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Abstract
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Gamma-Ray Spectroscopy of Neutron-Deficient Nuclides 'Nd, *'Pm and
132py

by Conor Sullivan

The newly commissioned MARA recoil separator has been coupled with the
efficient high-purity germanium (HPGe) JUROGAM +y-ray spectrometer and
a suite of focal-plane detector systems to facilitate detailed studies of in-beam
and isomeric delayed radiation emitted by various types of nuclides. Excited
quantum states were populated in the highly neutron-deficient nuclides '>Nd,
131Pm and '32Pm utilising the fusion-evaporation reaction *Ni +78 Kr —136
Gd*.

In the study of ??Nd, three new isomeric states were observed at excitation en-
ergies of 1893, 2109 and 2284 keV, respectively. The state at 2284 keV was mea-
sured to have a half-life of 679 &+ 60 ns. Excited states existing above this level
were measured using the JUROGAM spectrometer and characterised within
the framework of the cranked shell model.

The study of 3!Pm focused on detailed in-beam 7-ray measurements, result-
ing in extensions to the yrast band at high and low spin. To accommodate
the lowest spin states, reinterpretation of the band in terms of its deformation
aligned nature resulted in reassignment of the yrast band to Nilsson orbital
[5632]5/27. The lowest spin state of 5/27 is then proposed to be the ground
state, in agreement with theoretical studies.

Finally, band extensions at high and low spin were made in the study of doubly-
odd 13?Pm. Two low-spin isomeric states were measured, with half-lives of
187 £ 4 ns and 19.9 £ 0.5 us. -y radiation observed to depopulate these states is
proposed to feed the ground state of the this nucleus, allowing unambiguous
assignment of absolute excitation energies for two of the four observed bands.
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The wonder is, not that the field of stars is so vast, but that man has
measured it. - Anatole France, The Garden of Epicurus (1894)
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Chapter 1

Introduction

1.1 Why Study Nuclear Structure?

Nuclear matter makes up 99.9% of all baryonic matter in the Universe. Con-
fined to a portion of space on the order of femtometers (10~'°m), the nucleus
gifts nuclear spectroscopists with a minuscule laboratory through which we
can observe the complex interactions of nuclear matter at this scale. The sim-
ple idea that these protons and neutrons — collectively, nucleons — are indeed
confined leads to some startling implications. If a nucleon is bound to a region

of space of Ax ~ 1 fm, then, according to the Heisenberg uncertainty principle,

AxAp > Z, (1.1)

the particle has an uncertainty in its momentum of at least 98 MeV/c. In the
case of a single proton, the resultant (relativistic) velocity is 3.3 x 10" m/s or
10% of the speed of light! It is obvious then, that the forces exhibited on nu-
cleons within the nucleus must be vast. We have the aptly named strong nu-
clear force, but the nucleus also exhibits simultaneously the effects of the weak
nuclear force and the electromagnetic force — the only known system of any
order of magnitude to do so.

The weak nuclear force is, by comparison, somewhat harder to visualise

than the electromagnetic or strong forces. The weak force is so named because
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it operates over a distance much less than that of a femtometer [1} 2], with
an interaction strength of around 100,000 times less than the electromagnetic
force [2]. The process of B decay, which manifests itself through the weak
interaction, influences our Universe in systems of every order of magnitude.
The weak interaction plays a role in the production of large nuclei via nuclear
fusion [3], a fact to which stars owe their existence. At the other end of the
scale, the weak interaction mediates the decay of an isolated neutron, which
decays into a proton [4} 5] — the most stable form of matter we know of.

The many-body nature of the nucleus is what makes it fascinating, but
also complicated to describe mathematically. Even assuming that the nucleon-
nucleon interaction is a simple two-body process, the number of interaction
terms would still be proportional to N! — a light nucleus such as 2C would
have more than 479 million interaction terms. Alas, the nucleon-nucleon in-
teraction presents complexities that make exact computation of even a small

number of nuclear interactions a challenge:

¢ the force is repulsive at very short distances (< ~0.5 fm), attractive at
short (~1 fm) distances, and feebly attractive at larger distances (>~3

fm).

