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Abstract

This thesis reports on the measurements of the nuclear structure of the light neutron-

rich 22O and 23F nuclides. The excited states of 23F were studied via a one-neutron re-

moval reaction, using the high-resolution °-ray detector array, GRETINA, coupled to the

S800 spectrometer at NSCL. Several new transitions have been observed in the °-ray spec-

trum and by performing °-° coincidence analysis, an extended level scheme has been built

for 23F. 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 °-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 23F.

The experiment to measure the electromagnetic transition rates in 22O was carried out at

ANL, using the GRETINA array coupled to the FMA. A novel 10Be target was developed in or-

der to populate the excited 22O recoils via the 14C(10Be,2p)22O fusion-evaporation reaction.

The molecular plating technique was used to prepare the 10Be target on a thin platinum

backing, however a low deposition yield of about 20% significantly reduced the 10Be con-

tent to be between 22-32 „g/cm2. The measured rates of the 22O 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 21O and 22Ne, suggested that the low rates of the 22O could be

primarily attributed to the low recoil acceptance into the FMA.
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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 ®-

particle scattering experiment [1], the study of nuclear physics as a �eld 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

�eld 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].

17



1.1 Descriptions of the Nuclear System

To that end, throughout the history of the �eld, a number of models and frameworks have

been developed which present a simpli�ed 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 �uid, 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 simpli�ed 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 �ssion. Within this picture, the semi-empirical mass formula can be derived,

parameterising the �ve key contributions to the nuclear binding energy, in terms of the

proton and neutron numbers, as shown in equation 1.1.

Eb ÆaV A¡ aSA2/3 ¡ aC
Z (Z ¡ 1)

A1/3
¡ aA

(A ¡ 2Z )2

A
§ ±(A,Z ) (1.1)

The �rst 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 �rst

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 �nal 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 coef�cients of the semi-empirical

mass formula and magnitude of the pairing effect are empirically determined by �ts 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

18



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

coef�cient values of aV = 15.8 MeV, aS = 18.3 MeV, aC = 0.714 MeV, aA = 23.2

MeV and ± = § 12/ A1/2 . 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 �gure 1.1, that by using such a simpli�ed 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 re�ected not only in the

nuclear binding energies, but also the energies of the �rst 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-�eld potential. As the nuclear potential is generated by the nucleons them-

selves, it follows the rough shape of the nuclear density pro�le; having a rounded off square

19



potential shape. A broadly used parametrisation of the nuclear mean-�eld potential is

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

V (r ) Æ ¡
V0

1Å exp r ¡ R
a

(1.2)

Where V0 is the potential depth, R is the nuclear radius given by R Æ1.25A1/3 fm, and a

is the diffuseness parameter. After solving the Schrödinger equation with the Wood-Saxon

potential, the set of energy levels displayed on the left side of �gure 1.2 emerge. As in atomic

physics, the orbitals are labelled using the spectroscopic notation and have a degeneracy

of 2(2l Å 1), where l 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 �rst 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 con�guration, with a total angular momentum of J Æl § 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 Æ1/2 total angular momentum is permitted. The

magnitude of the energy level spitting increases with the l , so that the subshell spacing are

correctly reproduced, and the degeneracy becomes 2 JÅ 1, leading to the emergence of the

experimental magic numbers from the calculations, see the right side of �gure 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 �rst few excited states, of a range of nuclei. By sequentially �lling

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 ¼Æ(¡ 1)l . This explains the

origin of the groundstate properties of nuclei with even numbers of protons and neutrons

being 0Å , 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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Figure 1.2: Single-particle states shown for a Woods-Saxon potential on the left and with

the inclusion of the spin-orbit interactions on the right. The splitting of the

orbitals with the spin-orbit interactions is shown to correctly reproduce the

large gaps that correspond to the experimentally determined magic numbers.
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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 signi�cant. 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 Schrödinger equation, which is given by

Ĥ Ã Æ

"
AX

i
T̂i Å V̂A

#

Ã ÆEÃ , (1.3)

where T̂ is the kinetic energy operator and V̂A 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

Ĥ Æ
AX

i
T̂i Å

AX

i Ç j
V̂i j , (1.4)

where V̂i j is the two-body interaction between the nucleons i and j . In general, many-body

problems such as this are dif�cult to calculate directly, as solving the Schrödinger 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 Û i (r i ), 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-�eld potential Ĥ0 and the residual interactions Ĥres between

them [9].

