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Abstract

In this thesis, data relevant to isospin-non conserving effects in the fp shell are presented.

The data are interpreted in terms of the shell model and use empirically derived isospin non-

conserving terms. Understanding the empirically derived isospin-non conserving terms is the main

motivation for this research. The J = 2 anomaly is a term that has been introduced into shell

model calculations to reproduce mirror energy difference (MED) data in the f 7
2

shell.

The first of the two experiments in this thesis examines the Tz = − 3
2 nucleus 51Co. Excited

states were identified through gamma ray spectroscopy with SeGA at the NSCL facility using the

A1900+S800 setup. The transitions were identified using mirror symmetry arguments. The results

show that the f 7
2

MED calculation approach is still accurate when the states relevant to the MED

are unbound to proton emission in the negative Tz nucleus.

A second experiment is presented which is the main focus of this thesis. The experimental setup

was much the same except for higher mass beams and GRETINA was used in place of SeGA. The

experiment used a 66As beam, and isotonic contaminants of 65Ge and 64Ga to populate excited

states in fp shell nuclei. Results and discussion are presented for the following nuclide and pairs

of mirror nuclei: 62Ga; 63Ge and 63Ga; 65As and 65Ge.

The conclusions drawn from the results of these two experiments are as follows:

• No additional isospin non-conserving effects are observed when states in one of the mirror

nuclei are as much as 1.5 MeV unbound to proton emission.

• The A = 63 MED show that one of the expected terms (Vcr) does not function in the upper-fp

shell.

• The implication from the presented data is that states in 65As undergo proton emission.

• A study of triplet energy difference (TED) systematics is presented along side data from
62Ga to produce a new candidate for the anomalous T = 1, 2+ state in 62Ga.
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Chapter 1

Introduction

The nuclear force can be treated as charge symmetric (neutron-neutron and proton-proton forces

having the same strength) and charge independent (neutron-proton forces having the same strength

as the average of neutron-neutron and proton-proton forces). However the proton-proton (pp),

neutron-proton (np), and neutron-neutron (nn) scattering lengths differ: anp = −23.5 ± 0.8 fm,

app = −17.3 ± 0.4 fm, and ann = −18.9 ± 0.4 fm (after being corrected for electromagnetic

effects) [1, 2]. Scattering lengths are proportional to the interaction strengths. The discrepancy

demonstrates that the nuclear force is neither charge symmetric nor charge independent. This

symmetry breaking effect is small compared to the absolute values and accordingly in the shell

model one treats the nuclear interaction as charge symmetric with charge symmetry breaking

effects (i.e. the Coulomb force) introduced as perturbations.

As a metric the energy difference between isobaric analogue states is used (which are described

in Chapter 2). This metric is compared to the difference predicted using nuclear wavefunctions and

electromagnetic interactions which therefore gives an insight into the nuclear wavefunction. Early

work used Coulomb displacement energies, comparing the absolute binding energy for neighbouring

pairs of isobaric nuclei. This approach aimed to use basic models such as those developed by

H.A. Bethe [3] to calculate the charge radius of the nucleus. Direct measurements of the charge

radius contradicted these calculations, with the models underestimating the Coulomb displacement

energy by about 7% [4]. This is known as the Nolen-Schiffer anomaly and was the first example of

a significant deviation from the understood isospin breaking effects.

In 2001 Cameron et al. described the A = 49 mirror energy difference (MED) in terms of

nucleon alignment [5]. It was noted that a large change in rotational frequency was coincident

with a large MED. The authors interpreted this as a smaller overlap of proton-proton pairs in

the new rotational configuration. Further work was carried out to reproduce the MED with the

cranked shell model [6], however, approaches like this were unable to reproduce more than general

trends. It was not until Coulomb matrix elements (CME) were introduced to large scale shell

model calculations that it was possible to reproduce the MED accurately [7]. It was found that

CME calculated from a harmonic oscillator basis were not accurate at low spin and empirical ones

were used based on a fit to the A = 42 data.

Coulomb matrix elements extracted from fits to data will include all isospin non-conserving

(INC) effects. Some INC terms are expected, such as the Coulomb effect. Work was undertaken
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to quantify and account for these effects by creating matrix elements by Zuker et. al. [8] and

Williams et. al. [9]. Zuker et. al. noted that these “isospin non-conserving forces” are dominated

by the J = 0 and J = 2 couplings. That is, considering two nucleons in the f 7
2

shell that can

couple to J = 0, 2, 4, or 6 it was deduced that J = 0 and J = 2 couplings require an additional

matrix element in shell model calculations. To account for the disparity between theoretical and

experimental MED and triplet energy differences (TED) two approaches were employed: 1) the

MED was corrected by a 100 keV isovector matrix element on J = 2 pairings; 2) the TED was

corrected by a 100 keV isotensor matrix element on J = 0 pairings. Williams et. al. used multiple

methods to extract isovector matrix elements from the available data in the f 7
2

shell. This rigorous

demonstration of the need for additional INC matrix elements spawned the search for effective

isovector and isotensor interactions to be applied in addition to a Coulomb interaction. As the

isovector problem can be accounted for with J = 2 couplings this problem has since become known

as the “J = 2 anomaly”.

In 2007 Bentley and Lenzi gave a detailed description of Coulomb energy differences in the

shell model including details on smaller monopole shifts that had previously been overlooked [10].

This detailed approach and all the available data clearly show that the J = 2 anomaly is a real

effect within the effective interaction of the f 7
2

orbital. Future research into the J = 2 anomaly

has several clear goals:

• Gather more data in the f 7
2

shell where the theoretical approach is well established. Accessing

more exotic nuclei and higher spin states will both confirm the extent to which INC matrix

elements are needed and help in further quantifying the effect.

• Investigate different regions of the nuclear chart to determine if INC effects are an artifact

of the f 7
2

shell, an artifact of the shell model approach, or a reflection of a physical effect not

normally included in our models.

• Understand the origin of the J = 2 anomaly.

The work presented in this thesis is motivated by these goals. Two experiments are presented:

the first revealing data on excited states in the exotic f 7
2

nucleus, 51Co. All of the observed

states are above the proton separation energy. Any effects introduced by being above the proton

separation energy are not included in the shell model calculations calculations used to interpret

the results. Despite being above threshold the MED is well described by shell model calculations.

The second experiment pushes into the upper-fp shell in order to acquire data on excited states.

This allowed a systematic look at the upper-fp shell as has been performed in the f 7
2

shell.

Results on 63Ge and 63Ga are interpreted in terms of MED, however complications prevented

more than tentative assignments; direct knockout reactions to 65As and 65Ge yielded unexpected

results which are interpreted in terms of proton decay of 65As; and 62Ga is populated in direct

and indirect reactions. For 62Ga the TED systematics, reaction models, and shell model structure

calculations were used as a guide to understanding the populated states. All experiments were

performed at NSCL [11] using the A1900+S800 [12, 13] setup, one with the Gamma Ray Energy

Tracking In-Beam Nuclear Array, GRETINA [14], the other with the Segmented Germanium Array

SeGA [15].

Two-neutron knockout was heavily relied upon for the work in this thesis, being the main

reaction mechanism to populate 51Co and 62Ga. Attempts were made to estimate the relative
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population of states in daughter nuclei from two-neutron knockout using wavefunction overlap

between relevant states in the parent nuclei, and all states in the daughter nuclei, and Eikonal

reaction theory. The wavefunction overlap was calculated using the shell model, and due to the

large valence space in the upper-fp shell the calculations were heavily truncated, and as such this

was used as a guide.
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Chapter 2

Theory

2.1 Isospin

The concept of isospin, first put forward by Heisenberg in 1932 [16], is a framework in which the

proton and neutron are considered projections of the same particle: the nucleon. For nuclei T is

used, for nucleons t to denote the isospin quantum number. Tz is used to denote the projection of

isospin for nuclei and tz for the projection of isospin for nucleons. Each nucleon is given an isospin

of t = 1
2 . The proton is assigned a projection of tz = − 1

2 and the neutron is assigned a projection

of tz = +1
2 [17]. When constructing a nucleus within this framework the projections add, such

that:

Tz =
N − Z

2
, ~T =

∑
~t (2.1)

where N is the number of neutrons and Z is the number of protons. Therefore, states in

a nucleus can have any value of isospin so long as T ≥ Tz. This principle is demonstrated in

Figure 2.1 which shows allowed states across sets of nuclei of the same mass and differing Tz

(isobaric multiplets) [18]. In this Figure each circle represents a set of states. When examining

states of a certain T , in the absence of all isospin non-conserving effects (i.e. the Coulomb force),

the nth state of a certain Jπ will be identical in structure regardless of Tz.

When one considers a triplet of T = 1 states, some of the proton-proton interactions in the

Tz = −1 nucleus are swapped for neutron-neutron interactions in the Tz = +1 nucleus and vice

versa, and these will also be swapped for neutron-proton interactions in the Tz = 0 nucleus. The

three versions of this state are known as isobaric analogue states (IAS) (as are the same versions

of states in mirror nuclei). In the absence of any isospin non-conserving (INC) effects the nuclear

interaction is referred to as isoscalar. In this extreme, IAS have no difference in structure or

excitation energy. For this case two statements are true:

• The nuclear force is charge independent as described by Equation 2.2.

• The nuclear force is charge Symmetric as described by Equation 2.3.
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Figure 2.1: This Figure shows allowed states in terms of T , and Tz. Sets of states in nuclei are
represented by circles. Any circle on a red line would be expected to be a ground state, states
below this line are forbidden and those above are excited states. Generally states of higher T are
many MeV higher in excitation energy than the (T = Tz) ground state. The exception to this are
odd-odd Tz = 0 nuclei, where the T = 1 states are so low in energy that they often become the
ground state [18].

Vnp =
Vpp + Vnn

2
(2.2)

Vpp = Vnn (2.3)

where Vpp is the proton-proton interaction, Vnn is the neutron-neutron interaction, and Vnp is

the neutron-proton interaction.

INC effects can be categorised as isovector effects, Visovector, which are described by equation 2.4

or isotensor and take the form of Visotensor which is described in equation 2.5.
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Visovector = Vpp − Vnn (2.4)

Visotensor = Vpp + Vnn − 2Vnp (2.5)

As discussed in Chapter 1, IAS are not perfectly symmetric due to the Coulomb interaction.

Other INC effects also break charge symmetry and these are discussed in Section 2.3.2. INC effects

are generally small compared to the nuclear isoscalar interaction and are treated as perturbations.

To quantify INC effects one can use the mirror energy difference (MED) described in Equation 2.6.

The MED is sensitive to isovector effects, probing the difference in the pp and nn interactions in

the nuclear medium. The MED is defined as:

MED = ETz=−n
J,π − ETz=nJ,π , (2.6)

where ETz=nJ,π is the excitation energy of a state with a total angular momentum of J and a

parity of π in nuclei of Tz = n,−n. One plots the MED against J , as in Figure 2.2 where the

A = 51 system is compared to theoretical predictions [19].

Figure 2.2: The experimental (blue) and theoretical (red) MED alongside level scheme for the

A = 51 system. The green dashed line demonstrates the MED for the 17
2

−
state. The diagrams set

against the level scheme depict alignment of the valence nucleons, the cause of the MED. Edited
from Reference [19] such that naming conventions are in line with this thesis.
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When examining T = 1 triplets one can also examine the triplet energy difference (TED),

defined as:

TED = ExTz=−1
J,π + ExTz=1

J,π − 2ExTz=0
J,π . (2.7)

The TED is sensitive to isotensor effects and can be seen as probing the strength of the np

interaction compared to the average of the pp and nn interactions.

In a TED the excitation energy is taken relative to the lowest energy T = 1 state. This is

important in the case of the Tz = 0 nucleus where the ground state is often of a T = 0 configuration.

Consequently TED centred on odd-odd nuclei are more accessible experimentally. Odd-odd Tz = 0

systems normally have T = 1 ground states, which makes these nuclei the only known case where

the ground state of a nucleus does not have T = |Tz|. States with T > Tz are normally many MeV

higher in excitation energy.

The TED is normally plotted against spin such as in Figure 2.3 taken from [20]. In this Figure

the experimental TED is plotted for the A = 54 and A = 42 systems and shown in comparison

with several calculations. For triplet systems centred on odd-odd nuclei the TED will always be

negative. The TED is negative because the energy of the T = 1, Jπ = 2+ is always higher in the

Tz = 0 nucleus than the average energy in the other two nuclei due to the Coulomb force. The

reason for higher energies for IAS in T = 1, Tz = 0 nuclei is discussed further in Section 2.1.1.

Calculations show that the nuclear and Coulomb interactions are not enough to replicate the TED

and an additional INC component is needed. The approach used here is discussed further in

section 2.3.3.

Figure 2.3: This figure shows experimental data for the A = 42 and A = 54 experimental TED, as
well as shell model calculations with an empirically found term to reproduce them. In this figure
the empirical term is denoted by VB, the coulomb multipole term denoted with VCM [20]. More
detail is given on the Coulomb multipole and additional empirical terms in section 2.3.2.

2.1.1 Pairing, Isospin and TEDs

In analogy to Cooper pairs in superconductivity, Bohr, Mottelson and Pines used pairing to explain

the difference in energy of the first excited states between odd and even A nuclei [21]. Here pairs

of like nucleons are viewed as being in time reversed orbits. This work was comparing pairs of
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like nucleons (pp or nn pairs). In the case of nuclei with the same or similar numbers of protons

and neutrons np pairing can be considered [22]. In analogy to the deuteron, there are two possible

pairing channels: T = 0 (isoscalar), and T = 1 (isovector). In this instance isovector refers to

anti-aligned pairs which is the equivalent alignment to the pp or nn channel.

It is possible to count the types of pairs in a nucleus using a simple model based on the group

SO(5) that considers a single J orbital [23]. It is noted that this model predicts the same pairing

behaviour as large scale shell model calculations which consider many more effects. Using this

model there are simple analytical formulae to predict the number of pp, nn and isovector np pairs

in |Tz| < 1 nuclei as presented by Engel, Langanke and Vogel [24].
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Figure 2.4: This Figure depicts energies of T = 1, 2+ states for A = 4n + 2 systems (where the
N = Z nucleus is odd-odd). The top panel shows how the energy of each 2+ state deviates from
the average energy of the 2+ states in that triplet (denoted by < E ∗ 2+ > in the Figure) for each
triplet up to A = 62. For comparison the lower panel gives the predicted average number of nn,
pp, and np pairs in the A = 62 system using the equations presented in [24].
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The calculation displayed in the lower panel of Figure 2.4 is a typical result from this model.

The predicted behaviour is an affinity towards np pairing in the N = Z nucleus, pp pairing in the

Tz = −1 nucleus, and nn pairing in the Tz = 1 nucleus. This trend is not specific to a particular

state in the nucleus, but is considered as a rough approximation of the wavefunction based on the

available pairs. It is reasonable to expect that excited-yrast states will have a similar number of

pairs, but coupled to higher spin. Comparing yrast J = 0 and J = 2 states (as an MED does)

the average geometric separation between all pairs of nucleons will be reduced in the J = 2 state

(see Figure 2.11 for details). When the two nucleons are pp pairs the closer overlap results in a

less bound J = 0 state relative to the J = 2 state. A lower relative binding energy for a J = 2

state to the ground state gives it a lower excitation energy. As there are predicted to be more

pp pairs in |Tz| = 1 nuclei compared to TZ = 0 nuclei, the IAS in Tz = 0 nuclei always have

higher excitation energy. This effect is observed in the upper panel of Figure 2.4. The difference

in excitation energy of |Tz| = 1 nuclei is largely influenced by monopole effects, which will cancel

out in a TED (assuming there is no large change in valence space across a triplet). As explained in

section 2.3.3 it is worth again noting that in shell model calculations the TED is underestimated

by a factor of approximately 2 hence the corrections that are explained in Section 2.3.3.

2.2 Shell model

The shell model is a mean field approach developed to understand magic numbers. The magic

numbers being the numbers of protons or neutrons at which nuclei exhibit stronger binding and

additional stability. For a realistic nuclear potential a Woods-Saxon potential can be used of the

form:

V (r) =
−V0

1 + e
r−R0
a

(2.8)

where R0 = 1.25A
1
3 fm, and V0 and a are empirically derived values of approximately 57 MeV

and 0.65 fm respectively. This function is shown in Figure 2.5. However often a simple harmonic

oscillator potential is used for simplicity.
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Figure 2.5: A Woods-Saxon potential plotted using Equation 2.8, with V0 = 57 MeV and a =
0.65 fm for an A = 62 nucleus.

In 1963 Maria Goepart-Meyer and Johannes Hans Daniel Jensen shared a Nobel prize for the

introduction of a spin-orbit term which lowers the energy of a state if the spin of the nucleon is

aligned with the spin of the eigenstate. One also includes an l2 term to account for the change in

binding energy from the angular momentum of nucleons. The potential used now takes the form

of Equation 2.9.

V (r) =
1

2
mω2r + Vlll

2 − Vls(r)l.s. (2.9)

This potential accurately reproduces the magic numbers 2, 8, 20, 28, 50, 82 and 126. Solving the

Schröedinger Equation with this potential produces the single particle levels shown in Figure 2.6.

So far in this description only the net attractive potential between the nucleons has been

considered. One also has to consider interactions between nucleons. To consider the interactions

between nucleons one can consider a Hamiltonian of the form

H = H0 +Hres, (2.10)

where H0 contains the mean attractive potential from equation 2.9. The residual interaction,

Hres, accounts for all of the effects which are not dealt with by the mean field interaction. This
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Figure 2.6: A representation of the degeneracy of basis states in the nuclear shell model found
by solving the Schröedinger equation with angular momentum effects and a spin-orbit interaction.
Spectroscopic notation has been used. The numbers in boxes represent the number of nucleons
taken to fill the nucleus to that point (assuming no excitation), while the numbers immediately to
the left of those are the degeneracy of the associated basis state.

includes accounting for the coupling of pairs of nucleons by a series of two-body matrix elements.

These matrix elements can be determined phenomenologically from nuclear data, however there

are different methods and approaches to doing so. As such, for a calculation in a given region there

is often more than one interaction that can be used.

2.3 Shell Model Calculations

Shell model calculations start off with the calculated single particle levels from H0. Basis states

are constructed based around all possible configurations of nucleons in the single particle levels,

Hres is then used to consider the interaction of nucleons that occupy these states. The calculation

varies the wavefunction until the energy has hit a minimum. A matrix can be used to represent

the wavefunction with a row for each way the nucleons can couple to create the states of interest

in the valence space chosen. In order to find the minimum energy the matrix must be inverted.

To invert the matrix with all of the available shells and nucleons is in most cases too compu-
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tationally intensive. Calculations where this approach is used, referred to as no-core calculations,

are computationally unfeasible for systems containing more than 12 or 13 nucleons. In order to

perform calculations in heavier systems, one considers only those nucleons which contribute signif-

icantly to the states of interest. By defining a core, and a number of nucleons that can be excited

into specific shells it is possible to truncate this valence space. In this view the nucleus is in three

parts. This is shown in Figure 2.7.

1. Core of non-interacting nucleons: these nucleons cannot be excited to other single parti-

cle levels and are not considered by the residual interaction. They can be considered as

generating the potential that the rest of the nucleons occupy.

2. Valence nucleons: these are the nucleons that are considered by the residual interaction and

how they couple will determine the properties of the nucleus.

3. Valence space: this defines the space the valence nucleons can move in and how they can

couple.

Truncation

Valence 
Space

Core

Figure 2.7: A schematic representation of the ingredients of a shell model calculation. The har-
monic oscillator potential is filled with an inert core. Some valence single particle levels are shown
filled with fermions of two types, denoted by different colours. Some single particle levels, those in
the truncation region, have been shaded red denoting that they are not included in the calculation.

Even with truncation it can still be too computationally difficult to calculate a result. The

maximum size of a calculation can be increased by using an iterative method such as the Lanczos

method [25].

If the truncation is too severe the states calculated will not have realistic wavefunctions, and

the binding energy will be higher. If the ideal wavefunction has been achieved then reducing the

truncation will have no effect to the result of the calculation. Once a state is at the lowest energy
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solution it is referred to as converged. A converged calculation will not necessarily accurately

reproduce experimental data, it is merely the correct result for that interaction and valence space.

It is possible to confirm a calculation has converged by slowly increasing the space it is performed

in and ensuring the binding energies do not change. This principle is demonstrated in Refs [26–29].

2.3.1 The upper fp-shell

The full fp shell stretches from the doubly magic 40Ca to 80Zr where the g 9
2

orbital begins. This

is not a major shell closure. However the full fp shell including the g 9
2

orbital is far too large to

be considered. Additionally, there are currently no shell model interactions capable of interpreting

a coupling between the f 7
2

and g 9
2

orbitals. Due to this large valence space, it is possible that the

truncation required will prevent an accurate result. Figure 2.8 demonstrates the size of the fp

shell space based on Reference [30].

N
Figure 2.8: Dimensions of calculations (circles) and number of non-zero matrix elements (squares)
in a shell model calculation for Tz = 0 fp-shell nuclei as a function of the number of valence
nucleons in the calculation (N). This assumes that there is no truncation. Based on Reference [30].

There are several interactions that can be used in this region. For the work presented in this

thesis the relevant ones are KB3G [31], GXPF1a [32], and LNPS [33]. GXPF1a and KB3G use

a 40Ca core and include the f 7
2
, p 3

2
, f 5

2
, and p 1

2
orbitals. In principle LNPS calculations can be
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run including all of the mentioned orbitals and the g 9
2
. It is worth noting that despite the large

number of valence shells available in LNPS there are no interactions between the g 9
2

and the f 7
2

orbitals so one of these must be closed [34]. Each of the mentioned interactions has been derived

in a slightly different way:

• KB3G has single particle energies that have been taken by examining the 41Ca spectrum, with

matrix elements taken from a realistic interaction derived from nucleon-nucleon interactions.

• GXPF1a started as a realistic interaction derived from nucleon-nucleon interactions, and

then the matrix elements were allowed to vary to fit to 669 energy level data from masses

between A = 47 and A = 66.

• LNPS is a realistic interaction derived from nucleon-nucleon interactions, but with single

particle energies that have been allowed to vary to fit to experimental data.

