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Abstract

The hyperfine spectra of odd-A Zn (Z = 30) isotopes from N = 33 − 49 have been mea-

sured using collinear laser spectroscopy at the COLLAPS (COLlinear LAser sPectroScopy)

experiment at ISOLDE, CERN. From the hyperfine spectra, nuclear spins I, magnetic dipole

moments µ and spectroscopic quadrupole moments Qs were determined across the Zn isotope

chain, with isotopes ranging from stability to neutron-rich nuclei approaching N = 50. The

4s4p 3P o
2 → 4s5s 3S1 atomic transition was probed using a CW laser tuned to 481.1873 nm

wavelength, and allowed for maximal sensitivity to the nuclear spin in order to unam-

biguously confirm the ground and isomeric state spins of 73−79Zn. The nuclear moments

of Zn isotopes were determined using the reference isotope 67Zn and the hyperfine coeffi-

cients A(3P2) = +531.987(5) MHz and B(3P2) = +35.806(5) MHz, and reference moments

µ = +0.875479(9)µN and Qs = +0.122(10) b, the latter of which is introduced in this work

based on new electric field gradient (EFG) calculations.

The nuclear moments are compared to predictions from large-scale shell model calculations

in the f5pg9 (JUN45 and jj44b) and pfg9d5 (A3DA-m and LNPS-m) model spaces. The

improvement of magnetic dipole moment predictions from JUN45 over those from A3DA-m

and LNPS-m as N = 50 is approached points to the persistence of the N = 50 shell gap

in neutron-rich Zn isotopes. Regarding quadrupole moments, the close agreement between

measured Qs values and A3DA-m predictions beyond N = 40 highlights the importance of

the νd5/2 orbital for characterising quadrupole deformation.

The hyperfine structure of the newly-discovered isomer in 79Zn with tentatively assigned
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ABSTRACT

spin-parity of Iπ = 1/2+ has been directly observed for the first time in this work. In order

to reproduce its measured nuclear properties, a novel interaction with an extended model

space, PFSDG-U, is developed to understand the contributions to the nuclear wave function

from np-mh excitations across the N = 50 shell closure.
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Collinear Laser Spectroscopy The experimental method by which electronic transitions

within atoms or ions are probed by a continuous wave laser beam that is parallel (or

collinear) to a fast atom/ion beam.
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+10kV.

Hyperfine structure The splitting of atomic energy levels due to the interaction of nuclear

electromagnetic moments with the magnetic and electric fields generated by electrons.
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beam facility that is dedicated to the production, study and research of exotic nuclei.
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Chapter 1

Nuclear Structure from Laser

Spectroscopy

In the early 19th century, John Dalton coined the term “atom” to describe the “indivisible”

particle that formed each chemical element. It wasn’t until the late 1890’s that physicists

confirmed atoms were in fact made up of smaller constituent particles, or subatomic particles,

after the discovery of the negatively-charged electron by J.J. Thomson [1]. Attention then

switched to producing a model that could describe the internal structure of the atom. This

search gave rise to the field of nuclear physics. The “plum pudding model” of the atom,

proposed by J.J. Thomson in 1904 [2], hypothesised that electrons were distributed within a

positively charged region of space, thus producing neutral atoms. The work of Ernest Ruther-

ford, who had earlier been under the supervision of J.J. Thomson in 1904, and his students

in 1911 on the eponymous Geiger-Marsden experiments [3] revealed a different picture. By

firing α-particles at a gold foil and detecting the scattering angle, it was determined that

most α-particles passed straight through the foil while a tiny fraction were deflected back

at angles > 90◦. This lead to the conclusion that small volumes of positive charge existed

within the gold foil that were separated largely by empty space. These findings formed the

basis of the Rutherford model of the atom which placed a positively charged nucleus at the
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centre, where the majority of the atomic mass was concentrated, with the surrounding area

consisting of a “cloud” of electrons. A couple of years later Niels Bohr would refine this

model, with his Bohr model of the atom [4] stating that electrons must orbit the nucleus

in discrete energy levels as opposed to existing in within an energy continuum around the

nucleus. In the following decades, intense interest in solving the puzzle of the atomic nucleus

lead to further fundamental discoveries, including the existence of the proton in 1919 [5] and

neutron in 1932 [6], collectively referred to as nucleons, as constituent particles of the nucleus.

In 1914, the Bohr model received experimental justification from the Franck-Hertz exper-

iment [7, 8]. Here energetic electrons that passed through a mercury vapour lost a specific

energy (∼ 4.9 eV) corresponding to an electron excitation, while light detected from the

vapour had a wavelength corresponding to the ∼ 4.9 eV lost from the initial electron (by

E = hc/λ). This confirmed the discrete nature of electron orbits in atoms and one of the

first measured spectral lines for an individual atomic transition. However, around the time

of the discovery of the neutron, physicists were attempting to describe the phenomenon of

the “splitting” of its spectral line into multiple components. This was discovered in 1892 by

Albert A. Michelson [9] in the spectra of mercury and thallium. The first physical interpre-

tation of this phenomenon was not published until 1924 [10] when Wolfgang Pauli suggested

that hyperfine structure arises due to the coupling of a nuclear angular momentum with the

angular momentum of electrons to form a resultant angular momentum. By 1935 the under-

standing of hyperfine structure had improved greatly due to the the work of Enrico Fermi [11]

and Hermann Schüler. They stated that the hyperfine interaction consisted of magnetic and

electric components, leading to the splitting of single energy levels into multiple levels that

each have different couplings of nuclear and electron angular momenta. It is transitions be-

tween these shifted levels that produce the additional spectral lines observed experimentally.

Our understanding of hyperfine structure has continued to improve; the measurement of hy-

perfine spectra is an important tool for determining the isotope shifts, nuclear moments and

nuclear spins of nuclei. The development of an experimental technique to probe the hyperfine

structure of atoms therefore became a priority.

2
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One experimental method that allows the nature of atomic energy levels to be understood

is optical spectroscopy. The technique is based on the detection of electromagnetic radiation

absorbed by or emitted from atoms that have resonantly interacted with light. Perhaps the

most notable advance in optical spectroscopy occurred in the early 1970’s when the tunable

laser was first introduced. The ability to finely tune the output wavelength of laser light

facilitated the identification and study of atomic transitions via laser spectroscopy. As laser

technology advanced, the power of lasers increased, tunable wavelength ranges increased

and, most importantly for the study of hyperfine structure, laser linewidths decreased. The

combination of these properties of modern lasers meant that laser spectroscopy provided an

ideal method by which the small perturbations to atomic energy levels could be probed. In

the context of nuclear physics, laser spectroscopy provides model-independent measurements

of the nuclear moments, nuclear spins and isotope shifts for the ground and long-lived isomeric

states of nuclei. Additionally, the technique can be used to discover long-lived isomeric states.

The measurement of nuclear properties of stable (or long-lived) nuclei have long been

accessible by a wide variety of experimental techniques, meaning these properties are well

understood. However, given that the majority of nuclei lie far from stability and have un-

known properties, there was great interest in developing facilities to study more exotic nuclei.

This lead to the emergence of Radioactive Ion Beam (RIB) facilities for the production of

radioactive nuclei in large quantities. In order to study these short-lived nuclei effectively,

RIB facilities have been developed to produce nuclei in reactions, extract them efficiently

and electrostatically transport them in a sufficient quantity before they decay. As a result,

laser spectroscopy at RIB facilities can probe short-lived states directly, with measurable

state lifetimes at the order of milliseconds. Continual developments at these facilities have

increased the sensitivity of the laser spectroscopy technique, with the ion cooler-buncher pro-

viding bunched ion beams to experiments being the most notable modern advancement. By

increasing the number of isotopes measurable via laser spectroscopy experiments, the evo-

lution of nuclear structure with changing neutron number can be understood over a greater

uninterrupted range. By measuring more and more isotope chains, whole regions of the

3
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nuclear chart can be mapped and regions of interest for future studies can be uncovered.

1.1 This Work

The main body of this thesis will focus on the analysis of experimental data in the form of

hyperfine spectra of Zn (Z = 30) isotopes obtained from the COLlinear LAser sPectroScopy

experiment COLLAPS at ISOLDE, CERN. By analysing the hyperfine spectrum of an iso-

tope, its nuclear spin I, magnetic dipole moment µ and spectroscopic quadrupole moment

Qs can be determined. The measurement of these quantities across the Zn isotope chain

will provide information on the evolution of nuclear structure as N changes. The Zn isotope

chain so far remains incomplete with regards to these quantities, with the values of µ, Qs

and I determined from other experiments prior to this work shown in Table 1.1. Regarding

nuclear electromagnetic moments, µ remains unknown for the ground states of 69−79Zn and

the isomeric states of 73−79Zn, while Qs is yet to be determined for 71−79Zn. The nuclear

spin I for the ground and isomeric states of 73−79Zn have only been tentatively assigned

based on inferences from decay spectroscopy experiments. Since laser spectroscopy provides

an absolute measurement of the nuclear spin, this work will unambiguously assign spins to

these states and therefore also higher lying states based on nuclear decay data.

To collect all the relevant data for these isotopes, we adopt the collinear laser spectroscopy

technique (see Chapter 4 for more information) at the COLLAPS beam line at ISOLDE,

CERN. The already successful collinear laser method and its application at ISOLDE has

advanced in the past decade with the addition of the ISCOOL radio frequency quadrupole

(RFQ) cooler and buncher [12]. The delivery of temporally well-defined ion bunches to

the COLLAPS setup is the primary advantage of ISCOOL, with bunched beams leading

to background suppression in hyperfine spectra of the order of ∼ 104. A reacceleration

voltage is applied to the cooled ion bunches to reduce longitudinal velocity spread induced by

kinetic energy spread, thus reducing the broadening of spectral lines [13] and increasing the

resolution of peaks in the spectrum. The combination of ion beam cooling and acceleration

4
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Table 1.1: Literature values of µ, Qs and I for the ground and isomeric states from 63−79Zn.
Tentatively assigned nuclear spins are shown in parentheses along with the references they
are taken from, while all µ and Qs values are taken from [14].

A I µlit(µN ) Qs,lit(b)

63 3/2 −0.28164(5) +0.29(3)
65 5/2 +0.7690(2) −0.023(2)
67 5/2 +0.875479(9) +0.150(15)

+0.8752049(11)
69 1/2 — —
69m 9/2 1.157(2) −0.51(5)
71 1/2 — —
71m 9/2 1.052(6) —
73 (1/2) [15] — —
73m (5/2) [15] — —
75 (7/2) [16] — —
75m (1/2) [17] — —
77 (7/2) [18] — —
77m (1/2) [18] — —
79 (9/2) [19] — —
79m (1/2) [19] — —

voltage means collinear laser spectroscopy provides a high-resolution method with excellent

background suppression for the measurement of hyperfine structure.

In short, this work will aim to extend the known values of µ, Qs and I in odd-A Zn isotopes

to 79Zn. These values for the ground and isomeric states of 73−79Zn will be measured for the

first time, while the values for 63−71Zn will be also measured in order to assess the accuracy

of literature values and our analysis process. The general structure of this thesis will outline

the background theory, the experimental techniques and results in the following order:

• Chapter 2 - description of how the hyperfine splitting of atomic levels occurs and how the

resulting hyperfine structure can be observed via atomic spectra. The way in which the

nuclear spin I, magnetic dipole moment µ, spectroscopic quadrupole moment Qs and

mean-square charge-radius 〈r2〉 are extracted from a hyperfine spectrum is explained.

• Chapter 3 - explanation of the nuclear shell model and how it can be used to pro-
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vide estimates of observable nuclear properties. A number of large-scale shell model

interactions are also introduced that will be used in the discussion section in Chapter 6.

• Chapter 4 - detailed outline of RIB production at the ISOLDE facility (CERN) and

the collinear laser spectroscopy experiment COLLAPS at ISOLDE.

• Chapter 5 - explanation of the data analysis process used to determine nuclear properties

from hyperfine spectra of Zn isotopes. In this chapter the ground and isomeric state

nuclear spins of 73−79Zn will be confirmed, and the final electromagnetic moments for

63−79Zn stated.

• Chapter 6 - the measured low-lying spin states and electromagnetic moments for 63−79Zn

will be compared to large-scale shell model interaction predictions.

• Chapter 7 - summary of the experimental work completed, the nuclear properties ex-

tracted from spectra and the implications of the results.

1.2 Physics Motivation

In terms of its position in the nuclear chart, Zn proves an appealing prospect for further

examination due to its proximity to the Z = 28 shell closure. As the first even-Z element

after Ni (Z = 28), the odd-N isotopes provide the first glimpse of neutron dominated nuclear

structure beyond the shell closure and how quickly it develops from stability. The broad

range of isotopes available for study in the Zn chain, particularly on the neutron-rich side,

also provides a chance to investigate the N = 50 shell gap. The Zn chain is rare in this

aspect as the stability of the Z = 28 and N = 50 shell closures can be simultaneously

tested. Experimental results can be compared to predictions from shell-model interactions

with varying model spaces, ranging from those with excitations limited to orbitals between

N,Z = 28 − 50 to those extending beyond these shell closures. This variation in model

space will allow informed conclusions to be reached regarding the stability of the Z = 28 and

N = 50 closures, and hence the potentially doubly magic nature of the neutron-rich nucleus

6
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78Ni [20, 21]. This nucleus is the most exotic proposed doubly magic nucleus (in terms of N/Z

ratio) and presents a challenge experimentally as it is difficult to produce at RIB facilities.

This isotope has garnered great interest from numerous branches of physics, including nuclear

theorists due to the challenging model space required to describe its nuclear properties, and

astrophysicists as 78Ni is an important waiting point in the astrophysical r-process [22].

It is predicted that the filling of the νg9/2 orbit will reduce the spin-orbit splitting between

the πf7/2 and πf5/2 levels and hence the Z = 28 shell gap by means of the tensor interac-

tion [23]. Collinear laser spectroscopy experiments on Cu [24, 25] (Z = 29) and Ga [26]

(Z = 31) revealed a ground state spin change beyond the N = 40 sub-shell closure as neu-

tron number increases. This effect is attributed to the tensor interaction which causes the

lowering of the πf5/2 orbital below πp3/2 as νg9/2 is filled, resulting in a ground state spin

change from 3/2− to 5/2− between 73
29Cu44 and 75

29Cu46 and also between 79
31Ga48 and 81

31Ga50.

Since Zn lies between Cu and Ga in terms of proton number, the determination of this level

inversion in Zn will reveal the Z-dependence of this effect, although the fact that Zn is an

even-Z nucleus means the inversion will have to be inferred from shell-model predictions as

the effect on measurable quantities will be extremely subtle.

An isomeric state in 79Zn with a tentatively assigned spin-parity of 1/2+ has recently been

discovered [19]. The spin-parity assigned to this state suggests the unpaired neutron must

occupy an orbital that lies beyond the N = 50 shell closure, hence the isomer is expected to be

intruder in its nature. The lowering of the 1/2+ intruder level has be tracked through N = 49

isotones from 87
38Sr to 81

32Ge [27], and has since been measured in 79Zn along with the 5/2+

intruder level [19]. By measuring its hyperfine structure, the nuclear spin and magnetic dipole

moments of the isomer can be determined, while comparisons to shell model calculations can

shed light on the dominant wave function configurations and hence the orbital in which

the unpaired neutron lies. A recently developed interaction, named PFSDG-U [28], will be

adopted here as its neutron valence space extends beyond the aforementioned interactions to

include the full sdg-shell (N = 40 to N = 70). The interaction can also be utilised further

to provide a theoretical estimate of the N = 50 shell gap, and hence an insight into its much

7



CHAPTER 1. Nuclear Structure from Laser Spectroscopy

studied robustness in 78Ni and in surrounding nuclei [28, 29, 30, 31].
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Chapter 2

Atomic Spectra

The measurement of nuclear properties is required for understanding how nuclear structure

develops across the chart of nuclides. Laser spectroscopy provides one such method by which

these properties can be obtained experimentally. These properties, including nuclear spin,

magnetic dipole moments, spectroscopic quadrupole moments, and isotope shifts, and how

they relate to the hyperfine structure of spectral lines will be outlined in this chapter.

2.1 Fine Structure

Prior to discussing the splitting of spectral lines into fine and hyperfine levels, we must first

look at the gross structure of an atomic transition. The gross structure of atomic energy levels

consists of discrete states of different principal quantum number, n, as described by the Bohr

model of the atom. The excitation of an electron, assumed to have no spin, between two such

energy states and its subsequent de-excitation reveals this structure through the detection

of an emitted photon, whose energy corresponds to the difference in energy between the two

electronic states and is characteristic of a given transition in the atom. The discrete energy

of this excitation is referred to as a spectral line. Fine structure manifests as the splitting of

these spectral lines due to the different couplings of the individual electron spin, s, and its

subsequent coupling with the orbital angular momentum, l, to form the total electron angular

9



CHAPTER 2. Atomic Spectra

momentum, j. In the LS coupling scheme the individual electron spins, si, are summed over

the number of electrons in the atom i to form the total electron spin S, and similarly the

individual orbital angular momenta, li, is summed over i to give the total orbital angular

momentum L. The coupling of L and S then gives the total angular momentum J of the

atom. Alternatively, in the jj coupling scheme li and si couple to give an individual total

angular momentum ji. These then couple together to form the total angular momentum

J of the atom. These couplings along with the inclusion of the spin-orbit interaction leads

to the difference between the fine structure and the gross structure, and work to lift the

degeneracy of orbital angular momentum states into levels with total angular momentum J .

The resulting level structure can be probed with laser spectroscopy, whereby monochromatic

photons from the laser are tuned to the specific excitation frequency of a transition between

two states within the atom, hereafter referred to as the resonant frequency. After excitation,

the atom de-excites to a lower energy state and emits a photon as a result of spontaneous

emission, which can be counted.

Since the energy levels within multi-electron atoms are not only dependent upon the elec-

tron configuration but also the total angular momentum, they are commonly denoted by a

shorthand description of the total angular momentum quantum numbers (which are capi-

talised when there are contributions from many electrons) when referred to in spectroscopy.

This simplified notation is widely used to characterise the levels involved in atomic transitions

in both neutral atoms and charged ions.

In the LS coupling scheme each level is described by its electron configuration (starting

from the previous inert gas), a term symbol and its total angular momentum J , all of which are

isotope independent for a given element. The term symbol portrays the total spin quantum

number S and the total orbital quantum number L followed by the total angular momentum

quantum number J in the form 2S+1LJ , where L is written as the letter corresponding to the

electron orbital (S,P,D,F...). For a given L and S the number of possible states of J is given

by the spin multiplicity of 2S + 1 when L > S. For L < S, the number of J states is 2L+ 1.

In either case, J can take on any value within the range of J = L+ S,L+ S − 1, ..., |L− S|.

10



CHAPTER 2. Atomic Spectra

The lowest-lying energy levels in neutral Zn atoms are shown in Table 2.1. Taking the

excited state 3d104s4p 3P o
2 as an example, the electron configuration beyond that of the inert

gas Ar is displayed as 3d104s4p while for the ground state it is 3d104s2. Hence the excited

state is dominated by an electron excitation from a 4s orbit to the 4p. The spin state is a

triplet as denoted by the superscript ‘3’, and so S = 1 (2S + 1 = 3), the atomic orbital P

indicates that L = 1 and its subscript ‘2’ represents the J value. The secondary superscript

‘o’ signifies an odd-parity term symbol due to an odd number of electrons in an odd-parity

orbital (i.e. p, f, h, ...). The energy of these levels is given in units of cm−1 and the difference

between these quantities represents the frequency to which the laser must be tuned to probe

a transition between two atomic levels, referred to as the wavenumber. Quantum states are

subject to selection rules that constrain the allowed transitions in an atom based on the

transition multipolarity (Eλ/Mλ corresponding to either electric or magnetic transitions).

In the case of electric dipole transitions (E1) between atomic states, the selection rules of

∆J = 0, 1 and J = 0 9 J = 0 apply and so must be considered when selecting the upper

and lower levels for spectroscopy. These transitions can be found for a range of elements in

datasets compiled from experimental results, such as the Kurucz [32] or NIST [33] databases.

Table 2.1: Atomic energy levels in neutral Zn nuclei in terms of their electron configuration,
total angular momentum quantum numbers, and energy relative to the ground state [33].

Configuration Term J Level (cm−1)

3d104s2 1S 0 0.000
3d104s4p 3P o 0 32 311.350

1 32 501.421
2 32 890.352

3d104s4p 1P o 1 46 745.413
3d104s5s 3S 1 53 672.280
3d104s5s 1S 0 55 789.228
3d104s5p 3P o 0 61 247.904

1 61 274.455
2 61 330.891
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2.2 Hyperfine Structure

Beyond the scale of fine structure, a phenomenon occurs due to the electromagnetic field

generated by atomic electrons at the site of the nucleus and its interaction with the nuclear

spin and moments. This effect produces small shifts in the energy of electron states, the scale

of which is ∼ 103 smaller than that of fine structure, and is therefore referred to as hyperfine

structure. In terms of quantum numbers, the interaction is defined as the coupling of the

nuclear spin, I, and the total electron angular momentum, J , to form the total (electronic plus

nuclear) angular momentum, F , that would otherwise be degenerate without any perturbative

effects. Analogous to the case discussed earlier for J , the number of F states is dictated by

the values of I and J , both of which must be greater than zero. If I > J , there are 2J + 1

possible F values, while the reverse produces 2I + 1 values. The range of possible F values

is analogous to those discussed earlier for J , with F = I + J, I + J − 1, ..., |I − J |. In the

instance that I = 0 for a given state, as is seen in, for example, the ground states of all

even-even nuclei due to the tendency of nucleons to couple pairwise to zero, there will only

be one observable transition between the single hyperfine states of the upper and lower levels.

This produces a distinct hyperfine spectrum with only a single transition peak.

Atomic electrons experience a potential generated by the nucleus, which is comprised of

numerous components

V = Vmonopole + Vdipole + Vquadrupole + Voctupole + ..., (2.1)

where the monopole term represents the Coulomb-like potential that determines the electron

energy levels. The additional components, referred to as ‘multipoles’, are responsible for

smaller perturbations to the hyperfine energy levels produced by the monopole term, the

effects of which decrease with increasing term order (as 1/rn, where n depends on the term).

The combination of these perturbations leads to the splitting of J states into hyperfine F

states with an energetic separation of ∆EHFS. Dipole transitions from one of the lower orbital

12
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Figure 2.1: The precession of the nuclear spin I and the total electron angular momentum J
around the total angular momentum F . The J component is formed by the coupling of the
orbital angular momentum L and the electron spin angular momentum S.

F states to an F state in the higher orbital follow the selection rules:

∆F = 0,±1 F = 0 9 F = 0. (2.2)

Through the use of a laser tuned to the frequency region of a transition between the two se-

lected J states, the energy of atomic F state transitions can be measured from the resulting

hyperfine spectrum. The scale of perturbations to F states created from the interaction of

the nucleus and orbital electrons can be quantified by the nuclear electromagnetic multipole

moments. These moments have parity of (−1)L for electric moments and (−1)L+1 for mag-

netic moments (where L = 0 for monopole, L = 1 for dipole, L = 2 for quadrupole, and so

on). The number of multipole moments are reduced due to the fact that all odd-parity static

multipole moments vanish during the computation of their expectation values [34], and so the

electric monopole, magnetic dipole, electric quadrupole, etc., are the non-vanishing moments.
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Of the remaining moments, the magnetic dipole moment and electric quadrupole moment are

of particular interest for the purpose of understanding nuclear structure through hyperfine

structure. The electric monopole moment does not contribute to hyperfine splitting, while

the effects of higher order moments are beyond the capabilities of laser spectroscopy and are

therefore considered negligible. The remainder of this thesis will focus on the magnetic dipole

moments and electric quadrupole moments of nuclei, both of which are highlighted in more

detail in the following sections.

2.2.1 Magnetic Dipole Moment

Classically, the magnetic dipole moment µ vector occurs perpendicular to the orbit of charged

particles that in turn create currents. The magnetic dipole moment can be used to describe

the distribution and effect of these currents on other moving charges, which is analogous

to the orbit of electrons around a nucleus. By considering a distribution of currents over a

volume in space, it can be shown that the corresponding z-component of the magnetic dipole

moment µz in the quantum realm is

µz =
e~
2m

ml, (2.3)

where e is the electric charge, m is the mass of the particle and ml is the projection of the

orbital angular momentum l. In the presence of an externally applied magnetic field B, the

magnetic moment will adopt its lowest energy configuration and align with the direction of

the applied field (z-axis). The quantity measured experimentally represents the maximum

projection of the magnetic moment on the z-axis, where the maximum value of ml is +l,

resulting in the magnetic moment µ

µ =
e~
2m

l. (2.4)

By using the the proton mass mp in Equation 2.4 we obtain the physical constant of the

magnetic moment from the quantity e~/2m, called the nuclear magneton µN , which is equal
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to 3.15245 × 10−8eV/T. To consider all contributions to the magnetic moment, an addition

is made to Equation 2.4 to account for the intrinsic spin of the nucleon s, for which there is

no classical analogue. We can then state that

µ = (gll+ gss)µN/~, (2.5)

where gl and gs represent the g-factors for the orbital and intrinsic spin contributions to

the magnetic moment, respectively. These g-factors vary for each nucleon, with gl = 1 and

gs = 5.5856912 for protons and gl = 0 and gs = −3.8260837 for neutrons. To apply this

principle to a real nucleus, we must consider the sum of both the orbital and spin angular

momenta of all nucleons, such that
A∑
i=1

(li + si), which produces the total nuclear angular

momentum vector I. This allows us to rewrite Equation 2.5 as

µI = gIIµN , (2.6)

where µI is the nuclear magnetic dipole moment and I is the nuclear spin quantum number,

the maximum projection of the vector I on the quantisation axis. The interaction of the

nuclear magnetic dipole moment with the magnetic field generated by the motion of electrons

Be results in the magnetic dipole contribution to the hyperfine splitting. For an atomic

nucleus, the energy of this interaction, Eµ, is given by [34]

Eµ =
A

~2
(I · J), (2.7)

where

A =
µBe(0)

IJ
, (2.8)

where Be(0) is the magnetic field at the site of the nucleus due to orbiting electrons and A

is the magnetic hyperfine coefficient. The latter of these can be measured directly from a

hyperfine spectrum and will be referenced again later in this chapter.
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The quantity I · J can be evaluated by taking the vector sum of I and J (= F ) and

squaring, giving

F 2 = I2 + 2(I · J) + J2, (2.9)

which, when rearranged to make I · J the subject gives

I · J =
1

2

[
F 2 − I2 − J2

]
, (2.10)

〈I · J〉 =
~2

2

[
F (F + 1)− I(I + 1)− J(J + 1)]. (2.11)

Therefore, the magnetic dipole contribution to the splitting of an atomic level into hyperfine

F states is

∆Eµ
h

=
1

2
AK, (2.12)

where K = F (F + 1)− I(I+ 1)−J(J + 1) is used to simplify the expression. The interaction

energy is divided by h since the hyperfine splitting is typically evaluated as a frequency and

given in units of MHz. An example of this level splitting is shown in Figure 2.2 for the

I = 3/2 nuclear ground state of 63Zn for the 3d104s4p 3Po
2 level in neutral Zn.

F = 7/2

F = 5/2

F = 3/2

F = 1/2

4s4p 3P2

I = 3/2

-858.0 MHz

+143.0 MHz

+858.0 MHz

+1287.0 MHz

  o

ΔEμ/h

Figure 2.2: Scale representation of the observed hyperfine level splitting of the 3d104s4p 3P o
2

level in the I = 3/2 ground state of 63Zn due to the magnetic dipole component of the
hyperfine interaction.
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2.2.2 Hyperfine Anomaly

The assumption of a point-like nucleus underpins the method of extracting the magnetic

dipole moment from the previous section. While this simplifies the expressions, the reality is

that a nucleus occupies a finite volume in space. This has an effect on how the magnetic dipole

moment µ and the hyperfine interaction energy EM are considered, since the interaction is

sensitive to the distribution of magnetisation over the nuclear volume. This sensitivity effects

the magnetic hyperfine coefficient A such that

A = Apoint(1− ε), (2.13)

where ε is the hyperfine anomaly. This leads to a reduction of the A coefficient and subse-

quently the magnetic dipole moment as derived from Equation 2.8.

2.2.3 Electric Quadrupole Moment

An atomic nucleus can possess an electric quadrupole moment that reflects the shape of its

charge distribution based on the sign and magnitude of the moment. A classical description

of the charge distribution and how it couples to the quadrupole moment in the rest frame of

the nucleus is represented by the intrinsic quadrupole moment Q0

Q0 =
1

e

∫
(3z2 − r2)ρdν, (2.14)

where e is the electric charge, ρ is the charge density, r2 = x2 + y2 + z2, z represents the

axis of symmetry and dν is the volume element of the charged nucleus that is integrated

over. For a positive quadrupole moment, we assign the nucleus a prolate shape due to an

extended charge distribution in the z-axis, while a negative Q0 has an extended distribution

in the x-y plane, called oblate. These shapes are often assigned to nuclei with an odd number

of protons or neutrons, whereas a zero moment corresponds to a spherical nucleus with all

paired nucleons. These nuclear shapes are shown in Figure 2.3.
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Q < 0

z z

Q = 0 Q > 0

z

Figure 2.3: Visualisation of the nuclear charge distribution and its relation to the electric
quadrupole moment Q. The axis of symmetry is labelled by z.