Ĥ Æ
AX

i

£
T̂i ÅÛ i (r i )

¤

| {z }
Ĥ0

Å
AX

i Ç j
V̂i j ¡

AX

i
Û i (r i )

| {z }
Ĥres

(1.5)

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

interactions, the contributions of the residual interactions component Ĥres 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-�eld 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 simpli�cation 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 Ĥ ÆĤCore Å ĤVal. After applying the

aforementioned approximation that the two-body forces in the core can be replaced with

the mean-�eld potential, the Hamiltonians for each component can be expressed by the

equations below [10].

ĤCore Æ
AX

i ÆN Å1

£
T̂i ÅÛ i (r i )

¤
(1.6)

ĤVal Æ
NX

i Æ1

£
T̂i ÅÛ i (r i )

¤
Å

NX

i Ç j Æ1
V̂i j (1.7)

Where ĤCore refers to the nucleons in the inert core and ĤVal 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 �tting 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 �eld 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 de�ned by 63 TBME and three

single-particle energies (SPE), that have been �tted 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 con�gurations, with respect to a uni�ed 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 �rst re�nements 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

con�nes 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 �eld 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/ c2 and the masses of the vector mesons at around 800 MeV/ c2. 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/ ¤ Â

¢º . Here, Q is the typical momenta

of the nucleons and ¤ Â 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 º ,

from chiral perturbation theory, is displayed below in �gure 1.3.

The interactions shown in �gure 1.3 are de�ned in terms of the one- or many-pion ex-
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Figure 1.3: Illustration 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/ ¤ Â

¢

expansion, due to the separation of scales. Therefore, the different vertices displayed on

�gure 1.3 correspond to the low-energy constants of chiral EFT, which are determined by

�tting to experimental scattering data.

Using chiral perturbation theory to order the nuclear forces into the hierarchy in terms

of the power º , provides a means to estimate the relative contributions of each interaction

[20]. Starting from the leading order (LO, º Æ0), 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 º Æ1 all vanish due to parity and time-reversal invariance. The next-to-leading

order (NLO, º Æ2) 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 insuf�cient

intermediate-range attraction [20]. This problem is solved in next-to-next-to-leading order

(NNLO, º Æ3), where the �rst set of non-vanishing three-nucleon (3N) forces emerge. Con-
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tinuing to progress further through the powers of º , the higher many-body forces begin to

appear, with the four-nucleon forces (4N) appearing in the following order, at º Æ4, 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

º Æ0 order. Thus, this framework presents a clear explanation for the empirically known

hierarchy of nuclear forces, where VNN È V3N È V4N È ... [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 �tting 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 Schrödinger 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.

Ĥ Æ
AX

i
T̂i Å

AX

i Ç j
V̂ NN

i j Å
AX

i Ç j Çk
V̂ 3N

i j k Å ... (1.8)

Where V NN and V 3N 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 signi�cantly, 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]

Ĥ (s) ÆÛ (s)Ĥ (0)Û †(s) , (1.9)

where Ĥ (s Æ0) is the starting Hamiltonian, s is the �ow parameter that parameterises the

unitary transformation Û , and Ĥ (s) is the SRG evolved Hamiltonian. Taking the derivative

of equation 1.9 yields the operator �ow equation

d

ds
Ĥ (s) Æ

£
ˆ́ (s), Ĥ (s)

¤
. (1.10)

Here, the anti-Hermitian generator ˆ́ (s) is related to Û (s) by

ˆ́ (s) Æ
dÛ (s)

ds
Û †(s) Æ ¡ ˆ́ †(s) . (1.11)

The Hamiltonian can then be transformed by integrating the �ow equation for s ! 1 . The

generator ˆ́ is chosen in order to achieve the desired transformation of the Hamiltonian.