2.3.2 MED Calculations within the shell model

MED depend entirely on isovector interactions as an isoscalar nuclear interaction will always give

an MED of zero. This provides an opportunity to further develop smaller isovector effects not

often considered in shell model calculations. These INC terms are small enough that they can be

considered perturbations of the main isoscalar interaction, meaning that including these terms has

a small effect on the wavefunctions, the MED being one of the only observable differences as it

is mostly dependent on the valence nuclei. It is worth noting that for the work presented in this

thesis this approach was not used. Instead isospin non-conserving terms were added to the main

interactions. The four main terms that are considered in shell model MED calculations are VCM ,

Vlls, VCr, and VB . These are described in the following sections.
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Figure 2.9: Shell model calculations and experimental data for A = 50 and A = 46 systems.
The upper panels ((a) and (c)) show the experimental MED and results from the shell model
calculation. The lower panels ((b) and (d)) show the breakdown of the terms included in the
calculations: VCM , Vcr and VB terms. A full description of these terms is included in Sections
2.3.2.3, 2.3.2.2, and 2.3.2.1. Taken from Reference [10]

Figure 2.9 is provided as an example of MED calculations using VCM , VB , and VCr. Taken from

Reference [10], it shows the experimental and theoretical mirror energy difference for the A = 50

and A = 46 mirror nuclei. The A = 50 calculations will be used as an example in the coming

sections as the A = 46 calculations fail completely to reproduce the experimental trends. This is

explained in Reference [10] in terms of the wavefunction coupling to a T = 0 core which is not

accounted for in the MED calculations. The following sections will explain the individual terms in

this example.

2.3.2.1 VCM

VCM is the Coulomb multipole component. This accounts for the different Coulomb interactions

between different pp couplings. In the f 7
2

shell two protons can couple to J = 0, 2, 4 or 6, it is

expected that two protons at higher spin will have a lower average geometric overlap and thus a

smaller repulsion. The calculated spatial overlap of two protons is shown in Figure 2.11 for pure

f 7
2

couplings.
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Figure 2.10: Calculated Proton and neutron shell occupancies for Tz = 1
2 , A = 50 mirror nuclei.

Data to create this Figure was taken from the same calculations used to calculate the MED shown
in Figure 2.9. Taken from Reference [10].
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Figure 2.11: This is a plot of the calculated average radial separation, r, of two f 7
2

protons. The
centre of each shape corresponds to r = 0 and r increases radially outwards. The amplitude is
proportional to the overlap between the two nucleons. It can be seen that lower J has a larger
concentration at r = 0 compared to higher J . These plots show that at higher J , the protons have
a larger average geometric separation [19].
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The absolute Coulomb energy of the nucleus will not contribute to the MED, as the MED is

normalised to ground states. Only these contributions from the re-coupling of protons will have

an effect. A proton pair coupled to high J (e.g. for a high spin state) has less Coulomb repulsion

than a proton pair coupled to low J (e.g. the ground state). Consequently the excitation energy

will be lowered compared with the case where two neutrons are acting instead. From Equation 2.6,

one would expect a negative MED for the case of two active protons, for example in the A = 42

case.

The Coulomb contribution to the MED is calculated by running a calculation with a Coulomb

interaction added to the interaction for protons in both nuclei. This component shows the difference

in Coulomb energy from the protons recoupling from their ground state configuration to the state of

interest as described. In the example given by Figure 2.9 the VCM term increases slowly with spin

before changing rapidly above the 8+ state. This is explained by the nature of the wavefunctions

of these states: as the band terminating state is approached, the wavefunctions become dominated

more by individual configurations. Thus the changes in MED become more pronounced as the

MED is sensitive to individual particle alignments.

2.3.2.2 Vlls

Vlls consists of two terms combined: Vls and Vll, which are both single particle effects applied

directly to the single particle levels of an interaction. Vls is a magnetic spin-orbit component.

Introduced in Reference [35], it was used to explain the 7Be-7Li MED in Reference [36]. Vll

represents the Coulomb energy in a proton orbital due to repulsion from the core. Refs. [10, 27]

present the following equation, quantifying the effect after treating the nucleus as a charged sphere.

Els ' (gs − gl)
1

2m2
Nc

2

(
−Ze

2

R3
C

< ~l · ~s >
)
, (2.11)

where gs and gl are spin and orbit gyromagnetic factors. The free values of gyromagnetic

factors can be used and are listed in Table 2.1. mN and rC are the nuclear mass and radius. For

orbits where j = l + s then < ~l · ~s >= l
2 ; for orbits where j = l − s then < ~l · ~s >= − l+1

2

Ell =
−4.5Z

13
12
cs [2l(l + 1)−N(N + 3)]

A
1
3

(
N + 3

2

) keV (2.12)

Vll is an effect applied to the proton orbitals. It accounts for the change in energy of the orbital

from the overlap of that orbital with the core. Using the Coulomb potential in an oscillator form

and the potential for a charged sphere Duflo and Zuker [37] demonstrated that:

Proton Neutron
Spin 5.586 -3.828
Orbit 1 0

Table 2.1: Free values of the gyromagnetic factors
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2.3.2.3 Vcr [37]

The Vcr term accounts for changing nuclear radii and deformation effects. Different nuclear orbitals

have different average radii. Therefore as well as accounting for the single particle effects such as

Vll one must also account for the bulk radius change of the nucleus. While performing calculations

with valence nucleons in the f 7
2

shell, this is achieved by tracking the occupancy of the p 3
2

orbital.

Vcr is calculated using Equation 2.13.

Vcr = 2Tαr

(
mπ(g.s.) +mν(g.s.)

2
− mπ(J) +mν(J)

2

)
(2.13)

where T is the isospin of the state, mπ and mν are the proton and neutron occupancies of

either the ground state (g.s.) or the state of interest (J). αr is a constant deduced from A = 41

data to be 200 keV.

This component has been used in the f 7
2

shell. In this case the occupation of the p 3
2

orbital

would also be considered to increase with deformation; it is possible then that the Vcr term is

accounting for deformation effects. Understanding how to apply the Vcr term in the upper fp-shell

is a current research goal.

In Figure 2.9 the Vcr term varies slowly across the rotational band, as would be expected (as

the states should have very similar structure and occupancy of the p 3
2

orbital). It is noteworthy

that this term becomes one of the largest at higher spin. It can be further seen from Figure 2.10

that the variation in Vcr comes from the slow average occupancy decrease of the p 3
2

orbital. The

empirically deduced value of αr is large enough to precipitate such a small change into a tangible

effect.

2.3.2.4 Vb

However, analysis performed using the terms discussed above were not able to fully recreate MED

or TED in the f 7
2

region [9]. To account for this A.P Zuker et. al. suggested the use of an

additional matrix element [8]. For the MED a 100 keV isovector matrix element was added to

J = 2 f 7
2

couplings for protons. For the TED a 100 keV isotensor matrix element was added to

J = 0 f 7
2

couplings. These numbers were gathered empirically by observing the MED and TED

in A = 42 and A = 54 systems (i.e. two nucleons or two-nucleon holes in the f 7
2

shell).

In the original work on Vb the data were confined to the f 7
2

region and the correction was only

applied to (f 7
2
)2, J = 2 couplings. As data are extended into the upper-fp region the approach

has been extended to apply Vb to all (l)2, J = 2 configurations, where l is a shell of any angular

momentum, by Lenzi et. al. [34]. However in the data presented here the Vb term is only applied

to the f 7
2

single particle level.

In the example given by Figure 2.9, for the same reason as for the VCM term, the behaviour of

the Vb term becomes more pronounced beyond the 8+ state. Figure 2.10 can be used to understand

the behaviour of the Vb term. The Vb term only effects (f 7
2
)2 couplings; Figure 2.10 shows the

average f 7
2

occupancy does not change significantly, showing that this effect is sensitive to the

individual particle alignments.
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2.3.3 TED Calculations within the shell model

Triplet energy differences are not sensitive to monopole effects such as single particle energy level

changes [10]. This is because monopole terms depend only on average particle occupancy of single

particle levels which are symmetric across the IAS, so cancel out in the TED. As such the only

effect normally considered is the Coulomb multipole term VCM . VCM alone however has been

found to consistently underestimate the magnitude of the TED by approximately a factor of 2 [20].

To compensate for this, an analogous term to the previously discussed Vb is used, however now an

isotensor term is used affecting J = 0 couplings [20] rather than an isovector term affecting J = 2

couplings.

2.4 Reaction model calculations

All experiments discussed in this thesis, regardless of reaction, utilised beams produced via the

projectile fragmentation technique (explained in Chapter 3). Among the reactions used are knock-

out, nucleon removal, and fragmentation. This section explains these reactions and how they are

used.

The projectile fragmentation experimental technique was used in this thesis and is discussed in

detail in Chapter 3. For this experimental technique, beams impinge on low mass and thin targets

at energies typically between 0.08 GeV/nucleon and 1 GeV/nucleon. Beams before the target will

be referred to as the projectile and beams after a target will be referred to as recoils. At these

high energies the Coulomb barrier is negligible and a range of impact parameters and reactions

are observed. For low impact parameter collisions many nucleons can be removed. This leaves a

lower mass nucleus to continue through the separator (fragmentation) or the target nucleus can

also be broken up (spallation). In peripheral or grazing reactions a process known as knockout

happens. In the case of one or two nucleons being removed from a nucleus the reaction is generally

considered a knockout reaction. With more (3-5) nucleon removal the process is seen as being a

combination of knockout and fragmentation [38].

2.4.1 Knockout

Knockout reactions are direct reactions, meaning that the initial and final states are linked by

some direct process. If the process is sufficiently well understood it is possible to predict the final

states populated from an initial state.

In knockout the probability of populating specific states in a recoil is related to the spectroscopic

factor between the (initial) state of the projectile and that of the recoil (final), and the probability

of removing a nucleon from the shell required to populate that state. The cross section to individual

states can be calculated using the formalism presented by E.C Simpson and J.A Tostevin [39]. It

is shown here as equation 2.14 for one-neutron knockout.

σ =
∑
nlj

[
A

A− 1

]
C2S(Jπ, nlj)σsp(nlj, S

eff
N ), (2.14)

where A is the mass of the projectile nucleus, C2S is a shell model spectroscopic factor, nlj are
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the quantum numbers of the removed nucleon, and SeffN is the separation energy for the removed

nucleon. The spectroscopic factor is the likelihood that all but one of the nucleons in the initial

state will arrange themselves in the same configuration as the final state [40]. It is given as a value

between 0 and 1, the more similar the two states are the higher, and thus the higher the cross

section, or transition rate in analogy to Fermi’s golden rule. The spectroscopic factor accounts for

the valence orbital from which the nucleon is removed. Two processes are considered: stripping and

elastic breakup. In stripping reactions the removed nucleon excites the target. In elastic breakup

the nucleon is removed after interacting with the target but the target remains in its ground state.

For inelastic breakup the removed nucleon continues in the beam direction. The contributions from

stripping and elastic breakup are not separable experimentally, so the theoretical cross sections are

summed.

Eikonal reaction theory is used to evaluate an expression for the single particle effects. It is

assumed that the energy of the reaction is much larger than the interaction between target and

projectile. Expressions can then be reached using scattering matrices. The scattering matrices

are obtained using density folding potentials, and the target and removed nucleons are assumed

to have a Gaussian density profile. The density of the projectile is found using Hartree-Fock

calculations that have been constrained to reproduce the experimentally known separation energy.

This formalism and the calculations have also been extended to two nucleon knockout [41,42].

2.5 Other reaction and population mechanisms

The work presented in this thesis relies on the knockout and fragmentation mechanisms. Knockout

is an excellent tool for studies such as this due to its selective nature and ability to reach states

very close to the proton drip line. This section will concentrate on other reaction mechanisms

which are relevant to this thesis. The reaction mechanisms presented will be used to explain other

experiments that have populated the nuclei presented in this thesis.

2.5.1 Fusion Evaporation

In fusion evaporation reactions the target and projectile fuse to form a compound nucleus with a

composite mass of the sum of the component masses. The compound nucleus is generally created

in a very high energy and high spin state owing to the energy. In the de-excitation of the compound

nucleus particle emission competes with gamma decay. At higher energies the particle emission

mode tends to dominate, allowing the energies of a reaction to be tuned for a specific reaction

channel. After particle emission, gamma decay will occur as the nucleus is left in an excited state.

Figure 2.12 demonstrates a possible decay path and the tendency of the nucleus to decay through

yrast states.
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Figure 2.12: This figure gives an example of how states can be populated by fusion evaporation
reactions. The (circled) populated states tend to decay towards the yrast states, and then decay
through them. The red line denotes an energy proportional to angular momentum squared and
the blue arrows denote possible gamma ray transitions through the yrast band.

2.5.2 β-decay

While analysis of data from β-decay is not presented in this thesis, recent relevant work has used

it as a population mechanism [43]. A brief discussion of β-decay is presented here to inform

subsequent discussion in Chapter 7.

In accordance with Fermi’s golden rule the β decay rate in seconds is

λ =
g2m5c4

2π3h̄7
|Mfi|2f, (2.15)

where g is the Fermi coupling constant, m is the mass of the nucleus, |Mfi| is a matrix element

coupling the initial and final states, and f is a Fermi function to account for the Coulomb interaction

between nucleus and emitted particle. By considering FT 1
2

one considers a constant that depends

only on the wavefunction overlap, and can be used to identify the spin of states populated in the

decay. FT 1
2

is calculated using Equation 2.16.

FT 1
2

=
1.386π3h̄7

g2m5c4|Mfi|2
(2.16)

A value of g of 1.4×10−62 Jm−3 has been deduced from mirror nuclei, where the matrix element
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for the decay should be identical.

The selection rules for allowed β-decay allow for a change in angular momentum of 0 or 1

between the initial and final states, but for no change in parity. β decay is either a Fermi or

Gamow-Teller transition. Allowed Fermi decay will have ∆J = 0, allowed Gamow-Teller transitions

will have ∆J = 0,±1. Allowed Fermi decay does not change the spin of any nucleon and thus

conserves isospin to keep the wavefunction anti-symmetric, Gamow-Teller transitions may change

isospin with ∆T = 0,±1. Decays that do not obey these rules are hindered, but a wide range of

forbidden decays are observed when the T 1
2

of allowed transitions is sufficiently long that forbidden

transitions can compete.

2.5.3 Coulomb Excitation

A brief description of Coulomb excitation is included here as it is suggested as possible further

experimentation following the work in this thesis. Coulomb Excitation, as the name suggests, is

the use of the Coulomb interaction to excite the nucleus via the exchange of virtual photons. The

matrix elements for this are the same as those for gamma decay. The cross section to individual

states is dependent on the energy of the reaction. At lower energy it is more likely to reach multi-

step excitations to populate high spin states, while at higher energy it is more likely to populate

fewer excited states directly. As with electromagnetic (gamma) decay, electric quadrupole and

magnetic dipole transitions are dominant. Coulomb excitation with exotic nuclei can only be

performed in inverse kinematics as the short half lifes prevent the use of an exotic target.
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Chapter 3

Experimental Setup

Gamma ray spectroscopy is one of the cornerstones of experimental nuclear physics. This technique

has provided vital information on the nature of excited states, from stable nuclei to those at

the extremes of spin, isospin and mass. There are several experimental techniques and types of

reactions that can be employed to access these excited states; for example: fusion-evaporation

reactions with recoil decay tagging, or Coulomb excitation reactions with radioactive ion beams.

All methods share the same common requirements: a reaction suitable for populating the states of

interest, identification of incoming and outgoing reaction products, and the detection of radiation

from the decay of excited states. This Chapter briefly outlines the detector systems employed in

the experimental work for this thesis.

3.1 The National Superconducting Cyclotron Lab

The National Superconducting Cyclotron Lab (NSCL) provides beams of exotic nuclei via projectile

fragmentation. This method allows for the study of very short-lived nuclei as they can be produced

and transported to an experimental setup in less than 1 µ second. The A1900 Separator is used

to purify secondary beams so they contain nuclides of interest separated by time-of-flight (ToF),

which are identified event-by-event. Purified secondary beams can then be delivered to a range of

experimental setups. The present work only concerns the S800 experimental setup at NSCL, the

S800 is a magnetic spectrograph. Reactions with the radioactive fragment happen at the target

position surrounded by a gamma ray detection array. Then the reaction products are transported

around a 120◦ bend and are identified event-by-event. With this setup, reactions can be performed

with both incoming and outgoing particles identified.

Two experiments are considered in this thesis, each use the same A1900-S800 setup but differ

in the gamma ray detection array and magnetic settings used. The aim of both experiments was

to perform mirrored reactions. The first used a primary beam of 58Ni and two magnet settings

to produce mirrored A1900 beams: 54Ni and 54Fe with contaminants beam of 53Co from the 54Ni

setting; the Segmented Germanium Array (SeGA) was used to detect gamma rays at the target

position of the S800. The second experiment used a primary beam of 78Kr with the A1900 set to

accept 66As. As the beam through the A1900 was N = Z only one magnet setting was required.

Contaminant beams of 65Ge and 64Ga were also utilised for the analysis. In the second experiment
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Primary and secondary beams
Experiment Primary beam Energy Secondary beam Useful Contaminent

1 58Ni 160 A MeV
54Ni 53Co
54Fe

2 78Kr 150 A MeV 66As 65Ge, 64Ga

Table 3.1: A summary of the primary and secondary beams used in the experiments presented by
this thesis.

the Gamma Ray Energy Tracking In beam Nuclear Array (GRETINA) was used (see Chapter 4)

to detect gamma rays at the target position of the S800.

3.2 The coupled cyclotron facility

The coupled cyclotron facility [11] (CCF) provided the primary beams for the experiments, the

layout of which can be seen in Figure 3.1. The first cyclotron, the K500, accelerates the primary

beams to an energy of around 10 A MeV. After this the ions can be fully ionised and injected into

the second cyclotron, the K1200. The K1200 generally accelerates beams to between 100 and 160

A MeV. The energies of the beams used are given in Table 3.1.

3.3 A1900 Seperator

The A1900 separator [13] is a magnetic separator designed to purify secondary beams so that they

mostly contain nuclei of interest. Nuclei are separated and identified by time-of-flight (ToF) such

that they can be identified event-by-event. The layout of the A1900 is shown in Figure 3.1.

Figure 3.1: A schematic diagram of the A1900 and coupled cyclotron facility. Beams are accelerated
by the K500 and K1200 cyclotrons, undergo reactions at the production target then are separated
in the A1900 separator.

The A1900 separates nuclei according to their Bρ,
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Bρ =
mv

q
(3.1)

where B is the magnetic field strength, ρ is the radius of the path of the particles in the field

B, v their velocity, q their charge, and m their mass. Time difference is measured between two

plastic scintillator signals, one at the extended focal plane of the A1900 (the xfp scintillator) and

one at the object position of the S800 (the obj scintillator). The signals from the scintillators are

only used to produce a time relative to the E1 scintillator that sits at the end of the S800 focal

plane.

Beams from the CCF are fragmented at the entrance of the A1900 using a thick 9Be target.

Nuclides of different mass and atomic charge take different paths through the A1900. The paths

shown in Figure 3.1 demonstrate how some nuclides do not make it through the separator. They

have a charge to mass ratio such that they are deflected from the ideal flight path (through the slits)

by the magnets. The slits at “image 2” can be moved to restrict the nuclides that are accepted, and

the momentum spread of the beam. Image 2 contains a wedge that acts as an optical component to

the beam. It increases the momentum separation between beams of different Z. The wedge can be

constructed such that the A1900 runs in an achromatic mode. In this mode the position separation

between nuclides is increased so as to improve the selectivity. The primary target thickness and

reaction used introduces a momentum spread of the secondary beams. The first experiment used

an 850 mg/cm2 9Be target, and the second a 650 mg/cm2 9Be target. Nuclides were identified by

the time it takes them to traverse the separator as their paths are governed by their Bρ.

3.4 S800

Between the A1900 and S800 there is a transfer hall containing two scintillators, the xfp and obj

scintillators. The difference in time of the signal from these scintillators is used to identify the

nuclei from the A1900. The focal plane of the S800 contains further detectors which are described

in this Section. They are: two cathode ray drift counters (CRDCs), an ion chamber, and E1, E2,

and E3 scintillators. All of the scintillator time signals are measured relative to the signal from

the E1 scintillator.
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Figure 3.2: A schematic diagram of the S800 taken from reference [12]. Secondary beams enter at
the “object” position from the transfer hall and are guided through the S800 to the Focal Plane.
A person is depicted in the lower right hand corner for scale.

The S800 is a magnetic spectrograph [12], consisting of two dipole magnets. An ionisation

chamber is located at the focal point. The ionisation chamber is used to measure the Z of nuclei

and the ToF between the the obj scintillator and E1 scintillator is used to measure the charge to

mass ratio. These measurements have to be corrected for the angles at which the nuclei enter the

relevant detectors as different momenta appear in different parts of the focal plane for the same

nuclide. Angles are calculated using the two cathode readout drift chambers (CRDCs) which form

part of the focal plane detector setup along with the E1 scintillator and ionisation chamber [44].

This setup is shown in Figure 3.2 and the focal plane in more detail in Figure 3.3

The angle of the beam at the focal plane is used to correct for differences in paths nuclei can

take through it. Longer paths take more time to traverse the separator which leads to the ToF

separation between different charge to mass ratios becoming blurred. A similar effect is observed

for the measured Ion chamber energy: the longer the path taken through it is the more energy is

deposited. Thus both Ion Chamber energy and ToF must be corrected to account for the paths

taken by nuclei. To perform the path correction angles are gathered from positions measured by

each of the CRDCs at the focal plane. From this the dispersive angle at the focal plane (afp) can

be calculated using:

afp = tan−1

(
x2 − x1

d

)
(3.2)

where x2 is the position in CRDC2 and x1 the position in CRDC1 in the dispersive direction,

and d the distance between the CRDCs (1073mm). In addition to measuring angles at the focal

plane it is possible to calculate the angles at the target position. The fringing fields around the

magnets cause aberrations so calculating the angles is performed by producing an inverse map.

The inverse map relates positions and angles at the focal plane to angles at the target for a specific
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Beam
Axis

E1,E2,E3 Scintillators

Ion Chamber

CRDC2
CRDC1

Figure 3.3: Diagram of the S800 focal plane setup taken from references [15,44]. The beam travels
along the labelled “beam axis” through the CRDCs, Ion Chamber, and scintillators. The first
scintillator from the beam direction is the E1 scintillator used for the timing in this analysis.

nucleus [45]. It is produced using the COSY code [46]. The angles at the target position are used

to aid the Doppler correction of gamma rays, as the relevant angle is that between the nucleus and

the gamma ray.

The CRDCs are position sensitive. They are 30 cm by 59 cm and 1.5 cm deep. They are filled

with a mix of 80% CF4 and 20% C4H10 at 140 Torr. Incident beam particles ionise the gas and the

electrons travel through the applied electric field to an anode wire. Townsend avalanching occurs

as the electrons move to the wire whereby more gas is ionized by the already moving electrons,

resulting in a larger current. Located very close to the anode wire are 224 cathode pads which are

2.54 mm thick. These pads register the induced charge from the electrons moving to the anode.

