 (3) 1999.8 (5) 15.8 (6)

625.4 (2) 76(3) | 22413(13)*  10.7 (6)
798.9 (12) 2.4 (3) 2909.0 (7) 100

917.2 (1) 303(5) | 3368.4(9)  22.6(7)
1084.1 (15) 0.8 (3) 3825.8(7)  29.3(7)
1256.0 (18)*  1.9(4) | 4064.8(27)* 5.4 (6)
1620.7 (21)  2.0(4) | 4623.7(24) 7.1 (5)
1707.2 (30)  19.5(8) | 4943.7(38) 2.2 (4)
17229 (38) 4.9 (8)

Table 3.1: The y-ray energy and relative intensity measurements obtained from the
Doppler corrected y-ray spectrum. The new transitions are highlighted in bold
and those observed for the first time in the neutron removal reactions, by the

asterisks. All values displayed in this table are from the present analysis.

3.3.2 vy -7y Coincidence Results

The y-y coincidence analysis was carried out to observe which of the y rays exist in a cas-
cade, so that a new level scheme for 2*F could be constructed. In general, when a y ray that
is part of a cascade is detected, the other other y rays will also be detected in coincidence.
Therefore, by gating on the transitions measured above, the y rays observed in coincidence
should appear on the subtracted coincidence spectra. These spectra for the data are pre-
sented in figures 3.28 and 3.29, with the coincidences summarised in table 3.2. Only the
gatings which have measurable coincidences, to a confidence level of approximately 3o or
greater, are displayed. Due to the low y-y efficiency, from the detector coverage, this in-

cludes only the comparatively strongest of the y-ray transitions.

Through the studying of the y-ray coincidence data, the cascades in 23F were deduced.
As can be seen from figures 3.28 and 3.29, or from the coincidence table 3.2, the 2909 keV
is coincident with five other y rays. As such, it constitutes the final transition to the ground
state in a number of different cascades. The dominant transition feeding into this state is
the 917 keV y ray, which itself is in coincidence with the 1707 keV transition. The 2909 keV
and 917 keV transitions sum up to the 3826 keV state, the decay from which to the ground
state is also observed to be in coincidence with the 1707 keV transition. Therefore, from this
simple analysis, the 2909 keV, 3826 keV and 5534 keV states were deduced. The 2909 keV is
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Figure 3.28: The first set of subtracted y-ray coincidence spectra for the lower energy

transitions. The y rays in coincidence with the specified gatings are labelled

on the spectra.
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Figure 3.29: The second set of subtracted y-ray coincidence spectra for the higher energy
transitions. The y rays in coincidence with the specified gatings are labelled

on the spectra.
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E, (keV) Coinc. Ey (keV) | Ey (keV) Coinc. E, (keV)
459 2909 2241* 1723
625 2000 2909 459

2909 625
917 1707 917
2909 1707
1256* 3368 2000
1707 917 3138 4624
2909 3368 1256*
3826 3826 1707
2000 625 4624 3138'
2909

Table 3.2: A summary of the y rays observed in coincidence with the gatings displayed in
figures 3.28 and 3.29. With the coincidence data, the y-ray cascades were
identified and the new level scheme was constructed. The new transitions are
again highlighted in bold, with the asterisks identifying those observed for the
first time in the one-neutron removal reactions. The 1 symbol indicates that the

transition was fit with a confidence level of less than 3o.

also coincident with the 2000 keV transition from the 4909 keV state, which again is fed from
the 5534 keV level by the 625 keV y ray. These four states and the transitions between them,

make up the most dominant cascades that were observed in the data.

The newly measured 459 keV y ray was also observed to be in coincidence with the 2909
keV transition, from the 3368 keV state. The transition from this state to the ground state,
was also observed on the y-ray spectrum. In the 459 keV coincidence spectrum, only the
2909 keV y ray is present. This is in contrast with the 3368 keV gating, where the 1256 keV
transition from the 4624 keV state can be clearly discerned. However, this is due to the fact
that the 459 keV transition is significantly weaker than the 3368 keV. Therefore, the 1256 keV
Y ray is not expected to be observed in the 459 keV gating.

Gating on the direct decay of the 4624 keV state, a weak transition, unseen on the Doppler
corrected y-ray spectrum, was observed. This transition was measured to have an energy of

3138.1 (41) keV, and was fit with a confidence level of 2.80. Despite the low confidence level

88



of the fit, by gating on the 3138 keV region, the 4624 keV transition was visible and could be
fitted to a confidence level of greater than 3o0. The fact that this transition was not observed
on the y-ray spectrum could be indicative of its low intensity. The apparent low intensity of
the y ray, together with its location on the Doppler corrected spectrum, between the strong
2909 keV and 3368 keV transitions, is most likely the reason why this transition was not
previously observed. The low intensity also hampers the observation of this transition in
the 1256 keV gate. However, there does appear to be a structure, discernible in the 1256 keV
region of the 3138 keV gate, but it was not able to be fitted with a sufficient confidence level.
With this analysis, the 7762 keV state was tentatively assigned. The result of this analysis,
was the inclusion of the 3368 keV, 4624 keV and 7762 keV states to the 2°F level scheme, in
figure 3.31.

The final gating not yet discussed, is that of the 2241 keV y ray. In this gating, the 1723
keV transition was fitted with a confidence level of 40. In addition, there appears to be a
structure around the 900 keV region, however this could not be fitted with sufficient confi-
dence. The potential for additional transitions indirectly populating this state, via feeding,
is relevant to the discussion of the populations of the single-particle proton states, see sec-
tion 3.4.4. The 1723 keV region, does not have a gate displayed in figure 3.28, due to the
dominant 1707 keV transition nearby, the coincidences of which are amongst the strongest
transitions on the spectrum. Therefore, the 2241 keV state was assigned to be in coinci-

dence with only the 1723 keV y ray, from the 3964 keV excited state.

The remaining transitions had no discernible y rays detected in coincidence. Therefore,
the 4065 keV transition was assigned to be a direct ground state decay of an excited state not
within a cascade. Additionally, due the proximities in their energies, the 4944 keV transition
could be the direct ground state transition from the 4909 keV state. However, this could not
be confirmed by the y-y coincidence analysis, as the 625 keV transition could not be identi-
fied in the gating of the 4944 keV region. This was to be expected though, as a consequence
of the low intensity of the detected 4944 keV y ray.

The apparent 35 keV energy gap between the 4944 keV transition and the 4909 keV state,
deduced from the 2909 keV - 2000 keV cascade, could not be simply explained by the un-
certainties in the measurements. The possibility of a lifetime effect causing this mismatch
was investigated through the use of the simulations. It was found that any lifetimes large
enough to cause an effect on this magnitude would induce measurable asymmetric line-
shapes onto the peaks, which was not observed in the y-ray spectrum. An alternative pos-
sibility was that this energy gap was caused by an uncertainty in the calibration, due to the
highest energy calibration point being only 3.2 MeV. However just 300 keV away, the 4624

keV transition was measured to be in strong agreement with the energies of 3368 keV - 1256
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keV cascade, to less than 1 keV. Therefore, as these two energies could not be reconciled by
either lifetime nor calibration effects, and could not be explained by the uncertainties in

the measurements, the 4909 keV and 4944 keV were assigned to be distinct excited states.

The other new transitions that were measured on the spectrum 798.9 (12) keV, 1084.1
(15) keV and 1620.7 (21) keV also could not be assigned a place in the level scheme, due to
them not appearing in the coincidence gatings. It should be noted however, that the 799
keV y ray does indeed fit in the level scheme, decaying from the 4624 keV to the 3826 keV
state. As does the 1084 keV y ray, which could be located between 3826 keV and 4909 keV
excited states. However, as these y rays were not observed to be in coincidence with any
other transitions, they could not be placed in the level scheme, regardless of how well they
fit numerically. The new level scheme, in addition to a summary table of the states and

transitions, are presented in section 3.3.4.

3.3.3 y-ray Angular Distribution Results

The y-ray angular distributions were measured by dividing the angular detection range
into six regions and then fitting the simulations to the resulting spectra. From the param-
eters of the fit, the intensities of the transitions in each angular interval were extracted.
As a consequence of the division into the smaller angular ranges, only the distributions
of the strongest transitions could be extracted. In the case of the weaker transitions, the
errors in the intensity measurements were often greater than the fluctuations in the distri-
butions. The distributions were normalised across the detection range and the angles were
converted from the laboratory frame 0, to the centre-of-mass frame 6. ;. by equation 3.14,

so they could be compared to the calculations.

_ cos@)-p
cos(@cm) = T Beos@) Beos®) (3.14)

The m-substate populations of the excited states in 23E after the neutron removal reac-
tions of a 95 AMeV 2*F beam on a ?Be target, were calculated by Jeff Tostevin from the nu-
clear theory group in the University of Surrey. The population calculations assumed a >F
ground state of 3*, which was inferred by the longitudinal momentum distribution mea-
surements in Sauvan [98]. In the neutron knockout reactions, the production of the 23p
was dominated by the removal of the s;,2 and ds/» neutrons. However, since the removal
of an s1,» neutron directly populates the ground state of 2°F, only the ds;» removals were

considered for the calculations.
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As a result of the angular momentum coupling of 24R(3%) ® vds,2, the neutron knockout
reactions of 2*F could populate excited states ranging from 1/2* to 11/2* in 3E Therefore,
the y-ray angular distributions were calculated for a range of M1 and E2 transitions, be-
tween these spins, using the m-substate populations and assuming direct population to
the excited states. The calculated distributions, in the centre-of-mass frame, were fitted
to the experimental distributions with two free parameters, equation 3.15, to adjust for the
different normalisations and to mitigate for the assumptions of total direct populations and

pure multipolarities.

aWOcm)+v (3.15)

The y-ray angular distribution analysis entailed the fitting of the calculated distributions,
with all possible combinations of initial and final spins between the limits of 1/2 and 11/2,
to each of the experimental distributions. In each case a y? value was extracted to quan-
tify the goodness-of-fit. It was apparent that each experimental distribution could have
more than one calculated transitions that statistically fit well. However, by using the y-ray
coincidences in table 3.2 to deduce the cascades, the combination of transitions could be
reduced to a single unique solution, which had the best fits and fit together into the new

level scheme, see figure 3.31. These best fits are displayed in figure 3.30.

The fitting of the y-ray angular distributions enabled the assignment of spins to the states,
from which the transitions decay. The top six plots in figure 3.30 present the y-ray angular
distributions of the transitions in the strong cascades originating from the 5534 keV state.
The level of anisotropy in the distribution of a transition is due to a mixture of the intrinsic
alignment of the state, the m-substate populations caused by the reaction, and the amount
of direct population and feeding. Starting with a ground state of 5/2%, which was deter-
mined by the fragment longitudinal momentum distributions in [98], the only distribution
that could be fitted for the 2909 keV y ray was the 7/2 to 5/2. As the 2909 keV transition lies
at the bottom of several cascades, the shape of the distribution can be seen to be reduced
due to the large amount of feeding. Similarly, the 917 keV transition which feeds to the 2909
keV level, had to have a final spin of 7/2. The only distribution where this could be the case,
which fitted the experimental distribution, was from an initial spin of 9/2. This assignment
was reinforced by the fitting of the 9/2 to 5/2 distribution to the 3826 keV transition. This
process was applied to the rest of the transitions in these cascades, so that the spins of the
states could be determined. The initial and final spin of each transition is summarised in
table 3.3, along with the fitting parameters and the y? of each fit. The assigned spins are

labelled on the complete level scheme in figure 3.31.
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Figure 3.30: The y-ray angular distribution fits, in the centre-of-mass frame, for strongest
transitions on the y-ray spectrum. The initial and final spins of the transitions

are labelled on each plot.
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E, keV) L Iy «a vyt

625 11/2 9/2 6.16 -2.26 2.02
917 9/2 7/2 13.46 -5.22 2.87
1707 11/2 9/2 251 -0.82 0.75
1723 3/2 1/2 281 -0.93 1.17

5/2 1/2 325 -1.11 1.11
2000 9/2 7/2 2498 -9.84 3.26
2909 7/2 5/2 986 -3.77 791
3826 9/2 5/2 1.82 -0.57 0.84

Table 3.3: Summary of the y-ray angular distribution fits, displayed in figure 3.30, for the
spin assignments of the excited states in >3E The initial and final spins of the

transitions are presented alongside the fitting parameters and y? of each fit.