For the choice of ˆ́ 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

ˆ́ (s) Æ
µ
2¹

~2

¶2 £
T̂int , Ĥ (s)

¤
, (1.12)

where ¹ is the reduced nucleon mass and T̂int 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 ef�cient 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 �rst 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, 32, 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 22O (N = 14) [34] and 24O (N = 16) [35], as

well as in the 52Ca (N = 32) [36] and 54Ca (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 de�ned

core and a 'halo' of lightly bound nucleons. The most well known of such nuclei are the
6He, 11Li and 11Be 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 26O nucleus,

which was discovered to decay directly to 24O 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 re�ne their predictive capabilities.
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Figure 1.4: Illustration 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 13O to the neutron drip line at 24O, and

beyond to the unbound 28O. Across this range, these isotopes offer a number of challenges

to the theoretical nuclear models, such as the weak Gamow-Teller ¯ decay of 14O [46], to

the aforementioned closed-shell characteristics of 22O (N = 14) and 24O (N = 16), and the

two-neutron decay of the unbound 26O.

The discovery of the abrupt termination of the neutron drip line at 24O [47], which is

anomalously close to the line of stability, see �gure 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 28O. 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 24O could be reproduced. Valence space calculations including the 3N forces were

�rst to correctly place the neutron drip line at 24O [48], later followed by ab initio calcula-

tions, treating all nucleons as explicit degrees of freedom [49, 50, 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 21O [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 21O measurement, the natural progression would be to extend the

study to the heavier oxygen isotopes. The transition strengths in 22O 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 10Be target required to populate the 22O,

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 22O (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 ° 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 ° rays interact with matter in section 2.2, with particular em-

phasis on the processes relevant to the in-beam ° -ray spectroscopy experiments that are

presented in this thesis. In section 2.3, the key characteristic features of ° -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 ° -ray photon, the nucleus transitions from its initial state to one of a lower en-

ergy, with the energy difference carried by the ° ray. Neglecting the small nuclear recoil ef-

fects (generally smaller than the experimental uncertainties in the energy measurements),

the ° -ray energy is given by

E° Æ¢ E ÆEi ¡ E f . (2.1)
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Re�ecting the typical energy differences between nuclear excited states, ° rays are gen-

erally measured to have energies between 0.1 to 10 MeV. By studying the ° -ray emission

through the ° -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 °

rays also carry some quanta of angular momentum l , to maintain conservation of angular

momentum and parity when a nucleus transitions from a state of J¼
i to J¼

f . The l of the °

ray can be determined by measuring the angular distributions of the outgoing ° rays, see

section 3.2.6. The angular momentum and parity of the emitted ° -ray photon are restricted

by the gamma-decay selection rules, such that

j Ji ¡ Jf j · l · Ji Å Jf (2.2)

¼° Æ¼i ¼f Æ

8
><

>:

(¡ 1)l electric multipole

(¡ 1)l Å1 magnetic multipole
(2.3)

Where ¼i and ¼f are the parities of the initial and �nal states respectively. The angular

momentum selection rules often permit several values of l units of angular momenta to

be transferred when decaying from Ji to Jf . The different ° rays are therefore referred to

by their multipolarities (2 l -pole), such that transitions with l Æ1 are labelled dipole (2 1)

transitions, l Æ2 are quadrupole (2 2) and l Æ3 are octupole (2 3). In such a circumstance

where several multipolarities are allowed, the transitions with the lowest allowed value of l

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 Ji ÆJf , which

would give a monopole ( l Æ0) transition to be the lowest allowed multipolarity. However,

as there are no (l Æ0) transitions in which a single photon is emitted, the lowest possible

multipole ° ray for transitions where the initial and �nal angular momenta are the same,

is a dipole ( l Æ1). In the unique situation where the angular momentum of the initial and

�nal state are both zero ( Ji ÆJf Æ0), l Æ0 is the only solution to the angular momentum

selection rule. Consequently, in such cases the decay via ° -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 �nal states. As the parity selection rule
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in equation 2.3 indicates, if there is no change in parity ( ¢ ¼Æno) then the radiation �eld

must have an even parity. This only occurs in electric transitions where the l is even and in

magnetic transitions where the l is odd. Inversely, in the case where the transition results in

a change in parity between the initial and �nal states ( ¢ ¼Æyes), the radiation �eld 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

¢ ¼Æno: odd magnetic, even electric

¢ ¼Æyes: even magnetic, odd electric
(2.4)