The position in the dispersive plane is ascertained by a centre of gravity fit to the cathodes that

registered a signal for each event. For the position in the non-dispersive plane the drift time can

be used. As the drift time is on the order of 20 µs this limits the rate data can be acquired to

around 5 kHz in the S800.

The ionisation chamber is able to measure the Z of nuclei as the energy deposited by ions is
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proportional to the Z. This effect is shown by the Bethe-Bloch formula in Equation 3.3.

−dE
dx
∝ ρZ2

β2
(3.3)

where β is the velocity of the ion as a fraction of the speed of light in a vacuum, and ρ is

the density of the material. The ion chamber has the same vertical and horizontal dimensions as

the CRDCs, and is 41 cm deep. It is filled with P10 gas (90% argon and 10% methane) which

is typically kept at 300 Torr. The operating principles of the detector are similar to the CRDCs,

except that instead of ascertaining the position of the ions they detect the energy deposited. In

order to reduce the capacitance and thus the electronic noise (from Johnson-Nyquist theory), the

anode is split into 16 separate sections which have lower capacitance and the signals from these

are summed.

3.5 Gamma ray spectroscopy

Gamma ray spectroscopy is performed to gain high precision information on energies of excited

states, hence insight into the structure of nuclei produced. To gain the most information from

this technique a gamma ray detector array with a high resolving power (RP ) [47] is required. The

resolving power is a measure of the ability of a spectrometer to resolve individual gamma rays in

a spectrum, as given in Equations 3.5 and 3.4.

R = 0.76

(
SE

δE

)
P/T (3.4)

RP = exp

(
ln(N0/N)

1− ln(ε)/ln(R)

)
(3.5)

where P/T is the peak to total, or size of the peak compared to the background in a spectrum

and δE is the energy resolution, SE is the energy spacing of the transitions being resolved, ε is

the detection efficiency for the peak being resolved, N0 is the total number of gamma events, and

N is the number of counts required in a peak for it to be resolved. To optimise the array one

can considering N0 and N to be constants. To improve the array one must increase either the

resolution or efficiency. Due to their high resolution, Hyper-Pure Germanium (HPGe) detectors

are often used to maximise resolving power. Scintillating materials such as lanthanum bromide

and sodium iodide can also be used but offer worse resolution. Silicon crystals can not currently

be grown large enough to have a high efficiency.

Figure 3.4 shows the mass attenuation coefficient (which is proportional to probability) for

photo-electric interactions, Compton scattering, and pair production inside germanium. At low

energies it is more likely that gamma rays will interact via a photoelectric event and deposit their

entire energy in the crystal. Full energy deposition is the ideal situation as none of the photon

energy escapes and contributes to background, leading to a very clean spectrum. The gamma

rays of interest to the present work are of higher energy however. They are in the region in

which Compton scattering is the dominant interaction process. In order to maximise the detection

efficiency for the scattered photon, larger detectors are required. However large detectors cause
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Figure 3.4: The photon mass attenuation coefficient (which is proportional to interaction prob-
ability) as a function of photon energy for photoelectric absorption, Compton scatter and Pair
production. Adapted from Reference [48].

problems for Doppler correction.

Gamma ray spectroscopy at the beam velocities described here (relativistic gamma ray spec-

troscopy) additionally requires the energy of observed gamma rays to be Doppler corrected. The

formula for doing this is shown in Equation 3.6.

Eγnuc = Eγlab(1− βcos(θ))γ. (3.6)

(3.7)

γ =
1√

1− β2
(3.8)

where Eγnuc and Eγlab are the energies of the gamma ray in the nuclear and lab frame respectively,

γ is the Lorentz gamma factor, θ is the azimuthal angle from the beam direction measured in the
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lab frame, and β is the beam velocity as a fraction of the speed of light in a vacuum. Typical

values of β for the work described in this thesis vary between 0.3 to 0.4. Uncertainty in the Doppler

correction effectively worsens the resolution of a detector, so knowing θ to high precision is of great

importance. In order to attain a higher precision in θ the contacts on HPGe crystals can be

segmented. Segmentation allows one to deduce where a gamma ray interacted within the detector

volume and get a better estimate of θ. Section 3.5.1 and Chapter 4 contain detailed information

on how this is applied to these arrays.

A longer nuclear half life will prevent an accurate Doppler correction as decays will happen

downstream of the target position rather than at the target position. As decays occur downstream

the measured θ will become wrong, preventing an accurate Doppler correction. With the beam

velocities used here any state with a half life longer than around 15 ps will not Doppler correct

properly. Typically excited nuclear states have half lifes on the order of a few pico seconds but

range to years. The lifetimes of excited states can be described from the following equation, derived

from Fermi’s golden rule.

λ(σL) =
2(L+ 1)

h̄ε0L[2(L+ 1)!!]2

(
Eγ
h̄c

)2L+1

B(σL) (3.9)

where L is the multipolarity of the decay, Eγ is the gamma ray energy, and ε0 is the permeability

of free space. B(σL) is the transition matrix element squared and describes how similar the initial

and final states are.

3.5.1 SeGA

The SeGA [49] (SEgmented Germanium Array) system is one of the gamma ray detection arrays

available at NSCL. It consists of 18 electrically segmented HPGe semi-conducting detectors, and is

used for the detection of prompt gamma rays at the target position of the S800. In order to increase

solid angle coverage the detectors are arranged as shown in Figure 3.5. In other arrays to get a

lower error in θ the flat end of a cylindrical detector (which has a smaller area) would be facing the

target. Here the segmentation allows a high resolution in θ regardless of the geometry. A side-on

configuration is used to give a larger solid angle and hence larger efficiency. The detectors are

arranged in two rings, one at 37 degrees with 7 detectors and one at 90 degrees with 10 detectors.

This is known as the classic SeGA configuration and is shown in Figure 3.5. The detectors are

located 24.2 cm from the target. The classic SeGA configuration is optimised for Doppler boosted

gamma rays which are more forwards focused, with some allowances for the space available at the

target position.
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Figure 3.5: The SeGA array and target position viewed from upstream. Taken from Reference [15].
The red and yellow volumes are germanium crystals with the lines on them representing the
segmentation of the array. The blue circle is the target.

Each SeGA detector consists of a coaxial germanium crystals with a 70 mm diameter and

80 mm in length. The segmentation of the cathodes is shown in Figure 3.6. Each crystal has 8

longitudinal segments and four axial for a total of 32 segments.
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Figure 3.6: A diagram of the segmentation of the germanium crystals from SeGA detectors taken
from ref [50]. There are seven axial segments and four radial.

The energy of gamma rays is taken from the central contact, with the segmented cathodes used

to deduce a hit pattern [50]. When a gamma ray enters the detector it may scatter several times.

While this will not effect the energy measured from the anode it will produce signals in several

cathodes. The flow chart in Figure 3.7 is used to decide which cathode signal refers to the first

interaction point (which is used to determine θ for Doppler correction)

An addback correction is also applied, whereby signals detected in adjacent detectors are

summed with the highest energy interaction point from both used for the Doppler correction.

As we are not expecting high multiplicity data this greatly reduces the Compton background.

This is shown in detail in Chapter 5.
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Figure 3.7: The process by which the first gamma ray interaction point in SeGA is decided for use
in Doppler correction. This process has been developed to correctly identify the first interaction
point with the highest probability.
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Chapter 4

GRETINA

The experiment presented in this thesis using GRETINA was one of the first in a campaign to

couple GRETINA to the A1900+S800 setup at MSU.

GRETINA (Gamma ray energy tracking in-beam nuclear array) is the first implementation of

GRETA (the Gamma ray energy tracking array). GRETA, once constructed, will be a 4π array of

large volume HPGe crystals capable of tracking the interactions of gamma rays within it. Tracking

gamma ray interactions enables GRETA to use Compton reconstruction and accurate Doppler

correction. This helps reconstruct Compton background, making a full GRETA on the order of

1000 times more powerful than current arrays [47].

Figure 4.1: A schematic illustrating the effects of Compton scattering and ways of suppressing
it. The green volumes are HPGe, the yellow volumes are scintillating material, and grey lines
represent segmented detectors.
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Figure 4.1 is a schematic illustrating Compton-scattering events between detectors. The advan-

tage of Compton suppression over unsuppressed HPGe is the ability to veto Compton events that

have scattered into surrounding scintillating material. This removes almost all of the Compton

background. However, it results in an efficiency loss compared to having a larger volume HPGe

detector. GRETA was designed for high-spin experiments, where many gamma rays need to be

resolved in coincidence. Large detectors are not good for resolving many gamma rays as it is im-

possible to deconvolve the Compton scatter from multiple simultaneous events. To gain a higher

efficiency than Compton suppressed arrays but maintain the ability to resolve high multiplicity

events the idea of a germanium shell able to track gamma rays was put forward [47].

Figure 4.2: A diagram showing the size and segmentation of the GRETINA crystals, taken
from [51]. There are six axial and six radial segments. Including the anode, 37 signals are read
from each crystal.

GRETINA only has a solid angle coverage of ≈ 1π and therefore lower efficiency than some

existing HPGe arrays [52]. However, it has finer position resolution so is ideal for relativistic

gamma ray spectroscopy. The existing HPGe array at NSCl SeGA has an efficiency of around 3%

at 1.3 MeV. GRETINA has an efficiency of around 6.6% at 1.3 MeV, and the improved resolution

in θ dramatically improves Doppler correction and therefore improves the effective resolution for

in-beam data.

The GRETINA crystals are tapered and hexagonal, as shown in Figure 4.2, to better aid with

tessellation, with each crystal containing six longitudinal and six transverse segments for a total

of 36 segments. The crystals are arranged in seven cryostats of four crystals each, for a total

of 28 crystals. For the work presented in this thesis the crystal arrangement was closely packed

downstream, in a similar configuration to that depicted in Figure 4.3. This configuration gives a

higher efficiency for Lorentz-boosted gamma rays, most of which will be emitted forwards.

4.1 Signal Decomposition

In order to Compton track the data the position of all gamma ray interaction points must be

known. In fact, a position resolution of around 2 mm is required, which is smaller than the size

of the segments. To achieve sub-segment resolution pulse-shape analysis has to be performed to
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Figure 4.3: Schematic diagram showing a possible GRETINA configuration taken from [14].

analyse “image charge”. Image charge is induced charge from the movement of electrons and holes

on the contacts surrounding the one closest to the interaction point. The general principle is to

have a series of example pulses that can be fitted to ones taken during an experiment. This should

determine the number of gamma ray interaction points, their positions, and the energy deposited

at each. This effect is shown in Figure 4.4 with signals collected from an interaction at a known

position.

37



Figure 4.4: An example of signals collected from a GRETINA crystal using a collimated source.
Each panel is the signal read from a different cathode, letters represent radial segments and numbers
axial. The interactions are assumed close to segment B4 where most of the signal is collected and
4.5 mm away from segment C4 and 1.5 mm away from segment B3. The dashed lines show
calculated signals, these signals have been corrected for cross talk effects [53].
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The general approach [51] is to simulate the electrical signals that would be collected in each

contact from interactions at every point in the crystal (in practice a 1 mm grid is used). However,

simulation cannot account for cross talk between electrical components. In this context cross talk

refers to the capacitive coupling between contacts as well as the coupling between closely placed

electronics within the pre-amplifier. The cross-talk effects look very similar to the image charge

and are very sensitive to small changes in each detector. To have a basis that accounts for the

cross talk the following steps are taken:

• Calculate an electric field for each crystal based on geometry, impurities and bias voltage for

each crystal.

• Calculate the charge collected on each pad for a charge at each point across the crystal.

• Fit these calculated signals to known signals taken with a 60Co source to take into account

cross talk.

The effect of the cross talk correction is shown in Figure 4.5, it is clear that this is a significant

step in the decomposition process. It has been reported in reference [51] that imperfect basis

simulation can cause the decomposition routine to split interaction points. An effect of this is

that the energies of reconstructed gamma rays do not appear to be reliable, even though the use

of pencil beams has shown that the reconstructed positions are. To counter this the energies for

events are taken from the central contact of the crystal, rather than the segmented pads. To get

interaction energies when there is more than one in the crystal, the crystal energy is split by ratio

of the energies measured in the segments.
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Figure 4.5: The signals of segments B3 and B5 are shown before and after cross talk corrections
are applied. The signals are the same as those shown in Figure 4.4. Taken from [53].

4.2 Compton tracking

Once the three-dimensional position of every interaction point has been determined by the signal

decomposition, they need to be clustered into events from individual gamma rays. Compton

tracking is used to assess how good the clustering is [54].

Compton tracking works by assigning each cluster a figure of merit (FoM) based on how closely

its interaction points fit to the Compton scatter formula:

E
′′

γ =
0.511

1 + 0.511
Eγ
− cos(θc)

, (4.1)

where E
′′

γ and Eγ are the energies of the scattered and incident gamma rays in MeV, and

θc is the angle between them. The gamma rays are assumed to have originated in the centre of

GRETINA. The best fit to this equation is found choosing a sequence of interaction points with

the lowest FoM. The figure of merit defined as:
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FoMn =
θmn − θcn

∆θ
(4.2)

FoM =

(
1

N − 1

)∑
FoMn, (4.3)

where FoMn is the FoM for the nth scatter out of N scatters, θmn is the measured angle between

incident and outgoing gamma rays, θcn is the predicted Compton angle based on Equation 4.1,

and ∆θ is the combined error from the position. The error from energy not considered as it is

much smaller. The full Compton-tracking process is described below.

1. The interaction points are assigned polar co-ordinates.

2. The points are ordered by θ, and sorted through to find any that are within the clustering

angle (25 degrees is the angle used in the presented analysis).

3. A FoM is calculated for each ordering of the interaction points, the order with the lowest

FoM is kept.

4. If the FoM is greater than 1.0 it is assumed that the clustering is incorrect and an attempt is

made to change the clustering to get a better FoM. The cluster can be split, add to another,

or both split with some interactions reclustered with another event.

5. Events with one interaction point are assumed to be photoelectric events. These events are

initially given a FoM of 0.

6. Photoelectric events that happen deeper than 90% of their interaction length +0.5 cm are

vetoed as they are most likely Compton scatter that has not been fully captured.

As alluded to in the previous section, the decomposition does not always provide perfect set

of interaction points, in which case the Compton tracking will not be perfect. The range of FoM

observed is attributed to the position resolution of GRETINA. Figure 4.6 shows the range of FoM.
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Figure 4.6: The FoM for fully tracked data taken with a 152Eu source. The first bin, labelled A,
mostly corresponds to events with only one interaction point, hence a FoM of 0. The hump around
B is the majority of the good data, these have non-zero FoM due to the position resolution of
GRETINA. The large peak labelled C corresponds to photoelectric events that happen too deep
into the crystal and are most likely scatter (see step 6 above). The line at 0.8 is the cut applied to
the FoM, those with a lower FoM are deemed to be good events.

The effect of this FoM cut to a spectrum is demonstrated in Figure 4.7. The upper panel (A)

shows a spectrum taken with a 152Eu source, the red data have the FoM cut applied and the blue

do not. When the FoM cut is applied there is a loss of data, but a higher peak to background

ratio. The lower panel of Figure 4.7 shows the 244 keV peak from the decay of 152Eu from the

same data in the upper panel. This closer look demonstrates the higher peak to background once

the FoM cut is applied.
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Figure 4.7: Gamma ray spectra taken with a 152Eu source at the centre of GRETINA. The upper
panel shows the full calibration spectra, the lower panel is zoomed in to just the 244 keV peak.
The red spectrum has had the FoM cut applied and the blue has not, see text for details.

4.3 Efficiency of GRETINA

The efficiency of GRETINA was measured before the experimental run described in Chapter 6

using 152Eu and 226Ra sources placed at the centre of the array. The measured efficiency is shown

in Figure 4.8. The efficiency of GRETINA was calculated and shown in two different modes: mode

1, wherein the data were fully tracked and the FoM cut shown in Figure 4.6 was used; mode 2

the individual GRETINA crystals were treated as separate detector and no clustering was done.

In the latter case an add back routine was also used to reduce the Compton background. The

clustering and tracking process did not always find a good solution and consequently there was an

efficiency loss in the clustering routine. This loss was recouped at energies where Compton scatter

is the dominant process and the tracking process provides a higher efficiency.
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Figure 4.8: Efficiency curves for GRETINA calculated from a 152Eu spectrum taken with the
source at the centre of GRETINA. Mode 1 (red) is in red and Mode 2 in (blue).

Data A B C

Tracked 12.1 ± 844 0 (fixed) 0 (fixed)
Untracked 2.389 ± .02 0 (fixed) 0 (fixed)

Table 4.1: The fit parameters for tracked and untracked efficiency curves in GRETINA, part one.

The efficiency curves have been fit with the following equation where E is the energy in MeV:

Efficiency = e([A+Bx+Cx2]−G+[D+Ey+Fy2]−G)−1/G

. (4.4)

x = log

(
E

100

)
(4.5)

y = log

(
E

1000

)
(4.6)

It is clear from the error on paramater A that the standard efficiency curve is not a good fit

to the tracked data. At energies lower than the crossover point (where the tracked and untracked

D E F G

1.694 ± .001 -.546 ± .002 -0.0826 ± 0.001 11.7 ± 160
2.136 ± 0.005 -0.517 ± 0.006 -0.06 ± 0.01 6.76 ± 0.4

Table 4.2: The fit parameters for tracked and untracked efficiency curves in GRETINA, part two.
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A B C

7.9 ± 0.4 -117 ± 5 0.810± .007

Table 4.3: The fit parameters for the efficiency of SeGA, fitted with equation 4.7.

data cross over) the shape of the tracked efficiency curve is unusual. The exact shape is not exactly

known. For the analysis in this thesis the tracked efficiency curve is only used for energies above

300 keV, for which a first order polynomial fit is used.

Unfortunately, for in-beam data it is not possible to use the tracked efficiency for two reasons:

1. The clustering process assumes that gamma rays originate from the centre of GRETINA.

As the position sensitivity of GRETINA is around 2 mm [14] it stands to reason that a

gamma ray that has come from a position different to the centre of GRETINA by more than

2 mm will have a FoM that is measurably larger. A larger FoM means the event may not

be clustered properly and may be cut out in subsequent analysis. Only events that originate

more than 2 mm from the centre of GRETINA are susceptible to this effect. At 1
3 of the

speed of light in a vacuum 2 mm corresponds to about 20 ps. So beyond around 20 ps the

longer the half life of the state the less likely gamma rays from the decay of the state, or

from subsequent decays will be measured with the correct efficiency.

2. The efficiency of the clustering routine may change with the multiplicity of events. So for

nuclei that emit large chains of multiple gamma rays a different efficiency is observed to those

that emit one or two gamma rays. This means that a calibration curve from a calibration

source may produce different results to the efficiency for in-beam data. A further, similar

concern is the effect of bremsstrahlung which is not present when using a calibration source.

Bremsstrahlung may increase the multiplicity of events when beam is used.

In the subsequent analysis in this thesis, where efficiency is required, the untracked data is used.

If a comparison is now made to the efficiency of SeGA (shown in Figure 4.9) it is clear that for

SeGA a much steeper drop off with energy and lower overall efficiency is presented.

Efficiency = A(Eγ −B)−C . (4.7)

The SeGA efficiency curve has been fit to with Equation 4.7, the parameters from the fit are

in Table 4.3.
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Figure 4.9: Efficiency curve for SeGA calculated from 152Eu spectrum with the source at the centre
of SeGA. Prepared by S. Milne.
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Chapter 5

SeGA Analysis and results

The aim of the first experiment was to perform mirrored knockout reactions. Mirrored reactions

are pairs of reactions where the parent and daughter nuclei are mirror nuclei. To investigate these

reactions it was necessary to run with two settings: a 54Ni beam to populate new states in exotic

nuclei, and an 54Fe beam (mirror of 54Ni) to populate IAS in the stable counterparts. The work

presented in this Chapter was published in reference [55]. The analysis was performed using the

GrROOT software [56].

5.1 Secondary beams

The secondary beams are identified by plotting the time signals of the xfp and obj scintillators

relative to the E1 scintillator as described in Section 3.3. The A1900 was first tuned for 54Ni and

the particle ID is shown in Figure 5.1. Different nuclides are observed along diagonal lines which

are labelled. This reaction setting was run for approximately 78 hours.
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Figure 5.1: The particle ID of incoming beams is shown with the A1900 tuned to produce 54Ni.
The contaminants are labelled. The spectrum was created by plotting the timing signals from the
xfp and obj scintillators relative to the E1 scintillator.

In order to perform mirrored reactions the setup was also used to produce a 54Fe beam. This

is curious as it is a rare case of projectile fragmentation being used to produce a stable beam. Due

to the higher cross section enough data were gathered after running for less than 1 hour [57]. The

particle ID is shown in Figure A.1 in Appendix A.

5.2 Secondary reaction

Reactions from the secondary beams were identified in the S800. Gating on an incident beam al-

lowed for unambiguous identification of recoils from the reaction. Figure 5.2 depicts fragmentation

of fragmentation from the 54Fe beam, with the loci labelled. These plots were produced using a

software gate on the secondary beam particle ID to isolate individual nuclides. Each locus in Fig-

ures 5.2 and A.3 is a different nuclide identified by charge and mass as described in Chapter 3. The

red lines denote nuclides of the same z and the black lines denote nuclei of the same Tz. Although

the S800 beam blocker was tuned to not let through unreacted beam, 54Fe in this case, some will

make it through. This was due to the momentum spread of the beam and possibly variation in

the charge state of the beam. Consequently, the 54Fe in this particle ID plot corresponds to the

tail of the momentum distribution for the reaction. Particle identification plots such as this from

the 54Ni and 53Co beams are shown in Appendix A, with the beam nuclei and either 51Co or 51Cr

labelled in each case.
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Figure 5.2: Particle identification after fragmentation of 54Fe in the S800. The spectrum was
created by selecting the 54Fe data from plots such as Figure 5.1. See text for details.

5.3 Gamma ray calibration

Gamma ray spectra were produced by gating on both a secondary beam and recoil from a secondary

reaction. In order to resolve peaks the spectra had to be Doppler corrected using Equation 3.6.

The main features of these spectra are the bremsstrahlung continuum, the peaks, and the Compton

background. Figure 5.3 shows a Doppler corrected 52Fe spectrum, with the only peak corresponds

to the 2+ to ground state transition.

The bremmstrahlung background was reduced by applying a timing gate. The time of signals
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Figure 5.3: Doppler corrected 52Fe gamma ray spectrum with the main features labelled. The
spectrum was created by selecting 54Fe beam data in the A1900 and 52Fe data from the S800
detectors.

from SeGA was measured relative to the signal the beam produced in the E1 scintillator using a

time analogue converter (TAC), the distribution of which is shown in Figure 5.4. The black lines

represent a cut that was applied to reduce the bremmstrahlung background. Figure 5.5 shows the

same gamma ray spectrum as in Figure 5.3 with the gate applied. The reduction in the low energy

background is clear.