The plots on the bottom of figure 3.30 display the angular distribution fits for the 1723
keV y ray, which is coincident with the 2241 keV transition. Previous experimental works
on the nuclear structure of 2F [68], tentatively assigned the 2241 keV state to be the single-
particle proton state from the occupation of the sy, orbital. As such, if this were a pure
proton state, there would be no direct population via the one-neutron removal reactions
on the ?*E In this case, any apparent direct population would in fact be due to feeding
from higher energy excited states. The alternative scenario is this state has a more mixed
character, with a non-negligible neutron contribution. Either way, from the results of the
Y-y coincidence analysis, only the 1723 keV transition was observed to be in coincidence
with the 2241 keV. Taking the final spin-parity of this transition to be 1/2*, from the proton
occupation of the s/, orbital [68], the spin of the 3964 keV excited state could be assigned

to either 3/2 or 5/2, as the y-ray angular distributions were essentially indistinguishable.

The spin assignments here show strong agreement with the results of the previous exper-
imental works and the shell-model calculations, detailed in section 3.4.2. The assignments
of all known states were correctly reproduced, however the transition intensities were too
low to deduce the assignments of any new states. The 5534 keV level was assigned to be
11/2% in the previous experiment [68], via comparison of the shell-model energies. Here,
in the present results, this assignment has been confirmed by the measurement of the y-
ray angular distributions. As the sd-model space Hamiltonians could only predict positive
parity states, the parity assignments of the excited states in >F were inferred through the
comparison of the experimental levels, to the shell-model calculations. The deduced spins

and parities are labelled on the full level scheme, displayed in figure 3.31 and table 3.4.
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3.3.4 Summary

The outcome of the analysis of the Doppler corrected y-ray spectrum of 2°F and the y-y
coincidences, was the identification and measurement of seven new transitions and two
new excited states. In addition, there were several transitions that were from states that
were observed for the first time to be populated via the one-neutron removal reactions.
This indicated that there could be weaker, unobserved transitions feeding these states, par-
ticularly in the case of the single-particle proton states, which should if they were pure pro-
tons states, have a negligible direct population. The new level scheme constructed from
this analysis is displayed in figure 3.31, with the colours highlighting the new transitions
and states. The green lines indicate states and transitions that are new, whereas the blue
represents those that have been observed for the first time in this reaction. The black lines
denote the states and transitions that were known and expected. The spin-parity assign-

ments from the y-ray angular distribution analysis are also present on the level scheme.

After the identification of the cascades in the y-y analysis, the branching ratios of the
transitions from a state could be accessed, which was an important observable for the com-
parison to the shell-model calculations. Additionally, the individual cascades could then be
simulated and fitted to the data, in the same way the transitions were in section 3.2.8, in or-
der to extract the relative populations of the excited states in 2E A complete summary of
the results from this analysis is displayed in table 3.4, with the energies, spins and relative
populations of the states presented alongside the branching ratios and relative intensities
of the y-ray transitions. Table 3.4 also includes the new transitions that were unable to be

placed in the level scheme, due to low intensities in the y-y coincidence analysis.
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Figure 3.31: New level scheme of the excited states of 23F, with the spin assignments from

the y-ray angular distribution analysis. The populations of the excited states
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additional transitions that could not be placed in the level scheme are noted.
The green lines denote the states and transitions that are new, whilst blue
highlights those that were observed for first time in the one-neutron removal

reaction. The black lines indicate the states and transitions that have

previously been identified.
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Elevel (k€V) J Pop. gel (%)  Ey (keV)  Int. ge (%) B.R. (%)

2241.3 (13) 1/2* 10.0 (18) 2241.3 (13) 10.7 (6) 100
2909.0 (7) 7/2* 100 2909.0 (7) 100 100
3368.4 (9) - 41.6 (59) 459.2 (11) 1.3 (3) 5.3(14)

3368.4 (9) 22.6 (7) 94.7 (62)

3825.8 (7) 9/2* 89.3 (63) 917.2 (1) 30.3 (5) 50.9 (15)
3825.8 (7) 293 (M) 49.1 (19)

3964.2 (40) 3/27,5/2" 11.2 (15) 1722.9 (38) 4.9 (8) 100
4064.8 (27) - 10.2 (10) 4064.8 (27) 5.4 (6) 100
4623.7 (24) - 13.2 (16) 1256.0 (18) 1.9 (4) 21.3 (57)

4623.7 (24) 7.1 (5) 78.7 (111)

4908.8 (7) 9/2* 16.9 (12) 1999.8 (5) 15.8 (6) 100
4943.7 (38) - 4.4 (7) 4943.7 (38) 224 100
5534.0 (11) 11/2* 55.3 (52) 625.4 (2) 7.6 (3) 28.1 (21)

1707.2 (30) 19.5 (8) 71.9 (52)
7761.8 (48) - 5.7 (13) 3138.1 (41) 3.2(7) 100
- - - 798.9 (12) 2.4 (3) -
- - - 1084.1 (15) 0.8 (3) -

- - - 1620.7 (21) 2.0 (4) -

Table 3.4: The full summary of the measurements from this analysis. The energies,
spin-parity assignments and relative populations of the excited states are
displayed alongside the energies, relative intensities and branching ratios of the
transitions. The three y rays at the bottom of the table could not be observed in
the y-y coincidence analysis and consequently were not placed on the level

scheme.
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3.4 Discussion

The following sections discuss the experimental results of the ?°E populated by the one-
neutron removal reactions. Section 3.4.1 provides a brief overview of the prior experimen-
tal works studying the nuclear structure of 23E This is followed by a summary of the shell-
model calculations in section 3.4.2. The key cascades in ?*F are then categorised and dis-
cussed, with reference to the previous experimental works and each of the shell-model cal-
culations. A summary of the discussion can then be found in section 3.4.6, with the final

remarks on the results.

3.4.1 Previous Experimental Works

The nuclear structure of 23F has been studied previously, notably by Michimasa et al [68],
via in-beam y-ray spectroscopy following a variety of population reactions. Through the
use of a cocktail secondary beam, the 2°F was populated by the a-inelastic scattering, pro-
ton transfer, one-neutron and two-nucleon knockout reactions. The population strengths
for the excited states in 23F were compared for each of these reactions, in order to deduce
the nature of the excited states [99]. The experiment took place at the RIPS spectrometer of

RIKEN, using the DALI2 scintillator array [100], for the detection of the y rays.

An additional recent experiment on the nuclear structure of 23F is presented in B. Pietras’
doctoral thesis [69]. In this experiment, taking place at GANIL, the 2*F was also populated
via one-neutron knockout reactions. Here, the y rays were detected by a hybrid array of ger-
manium EXOGAM [101] and Nal detectors. Additionally, in this experiment, the fragment
longitudinal momentum distributions were measured in coincidence with select y-ray en-
ergies, in order to determine the single-particle shell structures. The level schemes for these
two experiments are displayed in figure 3.32, with the relative cross sections of the excited
states from each reaction in Michimasa’s experiment, displayed on the right. A comparison
of the relative populations of the levels from the neutron knockout reactions, compared to
the values of the present analysis, can be found in figure 3.33. The nuclear structure of 2F

has also been studied following the § decay of 230, which is reported in [67].

The notable difference between the experiment presented in this thesis and the previous
experiments, besides the greater statistics, is the use of the GRETINA for the y-ray detec-
tion. The tracking capabilities of GRETINA enabled a superior Doppler correction to be
performed on the data, significantly improving the energy resolution of the Doppler cor-

rected spectrum. This was of particular importance for the higher energy y rays, which
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were more sensitive to the Doppler correction, and is the primary reason why several of
the newly observed transitions were greater than 3.5 MeV. These high-energy y rays were
generally the direct transition to the ground state from many of the high-energy states in 2°E
These y rays, in addition to the detection of the weaker, lower energy transitions, enabled
the determination of the branching ratios, which were previously unable to be measured by
Michimasa. The branching ratios were crucial observables for the comparison of the data

to the shell-model calculations.
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Figure 3.33: Comparison of the relative populations of the excited states in >3F via the
one-neutron removal reactions. Both sets of data display the populations as
relative to the 2909 keV state. The plot on the right uses the level energies and

relative populations from Michimasa’s analysis, taken from table 5.3 in [99].

As can be seen from the comparison of the level schemes in figures 3.31 and 3.32, and
the relative populations of the excited states following the one-neutron removal reactions,
figure 3.33, the present data has several differences from that of Michimasa. Some notable
differences include the excited states at 3858 keV and 4732 keV that were unable to be re-
produced. Additionally, the 2241 keV and 4065 keV states were measured by Michimasa
to have no population in the neutron removal channel, whilst having strong cross sections
in the proton transfer channel. Thus these levels were assigned to be the single-particle
proton states, corresponding to proton occupation in the sy, and ds,» orbitals respectively.
The apparent direct population of these two states in the present data could perhaps be

indicative of unobserved feeding transitions, or of a more mixed character for these states,
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with non-negligible neutron contributions. However in general, the relative populations of
the excited states that were detected, were in broad agreement. The populations of 5.5 MeV
states are just about within error of each other, as are the 3.8 MeV states, with the assump-
tion that the two 3.8 MeV levels detected by Michimasa are the same state. The 3.3 MeV and
4.9 MeV states are slightly outside of the error ranges, whilst there is a strong agreement

between the 3.9 MeV states.

3.4.2 Shell-Model Calculations

In addition to being compared with the previous experimental works, the present data
was also compared to the phenomenological shell-model calculations of the nuclear struc-
ture of 23F The theoretical predictions for the excited state energies and y-ray transitions
were computed using the universal sd-shell (0ds,2, 0d3/2, 1s1/2) Hamiltonians USD, USDA
and USDB, which have provided realistic wavefunctions for nuclear structure models for a
number of years [12}[13]. The calculations were also carried out using the new USDC inter-
actions [102], to examine the predictive power of this revised Hamiltonian in the neutron-
rich region of the nuclear chart. The calculations for each of the four interactions were
carried out by Alex Brown [103], using the shell-model code NuShellx [104], with the proton
and neutron effective charges of e; = 1.36 and e, = 0.45 respectively [14]. Only the positive

parity excited states could be computed via these calculations, due to the sd-model space.

The theoretical predictions of the excited state energies were compared to the experi-
mental data, with the full range of calculated levels being displayed in the plots in figure
3.34. The levels that could be associated with an experimental excited state, via compar-
ison of the energies, transitions, branching ratios and spins, are summarised in table 3.5.
From these levels, the root mean squared (rms) of the difference between the theoretical
and experimental excitation energies were computed, in order to assess the accuracy of
each Hamiltonian [105]. The rms values for the USD, USDA, USDB and USDC Hamiltoni-
ans, with and without the inclusion of the 7762 keV state, are displayed below in table 3.6.
The 7762 keV state was tentatively associated with the 1/2] state in the shell-model calcu-
lations, via the comparison of the excitation energies and the strong branch to the 4624 keV
state. However, as this isn’t a definitive assignment, the rms values with the exclusion of this

state are also presented in table 3.6.