The intrinsic quadrupole moment cannot be measured directly by means of laser spec-

troscopy due to the time-averaged appearance in the laboratory frame of the nucleus. The

measured quantity instead gives the projection of Q0 on the quantisation axis, referred to as

the spectroscopic quadrupole moment, Qs. For a well-deformed nucleus with I > 1/2, the

two quantities can be related by

Qs = Q0

(
I(2I − 1)

(I + 1)(2I + 3)

)
, (2.15)

where I is the nuclear spin quantum number. The electric quadrupole contribution to the

hyperfine splitting, EQ, arises as a result of the quadrupole moment interacting with the

electric field gradient produced by orbiting electrons, 〈∂2V/∂z2〉. This quantity is contained

within the electric hyperfine coefficient B, which is given as

B = eQs

〈
∂2Ve
∂z2

〉
. (2.16)

As for the magnetic hyperfine coefficient A mentioned earlier, B can be measured directly

from a hyperfine spectrum. For a nucleus with I > 1/2 and J > 1/2, the electric quadrupole

contribution to the observable hyperfine splitting (again given as a frequency) is

18



CHAPTER 2. Atomic Spectra

∆EQ
h

=
3K(K + 1)− 4I(I + 1)J(J + 1)

8I(2I − 1)J(2J − 1)
B. (2.17)

A combination of the splitting due to the magnetic dipole and electric quadrupole components

of the hyperfine interaction gives the total hyperfine splitting, ∆EHFS, for a given atomic J

level

∆EHFS

h
=

∆Eµ
h

+
∆EQ
h

=
1

2
AK +

3K(K + 1)− 4I(I + 1)J(J + 1)

8I(2I − 1)J(2J − 1)
B. (2.18)

This splitting is shown for the 3d104s4p 3P o
2 level in the I = 3/2 ground state of 63Zn in

Figure 2.4, with the splitting due to the electric component displayed as a perturbation to

the magnetic splitting (shown previously in Figure 2.2).

F = 7/2

F = 5/2

F = 3/2

F = 1/2

4s4p 3P2

I = 3/2

-843.0 MHz

+105.5 MHz

+858.0 MHz

+1339.5 MHz

  o

ΔEμ/h ΔEHFS/h

Figure 2.4: Final splitting of the 3d104s4p 3P o
2 level in the I = 3/2 ground state of 63Zn after

the perturbations due to the electric quadrupole component of the hyperfine interaction are
considered in addition to contributions from the magnetic dipole component.

2.2.4 Hyperfine Spectrum

As mentioned earlier in Section 2.2, laser light tuned to the frequency region of a transition

between two atomic states, Jlower and Jupper, can be used to probe the splitting of J states

into hyperfine F states. In the resulting hyperfine spectrum, peaks correspond to transitions

between F states in the lower and upper atomic levels (Flower and Fupper), which in terms of

frequency, are given as
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γ = ν + αuAu + βuBu − αlAl − βlBl, (2.19)

α =
K

2
, (2.20)

β =
3K(K + 1)− 4I(I + 1)J(J + 1)

8I(2I − 1)J(2J − 1)
, (2.21)

where ν is the centroid of the spectrum, A and B are the hyperfine coefficients, and the

subscripts ‘u’ and ‘l’ denote the upper and lower transition states, respectively. The factors

α and β will vary based on the quantum numbers corresponding to the each state in the

transition. An example of this is shown in Figure 2.5. This figure shows the complete

hyperfine structure of the I = 3/2 ground state of 63Zn obtained from the 4s4p 3P o
2 →

4s5s 3S1 atomic transition.

A reference frequency is subtracted from the spectrum to reduce frequency values from

the order of THz to MHz, since it is only the hyperfine spacings that are of interest. This

is shown in Figure 2.5 where the x-axis is labelled as “relative frequency”. The reference

frequency used in this work corresponds to the wavenumber of the 4s4p 3P o
2 → 4s5s 3S1

transition (20781.928 cm−1 [32]). The subtraction of a reference frequency will not affect the

hyperfine A and B parameters extracted from the spectrum since they are only dependent

on the relative spacing of peaks.

There are four Flower states (2I + 1, I = 3/2) since I < J for the lower state 4s4p 3P o
2 .

For the upper state 4s5s 3S1, there are three F states as I > J (2J + 1, J = 1). Using the

selection rules outlined in Equation 2.2, there are eight permitted transitions between Fupper

and Flower (highlighted by arrows in Figure 2.5) and therefore eight observable hyperfine

transition peaks in this spectrum.
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F = 7/2

F = 5/2

F = 3/2
F = 1/2

4s4p 3P2

v

I = 3/2
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  o

Figure 2.5: Hyperfine structure of the I = 3/2 ground state of 63Zn measured via the
4s4p 3P o

2 → 4s5s 3S1 atomic transition using collinear laser spectroscopy. The splitting
of atomic J levels into hyperfine F states is shown here, with the F quantum number of each
state and its frequency splitting from the unperturbed J state given on the right hand side.
Allowed transitions between F states based on selection rules denoted by arrows.

2.3 Extracting Nuclear Properties

From a measured hyperfine spectrum it is possible to determine the nuclear spin I, magnetic

dipole moment µ and spectroscopic quadrupole moment Qs. The nuclear spin can sometimes

be determined simply by the number of peaks in the spectrum, although more versatile tech-

niques are often required to determine I reliably. This quantity is vital for our understanding
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of level systematics within nuclei and for the correct evaluation of nuclear properties.

The relative spacing of peaks provides information on the hyperfine A and B parameters

required to calculate µ and Qs via Equations 2.8 and 2.16, respectively. However, values of

Be and 〈∂2V/∂z2〉 in these equations are difficult to determine reliably with atomic physics

calculations, and hence alternative methods are required to calculate electromagnetic mo-

ments. Some of the techniques used to determine µ, Qs and I from hyperfine spectra are

highlighted in the following sections.

2.3.1 Determining Nuclear Spin

The correct value of nuclear spin is required to calculate the hyperfine A and B parameters in

Equations 2.12 and 2.17. Further to this, the absolute measurement of ground and isomeric

state spins via laser spectroscopy can underpin the spin assignments of excited states based

on the relative spin assignments from decay spectroscopy experiments.

A method for reliably determining the nuclear spin of a state is therefore imperative,

and for many hyperfine structures this can be as simple as counting the number of transition

peaks in the spectrum. However, at higher values of nuclear spin (i.e. I > Ju,l) their hyperfine

structures will be represented by the same number of peaks, meaning this technique is no

longer applicable. More stringent methods are required in this instance, and the following

sections outline some alternative methods for determining the nuclear spin, which are listed

in order of applicability.

Relative Peak Spacing

Each nuclear spin value produces a characteristic hyperfine structure that can be recognised

not only by the number of transition peaks but also their relative frequency spacing. A

comparison of experimental data to the model hyperfine spectrum of a given spin value can

determine the correct spin assignment. Even if the model spectrum has the correct number

of peaks, it may not be able to fit to all simultaneously due to the spin dependent hyperfine

coefficients in Equations 2.19. This process can be repeated until a satisfactory match is
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found between the two hyperfine structures and a spin assignment is confirmed. In this

sense, the spectrum provides a fingerprint unique to the nuclear spin.

Hyperfine Coefficient Ratio

If the above is not conclusive, another such method that will be used in the analysis outlined

in Chapter 5, takes the ratio of the hyperfine A coefficients of the upper and lower states of

each isotope measured with an atomic transition, given in Equation 2.8, to show that

Alower

Aupper
=
Be,lower

Be,upper

Jupper

J lower
, (2.22)

where the subscripts ‘lower’ and ‘upper’ denote the different atomic states. In this relation

the µ and I values cancel out as they are independent of atomic configuration. Given the

assumption that the magnetic field from electrons Be remains constant for both states across

the isotope chain and that Jupper and Jlower are constant for each isotope, the ratio of the

hyperfine A coefficients should also remain constant. By comparing measured A coefficients

to the known ratio for another isotope in the chain, it can be determined whether the nuclear

spin corresponding to the A values is correct. A very small deviation (< 1%) from the

known ratio can be indicative of the presence of a hyperfine anomaly, but a more significant

deviation points to an incorrect spin assignment. Likewise, the ratio of the electric hyperfine

parameters, Blower
Bupper

, will also be constant along an isotope chain, if the correct nuclear spin

has been used in the analysis.

Intensity of Transition Peaks

The intensity of observed transitions between hyperfine states of different atomic levels is

dependent upon the angular momentum of the involved hyperfine states and the line strength

of the unperturbed atomic transition, SJlowerJupper . As such, without external contributions,

the absolute intensity of hyperfine transition peaks in the spectrum are given by
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SFlowerFupper = (2Flower + 1)(2Fupper + 1)

Flower Fupper 1

Jupper Jlower I


2

SJlowerJupper (2.23)

where
{
...
}

is a Wigner 6-j symbol. The normalisation of the calculated intensities to produce

relative values that can be compared to the observed hyperfine spectrum can allow the nuclear

spin to be determined.

2.3.2 Nuclear Electromagnetic Moments

The magnetic and electric hyperfine coefficients, A and B, are directly related to the observed

splitting of atomic energy levels into hyperfine states of quantum number F . The coefficients

are different for each of the two states involved in the atomic transition and can be assessed

based on the separation of transition peaks between F states in a hyperfine spectrum. The

calculation of the magnetic dipole moment µ and spectroscopic quadrupole moment Qs from

Equations 2.8 and 2.16, respectively are dependent on a precise knowledge of the electro-

magnetic fields induced by electrons in the form of the the magnetic field at the site of the

nucleus Be and the electric field gradient 〈∂2V/∂z2〉.

To overcome this, the dependence of µ and Qs on Be and 〈∂2V/∂z2〉 can be removed under

the assumption that they remain constant across the isotope chain. This allows measured

values to be calibrated to an isotope (usually stable) with known nuclear properties, referred

to as a reference isotope. For the magnetic dipole moment, a reference isotope must have

a known µ and I, as well as an A value obtained for the selected atomic level while the

spectroscopic quadrupole moment requires a reference with a known Qs and B value from

the same atomic level. Equations 2.8 and 2.16 can therefore be rearranged to provide the

measured moments

µ = µref
IA

IrefAref
, (2.24)
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Qs = Qs,ref
B

Bref
, (2.25)

where the subscript ‘ref’ denotes the nuclear properties of the reference isotope, and the

measured and reference hyperfine coefficients used in an equation must be from the same

state, i.e. either the upper or lower state. Taking the ratio of the measured properties and the

reference isotope, the dependence of the moment upon Be is removed, as is the dependence of

the quadrupole moment upon the electric field gradient. This leaves equations only dependent

on experimental observables and previously determined quantities. The uncertainties on

reference values from experiment and hyperfine coefficients determined in this work must be

considered due to their effect on the moments extracted from Equations 2.24 and 2.25. The

errors on µ and Qs are calculated by adding fractional errors in quadrature, such that

∆µ = µ×

√(
∆µref

µref

)2

+

(
∆A

A

)2

+

(
∆Aref

Aref

)2

, (2.26)

∆Qs = Qs ×

√(
∆Qs,ref

Qs,ref

)2

+

(
∆B

B

)2

+

(
∆Bref

Bref

)2

. (2.27)

Hyperfine Anomaly

The reduction in the hyperfine A coefficient has an effect on the calculation of the magnetic

dipole moment by means of the reference isotope. Consideration of the hyperfine anomaly

changes Equation 2.24 such that

µ = µref
IA

IrefAref
(1 + ∆), (2.28)

where ∆ = ε−εref . Any electronic state that is not subject to a hyperfine anomaly can be used

to extract nuclear moments otherwise a potential hyperfine anomaly must be factored into

the quoted error. A method that was discussed in Section 2.3.1 involving the ratio of upper

and lower state A coefficients can be used to determine the presence of the hyperfine anomaly.

If this quantity remains constant for all isotopes, the presence of a hyperfine anomaly can be
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ruled out or considered to be accounted for within the statistical errors of the experiment.

2.4 Isotope Shift

As we move across the isotope chain, the composition of the nucleus changes in such a way

that the atomic states experience a small shift in energy, referred to as the isotope shift. The

hyperfine structure of an isotope is centred around a centroid frequency νA, which will have

experienced some shift from the frequency of the unperturbed atomic transition. The isotope

shift can be shown in relative terms between two isotopes for the same atomic transition

δνAA
′

IS = νA
′ − νA, (2.29)

where νA
′

and νA are the centroid frequencies of isotopes A′ and A. The physical basis of

the frequency shift is attributed to two different contributions between the isotopes A′ and

A

δνAA
′

IS = δνAA
′

MS + δνAA
′

FS , (2.30)

where δνAA
′

MS is the mass shift contribution and δνAA
′

FS is the field shift contribution.

2.4.1 Mass Shift

The first component to consider in the isotope shift, the mass shift, accounts for the recoil

kinetic energy of the nucleus with a finite mass. The energy difference of an atomic state

between two isotopes A′ and A is given by

δEMS =
1

2mu

A′ −A
AA′

(∑
i

p2
i + 2

∑
i>j

pi · pj
)
, (2.31)

where mu is the atomic mass unit and pi is the individual electron momentum, which is

summed over the total number of electrons in the atom. The momentum terms p2
i and pi ·pj

represent the normal mass shift (NMS) and the specific mass shift (SMS) contributions to
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the mass shift, respectively. The mass shift can therefore be written as

δνAA
′

MS = δνAA
′

NMS + δνAA
′

SMS = N

(
A′ −A
AA′

)
+ S

(
A′ −A
AA′

)
, (2.32)

where N is the atomic factor relating the normal mass shift and S is that for the specific

mass shift, which when summed form the mass shift factor M . The first atomic factor N can

be easily calculated by

N = ν0 ·
me

mu
, (2.33)

where ν0 is the transition frequency and me is the mass of an electron. The second atomic

factor S meanwhile is reliant upon theoretical calculations to provide an estimate of its effect

and tends to be smaller than that of N . The magnitude of the mass shift decreases with

increasing nuclear mass and is negligible when assessing the isomer shift between nuclear

states with the same A [35], both due to the multiplicative factor (A′ −A)/(AA′).

2.4.2 Field Shift

The field shift between two isotopes arises due to the spatial overlap of the electron charge dis-

tribution and the changing nuclear volume as the number of neutrons increases or decreases.

A nucleus in a constant electronic charge density generated by atomic electrons |ψe(0)| (i.e.

equal to the value at r = 0) over its volume has an energy given by

E =
Ze2

6ε0
|ψe(0)|2〈r2〉, (2.34)

where the mean-square charge radius 〈r2〉 is described in terms of the nuclear charge distri-

bution ρ(r)

〈r2〉 =

∫∞
0 ρ(r)r2dV∫∞

0 ρ(r)dV
. (2.35)
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The field shift component between two different isotopes is related to the small energy shift

of the atomic electrons, an effect that manifests itself in the observable shifting of a spectral

line by

δνAA
′

FS =
Ze2

6hε0
∆|ψe(0)|2δ〈r2〉AA′ , (2.36)

where ∆|ψe(0)|2 is the change in the electron density at the nucleus between the upper and

lower atomic states. The expression for the field shift is generally displayed more simply as

δνAA
′

FS = Fδ〈r2〉AA′ , (2.37)

where F is the field shift factor, which is dependent on the electronic configuration and is

unique for each atomic transition. An estimate of F can be deduced from non-optical δ〈r2〉

data [36] or via theoretical calculations. Any observable centroid shift between two nuclear

states of the same isotope, referred to as the isomer shift, are solely attributed to the field

shift, as the mass shift is zero.

2.4.3 Isotope Shift from Atomic Factors

As shown above, the contributing factors to the isotope shift can be shown in terms of the

mass shift and field shift atomic factors, which leads to the relation

δνAA
′

IS = M
A′ −A
AA′

+ Fδ〈r2〉AA′ , (2.38)

where the atomic factors M and F contain the optical transition dependence, while (A′ −

A)/(AA′) and δ〈r2〉AA′ contain the nuclear properties. In the situation where M and F are

unknown for a transition, the King plot method can be used calculate their values if they are

already known for a different transition within the same element, and will be outlined in the

next section. For any cases where there is insufficient experimental data to perform a King

plot analysis, theoretical calculations are called upon to provide further insight.
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2.4.4 King-Plot Analysis

The King plot method for extracting atomic factors can be applied to an optical transition

for which there have been at least three measured isotope shifts of a given element. Starting

from Equation 2.38 and applying the modification factor µA,A
′

µA,A
′

=
AA′

A′ −A
, (2.39)

gives the following relations:

µA,A
′
δνAA

′
IS,i = Mi + µA,A

′
Fiδ〈r2〉AA′ , (2.40)

µA,A
′
δνAA

′
IS,j = Mj + µA,A

′
Fjδ〈r2〉AA′ , (2.41)

where the subscripts ‘i’ and ‘j’ denote the two optical transitions. Since µA,A
′
δ〈r2〉AA′ is the

same for both transitions, Equations 2.40 and 2.41 can be combined to form a straight line

equation

µA,A
′
δνAA

′
IS,j =

Fj
Fi
µA,A

′
δνAA

′
IS,i +Mj −

Fj
Fi
Mi, (2.42)

with the two axes represented by µA,A
′
δνAA

′
IS,i and µA,A

′
δνAA

′
IS,j . The straight line, once plotted,

will have a gradient of

gradient =
Fj
Fi
, (2.43)

and a y-intercept of

intercept = Mj −
Fj
Fi
Mi. (2.44)

The properties derived from the subsequent straight line plot can therefore reveal the

atomic factors of the transition under investigation when the same values are known for the
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secondary transition. If non-optical values of δ〈r2〉 are known, these factors can be treated

in the above as a transition where F = 1 and M = 0.

2.5 This Work

This thesis will be focused on the extraction and analysis of nuclear spins and electromagnetic

moments from the hyperfine spectra of odd-A Zn isotopes. The extraction of these properties

will use the methods outlined earlier in Section 2.3, and the analysed results will be discussed

in detail in Chapters 5 and 6. The mean-square charge-radii will not be addressed any further

in this document, although the results of this are soon to be published [37]. The experimental

spins and moments will be interpreted in-line with the predictions of state-of-the-art shell-

model interactions. A number of these interactions will be introduced in the next chapter.
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Nuclear Theory

In the previous chapter, we showed how certain properties of nuclei can be determined from

an atomic spectrum. In order to gain an insight into the properties of nuclei that have

not been measured experimentally, a predictive model of the nucleus is required. The shell

model is one such example that has been proven successful for predicting the shell structure

observed in atomic physics. This success provided the motivation to create an analogous shell

model for nuclear physics. The basic principle of the shell model says that the properties

of a nucleus are determined by valence particle(s) above an inert core of paired particles.

Therefore, based on the observation of a nuclear shell structure, this principle provides an

excellent basis from which a predictive model for nuclear physics can be developed.

Due to the breadth of the nuclear chart, a single generic shell model cannot be applied

to all nuclides. Instead, we can use many different shell-model interactions that are specifi-

cally tailored to certain regions of the nuclear chart. For the purposes of laser spectroscopy

experiments in nuclear structure physics, a shell model must be able to correctly associate

the ground state with at least a level with the measured nuclear spin, and the electromag-

netic moments, which are very sensitive to the calculated nuclear wave function, in order

to be deemed “successful”. Such models can thereafter be used with confidence to predict

these properties in unmeasured isotopes to provide a roadmap for areas of interest for future

studies.
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This chapter will outline some the experimental evidence for nuclear shell structure before

introducing the basic principles of the non-interacting and interacting shell models, and the

nuclear properties they can be used to predict. Finally, a set of more sophisticated shell

model interactions will be introduced and their relevance to Zn discussed.

3.1 Evidence for Nuclear Shell Structure

Nuclear shell structure is a term used to describe the clustering of nucleon orbitals separated

by large energy gaps [38]. The presence of this underlying shell structure has long been

observed as discontinuities in the systematic trends of nuclear properties with varying N or

Z. For example, the measured values of the single-nucleon separation energy for both protons

and neutrons, Sp,n, exhibit maxima at N,Z = 8, 20, 28, 50, 82 and 126 [39, 40]. For nuclei

with just one nucleon beyond these maxima, a sharp drop is observed. The inference is that

the maxima of Sp,n correspond to the closing of nuclear shells where all nucleons are paired

in orbitals that are filled up to a shell gap, meaning the energy required to remove a single

nucleon is high. For closed shell +1 nuclei the unpaired nucleon is easier to separate, hence

the sharp drop in Sp,n. The result is analogous to the trend in ionisation potential of atomic

nuclei at atomic shell closures. Further evidence of increased stability at these N,Z values

is observed in the systematics of 2+
1 excited state energies as a notable increase in 2+

1 at

N,Z = 8, 20, 28, 50, 82 and 126 relative to other nuclei [41, 40]. These N and Z values are

commonly referred to as “magic numbers”. For nuclei with magic numbers of both protons

and neutrons simultaneously, the 2+
1 states are observed at even higher energies than in singly

magic nuclei, suggesting these “doubly magic” nuclei are even more bound.

Theoretical calculations have pointed to the existence of new magic numbers in the su-

perheavy region of the nuclear chart [42], although the practical limits of producing such

elements currently prevents the measurement of such systems [43]. For now, the universally

accepted magic numbers of N,Z = 8, 20, 28, 50, 82 and 126 provide the starting point for

mapping nuclear structure across the nuclear chart. Therefore, in order for any model of the
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nucleus to be deemed successful, first and foremost it must be able to reproduce these magic

numbers. Away from the valley of stability in the nuclear chart, determining the potential

evolution of these N and Z magic numbers as N and/or Z change is one of the major exper-

imental goals of nuclear physics. Due to the improvement in production of exotic isotopes

at RIB facilities, the data required to probe the robustness of magic numbers is now much

more accessible.

3.2 The Nuclear Shell Model

A shell model for nuclear physics can, to some extent, adopt the fundamental principles

of the atomic shell model. For instance, both models are based on the filling of orbitals

with fermions in accordance with the Pauli exclusion principle. However, certain differences

between electrons and nucleons prevent the exact same ideology being directly applied to

the nuclear realm with the potential they experience being one key example. In the atomic

shell model electrons experience an external potential generated by the nucleus, while for

nucleons the potential is not independent, it is instead self-generated and dictated in part by

the number of nucleons in the nucleus. The detail in which the nuclear potential is modelled

will therefore determine the accuracy and complexity of the shell model.

The successful reproduction of the known nucleon magic numbers using the shell model

approach was first shown in the independent works of Goeppert-Mayer [44, 45] and Haxel,

et al. [46]. In both instances, a central mean-field potential with spin-orbit corrections was

used. This section will discuss the construction of an independent particle shell model for

nuclear physics, based on the principles outlined by Goeppert-Mayer and Haxel, et al., and

how the model can be used to estimate the properties of nuclei. An extension of this model

that uses a more complex potential based on nucleon-nucleon interactions is also introduced.
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3.2.1 The Independent Particle Model

The shell structure observed within nuclei is based on the clustering of orbitals separated by

energy gaps that corresponding to the known magic numbers. The energy of these orbitals

correspond to eigenvalues of the Schrödinger equation for a many-body system

ĤΨk = EkΨk, (3.1)

where Ĥ is the Hamiltonian operator and Ψk is the wave function of nucleons in a given

orbital k, and Ek is the eigenvalue of the Hamiltonian operator for Ψk that corresponds to

the energy of the orbital k. The Hamiltonian describes the total energy of the system and

is equal to the kinetic energy K plus the potential energy V . Initially, the potential can be

simplified somewhat by removing the Coulomb interaction between protons and considering

only the strong force between nucleons. This allows the Hamiltonian to be given in terms of

the many-body interaction terms [47]

H = K + V,

=

A∑
i

p2
i

2mi
+

A∑
i<j

Vij +

A∑
i<j<k

Vijk + ...,
(3.2)

where A is the atomic number of the nucleus, mi is the nucleon mass, p is the momentum

and Vij , Vijk... are the many-body terms for interactions between nucleons i, j, k.... The

complexity of the nuclear potential is evident from Equation 3.2 when interactions between

an increasing number of nucleons are considered. Therefore it becomes desirable to simplify

our model of the potential. The mean-field approximation provides one such method in which

we assume each nucleon only exists in an external field that is generated by the remaining

A− 1 nucleons. The potential is now reduced to a one-body problem where each nucleon is

independent and only bound by an effective central potential U(r) that originates from the

centre of the nucleus and is included in the independent particle Hamiltonian term
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H0 =

A∑
i

p2
i

2m
+

A∑
i

Ui(ri), (3.3)

where i is the number of non-interacting nucleons. This “independent particle model” of the

nucleus provides a reasonable approximation of nuclei close to magic numbers. However, as

the number of neutrons and protons depart from magicity it becomes impossible to ignore

contributions from interacting nucleons. The presence of two-body “residual” interactions

between nucleons, Vij , is accounted for by adding a residual interaction term Hres to H0 to

give [47]

H =

[
A∑
i

p2
i

2m
+

A∑
i

Ui(ri)

]
+

[
A∑
i<j

Vij(ri, rj)−
A∑
i

Ui(ri)

]
,

= H0 +Hres.

(3.4)

The mean-field potential can be modelled by a number of mathematical models, including

the finite-square well, harmonic oscillator or the Woods-Saxon potential, amongst others.

Taking the harmonic oscillator model, the energy eigenvalues E = ~ω(N + 3
2), where N is

the major oscillator quantum number, yield shell closures at N,Z = 2, 8, 20, 40, 70, ... that

are only in agreement with known magic numbers up to 20. In order to reproduce the magic

numbers above 20, it was shown by Goeppert-Mayer [44, 45] and Haxel, et al. [46] that

the addition of a strong spin-orbit potential was required. The inclusion of the spin-orbit

potential accounts for the interaction of a nucleon’s spin angular momentum, s, with its

orbital angular momentum, l. By also including an l2 term to flatten the potential well as l

increases, the harmonic oscillator potential becomes

U(r) =
1

2
mω2r2 +Dl2 + Cl · s, (3.5)

where 1
2mω

2r2 is the unperturbed harmonic oscillator potential, and C and D are constants.

The effect of each component on the derived single-particle energies is shown in Figure 3.1

from left to right. The l degeneracy of the harmonic oscillator levels are lifted by the inclusion
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of the l2 term, while the spin-orbit term l · s splits l states into two separate states with total

angular momentum j = l ± 1
2 (for the s-state where l = 0, only j = l + 1

2 is formed). As a

result of the spin-orbit interaction, spin-orbit partners are now separated by energy

El+ 1
2
− El− 1

2
=
VSO~2

2
(2l + 1). (3.6)

The modification of the nuclear potential to include the spin-orbit potential reproduces a

number of key features of nuclear shell structure, including the increase in energy splitting

between l± 1
2 states with increasing l and the reduction of l+ 1

2 states below their spin-orbit

partners (if VSO is chosen to be negative) [34].

The independent particle model of the nucleus provides an excellent starting point for

understanding the nuclear properties of nuclei. The model, based upon the filling of single-

particle orbits in accordance with the Pauli exclusion principle up to a maximum of 2j + 1

nucleons per orbital, assumes that nucleons in filled orbitals do not contribute to the measur-

able properties of a nucleus. The spin-parity and electromagnetic moments of closed shell ±1

nuclei are therefore well approximated by this model. However for nuclei further from magic

numbers, the increased number of nucleons above the “inert core” of paired particles leads

to an increase in particle-particle and particle-core interactions. These interactions mean

that the low-lying states of such nuclei can be formed by many nucleons acting together, and

are hence referred to as collective effects. The independent particle model can still be used

to estimate the nuclear properties of odd-A nuclei far from magic numbers, albeit somewhat

crudely, through the use of effective parameters. The calculation of electromagnetic moments

using the independent particle model will be discussed in the following sections, along with

the additional parameters required to account for collective effects in mid-shell regions.

3.2.2 Magnetic Dipole Moments

The independent particle model can be used to estimate the magnetic dipole moment of odd-

A isotopes close to magic numbers. For a nucleon (s = 1/2) with total angular momentum j
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Figure 3.1: Single-particle energy levels calculated from the independent particle model using
the harmonic oscillator potential, and then adding the l2 term and the spin-orbit interaction
term l · s. The magic numbers from the harmonic oscillator potential with and without
the spin-orbit interaction are shown in the circles. Single-particle levels are labelled on the
right-hand side with their Nlj values and multiplicity (2l + 1).

and orbital angular momentum l, the single particle moment, µSP, is quantified by [34]
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for j = l +
1

2
µSP =

[
gl

(
j − 1

2

)
+

1

2
gs

]
µN ,

for j = l − 1

2
µSP =

[
gl
j(j + 3

2)

(j + 1)
− 1

2

1

j + 1
gs

]
µN ,

(3.7)

where gl,s are the free orbital and spin g-factors, respectively, with values of gl = 1 and

gs = 5.5856912 for protons, and gl = 0 and gs = −3.8260837 for neutrons. The resulting

moments represent the values of free nucleons and are often referred to as Schmidt moments.