Figure 5.4: Timing signals from the SeGA array measured relative to signals in the E1 scintillator.
The black lines represent the cut used to reduce the bremsstrahlung background.

By calibrating using short-lived nuclear states ( < 10 ps) it is calculated that the state decays

before it effectively leaves the target. (Target thickness ≈ 1 mm, and the beam velocity of ap-
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Figure 5.5: Doppler corrected 52Fe gamma ray spectrum produced as in Figure 5.3 with a timing
gate applied.

proximately 0.1 mm/ps). In order to fully Doppler correct spectra, the beam velocity at an effective

target position (ETP) was determined. The ETP was used to account for the target not being

perfectly centred in the array and long-lived states which mostly decayed downstream of the tar-

get. As SeGA was configured into two rings with different θ an incorrect Doppler correction would

lead to the same peak in each ring appearing to have different energy. While there are an infinite

number of combinations of ETP and β that would make the peaks in both detectors align, only one

solution aligned the peaks to the correct energy. To find the ETP that corresponds to the physical

target position (at the centre of SeGA) the β and ETP were varied for known transitions from

states with short half lifes. For this approach to work the transitions chosen must have decayed

before the nucleus had left the target. States with half lifes < 5 ps were chosen, as the target

thickness was ≈ 1 mm and the beam velocity was approximately 0.1 mm/ps. This approach allowed

for deduction of the physical target position. Unknown states were then assumed to have promptly

decayed, and only β was varied to align them in the two rings of SeGA.

1. The energy of a peak was measured in each ring of detectors separately.

2. The lab energy of these peaks was calculated for each detector ring.

3. For a range of β values:

• The energy of both peaks was calculated with a range of ETP.

• The energy in both detectors was recorded for all values of β and ETP.

4. This data was plotted for all values where the peaks had the same energy in both detectors.

5. For known decays:

• The data points were selected that produced the correct energy, in order to find the

ETP for a transition of that lifetime.
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6. For unknown decays:

• An ETP was assumed which was appropriate for prompt decays, unless a longer lifetime

was expected, to find an ideal β for the analysis of this nucleus.

An example of this analysis is depicted in Figure 5.6 for the 850 keV transition from the first

excited 2+ in 52Fe to the ground state (T 1
2

= 7.8 ps), for solutions where peaks in both rings of

SeGA have the same energy are shown. The X and Y axes show the β and ETP used, and the Z

axis shows the energy of the peaks. This 850 keV peak was used to deduce an ETP of 0.1 mm for

that decay, as shown in Figure 5.6. From this analysis it was determined that the effective target

position for prompt decays is -0.02 mm.
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Figure 5.6: The results from the algorithm in appendix B. βc is proportional to β such that
β = 0.301 + 0.0001βc, ETP is the effective target position, and the Doppler corrected energy is the
energy that gets the peaks to line up from the two rings of SeGA.

5.4 Indirect mirrored reactions to the A = 51 system

The data presented in the following Sections represents the only spectroscopy of excited states in
51Co. The level scheme was deduced by comparing to known states in 51Cr.

Mirrored reaction mechanisms were used to populate 51Co and 51Cr from 54Ni and 54Fe beams.

The reactions used were 1p2n removal and 2p1n removal, which are not necessarily direct reac-

tions [38]. There are still limits on the spins of states that can be populated due to the available

angular momentum from removal of the corresponding nucleons. The unit of angular momentum

limit means that population of a similar range of states may be expected. Figure 5.7 shows the
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gamma ray spectra resulting from these mirrored reactions. Two peaks are observed in each spec-

trum in 51Cr that have the same energies as the previously observed decays from the first excited

11/2− and 13/2− states and are labelled as such. The newly observed peaks in 51Co are assigned as

the mirrors of the known 11/2− and 13/2− states in 51Cr, giving these states energies of 1129(5) keV

and 1495(7) keV.

Figure 5.7: Gamma ray spectrum from 51Co (blue) and 51Cr (red) populated via mirrored reaction
mechanisms. These spectra were obtained by gating on 54Ni and 54Fe beams through the A1900
then 51Co and 51C recoils in the S800, timing cuts have been applied to the spectra as described
by Figure 5.4

5.5 Using two-nucleon knockout to access 51 Co

To investigate the level scheme of 51Co to higher spin, two-neutron knockout from 53Co was used.

Using conservation of angular momentum and the Pauli-exclusion principle it was possible to

consider the spectrum of excited states it was possible to populate. As previously discussed in

Chapter 2 two-neutron knockout conserves spin. Two f 7
2

nucleons can couple to J = 0, 2, 4, or 6,

as 53Co has a ground state spin of Jπ = 7
2

−
. This allowed a maximum spin to be populated of

Jπ = 19
2

−
.

Gamma rays from the two-neutron knockout populating 51Co and 2p1n removal populating
51Cr are shown in Figure 5.8. By comparing the spectrum to the known states in the mirror

nucleus a level scheme was formulated. Taking the 366 keV peaks and 1129 keV peaks as assigned

from the mirrored reactions there is still a missing transition at 1495 keV that was not observed in
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Figure 5.8: Gamma rays in 51Co populated by two-neutron knockout. These gamma rays are
compared to known states in 51Cr which in this case has been populated by 2p1n removal. The
spectra were obtained by gating on 53Co and 54Fe beams through the A1900 then 51Co and 51C
recoils in the S800, timing cuts have been applied to the spectra as described by Figure 5.4. Gamma
rays from 51Cr have been labelled with literature values. Adapted from reference [55].

the mirror spectra. It is assumed that the 1495 keV transition was not observed in the mirrored

reaction due to the low statistics and low efficiency of SeGA at such high energy. However, in the

2n channel the 1495 keV peak is observed. To aid in the assignment of the remaining peaks to a

position in the level scheme it was assumed that they all decay from yrast states.

The assumption that yrast states are predominantly populated is supported by reaction cross

section calculations, wherein one neutron evaporation is not energetically favourable from 52Co;

consequently this can be considered a direct reaction. Using spectroscopic factors and the Eikonal

reaction theory discussed in Chapter 2 the cross section to individual states was calculated. These

calculations were performed by Dr Ed Simpson. Calculations of the wavefunction overlap were

performed using NUSHELLX and the KB3G interaction. The calculations are shown in Figure 5.9

and were used as a guide to the analysis in assuming all peaks decay from members of the yrast

band. To order the remaining peaks into the yrast band they were efficiency corrected using the

efficiency curve in Figure 4.9. The energy of each peak was found in the lab frame and the efficiency

found for that peak at its lab frame energy. Additionally, the efficiency of each detector was altered

for its opening angle in the nuclear frame, using Equation 5.1. The peaks were then ordered into

the yrast band by their Doppler corrected area, and are shown in the level scheme in Figure 5.10.
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Peak Energy Relative intensity J of parent state
365.9 11363 (931) 11/2
682 3679 (809) (19/2)
862 13654 (989) (15/2)
922 2858 (2653) 13/2
953 9168 (998) (17/2)
1129 17208 (1821) 9/2
1495 *

Table 5.1: Relative intensity of peaks observed from the decay of excited states in 51Co.* As the
1495 keV peak was particularly weak it could not be resolved in both rings, and intensity for this
transition in Figure 5.10 is estimated.

θnuclear = cos−1

[
β − cos(θlab)

β cos(θlab)− 1

]
. (5.1)

Figure 5.9: Calculated relative population of states in 51Co from two-neutron knockout. The
calculations give an indication that mostly yrast states should be populated, see text for details.
Taken from reference [55].

5.5.1 The 15/2− state

In 51Cr the 15/2− state has a 45.8 ps half life (T1/2). From the arguments of wavefunction symmetry

presented in Chapter 2, it is expected that the 15/2− state in 51Co will have a long T1/2. This presents

a problem for the analysis so far, as a long T1/2 will change the ETP. Hence the method presented

will settle on an incorrect energy on the assumption that the transition is prompt. Fortunately

a method was pioneered by Dr. J. Brown in Reference [58] to determine the correct ETP, and

β to use in Doppler correction, which allows for calculation of the energy of the state. Using

Equation 3.9 and assuming the B(E2) for decays from IAS will be identical it was possible to

relate the T1/2 to the energy of an unknown gamma ray, assuming its mirror transition is known.

In our case this relation is as follows:
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T1/2 =

(
775.4

Eγ

)5

45.8 ps, (5.2)

where Eγ is the energy inferred for the transition from the 15/2− state to be. As the ETP will

correspond to βT1/2C by multiplying the beam velocity by the expected target position the half

life of the state is calculated. To find the correct energy of the state:

1. An approximate Doppler correction was performed.

2. The standard analysis was performed to get ETP and β.

3. Equation 5.2 was used to calculate a T1/2 for the state.

4. The data was Doppler corrected again using an ETP corresponding to the calculated T1/2.

5. The previous three steps were repeated until the inferred energy of the transition and T1/2 of

the state converge.

The 15/2− state was found to have a half life of 25.6 ps and decay with an energy of 871(5) keV.

However, as this method has not been tested on measured half lifes the reported number is that

taken from a spectrum using a prompt Doppler correction of 862(5) keV.
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Figure 5.10: Level schemes of populated states in 51Co and 51Cr. The relative intensities are
taken from the 2p1n reaction channel to 51Cr and 2n channel to 51Co. See text for details on the
calculation of the relative intensity (in red). Gamma rays and states in 51Cr are labelled with
literature values, in 51Co the values are taken from the presented analysis.
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Chapter 6

GRETINA Analysis and Results

This Chapter concerns the analysis of data from GRETINA, in which nuclei in the A = 62 re-

gion were studied. The aim of this experiment was to use mirrored knockout and fragmentation

reactions from an intermediate energy ( ∼95MeV/u) 66As beam to populate previously unknown

excited states in low |Tz|, upper-fp shell nuclei. The primary beam of 78Kr impinged on to a

650 mg/cm2 9Be target. The A1900 was tuned to accept 66As, however, isobaric contamination is

always present in such a separator. In the case discussed here both 65Ge and 64Ga were present,

and therefore the analysis of these nuclei is also presented. These secondary beams impinged on to

a 96 mg/cm2 9Be foil at the target position of the S800. An event-by-event identification of reaction

products was performed using the S800 spectrometer. Gamma rays were detected by GRETINA.

The experiment was run over the course of a week, during which radiation damage due to

the interaction of the beam and the scintillator caused a reduction in the scintillator’s detection

efficiency. Additionally, the damage caused the timing signals to drift. The solution to the loss in

efficiency was to first place a shim underneath the scintillator to manually raster the scintillator

surface with the scintillator being replaced once no unspoiled detection positions remained. The

timing signals which had drifted were aligned in the analysis as the data were sorted. This was

performed once as a rough correction gated on a secondary beam, then a further correction was

time gated on a specific reaction in the S800.

6.1 Identification of secondary beam particles

A particle identification plot (PID) is presented in Figure 6.1. The primary nucleus of interest,
66As, along with the isobaric contaminants of 65Ge, 64Ga and 63Zn are highlighted. In addition,

two key features, the resolution and charge state resolution, are also worth further discussion

Compared to the previous experiment investigating the structure of 51Co, the resolution seen

in the PID (Figure 5.1) is significantly worse. This is attributed to the thicker primary target and

higher z of the beams selected in this experiment. The thicker primary target causes a larger spread

in momentum of the secondary beam. The higher z introduces more momentum straggling each

time the beam interacts with a component, compounding the effect of a thicker primary target. In
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addition to the primary distribution representing the nuclei of interest, small localised distributions

are observed. These are highlighted in Figure 6.1 with the letter e and correspond to the tail end

of the momentum distribution of a different charge state. This is discussed in Appendix D. Gates

were made to minimise contamination due to unwanted charge state distributions used in the

analysis.
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Figure 6.1: Particle identification of incoming beams; the time from the xfp and obj scintillator
events, relative to the E1 scintillator are plotted against each other. This plot represents around
1-2% of the total accumulated data.

6.2 S800 calibration

Once a secondary beam from the A1900 has been gated on, a plot of the S800 ion chamber energy

vs time of flight should be able to identify all recoils from the reaction. Reaction products with

the same A/Q and z enter the S800 at different angles and thus have different flight times and

deposit different amounts of energy in the ion chamber (IC). The disparity in time and energy is

caused by the total spread in momentum of the secondary beam and scattering angle at the target.

The spread of energy and time is enough that without correcting for these effects an unambiguous

particle identification (PID) cannot be achieved. Figure 6.2a is an example of an uncorrected PID.

To correct for the dispersive effects, angles and positions were measured by the CRDCs, as

described in Chapter 3. Corrections have been found empirically and Equations 6.1 and 6.2 detail

the corrections used in this thesis.
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(a) Particle Identification in the S800 before the corrections detailed in Equations 6.1 and 6.2 have been
applied, see text for details. This plot represents around 1-2% of the total accumulated data.

(b) S800 PID plot gated on a 66As incoming beam. This plot represents around 1-2% of the total accu-
mulated data.

Figure 6.2: S800 PID plots before and after correction using equations 6.1 and 6.2. These spectra
were created by selecting the 66As data from Figure 6.1
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ICcorr = (ICsum +−0.00001× ICsum × CRDC1y)× exp(0.00015× (100− CRDC1x)), (6.1)

objcorr = 0.7×Afp × 1000) + (0.07× CRDC1x) + obj, (6.2)

where ICcorr is the corrected ion chamber energy; ICsum is the summed energy from all

the ion chamber segments; CRDC1y is position of the recoil as measured by the CRDC in

the non-dispersive plane of the S800 by the first CRDC; CRDC1x is the same but in the dis-

persive plane; CRDC2x is the position in the dispersive plane of the S800 measured by the

second CRDC; objcorr is the corrected obj time; and Afp is the dispersive angle at the focal

plane. Afp is measured by taking the position in the dispersive plane from the two CRDCs

Afp = arctan ((CRDC1x−CRDC2x)/1073).

Figure 6.3: Deduced position of beam particles passing through a calibration mask in front of
CRDC1. The holes in the mask are of known position which is used to calibrate position in the
two CRDCs so that angles can be calculated.

In order to use the positions from the two CRDCs in tandem to calculate angles they must be

calibrated. The calibration was performed by placing a metal mask in front of each CRDC. The

masks have holes drilled into them at known positions. Figure 6.3 is an example of a run taken

with the mask in front of CRDC1. Figure 6.4 shows an example of a fully corrected S800 PID
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plot gated on a 66As incoming beam. Particle identification plots from 65Ge, and 64Ga beams are

shown in Figures 6.4 and 6.5, respectively.
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Figure 6.4: S800 PID plot produced by gated on a 65Ge incoming beam from the A1900. This plot
represents around 1-2% of the total accumulated data.
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Figure 6.5: S800 PID plot produced by gated on a 64Ga incoming beam from the A1900. This
plot represents around 1-2% of the total accumulated data.

6.3 GRETINA time cut

Gamma ray data of interest arrives with in a well defined time window relative to the S800 scin-

tillator (E1). This information was employed to apply a time condition, removing time random

background events (e.g. natural radiation and radioactive build up within the target chamber).

An example of such a time condition is presented in Figure 6.6a. The drift in time at low energy

is the well known time walk caused by the poor timing quality of small signals in the Ge crystals

induced by low energy gamma rays.

Figure 6.6a demonstrates the GRETINA time cut: the Y axis plots energy recorded by GRETINA

without Doppler correction, the X axis plots the time of the GRETINA event relative to the time

of the beam event in the E1 scintillator. The black contour describes a cut which is applied in

Figure 6.6b. The blue spectrum has no FoM or time cut, the red spectrum has had the time from

Figure 6.6a applied, and the black spectrum has both the time cut and the FoM cut applied. It

is worth noting that the blue spectrum is clustered data, rather than just considering separate

crystals. The process of clustering data (as described in Chapter 4) is particularly good for remov-

ing events that do not originate at the centre of GRETINA. When events originate from outside

the centre of GRETINA the pattern of interaction points is likely to be so different they will not

cluster properly. This property of the clustering is why the timing cut has such a small effect.
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(a) Time vs energy spectrum gated 62Zn recoils. The timing signal is the difference in time between the
signal from GRETINA and in the E1 scintillator; a FoM cut has also been applied to the data in this
spectrum, as described in chapter 4. See text for details.
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(b) Data from the 64Ga pn-removal reaction to populate states in 62Zn. The blue spectrum is gated on
62Zn using particle detectors, additionally the red spectrum has a timing cut applied (see text for details),
and the black spectrum has had both timing and FoM cuts applied.

Figure 6.6: GRETINA timing cut and the effect it has on gamma ray spectra compared to the
FoM cut described in Chapter 4. These spectra were created by gating on 64Ga beam in the A1900
and 62Zn recoils in the S800.
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6.4 Effective Target Position

The secondary beam of interest had a v/c ≈0.3. As a consequence of the beam velocity the gamma

rays emitted in the centre of mass frame will be Doppler shifted, hence an event-by-event Doppler

construction must be performed. To do this the Doppler correction formula must be employed, as

was done previously in Section 3.5 described by Equations 3.6.

In order to perform a Doppler correction using Equation 3.6 the position and direction of the

emitted gamma ray must be known. It is possible to determine the angle of the gamma ray from

the primary interaction point in GRETINA and the position at which the reaction takes place.

It is convenient to assume reactions occur at the centre of the target. However, this position

relative to GRETINA is not well known. In addition, lifetime effects can cause gamma rays to

be emitted down stream of the target position leading to incorrect determination of target posi-

tion. An effective target position corresponding to the average decay position must be deduced

in order to find the best possible Doppler correction. In Chapter 5 this was achieved by making

use of the two distinct rings of SeGA. However, GRETINA has sub-segment resolution, mean-

ing that in principle there are a continuum of angles between 40 and 120 degrees with no distinct

angular rings. As a result, a different method was implemented to find the ideal Doppler correction.

To find the target position the additional peak width associated with an incorrect Doppler

correction is utilized. The following method was used:

• A peak with a known half life is selected from a reaction channel where no evidence is found

that it is fed by a more long lived state.

• This peak is Doppler corrected with a range of βs and many ETPs. For each correction

the peak is fitted with a Gaussian peak and linear background, the peak width and centroid

energy are recorded.

• The peak width is plotted on the Z axis of a graph against β and ETP for values where the

centroid is within 1 keV of the known value. This graph is referred to as a peak width plot

(PeWiP). An example of an ungated PeWiP is shown in Appendix C.

In a PeWiP with the correct centroid energy gate applied, the ideal ETP is immediately ap-

parent (as shown in Figure 6.7b). Projecting the PeWiP along the ideal ETP one observes a shape

that is approximately parabolic in β. This could be used to find the ideal β for Doppler correction.

However, for ease in this analysis the β scan technique will be used in the following sections.

Data from 62Zn was used to assess the ETP for prompt gamma rays. The populated states in
62Zn from 1p1n removal from 64Ga have been previously investigated and had lifetimes measured.

Figure 6.7a shows a spectrum of 62Zn with the strongly populated peaks have been labelled with

spins and lifetimes. The only transition that meets the requirement of a sub-picosecond half

life and not being fed by a half life greater than one picosecond is the 6+1 transition to the 4+1
state. Figure 6.7b shows the PeWiP for this transition, gated on the correct transition energy of

1521.5 keV ± 1 keV. The result from this PeWiP is an ETP of 0.15 mm. This ETP gives the best

estimate for a physical position for the target, or the ETP that should be used for prompt data.
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(a) Gamma ray spectrum from 62Zn populated in 1n1p removal from 64Ga The strongest peaks have been
labelled along with half lifes taken from the ENSDF [59]. This spectrum was created by gating on 64Ga
data from the A1900 and 62Zn data from the S800. A time cut has been applied such as that in Figure 6.6a
and a FoM cut of 0.8 has been applied.
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(b) Peak width plot for the 1521 keV transition in 62Zn, for fits that give a centroid within 1 keV of the
known value of 1521.5 keV. The Z axis (colour) shows the σ from the Gaussian fit equation in units of keV.
This plot was created by iteratively Doppler correcting the 62Zn spectrum from Figure 6.7a, and fitting
Gaussian peaks with linear backgrounds

Figure 6.7: Labelled 62Zn gamma ray spectrum and results from PeWiP method for the 1521 keV
peak.
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Unless otherwise stated the assumption has been made that the states of interest decay suffi-

ciently promptly that the ETP for prompt data should be used. However, an ideal β still has to

be chosen and for this β scans have been used. Figure 6.8 is an example of a β scan, which was

produced by Doppler correcting a spectrum with the prompt ETP and a varying β. The counts

per channel are described with colour. In Figure 6.8 it is most obvious for the 571 keV transition

that there is an ideal β and that deviating from this causes the peak to spread out in energy. It is

clear from Figure 6.8 that the ideal β in this case lies somewhere between 0.28 and 0.32. The ideal

β occurs where the peak has the largest amplitude and smallest width. The Doppler correction

error was estimated by looking around the extremes of where the ideal correction is thought to be.

The error estimation was performed by Doppler correcting the spectrum to each each extreme and

measuring the energy. It was found that an error of around 1 keV should be added to each peak

for the ambiguity in finding the ideal β.

Figure 6.8: A β scan of 62Ga populated in 1p2n removal from 65Ge. This spectrum is a gamma
ray spectrum where the Doppler correction has been performed iteratively with many values of β.
The gamma ray spectrum is along the X axis, with the Z axis (intensity) shows the number of
counts per 4 keV. The Y axis is β in units of .01 β. The ideal β from this scan was deduced to be
0.306.
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6.5 Reactions to populate excited states in 62Ga

The reactions 65Ge(9Be, 1p2n) and 64Ga(9Be, 2n) were both employed to populated the nucleus
62Ga in this experiment. The latter reaction is treated as direct, so intensities of states populated

are required for comparison to calculations later. The assumption of two-neutron knockout is

good as the ground state of 63Ga is 10 MeV more bound than the ground state of 62Ga. Thus

one neutron knockout followed by neutron emission or evaporation is not energetically favourable.

In both of the presented reactions most of the states are known and are labelled with their spin

assignment from previous experiment [60]. Previously unobserved peaks have been labelled with

energy and error.

6.5.1 62Ga from 64Ga

The 62Ga gamma ray spectrum produced via two-neutron knockout reaction is shown in Fig-

ure 6.9a, with Figure 6.9b showing the intensity of the measured gamma rays. The intensities are

measured using un-tracked data. The efficiency of GRETINA was calculated in Chapter 4 with

tracked and untracked data. However, it is currently unclear whether bremsstrahlung or lifetime

effects will affect the efficiency of GRETINA. Table 6.1 shows the tracked and untracked efficiency

corrected area of these peaks along with measured energies.