Examination of the rms values presented in the table above, shows that the calculations
using the USDA and USDB interactions were the most consistent with the experimental
energy levels. The USD calculations produced the least accurate results, with the results

from the new USDC Hamiltonian in the middle. This represents a slight step back in the
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Exp USD USDA USDB UsSDC
Elevel (MeV) J* E, MeV) B.R. (%) |Eevea MeV) J* Ey (MeV) B.R. (%) |Ejevet MeV) J* E, (MeV) B.R. (%) |Eeves MeV) J* Ey, (MeV) B.R. (%) |Ejevet MeV) J* E, (MeV) B.R. (%)
2241.3 (13) 1/2*  2241.3(13) 100 1776 1/2* 1776 100 2253 1/2* 2253 100 1991 1/2* 1991 100 1898 1/2* 1898 100
2909.0 (7) 7/2* 2909.0 (7) 100 2916 7/2% 2916 100 2852 712 2852 100 2796 712 2798 100 2781 712 2781 100
3368.4 (9) - 459.2 (11) 5.3 (14) 3231 5/2* 315 35.7 3352 5/2*% 500 28.3 3148 5/2*% 352 12.2 3139 5/2* 358 15.9
3368.4 (9) 94.7 (62) 3231 63.5 3352 71.7 3148 87.7 3139 83.9
3825.8 (7) 9/2% 917.2(1) 50.9 (15) 3757 9/2% 841 34.1 3783 9/2* 931 49.8 3692 9/2* 896 54.2 3682 9/2* 901 53.7
3825.8 (7) 49.1(19) 3757 65.9 3783 50.2 3692 45.8 3682 46.3
3964.2 (40) 3/27,5/27 1722.9 (38) 100 - - - - - - - - - - - - - - - -
4064.8 (27) - 4064.8 (27) 100 3497 3/2% 3497 100 3698 3/2% 3698 99.9 3976 3/2* 3976 100 3811 3/2* 3811 100
4623.7 (24) - 1256.0 (18) 21.3 (57) 4404 3/2* 1173 14.1 4433 3/2* 1081 43.2 4480 3/2* 1332 64.1 4381 3/2* 1242 50
4623.7 (24) 78.7 (111) 4404 74 4433 37.2 4480 11.2 4381 27.9
2628 10.9 2180 18.3 2489 24.1 2483 21.4
4908.8 (7) 9/2*% 1999.8 (5) 100 4664 9/2% 1748 90.5 4767 9/2* 1915 91 4769 9/2* 1973 89.4 4748 9/2* 1967 89.2
907 2.5 984 3 1077 4.1 1066 4.1
4464 5.8 4767 5.8 4796 6.3 4748 4.7
5534.0 (11)  11/2* 625.4 (2) 28.1(21) 5413 11/2* 749 73.8 5400 11/2* 633 51.1 5334 11/2* 565 32.2 5335 11/2* 587 34.6
1707.2 (30) 78.9 (52) 1656 26.1 1617 48.2 1642 67.4 1653 65
7761.8 (48) - 3138.1 (41) 100 7790 1/2* 3386 76.2 8402 1/2* 3969 40.8 8172 1/2* 3692 32.1 8130 1/2* 3749 42.6

Table 3.5: Comparison of the experimental excited state energies, spin-parity assignments, y-ray energies and branching ratios, compared to

the phenomenological shell-model calculations, for each interaction. In this table, the theoretical branching ratios are computed

using the calculated y-ray energies for each respective interaction. Only the theoretical states that could be associated with the

experimental levels, see figure 3.34, are included here. The rms values of the differences between the experimental and computed

energies are summarised in table 3.6.



USD (keV) USDA (keV) USDB (keV) USDC (keV)
Incl. 7762 keV 276.1 263.4 210.2 243.1
Excl. 7762 keV 292.7 163.9 169.3 222.6

Table 3.6: Root mean square analysis of the theoretical and experimental excited state
energies, to assess the consistency of each Hamiltonian to the experimental
data. The values with and without the inclusion of the 7762 keV level are
displayed, due to the tentative association of this level with the 1/2] state, see

text.

predictive power of the new Hamiltonian in this region of the nuclear chart, compared to
the older USDA and USDB interactions. All four of the Hamiltonians matched the spin
assignments of the y-ray angular distribution analysis and there was no clear interaction

that best reproduced the experimental branching ratios.

In the sections below, each of the excited states are categorised according to the strongest
cascades, or their apparent single-particle natures. The transitions, spin assignments and
branching ratios are then discussed, with reference to the shell-model calculations and the

previous experimental works.

3.4.3 The 2909 keV, 3826 keV, 4908 keV and 5534 keV States

The 2909 keV, 3826 keV, 4908 keV and 5534 keV states were among the most strongly pop-
ulated excited states in the neutron removal reactions, the transition from which consti-
tute the dominant cascades observed in the y-ray spectrum. The 2909 keV state had the
greatest the direct population by the reaction, and was observed to decay only through the
direct transition to the ground state, in agreement with all four of the Hamiltonians. This
2909 keV y ray was the final transition in many of the observed cascades, and was the most
intense transition observed on the spectrum. Consequently, the populations and intensi-
ties of the other states and transitions are presented as relative to the 2909 keV. The y-ray
angular distribution analysis assigned this state to be 7/2*, which is in agreement with the
shell-model predictions of the 7/2] state at 2.9 MeV. The strong population of this state
in the one-neutron removal reaction, coupled with the hindered population in the proton

transfer reaction of Michimasa’s data, suggests this is a neutron excitation.

The 3826 keV state was also observed to have a direct transition to the ground state, in

addition to the 917 keV vy ray in coincidence with the 2909 keV transition. As a result of the
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comparatively high resolution of the Doppler corrected y-ray spectrum, an intensity mea-
surement of the ground state transition could be performed. This enabled the calculation
of the branching ratios to be 50.9 (15)% to the 7/2 state and 49.1 (19)% to the ground state.
This was in best agreement with the USDA calculations, which predict branching ratios of
49.8% and 50.2% respectively, followed by the USDB and USDC, with the USD calculations
showing the greatest deviation from the data. Additionally, the angular distribution analy-
sis of both of these y rays, results in the assignment of 9/27 to this state, which corroborates
with all four of the Hamiltonians. The level scheme of Michimasa’s data, figure 3.32, shows
there to be two excited states at 3.8 MeV. Neither the present data nor the shell-model cal-
culations can support this, with just the single 3826 keV state being observed. The relative
population of this state is in agreement with Michimasa’s, with the assumption that the two
3.8 MeV states are the same state, thus summing the populations. This 3826 keV level has
already been discussed in [106], to be one of the excited states in 23F that may be interpreted

as the coupling of the single 1ds,, proton to the 2* phonon state in 20.

The 4909 keV state was identified through the observation of the 2000 keV y ray in coinci-
dence with the 2909 keV transition. In the shell-model calculations, additional transitions
to the 3826 keV level, as well as the ground state were predicted, which could be the ob-
served 1084 keV and 4944 keV transitions respectively. The 1084 keV y ray however, was not
assigned to the level scheme as a consequence of it not being observed in coincidence with
another transition. Whereas the 4944 keV transition was assigned to be from a distinct level
from the 4909 keV state, due to the unexplained 35 keV energy difference and the fact that
it was not observed to be in coincidence with the 625 keV transition. The measurements of
the angular distributions of the 2000 keV y ray suggests an assignment of 9/2; to the 4909
keV state, which agrees with the shell-model calculations. The relative population of this
state measured by Michimasa falls slightly out of error of the present value. Summing the
values of the two 4.9 MeV states in this data (i.e assuming they are the same state) still does

not quite cover this gap.

The final state in this section is the 5534 keV level, which has a significant population
resulting from the neutron removal reactions, with comparable values in the present data
and Michimasa’s. This level constitutes the first state in several of the strongest cascades
observed on the y-ray spectrum. It decays via two pathways, the 1707 keV transition to the
3826 keV state and the 625 keV transition feeding the 4909 keV state, and was identified by
the y-y coincidence measurements. The measured branching ratios for these transitions
were 71.9 (52)% to the 9/2] and 28.1 (21)% to the 9/27, which show strong agreement with
the USDB shell-model predictions of 67.4% and 32.2% respectively. The angular distribu-

tions of both of these y rays and all four of the shell-model Hamiltonians, assign this level
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to be the 11/2] state.

3.4.4 The 2241 keV, 3964 keV States and 4065 keV States

The 2241 keV and 4065 keV states were considered by Michimasa et al. [68] to be the
single-particle proton states for the s;/, and ds/» shells respectively, via the comparison of
the population strengths of each reaction. As the ground state structure of *F has a sin-
gle valence proton in the 7ds,, shell, the population strengths of the proton single-particle
states in ds3/» and s;,2, by the neutron knockout reactions, are expected to be significantly
hindered. However in the present data, both of these states were populated and the tran-
sitions to the ground states were observed. As can be seen in figure 3.33, neither of these
states were recorded to have any significant population in the previously measured neu-
tron knockout reactions. This apparent direct population to these states in the present
data, can be attributed either to the feeding from higher energy excited states that were
not observed in the y-y coincidence analysis, or to a more mixed nature of the states, with

a non-negligible neutron contribution.

The 3964 keV state was identified through the observation of the 1723 keV vy ray in co-
incidence with the 2241 keV transition. This state decays only to the first excited state and
therefore contributes to the strength of the 2241 keV transition, observed on the y-ray spec-
trum. However, the intensity of the 2241 keV transition cannot be solely accounted for by
the 1723 keV feeding alone, which is why the plot in figure 3.33 displays some direct popu-
lation to the state. As per the discussion above, this is either due to the indirect population
from unobserved feeding transitions, or the mixed nature of the states. The angular distri-
bution analysis was carried out for the 1723 keV y ray, assuming the first excited state to
be 1/2*, from the proton occupation of the s/, orbital. From this, the 3964 keV state was
deduced to be either 3/2 or 5/2, as the calculated angular distributions were essentially in-
distinguishable. As was discussed in [105], a negative parity is inferred for this state due to

it not being reproduced by the shell-model calculations.

The 3/2* assignment of the 4065 keV state from the proton occupation of the ds;» could
not be confirmed in this analysis, due to the transition intensity being too weak for an angu-
lar distribution measurement. Nevertheless, the results do support this assignment due to
the dominant branch to the ground state, when comparing to the shell-model calculations.
However, all four of the Hamiltonians show a systematic underestimation of the energies of
both of these states, where only the USDB and USDC calculations correctly reproduce the
order of the 9/27 and 3/27 states.
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3.4.5 The 3368 keV, 4624 keV and 7762 keV States

The final set of states to be discussed, the 3368 keV, 4624 keV and 7762 keV levels, con-
tain cascades with several transitions that were observed for the first time in this analysis.
These first time measurements enabled the identification of a new excited state and the

calculation of branching ratios, which were compared with the shell-model predictions.

The first excited state to be discussed here, the 3368 keV level, was identified by the di-
rect decay to the ground state. Additionally, the y-y coincidence analysis of the 2909 keV
transition, enabled the observation of the 459 keV y ray, decaying to the 7/2] state. This
transition was predicted by the shell-model calculations, but never before observed. The
branching ratios of these transitions were measured to be 5.3 (14)% to the 7/2] state and
94.7 (62)% to the ground state, which is in best agreement with the theoretical values pre-
dicted by the USDB calculations, 12.2% and 87.7% respectively. Through the comparison
of the level energies and branching ratios to the shell-model calculations, this state could
be associated with the 5/27 level. This however, could not be experimentally verified by the

angular distribution analysis of either y ray, due to the low intensities.

The 4624 keV state, identified by the decay to the ground state and the 1256 keV y ray in
coincidence with the 3368 keV transition, was observed to be populated for the first time
via the neutron knockout reaction. However, unlike the assumed single-particle proton
states, the 2241 keV and 4065 keV levels discussed above, this state was expected to have
some direct population. The reason why both of the decaying transitions were observed
here for the first time, was likely the higher statistics for the weak 1256 keV transition, and
the better Doppler correction provided by GRETINA, for the 4624 keV transition. The en-
ergy and transitions of this state are consistent with the 3/2; predicted by the shell-model
calculations, where the branching ratios of the two transitions are sensitive to which in-
teraction was used. The experimental branching ratios were measured to be 78.7 (111)%
to the ground state and 21.3 (57)% to the first excited 5/2" state, showing best agreement
with the USD calculations. Notably, in the shell-model calculations, there is an additional
transition predicted by all four of the Hamiltonians to the 1/2] level. This could be one of
the unobserved transitions feeding the single-particle proton state, that was hypothesised
above. The 3/2; assignment inferred by the comparison to the shell-model calculations,
could not be experimentally verified via the angular distribution measurements, due to the

low intensities of both transitions.