They represent the upper and lower limits within which the large majority of experimental

magnetic dipole moments lie.

In reality, the magnetic moments of free nucleons do not accurately reflect the behaviour

of a nucleon in the nuclear medium since a nucleus can rarely be described by a sole parti-

cle acting independently outside a doubly magic core. It is more realistic to consider that

this single-particle interacts with other valence nucleons and paired particles in the “inert”

core [48], the effects of which lead to the deviation of experimental magnetic dipole moments

from Schmidt moments. Therefore it is more common to use ‘effective’ g-factors to calculate

single-particle moments. This reduces the magnitude of the Schmidt moment with a quench-

ing factor, qs, such that geff
s = qsg

free
s to produce a more realistic estimate of the magnetic

moment although the scatter of experimental moments around the effective moments suggest

the model is still too general and simplistic.

The effective magnetic moment can provide an extremely sensitive insight into the orbital

occupied by a single-nucleon in a nucleus. For an orbital with angular momentum l, a single-

nucleon occupying that orbital will have a g-factor approaching

g = gl ±
1

2l + 1
(gs − gl), (3.8)

where ‘+’ corresponds to l + 1/2 orbitals and ‘−’ to l − 1/2 orbitals. These values can be

spin-quenched, as mentioned above for moments, for a more realistic representation of the

g-factor of a single-nucleon in an orbital within the nuclear medium.

In order to compare the effective g-factor to that from experiment, we remove the nuclear
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spin dependence, I, of the magnetic dipole moment from Equation 2.6 (and negate the nuclear

magneton, µN ) to give

g =
µ

I
. (3.9)

The g-factor is very sensitive to the orbital occupied by an unpaired nucleon, while having

little sensitivity to orbitals in which paired particles are coupled to spin zero. Therefore

the close proximity of the measured g-factor to the effective g-factor of a given orbital, even

if it has a different nuclear spin, strongly indicates that the wave function of the state is

dominated by an unpaired nucleon in that orbital. In the process of filling a subshell (with

lj) with nucleons, the g-factor of these isotopes should be roughly the same providing they

each have a leading wave function contribution from an (Nlj)
1 odd-particle configuration.

Any notable deviation from this linear trend in g-factor can be indicative of configuration

mixing and hence a reduction in the purity of the (Nlj)
i configuration.

3.2.3 Electric Quadrupole Moments

The independent particle model estimate of the electric quadrupole moment, Qsp, outside an

inert core of nucleons is dependent on the total angular momentum of the orbital it occupies,

j. The moment is calculated via the relation

Qsp = −ej
2j − 1

2(j + 1)
〈r2
j 〉, (3.10)

where ej is the free-nucleon charge, given as eπ = 1 and eν = 0, and 〈r2
j 〉 is the mean square

charge radius of the orbital j. Beyond the first unpaired nucleon in a subshell, each additional

nucleon added to the same subshell contributes to the quadrupole moment. For an isotope

with n nucleons in a subshell of maximum capacity 2j + 1, the quadrupole moment can be

calculated from the single-particle moment Qsp via Equation 3.11
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Q = Qsp

[
1− 2

n− 1

2j − 1

]
. (3.11)

For the first nucleon in the subshell (n = 1), the equation shows that Q = Qsp, while for a

subshell one nucleon from full capacity (n = 2j), i.e. a ‘hole’ state, Q = −Qsp. This gives

us the basic approximation that single-particle and single-hole state quadrupole moments

in a subshell will be equal and opposite, with the deformation of the nucleus evolving from

oblate (negative Q) to prolate (positive Q) with increasing N or Z. In the process of filling

the subshell, the quadrupole moments of odd-A nuclei are expected to follow a linear trend

between Qparticle and Qhole that crosses zero at mid-shell [48], providing no collective effects

are present.

These moments are based on for free-nucleon charges of eπ = 1 and eν = 0. However,

modifications to eπ, eν are required to more accurately reflect the behaviour of nucleons in a

nucleus. Deviations of measured quadrupole moments from the independent particle model

estimates with free-nucleon charges arise due to, firstly, the non-zero quadrupole moment

measurements of odd-N , even-A isotopes (meaning eν 6= 0), and secondly from the influence

of two-body residual interactions involving nucleons and the core. As such, free-nucleon

charges eπ,ν are replaced by the effective charges eπeff and eνeff to account for these effects to

some degree.

Seniority States

For an isotope with n nucleons in a valence orbital, its quadrupole moment can be estimated

from Equation 3.11 as a function of the single-particle moment. However, for nuclei with

n > 1, multi-valence particle configurations and residual interactions can have a measurable

effect on its nuclear properties. In these nuclei it becomes possible for valence nucleons pairs

(coupled to spin zero) to break and contribute to the measured quadrupole moment. Here,

the number of unpaired nucleons in orbit j not coupled to spin zero that instead couple

to a total spin I is denoted by the seniority ν [48]. These are referred to as seniority-ν
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states. The resulting moment deviates from the linear trend of single-particle values from

Qparticle and Qhole (calculated from Equation 3.11), and instead follows a separate linear trend

corresponding to the ν and I of the state that crosses zero at the midpoint of the subshell.

The quadrupole moment of a seniority state with ν > 1 can be estimated from the effective

single-particle moment (seniority-1), Qsp = 〈j|Q̂|j〉, the applicable coefficients of fractional

parentage (cfp) [49] and the relation [50, 51]

〈Jn(I) | Q̂ | Jn(I)〉 =
2J + 1− 2n

2J + 1− 2ν
ν
∑
J1

(−1)J1+J+I(cfp)2 × (2I + 1)

J I J1

I J 2

 〈J|Q̂|J〉,
(3.12)

in which the quadrupole moment of a state with n particles in an orbit and seniority ν is

linked to the Qsp via cfp = [Jn−1(ν1, J1), J ; I|}JnνI] [50], where J1 is an intermediate total

angular momentum coupling of ν − 1 particles (required for ν ≥ 3 configurations). The

alignment of measured moments with the calculated values of seniority-ν states is therefore

indicative of a deviation from single-particle behaviour.

3.2.4 Interacting Shell Model

Modern advancements at RIB facilities (discussed in more detail in Chapter 4) have made

the more exotic reaches of the nuclear chart more widely accessible, and hence increased

our understanding of nuclear structure in exotic systems. The measured nuclear properties

of these isotopes reveal striking changes in the shell structure with the appearance of new

magic numbers and disappearance of typical shell closures [52, 53, 54, 55] and the discovery of

new nuclear structure phenomena, including the halo nuclei in very neutron-rich systems [56].

These features are beyond the reach of the simplistic independent particle model, even with

the inclusion of effective parameters. A more sophisticated model of the nucleus is required

in order to understand how these features occur and to predict other new phenomena.

The interacting shell model description of the nucleus extends beyond the independent
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particle model by considering interactions between nucleons across a number of orbitals,

referred to as the “model space”. This model space lies on top of a core of fully occupied

orbitals. In order to limit contributions to the model space from the core, doubly magic nuclei

are commonly selected as the inert core in such models. Ideally, the model space would be

large in order to obtain the most accurate model of the nucleus possible, however, the scale of

such calculations are too computationally demanding. The interacting shell model overcomes

this problem by applying a truncation to the model space, which defines an upper limit for

nucleon excitations, to reduce its size. This leaves a “valence space” of active nucleon orbitals

that are only partially occupied or empty between which nucleons can be excited. A schematic

diagram of a model space and core is shown in Figure 3.2. Orbitals between magic numbers

(i.e. a major shell) present an ideal valence space as the large energy gaps restrict cross-shell

mixing.

The orbitals selected for the model space and core can have a direct effect on the accuracy

of predictions for the electromagnetic moments of nuclei. For instance, interacting shell model

estimates of magnetic moments are improved when all spin-orbit partners are included in the

1f7/2

2p3/2
1f5/2

2p1/2

1g9/2

2d5/2

Z = 28 N = 28

Z = 50 N = 50

1g7/2

Z = 20 N = 20
1d3/2

Valence
Space

Inert
Core

Truncation

Figure 3.2: Example of a model space and core used in the interacting shell model. The
valence space denotes the active nucleon orbitals, which extend from the inert core to the
model space truncation.
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valence space, while for quadrupole moments the influence of ∆l = 2 and ∆j = 2 transitions

are vital. In the event that these orbitals are not included in the valence space, effective

parameters are used (as discussed earlier in Sections 3.2.2 and 3.2.3).

The occupancy pattern of nucleons across the valence orbitals is described by the config-

uration φ. For a given spin and parity, the summation of all possible configurations and each

of their associated probability amplitudes, ci, gives the overall wave function [57]

Ψ =
∑

ciφi. (3.13)

From the resulting wave function, nuclear properties of interest can be calculated. The

summation of multiple configurations to form the wave function accounts for the fact that

the wave functions of many nuclei are not pure but involve a great deal of configuration

mixing. This is generally observed in nuclei between shell closures and occurs due to the

presence of residual interactions.

In order to determine the wave function, the Schrödinger equation HΨ = EΨ must be

solved. We construct the interacting shell model Hamiltonian H with the single-particle en-

ergies (SPEs), εi, and two-body matrix elements (TBMEs) of the nucleon-nucleon interaction

V , 〈jijjJ |V |jkjlJ〉, where ji is the single-particle state of a nucleon and J is the total angular

momentum that two nucleons in ji and jj are coupled to. Regarding the latter, it is assumed

that higher-body nucleon interactions (i.e. > 2) are either not influential on the energy scale

of interest or their effects are renormalised into the two-body interactions [57]. The diagonal

elements of the Hamiltonian matrix correspond to the SPEs of states and the off-diagonal

elements the TBMEs.

Based on the reduced model space of the interacting shell model, an effective nucleon-

nucleon interaction is used. This effective interaction is specifically tailored to the selected

valence orbitals. This will take into account, to some extent, the excitation of nucleons from

the core to valence orbitals (core polarisation) and the scattering of nucleons with high-

lying intermediate states [57]. The Schrödinger equation therefore becomes HeffΨeff = EΨeff ,
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where the subscript ‘eff’ denotes the effective components of the equation. The effective

interaction can be derived using the phenomenological approach where TBMEs are left as

free parameters that are fit to experimental data, or by the microscopic approach where the

bare nucleon-nucleon interaction is tuned empirically to align with experiment. Since the

effective interaction is directly related to the experimental data it is fitted to, the selected

data must be appropriate for the predictive scope of the interaction.

The selection of the model space and the complementary effective interaction provide only

the basis for the interacting shell model. The process of diagonalising the Hamiltonian matrix

to extract the information of interest presents a greater problem even for a limited model

space and is traditionally achieved through the use of complex computer codes. Different

approaches to this have lead to the development of many different large-scale shell model

interactions that are tailored to certain regions of the nuclear chart.

3.3 Large-Scale Shell-Model Interactions

The size of the shell model Hamiltonian increases with the size of the model space, and

therefore the Hamiltonian matrix becomes more and more difficult to diagonalise as the model

space increases. Since modern day computer programs approach the diagonalisation problem

by storing matrix elements, their effective range and the size of Hamiltonian matrices are

limited by the available computational power. Currently large-scale shell model calculations

are carried out by theoretical groups across the world, often with the use of supercomputers

to maximise the computational power at their disposal that maximise the amount of matrix

dimensions that can be considered. Such shell model codes include ANTOINE and MSHELL,

although these programs reach a practical limit around the 1 billion dimension scale [57]. This

limit can be overcome by the Monte-Carlo Shell Model (MCSM) [58], a method that selects

only the basis states important to the eigenstate of interest. Therefore, while traditional

shell model interactions may need to truncate their model space to describe nuclei over broad

ranges (leading to discontinuities in the comparison of their results), the MCSM approach
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can be applied across whole isotope chains from β-stability to exotic nuclei with more orbitals

in play.

A number of large-scale shell model interactions and their relevance to Zn are discussed

here. Effective interactions used in these calculations are typically derived by an empirical

fitting to experimental values of binding energies and excitation energies that results in modi-

fications to TBMEs and SPEs. For each interaction, the assumed core and active orbitals will

dictate the range of isotopes from which experimental energies can be used. When necessary,

the experimental energies used for in the fitting process will be given below. Predictions from

these interactions will be compared to the measured nuclear properties of Zn from this work

in Chapter 6.

3.3.1 JUN45 and jj44b Interactions

The JUN45 [59] and jj44b [26] interactions both aim to provide a systematic description

of upper pf -shell nuclei. The interactions therefore adopt a valence space consisting of the

SP orbits 1p3/2, 0f5/2, 1p1/2, and 0g9/2 on top of an inert 56Ni core, as shown in Fig. 3.3,

representing the nucleon orbits between the N,Z = 28 and N,Z = 50 shell closures, i.e. the

f5pg9 model space. The relatively limited model space leads to the exclusion of the spin-orbit

partners of 0f5/2 and 0g9/2, and so calculations of the magnetic moment require a significantly

quenched spin g-factor. The realistic JUN45 interaction is constructed by modifying 133

TBMEs and 4 SPEs to fit to 400 experimental energies across 69 nuclei with Z = 30−33 and

N = 46 − 50 [59]. While the process is similar for the jj44b interaction, it is fitted to ∼600

binding and excitation energies for nuclei with Z = 28− 30 and N = 48− 50 [26]. The rms

deviation between the energies from experiment and theory is 250 keV for jj44b [26], while

JUN45 shows a minor improvement of 185 keV [59].

To compensate for the exclusion of the f5/2 and g9/2 LS partners, the free spin g-factor,

gfree
s , is quenched to provide the effective spin g-factor, geff

s . The comparison of experimental

magnetic dipole moments to calculated values for 57Ni to 96Pd reveals an improvement with

a quenching factor of qs = 0.7 and an effective orbital g-factor, geff
l = gfree

l ±δgl, with δgl = 0.
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In a similar manner, the effective charges are obtained as eeff
p = 1.5e and eeff

n = 1.1e from

a least squares fit to experimental quadrupole moments [59]. Since both the JUN45 and

jj44b interactions use the same f5pg9 model space, both interactions adopt the same effective

parameters.

The creators of the JUN45 interaction acknowledge the potential softness of the 56Ni core

suggested in [60], and hence refer to the model space as an interesting test of the πf7/2 orbit’s

influence over the description of upper pf -shell nuclei. The JUN45 interaction has already

exhibited a poor agreement with the electromagnetic moments and excitation energies of

Ni (Z = 28) for this very reason, although a marginal improvement in predictions for Cu

(Z = 29) isotopes is asserted in [59]. This is disputed however in [25] where an overestimation

of the magnetic moments of odd-A Cu isotopes by JUN45 and jj44b indicates the need for

cross Z,N = 28 excitations from the f7/2 orbital. This is also noted in light Zn isotopes where

the 3/2− doublets in 65Zn are well described by pf -shell calculations [59]. The suitability of

the JUN45 and jj44b interactions to Zn is therefore up for debate, meaning the comparison

f7/2

p3/2

f5/2
p1/2

g9/2

d5/2

Z = 28 N = 28

Z = 50 N = 50

Figure 3.3: The f5pg9 model space and inert 56Ni core of the JUN45 and jj44b effective
interactions. The two interactions differ in their parametrisation (see text for details).
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of results from this work to their predictions will provide a more thorough conclusion on the

matter.

The correction of two-body matrix elements (TBMEs) between the upper pf -shell and

g9/2 is also a motivation for the selection of the f5pg9 model space. The monopole matrix

elements between πf5/2 and νg9/2 are of particular interest due to their effect on shell structure

in neutron-rich nuclei. This manifests as the attractive monopole interaction from the tensor

force that lowers the πf5/2 (j = l− 1/2) as the νg9/2 (j = l+ 1/2) is filled [23], and has been

directly observed in Cu (Z = 29) [25] and Ga (Z = 31) [26] isotopes as a ground state spin

change from Iπ = 3/2− to Iπ = 5/2− due to the inversion of πp3/2 and πf5/2. This level

reordering will only have a subtle effect on the ground state properties of even-Z, odd-A Zn

isotopes, but may be probed through the occupation numbers of f5pg9 orbitals. The repulsive

counterpart interaction of νg9/2 with πf7/2 (j = l + 1/2) that works to raise the orbital is

expected to lead to a reduction of the Z = 28 shell gap, although this is beyond the current

model space and will not be reproduced by the JUN45 and jj44b interactions.

The small model space of the JUN45 and jj44b interactions present an interesting op-

portunity to probe the potentially doubly magic neutron-rich nucleus 78Ni. A good agree-

ment between the predicted ground state nuclear spin and magnetic dipole moment of 79Zn

(N = 49) and measured values could signal a lack of excitations across Z = 28 and N = 50 in

neutron-rich nuclei only two protons from 78Ni. The comparison of JUN45 and jj44b predic-

tions to large-scale shell model calculations with extended model spaces will provide evidence

to either support or dispute this claim.

3.3.2 A3DA and LNPS Interactions

For nuclei with Z ∼ 28, the πf7/2 orbit has proved to be pivotal for describing the evolution

of nuclear structure. One such example, the inability of predictions in the fpg model space

to recreate the low-lying 2+
1 level in 66Fe (Z = 25) that points to collective behaviour around

N = 40 proved to be the motivation for the development of the LNPS interaction [61]. This

interaction therefore adopts the full pf -shell for protons and the νd5/2 orbit added on to
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the aforementioned f5pg9 space for neutrons in order to account for contributions from πf7/2

in neutron-rich isotopes. The valence space lies above a doubly magic 48Ca core, as shown

in Figure 3.4, that is reported to be more stable than 56Ni [60]. The effective interaction

is constructed with several sets of realistic TBMEs and monopole corrections in order for

effective SPEs to reproduce experiment.

f7/2

p3/2
f5/2
p1/2
g9/2

d5/2

Z = 28 N = 28

Z = 50 N = 50

g7/2

Z = 20 N = 20
d3/2

Figure 3.4: The model spaces of the LNPS-m (green dashed line) and A3DA-m (blue dashed
line) effective interactions on top of a 48Ca and 40Ca core, respectively.

The A3DA interaction [62] is constructed somewhat differently to other interactions based

on conventional shell model calculations. The calculations for A3DA are instead performed

by the Monte-Carlo Shell Model (MCSM), which refers to the application of the Quan-

tum Monte-Carlo Diagonalisation (QMCD) method to the nuclear shell model. The QMCD

method selects only the basis states important to the eigenstate of interest, with the diago-

nalisation of the corresponding Hamiltonian matrix providing a good approximation of the
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exact diagonalisation over the entire Hilbert space [58]. The MCSM method can therefore

be applied to larger valence spaces than conventional shell model calculations without the

need for truncation, making it ideal for studying isotope chains from beta-stability to exotic

nuclei. The A3DA interaction is able to adopt a large model space consisting of the full

pf -shell plus the g9/2 and d5/2 orbits for both protons and neutrons on top of a 40Ca core

(LS closed shell). In this work, a modified version of the A3DA interaction (A3DA-m) with

corrections to SPEs and monopole components related to g9/2 is used due to the inability of

the original A3DA interaction to describe nuclei with N ≈ 40 [63].

The extension of the LNPS and A3DA-m interaction model spaces beyond the f5pg9

provides an opportunity to determine how vital the inclusion of orbitals beyond this model

space are for characterising the evolution of nuclear structure in the mass region of Zn.

The νd5/2 and νf7/2 orbitals have previously been highlighted as important for describing

quadrupole collectivity in the f5pg9 shell [59]. The development of collectivity beyond N = 40

has been observed in Ga isotopes (Z = 31) [26], although no increase in collectivity has

been measured in Cu isotopes (Z = 29) [25] in the same region. Therefore the quadrupole

moments of Zn (Z = 30) will provide an interesting probe of the Z-dependence of this

collectivity beyond N = 40. In the event that there is evidence of collectivity, the comparison

of predictions from A3DA-m and LNPS to those from JUN45 and jj44b will signal how

influential νd5/2 and πf7/2 are in describing it.

As mentioned previously in Section 3.3.1, the nuclear properties of 79Zn (N = 49) will

shed light on the potentially doubly magic nucleus 78Ni, the magicity of which is dependent

on the robustness of the Z = 28 and N = 50 shell closures in neutron-rich nuclei. The close

agreement of A3DA-m and LNPS predictions and the measured ground state nuclear spin

and magnetic dipole moment of 79Zn would signal the presence of excitations across Z = 28

and N = 50, and hence the weakening of these shell closures only two protons away from Ni.
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Collinear Laser Spectroscopy at

ISOLDE

The measurement of nuclear structure properties across an isotope chain provides an opportu-

nity to investigate how nuclear structure evolves across the nuclear chart. The production of

nuclei with proton-to-neutron ratios very different from stable isotopes (exotic nuclei) is there-

fore imperative for obtaining a full picture of this behaviour. Radioactive ion beam (RIB)

facilities commonly utilise either in-flight separation or isotope separation on-line (ISOL)

techniques to produce exotic ion beams on a large scale. The ISOLDE facility at CERN

adopts the latter technique to supply radioactive beams to a range of experimental setups,

as shown in Figure 4.1. The use of selective laser ionisation [64], high-resolution mass sepa-

ration [65] and beam bunching and cooling [66] at ISOLDE facilitates the production of high

isotopic and isobaric purity radioactive beams. The Collinear Laser Spectroscopy experiment

(COLLAPS) at ISOLDE benefits greatly from the improved beam purity and quality and

provides high-resolution measurements of hyperfine spectra.

This section will outline the RIB production process at ISOLDE and how it is utilised

by the COLLAPS experiment to produce hyperfine spectra. Where necessary, details of how

the experiment is optimised specifically for Zn isotopes will be given.
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Proton
beamHRS

RILIS

ISCOOL

GPS

COLLAPS

Figure 4.1: Overview of the ISOLDE experimental hall at CERN, Geneva, with a focus on
the COLLAPS experiment. Some notable beam line components are labelled. Image adapted
from Ref. [67].

4.1 Isotope Production

The ISOLDE facility produces isotopes by bombarding a thick target with protons. Proton

bunches from the Proton Synchrotron Booster (PSB) arrive every 1.2 s with 1.4 GeV-per pro-

ton (2µA beam current) and impinge upon the target, producing radioactive nuclei through

spallation, fragmentation and fission reactions. Actinide elements prove to be a desirable

material for targets at ISOL facilities due to their large fission cross sections upon interaction

with high-energy particles. One of the most common actinides used in targets is 238U in the

form of uranium mixed carbide with an excess of graphite, UCx, that can be produced with

commercially available uranium dioxide powder and graphite. The combination of the target

thickness (≈45 g/cm2) and the beam energy and current at ISOLDE is capable of producing

radioactive isotopes over the majority of the nuclear chart (as evidenced in Fig. 2a in [68]),
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with particularly high fission production yields for neutron-rich isotopes with 70 < A < 160

highlighting the suitability of UCx for studying Zn.

Further improvements on neutron-rich isotope production can be obtained through the

use of a neutron-converter [69]. The target and converter configuration at ISOLDE are given

in Figure 4.2. In the direct beam configuration, 1.4 GeV protons impinge upon the UCx

target. This deposits a great deal of energy within the target and increases background

through the production of neutron-deficient isobars. Conversely, the interaction of the 1.4

GeV proton beam with a high-Z metal converter (e.g. Ta, W), i.e. the converter configuration,

isotropically produces MeV energy spallation neutrons that induce fission reactions within the

target. This improves the ratio of neutron-rich isotope to neutron-deficient isobar production

from the target. The reduction of beam power deposited in the target due to the converter

also works to prolong the use of targets.

UCx targets are heated to temperatures > 2000◦C to promote the fast diffusion of reaction

products through the target material from which point a temperature-controlled transfer line

transports atoms to the ion source.

Figure 4.2: Target configuration at ISOLDE. Image taken from Ref [70].
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4.2 Ion Beam Production

There are three primary ion sources available at the ISOLDE facility, they include surface ion

sources, plasma ion sources and laser ion sources. The surface ion source consists of a single

heated metal tube with a work function greater than that of the atom to be ionised, which

ionises the atom of interest upon contact. The plasma ion source produces ions through the

interaction of atoms and a plasma. The plasma is created by accelerating electrons through

a gas mixture that is ionised and then confined and condensed within a magnetic field. The

laser ion source is used in this work for the ionisation of Zn atoms, and so will be discussed

in more detail here.

The ISOLDE Resonance Ionisation Laser Ion Source (RILIS) [71] uses laser beams with

precisely tuned wavelengths to selectively ionise reaction products. The RILIS setup consists

of a hot metal cavity (T ∼ 2000 K) that spatially confines the atomic vapour from the

transfer line to provide a reliable laser-atom interaction region. This volume is then irradiated

by multiple laser beams (three at most), with each laser frequency, hν, tuned to one part

of a multi-step photo-ionisation scheme such that hν1 + hν2 + hν3 ≥ IP. Three lasers are

typically used in a RILIS ionisation scheme in order to ensure the selective ionisation of the

element of interest and greatly increase the isobaric purity of the subsequent ion beam (as this

cannot be guaranteed by mass separation alone). The laser light is produced by any of three

Nd:YAG pumped tunable dye lasers and three Nd:YAG pumped tunable Titanium:Sapphire

(Ti:Sa) lasers that are all operational simultaneously. This range of lasers provides RILIS

users with a continuous wavelength range of 210 nm to 950 nm from fundamental beams

and the generation of multiple harmonics. This wavelength range affords great adaptability

for producing multi-step ionisation schemes, with the RILIS group having determined such

schemes for more than 35 of the elements produced at ISOLDE (as of 2016 [72]).

The three-step ionisation process for Zn isotopes used in this work consists of two resonant

photo-excitations and a third non-resonant step. Wavelengths of the first two steps, λ1,2, are

provided by dye lasers pumped by a frequency doubled Nd:YAG laser (with λ = 532 nm)
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with power around 40 W, with the laser light for step one frequency converted to the third

harmonic such that λ1 = 213.92 nm (at ∼ 0.2 W) and λ2 = 636.41 nm (∼ 10 W). High-power

frequency-doubled light (40 W) from the Nd:YVO4 laser at λ = 532 nm is used for the non-

resonant final step. This ionisation scheme for Zn is shown in Figure 4.3. While the yield

of Zn will be selectively enhanced during this process, contamination from elements that are

easily surface ionised (e.g. neutron-deficient Rb) can still be produced in the hot metal cavity.

Post-ionisation, ions are extracted from the ion source and experience an acceleration

4s2 1S
0

4s4p 1P1

4s4d 1D2

Zn

IP = 75769.3 cm-1

213.92 nm

636.41 nm 

Freq. tripled
dye laser

Dye laser 

532 nm Nd:YAG laser

46745.4 cm-1

62458.6 cm-1

0 cm-1

Figure 4.3: Three-step laser ionisation scheme for the production of singly charged Zn ions.
The types of laser used and the operating wavelengths for Zn shown here are obtained from
the Ref. [72].

54



CHAPTER 4. Collinear Laser Spectroscopy at ISOLDE

voltage due to the high-voltage platform on which the target region is floated (between 30−60

kV). The resulting ion beam is transported to one of two ion separators on-line at ISOLDE,

the general purpose separator (GPS) [73] or the high-resolution separator (HRS) [65]. The

GPS consists of a single 70◦ bending magnet, while the HRS consists of a 90◦ bending magnet

followed by a 60◦ bending magnet. Within the dipole fields from the bending magnets,

particles within the beam with different charge-to-mass ratios (q/m) will follow different

paths. The specific tuning of the dipole magnetic field for the isotope (A) of interest coupled

with the Z selectivity of RILIS leads to a high degree of isotope selectivity for ion beam

production at ISOLDE. Due to the superior mass resolving power (R = m/dm) of HRS

(R > 5000) over GPS (R > 1000), and its coupling to the ion cooler buncher (introduced

in Section 4.3), the former is used in this work. A series of electrostatic optical elements

within the HRS work to guide and focus the beam through the large dipole magnets. Beam

diagnostics are monitored throughout the HRS section by wire scanners and Faraday cups

that provide feedback regarding beam profile/shape, intensity and electrostatic tuning. The

output beams from GPS and HRS both feed a common beam line system that connects to

experiments in the ISOLDE hall.

4.3 Beam Cooling and Bunching

Prior to the delivery of the ion beam to the separate experimental beam lines, it first arrives

at the ion cooler buncher, ISCOOL [12], in the focal plane of the HRS after the 60◦ magnet.

ISCOOL is a gas-filled linear Paul trap, the purpose of which is to deliver pulsed ion beams

with reduced transverse emittance and energy spread.

The ISCOOL structure is maintained on a high-voltage platform (30−60 kV) that coupled

with a series of injection electrodes of increasing voltage work to decelerate the incoming ion

beam to a few hundred eV [74]. The main quadrupole structure is formed by four rods, with

a radiofrequency (RF) field applied to each rod and adjacent rods out of phase in order to

confine ions in the radial direction. The ion cloud is slowed and cooled by helium gas at
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∼ 0.1 mbar through thermal collisions. A series of ring electrodes create a small potential

gradient to guide ions through the structure and to extraction electrodes where they are re-

accelerated approximately to the energy they entered the structure with, but with reduced

energy spread. The ion beam from ISCOOL can be released in the continuous mode or

bunched mode depending on the needs of the experiment being supplied with beam. For

bunched beams, a trapping potential is applied to the end-plate electrode to close the trap

and accumulate ions as shown in Figure 4.4. After a sufficient period, the potential is dropped

and an ion bunch is released. The period of accumulation within ISCOOL and the subsequent

release, tISCOOL, can be manipulated based on the elements and isotope under study.