Three previously known transitions are observed. They decay between, or into, the main low

lying odd-J yrast structure [60,61]. They are the 571 keV transition from the 1+ to the 0+ ground

state, the 376 keV transition from the 5+ at 1193 keV to the 3+ at 817 keV, and the 622 keV

transition that also feeds the 3+ state. The 3+ state has a half life that was previously measured to

be 3.4 ns. With the beam velocity of β = 0.296 it is not expected that the transition between the

3+ and the 1+ states will be observable. This lifetime corresponds to gamma decay occurring on

average around 0.5 m outside the target. At this distance the angles relevant for Doppler correction

cannot be determined.

The transition assigned as the 376-keV transition between the 5+ and 3+ states has a wide peak

shape and is shifted to a lower energy. This is the expected behaviour of a transition from a state

with a half life of a few hundred picoseconds. The low gamma ray energy of this E2 transition

is indeed expected to result in the state being long lived. Shell-model predictions by Rudolf et

al. [61] and Srivastava et al. [62] both predict half lifes of around 350 ps. The transitions observed

in this experiment are shown in Figure 6.9b. The 246 keV transition is given a minimum intensity

in the level scheme as it is not observed due to the lifetime of the 3+ state. It is assumed that

all the structure at around 360 keV in Figure 6.9a corresponds to the 376-keV transition. A new

transition with an energy of 784(2) keV is observed in both spectra.

There is strong evidence that the 64Ga beam is in the low lying 43 keV isomeric state. This is

expanded upon in Section 6.6 where the one-neutron knockout channel is examined. In this reaction

channel there is also evidence for a presence of the isomer in the beam: population of the 5+ state

is only possible from the ground state via removal of an f 7
2

neutron which is expected to be weak

(considering that the f 7
2

orbital is not occupied by the last valence nucleons). The 5+ being one

of the strongest populated states supports the presence of the isomer in the beam. Additionally,

reaction cross section calculations discussed in Chapter 7 show that the strong population of odd-

spin states is evidence for a strong isomer presence.
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(a) Gamma ray spectrum from 62Ga populated via two-neutron knockout from 64Ga. The labelled 1+ state
has a measured energy of 570(2) keV and the labelled (2, 3)+ state has a measured energy of 623.7(10) keV.
This spectrum was created by gating on 64Ga data from the A1900 and 62Ga data from the S800. A time
cut has been applied such as that in Figure 6.6a and a FoM cut of 0.8 has been applied.

(b) Level scheme of the populated states in 62Ga along with their intensity, calculated from the tracked
spectrum. The gamma ray energy labels were taken from the data with the exception of decays from the
3+ and 1+ states due to the lifetime effects.

Figure 6.9: Gamma ray spectrum and level scheme from 62Ga.
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Energy (keV) Tracked Intensity (arb.) Untracked Intensity (arb.)
376 (Integrated) 126(13) 210(40)

570.0(7) 100(13) 100(7)
623.7(2) 25(6) 20(5)
783(1) 28(6) 44(7)
911(1) 81(9) 55(6)

Table 6.1: Efficiency corrected relative intensity of observed transitions in 62Ga. Only the untracked
intensity is used in arguments made due to assumptions made in the tracking routine, see Chapter 4
for details. It was not possible to extract an energy for the 376 keV peak as it decays from a long-
lived state.

6.5.2 62Ga from 65Ge

Figure 6.10a shows the S800 PID plot from the incoming 65Ge beam. It is clear that the 62Ga

locus is not fully resolvable so an additional step was taken. It was discovered during the analysis

that the 64Ge component is wider at one side of the focal plane. To produce a 62Ga spectrum first

a cut was made on the Tz = 0 nuclei in the S800 PID. Then the data were projected into the focal

plane as shown in Figure 6.10b, showing ion chamber energy and position from the CRDCs. A cut

was then made on this to maximise the statistics from the 62Ga channel.

The gamma ray spectrum for 62Ga populated in 1p2n removal from 65Ge is shown in Fig-

ure 6.11a. Below 1 MeV the same states are observed as in the two-neutron knockout case, except

for what appears to be structure on the high side of the 977 keV peak. This structure can be fitted

with a triple Gaussian and first order polynomial background (with peak energies of 977(1) keV,

997(2) keV, and 1012(3) keV), however, these peaks are not distinct and considering the β scan

for this nucleus (shown in Figure 6.8) it is not immediately obvious how many peaks are observed.

There is a known transition in 62Ga with an energy of 1004 keV [60], however, this does not explain

this distribution. Additional peaks are observed at higher energy which have not been observed in

other reactions which are labelled in Figure 6.11a.
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(a) S800 PID gated on a 65Ge beam from the A1900. The 64Ge loci is wider than the surrounding loci and
cannot be completely resolved from the 62Ga loci without further analysis.
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(b) Ion Chamber energy as a function of focal plane x position as measured by the first CRDC. This
graph was produced with a gate on the N = Z nuclei from Figure 6.10a to demonstrate the focal plane
dependence of particle resolution.

Figure 6.10: S800 PID plots demonstrating that the resolution of Particle Identification around
65Ge is dependent on focal plane position.
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(a) Gamma ray spectrum of 62Ga populated in 1p2n removal from 65Ge using a cut on N = Z nuclei in
the S800 PID plot then gating on 62Ga with the PID cut projected into the x position from CRDC1. The
labelled 1+ state has a measured energy of 570.0(7) keV and the labelled (2, 3)+ state has a measured
energy of 623.7(2) keV. This spectrum was created by gating on 65Ge data from the A1900 and 62Ga data
from the S800. A time cut has been applied such as that in Figure 6.6a and a FoM cut of 0.8 has been
applied.
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(b) An example of the fits used to ascertain energies from this analysis.

Figure 6.11: gamma ray spectrum of 62Ga and fits used to ascertain energies.
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6.5.3 62Ga gamma gamma analysis

Using the data from the 65Ge 1p2n removal reaction, a gamma gamma analysis was performed to

place previously unobserved transitions into the known level scheme. The analysis was performed

by constructing a gamma gamma matrix of all coincident gamma ray events. Figure 6.12 shows

an example of this matrix which has been constructed with the same particle gates as those used

to construct the gamma ray spectrum in Figure 6.11a. The gamma gamma matrix was also

constructed with less stringent gating conditions (i.e. wider S800 PID gate) to gain statistics

while relying on the gamma coincidence gate to remove contamination. This approach yielded an

identical result to the narrow gated approach.
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Figure 6.12: Gamma Gamma matrix for 62Ga populated in 1p2n removal from 65Ge. This spectrum
was created by gating on 65Ge data from the A1900 and 62Ga data from the S800. A time cut has
been applied such as that in Figure 6.6a and a FoM cut of 0.8 has been applied. The X and Y axis
both show gamma ray energies for coincident events. The Z axis denotes the number of coincident
events in units of coincidences per 4 keV per 4 keV. This matrix was constructed the same gates
as those used to create the gamma ray spectrum in Figure 6.11a

The gamma gamma analysis was performed by projecting the gamma gamma matrix around

the observe gamma ray peak in the gamma ray spectra. To remove random coincidence a local

background subtraction was performed. The matrix was projected both above and below the

transition of interest, with the resulting spectra subtracted from that created by the peak matrix

projection. The results show that the 784-keV transition is in coincidence with the 571-keV tran-

sition from the 1+ to the ground state, indicating a new state at 1355 keV. The 977 keV transition

does not appear to be in coincidence with any peaks. Given that the 977 keV peak is much stronger
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than the 784 keV peak which shows a clear coincidence it is assumed that this state decays to the

ground state. The two coincidence spectra are shown in Figures 6.13a and 6.13b.
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(a) A gamma gamma coincidence spectrum produced by projecting Figure 6.12 around the 977 keV peak
and performing a local background subtraction above and below the peak.
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(b) A gamma gamma coincidence spectrum produced by projecting Figure 6.12 around the 784 keV peak
and performing a local background subtraction above and below the peak.

Figure 6.13: gamma ray coincidence spectra populated in 1p2n removal from 65Ge to 62Ga.
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6.6 Mirrored knockout to A = 65

Mirrored one-proton and one-neutron knockout reactions were studied from the 66As beam to 65As

and 65Ge. The states in 65Ge are known well, however, only one state in 65As has been previously

observed, the first excited 5
2

−
state. The observed gamma rays in this experiment represent the

only known data from 65As. To aid the discussion Figure 6.14 is a level scheme of 65Ge, reproduced

from Reference [63].

Figure 6.14: Energy level scheme of 65Ge reproduced from Reference [63].

The mirror nuclei 65Ge and 65As were populated through mirrored 1p and 1n knockout reactions

from the 66As beam. The gamma ray spectrum for 65Ge is shown in Figure 6.15a, the known [63,64]

peaks populated have been labelled. Many of the known observed states decay to the 9
2

+
state

which has a 7 ns half life. This half life is sufficiently long that it is not possible to observe the

decay from the state, or any subsequent feeding. It is possible to use this information to say

that the 5
2

−
state is populated directly, as an indirect population would not show up in a peak at

the correct energy due to poor Doppler correction. The 7
2

−
state is labeled as tentative. From

previous work [63] one would also expect a peak at 779.1 keV with the same intensity as a peak

at 890.1 keV which is not observed. A spectrum of observed gamma rays from 65As are shown in

Figure 6.15b. The previously observed state [65] has been labelled, as has a 647 keV transition to

highlight the questionable nature of the fit. All other peaks are labelled with their energies and

error from Gaussian fits.

76



(a) Gamma rays from 65Ge populated in one-proton knockout from 66As. The previously observed states
have been labelled [63].
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(b) Gamma rays from 65As populated in one-neutron knockout from 66As, the peaks that are new to this
work have been labelled with the measured energy and statistical error from the fit. * The only previously
observed gamma ray [65]. ** The fit to this peak was unsatisfactory due to the background, the resolution
measured using the fit was 2.7%, higher than the 2.4% measured for the 460 keV and 508 keV peaks.

Figure 6.15: Gamma ray spectra from the Tz = 1
2 , A = 65 nuclei. These spectra were created

by gating on 66As data from the A1900 and 65Ge/65As data from the S800. A time cut has been
applied such as that in Figure 6.6a and a FoM cut of 0.8 has been applied.
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6.7 Reactions to populate 63Ga and 63Ge

The Tz = 1
2 , A = 65 mirror nuclei 63Ge and 63Ga were populated in a number of reactions:

65Ge(9Be,2n)63Ge, 66As(9Be,1p2n)63Ge, and 64Ga(9Be,1n)63Ga. The data gathered on 63Ge rep-

resents the only current data on the excited states of 63Ge. The presented experiment is the only

experiment to populate 63Ga via knockout or fragmentation reactions and new states are observed.

For reference during this analysis Figure 6.16 is the known low-lying level scheme (below 2.1 MeV)

of 63Ga. It is worth noting that all of the previously observed states above 2.0465 MeV decay

to the 2.0465 MeV 9
2

+
state. It is also worth noting that all previous experiments have been

fusion evaporation experiments that have populated high spin states [66, 67]. Thus investigation

of the level scheme below the 2.0465 MeV 9
2

+
state has been dominated by the branching ratio

of decays from it. The work presented in this thesis is the first to directly populate these states,

which accounts for the large population of states such as that labelled “b” in Figure 6.17a, where

previously there was not enough data to determine multipolarities.

Figure 6.16: Energy level scheme of 63Ga adapted from the National Nuclear Data Center
(NNDC) [59].
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Nucleon Range of States
f 7

2
Negative parity states up to a maximum spin of 7

2

p 3
2

Negative parity states up to a maximum spin of 3
2

f 5
2

Negative parity states up to a maximum spin of 5
2

p 1
2

Negative parity states up to a maximum spin of 1
2

g 9
2

Positive parity states up to a maximum spin of 9
2

Table 6.2: The range of states that can be populated in 63Ga in one-neutron knockout from the
64Ga ground state.

6.7.1 One neutron knockout from 64Ga to 63Ga

In one-neutron knockout from the 0+ ground state of 64Ga different states could be populated

depending on which orbital the removed nucleon was in, Table 6.2 details these. Evidence for the
64Ga beam being in an 2+ isomeric state has already been presented in this Chapter, in which case

population of higher spin states by two units of angular momentum) is expected. Table 6.2 shows

that if there is a significant isomer ratio, population of states with spins up to 13
2

+
is expected, if

g 9
2

neutrons are removed.
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(a) Gamma ray spectrum of 63Ga populated through one-neutron knockout, the gamma rays from known
transitions have been labelled with the spin of the parent state, Table 6.3 lists the energies of gamma rays
from this reaction.
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(b) A gamma gamma coincidence matrix for 63Ga produced in one neutron knockout from 64Ga.

Figure 6.17: 63Ga gamma ray spectra by gating on 64Ga data from the A1900 and 63Ga data from
the S800. A time cut has been applied such as that in Figure 6.6a and a FoM cut of 0.8 has been
applied.
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This high statistics channel has revealed previously unobserved states in 63Ga. It is possible

to tentatively assign some of these transitions to positions in the level scheme: the 365.6(9) keV

transition has the correct energy to be the decay from the state labelled “b” in Figure 6.18 to the
5
2

−
state (though it was not possible to place it with a gamma gamma analysis); the 795.5(2) keV

and 871.6(4) keV transitions are (to within 1 keV) separated by the same energy as the 5
2

−
state

so it is proposed are decays from a new state at 871.6(4) keV to the ground state and 5
2

−
isomer. In

the known level scheme (shown in Figure 6.16.) the gamma ray transitions from the 13
2

+
and 9

2

+

states are both at approximately 894 keV, closer in energy than can be resolved in this study. A

gamma gamma analysis shows that both states are populated. Figures 6.18b, 6.18a show gamma

gamma gated and background subtracted spectra gated on the 894 keV and 1078 keV peaks. The

1078 keV peak strongly returns the 894 keV peaks and the 894 keV peak is in self coincidence, i.e.

gating on the 894 keV peak in the gamma gamma matrix returns a spectrum with an 894 keV peak.

This self coincidence is the expected result from population of the 13
2

+
state. Additionally, the

894 keV gate appears to return the 1140 keV transition from the 17
2 state. This is highly suspect

however, as it would not be possible from the reaction mechanism. The observed transitions are

listed in Table 6.3 and shown in Figure 6.18.
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(a) A gamma gamma coincidence spectrum produced by projecting Figure 6.12 around the 894 keV peak
and performing a local background subtraction above and below the peak.
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(b) A gamma gamma coincidence spectrum produced by projecting Figure 6.12 around the 1078 keV peak
and performing a local background subtraction above and below the peak.
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Energy (keV) Error (keV) Initial Jπ Final Jπ

275.4 0.4 - -
337 2 - -

365.6 0.9 b ( 5
2

−
)

443.3 0.2 b 3
2

−

648.0 0.6 - -

723.4 5 a 3
2

−

795.5 0.2 c 5
2

−

871.6 0.4 c ( 3
2

−
)

892.7 0.4 13
2

+ 9
2

+

892.7 0.4 9
2

+ 9
2

−

954.3 0.7 - -

1077.7 0.2 9
2

− 5
2

−

1178 1 - -
1193 1 - -
1230 1 - -

Table 6.3: Observed gamma rays from 63Ga, where known initial and final spins and parities for
the transitions are shown.

Figure 6.18: Energy level scheme of populated states in one neutron knockout from 64Ga to 63Ga.
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6.7.2 63Ge Populated from 66As

Unlike the A = 65 case the mirrored reactions here are not considered to be direct reactions, and

as such the reaction to populate 63Ga from 66As is not utilised. Figure 6.19 shows the 63Ge gamma

ray spectrum, with the most prominent transitions being 416 keV and 1081 keV. These transitions

are most likely the mirrors of the known 443.1 keV transition in 63Ga shown in Figure 6.16, and

the 1081 keV transition is likely the mirror of the 9
2

−
to 5

2

−
1077.2 keV transition. Just considering

the low-lying level scheme the only match (with an MED of less than 100 keV) for the 896 keV

transition would be the 893.7 keV transition. The branching ratio from the 9
2

+
state in 63Ga is

15.1:57.5:0 to the 624, 893, 1971 keV transitions, which could account for not observing a candidate

for the mirror of the 624 keV transition.

Unfortunately this analysis is not sufficient to perform an MED analysis as many of the observed

transitions decay to the 5
2

−
state, which is not observed due to the 25 ns lifetime [63]. A 25 ns

lifetime corresponds to a decay over two metres past the centre of GRETINA. The only case where

the energy of a state has been (tentatively) determined has unknown spin and parity.
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Figure 6.19: Gamma ray spectrum of 63Ge created by gating on 66As data from the A1900 and
63Ge data from the S800. A time cut has been applied such as that in Figure 6.6a and a FoM
cut of 0.8 has been applied. Gamma ray energies are based on χ2 fits of Gaussian with a linear
background, the errors are statistical from the fit and do not include any systemtatic error from
the Doppler correction. β = 0.301

6.7.3 Two-neutron knockout from 65Ge to 63Ge

The 63Ge spectrum is shown in Figure 6.20. Similarly to the 62Ga case a section of the CRDC had

to be gated away from in order to produce a clean spectrum. As in the case for population from
66As the statistics are low, leading to a high error in the fits. In many cases the peak energies from

the 66As reaction channel differ to those from the 65Ge reaction. This difference in peak energy

likely stems from a systematic error in the Doppler correction which is more difficult to ascertain

in the 66As case due to the lower statistics. As such energy and error values from the 65Ge are
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used for the MED analysis later.
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Figure 6.20: 63Ge gamma ray spectrum populated by gating on 65Ge data from the A1900 and
63Ge data from the S800. A time cut has been applied such as that in Figure 6.6a and a FoM cut
of 0.8 has been applied. A β of 0.306 was chosen to give the sharpest peaks.

In order to identify the energy of the 5
2

−
1

state it is assumed that the 341(2) keV transition

is the mirror of the observed 365.6(9) keV in 63Ga and the 419.0(7) keV transition is the mirror

of the 443.1 keV transition due to similar energies. This is a highly speculative result. This

assignment is supported by the similar branching ratios of the 419 keV to 341 keV states in 63Ge

and 443 keV and 366 keV states in 63Ga. However, the tentative nature of this assignment must

be emphasised. Those transitions give the 5
2

−
1

state an energy of 76(2) keV, which corresponds

to an MED within error of 0 keV. Considering the 1072(2) keV transition as the mirror of the

1077.2 keV transition gives the 9
2

−
1

state an energy of 1153(3) keV. The closest transition to

the new 795.5(2) keV transition in 63Ga is the 786(2) keV transition. However, a transition at

862(3) keV would also be expected and was not observed. The 268(2) keV peak has a similar

energy to the observed 275.4(8) keV transition in the 63Ga, however, this transition has not been

associated with a state. None of the other transitions can be matched to a transition in the mirror

nucleus, as any assignment leads to a missing transition that should be fed. Additionally, it has

been impossible to identify the structure around 700 keV as a transition or series of transitions.

To construct an MED diagram the tentative assignment can be used: the 5
2

−
1

state with an MED

of 1(2) keV, and the 9
2

−
1

state with an MED of -5(2) keV. Though the energy of the 419.0(7) keV

state has also been assigned as it does not have a spin assignment it cannot be used for an MED.

The experimental MED alongside theoretical predictions are shown in Figure 7.14
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Chapter 7

Discussion

7.1 51Co

The level scheme for 51Co is presented in Figure 5.10, alongside the analogue states in 51Cr [59].

Negative parity yrast states are observed up to a spin of 19
2 . This is the expected result, as the

knocked out neutrons can couple to a maximum spin of J = 6, and the g.s. of 53Co has a spin

of 7
2

−
. Cross section calculations presented in Figure 5.9 confirm these assumptions. The only

real deviation is that high spins states, the 19
2

−
and 17

2

−
states, are populated more strongly than

predicted. An isomer content to the incoming beam might explain the population of these states.

Since the analysis presented in this thesis was performed, it was discovered that the beam was in

an isomeric state (see Chapter 6, with the isomer ratio on the order of 40% [68]).

The strong presence of the isomer raises some issues concerning the states populated. Knockout

from the ground state of 53Co could populate states with a maximum spin of 19
2

−
, whereas knockout

from the isomer can populate much higher-spin states which are not observed. The calculations

presented in Chapter 6 only include knockout from the ground state and do not consider knockout

from the isomer. These ground-state knockout calculations, which are presented only as a guide,

predict that mostly yrast states should be populated. In considering the presence of the isomer

one might expect stronger population of states close in spin to that of the isomer, 19
2

−
. Indeed, the

higher-spin yrast states are populated with more strength than expected from the ground-state

calculations. The ground-state knockout calculations suggest that some low-spin states should be

populated at a similar strength to the 19
2

−
state. This was not observed due to the significant

isomeric content in the beam, since states with spin of lower than 7
2

−
are impossible to populate

from knockout from the isomer. Population of low spins via knockout from the isomer isn’t possible

as the J = 19
2 state of the isomer must couple to the spin of the knocked out nucleons (which has

a maximum of J = 6 for two f 7
2

nucleons). The lowest spin state it is possible to populate in the

daughter nucleus via knockout from the isomer is J = 7
2 . The only remaining question then is

why higher spin states have not been observed. The answer is that the remaining transitions in

the yrast chain in 51Cr have much larger energies (1894 keV and 1746 keV). Mirror transitions will

have similar energies and would not be observed unless populated with significant strength.

The proton separation energy in 51Co is 140 (80) keV [69] and the energies of the states of

interest are all proton unbound, with energies between 1− 4 MeV. This represents a break in the

86



JParent Eparent − Sp (keV) JDaughter EDaughter (keV) Q-value of decay (keV)

7
2 -140 0 0 -140

9
2 989 2 746.9 242.1

11
2 1355 2 746.9 688.1

15
2 2217 4 1851.5 365.5

17
2 3170 6 3159.3 10.7

19
2 3852 6 3159.3 692.7

Table 7.1: Parent and possible daughter states that provide the largest Q-value for possible proton
emission from 51Co.

mirror symmetry: proton emission is energetically possible in the Tz = − 3
2 nucleus; the mirrored

decay (neutron emission) is not energetically possible in the Tz = + 3
2 nucleus. Though proton

emission is possible it will not necessarily happen and it would compete with gamma decay.

Assuming that proton decay proceeds to the lowest energy state allowed by conservation of

angular momentum the partial half life for proton decay can be calculated. The approach taken

is to use the tunnelling probability of a proton escaping a potential with a given Q-value. This

approach does not take into account any overlap in the nuclear wavefunction between initial and

final states. As such the results should be considered a minimum possible half life; the actual values

are expected to be significantly higher. For this work the lowest energy state in 50Fe [70] that can

be populated from the decay of a particular state in 51Co was used to calculate the maximum

possible Q-value. Once a Q-value was known a simplistic code referred to as Barry was used to

calculate the tunnelling probability. Barry uses an optical potential to fit to low-energy scattering

on A > 40 nuclei [71]. Table 7.1 details the states and maximum possible Q-values from the known

states in 50Fe. Results from these calculations are shown in Figure 7.1.