The final excited state to be discussed is the 7762 keV level, which lies above the neutron
separation energy of 7550 keV. This state was identified for the first time in the present data,

through the observation of the new 3138 keV vy ray in coincidence with the 4624 keV tran-
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sition. The 3138 keV transition was measured in the subtracted coincidence gating of 4624
keV, figure 3.29, to a confidence level of only 2.8c0. However, by gating on the 3138 keV re-
gion, the 4624 keV transition could be observed and fitted to approximately 3o, therefore
the transition was accepted. The 3138 keV transition was not observed to be in coincidence
with the 1256 keV y ray, though this was expected due to the low intensity of the 1256 keV
transition. Clearly, the angular distribution measurements could not be performed for the
3138 keV y ray. Nevertheless, through comparison to the shell-model calculations, the 7762
keV level is tentatively associated with the 1/2; state, due to the energies and the strong
branch to the 3/ 2'2F state, see table 3.5. The possibility also exists however, that this could in

fact be a negative parity state, and thus not reproduced in the sd-model space calculations.

3.4.6 Summary

In summary, the results of the present analysis contains many new features that were
measured for the first time in this experiment, which are important for the detailed un-
derstanding of the nuclear structure of 2E The high-resolution Doppler corrected y-ray
spectrum, obtained through the tracking capabilities of GRETINA, together with the high
statistics on the spectrum, enabled the measurement of several new y-ray transitions and
the identification of two new excited states. The new transitions allowed for the determi-
nation of the branching ratios for the first time, which were compared to the shell-model
calculations. Additionally, several of the excited states were observed for the first time to be
populated in the neutron removal reactions, including the sy,» and d3,» single-particle pro-
ton states of 2241 keV and 4065 keV respectively. The apparent direct population to these
states could be indicative of unobserved feeding transitions, or suggests a more mixed na-

ture for these states, with a non-negligible neutron contribution.

A new level scheme has been constructed using the analysis of the y-ray spectrum and y-
Y coincidences. In general, the new level scheme in strong agreement with the shell-model
calculations, spin-parity assignments from the y-ray angular distribution analysis all being
correctly reproduced. From the evaluation of the root mean square of the measurements
and the predictions, it was determined that the calculations using the USDA and USDB
interactions most correctly replicated the experimental energy levels, with the new USDC
Hamiltonian performing slightly better than the USD interactions. However, it was clear
that all four of the calculations systematically under predicted the excited state energies
of the single-particle proton states, with only the USDB and USDC interaction correctly
reproducing the order of the 9/27 and 3/27 states.

Finally, three of the newly identified transitions, the 799 keV, 1084 keV and 1621 keV, could
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not be assigned to the new level scheme, due to not being observed in the y-y coincidence
analysis. The limited geometrical coverage of GRETINA, resulting in the reduced y-y effi-
ciency, constitutes one of the primary limitations in this analysis. If this experiment were
to be repeated in the future, a greater y-y efficiency would be crucial to solving many of the
remaining questions in the data set. These include the apparent direct population of the
single-particle proton states via the neutron removal reactions, the placement of the new
799 keV, 1084 keV and 1620 keV transitions into the level scheme, and the question over
whether the two 4.9 MeV states are indeed distinct levels. Additionally, a further experiment
that could help unravel the mysteries of 23F would be the high-precision measurement of
the y-ray spectrum, using GRETINA, following a proton transfer or knockout reaction. This
would enable a more thorough understanding of the nature of the assumed single-particle
proton states and help to refine the predictive capabilities of the shell-model calculations

in this region of the nuclear chart.
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Chapter 4

Measurement of the Electromagnetic

Transition Rates of %°O

The neutron-rich oxygen isotopes, as was discussed in section 1.2, have proven to be ef-
fective for benchmarking the nuclear many-body methods using the chiral NN+3N interac-
tions. The sensitivity to the inclusion of the 3N forces was demonstrated by the successful
description of the anomalous location of the neutron drip line at 20, first by valence-space
calculations [48], followed by the ab initio approaches [49, 50} 51]. Additionally, the re-
cent report on the electromagnetic transition rates of 2!O confirms further sensitivities to
these nuclear interactions, as well as examining the shell-model effective charges [55]. Fig-
ure 4.1, taken from the report, compares the experimental B(E2) transition strengths of the
neutron-rich oxygen nucleij, to the calculations using the phenomenological USDB interac-
tions and the VS-IMSRG method.

The shell-model calculations using the neutron effective charge of e, = 0.45, obtained
by fitting the experimental B(E2) values of sd-shell nuclei between A = 17-38, overestimate
the transition strength of 21O, suggesting a smaller than average effective charge. Using the
reduced neutron effective charges detailed in [55], the calculations have significantly bet-
ter agreement with the experimental B(E2) values for 210, but appear to disagree with the
available data on the transition rates of 220. The electromagnetic transition strengths of 20
have been measured only once before via a Coulomb excitation experiment, indirectly in-
ferring the lifetime of the 2* 3199 keV state to be 690 + 280 fs [56]. Consequently, the direct
measurement of the lifetime of this state via DSAM, to both reduce the uncertainty and ex-
tract the B(E2) value without any model dependency, constitutes the primary objective of
the experiment detailed in this chapter. This measurement would not only provide a key

observable for testing the ab initio theories, but also the phenomenological approaches,
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Figure 4.1: Comparison of the experimental B(E2) transition strengths (1/2* — 5/2* and
2* — 0* for odd and even isotopes, respectively) of the neutron-rich oxygen
nuclei, to those calculated using the phenomenological USDB interactions and
the VS-IMSRG method. The improved reproduction of the experimental B(E2)
value for 210 is shown with the reduced neutron effective charges. The plot is
taken from [55].

helping to improve the predictive capabilities of these methods in the vicinity of the neu-

tron drip line.

The following sections present a detailed discussion of the measurement. Section 4.1
outlines the experimental setup, providing a brief review of the key components, how they
function and why they were required for the measurement. Section 4.2 details the devel-
opment and preparation of the novel 1°Be target, necessary to populate the 220 via the
fusion-evaporation reactions. The results of the experiment are then presented in section

4.3, with an in-depth discussion in section 4.4.

4.1 Experimental Details

The experiment to measure the lifetimes of the excited states of 2?0 was carried out at
Argonne National Laboratory (ANL), in April/May 2021. The technique that was employed

to measure the lifetimes was the Doppler shift attenuation method (DSAM), which is de-
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scribed in detail in section 2.4.1. DSAM was selected due to the technique’s sensitive range
of lifetimes overlapping with the expected lifetime of the first 2* state, which was indirectly
inferred from the Coulomb excitation experiment to be 690 + 280 fs [56]. At the velocities
required for a sensitive DSAM measurement, the only feasible way to populate the excited
states in 220 was via the two-proton exit channel of the fusion-evaporation reaction of a
14C beam on a °Be target. The ATLAS facility was able to provide the 1“C beam, see section
4.1.1, however this experiment necessitated the development of a novel 'Be target, out-
lined in section 4.2. The y rays emitted in-flight by the decay of the excited 220 recoils, were
detected by the tracking y-ray detector array GRETINA, which was coupled to the FMA, to
unambiguously tag onto the recoils of interest. A simple schematic drawing of the setup is

illustrated below in figure 4.2.
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Figure 4.2: Schematic drawing of the experimental setup, demonstrating the positions and
key components of GRETINA, the FMA and the recoil detectors.

The kinematics and cross sections of the fusion-evaporation residues for a range of *C
beam energies, were studied using the PACE4 (Projection Angular-momentum Coupled
Evaporation) fusion-evaporation code [107,[108]. As the plot in figure 4.3 suggests, the cross
section for the population of the 220, indicated by the bold red line, was expected to peak
with a '4C beam energy of approximately 65 MeV. Thus, a '*C beam was produced and ac-
celerated by ATLAS to energies between 50-80 MeV, to find the optimum beam energy, and
impinged upon the 1°Be target. The beams had an average current of 100 enA and were
approximately 90 % pure, with an estimated 10 % *N contaminant. As can be expected
from the fusion-evaporation reaction of two neutron-rich isotopes, the two-proton evapo-
ration from the compound ?*Ne nucleus, to populate 20, was one of the weaker reaction
channels. Indeed, the Monte Carlo cross-section calculations carried out using PACE4, in-
dicates that across the optimum beam energies, the maximum yield of 220 accounted for
only 0.043% of the total residues. This highlights the necessity of the FMA to separate and

identify the recoiling reaction products, so that the y rays of interest could be measured.
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Figure 4.3: The cross sections of a selection of the strongest channels resulting from the
fusion-evaporation reaction of a 1*C beam on a '°Be target, calculated using
the PACE4 code, across a range of beam energies. The 20 cross sections are

denoted by the bold red line, with the optimum beam energies highlighted by
the dotted black lines.

The #?Ne recoils, which were strongly populated via the neutron exit channels of the
fusion-evaporation reactions on both the Be and '°Be in the target, were expected to dom-
inate the focal plane of the FMA. Therefore, it was crucial that the recoils entered the detec-
tors at the focal plane with sufficient energy for an effective separation according to their
atomic number, via the E/AE measurement in the segmented ionisation chamber. Thus,
a delicate balance had to be found in regards to the thickness of the target backing. The
platinum backing, functioning as the degrader in the DSAM experiment, had to be thick
enough to induce a lifetime-sensitive lineshape on the Doppler corrected y-ray spectrum,
whilst allowing the recoils to pass through with sufficient energy for the separation in the
ionisation chamber. In addition, there was also a need for a degree of flexibility in the setup,
as the experiment ran on several settings, scanning across the optimum '“C beam energy
range discussed above. On account of this, the targets were produced with a selection of
three different backing thicknesses of 1 ym, 1.5 ym and 2 pm, which could be switched
out during the experiment to a more optimal setting. However, in the course of the experi-
ment, only the target with the 1 ym platinum backing was used, in order to enable an easier

identification of the 220 y rays, see section 4.3.1.
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4.1.1 ATLAS

The Argonne Tandem Linac Accelerator System (ATLAS) is a collection of superconduct-
ing linear accelerators (linacs) that has delivered heavy-ion beams up to uranium, with
energies up to 17 MeV/u, for almost 50 years [109, 110]. The present ATLAS configura-
tion that was used to deliver the 1*C beam to the target chamber, is illustrated by the floor
plan in figure 4.4. The *C ions were produced in the electron cyclotron resonance (ECR)
plasma ion source [111} [112], in which a neutral gas is fed in to a magnetically confined
plasma chamber, then heated by microwave radiation. The microwaves generate a rapidly
varying electric field which, when the frequency is equal to the electron gyration frequency
(wg = eB/m,, where e and m, are the electron charge and mass respectively and B is the
magnetic field strength), results in the free electrons gaining energy [113]. Consequently,
the energetic free electrons begin to ionise the neutral gas atoms, which in turn causes an
avalanche of ionisation events, as more and more free electrons are generated. The 4G
ions were then extracted from the plasma chamber using a 350 kV platform and directed

towards the next stages of acceleration.
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Figure 4.4: Schematic drawing of the ATLAS floor plan, modified to be up to date from
[114], illustrating the positions of the ERC ion sources and linacs in relation to
GRETINA and the FMA, in the experimental area.

After extraction, the *C ions were passed through the bunching system, to restrict energy

spreading in the main linac system. A 12 MV preliminary accelerator, the Positive lon Injec-
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tor (PII), was then used to 'inject’ the ions into the main linac system using 18 quarter-wave
resonators, with 11 superconducting solenoids for focusing [115]. The main linac system
comprises of the 20 MV "booster’ linac, followed by the 20 MV "ATLAS’ linac, consisting of
24 and 18 split-ring resonators respectively, and a total of 33 focusing solenoids [116]. These
resonators are constructed from niobium, for the superconducting qualities, and cooled to
4.5 K using liquid helium [117]. Each of the resonators in the superconducting linac system
can be phased independently, in order to allow for the selection of a range of beam ener-
gies. The 14 jon beam, which was selected to have energies between 50 MeV to 80 MeV,
was then directed to the experimental hall using ion optics, and impinged upon the target

wherein the reactions took place.