The class of the electromagnetic transition and the mulitpolarity can be abbreviated us-

ing the notation ( ¾l ), where ¾is either E or M, representing an electric or magnetic transi-

tion. Taking an example of a gamma decay from an initial state of J¼
i Æ7/2 Å to J¼

f Æ5/2 Å ,

using the selection rules above, it is clear that the l 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 ¸ , 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 ¿ Æ1/ ¸ . For electromagnetic transitions, the decay constant

can be calculated directly from the nuclear wave functions before and after the decay, Ã i

and Ã f respectively, using Fermi's golden rule

¸ Æ
2¼

~
hÃ f jÔjÃ i i j2½(E f ) . (2.5)

Where Ô is the operator that mediates the transition from Ã i to Ã f and ½(E f ) is the den-

sity of �nal states. The dependence of the decay rate on the density of �nal 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 E f , 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 de�ned for the electromagnetic transition of a state J¼
i to J¼

f , given

by
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B(¾l ; J¼
i ! J¼

f ) Æ
1

2Ji Å 1
j hJ¼

f jj m̂ (¾l )jj J¼
i i j2 . (2.6)

The B(¾l ) parameter is known as the reduced transition probability, which contains the

nuclear structure dependency of the transition, where m̂ (¾l ) is the radiation transition op-

erator. The character of the transition, whether it is electric or magnetic, is again denoted

by ¾and l is the multipole order. Assuming the transition has a single radiation character

of (¾l ), 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

¸ (¾l ) Æ
2(l Å 1)

~² 0l [(2l Å 1)!!]2

µ
E°

~l

¶2l Å1

B(¾l ; J¼
i ! J¼

f ) . (2.7)

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 ° ray (E° in MeV), affects

the rate of transition, where the larger the ° -ray energy, the faster the transition will occur.

Additionally, there is a strong dependence on the multipolarity, as low l transitions decay

much faster than the higher l transitions of the same energy. Finally, there is the struc-

tural component to the transition that is contained within the B(¾l ) parameter, which was

shown in equation 2.6 to be directly linked to the structure of the initial and �nal 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 ° -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].

l ¸ (El )
£
e2 f m 2l

¤
¸ (Ml )

£
¹ 2

N f m 2l ¡ 2
¤

1 1.59£ 1015 E3
° B(E1) 1.76£ 1013 E3

° B(M 1)

2 1.22£ 109 E5
° B(E2) 1.35£ 107 E5

° B(M 2)

3 5.67£ 102 E7
° B(E3) 6.28£ 100 E7

° B(M 3)

4 1.69£ 10¡ 4 E9
° B(E4) 1.87£ 10¡ 6 E9

° B(M 4)

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

of both electric and magnetic transitions, where E° is in MeV.
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Through the comparison of the formulae in table 2.1, the magnitude of the l 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 J¼
i Æ7/2 Å to J¼

f Æ5/2 Å 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 signi�cantly 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 ° 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 ¿ Æ1/ ¸ total . 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 ° -ray spectroscopy, the sections below outline the key

processes relevant to the interactions of both heavy ions and ° 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 ° rays.

2.2.1 Interactions of Heavy Ions

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 speci�c

absorbing material, is referred to as the linear stopping power and given by
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· ³ dE
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Å

³ dE

dx

´

n

¸
. (2.8)

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 n in the equation above. The nuclear stopping power,

which refers to the discreet elastic collisions with the material nuclei, often resulting in the

signi�cant de�ection 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 signi�cant 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 signi�cant

net energy loss. It is for this reason why the ions generally take a straight path through mat-

ter, as they are not signi�cantly de�ected 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,

¡
³ dE

dx

´

e
Æ

Z 2e4ne

4¼²20mev2

h
ln

³ 2mev2

I (1 ¡ ¯ 2)

´
¡ ¯ 2

i
. (2.9)

Where Z and v are the atomic number and velocity of the traversing ion, where ¯ Æv/ c,

and e and me are the electron charge and rest mass respectively. The ne parameter repre-

sents the electron density in the absorbing material, ² 0 the vacuum permittivity and the I

quantity speci�es the mean excitation and ionisation potential of the material. The Z 2 de-

pendence highlighted by equation 2.9 enables the separation and identi�cation 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 �ow in an applied electric �eld,

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 2) 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 �gure 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/ v2 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 simpli�ed 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 signi�cant,

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 suf�cient electrons

to be a neutral atom, and thus has no energy loss contribution from the electric stopping

power.