Using the approach described the half life can be calculated from Figure 7.1 using the Q-values

from Table 7.1. The shortest half life is around 4.5 ps, for the 19
2

−
state. There is no indication of

a long gamma decay half life in the 19
2

−
state so proton emission may be a competing process. As

the presented value is a minimum partial half life and the spectroscopic overlap is likely to be much

less than 100% proton emission from this state is not considered. In this work no other states have

half lifes that are sufficiently short so as to compete with gamma decay. The lower spin non-yrast

states do have significant Q-value. They may well proton decay or decay to a state that undergoes

proton decay. Specifically the 3
2

−
2

and 5
2

−
2

states are predicted to be populated by the calculations

shown in Figure 5.9.
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Figure 7.1: Partial half life for proton emission over a range of Q-values in 51Co. These data were
calculated using an optical potential fit to low energy scattering data and the code “Barry”.

Figure 7.2 shows the experimental MED taken from the level scheme presented in Figure 5.10.

The experimental data points are shown in red in the upper panel. These are compared to shell

model calculations using the prescription put forward in Chapter 2 with the solid black line,

the dashed black line represents this formalism without the Vb term. The lower panel shows a

breakdown of the individual components to the calculations.
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Figure 7.2: The experimental and theoretical mirror energy differences for the A = 51, Tz = 3
2

system, adapted from Reference [55]. The upper panel compares the experimental data to the
calculation with and without the Vb term. The lower panel shows the breakdown of the terms in
the calculation. The open circles in the upper panel represent the tentatively assigned data. See
text for details.
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The calculations presented in Figure 7.2 were performed by Prof. M. A. Bentley using the

code ANTOINE [30] and the KB3G interaction [31] in the full fp space. These calculations show

exceptional agreement with the experimental data points when a Vb term is included. Without

the Vb term the calculated Mirror Energy Difference (MED) is larger than the experimental MED

over most of the range. The MED reduces to the expected value at the 19
2

−
state. Both with and

without the Vb term the general trend is correct, but the initial dip moving from the 7
2 to the 9

2

state in Figure 7.2 is only recreated with the inclusion of the Vb term. The Vb term only having

a significant effect over higher spin states can be explained by considering the wavefunctions of

these two states. The calculations predict that the dominant configuration to the wavefunction of

the 7
2

−
state, with around 50% of the total strength, has all of the particles in the f 7

2
shell (as

shown in Figures 7.3b and 7.3a). This state in 51Co then can be simplistically considered as two

pairs of neutrons and one pair of proton holes all coupled to J = 0, with one spare f 7
2

proton with

J = 7
2 . As the wavefunction of the 9

2

−
state is 45% in the f 7

2
the 9

2

−
is most likely created by a

pair of f 7
2

particles recoupling to J = 2 from J = 0 (protons in the case of 51Co and neutrons in

the case of 51Cr). It is the change in the number of J = 2 couplings that causes the Vb term to

have such a dramatic effect on this coupling. The calculated occupations of the shells can be used

to understand the remaining configurations.

Figure 7.3b and Figure 7.3a show the neutron and proton configurations of all of the states

included in the MED diagram. This calculation was performed with an isoscalar interaction (i.e.

treating protons and neutrons in an identical manner). The label proton is applied as though the

nucleus of interest were 51Co. Monopole terms in the calculations depend only on the occupancy

of orbitals. As no significant change is seen to the occupancies as a function of spin the Vlls terms

remain approximately constant. The Vcr term is linearly dependent on the sum of proton and

neutron occupancy of the p 3
2

orbital. A factor of 200 keV is used to convert particle occupancy

to the Vcr term, which makes the term very sensitive. While the proton p 3
2

occupancy remains

very stable the neutron occupancy oscillates with spin. The neutron occupancy oscillation is what

drives the oscillation observed in the Vcr term in Figure 7.2.
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Figure 7.3: Calculated average proton and neutron fp-shell occupancies for states in 51Co. Taken
from shell-model calculations performed with ANTOINE and the kb3g interaction in the full fp
shell space.
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One of the concerns already expressed in this section is the possible breakdown of mirror

symmetry in states above the proton separation energy. The shell-model approach employed has

no capability to interpret any data that is influenced by weak binding energies. This may lead to

a breakdown of isospin symmetry. If an effect not considered by the shell model were affecting

the MED, the expectation is that the calculated MED would not match the experimental data.

In this case agreement is seen between calculation and experiment. In conclusion, the A = 51,

TZ = 3
2 mirror nuclei, the J = 2 anomaly is observed despite relevant states being above the proton

separation energy.

7.1.1 J = 0 couplings

There is another possible analysis of the A = 51 MED: that of J = 0 vs J = 2 isospin non-

conserving terms. The J = 2 anomaly is a positive isovector term that acts on J = 2 couplings,

making J = 2 couplings more attractive (i.e. more bound) in protons compared to neutrons. The

magnitude of the effect is such that Vpp − Vnn = 100 keV. It is also possible to apply a -100 keV

term to J = 0 couplings. The J = 0 approach is taken by Kaneko et al., who have performed

a similar analysis using ground-state masses of nuclei across the fp-shell [72]. In the analysis

presented in this thesis the isospin non-conserving components have been deduced using excitation

energies.

If states are constructed entirely out of J = 0 and J = 2 coupled pairs of nuclei it should not

make a difference whether a +100 keV J = 2 coupling or a -100 keV J = 0 coupling is used i.e. it is

the J-dependence that matters not the absolute values. However, when states are populated with

higher J couplings such as J = 4 or J = 6 in the f 7
2

shell (as might be expected for higher-spin

states), the MED becomes dependent on the magnitude of the isovector nature of the higher-spin

terms relative to the lower-spin terms which mostly make up the ground state. By performing

calculations with J = 0 and J = 2 isospin non-conserving terms for higher-spin states, one can

understand which term should be used, even though both may reproduce the trends at low spin.

The MEDs, calculated in the same manner as presented in Figure 7.2, are presented in Table 7.2

and Figure 7.4. The experimental data show poor agreement at high spin with both J = 0 and

J = 2 terms. At low spin this shows that it doesn’t matter whether the negative J = 0 or positive

J = 2 term is used. However, at high spin where there are more likely to be higher spin couplings

(J = 4 or J = 6) it seems that this approach is insufficient.

Table 7.2: Experimental and theoretical A = 51 MED. The theoretical MED is presented with
both J = 0 and J = 2 isospin non conserving terms. This data is graphed in Figure 7.4.

J TheoryJ=0 (keV) TheoryJ=2 (keV) Experiment (keV)
7 0 0 0
9 -35 -28 -36
11 12 20 15
13 17 44
15 79 132 102
17 95 175 129
19 110 197 175
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Figure 7.4: Experimental and theoretical MEDs for the A = 51 system. The calculations are
presented with both J = 0 and J = 2 isospin non-conserving components. The experimental data
are taken from this study (listed in Table 7.2), the calculations have been performed in a full fp
space using ANTOINE and the kb3g interaction.

7.1.2 Further isospin non-conserving terms

Following the analysis presented in Section 7.1.1, Bentley et al. [73] performed an investigation

using all available f 7
2

shell data. The MED shell model prescription was applied as described in

Chapter 2, however initially no VB term was applied. The difference between the experimental and

calculated MED was fitted with a VB term allowing J2 isovector terms to vary freely. As a result

J = 0, 2, 4, and 6 terms were introduced as variables. It was found that the best terms to use are

as described in Table 7.3. As can be seen, the best description is neither a pure J = 0 or J = 2

component, however the J = 2 component is always 100 keV larger than the J = 0. The fits show

four distinct components acting on J = 0, 2, 4, and 6. The calculated MEDs are not sensitive to the

absolute scale of these interactions (so long as the interactions remain small enough to be treated

as perturbations) but only on the relative differences. The key feature highlighted in the prior

J = 2 and J = 0 work is the relative difference between J = 0 and J = 2 couplings. Speculatively,

these calculations could be scaled such that the J = 0 term is the same as in the approach from

Kaneko et al. which has been fitted to ground-state energies. To go beyond speculation, a full

analysis of ground-state energies and MEDs would have to be undertaken.

7.2 62Ga

The work presented in this section has been published by T. W. Henry et al. [74]. Figures are

reproduced with permission. The work in this section was motivated by the anomalous energy of

the T = 1, Jπ = 2+ state in 62Ga, when compared to states across T = 1 triplets with odd-odd

N = Z nuclei. The previous work was examined and data from two-neutron knockout from an
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Table 7.3: Table of isospin non-consirving terms that have been deduced through a χ2 fit to a
variety of data ranges [73].

f 7
2
VB matrix elements in (keV) RMS deviation

Range J=0 J=2 J=4 J=6 fit No VB
One-parameter fit

A=42-54 68 (6) 32 41
A=42-54 -79 (6) 26 41
A=47-54 71 (5) 27 38
A=47-54 -83 (5) 22 38
A=51-54 61 (3) 28 40
A=51-54 -71 (3) 23 40

Full fit
A=42-54 -79(16) 25(13) 1(12) -19(12) 23 41
A=47-54 -56(15) 46(11) 9(10) 2(11) 16 38
A=51-54 13(16) 82(10) 64(11) 39(11) 9 40

Full fits: centroid-subtracted
A=42-54 -72(7) 32(6) 8(6) -12(4) 23 41
A=47-54 -66(7) 36(5) -1(5) -8(4) 17 38
A=51-54 -41(6) 28(3) 10(4) -15(2) 18 40

isomer and ground state of 64Ga is presented.

7.2.1 Previous observation of the T = 1, Jπ = 2+ state and the low lying

level scheme of 62Ga

Previous experiments to populate excited states in 62Ga have been performed using fusion evap-

oration or β-decay. In Ref. [75] Vincent et al. used the 40Ca(28Si,αpn)62Ga reaction to populate

states up to 6.846 MeV, which were primarily yrast. These states were all assigned to be T = 0

as no observed states were obvious analogues to those in the Tz = 1 system (62Zn). A further

experiment was then performed by Rudolph et al. [61] using the 40Ca(24Mg,pn)62Ga reaction at

55 MeV and 60 MeV to populate many non-yrast states. A gamma ray with an energy of 446 keV

was observed in coincidence with the decay of the 571 keV 1+ state to the T = 1, 0+ ground state.

The 446 keV transition was identified as a dipole transition, leading to the tentative assignment

of a 2+ state at 1017 keV. The first excited 2+ state in 62Zn (IAS to the T = 1, 2+ state in 62Ga)

has an energy of 953.84 ( 9) keV. Rudoph et al. concluded that the 1017 keV state in 62Ga was

likely the T = 1, 2+ state. Rudoph et al. did however comment that their shell model calculations

(performed with the GXPF1a interaction) predicted the T = 1, 2+ state to decay to the ground

state via a quadrupole transition instead of to the first excited 1+ state via a dipole transition.

Two other works have since been published that populate the low lying structure of 62Ga, the

states populated are depicted in Figure 7.5.
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Figure 7.5: Energy level scheme and gamma ray transitions from Low lying 1+ and 2+ states in
62Ga. The three schemes represent three previous experiments [43, 60, 75]. The T = 1 assignment
of the 2+ states is placed in parentheses here as it has been made on the basis of energy systematics.

David et al. used the 24Mg(40Ca,pn)62Ga reaction at 103 MeV [60], with states in 62Ga

identified using a recoil-β-tagging method [76]. The spectrum of states reported below 1.5 MeV

is the same as those of Rudolph et al., with the addition of (presumed T = 0) states at 1161 keV

and 979 keV, assigned as 2+ and 1+ respectively. It is noteworthy that the assignment of 1+ from

David et al. was made with an angular ratio of 0.77(25), where 1.15(3) would correspond to a 2+,

and 0.72(4) a 1+ [60]. In both the work of Rudolph et al. and David et al. the authors suggest that

the state at 1017 keV, decaying by a dipole transition to the first excited 1+ state, is the T = 1

analog of the 2+ states in the even-even neighbours 62Ge and 62Zn. In Ref. [43] Grodner et al.

observed gamma ray transitions of 978 keV and 1017 keV in the β-decay of 62Ge. These transitions

were tentatively assigned as decays from (1+) states to the 0+ ground state. The authors suggest

that this state is different from the 1017 keV state suggested to be the T = 1, 2+ state. Thus, as

summarised in Figure 7.5, there are tentative assignments of 1+ and 2+ for states at 1017 keV.

7.2.2 Systematics of T = 1, Jπ = 2+ state energies as a guide

An analysis of the energies of T = 1, 2+ states provided an interesting description of the systematics

of triplet energy differences and a possible guide to the energies of T = 1, 2+ states. It is now

possible to consider the systematics of T = 1 triplets across the fpg shell, considering A = 4n+ 2

nuclei where n is any integer. A = 4n+ 2 nuclei corresponds to those where the Tz = 0 nucleus is

odd-odd. The pattern of excitation energies of such states is remarkably consistent, TED (TED =

ExTz=−1
J,π + ExTz=1

J,π − 2ExTz=0
J,π , which is discussed in full in Chapter 2) from across the fpg shell

are shown in panel (B) of Figure 7.6. For comparison they have been divided by the average

energy of the three T = 1, 2+ in each triplet. This normalisation has been performed as the TED

is generally proportional to the average energy of the states that comprise it. Taking advantage

of this relationship to explore the TED while normalising out effects such as proximity to shell

closures which have a significant effect on the energies of states.
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Figure 7.6: Panel (a) depicts energies of T = 1, 2+ states for A = 4n + 2 systems (Where the
N = Z nucleus is odd-odd). The Fractional deviation is how the energy of each 2+ state deviates
from the average energy of the 2+ states in that triplet (denoted by < E ∗ 2+ > in the Figure)
for each triplet up to A = 62. Panel (b) shows the fractional TED, defined as the TED for the
T = 1, 2+ states divided by < E∗

2+ > for that triplet. The shaded region covers the entire range of
the data not including A = 62 and is used later in the analysis. The currently assigned datum for
the A = 62 triplet is bracketed. The data for the fpg shell, which are generally the most recent,
can be found in the following references: A = 42 [77],A = 46 [78, 79], A = 50 [70, 80], A = 54 [20],
A = 58 [81,82], A = 62 [61,83] , A = 66 [84,85], A = 74 [86,87].

The trend clearly shows that the TED as a fraction of the average energy of the component

IAS are within a narrow range with a clear outlier, the A = 62 data point. The A = 62 TED

is calculated from the tentatively assigned T = 1, 2+ states in 62Ge and 62Ga, at 964 keV and

1017 keV respectively [61, 88]. A further consideration is that the TED is twice as sensitive to
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the energy of T = 1 state in the N = Z nucleus compared to the energy of the T = 1 state in

N = Z+1 nucleus. For the anomalous TED to be caused by incorrect assignment of the T = 1, 2+

state in 62Ge the actual state must have an energy of around 1026 keV. This energy would result

in the MED for that state being on the order of 72.3 keV. As the 62Ge data point being incorrect

would cause a very large MED and as there are no further data for 62Ge, it is assumed that the
62Ga assignment is incorrect. A region has been shaded that encompasses all the data except the

A = 62 data points, the boundaries of which will be used to guide the search for potential gamma

ray transitions corresponding to the T = 1, 2+ state in Figure 7.7.

7.2.3 Predicted population

In two-neutron knockout it is possible to use reaction models to predict what states will be pop-

ulated. The calculations produce cross sections to individual states based on the wavefunction

overlap between initial and final states. Here the relative cross sections are used to try and under-

stand the spectrum of states observed. The methodology is discussed further in Chapter 2.

7.2.3.1 Reaction Model

Calculations are provided along the lines of those described in Chapter 2. The Eikonal reaction

theory is used alongside spectroscopic factors from shell model calculations in order to predict the

population of states in 62Ga in two-neutron knockout from 64Ga. The calculations were performed

by E. C. Simpson [89]. The spectroscopic factors, or in the case of a two-neutron knockout reaction,

two-nucleon amplitudes were calculated using the GXPF1a interaction in NUSHELLX using the

fp valence space. The calculations allow three proton and three neutron excitations out of the

(full) f 7
2

shell, while the three protons and three neutrons that fill the p 3
2

shell have no restrictions

on which shells they can occupy (other than the f 7
2
). The calculations are shown in Table 7.4 for

knockout from both the 0+ ground state and 2+ isomer in 64Ga, which has already been established

as a significant proportion of the beam; further discussion on the isomer ratio is presented in Sec-

tion 7.4.1. It is noteworthy that NUSHELLX does not label states by isospin. The isospin of states

was identified by performing a calculation for the same nucleus, with the same truncation, and

the same interaction in ANTOINE (which cannot produce two-nucleon amplitudes). ANTOINE

does label the isospin of states. Once the comparable calculation was performed [57] energies and

wavefunctions were compared to those from the NUSHELLX calculation in order to ascertain the

isospin of states.

The cross sections shown are dependent on the wavefunctions of the states, thus it is of

paramount importance to in some way assess the calculations. The low lying level scheme of
62Ga is not accurately reproduced by the calculations, for example: the first excited 1+ state is

experimentally known to be at 571 keV, however the calculation predicts 283 keV. Using that as

an indication and considering that the truncation used will affect the wavefunctions, a detailed

numeric analysis of the calculations is not appropriate and the calculations are treated as a guide.

The calculations suggest that the T = 1, 2+ state in 62Ga will be populated via knockout from

both the ground state and 2+ isomer in 64Ga. From the ground state approximately 12% of the

total cross section goes to the T = 1, 2+ state in 62Ga, with all other strongly populated states

(> 5%) having even J . From the isomeric state the population of the T = 1, 2+ state in 62Ga is
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Table 7.4: Calculated relative cross sections for states in 62Ga. Calculations are presented for
knockout from both the ground state, σg.s., and the isomer, σiso. The cross sections presented
are relative cross sections in units of percentage of the total strength in the relevant channel. The
T = 1 states are highlighted in yellow. See text for detail on the calculations.

Energy (keV) J π σrelg.s. σreliso

0 0 + 3.6 3.4
0.283 1 + 1.9 3.1
0.428 3 + 1.3 7.6
0.572 1 + 4.7 6.2
0.626 3 + 2.8 10.0
0.683 2 + 27.2 5.7
0.794 5 + 0.0 4.5
0.924 1 + 0.6 3.0
1.017 2 + 11.7 16.7
1.068 2 + 8.3 8.0
1.245 3 + 3.1 4.0
1.303 4 + 8.6 1.2
1.411 4 + 1.0 4.8
1.973 4 + 2.1 9.6
2.038 6 + 0.1 2.3
2.093 0 + 20.7 0.3
2.183 5 + 0.2 1.2
2.21 0 + 0.3 0.8
2.219 5 + 0.8 4.0
2.301 7 + 0.0 0.3
2.483 6 + 0.2 0.9
3.217 6 + 0.8 0.3
3.244 7 + 0.0 0.6
3.42 7 + 0.0 0.5
3.552 8 + 0.0 0.2
4.276 8 + 0.0 0.1
4.628 8 + 0.0 0.6
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larger, with approximately 17% of the total cross section. Knockout from the isomer also predicts

strong population of odd-J states.

7.2.4 Experimentally observed states

Gamma ray spectra from 62Ga were shown in Chapter 6. These were created in two-neutron

knockout and one proton, two-neutron removal reactions. They are reproduced here in Figure 7.7

and further annotated as a guide. By re-arranging Equation 2.7 and using the relationship and

limits depicted in Figure 7.6 it is possible to put limits on the expected energy of a T = 1, 2+

state. This assumes the current tentative assignment in the literature is not correct. Regions are

indicated in panels (a) and (b) of Figure 7.7: the lower energy region corresponds to the expected

energy of a decay from the T = 1, 2+ state to the T = 0, 1+ state at 571 keV; the high energy

region corresponds to the expected energy for the E2 decay of the T = 1, 2+ state to the ground

state assuming the T = 1, 2+ state lies in the shaded area of Figure 7.6.

There are no peaks within the lower-energy region that is highlighted in panels (a) and (b) of

Figure 7.7. There is one peak with an energy of 977(2) keV in the higher energy highlighted region,

which has the right energy to correspond to the decay of the T = 1, 2+ state to the ground state.

If the 977 keV state is being directly populated and decaying to the ground state one would expect

that no other peaks to be in coincidence with it. A coincidence analysis (see Chapter 6 for details)

is shown in Figure 7.7, Panel (c) shows gamma gamma coincidence with the 784 keV peak which

is much lower in intensity than the 977 keV peak. The coincidence spectrum gated on the 977 keV

peak is shown in Figure 7.7, Panel (d), with no apparent coincidence peaks. As coincidence is seen

when gating on the much smaller 784 keV peak, it is expected that it would be seen when gating

on the much more intense 977 keV peak, if there is any significant coincidence. That there is no

coincidence observed when gating on the 977 keV lends credence to the idea of the 977 keV state

as the T = 1, 2+ state, decaying to the ground state.

7.2.5 Predicted decay path of the T = 1,Jπ = 2+ state

Shell model calculations were performed by S. M. Lenzi et al. [34] to both compare to the energies

of excited states in 62Ga and also to compare with the decay path of the T = 1, 2+ state. The

calculations were performed using ANTOINE with the LNPS interaction [33]. The results of the

calculations are shown in Figure 7.8. The calculations are in agreement with the experimentally

observed states, though not all of the predicted states have been observed. These calculations

are performed allowing for 5 excitations from the f 7
2

shell into other orbits, compared to the 6 (a

maximum of three protons and three neutrons) that were allowed for the NUSHELLX calculations

previously presented. It was not possible to either use the LNPS interaction with the NUSHELLX

code, or extract two-nucleon amplitudes from ANTOINE. Consequently, the knockout calculations

had to be performed using a different calculation.
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Figure 7.7: Panel (a) shows a Doppler-corrected gamma ray spectrum in coincidence with 62Ga
recoils populated by direct two-neutron knockout from 64Ga. The vertical lines show the expected
positions of the E2 and M1 decays from the T = 1, 2+ state based on the systematics - see text
for details. Panel (b) shows a gamma ray spectrum of 62Ga created by 1p2n removal from 65Ge.
Panels (c) and (d) are from gamma gamma coincidence analysis in the 1p2n channel: panel (c)
shows a (local-background-subtracted) spectrum of gamma rays in coincidence with the 784 keV
peak, Panel (d) shows a (local-background-subtracted) spectrum of gamma rays in coincidence
with the 977 keV peak. These spectra were created by gating on 65Ge or 64Ga data from the
A1900 and 62Ga data from the S800. Time cuts have been applied such as that in Figure 4 and a
FoM cuts of 0.8 have been applied.
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Figure 7.8: Panel (a), shows an energy level scheme depicting the gamma ray transitions observed
in two-neutron knockout from 64Ga to 62Ga, using untracked efficiency see text for details. Panel
(b) shows the predicted level scheme from shell model calculations, see text for details. The width
of transitions is proportional to the efficiency corrected intensity of the state, which is given in
table 6.1.