4.1.2 GRETINA

The tracking y-ray detector array, GRETINA, was again used for the detection of the y rays
emitted in-flight by the recoils. An in-depth overview of GRETINA and its operation has
already been discussed in section 3.1.3. For this experiment, twelve detector modules were
available, resulting in a solid angle coverage of approximately 1.6 7 sr. As was previously
discussed in section 2.4.1, the sensitivity of DSAM lifetime measurements are maximised at
the forward and backward detection angles. However, the positioning of the FMA blocked
the forward angles slots, so only the backward angles were available for use. With respect
to the nominal target position, four of the GRETINA modules were placed at 148 degrees,
another four at 122 degrees, with the final four mounted at the 90 degree position. One of
the detector crystals in a 90 degree module was malfunctioning during the experiment, and
so was switched off. Each detector crystal had a copper and tantalum absorber mounted to

the face, to mitigate for the high rates of low-energy y rays produced during the experiment.

4.1.3 FMA

The Fragment Mass Analyzer (FMA) is a recoil mass spectrometer at the ATLAS facility,
that separates the recoiling reaction products from the unreacted beam and disperses them
by their mass-to-charge ratios (A/q) at the focal plane [118,119]. A set of recoil detectors
enable the event-by-event identification of the reaction products, in order to tag onto the
reaction channels of interest [110]. This is of particular importance for experiments study-
ing weak reaction channels when there is a large background component present, as is the
case with the ?20. The FMA was positioned to be immediately following GRETINA, and was

oriented to zero degrees with respect to the beam axis. In the schematic illustration in fig-
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ure 4.2, the layout of the FMA is demonstrated, highlighting the positions of the ion optical-

elements and recoils detectors.

The FMA is comprised of two electric dipoles and a magnetic dipole, which constitute the
primary ion-optical elements, and a pair of quadrupole doublets for focusing and second-
order corrections. The magnetic and electric dipoles are arranged symmetrically, with the
magnetic dipole in the middle, so that both the position-energy dispersion and the angle-
energy dispersion cancel, leaving only the dispersion in the A/q [118]. The electric and
magnetic fields of these components are set so that the recoils of interest with an energy
Eo, mass Ay and charge q are transmitted and focused to centre of the focal plane [113].
Mass selection can be provided through the use of adjustable mass slits, to select a range
of A/Q to be transmitted. The FMA has a nominal energy acceptance of + 20% around the
Eo and an angular coverage of approximately 8 msr [120]. After passing through the ion-
optical elements, the reaction products enter the recoil detectors at the focal plane, which

are outlined in the subsection below.

Recoil Detectors

A number of different detectors may be placed at the focal plane of the FMA, for the mea-
surement of the outgoing particles. For the experiment described in this chapter, a multi-
wired proportional counter (colloquially referred to as the PPAC) and an ionisation cham-
ber (IC), were used for the event-by-event identification of the outgoing recoils. The dis-
persion of the reaction products at the focal plane of the FMA, according to their A/q, was
measured by the PPAC, which enabled the identification of the recoil-mass groups [121].
The PPAC consists of a 15x5 cm isobutane gas chamber held at approximately 3 Torr and
is bounded by two 0.8 um mylar windows. Within the chamber are two mutually orthogo-
nal wire grids, corresponding to the x— and y— directions, with the x— grid in the direction
of the recoil dispersion at the focal plane [122]. As the recoils pass through the PPAC, the
gas within the chamber becomes ionised. The newly liberated electrons accelerate to the
closest wire with sufficient energy to trigger additional ionisation events, resulting in an
avalanche. The amount of charge collected by the wires is proportional to the energy loss
of the recoil as it transits the target. However, in this analysis, the PPAC was primarily used
for the positional information, which can be derived from the delay line readout of both
ends of the two wire grids. In this way the 2-dimensional positions of the recoils at the focal

plane of the FMA, can be measured to a resolution of approximately 1.2 mm.

After passing through the PPAC, the recoils immediately entered the ionisation chamber

(IC). The IC is another isobutane gas chamber, with a depth of 30 cm, that measures the
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energy loss of the recoils passing through it [123]. Similarly to the PPAC, when reaction
products pass through the chamber they ionise the gas, producing electron-ion pairs. The
electron and ions accelerate in an applied electric field toward the anode and cathode re-
spectively. The charge collected at the electrodes is proportional to the energy deposited by
the recoil moving through the gas, which itself is proportional to the square of the charge Z,
as is specified by the Bethe formula in equation 2.9. Thus, by measuring the energy loss of
the recoils, the atomic number Z, can be derived. The pressure of the isobutane gas can be
set to be between 10-50 Torr to alter the energy loss characteristics of the recoils and max-
imise the efficiency of the IC. To reduce pile-up at high count rates, the anode has three
segments along the beam direction, as can be seen in figure 4.2, and several perpendicular.
Additionally, a Frisch grid is placed parallel to the anode to reduce the signal rise time and
increases the pulse height, thus improving the quality of the measured signals [113]. By
using the energy losses measured by the IC to get the atomic number, in tandem with the
positional data from the PPAC to get the mass, the recoils could be identified and used for

recoil-y coincidences, to tag onto the reaction channels of interest.

4.2 Development of a Novel °Be Target

To populate the excited 220) recoils, via the 14C(IOBe,Zp)ZZO reaction, it became necessary
to develop a novel !°Be target, on a thin backing. In general, the use of a radioactive target
in an experiment can introduce a number of challenges, particularly when used in con-
junction with a radioactive beam, as is the case in this DSAM measurement. However, the
19Be constitutes an appealing target material, in part due to its neutron-rich composition,
with four protons and six neutrons, but also as a result of its longevity, with a half-life of
1.39x10° years. Needless to say, the successful development and manufacture of this tar-
get would have applications beyond just this experiment, with an improved experimental
accessibility to the light neutron-rich region of the nuclear chart. This could lead to ap-
plications in other high-precision nuclear structure measurements, as well as in nuclear
astrophysics experiments, studying reactions on light neutron-rich nuclei. Therefore, the
development and subsequent characterisation of this target, became an additional focus

for this work.

In the following sections the development of the new target is outlined. Section 4.2.1
begins with an overview of the source and extraction of the °Be, followed by a discussion
of the general requirements of the target and the different manufacturing techniques in

section 4.2.2. The final target preparation procedure is then outlined in section 4.2.3.
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4.2.1 Extraction and Isolation of 1°Be

The production of the °Be target was undertaken as part of a collaboration with the Iso-
tope and Target Chemistry group of the Paul Scherrer Institut (PSI), in Switzerland. At PSI,
a wide variety of rare and exotic radionuclides are produced in the components of the 590
MeV proton cyclotron facility, that are in many cases difficult to produce via other means
[124]. The ongoing project ERAWAST (Exotic Radionuclides from Accelerator Waste for Sci-
ence and Technology) at PSI, aims to identify and separate the radioisotopes that are sci-
entifically relevant, for use in research and technology. The '°Be is produced in large quan-
tities at the PSI muon production facility, the Swiss Muon Source (SuS), via high-energy
proton spallation in polycrystalline graphite wheels [125]. The irradiated graphite wheels
typically have lifetimes of approximately 3-4 years, after which they are decommissioned

and sent for chemical separation and disposal.

The most dominant radioisotope produced by the fast proton spallation in the graphite
wheel is “Be, with a half-life of 53.3 days and a nominal activity in the TBq range after irra-
diation. The wheels are left for approximately 3 years, so that the “Be decays to levels safe
for handling, then transferred to the radioactive laboratory for chemical separation. The
graphite is cut into smaller chunks and burned in a stream of oxygen at 1000 °C, inciner-
ating roughly 25 grams of irradiated carbon every 6 hours. After the combustion, the solid
residues of the spallation products, including Li» O, BeO, B,03, are recovered from the car-
bon. A complete overview of the procedure to separate the residues can be found in [126],
however in brief, it involves the complete dissolution of the residues into nitric acid. The
beryllium, in the form of Be(NOs3), can then extracted from the other impurities, through
the use of resins. This process enables a near total recovery of the beryllium from the car-
bon, extracting up to 40 ug of Be per gram of C. The isotopic ratio of the recovered beryllium
was measured via inductively coupled plasma mass spectrometry (ICP-MS) in 2017, to be
IBe/1%Be = 2.110 + 0.063, corresponding to a 10Be enrichment of 32 + 1%. At the time of
writing, this constitutes the highest quality source, with the greatest quantity, of 1°Be avail-
able for research. The task therefore, was to develop a method of depositing the beryllium
onto a substrate backing, in order to construct a target suitable for the DSAM experiment
at ANL.

4.2.2 Target Development

To prepare a target of suitable quality for the high-precision DSAM experiment, a number

of requirements had to be considered. First, the target must consist two layers; the "target
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layer" or excitation layer, in which the reactions on the °Be take place, and the backing or
degrader, which induces the energy loss of the recoils for the DSAM measurement. The tar-
get layer should be of sufficient thickness to produce the statistics necessary for an accurate
measurement, whilst being thin enough so that most of the recoil energy loss takes place
in the degrader, to induce the lineshapes. A target layer that is too thick will result in 220
recoils being produced with a larger energy spread, which will make the DSAM measure-
ment more difficult. In addition to producing the recoils of interest, and degrading their
velocity, both layers must also allow the recoils to pass through and enter the FMA with suf-
ficient energy, greater than approximately 0.75 MeV/u, for a good separation via the E/AE

measurement in the IC.

Another property of the target to be considered, is the material enrichment. Ideally the
target should be as chemically pure as possible, as any impurities in the target layer rep-
resent a "wasted thickness", and impurities in the backing make the velocity degradation
of the recoils harder to predict. Inline with the previous point, the energy loss of the beam
and recoils through both layers of the target should be predictable, which means that in
addition to being pure, the target material must be homogeneous and have a uniform dis-
tribution. Any surface roughness of the target material, would again increase the energy
spread of the 220 recoils, reducing the precision with which the lifetime can be extracted.
The final, and perhaps less apparent property of the target to take into account, is the me-
chanical stability. The target material must adhere well to the substrate backing and be able
to withstand the thermal stresses of the beam, to avoid the wasting of material and the acci-
dental contamination of the experimental area. In addition, the target must also be durable

enough to survive minor handling and the shipment to the experimental facility.

The different target preparation techniques can be generally be grouped into three dis-
tinct categories: mechanical, chemical and physical [127]. The mechanical techniques are
usually suitable for self-supporting thin metal targets, via cold rolling, or for targets made
from a powder material, via tablet pressing or powder compacting. The physical techniques
typically involve the physical deposition or implantation of the target material onto a back-
ing, via physical vapour deposition (PVD), droplet deposition or ion-beam sputtering, and
so could be suited for the production of the °Be target. The chemical methods could also
be suitable, depositing the target material on a substrate backing from aqueous media, as in
electrodeposition, or from an organic solvent, as in the molecular plating technique. Each
of these methods produce targets with different characteristics, have varying yields and are
effective with different types of materials. During the early development of the target, a
number of these methods were tested, in order to devise an appropriate procedure which

prepares the targets according to the criteria required for the experiment [128].
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Two of the most direct methods of depositing the target material on to the backing are
the physical vapour deposition (PVD) and the droplet deposition. The PVD technique is
based upon the evaporation of the target material from a heated crucible, in a high vac-
uum (107° mbar), and the subsequent collection onto a substrate placed above the vapour
source [129]. The advantage of this method is the creation of a thin, uniform and homoge-
neous layer on the substrate backing, where the amount of material deposited can be pre-
cisely measured using a quartz balance. This method does however come with a significant
drawback of a very low deposition yield, which would mean the wasting of valuable tar-
get material, as well as the contamination of the equipment with 1°Be. Consequently, this
technique was ruled out. The droplet deposition method, which involves the deposition of
the target material in an aqueous solution via a droplet, had no such disadvantage, with an

almost 100% yield barring the traces of material residue left behind on the equipment.