2.2.2 Interactions of ° rays

Unlike heavy ions, ° 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 °

ray. Neglecting coherent scattering, which does not contribute any signi�cant deposition

of energy, there are three primary mechanisms by which ° rays interact with matter. These

are the photoelectric absorption, Compton scattering and pair production, which are illus-

trated in �gure 2.2. The energy dependence of each interaction to the attenuation of a ° ray

passing through germanium is demonstrated in �gure 2.3, highlighting the energies over

which the cross section for each mechanism dominates.

In the photoelectric absorption interaction, as is demonstrated in �gure 2.2, an incident

° -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 ° ray of suf�cient energy, are from the tightest bound shell or K-shell of the

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

Ee¡ Æhº ¡ Eb , (2.10)

where Eb is the energy required to remove the photoelectron from its original atomic shell

and º is the frequency of the absorbed ° 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 �gure 2.3 demonstrates, photoelectric absorption constitutes the primary mechanism

by which low-energy ° rays, of up to a few hundred keV, interact with matter. The prob-

ability of this interaction scales approximately proportional to Z n / E3.5
° , where n is gener-

ally between 4 and 5. It is for this reason why materials with greater atomic numbers are

favoured for ° -ray detectors and shielding materials. The sharp discontinuity in the proba-

bility of photoelectric absorption, in the low energy region of �gure 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 ° ray with an energy slightly over the binding energy, the emission of

a K-shell electron is energetically possible. However, for ° 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 ° rays.

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

° 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 ° rays interact

and deposit energy into matter.
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Figure 2.3: The contributions of each interaction process to the attenuation of ° rays in

germanium, is plotted across a range of ° -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 ° -ray attenuation data presented in this plot was gathered

from the NIST XCOM database [60].

expected from the ° decay of most radionuclides. In Compton scattering, the incident °

ray interacts with an electron in the absorbing medium and is scattered to an angle µ with

respect to the incoming direction, as is shown �gure 2.2. A fraction of the initial ° -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

° ray E0
° to the angle through which it was de�ected µ, is given by

E0
° Æ

E°

1Å
E°

mec2

¡
1¡ cosµ

¢. (2.11)

Where me is the electron rest mass and E° is the initial ° -ray energy. The expression above

indicates that for the forward scattering angles, a relatively small fraction of the initial ° -ray

energy is transferred to the recoil electron. Inversely, for the larger scattering angles where

µ ¼¼, a much larger proportion of the ° -ray energy is deposited in the material.

As the likelihood of an incident ° 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 ° rays [61].
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Where r e is the classical electron radius. The angular distributions, given by the Klein-

Nishina formula are illustrated in �gure 2.4, for a range of incident ° -ray energies. The

distributions demonstrate the preference of high-energy ° rays to be scattered to the for-

ward angles.

Figure 2.4: Plot of the probability of a ° ray to be de�ected to a speci�c angle following a

Compton scattering event, using the Klein-Nishina formula for a range of ° -ray

energies. The tendency of higher energy ° rays to scatter towards the forward

angles is demonstrated.

The �nal mechanism by which ° rays interact with matter is pair production, displayed

in the bottom panel of �gure 2.2. This process involves an incident ° ray interacting in the

Coulomb �eld of a nucleus, and being replaced with an electron-positron pair. For this in-

teraction to be energetically possible, the incoming ° -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 ° -ray photons (>5 MeV), pair production becomes the predomi-

nant interaction mechanism between ° 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 �eld.

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 ° rays.

2.3 ° -ray Spectroscopy

When an incident ° 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 ° ray can be found in section 3.1.4. Although the detector response to an incident

° ray is dependent on the type of detector, the geometry and the material, there are char-

acteristic features that appear on most ° -ray spectra. The annotated drawing in �gure 2.5

illustrates a typical ° -ray spectrum resulting from the detection of high-energy ° rays, with

the characteristic elements highlighted.

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

The features that are present on all ° -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 ° ray is deposited into the detector, independent of its track through the ma-

terial. A ° ray that Compton scattered several times in the detector material before under-

going photoelectric absorption, would have the same response as a ° ray that underwent

photoelectric absorption as the �rst interaction, provided all of the scattered ° rays and

recoil electrons were captured. This is due to the events of a single ° -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 ° ray.

In situations where the Compton scattered ° rays escape from the sensitive volume of the

detector, only a fraction of the incident ° -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 ° ray, with the maximum energy deposition being when the ° 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 �gure 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 ° 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 �lling the gap between the

Compton edge and the full-energy peak.