¢ the force is dependent on the intrinsic spins of the nucleons: anti-parallel

spin nucleons experience a "pairing" effect, attracting them together.

* some evidence [6] 7, 8] suggests that nucleons interact by three-body in-
teractions, as well as two-body. That is to say, the relationship between
the position of nucleons 2 and 3 affect the force on nucleon 1, in addition

to the individual positions of nucleons 2 and 3.

Instead of trying directly solve the many-body problem of the nucleus,
the study of nuclear structure involves development of semi-empirical mod-
els that describe the behaviour of the nucleus using approximations. Some of

these models are discussed in more detail in Chapter
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To answer the initial question: "why study nuclear structure?", we must
pose yet more questions.

How do nuclear forces result in the observed structure of nuclei? Vast leaps
of progress answering this question were made in the latter half of the 20th cen-
tury. A successful description of nuclear states in terms of the shell model was
developed, replicating observed enhancement of stability at certain "magic"
numbers of nucleons representing closed quantum shells. However, extending
this model to exotic and deformed nuclei provides evidence that these magic
numbers are not absolute. Nuclei far from stability can feature some very un-
usual properties. A striking example is the neutron halo seen in !'Li; the radius
of the halo is equal to the radius of the heavy nucleus 2*Pb [9].

What is the role of radioactive processes in producing the Universe’s visible
matter? It is well known that elements up to bismuth are readily produced
in actively burning stars through the steady accumulation of neutrons: the
s-process. Radioactive nuclei heavier than bismuth are accounted for by the
fast neutron-capture process, or r-process. Early models were unable to make
themselves consistent with the observed abundances of solar r-process nuclei,
though they adequately described the relative production yields in terms of the
time distribution of the process. In 2017, evidence was observed for the first
time of a binary neutron-star merger [10], providing strong evidence for the
major contribution of neutron-star mergers to the observed galactic r-process
element abundances.

How can we utilise this knowledge to improve our quality of life? From
metastability in medical tracers to the accelerator technology that produces
them, the contribution of nuclear structure discoveries to humanity are numer-
ous. One of civilisation’s pressing issues is the increasingly burdened energy
supply underpinning our industrialised way of life. For over 60 years nu-

clear fission reactors have provided a reliable and carbon-free contribution to
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our electric power grids. However, this was not without shortfall, with long-
lived radioactive waste, lack of adequate decommissioning and disposal pro-
cedures, and well publicised meltdown incidents such as those seen at Cher-
nobyl and Fukushima precluding a full-scale adoption of fission power. That
said, our best hope for a sustainable and clean energy source may lie with nu-
clear fusion based reactors.

As questions are answered the rate at which new ones appear remains con-
sistent. It is clear that the study of nuclear structure is as relevant to the layman
as much as it is of fundamental importance to physics. The documentation of
nuclear properties and identification of systematic trends such as those pre-
sented in this thesis contribute toward the final realisation of a complete nu-

clear description.
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1.2 Experiment JM06

In April 2019, an experiment took place at the JYFL Accelerator Laboratory in
Jyviaskyld, Finland. The experimental objective was to combine the techniques
of recoil-decay tagging and <y-ray spectroscopy to elucidate the first known
excited states in the highly-deformed proton emitting nucleus *'Eu.