For its application to collinear laser spectroscopy, the bunched beam mode presents sig-

nificant practical advantages over the continuous mode largely due to its ability to suppress

non-resonant scattered photon counts associated with laser spectroscopy experiments. This

leads to hyperfine spectra with an enhanced signal-to-noise ratio from which nuclear proper-

ties can be extracted more accurately and reliably. This background reduction is primarily

achieved as a result of the temporal coordination of ion bunches from ISCOOL with photon

Figure 4.4: Potential experienced by ions Vz as a function of distance travelled within the
ISCOOL structure z.
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counting in the detection region. This will be discussed in more detail in Section 4.5.5.

4.4 The Collinear Laser Spectroscopy Method

Two experimental techniques, crossed beam and collinear laser spectroscopy, are typically

used to perform Doppler-free optical spectroscopy. The crossed beam technique involves the

interaction of an atom/ion beam (or ensemble) and a perpendicular laser beam. However,

this technique is largely inefficient due to the short interaction time and low crossover region

between the laser beam and the ensemble, hence preventing its application to beams of exotic

nuclei where production yields are already low. The collinear laser spectroscopy technique [75,

76], on the other hand, is based on the parallel alignment of a fast ion beam and a co-

propagating laser beam. A simplified representation of the laser-atom/ion interaction region

is shown in Figure 4.5. This geometry allows for maximal spatial overlap of the laser beam and

ensemble in the axial direction and a significant increase in their interaction time. Collinear

laser spectroscopy therefore offers a number of practical advantages over the crossed beam

method for spectroscopy of fast beams.

In the process of producing radioactive isotopes and performing laser spectroscopy, broad-

ening of spectral lines occurs. As a result the overall clarity of the hyperfine spectrum can

be greatly reduced, with broadening of the scale of GHz [77] capable of completely masking

the hyperfine structure. A number of different mechanisms contribute to spectral line broad-

ening, including collisional broadening, power broadening and Doppler broadening [78]. The

latter of these mechanisms occurs due to the distribution of velocities in the ensemble that

originates from thermal motion within hot cavities. Atoms in the ensemble, each travelling

at different velocities v, will absorb radiation from the laser in their own rest frame, thus

leading to a larger range of frequencies being absorbed by atoms in the ensemble. While

the use of cooled beams nowadays partially mitigates this problem, the reduction of velocity

spread within the ion beam is key to reduce broadening effects on hyperfine spectra.

The collinear geometry is able to reduce the longitudinal spread in velocity by utilising
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Figure 4.5: Schematic representation of the collinear laser spectroscopy method at the laser-
atom/ion interaction point.

the electrostatic potential V used to accelerate the ion beam. Since all ions experience the

same accelerating potential, the initial energy spread of the beam ∆E is conserved. So using

the relation

∆E = mv̄∆v, (4.1)

it can be seen that the product of average velocity and velocity spread, v̄ × ∆v, must also

remain constant in the direction of travel. Therefore, increasing the velocity of ions through

the application of an accelerating potential works to reduce the longitudinal velocity spread.

This is shown visually in Figure 4.6. For a typical accelerating potential of 40 kV, the

aforementioned broadening effects can be reduced by three orders of magnitude to the scale

of natural line width [13].

In addition to the reduction of broadening, the accelerating potential allows the laser fre-

quency, νL, to be kept constant (to provide the approximate frequency of an atomic transition

in the element of interest) while an additional accelerating voltage applied to the ensemble
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Figure 4.6: Visual representation of the longitudinal velocity spread in the ion beam ∆vz
without without the application of an accelerating voltage V , and the longitudinal velocity
spread after accelerating voltage is applied ∆v′z.

is scanned across the hyperfine splitting. This process, referred to as Doppler tuning, also

overcomes the issues associated with scanning the laser frequency itself. Each voltage step in

the scanning process is converted to the frequency seen in the rest frame of the atom, ν, by

the Doppler effect

ν = νL(1 + α±
√

2α+ α2), (4.2)

with

α =
eV

mc2
, (4.3)

where e is the electric charge, V is the total accelerating voltage applied to the ensemble

(contributing factors covered in Section 4.5), m is the isotope mass in eV/c2, and c is the

speed of light. The use of ± is dictated by the orientation of the ion and laser beams, with

′−′ used for a collinear (parallel laser and ion beams, as used in this work) arrangement and

+ for anti-collinear. The fluorescence detected from the subsequent atomic de-excitation will

correspond to a single step in the voltage (and frequency) scan, thus producing the overall

59



CHAPTER 4. Collinear Laser Spectroscopy at ISOLDE

hyperfine spectrum. Collinear laser spectroscopy is therefore a high-resolution means of

providing measurements of nuclear spin, electromagnetic moments and mean-square charge-

radii of isotopes via their hyperfine structure. These results are also obtained in a model-

independent way.

4.5 The COLLAPS Experiment

COLLAPS is a permanent installation at ISOLDE, CERN, that utilises the collinear laser

spectroscopy technique. The experiment takes ion beams from ISCOOL with electrostatic

deflectors diverting ions down the main beam line parallel to the collinear laser beam. For

neutral atom spectroscopy, the ion beam is guided by a series of injection electrodes with

increasing magnitude of potential into the charge-exchange cell (CEC) in order to neutralise

the ions. A post acceleration potential is applied to the CEC, after which the collinear laser

and atoms interact, that allows for scanning over the hyperfine splitting. The fluorescence

produced by the atomic decay from its excited state is then measured in photomultiplier

tubes (PMTs) in the detection region at the end of the beam line. For ionic spectroscopy,

the CEC is removed from the beam line and the post acceleration voltage is instead applied

to the detection region. A schematic diagram of COLLAPS is given in Figure 4.7, with some

of its main components discussed in the following sections.

4.5.1 Accelerating Potential

Conversion of a measured hyperfine spectrum as a function of accelerating voltage to fre-

quency is required to determine the hyperfine A and B coefficients (in units of MHz) needed

for the electromagnetic moments. The total accelerating voltage, Vtotal, that dictates the

frequency seen by ions in their rest frame (Equation 4.2) at COLLAPS is understood quan-

titatively by

Vtotal = VISCOOL − [VDAQ × k + Voffset], (4.4)
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Figure 4.7: The COLLAPS beam line from ISCOOL to the detection region. Image taken
from [79].

where VISCOOL is the high-voltage platform of ISCOOL with an operational range of 30− 60

kV that determines the energy of the ion beam approaching COLLAPS. The remaining

factors combine to form the post acceleration voltage that is applied to the charge-exchange

cell (CEC), as shown in Figure 4.8. The CEC will be described in detail in the following

section. The combination of the data acquisition (DAQ) voltage, VDAQ = ±10 V, from

an 18-bit digital-to-analog converter (DAC) and a linear amplification factor, k ≈ 50, from

the “Kepco” unit provides a maximum scanning range of Vscan = ±500 V over which the

full hyperfine structure is measured. The k factor is monitored frequently during the beam

time to ensure its consistency. The other component of the post acceleration voltage, Voffset,

corresponds to the high-voltage from one of three separate “Fluke” power supplies, and takes

a value within ±10 kV. The Flukes float on top of the “Kepco” unit to provide an “offset”

to Vscan that can be tuned to account for isotopes of different masses.

Traditionally, one Fluke is permanently set for a reference isotope scan, and the other

two set to different polarities. The voltages Vscan and Voffset pass through a 1000:1 voltage

divider, are read-out by a precision voltmeter and recorded by the ‘measurement and control

program’ (MCP).
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Figure 4.8: A simplified circuit diagram of the electrical components that combine to produce
the scanning voltage applied across the CEC.

The scanning range of the accelerating potential is divided up into N channels, with

photon counts collected for each voltage step over a period ∆t. For each step in the voltage

scan a single ion bunch will typically be released from ISCOOL to the beam line. The

amount of bunches released from ISCOOL for each voltage step and the duration of their

accumulation/release cycles can be varied to improve background reduction in the detection

region (more details in Section 4.5.5). The value of N must be chosen such that individual

components of the hyperfine structure can be resolved. The voltage change from one channel

to the next, Vscan/(N − 1), is controlled and recorded by the MCP. Repetition of this cycle is

necessary to increases statistics and hence the clarity of the hyperfine spectrum. This process

is shown visually in Figure 4.9.
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Vscan

Vscan/(N - 1)

Δt

N

cycle

Figure 4.9: Graphical representation of a scanning cycle at COLLAPS. The scanning range of
the accelerating potential, Vscan, is scanned over in N steps, with ∆t being the time between
each scanning step. Once the final step is reached, the system cycles back to the first step to
repeat the scanning process.

4.5.2 Charge-Exchange Cell

Wavelengths required for spectroscopy of neutral atom beams are often easier to access than

those of their ionic counterparts [80]. The neutralisation of low-energy ion beams therefore

provides a practical advantage for collinear laser spectroscopy experiments. One such method

by which this can be achieved is through a CEC located within the vacuum beam line.

At COLLAPS, the CEC [81] consists of a central horizontal metal tube located within a

larger chamber. The inner tube is heated so that when a solid alkali-metal is placed inside,

an alkali vapour is produced. Blocks at either end of the tube are cooled by oil circulation in

order to condense the vapour within the path of the ion beam. In-flight neutralisation occurs

in the CEC as a result of ion-atom charge-exchange interactions between the ion beam and
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neutral alkali vapour. Electrostatic ion deflectors at the end of the CEC can deflect non-

neutralised ions. As mentioned earlier, for spectroscopy of neutral atoms the Doppler tuning

potential is applied to the CEC. However, for spectroscopy of ions, the CEC is simply removed

from the beam line. The tuning potential is instead applied to the detection region where

the collinear laser interacts with the ion beam.

The neutralisation efficiency of the CEC, Neff , is given by the attenuation model of a

particle beam moving through a medium [80]

Neff = (1− e−nσl)× 100%, (4.5)

where n is the alkali vapour density in cm−3, σ is the cross section of the neutralisation

process in cm2 and l is the effective interaction length in cm. This quantity is monitored

regularly by measuring ion beam current before the CEC with a Faraday cup and the current

after the CEC with ions having been deflected away. Since the alkali vapour density n

and effective interaction length l are dependent on the temperature in the horizontal tube,

a measured change in Neff can be counteracted by changing the heater temperature. The

charge exchange process between an incident fast ion X(a)+ in state a and an alkali atom of

the charge exchange vapour Y(c) in state c is described by

X(a)+ + Y(c)→ X(b) + Y(d)+ + ∆Ea,b,c,d, (4.6)

where X(b) is an outgoing fast atom in state b, Y(d)+ is an alkali ion in state d, and ∆Ea,b,c,d

corresponds to the energy between states a, b, c, d. For resonant collisions, ∆E = 0. Non-

resonant collisions however have a non-zero energy difference, ∆E 6= 0, that results in the

loss of kinetic energy from the outgoing fast atom beam. As a result, atoms neutralised via

the non-resonant channel will have a lower velocity than those neutralised via the resonant

channel [82] and hence the resonance will be measured at a seemingly higher beam energy

than the resonant frequency in the Doppler-shifted spectrum. In hyperfine spectra, this

can lead to an observable asymmetry in the measured line shape. The effect of this on the
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hyperfine spectrum of Zn isotopes will be discussed in Section 5.1.2.

For laser spectroscopy of Zn atoms, the incident Zn ion beam is neutralised in a charge-

exchange vapour of Na atoms. The energy excess in this charge-exchange interaction can be

understood as the difference in their ionisation potentials (IP), with the IP of Zn (= 9.39

eV) [83] and the IP of Na (= 5.14 eV) [84] producing an energy excess of ∆E = 4.25 eV. As

a result, atomic levels with E ' 4.25 eV will be preferentially populated as a result of this

CEC interaction. The metastable 4s4p 3PJ triplet of states in Zn (∆E ≈ 4.02 eV) is one such

set of states that is quasi-resonantly populated. This is advantageous for laser spectroscopy

of Zn since there are a number of strong transitions to higher-lying states from 4s4p 3P0,1,2.

This triplet will therefore form the lower level of the atomic transition used to study Zn.

4.5.3 Atomic Transition

The selection of an atomic transition for spectroscopy is vital for the efficient determination

of nuclear properties from hyperfine spectra. For studying Zn, the decision is made somewhat

simpler by the aforementioned neutralisation process in the CEC with the Na atomic vapour

where the small energy excess from the charge-exchange collisions quasi-resonantly populates

the long-lived metastable 4s4p 3P o
J triplet state in Zn. The ground state transition to or from

the 3P o
1 level in this triplet (the only allowed ground state to 3P o

J triplet transition based on

selection rules) is too weak for efficient spectroscopy and so the energy excess from the CEC

process helps to avoid this problem.

The 4s4p 3P o
J triplet state presents an ideal lower atomic level for spectroscopy as there are

numerous strong transitions to higher lying states [85]. Additionally, de-excitations from the

3P o
0,2 states to the 4s2 1S0 ground state are forbidden by selection rules and the 3P o

1 level has a

20µs lifetime, which means there is sufficient time to perform spectroscopy. From this triplet,

the transition from the 4s4p 3P o
2 level at 32890.22cm−1 to the 4s5s 3S1 at 53672.24cm−1 is

selected for spectroscopy of neutral Zn atoms. This corresponds to a wavelength of 481.1873

nm. The J = 2 → 1 transition provides a greater sensitivity to the nuclear spin than the

alternative J = 0, 1 → 1 transitions due to the increased number of observable hyperfine
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Figure 4.10: Simplified atomic level orientation for Zn showing the atomic transition selected
for spectroscopy from the metastable 4s4p 3P o

2 state to 4s5s 3S1.

transition peaks between the upper and lower F states (using F = I +mJ).

4.5.4 The COLLAPS Laser Setup

Production of the 481.1873 nm wavelength light for the 4s4p 3P o
2 → 4s5s 3S1 transition is

achieved via the Matisse 2 Titanium:Sapphire (Ti:Sa) tunable laser and Wavetrain 2 external

cavity frequency doubler at COLLAPS. The following sections will outline the basic principles

of these devices.

Matisse Ti:Sa Laser

The Matisse system, shown in Figure 4.11, is pumped by a continuous wave (CW) frequency

doubled Nd:YVO4 laser at 532 nm with 15 W power in order to produce a laser output in CW

mode, as required for collinear laser spectroscopy. Pump radiation excites electrons in the

titanium-doped sapphire crystal (Ti3+:Al2O3) from the ground state band to an excited state

band. Here the electrons de-excite due to collisional relaxation to the bottom of the band,

meaning the population inversion condition of the laser gain medium is achieved. Stimulated

emission of these excited state electrons to the ground state band amplifies the laser light

across the tunable wavelength range. Ti:Sa crystals provide a broad tunable wavelength
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output, λ = 650 − 1100 nm, which, in addition to the narrow linewidth of its output light

makes them ideal for high-resolution spectroscopy. The output laser wavelength is tuned by

a combination of thick etalons (TE), tuning mirrors (TM), folding mirrors (FM) and a Lyot

filter (three motor-driven birefringent filters (BF)), with counter-clockwise circulation around

the ring cavity maintained by a unidirectional device (UD). The final folding mirror (bottom

right) is partially reflective, allowing some light to escape the cavity and the remainder to

continue to circulate the Matisse cavity to increase the intra-cavity optical power. A portion of

the output laser light, dictated by the transmission of the output coupler (OC), is redirected

to a temperature controlled reference cavity for active stabilisation of the laser frequency.

This produces an error signal that is sent to the fast piezo-mounted folding mirror in order to

apply fast cavity length corrections. The light that is transmitted through the output goes to

the frequency doubler cavity. To ensure long-term stabilisation of the Ti:Sa, the tunable laser

frequency is locked to a Fabry-Pérot interferometer (FPI) that is itself locked to a stabilised

helium:neon (He:Ne) laser.

PM
FM

M

FM

FM

TM

M

M

PMTi:Sa

TE UD

OC

BF
M

Pump

FPM

Reference Cavity

Figure 4.11: Schematic diagram of the cavity elements in the Matisse tunable laser (not to
scale). Optical elements labelled in the image include mirrors (M), folding mirrors (FM),
tuning mirror (TM), piezo-mount (PM), fast piezo-mount (FPM), Ti:Sa crystal, thick etalon
(TE), unidirectional device (UD), birefringent filters (BF) and output coupler (OC). The OC
directs a portion of the output laser light to a reference cavity.
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Wavetrain Frequency Doubler

The 481.1873 nm wavelength light required for spectroscopy of Zn is produced by frequency

doubling laser light from the Matisse within the WaveTrain external frequency doubler cavity.

A schematic diagram of the Wavetrain is given in Figure 4.12. Upon entering the Wavetrain,

the fundamental beam passes through an electro-optical modulator (EOM) to add sidebands

to the fundamental beam for the active stabilisation of the ring cavity length. The funda-

mental is then focused through a series of lenses (L), directed to the central ring cavity by

folding mirrors (FM) and mode matched with the cavity by a beam shifter (BS). In this tri-

angle cavity, the fundamental passes through a nonlinear lithium triborate (LBO) crystal to

produce frequency doubled laser light that passes through a mirror (M), is focused by a lens

and directed to the ISOLDE hall by a series of folding mirrors. The fundamental beam that

is not frequency doubled by the crystal is reflected back into the triangle cavity by a mirror

and continues its circulation to increase the laser power. A Brewster prism (BP) ensures only

fundamental light passes through the doubling crystal to increase the frequency conversion

LBO
M

FM

BP

PM

EOM

BS

L

FM

FM

FM

LL
M

Matisse

Figure 4.12: Schematic diagram of the cavity elements in the Wavetrain frequency doubler
cavity (not to scale). Optical elements labelled in the image (not already referenced in
Figure 4.11) include electro-optical modulator (EOM), lens (L), beam shifter (BS), nonlinear
crystal lithium triborate (LBO) and Brewster prism (BP).
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process. Prior to entering the beam line, the laser power can be managed by neutral density

filters.

4.5.5 Detection Region

Fluorescence emitted due to the atomic de-excitation of particles in the bunched beam is

detected by a set of four PMTs at the end of the COLLAPS beam line, oriented in two

rows perpendicular to the beam path as shown in Figure 4.8. The corresponding signals are

amplified, passed through a discriminator and, if greater than the threshold defined on the

unit, the signal is counted by MCP. The addition of a Brewster window at the end of the

beam line reduces internal laser reflections that are a source of background.

For each step in the voltage scan, the total number of counts is recorded by the MCP

before moving on to the next step in the scan. The number of steps taken across the scan

region must be sufficient to resolve the hyperfine splitting. This process produces a hyperfine

spectrum initially as a function of scanning voltage, VDAQ, that is then converted to frequency

by Equations 4.2 and 4.4.

Background Reduction

The reduction of background counts in the detection region is required to produce hyperfine

spectra for low radioactive yields, with the dominant contribution to background in collinear

laser spectroscopy experiments coming from continuous non-resonant scattered photons due

to the laser beam. The suppression of such background can be achieved through the temporal

coordination of ion-bunch release from ISCOOL with the counting of photons by the MCP.

At COLLAPS, users can select a photon “gate” to place on the photon signal recorded by

the MCP, tMCP, that defines the period in which photons are accepted. By calculating the

time-of-flight of an individual isotope, the photon gate can be applied so that photons are

only counted while the ion bunch containing the isotope-of-interest is in front of the PMTs.

The data acquisition software allows collection of data with a user defined photon gate
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(and one without photon gating) across all four PMTs simultaneously1. For a given photon

gate in the MCP, tMCP, the background reduction is given by:

background reduction ≈ tISCOOL

tMCP
(4.7)

where tISCOOL is the length of a single accumulation and release cycle of ISCOOL. For

the study of Zn, suitable photon gates from ToF measurements range from tMCP = 3 −
1The gate applied to the back row of PMTs is slightly delayed to account for the extra distance travelled

by the ion bunch.
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Figure 4.13: Measured hyperfine spectra of 73Zn from this work with no photon gating (top)
and an MCP triggered 5µs photon gate (bottom).
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10µs. Taking the 5µs gate as an example with an ISCOOL cycle of tISCOOL = 100 ms, the

background seen in ungated spectra can be reduced by a factor of ∼ 4×104 with this method.

This improvement is shown in Figure 4.13 for the hyperfine spectrum of 73Zn.

Further suppression of background is achieved through proton triggering, where the data

acquisition program is triggered by the impact of a proton pulse on the target. This method

means the release of ions from ISCOOL and photon counting in the MCP can be initiated at

a specified time after proton impact to maximise release from the target. The relatively fast

release of Zn from the UCx target at ISOLDE dominates over the slower release of Ga until

≈ 800 ms after protons impact upon the target, as shown in Figure 4.14. Therefore we select

the first 600 ms after proton impact to accept bunched beam from ISCOOL to maximise the

yield of Zn from the target relative to the Ga isobar. This also presents a distinct advantage

for the measurement of short-lived isotopes.

In order to avoid overfilling of the buncher, and maintain the well-defined temporal struc-

ture of the ion bunch, the individual accumulation and release cycle of ISCOOL is often

divided into multiple shorter cycles. For the 600 ms window of maximum Zn release from

Figure 4.14: The fast release of Zn from a UCx target compared to the release of Ga. Image
taken from [86].

71



CHAPTER 4. Collinear Laser Spectroscopy at ISOLDE

the target, ISCOOL cycles of 3 × 200 ms or 4 × 100 ms after proton impact on target will

be applied to most isotopes across the Zn chain in this work. The only notable exception to

this will be the cycle used for the 13 ms state in 73Zn. Instead, the accumulation and release

cycles are reduced to 10 × 10 ms or 2 × 10 ms in order to ensure data is collected while a

significant fraction of the short-lived isomer still exists after the interaction of protons and

the target. The clear enhancement of the isomeric state structure in 73Zn relative to the

ground state (lower panel of Figure 4.13) when using the 2×10 ms proton triggered ISCOOL

cycle is shown in Figure 4.15. Proton triggering therefore provides a significant advantage

for the study of isotopes with relatively short-lived states.
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Figure 4.15: Hyperfine spectrum of 73Zn measured with a 2×10 ms proton triggered ISCOOL
cycle. The enhancement of the isomeric structure relative to the ground state due to the
shortened cycle length is clear when comparing this spectrum to the 4×100 ms cycle spectrum
in the lower panel of Figure 4.13.
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Analysis of Zinc Hyperfine Spectra

The collinear laser spectroscopy method allows for the unambiguous assignment of ground

and isomeric state nuclear spins, I. In principle, the results from laser spectroscopy can

be used in conjunction with decay spectroscopy data to make definitive spin assignments

of higher lying levels due to measured transition multipolarities. Confirmed spins can then

be used in the analysis to determine magnetic dipole moments, µ, spectroscopic quadrupole

moments, Qs, and mean-square charge radii, 〈r2〉, in a model-independent way from measured

hyperfine spectra (using equations previously stated in Chapter 2). These nuclear properties

provide information about nucleon configurations in nuclei, and the shape and size of the

nucleus. The accurate extraction of nuclear properties from a hyperfine spectrum is therefore

paramount for us to understand the development of nuclear structure across an isotope chain.

5.1 χ2-minimisation Method

The nuclear properties from a hyperfine spectrum can be obtained by producing a model

hyperfine structure, that is dependent on the centroid ν0, nuclear spin, I, and the hyperfine

coefficients (Au, Al, Bu, Bl), and comparing it to the initial measured spectrum. Estimates

of these hyperfine parameters are initially obtained by superimposing a model hyperfine

spectrum on to the experimental spectrum and altering the model parameters until a close
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agreement between the two structures is seen. These parameters can then be used as a

starting point for a more thorough comparison.

For the extraction of nuclear properties from hyperfine spectra, χ2-minimisation is a

widely adopted technique. The χ2-minimisation process involves the fitting of a model to

experimental data by varying individual fitting parameters until the χ2 statistic is minimised.

The χ2 value is defined as

χ2 =
n∑
i

(xi − x′i)2

σ2
i

, (5.1)

where n is the number of bins, xi is the fitted counts in the ith bin, x′i is the experimentally

measured counts and σi is the error on the measured counts in each bin, σi =
√
x′i + 1.

From the χ2 value, a quantitative goodness-of-fit between the model and experiment can be

calculated. This quantity, referred to as the reduced χ2, χ2
r , is defined as

χ2
r =

χ2

ν
, (5.2)

where ν is the number of degrees of freedom, with ν = n − N , where n is the number of

bins and N is the number of fitting parameters. The χ2
r is also used to determine errors on

the nuclear properties extracted from the χ2-minimisation test. Fitting errors are obtained

by calculating the covariance matrix for each parameter and taking the square root of its

diagonal elements. Then, factoring in the quantitative goodness of fit to the data, χ2
r , the

error on a single fitting parameter is given by

Error = σ ×
√
χ2
r . (5.3)

The errors provided by the fitting for Au, Al, Bu and Bl are carried forward through the

analysis and therefore contribute to errors on the calculated magnetic dipole moments and

spectroscopic quadrupole moments. During this analysis, χ2-minimisation fits to ground and

isomeric state structures are completed simultaneously where necessary, with the quantities
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ν0
1, Au, Al, Bu, Bl for each nuclear state left as free parameters throughout.

5.1.1 Spectral Line Shape

Prior to performing the χ2-minimisation fitting to data, we must first select the line shape

of the fitted spectrum. The absorption spectrum is measured as a frequency distribution

around the resonant transition frequency, with the natural line shape for an atomic transition

closely following that of a Lorentzian distribution (in the case where no thermal or Doppler

broadening effects are present) [78]. Therefore, the non-normalised Lorentzian distribution,

L, is used here for the fitting process to hyperfine spectra, and is given by:

L(x) = I
Γ2

4[(x− x0)2 + (Γ/2)2]
(5.4)

where x is the frequency, I is the peak intensity, x0 is the peak centroid and Γ is the full-width

at half maximum (FWHM) of the resonance peak. The Voigt line shape (a convolution of

Gaussian and Lorentzian line shapes) was also considered for this work due to its ability to

account for broadening effects, however, comparison of the extracted properties from each

line shape revealed minimal differences. Intensities of resonance peaks in the fit are initially

constrained to Racah relative intensity values [88] at 90◦, a method which forces peaks in the

fitted spectrum to have a proportion of the overall intensity based on angular momentum

coupling rules. This proves useful for determining nuclear spin assignments. Firstly, the

intensity distribution depends on the nuclear spin. Secondly, if an incorrect spin is assigned

and tested, when fitting with free intensity parameters, the intensity of unmatched fitting

peaks can collapse to ≈ 0 to reduce the error of the fit. Racah intensities therefore more

clearly highlight incorrect spin assignments both statistically and visually. Once a spin is

unambiguously determined, the fit is repeated with free intensity parameters for each peak,

which should produce A and B values that are within errors of those obtained from fits with

Racah relative intensities.

1The extracted centroids (used to determine the mean-square charge radii, 〈r2〉) will not be referenced in
this work, but will be covered in a future publication from the COLLAPS collaboration by L. Xie [87].
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5.1.2 Peak Asymmetry

The influence of non-resonant charge exchange interactions on collinear laser spectroscopy

has been discussed in Section 4.5.2. These types of inelastic interactions between the ion

beam and charge exchange vapour leave a number atoms in higher energy states, the energy

of which corresponds to the kinetic energy lost from the beam during a single collision, ∆E.

As a result, the fluorescence from these atoms is detected at a seemingly lower frequency than

the resonance peak. The frequency offset of these photons from the resonance is given by

the product of ∆E (in eV) and the mass-dependent linear approximation. This can lead to

an asymmetry of the measured resonance peaks, which, if unaccounted for leads to incorrect

values of hyperfine structure coefficients and the centroid obtained from the χ2-minimisation

fitting.

For Zn, the dominant CEC interaction between fast Zn ions and Na vapour is only quasi-

resonantly populating the 4s4p 3P2 triplet. The J = 2 state in this triplet is the lower level

of the atomic transition selected for this work, 4s4p 3P o
2 → 4s5s 3S1, meaning population of

this state is required for any resonances to be detected. Therefore, any observed asymmetry

in hyperfine transition peaks of Zn isotopes will occur as a result of additional non-resonant

collisions in the CEC that populate other excited states, which subsequently decay to the

J = 2 state.