Figure 4.5: Photograph of the setup used for the droplet deposition tests, taken from [130].
The DOSTAL DOSY device (1) [131] was mounted on a 3D positioning system
(2), in order to precisely deposit a known quantity of the target material onto

the backing (3), in a controlled manner.

The droplet deposition method was extensively tested by depositing droplets of aqueous
Be(NOs), onto a selection of carbon backings, using ?Be spiked with “Be, to test the yield,
adherence and spatial distributions of the residues after evaporation. The deposition was
carried out using a DOSTAL DOSY device [131], pictured in figure 4.5, which was mounted
on a 3D positioning system to enable the precise positioning of the droplets, as well as con-

trol over the amount of material deposited [132]. These early tests were characterised using
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a spectroscopy to measure the target thicknesses and radiographic imaging to monitor the
residue distributions. It was clear from these tests that once the droplets had evaporated,
the residues that were left behind were not uniform, forming the characteristic "coffee ring"
structures illustrated by figure 4.6 [133,[134]. The formation of the residue structures were
also particularly sensitive to the ambient conditions during the deposition, resulting in an

unpredictable distribution of target material on the substrate backings.
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Figure 4.6: Illustration of the formation of the characteristic coffee ring residue structure,
caused by suspended material in an evaporating droplet. The effect was first
understood by Deegan et al. [133] to be caused by an outward capillary flow of
the solvent during evaporation, resulting in the transport and accumulation of
the suspended material at the droplet edge. Thus, a non-uniform and

inhomogeneous distribution of target material is deposited on the backing.

An additional complication with the droplet deposition method was that the Be(NOs),
residues did not solidify upon drying, instead forming a polymeric jelly which did not ad-
here well to the backing. This raised concern over the durability of the target material in
the beam and during handling. The final problem with this method was the low chemical
purity of the deposited residue. The beryllium constitutes just 6.7% of the material mass of
Be(NO3),, which when coupled with the °Be enrichment of 32%, results in just over 2% of
the deposited material being useful to the experiment. Therefore, to deposit enough '°Be
for a sufficient production of 220, an impractical quantity of the Be(NO3), solution would
need to be deposited onto the backing, further exacerbating the issues discussed above.
Consequently, it became clear that the physical deposition techniques were unsuitable for

the preparation of the target, and that the chemical deposition methods would be required.

As was previously mentioned, these early tests were carried out using thin amorphous
carbon foils as the substrate backings. The reasoning was that due to the low atomic num-
ber and density of the carbon, the 220 recoils would lose energy over a greater distance,
increasing the sensitivity of the setup for lifetimes over 1 ps. This approach was revised
when switching to the electrodeposition techniques, that are described below, in favour of

heavier metal foils, such as platinum. These new foils were more durable, giving them a

120



better chance of surviving the deposition process, as a frequent issue with the carbon foils
was their fragility leading to breakages during preparation. An additional advantage of the
platinum foils was that the *C beam energy would be below the coulomb barrier, thus sig-

nificantly reducing the additional count rates resulting from the reactions in the backing.

The technique selected for the preparation of the final target was the molecular plating
method, in which the target material is electrodeposited onto a substrate, from an organic
solvent [135]. The deposition is usually carried out in a two-electrode cell, where the mate-
rial is deposited onto a backing on the cathode surface, as is demonstrated by the schematic
in figure 4.7. The use of an organic solvent during molecular plating, compared to standard
electrodeposition from an aqueous solution, has the advantage of lower current densities,
reducing the rate of production of H, near the cathode, which could interfere with the layer
formation on the substrate surface [136]. In general, targets produced via molecular plat-
ing have a structurally stable, uniform and homogeneous layer, with a high attainable de-
position yield of 85-95%, depending on the conditions during deposition. Despite being
a widely used technique for the production of nuclear physics targets, there has been re-
markably little work studying the electrochemical processes in the vicinity cathode, or on
the characterisation of the deposited layers. However, a recent study by Vascon et al. [137],
suggested that the elements of interest are rarely deposited in their original compounds,
instead being deposited in their hydroxide or possibly carboxylate or oxide species. This
would represent a significant improvement of the chemical purity of the deposited mate-
rial, over the Be(NO3),.

4.2.3 Final Target Preparation

The targets used in the experiment were prepared by Emilio Andrea Maugeri at PSI, by
adding the aqueous Be(NO3), starting material to 10 ml of inorganic solvent, consisting of
90% isopropanol and 10% isobutanol, then loading the solution into the molecular plating
cell. A constant 200 V was applied across the solvent, producing a current ranging from
0.45 mA to 0.13 mA. The generated electron flux results in the reduction (gaining electrons)
of the water molecules in the vicinity of the cathode and the oxidation (loss of electrons)
of the water near the anode, see figure 4.7. The OH" (aq) near the cathode reacts with the
Be**, produced by the complete dissociation of the Be(NOs3), in H,O, to Be** and 2NOj3", to
form Be(OH),. Once the Be(OH), reaches saturation in the organic solvent, it precipitates
onto the cathode where the platinum backing is placed. As has been previously mentioned,
the exact processes of the deposition near the cathode are not entirely understood, however

these reactions for the molecular plating of beryllium hydroxide onto the platinum backing,
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Figure 4.7: Schematic illustration of the molecular plating chamber, in which the Be(OH),
was deposited onto the platinum backings. The chemical reactions in the

vicinity of the anode and cathode are annotated.

are expected to be the most likely [138].

Using the method described above, 192 ug of beryllium, in the form of Be(OH),, was de-
posited onto a selection of thin platinum foils with thicknesses of 1 ym, 1.5 ym and 2 pym,
to provide some flexibility in the setup, during the experiment. The rolled platinum foils
were provided by Goodfellow, with a quoted purity of 99.95% and a thickness tolerance of
+ 25% the nominal values [139]. The depositions were over an approximately 7 mm diame-
ter area on the platinum backings, resulting in a rough beryllium thickness of 500 ug/cm?,
corresponding to 160 ug/cm? of °Be. This amount of deposited material with these back-
ings, was calculated using detailed GEANT4 simulations of the setup, to be sensitive to the
expected lifetime of the first 2* of 220y, whilst allowing the recoils to enter the FMA with

sufficient energy for a good separation.

The yield of the beryllium deposition was estimated, via activity monitoring, to be be-
tween 30-40%. Consequently, the areal density of the 1°Be in the target area, was reduced
to approximately 50 ug/cm?, a quantity which challenged the viability of the experiment.
The deposition yield of the molecular plating technique is sensitive to a number of condi-
tions, such as the pH, voltage, current and deposition time [130]. Therefore it is clear this
procedure requires further refinement in order to optimise these parameters, maximising

the yield for future target preparations. Additionally, the unknown composition of the target
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Figure 4.8: Images of the final targets that are being prepared to be irradiated by the *C
beam at ATLAS.

layer, namely the quantities of the deposited oxygen and hydrogen, density of the material,
and whether additional contaminants were introduced during the deposition, also posed
significant challenges to the experiment. The characterisation of the new '°Be target was
therefore performed after the experiment, see section 4.4.1, to address these issues and help
steer the future developments of the target. These results could assist in the development a
more robust procedure for the preparation of the radioactive '°Be target, which could prove

to be a useful tool in the study of light neutron-rich nuclei.

4.3 Results

The experiment was carried out using six primary run settings, outlined below in table
4.1, with arange of '#C beam and FMA parameters, to maximise the production and accep-
tance of the 220 recoils. Despite scanning across the optimum beam energies calculated by
PACEA4, no y rays originating from 220 were observed during the course of the experiment.
However, after a thorough analysis and careful gating of the data, discussed in the follow-
ing sections, a weak peak structure that could correspond to the expected 3199 keV y ray
was observed exclusively in experiment setting 2. This observed y ray, if it was indeed from
the decay of the Zf state in 220, had too few statistics for the DSAM measurement to be
performed. To understand why the observed rates of the 220 y rays were several orders of
magnitude below what would be expected with the setting parameters in table 4.1 and the

PACEA4 cross sections in figure 4.3, a selection of other channels populated by the fusion-
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Setting Epeam (MeV) Ipeam (enA) Target Qo Ay Ep (MeV) Run Time (hrs:mins)

1 80 24 0Be 7 22 30 9:32
2 60 75 0Be 7 22 24.2 17:12
3 60 150 ‘Be 7 21 33 15:42
4 60 100 0Bex 7 22 26 22:47
5 50 75 'Be 6 225 21 12:46
6 50 90 10Be 7 23 21 43:50

Table 4.1: The major run settings used during the experiment, detailing the beam current
and energies, target configuration, FMA setting and run time for each setting.
The '°Be refers to settings that were using the novel '°Be target, the *Be refers to
the setting where a pure 100 ug/cm? Be target was switched in and the asterisk
indicates that the target was flipped so that the beam encountered the platinum

backing first.

evaporation reactions were analysed. The results of this analysis and the implications on

the novel '°Be target and the future of this experiment are discussed in section 4.4.

The GRETINA array was calibrated by measuring the *Co, '°?Eu, 88Y and '80 sources, that
were placed in the target position, see the spectra in figure 4.9. By calculating the relative
deviations of the measured energies from the expected y-ray energies, across all of the y
rays from the sources, the quality of the calibration can be inferred. From figure 4.10, it can
be seen that the energy measurements are generally within 0.1% of the expected values,
across the measured energy range, suggesting a good calibration. In this experiment, a 10
source was included, so that the calibration could be performed up to 6.1 MeV, preventing
the introduction of the systematic uncertainty when measuring higher energy y rays, as was
the case with the NSCL experiment in the previous chapter. The relative y-ray detection
efficiencies were again determined by fitting the fifth order of efficiency curve equation 3.4
to the *Co and '%2Eu sources, using the 846.7 keV y ray as the reference energy. The fitted
efficiency curve is displayed on the right of figure 4.10, with the optimum coefficients of a,
=0.0202, a, = -0.4332, as = -0.0980, a4 = -0.0746 and as = 0.0138.

The GEBSort package was used for the initial unpacking of the data, with the rest of the
analysis performed using ROOT [85]. Most of the techniques that were employed for the
analysis of this data set have already been discussed in the previous sections, however any
deviations from those methods will be highlighted in the following discussions. The analy-
sis of the 220 data is presented first in section 4.3.1, emphasising the particle identification

and the gates required to observe the potential 3199 keV peak. This is followed by a dis-
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Figure 4.9: °°Co (top left), '5?Eu (top right), 8Y (bottom left) and '®0 (bottom right) source

measurements for the energy and efficiency calibration of GRETINA.
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Figure 4.10: The plot on the left is the relative deviations of the measured energies from
the expected y-ray energies of the *Co, °2Eu, 88Y, 160 sources, for each
transition. It demonstrates a good quality calibration across the measured
energy range, from 300 keV to 6.1 MeV, with most of the measurements within
0.1% of the expected values. The right plot is the relative detection efficiencies
plotted against the y-ray energies for the °Co and '°2Eu sources, normalised
to the 846.7 keV y ray and fit with equation 3.4. The parameters of the fit are

shown in text.
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cussion on the low rates in section 4.4, evaluating the novel '°Be target material content
and analysing the ’Ne and 2! O channels, to determine the recoil acceptance into the FMA.
Finally the future of the novel °Be target and of the DSAM measurement are considered in

section 4.4.4.