For higher energy ° rays where the pair production interaction becomes signi�cant, ad-

ditional features appear upon the ° -ray spectrum, on account of the two 511 keV ° 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

° rays, results in the appearance of additional peaks on the ° -ray spectrum, that correspond

to the subtraction of the total energy deposition, by the escaped ° 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 ° 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 ° rays, resulting from the pair production inter-

actions in a non-sensitive medium, produces the characteristic 511 keV peak in the ° -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 ° -ray spectroscopy measurements, in which the ° rays of interest are emitted in-

�ight, by the excited ions. The high ion velocity at the instance of emission, means that

the relativistic Doppler shift of the ° rays becomes a signi�cant effect. Consequently, the

detected ° -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 ° ray with a transition energy E0, detected at an angle µ and emitted

by a source travelling with a velocity ¯ Æv/ c, is given by

ELab ÆE0

p
1¡ ¯ 2

1¡ ¯ cosµ°
. (2.13)

The image at the top of �gure 2.6 demonstrates the ratio of the detected ° -ray energy to

the centre-of-mass energy, across a range of detection angles and beam energies. The plot

shows that for ° rays emitted by high-velocity ions, the detected energies can be smeared

over extremely large energies on the ° -ray spectrum, losing any peak de�nition and forming

smooth background structure, as is evident from the uncorrected spectrum in �gure 3.15.

Clearly then, to recover the ° -ray peak structures in experiments with such beam energies,

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

The Doppler correction process removes the correlation between the detected ° -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 ° -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.

µ
¢ E° 0

E° 0

¶2

Æ
µ

¯ sin µ°

1¡ ¯ cosµ°

¶2

(¢ µ° )2 Å
µ

¯ ¡ cosµ°

(1 ¡ ¯ 2)(1 ¡ ¯ cosµ° )

¶2

(¢ ¯ )2 Å
µ
¢ Eintr

E°

¶2

(2.14)

Where the energy resolution here is represented as a fraction of the transition energy ¢ E° 0/ E° 0.

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 ° -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 ¯ , 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 ¢ µ° and emission velocities ¢ ¯ , in addition to the intrinsic energy reso-

lution of the detector ¢ Eintr . The contributions of each of the components is illustrated in

the bottom four plots of �gure 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 ° -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 ° -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 ¿ before decaying. This lifetime is related to the total decay width of the initial state

by

¡ total ¿Æ~, (2.15)

where the total width ¡ total , 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(¾l ), 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 �g-

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 �rst 2 Å state in 22O, which was inferred to be 690 § 280
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Figure 2.7: Illustration of the effective ranges for an assortment of lifetime measurement

techniques. The direct methods measure the lifetime ¿ of the state of interest

directly, whilst the indirect methods infer the lifetime from the width ¡ . 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 ° decay in-�ight, as it passes through a

known material [65]. By measuring the Doppler shift of the ° -ray energy in the laboratory

frame, given by equation 2.13, the velocity of the recoiling nucleus at the instance of ° -ray

emission can be determined. The distributions of recoil ° -emission velocities results in the

emergence of a lifetime-sensitive lineshape on the ° -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 ° -ray detectors are placed towards the backward ( È 90±) angles. The

average emission velocities h̄ ° (z)i 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

° -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 modi�cations to the DSAM technique that can be con�g-

ured to the requirements of the measurement. The diagram in �gure 2.8 illustrates setup of

the DSAM measurement of the �rst 2 Å state in 22O, see chapter 4, where the recoils leave the

back of the target and the ° -ray detectors are placed towards the backward ( È 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 �gure 2.8 by the coloured

arrow, where red is fast and blue is slow.