Across two weeks of beam time, a plethora of nuclei were produced and
studied - three of which make up the data chapters in this thesis. Figures
and [1.2|detail the results of calculations made by the software PACE4 [11, [12],
which uses Monte-Carlo methods to simulate production cross-sections in a
fusion-evaporation experiment, given a particular beam, beam energy and tar-
get. This experiment was performed with a “Kr beam on a target of *Ni.
Though the predicted absolute cross-section values are known to not always
correspond to the experimental values, the relative values are useful to predict
which nuclides are expected to dominate the spectroscopic data. Figure
displays nuclides that were observed (light-green) and studied (dark-green) in
the analysis of this experiment. Identifying nuclides largely involved obser-
vation of the prompt y-radiation emitted by them immediately following their
production. The JUROGAMBS spectrometer was used to this end. Composed of
twenty four "clover" style detectors, and fifteen tapered phase-1 detectors, the
spectrometer delivers an absolute efficiency of 13% at 200 keV. The experimen-
tal setup boasted the newly commissioned MARA recoil separator. Recoiling
nuclei are implanted into a double-sided silicon strip detector (DSSD), which
is equipped with its own high-purity germanium detectors for measurement
of delayed < radiation at the focal plane. Altogether, the formidable suite of
equipment provides an excellent environment for studying all manner of ra-
dioactive decay. In this thesis, v decay is the main focus, with three nuclei
providing a detailed insight into how dynamic the decay of an excited nucleus

can be.
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FIGURE 1.1: Predicted relative production cross-sections as a function of beam energy
for a selection of nuclides given a *Kr beam on a target of ®*Ni. Production cross-
sections are produced by Monte-Carlo simulation using the software PACE4 [11}12].
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FIGURE 1.2: Predicted relative production cross-section for a subsection of the chart of
the nuclides, produced by Monte-Carlo simulation using the software PACE4. Larger
coloured squares indicate a larger relative yield. Calculation results are displayed for
both high beam energy (390 MeV, top panel) and low beam energy (364 MeV, bottom
panel).
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FIGURE 1.3: A subsection of the (Segre) chart of the nuclides focusing on the mass

region studied in this thesis. The compound nucleus **Gd is coloured dark grey.

Nuclides discussed in this thesis are coloured dark-green and nuclides observed in
the data but not discussed in detail here are coloured light-green.

The mass-130 region of the Segre chart is ripe with exotic nuclei exhibiting
all manner of interesting behaviour. First and perhaps most obviously is the
close proximity to which the nuclides are to the proton dripline. These nuclei
are extremely neutron deficient, resulting in exotic decay modes and relatively
short half-lives. Secondly, this region of the chart is situated in the middle of
the full shell closure for both protons and neutrons — we expect to see nuclei
with high deformation here. As will be described in detail in Chapter 2, highly
deformed nuclei are stabilised by the formation of new shell gaps. Measure-
ments of absolute excitation energies can provide valuable constraints to the
theoretical models used to describe them. Finally, nucleons occupying excited
states in this mass region often have their angular momenta projected along
the axis of deformation in such a way that their decay to lesser excited states is

hindered, resulting in unusually large (isomeric) half-lives for these states.



Chapter 2

Theoretical Overview of Nuclear

Models

2.1 Historical Nuclear Structure

In the early 20" century, the liquid-drop model became one of the first suc-
cessful in describing the nuclear mass in terms of its constituent nucleons [13].
Here, the nucleus is thought of as an incompressible melee of protons and
neutrons held together by the strong nuclear force. The model is described
mathematically by the Bethe-Weizsacker formula [14]. The liquid-drop model
is remarkably successful in describing the overall trend of binding energy per
nucleon. Itis not as accurate for the lightest nuclei, where the image of a liquid-
drop isn’t well adapted. Inability to account for the experimental observation
of higher binding energies at certain numbers of protons and neutrons is an-
other failing of the liquid-drop model. These so-called "magic numbers" are
one of the primary pieces of evidence pointing to the shell model of the atomic

nucleus.
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2.2 The Shell Model Of The Nucleus