In order to account for this asymmetry in the χ2-minimisation fitting, a series of Lorentzian

“satellite peaks” separated by a constant energy offset from the resonance peak are added to

the model. The decreasing probability of each additional non-resonant CEC collision means

the intensity of these satellite peaks must decrease as n increases. Therefore, satellite peak

intensities are best described by the Poisson distribution [82]

P (n, b) =
bn

n!
e−b, (5.5)

where n is the satellite peak number (with n = 0 being the resonance peak) that corresponds

to the number of successive inelastic collisions, and b is a factor that depends on the length
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and density of the Na charge exchange vapour. The latter is left as a free parameter to

account for any changes to CEC conditions during the experiment. Minor modifications are

made to the Lorentzian line shape described in Equation 5.4 to produce a skewed Lorentzian

profile that accounts for n satellite peaks,

Lskew(x) =
∑
n

P (n, b)× I Γ2

4[(x− (x0 + n× xoffset))2 + (Γ/2)2]
(5.6)

where xoffset is the frequency offset due to an inelastic collision in the CEC that varies with

isotope mass. The energy offset (and hence frequency offset) and number of collisions are

initially left as free parameters that are evaluated during the initial fitting process.

Final values of n ≤ 5 and ∆E ≈ 2.6 eV are obtained from the fitting and are then fixed

for all isotopes. The fitted energy offset of ≈ 2.6 eV is in agreement with the average energy

between the 4s4p 3P0,1,2 triplet of states and the 4s5s 3S1 level in Zn (∆E ≈ 2.625 eV). This

confirms that the peak asymmetry occurs as a result of multiple CEC collisions that lead to

population of the 3PJ triplet involved in the atomic transition used in this work. The effect

of this skewed Lorentzian line shape on fitting parameters is shown in Figure 5.1, where the

difference between the centroid of 68Zn from the pure Lorentzian line shape to the skewed

Lorentzian is ≈ 6 MHz. While it is possible that other high-lying states may be populated

during CEC collisions, the lack of a fast transition to the 3P o
2 state means they will not

contribute to any peak asymmetry measured via the 4s4p 3P o
2 → 4s5s 3S1 transition.

5.2 Nuclear Spin Determination

The ground state spins of the odd-A isotopes 63−71Zn and the isomeric spins of 69,71Zn have

already been confirmed in previous studies. The remaining odd-A isotopes, 73−79Zn, have

tentative spin assignments for both their ground and isomeric states prior to this work.

Confirming the nuclear spins of these isotopes will be the primary focus of the initial χ2-

minimisation fitting tests with Racah relative peak intensities. Since the ground and isomeric

state structures are fitted simultaneously in this process, the spin of one state (ground or
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Figure 5.1: χ2-minimisation fits with satellite peaks (blue) and without satellite peaks (red)
included compared to the measured spectrum of 68Zn. The blue and red dashed lines represent
the respective peak centroids from the two fits with ∆ν0 ≈ 6 MHz.

isomer) will be kept constant (at the tentative spin assignment) whilst the other is varied

between the tentative assignment and the neighbouring spin values (i.e. I ± 1). The fitted

spectra will be assessed (in order of applicability) on their ability to reproduce the number

of measured resonance peaks and their relative spacing, the hyperfine A coefficient ratio

(Rexp = 0.4197(3) for the 481.1873 nm line in Zn)2, and the Racah relative peak intensities

(see Section 2.3.1 for more details). The χ2
r value that reflects the statistical goodness of

fit between the fitted spectrum and data can also be used, although this quantity is not

particularly reliable unless there are drastic changes between the χ2
r values of different spins.

For instance, if a small fitting peak is visibly offset from a measured peak, the difference in

χ2
r will not necessarily be significant, even though the fitted structure clearly does not match

2Reference values of Al = +531.987(5) MHz and Au = +1267.5(1.0) MHz for the stable isotope 67Zn are
taken from Refs. [89] and [90] and used to calculate the expected ratio (Rexp) of A(3P2)/A(3S1) = 0.4197(3)
for the Zn isotope chain.
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to the experimental structure.

Results of the χ2-minimisation fitting for tentative ground and isomeric state spins and

their neighbouring spin values for 73−79Zn are given in the following section. The fitted

hyperfine structures for each nuclear spin are shown against experimental spectra in figures,

with the ground and isomeric state peaks labelled g and m respectively or numbered to

simplify discussion when the state is under investigation. The state to which individual

resonance peaks are assigned to are initially determined by superimposing a model hyperfine

spectrum with the tentative ground or isomeric spin over the measured spectrum. The

fitting parameters A(3P2), A(3S1), B(3P2), Rexp and χ2
r corresponding to each spin value are

given in tables, with values corresponding to the correct spin assignment displayed in bold

text. B(3S1) is not used henceforth as fitted values are ∼ 0 and ∆B(3S1) ≤ B(3S1) for all

isotopes. The results for the previously confirmed spins of 63−71Zn are given in Appendix A

for validation of our analysis process.

5.2.1 73Zn (N = 43)

The ground state of 73Zn has a tentatively assigned spin of I = 1/2. The same spin assignment

has been confirmed for the ground state of 69,71Zn. The existence of a 13 ms isomeric state was

first proposed in [15] from the β-decay of a 73Cu beam, with the state initially being assigned

a tentative spin of Iπ = 5/2+. Experimental evidence of a higher-spin second isomeric state

has been proposed [91] with t1/2 = 5.8 s but was not observed in other work [15], and hence

its existence is unconfirmed as of yet. The hyperfine spectrum of 73Zn therefore presents the

opportunity to determine the spin of the 13 ms isomer and the existence of the 5.8 s isomer.

In Figure 5.2, the χ2-minimisation fits of the I = 1/2 and 3/2 ground state spins are

shown with the experimental spectrum. The experimental spectrum of the ground state

(t1/2 = 23.5 s) is measured with an ISCOOL accumulation and release cycle of 4 × 100 ms

per proton bunch. This proves to be too long for a measurable amount of the 13 ms isomer

to remain as the hyperfine structure of the isomer is indistinguishable from background.

To increase the intensity of the isomer peaks relative to the background we put protons
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directly on to the target to increase the yield of the ion beam [69]. At this mass number the

beam contamination from proton-rich isobars, namely 73Rb, will have a minimal effect due

to their short lifetime of < 30 ns. As a result, the proton-neutron converter is not required to

suppress rubidium isotopes. In addition, a shorter ISCOOL accumulation and release cycle

of 2× 10 ms following proton bunch is used to limit the photon counting window to a couple

of isomeric state half-lives. The combination of these measures will work to maximise the

statistics of the isomeric spectrum for the χ2-minimisation fitting, the results of which are

shown in Figure 5.3. It is therefore worth noting that the data for 73Zn and 73mZn shown in

Figures 5.2 and 5.3, respectively, are not from the same experimental run.

Ground State Spin

The measured hyperfine spectrum is rather conclusive regarding the spin of the ground state.

Three observable peaks and their intensity distribution can only correspond to a spin-1/2

state for a 2 → 1 atomic transition, a fact that is also reflected by the output values

from the χ2-minimisation fitting shown in Table 5.2. As expected the additional resonance

peaks associated with a spin-3/2 structure do not align with experimentally measured peaks,

and the χ2-minimisation fitting subsequently produces poor statistical fit (χ2
r = 15.21 and

A(3P2)/A(3S1) = 0.4166(8)) when compared to I = 1/2. The ground state spin of 73Zn is

therefore confirmed as I = 1/2.

The duration of the 4 × 100 ms ISCOOL cycle should be more than sufficient for the

measurement of the proposed 5.8 s isomeric state in 73Zn. Beyond the peaks attributed to

the I = 1/2 ground state, no others are observed to signal the presence of an isomeric state

with a lifetime of the order of seconds. Therefore we conclude that the 5.8 s isomer either

does not exist or is not populated by reactions within the target.

Isomeric State Spin

In addition to the three resonances of the I = 1/2 ground state, eight further resonance

peaks are now observed in the spectrum and are attributed to the isomeric state. Based
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Figure 5.2: Plot of the fitted spectrum for different spin assignments of the ground state in
73Zn.

Table 5.1: Results from the χ2-minimisation fitting of the ground state structures for 73Zn.

I χ2
r A(3S1) (MHz) A(3P2) (MHz) B(3P2) (MHz) A(3P2)/A(3S1)

1/2 1.10 +4041.4(3.9) +1694.6(2.2) — 0.4193(7)
3/2 15.21 +2421.1(2.5) +1008.7(1.6) +786.9(4.2) 0.4166(8)

on the number of measured resonance peaks in the spectrum, the tentative spin assignment

of I = 5/2 (nine peaks) and the two neighbouring spins I = 3/2, 7/2 (eight, nine peaks)

could all reasonably reproduce the hyperfine structure of the isomer. The spin-5/2 structure

represents the best statistical fit to the experimental data when compared to the neighbouring
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Figure 5.3: Plot of the fitted spectrum for different spin assignments of the isomeric state in
73Zn.

spins (χ2
r = 1.10 compared to χ2

r = 1.81, 1.61), and hence the fitted spectrum matches to all

eight resonance peaks (excluding one additional peak outside the scan range). Conversely

82



CHAPTER 5. Analysis of Zinc Hyperfine Spectra

the spin-3/2 structure does not align with peaks 1, 2, 4, 5 and 8, with the majority of its

fitting peaks not visible in the spectrum as they are likely masked by aligning to ground state

resonances. The spin-7/2 is unable to match with peaks 2, 6 and 8. Visible differences between

the intensity distributions of each χ2-minimisation fit are minimal due to the generally low

intensity of peaks in the isomeric structure, and hence they are not used here to determine

the spin assignment. The neighbouring spins I = 3/2 and 7/2 present A(3P2)/A(3S1) values

(0.4105(10) and 0.4216(10) respectively) that are outside errors of Rexp, although these A

ratios correspond to fits that do not reproduce all measured transition peaks. However, the

A ratio for the spin-5/2 structure (0.4199(11)) lies within the fitting error of the known value

of 0.4197(3) and reproduces all peaks in the measured spectrum. These results therefore

confirm the nuclear spin of the isomeric state in 73Zn as I = 5/2.

We can estimate the lifetime of the I = 5/2 isomer by changing the duration of the

measurement cycle after protons hit the target and comparing the intensity of the isomeric

structure peaks. The intensity of the isomeric structure in Figure 5.3 with a 20 ms measure-

ment cycle (2×10 ms ISCOOL cycle) is 5× greater than the intensity seen with a 10×10 ms

cycle (shown in Figure 1b of Ref. [37] from this work). This provides confirmation that iso-

meric peaks are from a state with half-life the order of 10 ms (in agreement with the t1/2 = 13

ms from Ref. [15]). Further support for the half-life proposed in Ref. [15] was provided after

this work in Ref. [92], where γ-decay spectroscopy measurements lead to a more precise value

of t1/2 = 13.1± 1.8 ms.

Table 5.2: Results from the χ2-minimisation fitting of the isomeric state structures for 73Zn.

I χ2
r A(3S1) (MHz) A(3P2) (MHz) B(3P2) (MHz) A(3P2)/A(3S1)

3/2 1.81 −2012.5(2.6) −826.1(1.7) −72.7(5.4) 0.4105(10)
5/2 1.11 −1234.9(1.9) −518.6(1.1) +130.5(5.6) 0.4199(11)
7/2 1.61 −954.9(1.3) −402.6(0.8) −48.1(6.1) 0.4216(10)
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5.2.2 75Zn (N = 45)

The ground and isomeric state spins in 75Zn are tentatively assigned as I = 7/2 and I =

1/2, respectively. The ground state nuclear spin is determined from β- and γ-coincidence

measurements of 77Zn, from which conclusions can be drawn about the level arrangement

in 75Zn due to the similarities in the gross structure of their decay schemes [16]. This spin

assignment is not in agreement with the expected spin of a single-neutron in the νg9/2 orbit.

This ground state spin has been observed in other even-Z, N = 45 isotones with three

neutrons in ν1g9/2, and occurs as a result of a three-quasiparticle ground state [17]. The

results of the fitting process for the ground state with I = 5/2, 7/2 and 9/2 are shown below

in Figure 5.4.

The I = 1/2 isomeric spin assignment in 75Zn [17] signals a deviation from the trend

observed in 69−73Zn, where the spin-1/2 is assigned to the ground state as opposed to the

isomeric state. Confirmation of this isomeric spin will signal the inversion of the ν2p1/2 and

ν1g9/2 levels that would be expected to already occur in 71Zn in a non-interacting shell model

picture. The results of this fitting process for the isomeric state are shown below in Figure 5.5.

Ground State Spin

The experimental spectrum of 75Zn is seen to consist of 12 resonance peaks (only the edge of

peak 1 is measured at≈ −4200 MHz), which, based on the tentative spin assignments suggests

that the ground state has I ≥ 5/2 (nine peaks) and the isomer I = 1/2 (three peaks). The χ2
r

values produced by the fitting process are fairly conclusive with regards to the ground state

spin. The tentative spin assignment I = 7/2 gives the best statistical fit to the experimental

data (χ2
r = 1.29). The spin-7/2 fitted structure aligns with all nine observed resonances and

the Racah relative intensities closely reproduce the measured intensity distribution too. This

is a marked improvement over the fit for spin-5/2 (χ2
r = 3.10) where the peaks 1, 2 and

9 are not reproduced, while for spin-9/2 (χ2
r = 4.19) the structure is unable to align with

peak 9 in particular and does not reproduce the intensities of peak 7 and 8. The A ratio of
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Figure 5.4: Plot of the fitted spectrum for different spin assignments of the ground state of
75Zn.

spin-7/2 structure (A(3P2)/A(3S1) = 0.4199(6)) is an improvement over those for spin-5/2

and 9/2, and lies within errors of Rexp, and therefore confirms the ground state spin of 75Zn

as I = 7/2.
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Table 5.3: Results from the χ2-minimisation fitting of the ground state structures for 75Zn.

I χ2
r A(3S1) (MHz) A(3P2) (MHz) B(3P2) (MHz) A(3P2)/A(3S1)

5/2 3.10 −1082.4(1.2) −448.9(0.8) +200.8(4.6) 0.4147(9)
7/2 1.29 −815.5(0.7) −342.5(0.4) +51.2(3.0) 0.4199(6)
9/2 4.19 −656.5(0.8) −278.9(0.5) −55.4(4.9) 0.4248(8)

Isomeric State Spin

The three resonance peaks assigned to the isomeric state appear to best suit the tentative

I = 1/2 spin assignment. The fitted I = 3/2 structure only appears to have unmatched

peaks at ∼ 3000 MHz and ∼ 1500 MHz, with the remaining peaks associated with a spin-3/2

structure (eight in total) instead aligning to peaks already accounted for by the ground state,

as shown in Figure 5.5. As a result the spin-1/2 structure produces the best statistical fit

to the data (χ2
r = 1.29) and an A ratio of 0.4204(16) that is within errors of Rexp. These

values are a notable improvement over those for I = 3/2 from the χ2-minimisation fitting

(χ2
r = 2.57, A(3P2)/A(3S1) = 0.4160(12)) and confirms the isomeric state spin of 75Zn as

I = 1/2.
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Figure 5.5: Plot of the fitted spectrum for different spin assignments of the isomeric state in
75Zn.

Table 5.4: Results from the χ2-minimisation fitting of the isomeric state structures for 75Zn.

I χ2
r A(3S1) (MHz) A(3P2) (MHz) B(3P2) (MHz) A(3P2)/A(3S1)

1/2 1.29 +4032.7(9.2) +1695.3(5.3) — 0.4204(16)
3/2 2.57 +2287.1(3.4) +951.6(2.2) +1039.6(5.1) 0.4160(12)
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5.2.3 77Zn (N = 47)

The similarities in decay schemes and low-lying level structure of 75Zn and 77Zn mean that

their ground and isomeric states both have the same tentative spin assignments of I = 7/2

and 1/2, respectively. The results from β- and γ-coincidence measurements [18] and the

reasons explained above for 75Zn provide the basis for the tentative assignments. The results

for the tentative ground state spin and I = 5/2, 9/2 are shown in Figure 5.6.

The combined ground and isomeric state hyperfine spectrum of 77Zn is broader than that

observed for lighter isotopes and subsequently extends beyond the scanning voltage range

of the COLLAPS beam line. This means that, for the tentatively assigned spin-1/2 isomer,

only two of the expected three peaks are measured in the scan range. A rough location of

the 3rd peak is determined by superimposing a model hyperfine structure to the first two

isomer peaks and constraining the A ratio to Rexp. This same process is also performed

for the spin-3/2 structure. These locations are then measured experimentally by changing

the Fluke voltage (that dictates the centre of the scanning range) and reducing the voltage

range scanned. If the isomer is spin-1/2, the measurement of all three peaks is necessary as

the hyperfine A(3P2) and A(3S1) coefficients cannot be accurately determined from only two

peaks. The χ2-minimisation fitting for the isomeric spins is performed on the full hyperfine

spectrum plus the focused scan, the intensity of which is normalised to the number of scans

taken over the full Vscan range in order to perform the fitting with Racah intensities. The

results for the I = 1/2 and 3/2 spins are shown below in Figure 5.7.

Ground State Spin

The 11 measured resonance peaks within the voltage scanning range (plus one isomer peak

beyond Vscan) means that ground state spin assignments of I ≥ 5/2 along with a tentatively

assigned I = 1/2 isomer cannot be ruled out based on the number of peaks. The focused scan

for the additional isomer peak is not included in these ground state spin tests. The I = 7/2

fitting produces the best statistical fit to the data (χ2
r = 0.84) of the three spins tested,
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Figure 5.6: Plot of the fitted spectrum for different spin assignments of the ground state of
77Zn.

with the spin-7/2 structure matching closely to the nine labelled peaks in the spectrum in

both intensity and frequency. On the other hand, the I = 5/2 fitting does not reproduce
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the measured peak intensity distribution, most notably at peaks 1 and 2, and is unable to

align with resonance peaks 1, 2, 8 and 9. The spin-9/2 structure meanwhile does not match

to peaks 8 and 9 in the spectrum. Both the spin-5/2 and 9/2 structures produce A ratios

outside errors of Rexp (A(3P2)/A(3S1) = 0.4139(7) and 0.4213(8), respectively), which, in

addition to the peak misalignment, rule them out as the ground state spin. The A ratio of

0.4201(7) for I = 7/2 is in agreement with Rexp, meaning the spin is therefore confirmed as

the ground state assignment for 77Zn.

Table 5.5: Results from the χ2-minimisation fitting of the ground state structures for 77Zn.

I χ2
r A(3S1) (MHz) A(3P2) (MHz) B(3P2) (MHz) A(3P2)/A(3S1)

5/2 1.84 −1239.6(1.1) −513.1(0.8) +182.0(4.8) 0.4139(7)
7/2 0.76 −938.0(0.9) −394.1(0.5) +145.1(3.8) 0.4201(7)
9/2 2.04 −772.5(0.8) −325.4(0.5) +51.3(5.5) 0.4213(8)

Isomeric State Spin

With the addition of the resonance peak from the focused scan, the overall hyperfine spectrum

is now seen to contain twelve resonance peaks and thus supports the I = 1/2 isomeric state

spin assignment (three isomer peaks plus nine from the ground state). The spin-3/2 structure

aligns with resonance peaks 1 and 2, although the structure does not reproduce the peak in

the focused scan. The additional resonance peaks associated with a spin-3/2 state are visible

in the spectrum and do not align with any measured peaks. The spin-1/2 structure aligns

with three measured peaks in the spectrum, including that from the focused scan. Both fits

produce relatively large errors on their A(3P2)/A(3S1) values although this is attributed to

the uncertainties introduced by the focused scan fitting. The better agreement between the

A ratio of 0.4200(29) for I = 1/2 and Rexp than is seen for the I = 3/2 fitting (0.4221(14))

is further confirmation of I = 1/2 as the isomeric state spin of 77Zn.
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Figure 5.7: Plot of the fitted spectrum for different spin assignments of the isomeric state in
77Zn.

Table 5.6: Results from the χ2-minimisation fitting of the isomeric state structures for 77Zn.

I χ2
r A(3S1) (MHz) A(3P2) (MHz) B(3P2) (MHz) A(3P2)/A(3S1)

1/2 0.73 +4061.9(16.0) +1705.8(9.4) — 0.4200(29)
3/2 0.82 +1785.2(3.4) +753.5(2.0) −1.16(5.7) 0.4221(14)

5.2.4 79Zn (N = 49)

The heaviest odd-A isotope measured in this study, 79Zn, has a tentative ground state spin

assignment of I = 9/2 based on results from β-decay measurements of this isotope [93]. The
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ground state of 79Zn is expected to be dominated by a single-neutron hole in νg9/2 just beneath

the N = 50 shell closure. However the preceding isotopes 75,77Zn have confirmed ground state

spins of I = 7/2 from this work, meaning 79Zn would be the first odd-A isotope measured

here with a 9/2 ground state spin in the process of filling νg9/2. The χ2-minimisation fitting

is therefore performed for the ground state spins I = 7/2 and 9/2, the results of which are

given in Figure 5.8.

An isomeric state has recently been suggested in this isotope from γ-proton coincidences

in a neutron transfer reaction experiment at REX-ISOLDE, with their analysis providing a

tentative spin-parity assignment of Iπ = 1/2+ [19]. Confirmation of this spin-parity would

exclude the (νp1/2)1 led configuration seen in 75m,77mZn (Iπ = 1/2−) for 79mZn, instead

suggesting the state is formed by a cross N = 50 shell closure excitation to a higher-lying

orbital. For completeness, the neighbouring spin assignment of I = 3/2 will also be tested

for the isomeric state.

As for the isomer in 77Zn, a focused scan is required to locate the final peak of the

tentatively assigned I = 1/2 isomeric state in 79Zn. An initial estimate of this is again

obtained by fitting a spin-1/2 structure to the two non-ground state peaks observed in the

spectrum and fixing the A ratio to Rexp, with the region then scanned for resonances. The

same process is followed for the spin-3/2 structure. The inset image in Figure 5.9 displays

the 3rd isomer peak with intensity normalised to the full hyperfine spectrum. The results

of the χ2-minimisation fitting for the full scanning range and the additional focused scan is

shown in Figure 5.9.

Ground State Spin

The measured hyperfine spectrum within the Vscan region contains 10 resonance peaks. Super-

imposed model ground state structures with I = 7/2 and 9/2 show that the lowest intensity

transition peak lies outside the spectrum (∼ 2% of Racah relative intensities). This peak

is not needed for the fitting process to determine the spin or hyperfine coefficients. The χ2
r

value for the spin-9/2 structure (χ2
r = 1.03) exhibits a much better statistical fit to the data
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Figure 5.8: Plot of the fitted spectrum for different spin assignments of the ground state of
79Zn.

than the spin-7/2 structure (χ2
r = 3.29). This can be seen clearly in the two spectra since the

spin-9/2 structure aligns with all measured peaks and matches the intensity distribution more

closely than spin-7/2, with visible improvements at peaks 2 and 7. Conversely, the spin-7/2

structure is unable to align with resonance peaks 2, 7 and 8. As a result, the hyperfine A

Table 5.7: Results from the χ2-minimisation fitting of the ground state structures for 79Zn.

I χ2
r A(3S1) (MHz) A(3P2) (MHz) B(3P2) (MHz) A(3P2)/A(3S1)

7/2 3.29 −1174.5(0.9) −487.3(0.5) +210.7(5.0) 0.4149(5)
9/2 1.03 −955.0(0.5) −400.6(0.3) +122.2(2.9) 0.4194(4)
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ratio for I = 9/2 (0.4194(4)) lies within errors of Rexp while the same value for I = 7/2

(0.4149(5)) does not. Therefore, we conclude that the ground state spin of 79Zn is I = 9/2.

Isomeric State Spin

The discovery of a 3rd isomer peak from the focused scan strongly suggests an I = 1/2

assignment for 79mZn. Focused scans were also performed at the expected locations of spin-

3/2 structure peaks based on the two isomer peaks already measured, although this revealed
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Figure 5.9: χ2-minimisation fits to the measured spectrum of 79Zn with the I = 1/2 (top)
and 3/2 (bottom) isomeric state spin assignments. The inset graphs show the fits to the 3rd

isomer peak measured in a focused scan away from the main structure. In order to observe
the 3rd isomer peak, a greater number of scans was required than for the main structure.
Thus the intensity of the third peak is normalised to the number of scans performed across
the main structure.
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no additional resonances. Both the spin-1/2 and spin-3/2 structures match to peaks 1 and

2 in the main spectrum in Figure 5.9, however the inset graphs show that only the spin-1/2

structure is able to match to the final isomer peak from the focused scan. The additional

peaks associated with a spin-3/2 structure (eight in total) are likely masked by the ground

state resonances as they are not visible in Figure 5.9. Both the I = 1/2 and 3/2 structures

seem to produce “ideal ” statistical fits to the data (χ2
r = 1 and 1.04 respectively), although

this is misleading as the χ2
r of the overall spectrum is dominated by the intense ground state

structure. Therefore, based on the prior criteria, the spin assignment of the newly discovered

isomer in 79Zn is confirmed as I = 1/2.

Table 5.8: Results from the χ2-minimisation fitting of the isomeric state structures for 79Zn.

I χ2
r A(3S1) (MHz) A(3P2) (MHz) B(3P2) (MHz) A(3P2)/A(3S1)

1/2 1.00 −7358.1(16.4) −3094.1(9.7) — 0.4205(16)
3/2 1.04 −3193.0(14.3) −1339.0(8.2) +1.21(13.3) 0.4194(32)

5.3 Collated Fitting Results

Once the nuclear spin assignment of a state is unambiguously confirmed, the fitting process for

the correct spin is repeated with peak intensities as free parameters. The subsequent A(3S1),

A(3P2) and B(3P2) values will be used in combination with those from a complementary

χ2-minimisation analysis by X. F. Yang (COLLAPS collaborator, from KU Leuven at the

time of experiment) to calculate the magnetic dipole moment and spectroscopic quadrupole

moments. The two analyses are in agreement on the nuclear spins assigned to 73−79g,mZn in

this work.

Final values of the hyperfine parameters A and B are calculated by taking the simple

average of A and B obtained from this work and from that of X. F. Yang. Errors are

calculated by the addition of fitting errors in quadrature

95



CHAPTER 5. Analysis of Zinc Hyperfine Spectra

Table 5.9: Final values of I, A(3S1), A(3P2) and B(3P2) obtained from the χ2-minimisation
fitting in this work and by X. F. Yang. The moments µexpt and Qs,expt are calculated from the
hyperfine coefficients shown and the reference isotope 67Zn with reference values of A(3P2) =
+531.987(5) MHz and B(3P2) = +35.806(5) MHz from [89], µ = +0.875479(9)µN from [14]
and Qs = +0.122(10) b from this work and [94].

A N I A(3S1) (MHz) A(3P o
2 ) (MHz) B(3P o

2 ) (MHz) µexpt(µN ) Qs,expt(b)

63 33 3/2 −676.9(8) −286.0(13) +60(4) −0.281(2) +0.25(33)
65 35 5/2 +1114.0(23) +467.6(10) −7(6) +0.7695(16) −0.030(24)
67 37 5/2 +1266.5(18) +531.2(11) +41(7) +0.874(2) +0.171(35)
69 39 1/2 +4033(9) +1691(5) — +0.557(2)
69m 39 9/2 −933.7(4) −392.1(2) −113(4) −1.1613(7) −0.47(5)
71 41 1/2 +3987(5) +1675(3) — +0.551(1)
71m 41 9/2 −844.5(9) −354.3(3) −76(5) −1.049(1) −0.32(4)
73 43 1/2 +4044.0(27) +1696.9(16) — +0.5585(5)
73m 43 5/2 −1233.9(14) −518.2(9) +125(6) −0.8527(14) +0.52(6)
75 45 7/2 −815.4(6) −342.3(4) +48(4) −0.7887(9) +0.20(3)
75m 45 1/2 +4034(6) +1695.5(29) — +0.5580(9)
77 47 7/2 −938.1(7) −393.8(4) +141(5) −0.907(1) +0.59(6)
77m 47 1/2 +4063(10) +1708(5) — +0.562(2)
79 49 9/2 −955.0(6) −400.6(3) +116(5) −1.1866(10) +0.49(5)
79m 49 1/2 −7362(6) −3093(4) — −1.018(1)

∆xavg =
√

(∆xn,large)2 + (∆xn−avg)2, (5.7)

where ∆xn,large is the larger error of the two fits and ∆xn−avg is the difference between a

fit parameter and the average value. The resulting values of A(3S1), A(3P2) and B(3P2)

and their errors from this combined analysis are given in Table 5.9, along with the magnetic

dipole moments and spectroscopic quadrupole moments calculated from these values using

Equations 2.24 and 2.25. The ratio of the final upper and lower state hyperfine A coefficients,

A(3P2)/A(3S1), are compared to the expected ratio from literature, Rexp = 0.4197(3) in

Figure 5.10. For the ground and isomeric states of each Zn isotope (excluding the ground

state of 63Zn, which has a large statistical error), the hyperfine A ratio is seen to lie within

fitting errors of the Rexp.