The plots beneath the sketch of the target in �gure 2.8 break down the formation of the

expected lineshape on the Doppler corrected ° -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 ° 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 ° -ray emission h̄ ° (z)i , 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 ¯ corr ,

causes the decays that occur outside of the target to be reconstructed back to the centre-of-

mass energy Ecm . Alternatively, the decays that occur inside the target, at higher velocities

(¯ 1 È ¯ 2 È ¯ 3 Æ¯ corr in the diagram), will have a lower Doppler corrected energy due to the

backward ( È 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 ° -

ray energies, and the line in the second-to-last plot is re�ected in the y-axis, about the Ecm

energy. This distribution of recoil ° -emission velocities creates a lineshape on the ° -ray

spectrum, an example of which is sketched on the bottom plot of �gure 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 ¿, the decay curves will change,

resulting in different recoil ° -emission velocity distributions, altering the lineshape of the

Doppler corrected ° -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 23F Following a

One-Neutron Removal Reaction

The neutron-rich 23F isotope is located one proton above the weakly doubly-magic 22O

(Z = 8, N = 14) and decays via ¯ ¡ decay to 23N, with a half-life of 2.23 § 0.14 s [66]. The

structure of a single valence proton outside the 22O core makes 23F 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 �gure 3.1. The measurement

of the excitation spectra of the �uorine 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 �rst excited state of 23F, a low-lying single-

particle proton 1/2 Å state, shows it to be signi�cantly higher than those of the neighbouring

odd-A 17,19,21F isotopes [67], indicative of the strong N = 14 shell closure also present in 22O.

Take for example the 17F isotope, which has a similar structure to the 23F, in that a single

proton is located outside of the doubly-magic 16O 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 º 1d5/2 orbital. This can be seen in the independent-particle picture as the

neutron occupancy widening the energy gap between the ¼1d5/2 ¡ ¼2s1/2 orbitals. Another

interesting measurement along this theme is the energy of the 3/2 Å proton state, as it could

determine the energy gap between the ¼1d5/2 ¡ ¼1d3/2 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 24F frag-

ments, will populate a range of states with spins from 1/2 Å to 11/2 Å , via the removal of a

neutron from the º 1d5/2 orbital. The knockout of the neutron in the º 1s1/2 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 22O 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
23F has previously been measured; most notably following the ¯ decay of 23O [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 ° -ray detector array, GRETINA, and signi�cantly 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 48Ca 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 24F isotopes, with energies of around 95 AMeV. The ac-
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cepted 24F beam had a purity of 95% with a momentum spread of approximately 2%. The

selected 24F fragments were then impinged upon a 2 mm thick (370 mg/cm 2) 9Be secondary

target, wherein the one-neutron removal reactions took place to populate the 23F. The ° rays

emitted in-�ight by the excited 23F fragments were detected by the tracking ° -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 identi�ed, and the ° -ray transitions in 23F could be studied.

The experiment was originally set up and optimised for the measurement of electromag-

netic transition rates in 21O, via the recoil distance method, and thus ran with two settings.

The �rst was with a single 9Be target for the simple identi�cation of the 21O fragments and

the transitions of interest. The second con�guration was with the inclusion of a 181Ta de-

grader to induce lifetime-sensitive lineshapes in the peaks of interest, that could be mea-

sured [70, 55]. In addition to the 21O, it was discovered that there were several other chan-

nels that were strongly populated in the experiment. One of which, the 23F, is the subject of

the analysis in this chapter. Only the runs in the �rst setting were analysed here however,

as the addition of the 181Ta degrader blocked the acceptance of the 23F fragments into the

S800. The following subsections detail the key components of the experiment, with a focus

on their operations and necessity to the measurement.

3.1.1 A1900 Fragment Separator

The A1900 Fragment separator is a large-acceptance spectrometer, comprising of several

dipoles and detector systems, see �gure 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 48Ca primary beam

within the 9Be production target, there were a wide assortment of fragments entering the

A1900. The �rst dispersive half of the A1900 �lters these fragments to a single magnetic

rigidity B½, see equation 3.1.

B½
c

°¯
Æ

m

q
(3.1)

Where a fragment of mass m with a velocity v and charge q is bent by a radius ½in the

magnetic �eld B (the ¯ , ° and c parameters take their usual relativistic de�nitions). As the

fragments with this energy range are fully ionised, the fragment charge is identical to Ze.

The momentum distribution, ¢ p/ 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-

�ed 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 identi�-

cation of individual isotopes on an event-by-event basis, time of �ight (TOF) measurements

of the secondary beam are measured by the extended focal plane scintillator (X FP), at the

focal plane of the A1900. A full overview of the particle identi�cation (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 identi�cation of the outgoing fragments from the secondary

target [73]. As can been seen from schematic in �gure 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, modi�ed 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 �elds 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-

�nity. 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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