4.3.1 Search for %0

A peak structure that could correspond to the 3199 keV y ray, from the 2] of %0, was
only observed in a single experimental setting. This setting was with an incoming *C beam
energy of 60 MeV and was with the FMA set to an Ej of 24.2 MeV, a qo of 7" and an Ag of
22, which ran for approximately 17 hours. The gatings on the outgoing reaction recoils, to
tag onto the 220, are demonstrated in the particle identification plots presented in figures
4.11 and 4.12. The Doppler correction of the spectra was carried out using the positional
information from the PPAC to determine the beam direction and the Ay and Ej settings of
the FMA to calculate the correction velocity of f = 0.0486. This is not a perfect assumption,
as it requires a uniform velocity distribution across the + 20% E( energy acceptance of the
FMA. However, as the kinematics plot in figure 4.16 (page 134) shows, the recoil velocity
distributions were expected to be broad, and with the FMA being set to the centre of the

expected energy distributions, this was a reasonable first approximation.
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Figure 4.11: The plot on the left shows the gating on the timestamp difference between the
PPAC and GRETINA events (tgppac). The right plot displays the energy loss of
the recoils passing through the E1 segment of the IC, plotted against the total
energy deposited, for the atomic number separation of the outgoing recoils.

The gate around the oxygen isotopes is indicated by the dotted black line.

The gates shown in figure 4.11 are on the tgppac (left) and on the recoil atomic number
separation in the segmented ionisation chamber (right). The tgppac is defined as the sub-
traction of the timestamps recorded by the PPAC from the GRETINA timestamps. The time
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gating was selected and adjusted to maximise the peak to total ratio of the y-ray spectrum,
via the suppression of the background events. The plot on the right shows the energy loss of
the recoils passing through the segment E1 of the IC, see the schematic in figure 4.2, against
the total energy deposited in the IC. As was explained in section 4.1.3, the energy loss of the
recoils passing through the IC is described by the Bethe formula in equation 2.9, to be pro-
portional to the square of the atomic number. Hence, the recoils are separated according to
their Z values. The events that form the straight line that can be observed on the right side
of the plot, are known as the punch-throughs. These are where the recoils pass through the
active area of the IC without depositing their total energy. The Z-gating to select the oxygen
isotopes is denoted by the dotted black line on the plot.
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Figure 4.12: On the left, the Doppler corrected y-ray energies are plotted against the
x-positions of the recoils, measured by the PPAC, at the focal plane of the
FMA. The separation of the oxygen isotopes according to their A/q is
indicated by the regions bounded by the dotted black line. On the right is the
gate on the TOF between the PPAC and the RF signal from the accelerator,
plotted against the deposited recoil energy in the IC, to remove the more

dominant 0 and '°0 isotopes, leaking into the 20 gate.

The next gates shown in figure 4.12, aim to separate the oxygen isotopes according their
masses. The plot on the left shows the y-ray energies plotted against the x-positions of the
recoils at the focal plane of the FMA, measured by the PPAC. As was discussed in section
4.1.3, the recoils are dispersed at the FMA focal plane according to their mass-to-charge
ratios, where the set Ay and qg values are centred, with an increasing A/q to the left of the
plot. The general regions of each isotope are denoted by the black dotted lines, with the A/q
valueslabelled. The 20 and '°0 recoils, which according to the PACE4 calculations in figure
4.3, have cross sections of approximately three orders of magnitude greater than 220, can
be seen to be "leaking" into the 220 gate. Therefore, an additional gate on the TOF between

the PPAC and the RF signal from the accelerator, against the energy deposited in the IC,
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Figure 4.13: Doppler corrected y-ray spectrum for the 220 recoils, from experimental
setting 2. The 80 and %0 y rays were observed in addition to the potential
3199 keV transition from the 2; state of 220, which was fit to a confidence

level of 2 o, with an integral of 14 + 5 counts.

was used to remove any ambiguities in the mass arising from overlapping A/q values at the
focal plane. The plot of this is shown to the right of figure 4.12, where the gated region is
again highlighted by the dotted black line. Using all of the gates discussed here, the Doppler

corrected y-ray spectrum in figure 4.13 was plotted.

The spectrum displayed in figure 4.13 constitutes the best case for the observation of the
3199 keV y ray, from the 2} state of #20, as this structure was not observed in any other
setting. Despite the extensive gatings discussed above, the 20 and 1°0 y rays can still be
observed on the spectrum. However, here they don’t entirely wash out the 3199 keV peak,
as they did without the gates in figure 4.12. The fitting of the peaks was carried out using
the least squared method that was discussed in section 3.2.4, for the fitting of the Gaussian
curves to the 2°F data. The difference here is that over the larger range, the linear compo-
nent was replaced with an exponential background with four other Gaussians for the 180

and %0 peaks, to obtain a more complete description of the background.

The peak was observed to have a centroid energy of 3196.5 + 2.5 keV, with an integral of
14 + 5 and was fit to confidence level of only 2¢. It is therefore difficult to definitively de-

termine whether this structure is indeed the transition from the 21’ state of 220, or whether
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it is due to statistical fluctuations in the background. Regardless of its veracity, the peak
had too few statistics for the DSAM measurement, which was the original objective of the

experiment.

4.4 Discussion

It is clear from the best-case y-ray spectrum presented in figure 4.13, that the rates of the
3199 keV v rays, from the decay of the first excited state of 220, were significantly lower than
first anticipated. Indeed, with the observed statistics it is difficult to verify the authenticity
of the peak, let alone perform the DSAM measurement to extract the lifetime of the 2* state.
There are several possible reasons for the lower than expected statistics; such as the 0.268
mb cross section for the population of 220, given by the PACE4 codes, being an overestima-
tion, or an insufficient 1°Be content in the excitation layer of the target, or simply that the
recoils of interest were not accepted by the FMA. The following sections evaluate each of
these possibilities, with the implications of the results for the future work being discussed

in section 4.4.4.

4.4.1 Target Composition

It was expected after the molecular plating of the target material onto the platinum back-
ing, that the yield of the deposition was low. Activity measurements on target enabled a
rough estimation of the deposition yield to be between 30-40%, resulting in an expected
10Be content of approximately 50 ug/cm?. In order to more accurately quantify the ele-
mental composition of the target, and to gain a clearer understanding of any contaminants
in the excitation layer, the target was sent for a Rutherford Backscattering Spectrometry

(RBS) measurement.

RBS is a technique that is frequently used for the characterisation of the structures and
compositions of materials [140, 141]. By measuring the elastically backscattered ions im-
pinged upon the sample, at a fixed detection angle, the elemental composition and depth
distributions of a material can be determined. The elemental make-up of the sample is ex-
tracted by measuring the ion energy lost in the backscattering events on the sample nuclei,
whilst the depth is inferred from the energy lost as the ion traverses the material, via the
ion-electron interactions. Although this technique is able to precisely identify and quantify

the sample elements, the chemical structures of the atoms cannot be ascertained.
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The RBS measurement was performed by the Dalton Nuclear Institute [142], in which
protons accelerated to 2 MeV were impinged upon the 1 ym platinum backing targets used
during the experiment, with a detector placed at a fixed scattering angle of 168 degrees.
The measurements were performed upon two locations on the target face, the results from
which are presented in table 4.2, with estimated uncertainties of between 5-10%. It was
found that other light elements, namely '2C, 1*N and '®0 were unambiguously mixed within
the beryllium layer. There were also likely to be small quantities of hydrogen mixed within
this layer, however this could not be quantified. Hydrogen cannot be directly measured by
such experiments, as they cannot backscatter the incoming ions, so its presence and quan-

tity have to be inferred by the apparent density of the sample.

In addition to the material content, results of the RBS measurement also determined that
the excitation layer had a depth of 0.85 + 0.15 um in position 1, and a depth of 1.1 + 0.2
pm in position 2. This is almost double the thickness that would be expected for a solid
deposited residue with the amount of material displayed in table 4.2, indicating a lower
than expected average density of the deposited material (payg. = 0.9-1.0 g/ cm?® compared to
PBeo = 3.02 g/ cm? or PBeoH)2 = 1.92 g/ cm?). This could be due to the chemical processes
involved in the deposition of the target material, or due to an uneven distribution of ma-
terial, potentially as a consequence of micro-cracking in the surface of the deposited layer.
Further work, discussed in section 4.4.4, is required to understand this effect, in order to

continue the development of the target.

9Be (ug/cm?) '"Be (ug/cm?) '2C (ug/cm?) N (ug/cm?) %0 (ug/cm?)
Pos 1 34.18 22.79 2.53 4.31 24.42
Pos 2 40.27 32.95 2.1 2.43 21.39

Table 4.2: Target composition results from the RBS measurement. The measurement was

carried out upon two locations of the target face [143].

The beryllium content from the results of the RBS measurement, shown in table 4.2, con-
firms the predicted low deposition yield from the molecular plating of the target material
onto the platinum substrate. Approximately 20% of the intended material in the solution
was deposited onto the platinum backing, with a °Be enrichment of around 40%. The low
19Be content would have certainly had a negative impact on the rates of the 3199 keV y
rays, from the decay of the 220 recoils. However, the very low rates observed during the
experiment, demonstrated in the spectrum in figure 4.13, cannot be solely accounted for
by a 20% reduction in target material. As the estimated y-ray yield in equation 4.1 shows,

with an irradiation time of 17.2 hours and beam current of 75 enA in experimental setting
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2, areasonable number of y rays would be expected to be detected, unless the PACE4 cross

sections are incorrect or the recoils acceptance into the FMA is particularly low.

Yield= — 1 *Na 7 @.1)
1€ = — 01 EHE .
Zel0ll M =y

Where I is the beam current in enA and Z is the atomic number of the ion beam, x is the
target material thickness in ug/cm?, M is the molar mass of the target material and N is
Avogadro’s constant. The reaction cross section is denoted by ¢ in m? and the irradiation
time in seconds by T. The ¢, parameter represents the y-ray detection efficiency and ¢, is

the acceptance of the recoil of interest into the FMA.

To understand the origin of the low statistics of the 3199 keV y ray, and to evaluate the
possibilities of an overestimation of the cross sections by PACE4, or a low recoil acceptance
into the FMA, it useful to survey at some of the other isotopes that were strongly populated

in the fusion-evaporation reactions.

4.4.2 ?%Ne Discussion

The ?>Ne isotope was a good starting point for the investigation into the low rates, as it
constitutes the dominant reaction recoil at the focal plane of the FMA, and is strongly pop-
ulated by a variety of different reaction pathways available to the setup, see table 4.3. The
22Ne data that is discussed in this section, was also observed in experimental setting 2, the
same setting as the best-case 20 y-ray spectrum in figure 4.13. As the beam current, irradi-
ation time and target are the same, comparisons between the cross sections and measured
statistics of the 220 and ?Ne recoils can be made to deduce the reason for the observed low

rates of the 220 y rays.

PACE4 22Ne cross sections (mb)

Projectile Target

9Be IOBe 12C 14N 160
e 242 96.7 56.8 96.6 43.1
14N - 3295 - 243 -

Table 4.3: Reaction pathways and cross sections calculated using PACE4, for the

population of the ??Ne recoils.
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Figure 4.14: On the left, the atomic number gate for the neon isotopes is highlighted by
the dotted black line, which are separated by the energy loss characteristics of
the recoils in the IC. On the right is the gate on the A/q dispersion of the
recoils, measured by the PPAC. As is displayed on the plot, the 22Ne
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Figure 4.15: Doppler corrected >’Ne y-ray spectrum.

The PID plots for the ?’Ne recoils are illustrated in figure 4.14, where the gates used are
denoted by the dotted black lines. The plot on the left again displays the energy loss profiles
of the recoils passing through the IC, for the atomic number separation, whilst the plot
on the right shows the transmitted recoils, separted by their mass-to-charge ratios at the
focal plane of the FMA. As the ?>Ne was the dominant isotope at the focal plane, with total
cross sections several orders of magnitude greater than other neon isotopes, further gates
on the REFTOF were not required to resolve any A/q overlaps, as was the case for the 220.

The Doppler corrected y-ray spectrum for 2’Ne is displayed in figure 4.15.
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Despite being the isotope with the strongest population in the experimental setting, the
statistics observed on the ?2Ne y-ray spectrum in figure 4.15, were significantly below what
was anticipated. Calculating the expected y-ray yield, using equation 4.1, with the param-
eters of the experimental setting in table 4.1 and reaction cross section in table 4.3, it is
clear that only a fraction of the expected y rays were being detected. As ?’Ne is populated
via multiple reaction pathways, to account for the difference between the expected and ob-
served y-ray statistics, the PACE4 calculations would have to systematically overestimate
the cross sections for each of the reactions, by several orders of magnitude. Thus, this indi-
cates that the low rates that were observed during the experiment, were in fact due to low

recoil acceptances into the FMA.