As well as the experimentally measured deviation from the liquid-drop model
discussed previously, there are other pieces of evidence that clearly point to-
ward nuclei exhibiting shell structure behaviour. One such example of this
is the disappearance of the nuclear electric quadrupole moment at numbers
close to closed shells. The quadrupole moment arises out of distributed charge
in a deformed (non-spherical) nucleus. With filled closed shells, it is expected
that the nucleus would reattain spherical shape, and the electric quadrupole
moment would fall to zero, which is observed experimentally [15]. Further
evidence arises from the relative natural abundance of nuclei at closed shell

numbers compared to other nuclei [16]. The observed shell numbers

2,8,20,28,50,82,126 2.1)

represent the total number of nucleons needed to fill each successive shell.
A nuclear shell model is a single-particle model. Individual nucleons can be
thought of as moving in an average field which is built up with contributions
from all the other nucleons. This reduces the complexity of the nuclear many-
body problem substantially with the nuclear Hamiltonian able to be written
as

H =) [T+ Vi(r)] + A (2.2)

1

Y o(rij) — ZVz’(h‘)

i,j

The first term represents the summation of all the individual particle kinetic
energy contributions, T;, moving in a mean-field potential, V. The second term
is the "perturbation term", containing the sum of the short-range residual inter-
actions, v(r; ;), between the nucleons. A presumption made by the shell model
is that the first term is far greater than the residual interactions, so A — 0. The

time-independent Schrodinger equation is then
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—h* &
%ﬁ‘i’(r) +V(r)¥(r) = E¥(r). (2.3)
Naturally, it follows that selection of a potential, V(r), descriptive of the nu-
clear potential is required such that Equation 2.3 yields correct energy eigen-

values, some of which are discussed in the following sections.

2.2.1 Harmonic Oscillator Potential

One of the simplest potentials in terms of its functional form and ease of ana-
lytical analysis is the simple harmonic oscillator. This treats particles as though
they are a mass suspended on a spring, with the spring representing the po-
tential they move in. The classic harmonic oscillator potential can be obtained

from Hooke’s law

1 1
V(r) = EK;’Z = Emwzrz, (2.4)

where K is a constant representing the elasticity of the oscillator, r is the ra-
dial distance of an oscillation, w is the angular frequency of oscillation and
m is the particle mass. Setting the depth of the potential well as V, the time-

independent Schrodinger equation is then

—h* 9?

%ﬁw(r) T+ me%z — V} ¥(r) = E¥(r). (2.5)

2

The equation can be solved and eigenstates extracted using power series meth-

ods. The general form for the wavefunction and the system’s eigenstates are

¥(0) = (5) T NS, 26)

En = (Zn +1+ %) hw = (N+ ;) hw, (2.7)
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where &« = mw/h, { = \/ar and the Hy () are the physicist’s Hermite polyno-

mials, necessary to orthogonalise the energy eigenvalues.

FIGURE 2.1: Energy eigenvalues for the first five N states of the harmonic oscillator

potential. Energy states are labelled by the oscillator quantum number N (equal to

the number of nodes in the waveform), and their principal and angular momentum
quantum number components, (nl). I is labelled using the spectroscopic notation.
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The energy eigenvalues themselves are provided by Equation [2.7 where # is
the principal quantum number, [ is the orbital angular-momentum quantum
number and N = 2(n — 1) + [ is the oscillator quantum number. Figure
displays the energy levels and the wavefunctions superimposed over their re-
spective energy level. It can be seen that the solutions yield a set of discrete
energy levels for each shell, with the lowest shell having a non-zero energy
of (3/2)hw. States are degenerate in energy with their components labelled
by the principal quantum number, 1, and the angular momentum quantum
number, . The selection rule for the angular momentum statesis 0 < I < N;
states are further restricted by the parity selection rule as discussed below. The

number of degenerate energy levels for each shell is

dy = (N+1)(N+2), (2.8)

arising from two allowed spin states, and multiple allowed angular momen-
tum states. Despite its simplicity, the harmonic oscillator model introduces the
concept of parity: the invariance of a wavefunction when reflected around its
axis of origin. A wavefunction that is symmetric on reflection has positive par-
ity — the opposite is true for asymmetric wavefunctions. The parity of each

state is then

m=(-1)N=(-1). (2.9)