The presented LNPS shell model calculations have been used to calculate the B(M1) and B(E2)

for the two possible decays of the 977 keV state (to the ground state and 571 keV state) under

the assumption that this is the T = 1,2+ state. The calculations predict that the decay from the

T = 1,2+ state will be around 7 times stronger to the ground state than to the T = 0, 1+ state.

This calculation is consistent with that of Rudolph et al. in suggesting that the dominant decay

of the T = 1, 2+ state is expected to be to the ground state and not to the T = 0, 1+ state.

This decay pattern is different from that found in odd-odd N = Z nuclei in the f 7
2

shell, where

strong M1 transitions have been observed to compete with the E2. This has been interpreted in a

quasi-deuteron picture involving orbitals with j = l+ 1
2 [49, 50]. In the f 7

2
shell wavefunctions are

dominated by this single j = l + 1
2 orbital. Hence strong isovector M1 transitions are observed.

However, all the calculations presented suggest that this simple picture does not apply in the

mixed valence space around 62Ga. In addition, Srivastava et al. [62] recently published shell model

calculations in the full f 5
2
pg 9

2
model space for 62Ga and deformed shell-model calculations based

on Hartree-Fock intrinsic states in the same model space. The spherical shell-model calculations

show that the T = 1, 2+ state E2 decay to the ground state is about a factor of four stronger

than the M1 to the T = 0, 1+ state, when calculated using experimental energies. The deformed
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Table 7.5: Decay paths from the T = 1, 2+ state in 62Ga from literature.

Author B(E2) e2fm4 B(M1) µ2
N Branching Ratio of T 1

2
E2/M1

Lenzi [74] 0.039 226 5.3
Srivastava [62] 0.005 51.6 4
Rudolph [61] 0.038 4.26

calculations show that the E2 decay completely dominates. The relevant B(E2) and B(M1) values

are presented in Table 7.5.

7.2.6 Postulation on the T = 1, 2+ state in 62Ga

In the discussion presented in this section there is no firm conclusion on either the nature of the

states observed in the presented data, or on the nature of the T = 1, 2+ state. However, with

the circumstantial evidence presented so far it is possible to define all the possible situations that

would describe what has so far been experimentally observed, both in the literature and in data

presented in this thesis. The evidence being used upon is summarised in the next few bullet points:

1. The systematic energies of all known T = 1, 2+ states, which show an anomalous energy for
62Ga, 62Ge, or 62Zn. As the states in 62Ga and 62Ge have only been tentatively identified this

is taken as an argument that one has been misaligned. The argument that the 62Ge T = 1,

2+ state has been misaligned nullifies our argument, however as reasoned in Section 7.2.2 it

is more likely that the state has been misaligned in 62Ga.

2. Every presented shell model calculation (performed with a variety of valence spaces and

interactions) predicts that the T = 1, 2+ state in 62Ga will decay more strongly via an

E2 transition to the ground state, rather than an M1 transition to a 1+ state as has been

previously assigned.

3. Knockout cross section calculations clearly predict strong population of the T = 1, 2+ state

in 62Ga in the reactions presented. Though it is not possible to fully assess the accuracy of

such arguments the measured relative populations do match the predictions. This reaction

mechanism is the most likely of those used to populate the T = 1, 2+ state so it must be

taken in to consideration.

4. In the presented data a state is observed at an energy consistent with the TED systematics

for a T = 1, 2+ state decaying to the ground state.

5. In the literature there are now both 1+ and 2+ states that have been observed with an energy

of 1017 keV, and 1+ states with energies of 979 keV and 978 keV.

The possible conclusions are as follows:

A) Despite the systematics from item 1 the T = 1, 2+ state is at the energy previously identified

(1017 keV). This implies that the 977 keV state populated in this study was a T = 0, 1+ state,

and that the cross section calculations from item 3 are incorrect, which is plausible due to their

truncation. This conclusion would leave a question as to the deviation in the systematics.

B) The states previously observed at around 977 keV were the T = 1, 2+ state, in which case the

102



data presented in this thesis is in agreement with the literature. However, this means the tentative

assignment from Grodner et al. is incorrect. The work of David et al. suggests this is plausible

due to the large error bar on the presented assignment.

C) There are degenerate T = 1 2+, and T = 0 1+ states at around 977 keV. This assumes that

the previous assignment of the T = 1, 2+ state is incorrect. This conclusion fits all the available

data the best, but seems unlikely as despite the relatively large experimental error of the energy

for the state (2 keV) this is not in keeping with the level density.

It is not possible to speculate more than the presented conclusions. The work and discussion

in this thesis lends weight to conclusions B and C, and in the opinion of the Author option B

is the most likely. Regardless of speculation, the possible deviation from the systematics does

demonstrate a case for further experimental investigation of the low level structure of 62Ga.

7.3 65As

The ground state of the Tz = − 1
2 nucleus 65As has a proton separation energy of Sp = −90(80) keV .

As such, all excited states are expected to be proton unbound. One might expect deviation from

the isospin symmetry as discussed in Section 7.1. The only published excited state in 65As is a

tentative 5
2

−
state, proposed by Obertelli et al. [65].

The reactions used to populate 65As and 65Ge were one-neutron and one-proton knockout

from the 66As beam. In principle, mirrored knockout reactions should populate identical states

in the mirrored reaction products. In Chapter 2 it was discussed that the relative cross section

in knockout reactions is dominated by the spectroscopic factor between the initial state (in this

case a state in 66As) and the final populated state. From the principles of isospin symmetry it

is expected that the wavefunctions of states in 66As reveal identical behaviour for protons and

neutrons (assuming any non isoscalar forces are small enough to be considered as perturbations,

as has been the convention thus far). As previously stated, it is expected that a mirrored reaction

to mirror nuclei will populate a very similar selection of states with similar strength, assuming the

populated states in 65As and 65Ge are good IAS.

From conservation of angular momenta one can predict the states that could be populated in
65Ge/65As by knocking out f 7

2
, p 3

2
, f 5

2
, p 1

2
, or g 9

2
nucleons. In knockout from the ground state

of 66As it is possible to populate states with spins of 3
2

−
, 5

2

−
, 7

2

−
, and 9

2

+
; in knockout from the

5+ isomer in 66As (discussed further below in Section 7.3.1) it is possible to populate states of up

to 15
2

−
with negative parity and 19

2

+
with positive parity; and from the 9+ isomer (also discussed

below in Section 7.3.1) it is possible to populate positive parity states up to 27
2

+
, and negative

parity states up to 25
2

−

In Chapter 6 Figures 6.15a and 6.15b show the Doppler corrected gamma ray spectra for 65As

and 65Ge from the one-neutron and one-proton knockout reactions. The observed transitions in
65Ge have been previously identified as the 5

2

−
, 7

2

−
, 11

2

+
, 13

2

+
, 15

2

+
, 17

2

+
, and 19

2

−
states. The

positive-parity states populated all decay through a 9
2

+
state which has a 7 ns half life; as such

the decay from this state is not observed in the Doppler corrected spectra. The observed gamma

rays are shown in Figure 7.9

The populated states in 65Ge bear little resemblance to those populated in 65As. In the 65As

spectrum the previously observed 5
2

−
state is very strongly populated, and then no other state

103



Figure 7.9: Energy Level scheme showing the gamma rays observed in one-proton knockout from
66As to 65Ge.

with an obvious mirror partner is observed. The 5
2

−
state in the 65As spectrum is the strongest

feature. That no obvious analogues for the positive parity states in 65Ge are observed is a significant

deviation from the expected symmetry.

As there are no similar features in the 65As and 65Ge spectra, discussion in Sections 7.3.1

and 7.3.2 below detail the structure of relevant states in 65Ge and 66As to explain the observed

disparity. Section 7.3.3 then considers which states are expected to be populated, and what the

structure of those states means for observed strength.

7.3.1 Structure of initial states in 66As

In one-neutron knockout from the 0+ ground state of 66As it would be possible to populate up

to spins of 9
2

+
in 65Ge. As spins much higher than this are observed it is reasoned that the 66As

beam is in an isomeric state. There are two known isomers in 66As [90], a 5+ state with a half life

of 1.1 µs, and a 9+ state with a half life of 8.2 µs. Both of these half lifes are long enough that the
66As beam could be in an isomeric state at the target position. Grzywacz et al. have described

the structure of the 5+ isomer as πνf25
2

, and the 9+ isomer as πνg29
2

. Predominantly positive-parity
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states are populated in 65Ge, so knockout from the 9+ isomer is considered. This isomer must have

a strong g 9
2

component and to populate positive-parity states an even l nucleon must be knocked

out.

One can additionally look at the structure of states that would be populated in this one-proton

knockout reaction. If a g 9
2

proton is knocked out, then the populated state will likely have a large

component with a νg 9
2

structure. With no other excitation expected and assuming that the ground

states in 66As and 64Ge bear similarity one could expect the structure of the populated state to

be 64Gegs ⊗ νg 9
2
.

7.3.2 Structure of final states in 65Ge

The structure of the relevant states in 65Ge have been studied and interpreted by Hermkens et

al. [63]. By comparing energies of states in 65Ge to states in 64Ge they deduce that the 9
2

+
state

and many states that decay to it, are states in 64Ge coupled to a g 9
2

neutron. In particular the 9
2

+

state is characterised by 64Gegs ⊗ νg 9
2
. Hermkens et al. go on to explain that the chain of states

observed in this work are the 2+, 4+, and 5− states in 64Ge coupled to g 9
2

neutrons. In particular

the 19
2

−
must be described by 64Ge5− ⊗ πν(g 9

2
)2, as this is the only way to create a state of that

spin/parity with the available nucleons and orbitals. Additionally the 5
2

−
state is populated, which

is likely described by an f 5
2 neutron coupled to the ground state of 64Ge.

7.3.3 Explanation for the observed spectroscopic strength

As has been borne out of the previous two sections, the one-proton knockout reaction from the

9+ isomer in 66As to 65Ge is most likely to populate the states which are best described as single

particle g 9
2

states. An implication of isospin symmetry and the mirrored knockout reaction used

is that one can now predict the structure of the populated states in 65As.

The states populated in 65As in one-neutron knockout from the isomeric 9+ state in 66As are

expected to have a structure broadly described by 64Gegs⊗πg 9
2
. States described by 64Gegs⊗πg 9

2

will be populated when g 9
2

neutrons are removed from the isomer in 66As. However, that may not

be the case. If a f 5
2
, f 7

2
, or p 3

2
neutron is removed then the state populated will be described by

ν(l)−1 ⊗ νπ(g 9
2
)2 (a neutron hole in 64Ge coupled to an np g 9

2
pair.) This structure is identical

to the described structure of the 19
2

−
state in 65Ge in the previous Section. Therefore strong

population of the 19
2

−
state is expected. In knockout from the ground state of 66As one expects

to see states that have a significant f 5
2

or p 3
2

component such as the first excited 5
2

−
state.

In 65Ge both positive and negative-parity states are observed. However, in 65As only the

negative-parity states are observed. Several smaller features are present in the 65As spectrum

which have not been identified. However, they are not nearly as strong as the negative parity

states. To understand the disparity between the A = 65 spectra it may be simpler to consider the

relative population of the positive and negative-parity states. While this cannot be calculated due

to the low statistics it can be seen that 65As is missing the strength to the positive-parity states.

A possible explanation for the missing strength is proton emission from the 9
2

+
state in 65As. It is

worth noting in the comparison between the 5
2

−
state and positive-parity states in 65Ge that the

5
2

−
state is on the lowest edge of the spectrum. While a full peak appears to be observed it is not

possible to tell if some strength has been cut off by the low energy discriminator.
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All of the positive-parity states that are expected to be populated in 65As are described by a

single g 9
2

proton coupled to a state in 64Ge. All of the states are also proton unbound compared

to their equivalent state in 64Ge by around 1.3 MeV. However the 9
2

+
state is expected to gamma

decay slowly (from the 7 ns half life of the IAS). It is this longer half life that makes us consider

that proton emission now competes with the gamma decay. This situation is shown in Figure 7.10.
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Figure 7.10: Schematic description of the postulated proton emission from states in 65As also
depicting the postulated daughter states in 64Ge, these levels have been estimated using mirror
symmetry. The 65Ge IAS are also depicted. The states in 65Ge that are expected to undergo
proton decay are inside the blue box. 107



In the case of proton emission, it would likely happen shortly after the target position (to be

competitive with gamma decay). The nuclei would decay to 64Ge before arriving at the S800 focal

plane, and thus the gamma rays are not observed. There is no trace of the 65As gamma rays in

the 64Ge spectrum. This can be explained by the dramatic strength of 64Ge population compared

to 65As, as can be seen in the S800 PID plots.

In conclusion, a discrepancy is observed between the 65As and 65Ge spectra in mirrored knock-

out. While identical spectra are expected instead there is no positive-parity strength in 65As. This

has been interpreted as proton emission of a state that all the observed positive-parity states in
65Ge decay to. The state in 65Ge has a 7 ns half life, thus allowing for proton emission to compete.

Proton emission from 65As is not an unexpected result. 65As is part of a chain of Tz = − 1
2 nuclei

with unpaired protons where proton emission has been observed or used to describe spectroscopic

strength. 61Ga [91] and 58Cu [92] are the first two in the chain, and the speculative result here fits

with this trend. It is also possible that due to the comparatively weak binding of 65As the wave-

functions are no longer similar and the mirrored knockout arguments no longer apply. However,

there is currently no way to interpret this possibility.

7.4 63Ge and 63Ga

Despite the measurement of never before observed gamma ray transitions in both 63Ga and 63Ge

it has proven impossible to reach substantial conclusions. All of the discussion presented in this

section is tentative with no firm conclusion.

The main issue has been a lack of knowledge of 63Ga, which has been populated in the past

with fusion-evaporation experiments. However, knockout experiments have never been performed.

Thus the selection of states populated in 63Ga had not all been previously observed. In this study

it is not possible to draw conclusions on the spins and parities of newly populated states. So while

it may be possible to draw comparisons between observed transitions in 63Ge and 63Ga it does not

allow for the assignment of spins and parities or the construction of an MED with all of the newly

observed states.

7.4.1 63Ga

The gamma rays observed from 63Ga have a maximum spin of 13
2

+
. The ground state of 64Ga

is 0+. Directly populating such high spins states in 63Ga via knockout from a 0+ state in 64Ga

is impossible as it would violate conservation of angular momentum. 64Ga has a 2+ isomer at

42.85 keV with a half life of 21.9µs [93]. If this isomer is populated in the primary fragmentation a

large fraction of it would remain populated at the secondary target position as the beam velocity

is in excess of 100mµs . This would allow for knockout reactions from the isomer in the beam. A

further consequence of this mode of knockout is that to populate states with spins as high as 13
2

+

a g 9
2

nucleon must be removed.

A consequence of observing the removal of a g 9
2

neutron from a 43 keV state is that there must

be a significant g 9
2

component to that state. This g 9
2

component is an indication that around A = 63

the g 9
2

orbital has mixed with the fp orbitals. Such a result is unexpected as work performed by

Nichols et al. around A = 70 concluded that the g 9
2

orbitals do not play a significant role at that
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mass [94]. Nichols et al. used a recoil distance method experiment in inverse kinematics to extract

lifetimes of states. The lifetimes were compared to shell model calculations performed with the

Jun45 interaction (to include the g 9
2

orbital but no f 7
2

orbital), and GXPF1a to include the f 7
2

orbital and no g 9
2

orbital.

Many of the observed gamma rays from 63Ga had not been previously observed and additionally

some of the states they decay from do not have known spins and parities. As previously stated it

is not possible, however, to measure spins and parities in this study. It may be possible to use the

shell model to speculate on assignment of the observed states.

Figure 7.11: Experimental low-lying energy level scheme for 63Ga (middle) alongside shell model
predictions (either side). The shell model calculations have been performed in ANTOINE with the
GXPF1a interaction but different truncations (See text for details).

To try to understand the spectrum of observed states shell-model calculations were performed

using the GXPF1a interaction in the fp model space. The calculations are shown in Figure 7.11

alongside the low-lying level scheme from experiment. The calculations are labelled by their trun-

cation, four numbers that represent the relative cost for moving a particle from one shell to another

out of a defined limit. There is no limit on moving nucleons in a 0 shell to another 0 shell, or

nucleons in a 1 shell to another a 1 shell, but moving nucleons from a 0 shell to a 1 shell has a cost

of one and moving nucleons from a 0 shell to a 2 shell has a cost of two. Then a limit is defined

with all configurations considered as long as the cost for each configuration is lower than the limit.

Two truncations were investigated 0011 and 0122. These were chosen as they only restrict the

movement of nucleons from the filled shells to higher energy ones which should be less energetically

favourable. In the case of 0122 there is some further restriction to make it more difficult for f 7
2

nucleons to be moved to higher shells than p 3
2

nucleons. The 0011 calculation allows particles to
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freely move between the f 7
2

and p 3
2

shells, and costing one unit to move from that shell to the

f 5
2

or p 1
2

shells. In this calculation a total of 7 units are available. For 0122 it is cheaper for p 3
2

nucleons to move to f 5
2

or p 1
2

shells, costing 1 unit, where as it costs f 7
2

nucleons 2 units, and one

to move to the p 3
2
. In the 0122 calculation 12 units are available. A good indication to which

truncation provides a more realistic wavefunction is to consider the binding energies. The 0011

calculation has a ground state binding energy of -274.13 MeV, and the 0122 has a slightly lower

ground state binding energy of -274.17 MeV. This small (40 keV) difference demonstrates that

these calculations are comparable.

The same truncations used for the 63Ga calculation were investigated for 63Ge, a calculation

which is in the same space with the same number of nucleons (albeit isospin inverted). The

investigation should yield the same result as an investigation into the truncation performed on
63Ga. A series of calculations were performed with both the 0011 and 0122 method gradually

increasing the available number of excitations, the calculations predict the energy of the first

two 3
2

−
, 5

2

−
, 7

2

−
, and 9

2

−
states. The expectation is that once the number of excitations has

been increased sufficiently high, regardless of the truncation method used, each calculation will

show identical results. The identical results represent the best possible calculation with a given

interaction in a given valence space. Figures 7.12 and 7.13 show these truncation schemes with the

allowed number of excitations denoted by T. The results appear to show that the 0122 calculation

is closer to an ideal result with only ≈10 keV difference between the energy of states in the

final iterations, were as, for the 0011 calculation the difference is closer to ≈100 keV. The binding

energies obey a similar trend. It should be noted that due to the larger number of states calculated

it was not practical to calculate 63Ga in the largest truncation presented in this analysis. It was

performed with T = 7 in the 0011 method and T = 12 in the 0122 method. The 63Ga calculations

are thus provided with the caveat that the truncation is affecting the excitation energy of states.

The energies should not be viewed as accurate to more than ≈100 keV. It should also be noted

that the two different truncation methods will likely bias the calculated states however it is not

possible to assess to what extent this has affected the calculations.
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Figure 7.12: Results from shell model calculations performed in ANTOINE with the GXPF1a

interaction. Binding energies and excitation energies are shown of the first 3
2

−
, c = 5

2

−
, a = 7

2

−
,

and 9
2

−
state in 63Ge shown against the number of allowed excitations (denoted as T) in a 0011

truncation scheme.
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Figure 7.13: Results from shell model calculations performed in ANTOINE with the GXPF1a

interaction. Binding energies and excitation energies are shown of the first 3
2

−
, 5

2

−
, 7

2

−
, and 9

2

−

state in 63Ge shown against the number of allowed excitations (denoted as T) in a 0122 truncation
scheme.
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The experimental data matches the theoretical 63Ga calculations presented in Figure 7.11

very well. From the states observed via knockout, it has been surmised that there must be g 9
2

components to the relevant 64Ga wavefunctions. As the 63Ga calculation is performed only in the

fp space, it suggests that the g 9
2

components must not be significant. Because all of the calculated

states have roughly the same energy as their experimentally observed counterparts, the calculations

can be used to infer spins an parities of unidentified states. Three theoretical states are within

the region of three states that have been experimentally observed but do not have spin/parity

assignments (a, b, and c). These states are therefore likely to be b = 3
2

−
, c = 5

2

−
, and a = 7

2

−
.

7.4.2 A = 63 MED

The A = 63 MED was calculated with the method described in Chapter 2. The GXPF1a interaction

was used in the fp space with a 0011, T=7 calculation. The calculations are compared to the data

points in Figure 7.14 and a full description of the data used can be found in Chapter 6.
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Figure 7.14: Calculated and experimental MED. The components of the calculated MED are
shown, as is the sum of them both including and not including the Vcr term. The MED has been
calculated in ANTOINE using the GXPF1a interaction with a 0011 T = 7 truncation, see text for
details.

The theoretical MED shown in Figure 7.14 is calculated according to the methodology described

in Chapter 2. The full MED, i.e. the sum of the terms, is shown both including and not including

the Vcr term. The experimental MED data (though only two data points are available at 5
2

−
and

9
2

−
) are very small, at 1(2) keV and -5(2) keV. It is clear that the Vcr term fails, the experimental

data and all other theoretical terms have very low values. The Vcr term has values of above 100 keV

for all of the states calculated; this is explained fully in the following text alongside the other MED

terms.

The small MED values for the Vlls and Vcm terms can possibly be explained by the mixed

valence space. The wavefunctions of states in the calculations contain contributions from many
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configurations, not generally having one dominant configuration. With significant contributions

from many shells and configurations it is not surprising that the terms would average to approxi-

mately zero. Since different configurations will have both positive and negative contributions to the

MED, the more contributions the more likely they are to cancel out. In the presented calculations

it is expected that the J = 2 terms have little impact. The Vb term has been applied as it was for

work in the f 7
2

shell, with only (f 7
2
)2, J = 2 couplings affected. As the valence nucleons are in the

p 3
2 shell it is expected that the p 3

2
orbital is where most of the recoupling happens, with minimal

change in the f 7
2 shell. It is not surprising that the J = 2 term has little effect.
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Figure 7.15: Calculated occupancy of the p 3
2

orbitals reproduced from an isoscalar interaction with
the shell model. These occupations are from the calculations presented in Figure 7.14.

The Vcr term accounts for changing nuclear radii and deformation effects. This is the effect of

bulk radius change of the nucleus. The full calculation for the Vcr term is explained in Chapter 2.