The reference isotope 67Zn is selected to calibrate the nuclear moments across the iso-

96



CHAPTER 5. Analysis of Zinc Hyperfine Spectra

63
Zn

33

65
Zn

35

67
Zn

37

69
Zn

39

71
Zn

41

73
Zn

43

75
Zn

45

77
Zn

47

79
Zn

49

0.418

0.419

0.42

0.421

0.422

A
lo
w
er
/A

u
p
p
er

R
exp

R
exp

± ΔR
exp

Experiment	(GS)

Experiment	(IS)

Figure 5.10: Ratio of the hyperfine A coefficients of Zn isotopes for the upper and lower states,
A(3P2)/A(3S1), of the atomic transition 4s4p 3P o

2 → 4s5s 3S1 measured in this work are
shown with fitting errors. Values are compared to the expected ratio, Rexp = 0.4197(3), ob-
tained from the literature values A(3P2) = +531.987(5) [89] MHz and A(3S1) = +1267.5(1.0)
MHz [90].

tope chain. Reference values for the hyperfine coefficients A(3P2) = +531.987(5) MHz and

B(3P2) = +35.806(5) MHz are taken from [89] and the reference moment µ = +0.875479(9)µN

is taken from [14]. An updated value for the quadrupole moment of the 67Zn ground state

has been determined especially for this work based on new calculations of the electric field

gradient (EFG) for the 4s4p 3P o
1,2 states [94]. The new reference quadrupole moment of

Qs = +0.122(10) b is used to calculate Qs across the isotope chain, and presents a rather

drastic change from the previous value of Qs = +0.150(15) b [95] for 67Zn.
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Discussion

The evolution of nuclear structure across an isotope chain is best understood through the

measurement and interpretation of nuclear properties. From the hyperfine spectra obtained

through collinear laser spectroscopy experiments, the low-lying state spins I, nuclear magnetic

dipole moments µ and spectroscopic quadrupole moments Qs that describe this structure

evolution can be quantified. The nuclear properties of odd-A Zn isotopes measured in this

experiment are discussed in the following sections.

6.1 Comparison to Shell Model Interactions

The measured electromagnetic moments and spins of low-lying energy levels of odd-A Zn

across the isotope chain provide information on single-particle structure and the development

of collectivity and deformation. In order to further probe how and why these elements of

nuclear structure develop, large-scale shell-model interactions are employed. Isotope chains

in the mass region of Zn provide a relatively unique opportunity to probe multiple shell

closures, with isotopes stretching across N = 28, 50, and also lying in close proximity to

Z = 28. Therefore, the experimental results of Zn outlined in this work will test the ability of

shell-model interactions to predict neutron-dominated nuclear structure around shell closures

and in mid-shell regions, as well as the effects of adding two protons outside the Z = 28 shell
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gap.

The ability or inability of an interaction to consistently reproduce measured trends can

provide information regarding its suitability for isotopes in this region. When an interaction

shows a good agreement with measured values, it can be used to predict properties within

nuclei beyond the scope of experiment, such as wave function configurations and occupation

numbers, whilst also increasing the validity of its predictions for unexplored isotopes in the

same region. On the other hand, interactions that are unable to reproduce experimental

results may be deemed insufficient for such predictions, with the interaction model space,

its parametrisation and the stability of local shell closures subsequently being called into

question.

The following sections will assess the measured nuclear properties of odd-A Zn isotopes

and compare them to the predictions of shell-model interactions. Interactions will be intro-

duced in three separate sections, with each section grouping together interactions based on

similarities in their model space. The introduction of each interaction will outline their model

spaces and parametrisation. Then, the experimentally measured values of low-lying energy

levels, nuclear magnetic dipole moments (g-factors) and spectroscopic quadrupole moments

will be discussed in relation to predictions from these interactions.

6.2 JUN45 and jj44b Interactions

The model space utilised for both the JUN45 [59] and jj44b [26] shell model interactions

consists of the 1p3/2, 0f5/2, 1p1/2, and 0g9/2 orbits above a doubly magic 56Ni core. Due to

the similarities in their construction and of the interaction model spaces (outlined in more

detail in Section 3.3.1) the same effective parameters are used for the JUN45 and jj44b

interactions. Therefore the calculations for Zn will use the effective g-factors geff
s = 0.7gfree

s

and geff
l = gfree

l ± 0, and the effective charges eeff
p = 1.5e and eeff

n = 1.1e.

99



CHAPTER 6. Discussion

6.2.1 Energy Level Systematics

The trend of low-lying energy levels in odd-A Zn isotopes provides information on nuclear

structure change in nuclei with changing neutron number N . Using the ground and isomeric

state spins determined in Chapter 5 and level energies from decay spectroscopy experiments,

the evolution of spin states across the Zn isotope chain has been confirmed. For Zn, the

region beyond N = 40 where the νg9/2 orbit is filled is of particular interest with regards

to the evolution of nuclear structure [96, 25, 26, 97, 19], and also includes the isotopes

(N = 43 − 49) with ground and isomeric state spins unambiguously confirmed in this work

for the first time. Therefore the energies of the low-lying spins states for N = 41 − 49 are

shown in Figure 6.1 and compared to the lowest lying energy levels from the JUN45 and jj44b

interactions. The following section will firstly discuss the ground and isomeric state spins

determined in Chapter 5 before comparing the energies of these states to the predictions from

the JUN45 and jj44b interactions.

The ground state spins of odd-A Zn isotopes from N = 41− 49 are expected to be 9/2+,

providing that single unpaired neutron configurations are dominant beyond N = 40 as the

νg9/2 orbit is filled. However the experimental results reveal a very different picture, as the

only isotope with this expected ground state spin is 79Zn. The lower mass Zn isotopes in

this range therefore deviate from this, starting with 71,73Zn, where the tentatively assigned

ground state spin-parity of 1/2− in [15] is confirmed. The expected ground state of 9/2+

is instead isomeric in 71Zn, although it has not yet been measured in 73Zn. The measured

isomeric spin of 5/2+ in 73Zn [17] and the 7/2+ ground state spin of 75,77Zn are rather more

anomalous spin assignments around the mid-point of νg9/2 filling, with 7/2+ state being

formed by a (νg9/2)3 three quasi-particle configuration [16]. The 1/2− level, previously the

ground state in 71,73Zn, increases in energy with increasing N and is now isomeric in 75,77Zn.

The 9/2+ ground state spin of the final isotope in this range, 79Zn, is representative of a

single neutron-hole in the νg9/2 orbit, and is the only ground state from N = 41 − 49 to

exhibit single-particle behaviour. The ground state spin of 79Zn and the increase in energy of
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the next low-lying states relative to other isotopes suggest the N = 50 shell closure persists

with increasing N . The inconsistent spins of isotopes from N = 41− 47 meanwhile indicate

significant correlations. The long-lived 1/2+ isomeric state in 79Zn has been observed in this

work, but has not been measured in any of the lighter Zn isotopes. The spin-parity of this

isomer does not align with that of any SP orbits in the region below N = 50, and could signal

the presence of cross N = 50 excitations.

It is immediately noted that neither interaction is able to consistently reproduce both the

ground and isomeric spins of 71−79Zn. The JUN45 interaction assigns a ground state spin of

9/2+ to all isotopes in this range. This assignment is incorrect for the ground state spins of

71−77Zn, although the correct spin states are within typical shell-model uncertainties (a few

100 keV) of the ground state. On the other hand, the jj44b interaction is able to replicate

the 1/2− ground state spin of 71,73Zn as well as the energies of their 9/2+ and 5/2+ isomeric

states, respectively. Conversely, JUN45 places the 5/2+ isomeric state of 73Zn ≈500 keV

above the measured energy. The inclusion of experimental data for Z = 28 − 30 isotopes

in the jj44b interaction could explain the improvement in its predictions over JUN45 (uses

data from Z = 30 − 33 nuclei) in N > 40 nuclei. The addition of neutrons beyond N = 40

induces the attractive πf5/2-νg9/2 monopole interaction that works to reduce the N = 40

subshell gap and the the repulsive πf7/2-νg9/2 monopole interaction that reduces the Z = 28

shell gap, both of which facilitate the development of collectivity [98]. This increases the

relevance of data from Z ∼ 28 nuclei for predicting level systematics in N > 40 nuclei due to

the consideration of cross N = 40 and Z = 28 excitations.

Neither the JUN45 or jj44b interaction assigns the 7/2+ energy level as the ground state

of 75,77Zn, although both place the level at no more than 250 keV. Instead the interactions

assign the 9/2+ level as the ground state as N = 50 is approached. The nature of the 7/2+

level in Zn remains uncertain, as the only SP orbit able to reproduce the spin-parity of the

state, νg7/2, lies beyond the N = 50 shell closure, meaning excitations to this state are

unlikely to dominate the wave function. This will be investigated further in the following

via the magnetic dipole moments. The energy of the now isomeric 1/2− level in 75,77Zn is
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reproduced fairly accurately by both interactions, with the exception of the JUN45 interaction

for 77Zn. The general trend of the 1/2− level from N = 41− 47 is accurately reproduced by

jj44b, but only relatively well reproduced by JUN45. For 79Zn, the 9/2+ level is assigned as

the ground state spin by both interactions. The agreement of this with the measured ground

state spin assignment along with the lack of other low-lying levels in 79Zn provides further

evidence of the N = 50 shell closure persistence, as the f5pg9 model space does not consider

excitations beyond N = 50. The recently discovered 1/2+ isomeric state in 79Zn however

is not predicted by either interaction. Since 79Zn has 49 neutrons and the spin-parity of

the isomer cannot be satisfied by any orbital with the f5pg9 model space, the state must be

formed by an excitation to a spin-1/2 orbital beyond N = 50.

Overall, the general trend of low-lying energy level systematics is not reproduced con-

sistently by either interaction, although predictions from the jj44b interaction do exhibit a

noticeable improvement over those from JUN45. In order to draw more definitive conclusions

over the validity of the f5pg9 model space for the purpose of predicting energy levels trends

in Zn, and further investigate the isomer in 79Zn, experimental results must be compared to

other large-scale shell-model interactions with different model spaces (see Section 6.3.1).

6.2.2 Magnetic Dipole Moments

The nuclear magnetic dipole moment, µ, provides a sensitive probe of the orbital that is

occupied by valence particles (or holes). Using the ground and isomeric state spins deter-

mined in Chapter 5, the g-factor (µ/I) can be obtained from the magnetic dipole moment to

provide a dimensionless quantity that is very sensitive to orbits with unpaired particles and

much less sensitive to those with paired particles (or holes). Measured g-factors from this

experiment are compared to effective Schmidt g-factors, geff , for orbitals in this mass region.

A close agreement suggests a rather pure (νlI)
1 wave function configuration dominated by an

unpaired neutron in the orbital whose effective g-factor it lies closest to, while any notable

deviations can be indicative of mixing with configurations formed by np-mh excitations.

The JUN45 and jj44b interactions provide theoretical estimates for the magnetic dipole
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moment, µ, and hence the g-factor across the Zn isotopic chain. In the event that a SM

interaction reproduces the measured g-factor closely, its predicted wave function configura-

tions and their relative contributions can be used to better understand the occupancy of each

orbital within the interaction model space. For the JUN45 interaction, only the four most

dominant configurations have been provided, while configurations totalling up to 100% have

been made available for jj44b. The JUN45 calculations were performed by M. Honma and

the jj44b calculations by X.F. Yang.

In this section the measured g-factors for the ground and isomeric states of 63−79Zn are

compared to JUN45 and jj44b predictions. The results are shown in Table 6.1 and Figure 6.2.

Table 6.1: Nuclear magnetic dipole moments, µ (µN ) calculated from experimental data are
compared to JUN45 and jj44b shell-model calculations. †To calibrate across the isotope chain
the magnetic dipole moment of 67Zn is used as reference, with µ = +0.875479(9) µN taken
from [14]. The precise hyperfine coefficient A(3P2) = +531.987(5) MHz [89] is used as the
reference for calculations.

A Iπ µexpt µJUN45 µjj44b

63 3/2− −0.282(1) −0.256 −0.305

65 5/2− +0.7695(16) +0.938 +0.647

67 5/2− +0.875479(9)† +1.008 +0.695

69 1/2− +0.557(2) +0.463 +0.436

69m 9/2+ −1.1613(7) −1.156 −0.981

71 1/2− +0.551(1) +0.456 +0.411

71m 9/2+ −1.049(1) −1.159 −0.976

73 1/2− +0.5585(5) +0.451 +0.425

73m 5/2+ −0.8527(14) −0.984 −0.628

75 7/2+ −0.7887(9) −0.915 −0.919

75m 1/2− +0.5580(9) +0.445 +0.435

77 7/2+ −0.9074(1) −0.876 −0.811

77m 1/2− +0.562(2) +0.450 +0.445

79 9/2+ −1.1866(10) −1.185 −1.173

79m 1/2+ −1.018(1) — —
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Figure 6.2: Experimental g-factors across the isotope chain in comparison to single-particle
estimates and predictions from the JUN45 and jj44b interactions. The measured g-factor of
79mZn is not shown here due to scaling, as gexpt = −2.036. Errors on measured g-factors are
smaller than the size of the symbols.

g-factors

Starting from the lowest mass Zn isotopes, a good agreement is seen between the measured

and predicted g-factors in 63,65,67Zn. The g-factor of 63Zn is not in agreement with geff(νp3/2)

(= −0.89, thus beyond the scale of Figure 6.2) as would be expected due to its 3/2− ground

state spin. (νp3/2)3 configurations are seen to dominate the wave function of 63Zn, however,

beyond the leading contribution of ∼ 25%, the remainder of the wave function is rather

mixed with small contributions (> 10% each) from configurations with an unpaired neutron

in νf5/2 and νp1/2 that cause the measured g-factor to deviate from geff(νp3/2) and towards

that of νf5/2 and νp1/2. The g-factors of 65Zn and 67Zn lie close to the effective SP g-factor of

νf5/2, with the ground state wave functions of JUN45 and jj44b signalling that the (νf5/2)1

odd-particle configuration are dominant. The JUN45 interaction incorrectly assigns the 1/2−
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state (not measured in this work) as the ground state of 67Zn, as opposed to the 5/2− state

which it predicts as the isomer, although these states are well within typical shell-model

uncertainties (a few 100 keV) of each other.

The 1/2− ground state of 69−73Zn and the 1/2− isomer in 75,77Zn are dominated by

(νp1/2)1 configurations (> 50% of the wave function), and therefore a good agreement between

their measured g-factors and geff(νp1/2) is expected. However, the measured g-factor is

consistently greater than geff(νp1/2), and in fact lies roughly halfway between the geff and

gfree (beyond y-axis scale at +1.28). The JUN45 and jj44b interactions predict moments that

are in agreement with geff(νp1/2), and therefore systematically underestimate the measured

g-factors of these 1/2− states. One possible explanation is the fact that meson-exchange

currents (MECs), that occur via nucleons interacting with one another, are unaccounted for

in the JUN45 and jj44b interactions as the δgl term is set to zero. The collaborators of this

work call for more theoretical work in order to understand this.

The JUN45 and jj44b interactions predict low-lying spin-1/2 states in 79Zn, although

based on their g-factors and wave function configurations it is clear that these spin-1/2 states

are not the isomeric 1/2+ state in question. The g-factors from both interactions are unable

to provide a realistic estimate for the g-factor of 79mZn (not shown in Figure 6.2 due to scaling

as gexpt = −2.036), and instead show a good agreement with geff(νp1/2). The wave functions

of these states confirm that they are dominated by a (νp1/2)1 configuration, meaning these

1/2 states have negative parity. These results and the lack of a 1/2+ state in the JUN45

and jj44b low-lying spectra of 79Zn confirm that the f5pg9 model space is insufficient for

this isomer, and suggests the isomer instead occupies the positive parity νs1/2 orbit beyond

N = 50.

High-Spin State g-factors

The isomeric states of 69−73Zn and the ground state of 75−79Zn all align rather closely with the

effective SP g-factor for the νg9/2 orbital. As such, the wave function configurations of these

isotopes are expected to be led by an unpaired neutron in this orbital. While this may be
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the case, the spins of these states around the middle of the sub-shell beyond N = 40 suggest

the configurations may be more complex. In Figure 6.2, both the shell-model interactions

appear to reproduce the g-factors of these high-spin states fairly well, although a closer look

at this in Figure 6.3 reveals a different story.

The isomeric 9/2+ states in 69,71Zn are dominated by a single unpaired neutron in the

νg9/2 orbital, with the configuration accounting for >50% of the wave function in 69Zn and

>40% in 71Zn. However, the contribution from this configuration reduces greatly for the

5/2+ isomeric state in 73Zn, where the JUN45 and jj44b interactions predict very mixed

wave functions (leading contributions > 9% and > 14%, respectively). The measured g-

factor of the anomalous 5/2+ spin isomer in 73Zn produces a remarkable dip in the otherwise

relatively linear trend from N = 39−49 in Figure 6.3. This dip is most accurately reproduced

by JUN45, thus pointing to a great deal of configuration mixing in this state. It should be
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noted that the 5/2+ isomer does not agree with the SP value of gexpt(νd5/2), thus ruling out

the possibility of the state being formed by an intruder isomer from excitations to νd5/2.

Despite this, the fact that the isomer lies below the SP value of geff(νg9/2) means some

admixture with such a configuration cannot be excluded.

The (νg9/2)1 odd-particle configuration returns to dominate in the ground state of 75,77Zn,

although the ground state have anomalous spins of 7/2+. This means that, as suggested

in Ref. [17], these states are likely to arise due to the coupling of an odd nucleon with a

Coriolis-broken pair of nucleons, all in the νg9/2 orbital, to form the anomalous 7/2+ spin.

The exact nature of the 5/2+ isomer in 73Zn and the 7/2+ ground state of 75,77Zn will be

discussed further in Section 6.2.3. The ground state wave functions of 75,77Zn have leading

contributions from (νg9/2)1 odd-particle configuration of 45% and >75%, respectively, and

this contribution increases in the 9/2+ ground state of 79Zn where it accounts for >95% of

the wave function in both interactions. The observed convergence of SM interaction g-factor

predictions in the f5pg9 model space to experiment from 75−79Zn and the ∼100% contribution

to the ground state wave function in 79Zn from (νg9/2)−1 configurations hint at the persistence

of the N = 50 shell gap in neutron-rich nuclei. This conclusion will be tested in Section 6.3.2

where measured g-factors will be compared to SM interactions that consider cross Z = 28

and N = 50 excitations.

Occupation Numbers

Due to the accuracy of JUN45 predictions in matching the trend of experimental g-factors for

the high spin states with N = 39− 49, as shown in Figure 6.3, the interaction is selected to

probe level systematics through its predicted occupation numbers. The occupation number

describes the average number of nucleons within each orbital for a given isotope, with each

orbital’s occupancy based on its relative contribution to the overall wave function. Results for

these high spin states are shown in Figure 6.4, with the displayed occupancies, n, normalised

to the maximum orbital occupancy
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n =
nj

2j + 1
, (6.1)
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where nj is the calculated occupancy of an orbital with total angular momentum j and 2j+1

the maximum occupancy of an orbital with j. Beyond N = 40, the increasing neutron number

is expected to have an effect on level orientation, with one such example being the inversion

of the πf5/2 and πp3/2 levels due to the attractive tensor interaction that lowers πf5/2 as

νg9/2 is gradually filled [23]. This has been observed in odd-Z, even-N isotopes of Cu [25]

and Ga [26] where, with one and three protons beyond Z = 28, respectively, this inversion

manifests itself as a ground state spin change from I = 3/2− to 5/2−. The predictions of

JUN45 therefore offer a unique glimpse into this behaviour in even-Z nuclei.

As expected in a non-interacting shell model picture, the two protons beyond the Z = 28

shell closure appear to occupy the πp3/2 in 69mZn and 71mZn as the filling of the νg9/2 begins.

A notable drop in the proton occupation of this orbit is observed in the isomeric state of 73Zn,

with the occupancy of the πf5/2 and πp1/2 orbits offsetting this behaviour by increasing. A

similar kink is observed here for most of the neutron levels, while the trend in occupancy with

increasing neutron number appears to increase linearly for the other isotopes. The alignment

of these kinks in the majority of f5pg9 proton and neutron levels provides more evidence of

configuration mixing beyond N = 40 that peaks in the 5/2+ isomeric state of 73Zn.

Beyond this point, occupancy of the πf5/2 level continues to increase to the point where

it becomes greater than that of πp3/2 between N = 45 and N = 47, signalling an inversion of

these orbitals. This point of inversion is in agreement with that observed in odd-Z Cu and

Ga, where the ground state spin changes from I = 3/2− to 5/2− occurs in Cu between 73
29Cu44

and 75
29Cu46 [25], and between 79

31Ga48 and 81
31Ga50 [26] in Ga. The influence of the attractive

tensor interaction between νg9/2 and πf5/2 is therefore still observable, if only indirectly, in

Zn. The tensor interaction persists into 79Zn where the occupation of πf5/2 continues to rise

as πp3/2 decreases further.

6.2.3 Spectroscopic Quadrupole Moments

The deviation of the nuclear shape from sphericity is understood quantitatively through the

spectroscopic quadrupole moment, Qs. The magnitude of the moment indicates the size of
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Table 6.2: Spectroscopic quadrupole moments, Qs (b), calculated from experimental data
are compared to JUN45 and jj44b shell-model calculations. †To calibrate Qs,expt across the
isotope chain, the quadrupole moment of 67Zn is used as reference, with Qs = +0.122(10) b
calculated for this work (details given in [94]). The precise hyperfine coefficient B(3P2) =
+35.806(5) MHz [89] is used as the reference in calculations.

A Iπ Qs,expt Qs,JUN45 Qs,jj44b

63 3/2− +0.20(2) +0.240 +0.264

65 5/2− −0.024(15) −0.049 −0.038

67 5/2− +0.122(10)† +0.128 +0.036

69m 9/2+ −0.39(3) −0.410 −0.375

71m 9/2+ −0.26(3) −0.284 −0.225

73m 5/2+ +0.43(4) +0.281 +0.467

75 7/2+ +0.16(2) +0.070 +0.294

77 7/2+ +0.48(4) +0.421 +0.487

79 9/2+ +0.40(4) +0.356 +0.371

nuclear deformation, while the sign of the moment corresponds to the shape of the nucleus,

with a positive moment meaning prolate deformation, negative meaning oblate deformation,

and a zero moment being spherical. This quantity can be used to shed light on the evolution

of charge distribution and collectivity with changing N . The quadrupole moments of low-

lying states with I > 1/2 across the Zn isotope chain have been measured in the work, and are

shown in Table 6.2. The values for 63−65g,69mZn are updates to the moments previously stated

in literature, while 71−73m,75−79gZn are measured here for the first time. The quadrupole

moment of 67Zn has been calculated by atomic theorists especially for this work (more details

in [94]) and is used as the reference isotope.

Quadrupole moment predictions from the JUN45 and jj44b interactions are used to probe

which orbitals in this mass region required for describing quadrupole collectivity. This is due

to the fact that the orbitals immediately before and after these f5pg9 model space may favour

quadrupole correlations since they have ∆l = 2: with πf7/2 and πp3/2 spanning Z = 28, and

νg9/2 and νd5/2 spanning N = 50 [20]. Therefore, the agreement or disagreement of JUN45

and jj44b predictions with measured values will highlight how important the πf7/2 and νd5/2
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orbitals are. Quadrupole collectivity has already been reported in the neighbouring element

Ga [26] around the mid-point of the N = 40 sub-shell as νg9/2 is filled. For this reason,

the comparison of f5pg9 predictions to measured quadrupole moments will focus on isotopes

where (νg9/2)1 odd-particle configurations are dominant (N = 39 − 49). The results of this

are shown in Figure 6.5.
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Figure 6.5: Spectroscopic quadrupole moments, Qs, of 69−79Zn measured in this work com-
pared to predictions from the JUN45 and jj44b shell model interactions.

The alignment of measured g-factors of 69−73m,75−79gZn with the effective g-factor of

νg9/2 (Figure 6.2) indicates that their wave functions are dominated by (νg9/2)1 odd-particle

configurations. In the event that these are single-particle configurations, their quadrupole

moments would exhibit a linear progression from 69−79Zn that crosses zero at N = 44.

This line is representative of the seniority-1 (νg9/2)1
9/2+ moments. The opposite and equal

moments of 69mZn (Qs = −0.39 b) and 79Zn (Qs = +0.40 b) are representative of the single
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νg9/2 particle and the single νg9/2 hole configurations, respectively. The moment of 71mZn

is also in agreement with this trend. The moments predicted by JUN45 and jj44b for these

seniority-1 (νg9/2)1
9/2+ states are in excellent agreement with the measured values.

For the remaining isotopes in this range, the Qs values and confirmed spins of 73m,75−77gZn

exhibit a clear deviation from the linear trend. This is most notable at the 5/2+ isomer in

73Zn, where the sudden change from a small oblate deformation (Qs = −0.32(6)) in 71mZn to

a large prolate deformation (Qs = +0.52(6))) in 73mZn points to a sudden onset of collectivity.

The study of Zn isotopes at REX-ISOLDE by low-energy Coulomb excitation provides further

verification of collectivity in this region. The sudden lowering of 2+ states at N = 40 and an

increase in B(E2↓) strength towards N = 44 was associated with an increase in collectivity

due to proton-neutron correlations and a weakening of the N = 40 sub-shell closure [99, 98],

with the the maximum of collectivity being placed at N = 42 in even-even nuclei beyond

Z = 28 (Zn, Ge, Se) [100, 101, 102, 103]. While both interactions reproduce this jump,

JUN45 underestimates the quadrupole moment of the 5/2+ isomer by ∼25%. The following

two states, ground state of 75,77Zn, have spin-7/2, meaning both lie off the expected line

for SP 9/2+ states. The former is not reproduced accurately by either interaction, while the

latter is reproduced by both. The inability of the JUN45 and jj44b interactions to consistently

reproduce the the quadrupole moments from 73−77Zn suggests they are unsuited for predicting

quadrupole collectivity in Zn. The experimental results will later be compared to different

shell-model interactions that include f7/2 and d5/2, orbitals that have previously highlighted

as being key for describing collectivity, in order to see if there is any improvement over f5pg9

interactions.

Seniority States

To investigate these discrepancies around mid-point of the νg9/2 filling, the measured quadrupole

moments are compared to those from seniority-3 configurations, where all but three particles

are coupled to I = 0. Figure 6.6 outlines the expected quadrupole moment values based on

Equation 3.12 from Section 3.2.3 for the seniority-3 I = 7/2+ and I = 5/2+ (νg9/2)3 states.
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The quadrupole moments of the 75,77Zn ground state are seen to be in agreement with

the predictions for seniority-3 (νg9/2)3
7/2+ states, thus explaining their deviation from the

linear progression of seniority-1 states. More interestingly, the 5/2+ isomeric state in 73Zn

does not align with the predictions for a (νg9/2)3
5/2+ configuration. This deviation is inter-

preted as further evidence of an onset in collectivity, and indicates the presence of substantial

deformation in the isomer. Conclusions from beta-decay studies [15] and transfer reaction

experiments [104] corroborate this result, where the low-energy states in 73Zn are seen to be

consistent with a moderate prolate deformation (β2 ≈ +0.2), although our results suggest a

slightly stronger deformation (β2 = +0.236). Collectivity has also been observed in odd-A

Ga (Z = 31) isotopes beyond N = 40 [26] via their quadrupole moments, although the de-

velopment of collectivity in Cu (Z = 29) isotones has not been observed [25]. An increase in

collectivity with proton number is also observed through the B(E2) values of even-even Ni

(Z = 28), Zn (Z = 30) and Ge (Z = 32) nuclei, with a B(E2) minimum at N = 40 in Ni

and an increase in B(E2) beyond N = 40 in Zn and Ge [105]. These observations, coupled

with the increase in configuration mixing in 73mZn, strongly suggests that Zn isotopes are

centred in a transitional region for nuclear shape between the spherical nuclei of Ni and the

deformed nuclei of Ge [105].

6.3 Modified LNPS and A3DA Interactions

The model spaces of the LNPS and A3DA interactions both extend beyond the f5pg9 space

used in the JUN45 and jj44b calculations. The LNPS interaction uses the full pf -shell for

protons and includes the νd5/2 on top of f5pg9 for neutrons, resulting in a valence space above

a 48Ca core that contains all the physical degrees of freedom required to describe low-lying

properties of Zn isotopes [61]. Calculations in this space therefore use free spin g-factors.

The effective neutron charge reduces from that in [61] to eeff
n = 0.46e due to νd5/2, while the

effective charge for protons is eeff
p = 1.31e [106]. The LNPS-m calculations for this work have

been performed by F. Nowacki.
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Figure 6.6: Proton and neutron occupation in the f5pg9 model space normalised to the max-
imum number of nucleons per orbital, as predicted by the JUN45 interaction.

The A3DA interaction model space extends again beyond that of LNPS to include the full

pf -shell along with the g9/2 and d5/2 orbits for both protons and neutrons. The νf7/2 orbit

is however effectively frozen in A3DA calculations due to Pauli blocking effects that greatly

limit excitations from the orbit in neutron-rich isotopes N > 38. The inert core for these

calculations is now 48Ca instead of 40Ca. The shell model interaction parameters stated above

for LNPS are also used for A3DA calculations given in this work, but are somewhat different

from those listed in [62]. The A3DA-m calculations for this work have been performed by

T. Otsuka and Y. Tsunoda.

6.3.1 Energy Level Systematics

As was shown in Section 6.2.1, the f5pg9 model space adopted in the JUN45 and jj44b

interactions proved insufficient for describing the progression of energy levels in odd-A Zn
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isotopes beyond N = 40. One such way to test this conclusion is to compare the same

nuclear property to shell-model interactions with a different model space and see if there

is any improvement. The A3DA-m and LNPS-m interactions provide an opportunity to do

this, as their model spaces extend beyond f5pg9 by including the πf7/2 orbit below Z = 28

and the νd5/2 orbit above N = 50. The influence of these orbitals on the relative spacing

of energy levels should therefore become clear from their predictions. The A3DA-m and

LNPS-m results for low-lying energy levels in Zn isotopes from N = 41− 49 are compared to

those from experiment in Figure 6.7, with any noticeable differences from the predictions by

JUN45 and jj44b also addressed.