Parity selection rules dictate that the allowed angular momentum states for a
given level are limited to odd/even states for odd/even parity. The "magic
number" is then the total of all particles taken to fill the nucleus up to this shell
closure. We can see from Figure 2.1|{that only the first three magic numbers are
reproduced and further improvements are needed to accurately reproduce the

experimentally observed shell states.
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2.2.2 Spin-Orbit Correction

Analogous to the spin-orbit interaction in atomic physics is the spin-orbit inter-
action of the nucleus. Here, the interaction between a nucleon’s total angular
momentum, j = [ + 1, and the strong nuclear force to which the nucleon is
subjected, leads to splitting in the nuclear energy levels. Describing the nu-
clear potential as a harmonic oscillator leads to energy eigenstates degenerate
in energy, with multiple allowed values of j, as per Figure However, this

degeneracy is lifted with introduction of a spin-orbit term to the potential [17],

V(r) = V(r) —al-s. (2.10)

In addition to the spin-orbit term, it is necessary to add the term —pI2. This
has the effect of "flattening" the bottom of the harmonic potential and making
the potential steeper around the Fermi level; without it, high-I orbitals have
a higher energy than they should. The effect on the energy eigenstates is dis-
played in Figure It can be seen that each harmonic oscillator level has split
into [ sublevels, and the I? perturbation has pushed high-j levels down in en-
ergy, as expected. It is also worth noting that, contrary to the atomic picture,
states with higher j are lower in energy, owing to the nuclear spin-orbit interac-
tion being an attractive force.

The modified harmonic oscillator with spin-orbit correction can success-
fully reproduce the experimentally observed magic numbers corresponding to
stable, closed nuclear shells. It would seem then, that a complete microscopic
description of a spherical nucleus is at hand. However, the harmonic oscillator
potential has the nonphysical property of tending toward infinity as the nu-
clear radius increases. Furthermore, evidence of deformed nuclei invalidates

the spherical prerequisite of the spherical shell model.
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FIGURE 2.2: Quantum harmonic oscillator potential eigenstates with /2 and [-5 correc-

tions. Final energy states are labelled nl;, where 7 is the principal quantum number,

 is the angular momentum quantum number, and j = [ % 1 is the total angular mo-
mentum quantum number.
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2.2.3 Woods-Saxon Potential

Considered to be a more realistic nuclear potential, the Woods-Saxon potential
has the same radial dependence as the nuclear matter distribution and does

not require infinite separation energies between nucleons.

FIGURE 2.3: Comparison of different nuclear potential wells as a function of the ra-
dial distance from the center of the nucleus, r. The full nuclear radius is labelled R.
Parameters used in the model include Vj = 50 MeV,a = 1.5 fm and R = 15 fm.

The Woods-Saxon distribution falls off steeply toward zero as the radius ap-
proaches the Fermi surface, R. It does not tend to infinity as does the harmonic
oscillator and it avoids the sharp discontinuity at R present in the square well.
Mathematically, the Woods-Saxon potential [18] is given by

Vi) = —— 0 2.11)

r—R 7

14e
where a is the diffuseness parameter, describing how steep the "drop off" in
potential is. Typical values for this are 0.5 — 1.5 fm [15]. The Woods-Saxon
potential with spin-orbit correction yields the correct magic numbers, but also

presents further benefits compared to the harmonic oscillator:
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e for large numbers of nucleons, the decrease in potential is very sharp at
the boundary r = R, since the diffuseness parameter is small in compar-

ison to the nuclear radius, and

¢ the potential rapidly goes to zero as r ~ R reflecting the short-range

nature of the strong nuclear force.

The Woods-Saxon potential cannot be solved analytically and must be attacked

using numerical methods.

2.3 The Deformed Shell Model Of The Nucleus

All the models discussed until this point have assumed a static nucleus which
is close to sphericity. Introducing deformation to the picture somewhat com-
plicates things. There are several pieces of evidence pointing towards nuclear

deformation:

the existence of quantum rotational bands obeying the relationship E

I(I+1),

¢ large electric quadrupole moments due to a non-spherical distribution of

charge,

e the 27 state having low energy correlates with high nuclear moments of

inertia, indicative of deformation,

¢ enhanced B(E2) decay rates.