The Vcr term is directly proportional to the p 3
2

occupancy relative to the ground state. Conse-

quently an explanation for the large Vcr term can be found by plotting the average occupation

of the p 3
2

orbital (for protons AND neutrons) in each state. It can be seen in Figure 7.15 that

the ground state has a different average p 3
2

occupation compared to all of the calculated excited

states, causing a large Vcr term. The Vcr term was tuned empirically in the f 7
2

shell where the

average occupation of the p 3
2

orbital is low. The poor fit of the Vcr term to the A = 63 MED is a

demonstration that this term does not function correctly when there are p 3
2

valence particles, as

any excitation to different orbitals causes an unusually large Vcr contribution.

Ignoring the Vcr term the corresponding values for the theoretical calculation are very low,
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summing to 8.2 keV and -0.6 keV respectively. This recreates both the general trend of the

experimental data as well as values to within 10 keV. Despite the low number of data points this

leads to one of two conclusions:

• A 0011 style calculation with T = 7 is not sufficient to accurately represent how the wave-

functions of low lying states in A = 63, |Tz| = 1
2 nuclei recouple to different angular momenta,

or;

• The Vcr term cannot be used without modification this close to the p 3
2

valence space.

Given that the Vcr term is fit to A = 41 data, and the assessment of the calculations used

(presented in Figures 7.12 and 7.13), it seems likely that the truth lies between the two presented

possibilities. Without fully trusting the presented calculations it is not possible to make firm

conclusions. No evidence so far is seen for the need for a J = 2 term to reproduce the low spin

A = 63 MEDs. It will be impossible to draw further conclusions until more experimental data can

be found for the A = 63 and surrounding sets of mirror nuclei. In particular, higher spin states

in the same band are needed, such that good comparisons can be made between states of similar

wavefunctions with recoupled angular momenta.
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Chapter 8

Conclusions and Future Work

Data has been presented from two experiments, both of which were performed at the NSCL facility

with the A1900+S800 setup. The only significant difference in the equipment used (beyond specific

settings) was the HPGe detector array. The first experiment used the SEgmented Germanium

Array, SeGA; whereas the second experiment used the Gamma Ray Energy Tracking In-beam

Nuclear Array, GRETINA.

The first experiment was performed using beams in the f 7
2

shell with the gamma ray analysis for
51Co and 51Cr presented in this thesis. The second experiment used beams in the upper-fp shell.

The calibration and analysis of the A1900 and S800 data is presented in addition to the gamma

ray analysis. The calibration of the A1900 and S800 data involved: the time alignment of signals

from scintillation detectors; calibrating the position sensitive CRDCs using runs where masks were

inserted in front of them; calibrating ion chamber segments; and optimising calibration coefficients

to cleanly identify recoils. Additionally, the gamma ray analysis included an investigation of

different coefficients and parameters to the tracking analysis such that ideal gamma ray spectra

were produced.

The results from these experiments are presented within the context of four different physical

topics:

• T = 1, 2+ state in 62Ga;

• A = 63 MED;

• A = 51 MED;

• proton emission from A = 65.

Despite the strength of the data, many of the results require assumptions about the physics

involved in order to be interpreted. The results prove intriguing however, and have already been

used to support proposals for further study. This Section will describe the conclusions of the

present work and give descriptions of possible future experiments which may achieve quantitative

conclusions.
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8.1 Proton emission

8.1.1 65As

Data was presented for mirrored one-nucleon knockout from 66As to 65As and 65Ge. Due to isospin

symmetry in such reactions a very similar selection of states is expected to be populated in each

of the resultant nuclei. However, the observed gamma ray spectra were notably different in both

channels. The gamma rays observed from 65Ge correspond to known transitions from either low

lying 5
2

−
states or states which have been previously described by a g 9

2
neutron coupled to states

in 64Ge [63]. In 65As gamma rays from the previously observed 5
2

−
state were observed. However,

no obvious identification was made for the other (weakly populated) states. The large difference in

observed strength can be explained by assuming that states in 65As decay by proton emission, as

they would be around 1.3 MeV proton unbound. A pure gamma decay of such states might have

half lifes of the order of nano seconds.

8.1.2 Future experiments to identify proton emitting states in neutron

deficient nuclei

In light of this work, and similar results from 57Co and 61Ga, a proposal was put forward to use a

new setup to study all these nuclei at the Argonne Tandem Linear Accelerator System (ATLAS)

facility at the Argonne National Lab. Experiment 1239 proposed by Dirk Rudolf was approved

to study 57Co with this method, and a subsequent proposal to study 61Ga and 65As was partially

approved. The experimental method uses fusion evaporation to populate proton emitting states

in the listed nuclei. A suite of detectors will be used to measure evaporated charged particles,

evaporated neutrons, and protons emitted from the states of interest. It will be possible to identify

the nucleus produced in the reaction by gating on the measured evaporated particles. Similarly,

by producing gamma gamma proton coincidence it will be possible to identify all proton emitting

states and place them in a level scheme. Figure 8.1, produced by D. Rudolf et al. for proposal

1239, details the new detector setup that will compliment Gammasphere [95], the neutron shell,

and the FMA [96].

Thirty Gammasphere detectors in the forward hemisphere will be replaced with neutron de-

tectors, while the Caesium Iodide (CsI) detectors of Microball, in combination with DSSDs will

identify charged particles. Emitted protons have distinct energies which should be lower than that

of evaporated protons, and thus will be stopped in the DSSDs and will not produce a signal in

Microball. Finally, the Fragement Mass Analyser (FMA) will be used to provide an additional

mass gate and ensure that clean spectra are obtained.

8.2 Mirror Energy Differences in the f 7
2

shell

8.2.1 A = 51 MED

The mirror nuclei 51Cr and 51Co were populated in fragmentation and knockout reactions in

addition to mirrored 1p2n, and 2p1n removal. The states populated in 51Cr are well known,

however, none of the states populated in 51Co have been previously observed. Mirror population

117



Figure 8.1: Setup proposed for experiment 1239 at the Argonne National Laboratory. The Mi-
croball [97] dector array, R1 to R9, will have the R4 ring of detectors removed. Replacing the R4
ring are two DSSDs, D1 and D2.

strengths and cross-section calculations were used to guide an analysis of the intensity of states in
51Co and construct a level scheme.

Based on the scheme an MED was plotted and compared to calculations. The calculated MED

did not fit well with the experimental data without an isospin non-conserving component. Both

positive isovector J = 2 and negative isovector J = 0 isospin non-conserving terms were used,

which accurately reproduces the data at low spin but deviate slightly at high spin. The latest

work on the subject of isospin non-conserving forces was presented which demonstrates that a

combination of J = 0, J = 2, J = 4, and J = 6 components are required.

8.2.2 Future work to elucidate isospin non-conserving effects

The approach to calculating an MED has been slowly constructed and the effects considered can

be divided into monopole and multipole terms. Monopole terms are those that depend only on

the number of nucleons occupying a shell, whereas multipole terms are those that depend on how

pairs of nuclei couple to different spin. One of the monopole terms, Vcr, has been empirically fitted

to the occupations of the p 3
2

orbitals.

With the advent of radioactive beam facilities it is now possible to measure the proton and

neutron occupancies for states in 41Ca and 41Sc as required to validate the calculations used to

determine the Vcr term. This validation would lend significant strength to the case that these

isospin non-conserving terms are a real effect rather than a feature of the model.

The Vcr term is proportional to both neutron and proton occupancies. A check can be performed

by calculating these occupancies for both pairs of a mirror doublet. As such, the four required

reactions would be:

• Neutron adding from 40Ca to 41Ca

• Proton adding from 40K to 41Ca
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• Proton adding from 40Ca to 41Sc

• Neutron adding from 40Sc to 41Sc

Such reactions could be achieved at the Argonne National Laboratory using Argonne In-flight

Radioactive Ion Separator (AIRIS) radioactive beams [98] and the HELical Orbit Spectrometer

(HELIOS) [99] spectrometer in a similar set up to reference [100].

8.3 Mirror Energy Differences in the upper-fp shell

8.3.1 A = 63 MED

63Ga was populated in one-neutron knockout from 64Ga. From the spins of populated states,

using conservation of angular momentum, it was deduced that the beam is at least partially in an

isomeric 2+ state. A new state was observed in 63Ga and a tentative assignment was made by

comparing the observed states to shell model calculations performed with the GXPF1a interaction

and two different truncations. An additional transition was also tentatively identified between the

443 keV state and the isomeric 5
2

−
state. This transition is key for identifying states in the mirror

nucleus, 63Ge.

States in 63Ge were populated in two-neutron knockout from 65Ge, and in 1p2n removal from
66As. At the time of writing the data gathered represents the only known data on 63Ge. The 1p2n

channel was compared to the mirrored channel, 2p1n removal to 63Ga. Some comparisons were

made between states in the reaction, enabling some mirrored transitions to be identified. By then

examining the two-neutron knockout channel four states were tentatively assigned.

Unfortunately, two of the assigned states have no known spins or parities either in 63Ge or the

mirror nucleus 63Ga. In this study it is not possible to measure spins and parities, and there is

no option to assign via mirror symmetry. As a result, the MED constructed contained only two

states. The MED was calculated using ANTOINE and the GXPF1a interaction, and compared to

the experimental data. The comparison clearly shows that all contributions are having a minimal

effect, most likely due to the mixed valence space. The exception to this is the Vcr term, with

calculations showing that in this valence space the term fails significantly. As the ground state has

a different average occupancy of the p 3
2

shell than the excited states (which are mostly based on

excitations from the p 3
2

to the f 5
2
) the magnitude of the term is artificially inflated. This study

clearly shows that while the p 3
2

orbital is a valence orbital the Vcr term should not be applied.

As all of the terms calculated in the theoretical MED are very small in magnitude (except the

Vcr), it is not possible to make a conclusion about the effect of the J = 2 anomaly or VB term, as

it is predicted to have a minimal effect in this case.

8.3.2 Further investigation of the 63Ge level scheme

One of the issues identified in the study presented in this thesis is that 63Ge was populated in

a different way from all previous experiments that have populated excited states in the mirror

nucleus, 63Ga. This raises the issue that knockout has probed different states, making mirror

symmetry assignments difficult.
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A proposed experiment [34] at Grand Accélérateur National d’Ions Lourds (GANIL) would

populate 63Ge using the fusion evaporation reactions: 40Ca(28Si,αn) and 40Ca(28Si,αp) reactions

at a bombarding energy of 120 MeV. The proposed detection method is to use the Advanced

GAmma Tracking Array (AGATA) [101] to detect gamma rays, the Neutron Wall [102] to detect

neutrons, and DIAMANT [103] to detect charged particles. DIAMANT and the N-Wall will be

used to identify 63Ge recoils, allowing for a clean gate on gamma rays from 63Ge. It is proposed

that 7 days of beam time with a 5 pnA beam will produce enough data to allow for construction of

gamma gamma matrices and a coincidence analysis with high enough statistics to identify states.

8.4 The T = 1, 2+ state in 62Ga

The systematics of TED for the known T = 1, 2+ states were presented. The systematics highlight

the anomalous behaviour of the TED for the A = 62 triplet. Data was presented for 62Ga from

two-neutron knockout from a 64Ga beam which was shown to be at least partially in an isomeric

state. Reaction cross-section calculations using two-nucleon amplitudes indicate that this reaction

should directly populate the T = 1, 2+ state. Calculations also indicate population of other

low-lying yrast states, from both the ground state and isomeric state in the beam. Gamma ray

data from 62Ga was also presented from an indirect 1p2n removal reaction from 65Ge. The 65Ge

reaction channel contained the same peaks as the two-neutron knockout channel, but presented

enough data that a coincidence analysis could be performed. Using the TED systematics as a

guide a state has been identified as a candidate for the T = 1, 2+ state. Furthermore, coincidence

analysis shows it likely decays directly to the ground state, in line with all published calculations.

However, an angular momentum/parity assignment could not be made for the state observed, and

previous work has already identified a state at a very similar excitation energy as a T = 0, 1+

state. It is possible there is doublet of transitions that cannot be experimentally resolved in this

study. The question of the A = 62 TED then remains open until a definitive identification can be

made for the T = 1, 2+ states in 62Ga.

8.4.1 Possible future experiments

Experiments have now been performed to populate states in 62Ga using knockout, β decay, and

fusion evaporation; none of these experiments was able to firmly identify the T = 1, 2+ state. It

is suggested that Coulomb excitation could be used to perform such an experiment. The primary

obstacle to such an experiment being the ability to produce a 62Ga beam with sufficient intensity.

8.5 Final Thoughts

Various nuclei have been studied in the fp shell through a combination of knockout and nucleon

removal reactions. The main conclusions are that:

• Isospin symmetry appears to hold even when states in one nucleus are as much as 1.5 MeV

unbound to proton emission, excepting the J = 2 anomaly.
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• The J = 2 anomaly is a needed effect in the f 7
2

shell in order to reproduce data. However,

recent in depth studies show that while the most significant required term is between the

J = 0 and J = 2 couplings, in fact terms are required at J = 0, J = 2, J = 4, and J = 6.

• The implication from the presented data that states in 65As undergo proton emission.

• A study of TED systematics is presented along side data from 62Ga, to tentatively produce

a new candidate for the anomalous T = 1, 2+ state in 62Ga.
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Appendix A

Particle Identification plots from

experiment 1
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Figure A.1: The particle ID of incoming beams is shown with the A1900 tuned to produce 54Fe.
The highest intensity strip is 54Fe.
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Figure A.2: The particle ID showing recoils from reactions with a 54Ni beam. 54Ni and the main
nucleus of interest, 51Co has been labelled.
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Figure A.3: The particle ID showing recoils from reactions with a 53Co beam. 53Co and the main
nucleus of interest, 51Co have been labelled.
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Appendix B

FindBeta code

//calculate the appropriate beta for a gamma-ray that is not found at the same energy in

both the 37 and 90 degree ring

//input the energy at 37 degrees, the energy at 90 degrees and the beta used to obtain

these values

int FindBeta(double E_zero_37, double E_zero_90, double Beta_in){

double E_gam_37 = E_zero_37 * TMath::Sqrt(1-Beta_in*Beta_in) / (1 - Beta_in*TMath::

Cos(TMath::DegToRad()*37));

double E_gam_90 = E_zero_90 * TMath::Sqrt(1-Beta_in*Beta_in) / (1 - Beta_in*TMath::

Cos(TMath::DegToRad()*90));

double Beta_new = Beta_in;

double E_zero_37_new = E_zero_37;

double E_zero_90_new = E_zero_90;

cout << "Starting ratio of E_zero_37 to E_zero_90 : " << E_zero_37 / E_zero_90 <<

endl;

cout << endl;

cout << "Beta_new" << "\t" << "E_0@37" << "\t\t" << "E_0@90" << "\t\t" << "E_0@37/

E_0@90" << endl;

while((E_zero_37_new / E_zero_90_new < 0.9999) || (E_zero_37_new / E_zero_90_new >

1.0001)){

E_zero_37_new = E_gam_37 * (1 - Beta_new*TMath::Cos(TMath::DegToRad()*37))

/ TMath::Sqrt(1-Beta_new*Beta_new);

E_zero_90_new = E_gam_90 * (1 - Beta_new*TMath::Cos(TMath::DegToRad()*90))

/ TMath::Sqrt(1-Beta_new*Beta_new);

if(E_zero_37 / E_zero_90 > 1.000001) Beta_new += Beta_in*0.0001;

if(E_zero_37 / E_zero_90 < 0.999999) Beta_new -= Beta_in*0.0001;

cout << Beta_new << "\t" << E_zero_37_new << "\t\t" << E_zero_90_new << "\t

\t " << E_zero_37_new / E_zero_90_new << endl;

if(Beta_new > 0.60){
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cout << "\n\nBeta greater than 60% c, there is a problem" << endl;

return 0;

}

else if(Beta_new < 0.0){

cout << "\n\nBeta less than 0% c, there is a problem" << endl;

return 0;

}

}

cout << endl;

cout << "The correct Beta value is: " << Beta_new << endl;

cout << "This gives a gamma-ray energy of: " << E_zero_90_new << endl;

cout << "Determining the approprate Z and Beta for the Gamma of interest" << endl;

cout << "Output is to histograms Beta_Z_E_diff and Beta_Z_E, and file tmp.dat" <<

endl;

FindZandBeta(E_zero_90_new, Beta_new);

return 1;

}

//input is the experimentally measured energy of a gamma-ray and the beta at which the 37

and 90 degree ring aligned for the inputed gamma-ray

int FindZandBeta(double E_exp, double Beta){

int Z_00 = -250; // assume interaction is at the centre of the target

double Z_0;

double Beta_in = Beta;

//Calculate the measured gamma-ray energy at 37 and 90 degrees

double E_exp_37 = E_exp * TMath::Sqrt(1-Beta*Beta) / (1 - Beta*TMath::Cos(TMath::

DegToRad()*37));

double E_exp_90 = E_exp * TMath::Sqrt(1-Beta*Beta) / (1 - Beta*TMath::Cos(TMath::

DegToRad()*90));

//initialise some variables to be used later

double Theta_corr_90 = 90.0*TMath::DegToRad();

double Theta_corr_37 = 37.0*TMath::DegToRad();

double a = 0.0;

double E_corr_37 = 0.0;

double E_corr_90 = 0.0;

//initialise the constants

double X_tg_sega = 2e2; // distance between target and sega in mm;

//create spectra

TH2F *Beta_Z_E_diff = new TH2F("Beta_Z_E_diff","Beta vs Z : Energy difference @ 37

and 90",1000,0,1000,500,-250,250);
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TH2F *Beta_Z_E = new TH2F("Beta_Z_E","Beta vs Z : Energy @

90",1000,0,1000,500,-250,250);

//save data to tmp.dat

ofstream data;

data.open("tmp.dat");

//scan the range from -0.0500 below the calculated beta

Beta = Beta - 0.0500;

//scan the range to +0.0500 above the calculated beta

for(int i = 0 ; i < 1000 ; i++){

//while(Beta < Beta_in + 0.0500){

Z_00 = -250;

data << "Z_0" << "\t" << "Beta" << "\t" << "Theta_corr_90*TMath::RadToDeg()

" << "\t" << "Theta_corr_37*TMath::RadToDeg()" << "\t" << "E_corr_37"

<< "\t" << "E_corr_90" << endl;

while(1){

Z_00++;

Z_0 = Z_00/10.0;

if(Z_00 > 250){

//cout << "Beta = " << Beta << endl;

//cout << "reached end of target, no solution possible" <<

endl;

break;

}

//do the geometric manipulation

//assume the detectors at 20 cm from the target position, you will

need to validate this assumtion.

if(Z_0 == 0){

Theta_corr_90 == 90*TMath::DegToRad();

Theta_corr_37 == 37*TMath::DegToRad();

}

else if(Z_0 < 0){

Theta_corr_90 = -1 * TMath::ATan(X_tg_sega/Z_0);

a = TMath::Sqrt(X_tg_sega*X_tg_sega+Z_0*Z_0-2*Z_0*X_tg_sega*

TMath::Cos(37.0*TMath::DegToRad()));

Theta_corr_37 = TMath::Pi() - TMath::ACos((X_tg_sega*

X_tg_sega-a*a-Z_0*Z_0)/(-2*a*Z_0));

}

else{

Theta_corr_90 = TMath::Pi() - TMath::ATan(X_tg_sega/Z_0);
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a = TMath::Sqrt(X_tg_sega*X_tg_sega+Z_0*Z_0-2*Z_0*X_tg_sega*

TMath::Cos(37.0*TMath::DegToRad()));

Theta_corr_37 = TMath::Pi() - TMath::ACos((X_tg_sega*

X_tg_sega-a*a-Z_0*Z_0)/(-2*a*Z_0));

}

//calculate the new energies

E_corr_37 = E_exp_37 * (1 - Beta*TMath::Cos(Theta_corr_37)) / TMath

::Sqrt(1-Beta*Beta);

E_corr_90 = E_exp_90 * (1 - Beta*TMath::Cos(Theta_corr_90)) / TMath

::Sqrt(1-Beta*Beta);

data << Z_0 << "\t" << Beta << "\t" << Theta_corr_90*TMath::RadToDeg

() << "\t" << Theta_corr_37*TMath::RadToDeg() << "\t" <<

E_corr_37 << "\t" << E_corr_90 << endl;

if((E_corr_90-E_corr_37) > 0.0) Beta_Z_E_diff->Fill(i,Z_0,E_corr_90-

E_corr_37);

if((E_corr_90-E_corr_37) < 0.0) Beta_Z_E_diff->Fill(i,Z_0,E_corr_37-

E_corr_90);

if((E_corr_90-E_corr_37) < 0.1 && (E_corr_90-E_corr_37) > -0.1)

Beta_Z_E->Fill(i,Z_0,E_corr_90);

}

Beta+=0.0001;

data << "------------------------------------------" << endl;

data << endl;

}

data.close();

return 1;

}
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Appendix C

Particle Identification plots and

spectra from experiment 2
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Figure C.1: Spectrum taken from 1p2n removal from 65Ge to populate states in 62Ga. The blue
spectrum has a correct Doppler correction, the β used to Doppler correct the red spectrum is not
correct.
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Figure C.2: Peak width plot for the 1521 keV transition in 62Zn, for all data. The Z axis (colour)
shows the σ from the gaussian fit equation in units of keV.
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Appendix D

Possible evidence for the radiative

electron capture

During the analysis of data from the second experiment presented in this thesis it was noticed that

there are unknown distributions in both A1900 and S800 PID spectra. In the main analysis gates

are created to avoid thesis data such that they are irrelevant. In this appendix we provide evidence

that these are radiative electron capture.

Figure D.1 demonstrates the A1900 PID plot, the REC distribution is highlighted by a 2D

gate. A projection from this gate is shown in Figure D.2. This plot varies from those seen in the

main analysis: the pattern of repeating loci, coresponding to different nuclei is faded; the majority

of the data lies in one intense distribution.

The gamma ray spectrum gated on this distribution is shown in Figure D.3. In the case of

radiative electron capture a gamma ray is expected at an energy of EREC = EKin +EBind where

EBind is the binding energy of a k-electron and EKin is the kinetic energy of an electron travelling

at the beam velocity. At these beam velocities EKin ≈ 25 keV. The binding energy for Gallium

is 10.367 keV. These figures do not match the spectrum shown in Figure D.3, however, to have

made it through the S800 this data must correspond to the edge of a momentum distribution, and

a different β may apply.
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Figure D.1: A1900 PID plot from the Second experiment. The REC distribution is highlighted by
a 2d gate.
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Figure D.2: S800 PID plot gated on the gate shown in Figure D.1.
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Figure D.3: Doppler corrected gamma ray spectrum gated on the highlighted distribution in Fig-
ure D.1
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