It is immediately noted that, relative to the spin assignments from JUN45 and jj44b, the

A3DA-m and LNPS-m interactions much less frequently assign the 9/2+ level as the ground

state spin. Other than for the ground states of 71,79Zn, the predicted ground state spins are

not 9/2+, and are in fact rather varied. For 71Zn, the LNPS-m interaction rather accurately

replicates the energies of the ground and isomeric state spins 1/2− and 9/2+ respectively,

while A3DA-m assignments are reversed. The trend of the 1/2− level from this point on is

rather consistent between the two interactions and experiment, with the three never deviating

by more than ≈200 keV. The lowering of the 5/2+ level, measured as an isomeric state in

73Zn, is more extreme in A3DA-m and LNPS-m than in the f5pg9 interactions. The 5/2+

level lowers to the ground state here in LNPS-m, and is almost degenerate with the 1/2−

ground state in A3DA-m. The increase in density of low-lying levels in 73Zn, measured

experimentally and predicted by theory, can signal the development of collectivity. Such

behaviour has already been highlighted by an increase in B(E2↓) strength towards N = 44 in

Zn (N = 43 for 73Zn), and the addition of the πf7/2 and νd5/2 orbits in the interaction model

spaces means that A3DA-m and LNPS-m are better suited for predicting the development

of collectivity [59].

The lowering of the 7/2+ level is reproduced well by the A3DA-m interaction in 75,77Zn

and by LNPS-m in 77Zn, with the sole exception in these isotopes being the LNPS-m inter-

action placing the level at ≈800 keV in 75Zn. In particular, the agreement between measured
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low-lying level energies and the shell-model predictions in 77Zn is excellent. These predic-

tions exhibit a noticeable improvement over those from JUN45 and jj44b, suggesting that

excitations involving orbitals in the extended model space are important in characterising

the energy of the 7/2+ level. The systematics of the low-lying 9/2+ level from 75−77Zn are

most accurately reproduced by the A3DA-m interaction, although both interactions correctly

predict the ground state spin inversion of 7/2+ to 9/2+ from 77Zn to 79Zn.

The isomeric state in 79Zn was earlier shown to occupy an orbital beyond the N = 50

shell closure in the discussion of the f5pg9 interactions, hence preventing the interactions from

predicting the energy of the 1/2+ level. The level energies from the A3DA-m and LNPS-m

interactions for 79Zn can provide an idea of the importance of the νd5/2 orbit in characterising

the isomer. A3DA-m and LNPS-m do in fact predict a positive-parity 1/2+ level among the

low-lying states of 79Zn, although in both interactions the level appears at higher energy (1.8

and 1.5 MeV) than has been measured (1.10(15) MeV). The accompanying 5/2+ intruder

level is also elevated in terms of energy from experiment by both interactions. The spin-parity

of this state suggests that the level is formed by the excitation of an unpaired neutron across

N = 50 to the d5/2 orbit. Despite the fact that A3DA-m and LNPS-m predict these levels

in the low-lying level spectrum of 79Zn, the overestimation of their energy means that the

extended model spaces of these interactions are still insufficient to describe the isomer.

6.3.2 Magnetic Dipole Moments

The discussion of shell-model predictions in the f5pg9 model space have proved fairly accurate

in reproducing experimental observables across the Zn isotope chain. By comparing these

predictions to those from the LNPS-m and A3DA-m interactions, it can be seen how impor-

tant the roles of orbitals beyond the Z = 28 and N = 50 shell gaps are in understanding

the nuclear structure development in Zn. Due to the similarities in their model spaces, the

comparison of the LNPS-m and A3DA-m interactions to experimental results will be given

simultaneously in this section. The experimentally measured g-factors and predictions from

the LNPS-m and A3DA-m interactions are shown in Table 6.3 and Figure 6.8 across the Zn

118



CHAPTER 6. Discussion

isotope chain from N = 33− 49.

Table 6.3: Nuclear magnetic dipole moments, µ (µN ) calculated from experimental data are
compared to A3DA-m and LNPS-m shell-model calculations. †To calibrate across the isotope
chain the magnetic dipole moment of 67Zn is used as reference, with µ taken from [14]. The
precise hyperfine coefficient A(3P2) = +531.987(5) MHz [89] is used.

A Iπ µexpt µLNPS−m µA3DA−m

63 3/2− −0.282(1) −0.18 +0.110

65 5/2− +0.7695(16) +0.77 +1.027

67 5/2− +0.875479(9)† +1.31 +1.309

69 1/2− +0.557(2) +0.47 +0.404

69m 9/2+ −1.1613(7) −1.27 −1.306

71 1/2− +0.551(1) +0.48 +0.482

71m 9/2+ −1.049(1) −1.10 −1.434

73 1/2− +0.5585(5) +0.50 +0.521

73m 5/2+ −0.8527(14) −0.81 −0.543

75 7/2+ −0.7887(9) −0.88 −0.614

75m 1/2− +0.5580(9) +0.51 +0.509

77 7/2+ −0.9074(1) −1.04 −0.964

77m 1/2− +0.562(2) +0.50 +0.537

79 9/2+ −1.1866(10) −1.49 −1.508

79m 1/2+ −1.018(1) −0.741 −0.603

g-factors

A3DA-m and LNPS-m are unable to reproduce the g-factors of low mass Zn isotopes as

accurately as JUN45 and jj44b, except for the LNPS-m prediction for the ground state

of 65Zn. For 67Zn, both interactions predict a deviation from the effective SP g-factor of

νf5/2 towards that of νp1/2, suggesting the incorrect prediction of some mixing between

configurations with unpaired neutrons in each orbital.

The lowest lying 1/2− states in 69−77Zn are once again underestimated by the shell-model

interactions, although in comparison to the predictions of the JUN45 and jj44b interactions,

A3DA-m and LNPS-m are much closer to the experimental values. The predicted g-factors for

the 1/2− states gradually moves away from the effective SP value for νp1/2 and converge to the
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Figure 6.8: Experimental g-factors across the isotope chain in comparison to single-particle
estimates and predictions from the A3DA-m and LNPS-m interactions. The measured g-
factor of 79mZn and predictions from the interactions are not shown here due to scaling, as
gexpt = −2.036, gLNPS−m = −1.48 and gA3DA−m = −1.21. Errors on measured g-factors are
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measured values up to 77Zn, after which the next spin-1/2 state is the positive parity isomer in

79Zn. A3DA-m and LNPS-m interaction predictions for this state again show an improvement

over those from the f5pg9 model space due to their extended model spaces that consider

excitations across N = 50, although their model spaces still fall short of ν3s1/2, the orbital

expected to be occupied in the isomer based on its spin-parity 1/2+. The measured g-factor

of 79mZn (gexpt = −2.036) is therefore not reproduced by either interaction (gA3DA−m/LNPS−m =

−1.21/ − 1.48), although both do at least reproduce the expected 1/2+ spin-parity of the

state. These results exhibit a marked improvement over those from JUN45 and jj44b, which

are unable to assign the correct spin-parity to the isomer. In order to fully describe the

nature of the isomeric wave function, an interaction with an even more extended neutron

model space is required. This newly developed shell-model interaction will be introduced in
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Section 6.4.

High-Spin State g-factors

For the high-spin states from N = 39 − 49, there is an obvious difference in the accuracy

of predictions from the LNPS-m and A3DA-m interactions. Even in the broad view of all

measured g-factors shown in Figure 6.8, an obvious discrepancy can be seen between A3DA-

m and experiment across this range, with the largest difference seen at the 5/2+ isomer

in 73mZn. Conversely, LNPS-m much more accurately reproduces the measured values. In

spite of some inaccuracies, all predictions are still representative of a (νg9/2)1 odd-particle

configuration due to their proximity to the effective SP value for νg9/2. To investigate this

further, a view of the high-spin g-factors on a smaller scale is shown in Figure 6.9, as was

done earlier for JUN45 and jj44b.
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Figure 6.9: Comparison of measured high-spin state g-factors for isotopes from N = 39− 49
and the predictions from the LNPS-m and A3DA-m shell-model interactions.
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The LNPS-m interaction is able to reproduce the general trend of the experimental values

rather well, with its prediction for the key feature in this range, the dip at 73mZn, being even

more accurate than that of JUN45. On the other hand, A3DA-m struggles to reproduce

the trend of g-factors beyond N = 40. The predictions from A3DA-m are seen to differ

greatly from those of experiment and LNPS-m, especially from N = 41 − 45, suggesting

that the interaction is perhaps not suited for predicting neutron configurations in this region

of increased configuration mixing. The occupation numbers from the A3DA-m interaction,

shown in Figure 6.10, can be used in an attempt to explain why experiment and theory are

so far apart here. For the 5/2+ isomer in 73Zn, where the difference between A3DA-m and

experiment is greatest, the occupancies of both protons and neutrons seem to be roughly

comparable to those from JUN45, which is able to reproduce the observed dip in g-factor.

One such difference between the interactions is an increase in neutron excitations to the d5/2

orbital in A3DA-m. The increased occupation of this orbital, while only minor, would be

expected to shift the g-factor towards the effective SP value for νd5/2 and hence closer to

reproducing the dip. However, the opposite is seen, and the difference is attributed to a small

increase relative to JUN45 in the occupancy of πp1/2 and πf5/2. Excitations to the νd5/2

orbital from νg9/2 will be discussed later in this section with the quadrupole moments.

Returning to the high-spin g-factors, another interesting feature is observed in the heavier

Zn isotopes, whereby LNPS-m predictions begin to deviate from measured values from 75Zn

up to 79Zn. While the A3DA-m interaction has been shown not to reproduce results from

experiment or LNPS-m, its predictions begin to converge with those from LNPS-m towards

79Zn, therefore also diverging from experiment. Their predicted g-factors for the 9/2+ ground

state of 79Zn drop below the effective SP value for νg9/2 and in the direction of the effective

SP value for νd5/2, the latter of which has a non-zero occupation according to the A3DA-m

interaction (seen in Figure 6.10). These results are in stark contrast to those of JUN45 and

jj44b, as their predictions for the same isotopes (seen in Figure 6.3) converge on the measured

values as N = 50 is approached. The exclusion of the νd5/2 orbit from the f5pg9 model space

and the accuracy of JUN45 and jj44b predictions over A3DA-m and LNPS-m suggests that

122



CHAPTER 6. Discussion

0

0.2

0.4

N
o
rm

al
is

ed
	P

ro
to

n
	O

cc
u
p
at

io
n

69
Zn

39

71
Zn

41

73
Zn

43

75
Zn

45

77
Zn

47

79
Zn

49

0

0.2

0.4

0.6

0.8

1

N
o
rm

al
is

ed
	N

eu
tr

o
n
	O

cc
u
p
at

io
n

f
7/2

p
3/2

f
5/2

p
1/2

g
9/2

d
5/2

I	=	9/2
+

9/2
+

5/2
+

7/2
+

7/2
+

9/2
+

Figure 6.10: Proton and neutron occupation from N = 39 − 49 in the fpg9d5 model space
normalised to the maximum number of nucleons per orbital, as predicted by the A3DA-m
interaction. Data for the πf7/2 orbital are not shown here to focus on the systematics of
higher lying levels, as the normalised occupancy remains at ≈1 across the range.

excitations to this orbit are not influential in the ground state of 79Zn, and hence gives further

indication towards the stability of the Z = 28 and N = 50 shell gaps with increasing neutron

number.
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Table 6.4: Spectroscopic quadrupole moments, Qs (b), calculated from experimental data
are compared to A3DA-m and LNPS-m shell-model calculations. †To calibrate across the
isotope chain the quadrupole moment of 67Zn is used as reference, with Qs = +0.122(10) b
calculated for this work (details given in [94]). The precise hyperfine coefficient B(3P2) =
+35.806(5) MHz [89] is used as the reference in calculations.

A Iπ Qs,expt Qs,LNPS−m Qs,A3DA−m

63 3/2− +0.20(2) +0.19 +0.209

65 5/2− −0.024(15) −0.036 +0.013

67 5/2− +0.122(10)† +0.10 +0.219

69m 9/2+ −0.39(3) −0.40 −0.435

71m 9/2+ −0.26(3) −0.22 −0.264

73m 5/2+ +0.43(4) +0.48 +0.420

75 7/2+ +0.16(2) +0.20 +0.055

77 7/2+ +0.48(4) +0.60 +0.487

79 9/2+ +0.40(4) +0.546 +0.367

6.3.3 Spectroscopic Quadrupole Moments

As stated in Section 6.2.3, quadrupole moments beyond N = 40 in the mass region of Zn

are expected to be sensitive to the influence of πf7/2 and νd5/2 due to excitations involving

πp3/2 and νg9/2, respectively. Due to the inclusion of the former two orbits in the A3DA-

m and LNPS-m model spaces, any notable improvement in the predictions of the A3DA-m

and LNPS-m interactions over those of JUN45 and jj44b will provide a clear indication of

their contribution to quadrupole collectivity in the mid-shell. By also using the occupation

numbers from A3DA-m, given previously in Figure 6.10, the importance of the πf7/2 and

νd5/2 orbitals can be probed individually. The measured values of Qs are shown in Table 6.3

and, as for JUN45 and jj44b, the moments Zn isotopes where N = 39 − 49 are given in

comparison to the LNPS-m and A3DA-m predictions in Figure 6.11.

The general trend of the quadrupole moment appears to be best reproduced across this

range by the A3DA-m interaction, with its only deviation from experiment occurring at the

7/2+ ground state of 75Zn. The 5/2+ isomeric state in 73Zn was highlighted in the previous

section for the sudden onset of deformation due to its large deviation from the expected Qs of
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a seniority-3 (νg9/2)3
5/2+ state. The measured moment (Qs,expt = +0.43(4)) of the isomer is

predicted within experimental errors by A3DA-m (Qs,A3DA−m = +0.42) and is therefore more

accurate than any of the other interactions described here. Here the occupation of νd5/2 (in

Figure 6.10) peaks at the 5/2+ isomer in the A3DA-m interaction. Therefore, the increased

occupation of νd5/2 (while only minor) at the point of maximum quadrupole deformation

coupled with the excellent agreement between A3DA-m predictions of Qs and experiment for

isotopes from N = 39−49, points to the strong influence of νd5/2 in characterising quadrupole

collectivity beyond N = 40. This is in agreement with the conclusion from Ref. [59] that

quadrupole collectivity beyond N = 40 cannot develop sufficiently within the f5pg9 due to

the missing νd5/2 and πf7/2 single-particle orbits. However, the occupation of πf7/2 remains

constant at ∼ 1 across the isotope chain, meaning there are no quadrupole excitations from
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Figure 6.11: Spectroscopic quadrupole moments, Qs, of 69−79Zn measured in this work com-
pared to predictions from the A3DA-m and LNPS-m shell model interactions.
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this orbital across Z = 28. Therefore, the onset of collectivity beyond N = 40 in Zn is

attributed to the influence of E2 excitations from νg9/2 to νd5/2. Results from Ref. [30] also

support this, where the removal of νd5/2 from the A3DA model space leads to a deviation

between measured Qs values in neutron-rich Cu (Z = 29) isotopes and A3DA estimates.

6.4 PFSDG-U Interaction

6.4.1 Model Space and Parameters

The shell-model interactions used thus far have been unable to reproduce the magnetic dipole

moment of the isomeric state in 79Zn, and as such the f5pg9 and pfg9d5 model spaces are

deemed inadequate for characterising the isomer. Based on the tentatively assigned spin of

1/2+ and its proximity to the effective SP g-factor of a νs1/2 orbit, the wave function is

expected to have a strong contribution from an unpaired neutron in the nearest s1/2 orbit,

which in this instance is ν3s1/2 across the N = 50 shell closure. As such, a new interaction and

model space are required to characterise this state. The PFSDG-U shell-model interaction [28]

has been developed in-line with this work, and is therefore used to further investigate the

nature of 79mZn. The model space utilises a full pf -shell for protons and a full sdg-shell for

neutrons, as shown in Figure 6.12, allowing both the Z = 28 and N = 50 shell closures to

be probed simultaneously in neutron-rich isotopes. The inclusion of all spin-orbit partners

within both the proton and neutron valence spaces mean that free g-factors are used for the

calculation of the magnetic dipole moments. The quadrupole moments are calculated with

the effective nucleon charges eeff
p = 1.31e and eeff

n = 0.46e, as for LNPS-m and A3DA-m.

The original motivation for the creation of the PFSDG-U interaction was to investigate

the possible existence of a new island of inversion (IOI) at N = 50. Neutron-rich regions of

the nuclear chart have proved to be fruitful in such investigations due to the development

of shape coexistence near semi-magic and doubly magic nuclei. Here, deformed intruder

bands appear at lower energies than spherical ones [28]. Previous theoretical work by the

group behind this interaction signalled towards an IOI around N = 40 through the LNPS
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Figure 6.12: The nucleon configuration of 75Zn with the model space of the PFSDG-U inter-
action. The valence space consists of a full pf -shell for protons and sdg-shell for neutrons on
top of a virtual 60Ca core.

interaction. N = 50 was suggested as the next such IOI, in an analogy to the case of IOIs

N = 20 and N = 28 [107], although the LNPS model space is insufficient for such work.

The proton pf and neutron sdg valence spaces adopted in PFSDG-U allow the interaction

to probe level systematics in nuclei across the Z = 28 and N = 50 shell gaps. β-delayed

conversion spectroscopy of 80Ge [108] has provided some of the first experimental evidence

of shape coexistence around N = 50. More recently, the occupation numbers of 78,79Cu

(N = 49, 50) predicted by PFSDG-U indicate a reduction in cross Z = 28 and N = 50
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excitations, while exhibiting an excellent agreement with the measured moments in neutron-

rich Cu isotopes [30]. The application of the PFSDG-U interaction to this study, and more

specifically 79Zn, will shed further light on the nature of the Z = 28 and N = 50 shell gaps in

this region, and hence the potentially doubly magic nature of the neutron-rich nucleus 78Ni.

The PFSDG-U model space places limitations on which Zn isotopes the interaction can

be applied to without compromising the validity of its predictions. As neutron number

decreases from N = 50 to N = 40, the role of orbitals in the neutron pf -shell (namely νp1/2)

begin to take over from the orbits in the sdg-shell, with the crossover point being located

at N ∼ 46 [28], hence rendering the neutron valence space ineffective for Zn isotopes with

N < 46. Additionally, due to the 1/2− isomeric state in 77Zn formed by a single neutron

in the p1/2 orbital below the sdg-space, the application of PFSDG-U is limited to low-lying

states in just one odd-A Zn isotope measured in this work, 79Zn (N = 49). The PFSDG-U

calculations given in this work have been performed by F. Nowacki.

6.4.2 Energy Level Systematics in N = 49 Isotones

In the region of nuclear shell gaps, the relative spacing of energy levels can provide an

indication of gap stability as nucleon number varies. For the two sets of interactions discussed

previously, energy level systematics have been shown in terms of increasing neutron number

as the Zn isotope chain is crossed. The specialist nature of the PFSDG-U interaction in the

Zn chain restricts its application to 79Zn, and so its predictions for low-lying level energies

will be compared the measured values of the even Z, N = 49 isotones 77
28Ni, 79

30Zn [19], 81
32Ge,

83
34Se and 85

36Kr (others adapted from Refs. [109, 110]). The experimental and predicted level

energies shown in Figure 6.13 are the lowest-lying 9/2+, 1/2+ and 5/2+ states, representing

the ground state and positive-parity intruder states in these isotopes.

The assignment of 9/2+ to the ground state of each isotope is correctly reproduced by the

PFSDG-U interaction, as would be expected in a non-interacting shell-model picture with a

single neutron hole in g9/2. This has yet to be determined for 77
28Ni, although this is strongly

expected to be the case for its ground state too since it has no protons beyond the Z = 28
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shell closure and 49 neutrons.

For 79Zn, the energies of the 1/2+ and 5/2+ intruder states predicted by PFSDG-U (1.040

and 1.127 MeV, respectively) are in good agreement with the measured energies (1.10(15)

and 0.983 MeV respectively). While the ordering of the levels appears to be incorrect, the

large uncertainty on the 1/2+ state energy means it could be lower than that of the 5/2+

state and therefore be in agreement with the ordering measured in 81
32Ge, 83

34Se and also the

ordering predicted by the interaction. As proton number increases away from Zn an increase

in the deviation between PFSDG-U energies and experiment is noted, with the predicted

energies systematically underestimating those measured by 200− 500 keV. The exact reason

for this is currently unknown, and so requires further investigation to be explained.

For the lightest isotope shown in 6.13, 77
28Ni, the 1/2+ and 5/2+ intruder levels are pre-

dicted at energies approaching 2 MeV. This energy is indicative of a rather good doubly

magic nature in 78Ni, with the PFSDG-U interaction predicting the first 2p-2h intruder state

in 78Ni at 3 MeV [28]. Contrary to this conclusion, the increase of the 1/2+ and 5/2+ intruder

level energies from a minimum at 83
34Se to ∼ 1 MeV in 79

30Zn is rather slow compared to the

increase from the minimum to 85
36Kr, and thus questions the suggested doubly magic nature of

78Ni. Experimental measurements of 1/2+ and 5/2+ in 77
28Ni are therefore needed in order to

clarify the energy increase of these intruder levels towards Z = 28, and hence the suitability

of the PFSDG-U interaction for neutron-rich even-Z nuclei close to Z = 28.

6.4.3 Magnetic Dipole Moment of 79g,mZn

PFSDG-U predictions for the magnetic dipole moments µ of the 9/2+, 1/2+ and 5/2+ states

in 79Zn and its isotone 81Ge are given in Table 6.5. The PFSDG-U g-factors for the 9/2+

ground state and 1/2+ isomer in 79Zn are compared to those of the A3DA-m and LNPS-m

interactions and experiment in Figure 6.14. Predictions from the PFSDG-U interaction are

given in two forms, one with free g-factors (labelled “bare”) and the other with spin quenched

g-factors (0.75gfree).

Firstly, the PFSDG-U interaction predictions show an excellent agreement with the 9/2+
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Table 6.5: Calculated magnetic dipole moments µ for low-lying states in 79Zn and 81Ge from
the PFSDG-U interaction.

AZ Iπ µexpt(µN ) µbare/µquenched(µN )

79Zn 9/2+ −1.1866 −1.03/−1.10
5/2+ — −0.84/−0.67
1/2+ −1.018 −1.14/−0.91

81Ge 9/2+ — −0.90/−0.95
5/2+ — −0.77/−0.61
1/2+ — −1.15/−0.94

ground state in 79Zn. The interaction shows good agreement with the experimental g-factor

(gexpt = −0.264) for both the bare and effective g-factors (gbare/geff = −0.229/ − 0.244).

The single neutron hole configuration in g9/2, (νg9/2)−1, leads the wave function with >60%

of all contributions, although its g-factor deviates from experiment more than JUN45 and

jj44b (gJUN45/gjj44b = −0.263/ − 0.261). This, coupled with the fact that the JUN45 and
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Figure 6.14: Experimental g-factors of the 9/2+ ground and isomeric 1/2+ states of 79Zn
in comparison to single-particle estimates and predictions from the A3DA-m, LNPS-m and
PFSDG-U interactions.
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jj44b interactions both predict >95% ground state wave function contribution from (νg9/2)−1

configurations in 79Zn, once again points to the stability of the N = 50 shell closure in

neutron-rich nuclei.

The 1/2+ isomeric state in 79Zn is quite clearly reproduced more accurately by the

PFSDG-U interaction than any of the other interactions. The predictions with bare and

effective g-factors (gbare/geff = −2.28/ − 1.82) appear to be roughly equidistant from the

measured value of gexpt = −2.036, while also approaching the effective SP g-factor of νs1/2.

The single unpaired neutron in the isomer is expected to occupy the ν3s1/2 orbital based on

its spin-parity. These results exhibit a clear improvement over those from the LNPS-m and

A3DA-m interactions, as shown in Figure 6.14, due to the extension of the neutron valence

space to account for the full sdg-shell. The occupation of neutron orbits in the sdg-shell for

the isomeric state are compared to the occupancy of the ground state in Figure 6.15, where
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s1/2 g7/2 d3/2

0

0.2

0.4

0.6

0.8

1

N
or

m
al

ise
d 

N
eu

tro
n 

O
cc

up
an

cy

9/2+

g9/2 d5/2
s1/2 g7/2 d3/2

1/2+

Figure 6.15: Normalised neutron occupancies for orbitals in the sdg-shell for the ground and
isomeric states in 79Zn as predicted by the PFSDG-U interaction. Occupancies are normalised
to the maximum number of neutrons in the orbital.
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they are normalised to the maximum number of nucleons in each orbital. A clear increase

in the occupation of all orbits beyond N = 50 is observed in the 1/2+ isomeric state, with

larger increases seen in the νd5/2 and νs1/2 orbits relative to the others. The deviation from

the effective SP value of νs1/2 seen in Figure 6.14 is expected to be induced by some mixing

of (νs1/2)1 and (νd5/2)1 led configurations, an argument that is supported by the predicted

increase in the occupancy of these two states for the isomer. The PFSDG-U wave function

confirms this, with ν(1g−2
9/23s1

1/2) and ν(1g−2
9/22d1

5/2) configurations forming ≈30% and ≈20%

of the isomeric wave function, respectively. This result confirms the mixed 1p-2h intruder

nature of the isomeric state.

6.4.4 Spectroscopic Quadrupole Moment of 79Zn

The quadrupole moment prediction for the 9/2+ ground state in 79Zn is shown in Table 6.2.

The model spaces outlined in previous sections have proved to be sufficient for reproducing

the measured quadrupole moment of 79Zn, with all interactions other than LNPS-m show-

ing a good agreement with experiment. The different model space in PFSDG-U means its

prediction can highlight the importance of excitations to the sdg-shell in characterising the

nuclear shape.

The PFSDG-U prediction for the quadrupole moment of 79Zn (Qs = +0.42) lies within er-

rors of the value measured in this work (+0.40(4)), in fact exhibiting a marginal improvement

Table 6.6: Calculated energies (MeV) and quadrupole moments Qs for low-lying levels in
79Zn and 81Ge from the PFSDG-U interaction.

AZ Iπ Qs,expt(b) Qs(b)

79Zn 9/2+ +0.40(4) +0.42
5/2+ — −0.36
1/2+ — —

81Ge 9/2+ — +0.60
5/2+ — −0.41
1/2+ — —
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over the JUN45, jj44b and A3DA-m predictions (+0.356, +0.371 and +0.367, respectively).

While there is no change noted in the occupancy of νd5/2, the influential orbital in describing

quadrupole deformation in this region, between A3DA-m and PFSDG-U, a small decrease

is observed in the occupancy of νg9/2 in PFSDG-U compared to all interactions. This is

offset by an increase in the neutron s1/2, d3/2 and g7/2 orbits, which could account for the

accuracy of the PFSDG-U prediction for Qs in 79Zn. In order to further test the suitability of

PFSDG-U for determining the nuclear deformation of neutron-rich isotopes around N = 50,

further quadrupole moment measurements of odd-A nuclei in this region, including heavier

Zn isotopes and 81Ge (isobar of 79Zn) are required.
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Conclusion

In this work, collinear laser spectroscopy has been used to obtain the nuclear spins and

electromagnetic moments of odd-A Zn isotopes from 63−79Zn (N = 33−49) via their hyperfine

structure. Zn isotopes were produced at ISOLDE, CERN, and delivered to the COLLAPS

beam line in ion bunches by the ISCOOL ion cooler and buncher. The temporal coordination

of ion bunches and photon gating on PMTs in the detection region reduced background

contributions by a factor of ∼ 4 × 104. This greatly improved the clarity of the hyperfine

spectra and allowed the measurement of exotic isotopes and relatively short-lived isomeric

states. The 4s4p 3P o
2 → 4s5s 3S1 atomic transition was selected for Zn. The 4s4p 3P o

J triplet

is populated by quasi-resonant charge exchange with Na atoms in the CEC, with the J = 2

level selected in part due to its greater sensitivity to the nuclear spin I than the J = 0, 1

levels.