To understand the apparent low acceptances, the Monte Carlo PACE4 codes were used
to calculate the kinematics of the outgoing recoils. The energy and angular distributions
of the #2Ne recoils, from the dominant two-neutron exit channel of the fusion-evaporation
reaction of *C on 1°Be, are plotted in figure 4.16. The plot demonstrates that the recoils
have the greatest chance of emission at an angle of approximately 7 degrees, with respect
to the incoming *C beam direction, falling rapidly towards the smaller angles. This can
be understood as both neutrons needing to be emitted in such a way that any momen-
tum components perpendicular to the direction of the beam are cancelled out, for the ?>Ne
recoils to not be significantly deflected. Clearly this is quite rare, as just over 1% of the out-
going recoils have an angle under 1 degree. These calculated angular distributions, coupled

with a nominal FMA acceptance of 8 msr, indicate a particularly low recoil acceptance.

Using the PACE4 cross sections summarised in table 4.3, the target material content in
table 4.2 and accounting for the estimated 10% N beam contaminant, the ?’Ne should
be produced, via all of the reactions, approximately 575 times greater than the 220 in the
experimental same setting. After correcting for the detection efficiency of the >’Ne y rays
in figure 4.15, and the absolute efficiency of the expected 3199 keV y ray of 4.5%, via mea-
surement of the *°Co source, simply scaling the measured statistics by the cross sections
suggests there should only be 90 y rays at 3199 keV from the 2] state of 20, on the spectrum
in figure 4.13. Of course this is not a perfect comparison as the ?’Ne had less restrictive and
fewer gates than the 220, as it dominated the other neon isotopes at the FMA focal plane.
It was also populated via several reactions, each with different recoil angular distributions,
and therefore different acceptances into the FMA. However despite this, the comparison
does illustrate the low expected yields when taking the low acceptances into account, and

provides some insight into the limiting factor of the experiment.
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Figure 4.16: Kinematics of the >’ Ne recoils populated by the two-neutron exit channel of
the fusion-evaporation reaction of a 14C beam on a 1°Be target, calculated
using PACE4. The energy and angular distributions of the recoils are

expressed as a fraction of the maximum values at 7 degrees with 32 MeV.

4.4.3 2'0Q Discussion

An additional useful isotope to investigate the apparent low acceptance of the recoils into
the FMA is 210. The 2! 0 data that is discussed in this section was populated exclusively via
the two-proton exit channel of the fusion-evaporation reaction of the 'C beam on the ?Be,
in experimental setting 3, where the novel '°Be target was replaced by a 100 ug/cm? pure
9Be target. As the reactions to populate the >!0 and 220 are the same, just on different
beryllium isotopes, the data can be directly compared to deduce the recoil acceptance and

expected statistics of the 220 v rays.

The PID plots and the gates to tag onto the 2! O recoils in experimental setting 3 are shown
in figures 4.17 and 4.18. The atomic number separation via the recoil energy loss through
the IC is displayed in figure 4.17, and the recoil dispersion measured by the PPAC is pre-
sented on the left of figure 4.18. As is demonstrated on the plot, there is a direct A/q overlap
of the 210 recoils with the 20, which have calculated cross sections of 1.61 mb and 151 mb
respectively. Therefore to resolve this overlap, an additional gate on the RFTOF against the
total energy deposited in the IC is once again required, illustrated on the right. The Doppler

corrected 21O y-ray spectrum is displayed in figure 4.19.
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The 2'0 y-ray spectrum shown in figure 4.19 once again displays fewer statistics than
would be expected from the parameters of the experimental setting, shown in table 4.1. By
comparing the efficiency corrected measured statistics to the expected yield from equation
4.1, the acceptance of the 210 recoils was deduced to be 0.01%, assuming that the PACE4
cross section of 1.61 mb is correct. This low acceptance can again be understood using the
recoil kinematics illustrated in figure 4.20. The recoils have the greatest chance of emission

at an angle of 3 degrees, which decreases rapidly towards the smaller angles to just 3% of
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the recoils emitted an angle of 1 degree or under, relative to the incoming beam direction.

= 120 T — ] ] T T
I 881 i
2 100 -
2 [ i
§ sl 3041 ]
&) N -
1854 2130 i}
60 1218 -
40 -
20 3017 ]
m hﬂm 1\1%%;1;{‘\”““”% J'IJ\ g i

PRI NS S T SN NN SN S TR SN AT S ST SO S N1 PR I ST
500 1000 1500 2000 2500 3000 3500
Energy (KeV)

Figure 4.19: Doppler corrected 210 y-ray spectrum.
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Figure 4.20: Comparison of the kinematics of the 2! 0 and 220 recoils, populated by the
two-proton exit channels of the fusion-evaporation reactions of a 1C beam

on a YBe and '°Be target respectively, calculated using PACE4.

As the reactions to populate the 2!0 and 2?0 are essentially identical, barring the beryl-
lium isotopes, with similar recoil energy and angular distributions shown in figure 4.20, the
220 acceptance was assumed to be comparable to that of the 2! 0. Thus, calculating the esti-
mated yield of the 3199 keV y rays from 220, with the parameters in table 4.1, an acceptance
0f 0.01%, a cross section of 0.268 mb and accounting for the detection efficiencies, results
in an expected peak of 15 y rays. This result appears to corroborate with the 14 + 5 count

peak structure that was fit in figure 4.13, in addition to demonstrating that the origin of the

136



observed low rates during the experiment, can be attributed to the low recoil acceptance
into the FMA.

4.4.4 Future Work

The development of a novel 1°Be target to probe the nuclear structure of 220, was an am-
bitious project with a number of challenges that have yet to be overcome. The work that
has been presented within this chapter of the thesis, has laid the groundwork for the future
developments of a radioactive '°Be target, that could improve the experimental accessibil-
ity to the light neutron-rich region of the nuclear chart. The successful development and
characterisation of such a target could have applications within both nuclear astrophysics

experiments as well as other high-precision nuclear structure measurements.

It is clear from the RBS results, that the production of the !°Be target on the platinum
backing saw some limited success, albeit with a lower than desired deposition yield. For
the future developments of the target, the molecular plating procedure should be refined
to optimise the deposition parameters, including the type of solvent, deposition time and
current, to achieve higher yields. Additionally, specialist characterisation techniques such
as scanning electron microscopy (SEM) or atomic force microscopy (AFM) should be em-
ployed, to characterise the surface structure of the target. With the material content data
from the RBS, this would enable a more complete understanding of the deposition process,
to guide the development of a radioactive !°Be target, that is suitable for high-precision

nuclear physics experiments.

In regards to the future iterations of the experiment to measure the lifetime of the 2] state
of 220 via DSAM, a target with a greater °Be content would clearly be beneficial. However,
as has been discussed in the previous sections, the limiting factor for the measurement was
the acceptance of the recoils into the FMA. Therefore, any future experiment should seek
to address this issue as a priority. The simplest solution would be to shift the target down-
stream, to be closer to the entrance to the FMA, to improve acceptance, whilst also improv-
ing the effectiveness of the DSAM by increasing the y-ray detection angles. The FMA could
also be turned about 3 degrees relative to the beam direction, to cover the peak angular
range of the 22(), Otherwise, a different direction for the recoil separation would need to be
taken, such as by using ringed silicon detectors placed downstream of the target, to exploit

the different angles with which the recoils are emitted.
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4.4.5 Summary

In summary, a novel !°Be target was developed to populate the excited 220 recoils, via
the two-proton exit channel of the fusion-evaporation reaction of a '*C beam on a '°Be
target. The preparation of the target was a partial success, with the Rutherford Backscatter-
ing Spectrometry measurement demonstrating the deposition of the °Be target material
onto the platinum backings, albeit with a lower than desired yield and an unknown surface
structure. Further work is require to improve the yield of the molecular plating deposition

and to fully characterise the distribution and structure of the deposited material.

The experiment to measure the electromagnetic transition rates in 220 was carried out at
ANL, using the tracking detector array GRETINA, coupled to the FMA. Several experimental
settings, with a range of *C beam energies, were used in order to find the optimum pa-
rameters for the production and acceptance of the 20 recoils. A candidate 3199 keV peak
structure was observed on the Doppler corrected y-ray spectrum, in a single experimental
setting, to have an integral of 14 + 5 counts and was fitted to a confidence level of 2¢. Thus,
this structure was too weak for the DSAM measurement. Through the analysis of the 210
and ?’Ne recoils, which were populated via the other channels in the fusion-evaporation
reaction, it was inferred that the low rates of the 220 could be primarily attributed to the

low recoil acceptance into the FMA.
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Chapter 5

Conclusion

The first part of this thesis presented work on the measurement of the nuclear structure
of the light neutron-rich 23F nucleus, following a one-neutron removal reaction. The high-
resolution Doppler corrected y-ray spectrum, measured by the state-of-the-art tracking y-
ray detector array, GRETINA, with the available high statistics, enabled the observation of
several new y-ray transitions and the identification of two new excited states. Additionally,
three of the measured excited states were observed for the first time to be populated in the
one-neutron removal reaction, including the s;,» and ds,» single-particle proton states of
2241 keV and 4065 keV, respectively. The apparent direct population to these states could
be indicative of unobserved feeding transitions, or suggests a more mixed nature for these
states, with a non-negligible neutron contribution. Further investigations of the structure
of 23F following a proton transfer or knockout reaction, using GRETINA, could shed more

light on the nature of these states.

The y-y coincidence analysis enabled the construction of an extended level scheme for
23F The relative intensities of the transitions, relative population and branching ratios, many
of which were predicted by theory but were experimentally unobserved, were measured
through the fitting of detailed Monte Carlo GEANT4 simulations to the y-ray spectrum. Fur-
thermore, the spins and parities of the excited states were assigned by analysing the angu-
lar distributions of the y-ray transition. Through the evaluation of the root mean square of
the measurements and theoretical predictions, it was shown that the calculations using the
USDB Hamiltonian were the most consistent with the experimental data, on the structure
of 2E

The second part of this thesis was primarily focused on the experiment to measure the
electromagnetic transition rates in 20. The measurement necessitated the development of

a novel 19Be target on a thin platinum backing, for the population of the excited 20 recoils
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via the 14C(H’Be,Zp)ZZO reaction. The target was successfully prepared using the molecular
plating technique, however a low deposition yield of about 20% significantly reduced the
10Be content to be between 22-32 ug/cm?. Further work on the target preparation proce-
dure is required in order to to improve the deposition yield and produce thicker targets. Fur-
thermore, through the use of precision characterisation techniques such as SEM or AFM,
the surface structure of the deposited layer could be analysed. This would assist in the de-
velopment of a more robust procedure for the preparation of a radioactive !°Be target, that

is suitable for high-precision nuclear physics measurements.

In the experiment to measure the electromagnetic transition rates in 220, GRETINA was
coupled to the FMA at ANL, for the identification and separation of the outgoing recoils.
Several *C beam energies were scanned across during the course of the experiment, to
search for the optimum parameters for the production of the 220 recoils. A candidate 3199
keV peak was observed in a single experimental setting, which was measured to have an
integral of 14 + 5 counts and fit to a confidence level of 20. The analysis of the stronger exit
channels of the fusion-evaporation reaction, namely 2! O and ?’Ne, suggested that the low
rates of the 20 recoils could be primarily attributed to the low acceptance into the FMA.
Therefore, the most obvious adjustments for future iterations of the experiment would be
to improve the 220 recoil acceptance into the FMA. This could be achieved by shifting the
target downstream and rotating the FMA to be approximately 3 degrees relative to the beam
axis direction, to cover the peak angles. This change alongside a thicker '°Be target, would
result in the larger yield and acceptance of 220 recoils, so that the DSAM measurement of

the lifetime of the first 2* state could be performed.
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