Using the χ2-minimisation process, a hyperfine structure was fitted to experimental spec-

tra in order to determine the nuclear spin, as well as the hyperfine A and B coefficients. The

hyperfine coefficients were used to calculated the magnetic dipole moments µ and spectro-

scopic quadrupole moments Qs of Zn isotopes. This was achieved by using a reference isotope,

67Zn, to calibrate the moments across the isotope chain. In this work, the reference values

of A(3P2) = +531.987(5) MHz [89] and µ = +0.875479(9)µN [14] were used to calculate the

magnetic dipole moments, while B(3P2) = +35.806(5) MHz [89] and Qs = +0.122(10) b [94]
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were used for the spectroscopic quadrupole moments. The ground and isomeric state nuclear

spins I of the neutron-rich nuclei 73−79Zn were unambiguously confirmed in this work, and

the electromagnetic moments of the same nuclei were measured for the first time. The mo-

ments of 63−71Zn were determined in earlier studies, although these results have since updated

the values for these isotopes given in literature [14]. All nuclear spins and electromagnetic

moments determined in this work have now been published in Phys. Lett. B [111].

The nuclear properties of Zn isotopes are compared to a number of large-scale shell model

interactions with different model spaces. The JUN45 and jj44b interactions both adopt the

f5pg9 model space, and hence do not consider excitations across the N,Z = 28, 50 shell

closures, although they differ somewhat in their construction. However, the A3DA-m and

LNPS-m interactions extend beyond the f5pg9 model space to include πf7/2 (immediately

below Z = 28) and νd5/2 (immediately after N = 50). The comparison of our results to

the predictions of these sets of interactions therefore provided an opportunity to probe the

influence of the πf7/2 and νd5/2 orbits across the Zn isotope chain, and also the stability of

the Z = 28 and N = 50 shell closures as N changes.

The magnetic dipole moments (g-factors) of ground and isomeric states in Zn are generally

reproduced well by all the large-scale shell model interactions used in this thesis. However,

the exclusion of cross Z = 28 and N = 50 excitations in the JUN45 model space means

the interaction reproduces the observed trend more accurately than the A3DA-m and LNPS-

m interactions. This is most notable for the high-spin states as N = 50 is approached.

Here, g-factors predicted by the JUN45 and jj44b interactions gradually converge towards

measured g-factors, with their predictions for 79Zn (> 95% w.f. contribution from (νg9/2)−1,

gJUN45/jj44b = −0.263/ − 0.261) almost identical to the measured value (gexpt = −0.264).

Conversely the A3DA-m and LNPS-m predictions for the same states gradually diverge from

measured values, with the difference largest at 79Zn (gA3DA−m/LNPS−m = −0.335/ − 0.331)

where the A3DA-m interaction predicts a non-zero occupation of νd5/2. All these factors

strongly point to the persistence of the N = 50 shell closure in neutron-rich nuclei, and

therefore provide evidence for the doubly magic nature of 78Ni.
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Due to its accuracy for magnetic dipole moments, occupation numbers from the JUN45

interaction are used to investigate level systematics of high-spin states more closely. For the

anomalous isomeric state spin of 5/2+ in 73Zn, kinks are observed in the neutron occupancies

of the f5/2, p1/2 and g9/2 orbitals, and also in the p3/2, f5/2 and p1/2 proton orbitals. At

the same point, a large dip from the otherwise linear g-factor trend of high-spin states in

also seen. This is representative of configuration mixing, and is confirmed by the JUN45

wave function in which no single configuration contributes more than 10% to the total wave

function. Proton occupation numbers also reveal a reordering of the πf5/2 and πp3/2 orbitals,

which occurs as νg9/2 is filled due to the tensor interaction. In Zn, JUN45 places the point

of inversion between 75Zn45 and 77Zn47 (it is worth noting this is also predicted by A3DA-

m). This is in agreement with the results seen in the neighbouring elements Cu (Z = 29)

and Ga (Z = 31), where the inversion is seen as a ground state spin change from 3/2− to

5/2− between N = 44 − 46 and N = 48 − 50, respectively. The Z-dependence of this effect

is therefore pinpointed for the isotopes beyond Z = 28, with future measurements of Ge

extending this range further.

The quadrupole moments of Zn isotopes (with I ≥ 1/2) have been determined across the

isotope chain. The high-spin states from 69−79Zn represent isotopes formed by odd-particle

configurations in νg9/2, and are of particular interest here. The quadrupole moments across

this range are reproduced most accurately by the A3DA-m interaction. The improvement of

A3DA-m over the JUN45 and jj44b interactions is most obvious around the mid-point of the

νg9/2 subshell, where a sudden change from a small oblate deformation (Qs = −0.32(6) b)

in 71mZn (N = 41) to a large prolate deformation (Qs = +0.52(6) b) in 73mZn (N = 43)

is observed. Such a large and sudden change in nuclear shape is indicative of an onset of

collectivity. An increase in the occupation of the νd5/2 orbital is predicted by A3DA-m,

which, coupled with the lack of νd5/2 in the f5pg9 model space, confirms the strong influence

of this orbital in this region for characterising quadrupole collectivity.

Quadrupole moments are also used to investigate the presence of multi-particle configura-

tions. From N = 39−49, the 9/2+ states of 69m,71m,79gZn follow the linear trend of quadrupole
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moments for a SP in νg9/2 that starts at Qparticle and ends at Qhole, i.e. seniority-1 (νg9/2)1
9/2+

states. However the 5/2+ isomer in 73Zn and the 7/2+ ground state of 75,77Zn deviate from

this trend, as is expected based on their anomalous spins. The ground state of 75,77Zn instead

show a good agreement with the expected quadrupole moments for seniority-3 (νg9/2)3
7/2+

states (calculated from Qparticle), meaning they are formed by three neutrons in νg9/2 coupled

to Iπ = 7/2+. For 73Zn, the expected value of a seniority-3 (νg9/2)3
5/2+ state (Q ≈ 0) dras-

tically underestimates the measured moment of the 5/2+ isomer (Qs = +0.52(6) b). This

is interpreted as substantial deformation in the isomer (β2 = +0.236) and also as further

evidence of mid-subshell collectivity. These results for Zn tie into previous investigations

into collectivity in this region, including B(E2) values of Ni (Z = 28), Zn (Z = 30) and Ge

(Z = 32), as well as quadrupole moments of Cu (Z = 29) and Ga (Z = 31). This leads to the

overall conclusion that Zn lies within a transitional region of nuclear structure from spherical

Ni nuclei to deformed Ge nuclei.

In short, it has been shown that collectivity measured beyond N = 40 is best described by

the A3DA-m interaction due to cross-shell excitations from νg9/2 to νd5/2. The latter orbital

is included in the model space of A3DA-m, but not in the f5pg9 model space used in JUN45

and jj44b. However, as N = 50 is approached, the JUN45 interaction best reproduces the

trend of the measured moments, thus suggesting that the magicity of 78Ni is restored. This is

in agreement with the results from collinear laser spectroscopy of 73−79Cu (Z = 29) [30]. Here

the excellent agreement of measured magnetic dipole moments with A3DA-m and PFSDG-U

predictions coupled with the sudden drop in occupation of the ν1f7/2 and ν1d5/2 orbitals in

78,79Cu points to the restoration of Z = 28 and N = 50 shell closures only one proton away

from 78Ni.

The hyperfine structure of the newly discovered isomeric state in 79Zn has been measured

for the first time in this work. As a result, the spin-parity of the state has now been confirmed

as Iπ = 1/2+. This spin-parity strongly suggests the isomer is formed by an np-mh excitation

across the N = 50 shell closure. The g-factor of 79mZn (gexpt = −2.036) is not close to the

effective SP g-factor of any orbital within the previously available model spaces, meaning the
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JUN45, jj44b, A3DA-m and LNPS-m are all insufficient for describing this state. Instead the

measured g-factor is closest to the effective SP g-factor of νs1/2 (geff(νs1/2) = −2.678), the

spin-parity of which is in agreement with that measured. In order to understand the nature

of this isomer, an interaction that extends beyond the model spaces of the aforementioned

interactions was required. The newly developed PFSDG-U interaction was therefore utilised,

and considers a full pf -shell for protons and a full sdg-shell for protons. The PFSDG-U

predictions for 79mZn with effective and bare g-factors (gbare/geff = −2.28/−1.82) are in good

agreement with the experimental value gexpt = −2.036, and exhibit a clear improvement over

the A3DA-m and LNPS-m interactions (gA3DA−m/LNPS−m = −1.21/− 1.48). The PFSDG-U

occupancy of the ν3s1/2 and ν2d5/2 orbitals show a sharp increase from the 9/2+ ground

state to the 1/2+ isomer. This corresponds to an isomeric wave function with ≈30% and

≈20% contributions from ν(1g−2
9/23s1

1/2) and ν(1g−2
9/22d1

5/2) configurations, respectively. The

notable contribution from an unpaired neutron in ν2d5/2 to the wave function explains why

the measured g-factor deviates from the effective SP value of νs1/2. Therefore the 1/2+

isomer in 79Zn is confirmed to be a rather mixed 1p-2h intruder state.

The 1/2+ isomeric state in 79Zn has also been the subject of a Phys. Rev. Lett. publi-

cation [112] based on this work. By studying the isomer shift, it was determined that the

mean square charge radius of the intruder isomer is much larger than that of the ground

state due to an increase in deformation (moments are not sensitive to the deformation of

I = 1/2 states). This result is interpreted as one of the first signatures of shape coexistence

in the region around 78Ni, with Ref. [108] providing evidence of shape coexistence in 80Ge

(Z = 32) around the same time. These results challenge the magicity of 78Ni, although more

measurements in this region are required in order to support this conclusion.

The PFSDG-U interaction is also used to predict the energy of the lowest-lying 9/2+,

1/2+ and 5/2+ levels in 79Zn and its isotones 77
28Ni (energies of 1/2+ and 5/2+ not measured

yet), 81
32Ge, 83

34Se and 85
36Kr. The experimental energies of the 1/2+ and 5/2+ intruder levels in

79Zn (1.10(15) and 0.983 MeV, respectively [19]) are in good agreement with the predicted

energies (1.040 and 1.127 MeV), although, while the ordering is different, the error on the
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1/2+ level means it could in fact be lower than the 5/2+. In the heavier isotones, the PFSDG-

U predictions are consistently 200−500 MeV lower than the measured energies of the intruder

states. This systematic deviation requires further investigation. For 77Ni, the intruder levels

are predicted to approach ≈ 2 MeV, which suggests a rather good doubly magic nature in

78Ni. However, the rise in intruder level energy from its measured minimum in 83
34Se to 85

36Kr is

quicker than the rise from the minimum to ∼ 1 MeV in 79Zn. While this result may question

the doubly magic nature of 78Ni, the evidence presented thus far has more strongly pointed

to the contrary. Regardless, measurements of the 1/2+ and 5/2+ level energies in 77Ni would

help to clarify the stability of the Z = 28 and N = 50 shell gaps in neutron-rich nuclei.

7.1 Recommendations for Future Work

The results obtained for Zn in this work could be supported by the further studies of nearby

isotopes and elements. The two neighbouring even-Z elements, Ni (Z = 28) and Ge (Z = 32),

are obvious candidates for future collinear laser spectroscopy studies. By comparing the Zn

results in this work to the spins, electromagnetic moments and mean square charge-radii of

odd-A Ni and Ge isotopes, the evolution of nuclear structure as we move away from the

Z = 28 shell closure can be understood. By extending the measured range to neutron-rich

nuclei, we can probe the stability of the Z = 28 and N = 50 shell closures as N increases

more thoroughly, and hence strengthen our conclusion regarding the doubly magic nature of

78Ni. Recent COLLAPS experiments have measured the nuclear properties of Ni [113] and

Ge [114] around N = 40, while a proposal for laser spectroscopy of neutron-rich Ge has also

been submitted [115].

While our results generally support the doubly magic nature of the neutron-rich nucleus

78Ni, more experimental measurements in the region are required in order to reach a more

well-informed conclusion. Recent measurements of 78,79Cu (Z = 29) [30] have highlighted the

magicity of the Z = 28 and N = 50 shell closures only one proton away from 78Ni. However,

β-delayed conversion spectroscopy of 80Ge (Z = 32) [108] points to the presence of shape
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coexistence in neutron-rich nuclei that corresponds to a reduction of the N = 50 shell gap.

This result is also observed in the low-lying states of 79Zn [112]. In order to further probe the

existence of shape coexistence close to 78Ni, measurement of the 1/2+ isomeric state in 81Ge

and the low-lying level properties in 77Ni are required. The authors of Ref. [108] acknowledge

the lack of mass measurements in this region as an issue that prevents the precise assessment

of the N = 50 shell gap. Thus it is hard to reach a concrete conclusion regarding the magicity

of 78Ni at this time. Continued experimental and theoretical efforts in the neutron-rich region

close to Z = 28 and N = 50 are therefore strongly encouraged.
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[12] E. Mané et al. An ion cooler-buncher for high-sensitivity collinear laser spectroscopy

at ISOLDE. Eur. Phys. J. A, 42(3):503–507, Dec 2009.

[13] B. Cheal and K. T. Flanagan. Progress in laser spectroscopy at radioactive ion beam

facilities. J. Phys. G, 37(11):113101, 2010.

[14] N. J. Stone. INDC International Nuclear Data Committee, 0658, 2014.

[15] M. Huhta, P. F. Mantica, et al. New evidence for deformation in 73Zn. Phys. Rev. C,

58:3187–3194, Dec 1998.

[16] B. Ekström, B. Fogelberg, P. Hoff, E. Lund, and A. Sangariyavanish. Decay Proper-

ties of 75−80Zn and Qβ−values of Neutron-Rich Zn and Ga Isotopes. Phys. Scr., T,

34(6A):614, 1986.

[17] S. V. Ilyushkin, J. A. Winger, K. P. Rykaczewski, et al. β studies of the transitional

nucleus 75Cu and the structure of 75Zn. Phys. Rev. C, 83:014322, Jan 2011.

[18] S. V. Ilyushkin, J. A. Winger, C. J. Gross, et al. β decay of the πf5/2 ground state of

77Cu studied with 225 MeV and 0.2 MeV purified radioactive beams. Phys. Rev. C,

80:054304, Nov 2009.
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Appendix A

Spin Assignments of 63−71g,69−71mZn

Prior to this work the ground and isomeric state nuclear spins for a number of odd-A Zn iso-

topes had already been confirmed. These states include the ground state of 63−71Zn and the

isomeric states of 69,71Zn. The χ2-minimisation process outlined in Chapter 5 is also applied

to the hyperfine spectra of long-lived states in these isotopes. Fits with the confirmed nuclear

spin I and also the neighbouring spin assignments (I±1) are compared to experimental spec-

tra, with spin assignments judged on their ability to reproduce all measured transition peaks

(most definitive), produce an A coefficient ratio within errors of Rexp = 0.4197 and match to

the intensity distribution of the spectrum. The agreement of fitted structures with the previ-

ously determined spin assignments signals a proof of method for the χ2-minimisation fitting

applied to 73−79g,mZn (full results shown in Chapter 5) where the nuclear spins were previ-

ously tentatively assigned. The hyperfine A and B coefficients of the correct spin assignment

are given in bold text in the following tables.

A.1 63Zn (N = 33)

The ground state of 63Zn has five neutrons beyond the N = 28 shell closure, which in a

non-interacting shell model picture would correspond to a single-neutron in the νf5/2 orbit

and a spin assignment of I = 5/2. However, the confirmed spin of Iπ = 3/2− suggests that
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the ground state wave function configuration is led by a single-neutron in νp3/2 instead. Here

a χ2-minimisation fitting is performed for the known spin, as well as the neighbouring spin

assignments I = 1/2, 5/2. The three fitted spectra for these spins are shown in Figure A.1.
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Figure A.1: Plot of the fitted spectrum for different spin assignments of the ground state in
63Zn. The corresponding χ2

r are displayed in Table A.1, along with the hyperfine coefficients.
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Based on the eight resonance peaks in the measured spectrum, we can immediately rule

out the I = 1/2 assignment as a structure with this spin corresponds to only three peaks for

a 2→ 1 atomic transition and there is no known isomeric state to account for the additional

peaks. The I = 5/2 structure (nine transition peaks) is not able to fit to all resonance peaks

simultaneously, with the fit failing to match to peaks 6 and 8 despite the good agreement with

the observed intensity distribution. This results in a hyperfine A coefficient ratio of 0.4216(24)

that only lies within errors of Rexp = 0.4197(3) due to its relatively large error. We therefore

eliminate I = 5/2 as the ground state spin. The spin-3/2 structure has eight transition peaks

that align with those measured experimentally, although its hyperfine A coefficient ratio of

0.4247(25) is outside errors of Rexp. However, since the alignment with transition peaks is

the most definitive test, we agree with the known ground state spin assignment of I = 3/2.

Table A.1: Results from the χ2-minimisation fitting of the ground state structures for 63Zn.

I χ2
r A(3S1) (MHz) A(3P2) (MHz) B(3P2) (MHz) A(3P2)/A(3S1)

1/2 3.28 −1125.3(11.4) −379.2(6.8) — 0.3369(70)
3/2 1.95 −677.6(2.4) −288.8(1.4) +57.3(3.5) 0.4247(25)
5/2 13.62 −491.8(1.4) −207.3(1.1) −34.9(7.1) 0.4216(24)

A.2 65Zn (N = 35)

The ground state of 65Zn has a confirmed spin of I = 5/2. This assignment is in agreement

with the non-interacting shell model picture that places an unpaired neutron in the νf5/2

orbit. The χ2-minimisation fitting is performed for the known ground state spin as well as

the neighbouring spin assignments I = 3/2, 7/2. The three resulting χ2-minimisation fits are

shown in Figure A.2.

Based on the eight observable resonance peaks in Figure A.2, none of the three spin

assignments can be ruled out. For the 2 → 1 atomic transition used in this work, the

spin-3/2 structure corresponds to eight transition peaks while spin-5/2 and 7/2 structures
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Figure A.2: Plot of the fitted spectrum for different spin assignments of the ground state in
65Zn.

correspond to nine peaks. Despite this fact, clear differences can be seen between the quality

of the three fits. This can clearly be observed across the hyperfine spectrum as the spin-3/2

structure fails to match to any transition peaks other than 5 and 7, leading to a hyperfine A
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coefficient ratio of 0.4223(8) that is far from Rexp. The spin-7/2 structure also matches poorly

to the data and fails to align with observed peaks 1, 6 and 8, but does produce a hyperfine

A coefficient ratio of 0.4200(4) that is within errors of Rexp, although this is trivial given

the erroneous fit. In comparison the spin-5/2 structure aligns with all observed resonances,

with two transition peaks aligning to form a single peak around −2100 MHz, thus explaining

why only eight peaks are observed instead of the nine typically seen for I = 5/2. The match

between each fitted structure and the measured intensity distribution is generally poor for

all spin values, and so is not used as a deciding factor between spins for this isotope. The

hyperfine A coefficient ratio for I = 5/2 (A(3P2)/A(3S1) = 0.4198(5)) lies within errors of

Rexp, and while the same is true for I = 7/2, its poor alignment with the measured peaks

points to I = 5/2 as the ground state spin assignment.

Table A.2: Results from the χ2-minimisation fitting of the ground state structures for 65Zn.

I χ2
r A(3S1) (MHz) A(3P2) (MHz) B(3P2) (MHz) A(3P2)/A(3S1)

3/2 0.46 +1489.8(1.6) +629.1(1.0) −84.0(1.9) 0.4223(8)
5/2 0.36 +1101.1(0.8) +462.3(0.5) −6.8(2.7) 0.4198(5)
7/2 0.47 +855.1(0.5) +359.2(0.3) +165.0(2.5) 0.4200(4)

A.3 67Zn (N = 37)

The only stable odd-A isotope of zinc, 67Zn, has a confirmed ground state spin of I = 5/2. As

for 67Zn, the non-interacting shell model picture of the ground state consists of an unpaired

neutron in νf5/2. The χ2-minimisation fitting is performed for the known ground state spin

as well as the neighbouring spin assignments I = 3/2, 7/2. There is also a 1/2− isomeric state

in 67Zn [116], although its half-life of t1/2 = 9.07µs is too short for its hyperfine structure to

be measured with the setup at COLLAPS. Therefore, only the fitting to the ground state is

discussed here. The three fits to the ground state are shown in Figure A.3.

As for 65Zn, the hyperfine spectrum of 67Zn has eight observable resonance peaks. The
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Figure A.3: Plot of the fitted spectrum for different spin assignments of the ground state in
67Zn.

spin-3/2 structure, like the measured spectrum, consists of eight peaks for the 2→ 1 atomic

transition, but is only able to align with transition peaks 5 and 7. As a result, the fact that
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its A(3P2)/A(3S1) value of 0.4193(20) is close to Rexp is trivial. For I = 7/2, the fitting does

not match to peaks 1, 7 and 8, with the ninth peak of the spin-7/2 structure lying on the

shoulder of peak 2. This leads to an A ratio of 0.4209(5) that is outside errors of Rexp. The

spin-5/2 structure is seen to match to all measured peaks in the spectrum of 67Zn. As for

the spin-5/2 structure in 65Zn, two peaks in the structure are found to align to form peak

2, hence explaining why only eight peaks are measured instead of nine. The visible peak

matching along with the excellent agreement of the I = 7/2 A ratio of 0.4198(8) with Rexp

means the χ2-minimisation fitting reproduces the known ground state spin of I = 5/2.

Table A.3: Results from the χ2-minimisation fitting of the ground state structures for 67Zn.

I χ2
r A(3S1) (MHz) A(3P2) (MHz) B(3P2) (MHz) A(3P2)/A(3S1)

3/2 1.55 +1722.3(4.3) +722.2(2.9) −129.4(4.0) 0.4193(20)
5/2 0.65 +1268.9(1.5) +532.6(0.9) +42.8(5.2) 0.4198(8)
7/2 1.58 +951.9(0.6) +400.7(0.4) +178.8(4.0) 0.4209(5)

A.4 69Zn (N = 39)

As we move across the zinc isotope chain, 69Zn is the first unstable odd-A isotope on the

neutron-rich side of the nuclear chart. Here the ground and isomeric state spins are confirmed

as I = 1/2 and 9/2 respectively. With 11 neutrons beyond the N = 28 shell closure, this

corresponds to a ground state with a single-neutron in νp1/2 and an isomer formed by a

neutron excitation to νg9/2 in the non-interacting shell model. The χ2-minimisation fits are

shown below in Figure A.4 for the known spin I = 1/2 and the neighbouring ground state

spin assignment I = 3/2. The results for the isomeric state spins of I = 7/2 and 9/2 are also

shown in Figure A.5.
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A.4.1 Ground State Spin

Based on the 11 observed resonance peaks and the tentative spin assignment of I = 9/2 to

the isomer (corresponding to nine hyperfine transitions for 2→ 1), three peaks are attributed

to the ground state if we assume that one I = 9/2 lies outside the scan range. The ground

state peaks (labelled in Figure A.4) are therefore most suited to the I = 1/2 assignment.

This is reflected by all the spin-1/2 structure peaks matching to those in the spectrum and

the proximity of the A ratio of 0.4198(14) to the known ratio. The spin-3/2 structure (eight

transition peaks) is only able to align with the measured transition peaks 2 and 3, and the
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Figure A.4: Plot of the fitted spectrum for different spin assignments of the ground state in
69Zn.
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additional peaks associated with a spin-3/2 state with Racah relative intensities appear in

regions of background. The fitting is therefore in agreement with the known ground state

spin of I = 1/2.

Table A.4: Results from the χ2-minimisation fitting of the ground state structures for 69Zn.

I χ2
r A(3S1) (MHz) A(3P2) (MHz) B(3P2) (MHz) A(3P2)/A(3S1)

1/2 0.78 +4033.3(8.2) +1693.2(4.7) — 0.4198(14)
3/2 1.56 +2295.2(2.3) +953.5(1.4) +941.8(3.1) 0.4154(7)

A.4.2 Isomeric State Spin

Both the I = 7/2 and 9/2 spin assignments have statistical fits of comparable quality based

on their χ2
r values. Clear differences arise though when visually comparing the fits to the eight

transition peaks attributed to the isomeric state (one additional peak outside the scan range

at < 5000 MHz, estimated by superimposing a model hyperfine structure on the spectrum).

The spin-7/2 structure is unable to align with peaks 7 and 8, and, although the fit produces

a hyperfine A coefficient ratio of 0.4198(18) that is close to the expected value, the fact

it is for an erroneous fit negates its agreement with Rexp. The A ratio of the spin-9/2

structure (0.4192(7)) is also within errors of Rexp and is seen to align with all observed

isomeric transition peaks. Therefore the fitting is in agreement with the confirmed isomeric

state spin of I = 9/2.

161



APPENDIX A. Spin Assignments of 63−71g,69−71mZn

0

10

20

30

40

50

2

4	+	5

3

4 5
6
7

8

1

g

g

g

Data
7/2

-4000 -2000 0 2000 4000
Relative	Frequency	(MHz)

0

10

20

30

40

50C
ou
nt
s

Data
9/2

Figure A.5: Plot of the fitted spectrum for different spin assignments of the isomeric state
in 69Zn. The first hyperfine transition peak of the isomeric state lies outside the scan range
shown here.

Table A.5: Results from the χ2-minimisation fitting of the isomeric state structures for 69Zn.

I χ2
r A(3S1) (MHz) A(3P2) (MHz) B(3P2) (MHz) A(3P2)/A(3S1)

7/2 1.22 −1150.5(1.0) −480.9(0.7) +10.4(6.2) 0.4198(18)
9/2 0.78 −933.8(0.9) −391.5(0.5) −106.8(6.2) 0.4192(7)
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A.5 71Zn (N = 41)

71Zn is the heaviest odd-A isotope of Zn with previously confirmed ground and isomeric state

spins of I = 1/2 and 9/2 respectively. The confirmed spins are contrary to those expected

in the non-interacting shell model where the unpaired neutron would be expected to occupy

νg9/2 in the ground state and νp1/2 in the isomer, thus indicating that the νg9/2 orbit has not

yet lowered in energy to below νp1/2. Confirmation of the nuclear spin for heavier odd-A Zn

isotopes will determine the point at which these orbitals invert in terms of energy. The known

nuclear spins are tested against the neighbouring ground and isomeric state spin assignments

of I = 3/2 and 7/2 respectively, the results of which are shown below in Figures A.6 and A.7.

A.5.1 Ground State Spin

As for the ground and isomeric states of 69Zn, the 11 observed transition peaks indicate the

presence of an I = 1/2 (three peaks) states and an I ≥ 3/2 state (eight or nine peaks). The

spin-3/2 structure (corresponding to eight peaks) does not align with peak 1 of the isomeric

structure in the spectrum, and its additional peaks are clearly seen to not align with any

counts corresponding to a hyperfine transition. On the other hand, the spin-1/2 structure is

clearly able to align with all measured transition peaks in the spectrum which leads to an

improved statistical fitting (χ2
r = 0.84) over that for I = 3/2 (χ2

r = 1.68). The A ratios of

the two fits are fairly similar, although the obviously erroneous fit for the spin-3/2 structure

means its A ratio is trivial. Therefore, the χ2-minimisation fitting agrees with the known

ground state spin of I = 1/2.
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Figure A.6: Plot of the fitted spectrum for different spin assignments of the ground state in
71Zn.

Table A.6: Results from the χ2-minimisation fitting of the ground state structures for 71Zn.

I χ2
r A(3S1) (MHz) A(3P2) (MHz) B(3P2) (MHz) A(3P2)/A(3S1)

1/2 0.84 +3990.5(8.6) +1677.1(5.0) — 0.4203(15)
3/2 1.68 +2455.9(2.4) +1033.5(1.4) +705.1(3.6) 0.4208(7)

A.5.2 Isomeric State Spin

The χ2-minimisation fitting for the spin-9/2 structure produces a more statistically ideal fit to

the data (χ2
r = 0.84) than the spin-7/2 structure (χ2

r = 2.09). This is reflected in the spectra
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shown in Figure A.7 where the spin-7/2 structure does not align with transition peaks 1, 2,

7 and 8. The spin-9/2 structure is able to align with all eight measured transition peaks and

subsequently has an A(3P2)/A(3S1) value of 0.4195(5) that is within errors of Rexp. This

fitting is therefore in agreement that the ground state spin assignment of I = 9/2.
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Figure A.7: Plot of the fitted spectrum for different spin assignments of the isomeric state in
71Zn.

Table A.7: Results from the χ2-minimisation fitting of the isomeric state structures for 71Zn.

I χ2
r A(3S1) (MHz) A(3P2) (MHz) B(3P2) (MHz) A(3P2)/A(3S1)

7/2 2.09 −1051.5(1.0) −437.7(0.6) +7.2(5.5) 0.4163(7)
9/2 0.84 −844.2(0.6) −354.2(0.4) −77.2(3.8) 0.4195(5)
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χ2-minimisation Fit Parameters

with Free Intensities

A complementary χ2-minimisation analysis has been performed by X. F. Yang on Zn isotopes

from N = 33− 49. This analysis follows the same principles as the one outlined in Chapter 5

with a non-normalised Lorentzian line shape with free intensities and a series of satellite

peaks with fixed energy offset and Poisson intensities (but a fixed Poisson parameter, b, and

a free n parameter in Equation 5.5) to replicate the skewed Lorentzian peaks. The results

from these two analyses for I, A(3P2), A(3S1) and B(3P2) are given in Table B.1 below. The

final values of A(3P2) and B(3P2) used to calculate the nuclear moments are obtained by

taking a simple average of values from the two analyses.
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