These pieces of evidence — particularly existence of rotational and vibrational
modes — are important because they paint a picture of collective and coherent
motion, rendering the single-particle nature of the spherical shell model in-
valid. The deformed nuclear shape can be described mathematically in terms

of its equipotential surface,
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) A
R(0,¢) =CRo |1+ Y. Y anYi(6.9)], (2.12)
A=0pu=—-A

where Ry is the radius of the spherical nucleus, YK‘ (6, ¢) are spherical harmon-
ics, and way, are coefficients moderating the strength of the (Au)™" distortion
from sphericity. The parameter A represents the mode of deformation. In gen-
eral, most nuclei can be described by quadrupole (A = 2) deformations with
a small hexadecapole (A = 4) correction. Taking the axis of our coordinate
system to be equal to the axes of nuclear deformation, Equation reduces

to

R(@, (f)) = CRy [1 + 0(2’0Y2’0 + 062,2(Y2,2 + YZ,—Z)] . (2.13)

This in turn allows a useful parameterisation of the a in terms of the total

deformation, B,, and the lengths along the principal axes, 7.

a0 = B2C0sY, Npp = &sirw (2.14)

V2
The effect of the parameter v is depicted pictorially in Figure Here we can
see the difference between collective and non-collective modes of deformation.
Briefly, non-collective deformations occur when the angular momenta of the
nucleons are aligned with the axis of deformation and the opposite is true for

collective excitations. This is discussed in more detail in Section
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FIGURE 2.4: The Lund Convention for specification of triaxial deformation along three

principal axes. Lines along the deformed nucleus represent nucleon orbital paths, with

their individual angular momenta aligned in the plane perpendicular to this orbital.
Figure courtesy of Ref [19].

2.3.1 Anisotropic Harmonic Oscillator Potential

As was the case for the spherical shell model, one of the simplest potentials
to describe a deformed nucleus’s eigenstates is the harmonic oscillator poten-
tial. This time, however, the form of the potential is modified to reflect the

anisotropy of the principal nuclear axes,

1
V(x,y,z)= Em(w§x2 -+ w§y2 + w?2?). (2.15)
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The three w parameters can be written in terms of the polar coordinates S(~

€2) and 7y as detailed in Figure 2.4 and Equations

wy = wo(B,7) -1 — ;Bcos(')f + 2?71)} ,
oy = an(p7) 1= 3peosty = )|, 216

wz = wo(B, ) -1 - %ﬁcos(’y)} )

If we make the assumption that the nucleus is only deformed along one axis
(conventionally z), then we have axial symmetry. Thus, v = 0 and wy = wy,.

Equation can then be written

1
Vix=y=1,z) = —m(w? L% +w?z?). (2.17)
y 2 1 z

The eigenstates are given by

1
E(n,,n;) = (nz + E) hw, + (n) +1)hw,,
(2.18)

:(N+ZMM—§&u—NO,
where N = n; +n; and € = (w, — wz)/wy is the eccentricity of the nuclear
shape. Neglecting the spin-orbit and potential flattening terms, the energy
eigenstates are visualised in Figure A striking feature of this plot is the
emergence of new shell gaps at particular axis ratios, the so-called "deformed
magic numbers". Though Figure 2.5|is instructive in displaying how stable
deformed nuclear shapes can arise, a more realistic representation of the nu-
clear eigenstates come from inclusion of the spin-orbit and flattening terms as

represented in a Nilsson diagram, detailed in the following section.
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FIGURE 2.5: Nuclear energy eigenstates for the anisotropic harmonic oscillator poten-

tial as a function of nuclear deformation, . We have, wy = %(Zw 1 tw;),N=n, +ng,

degeneracy d = 2(n + 1) where the factor 2 is for each nucleon spin s = +1 and the

orbital degeneracy is illustrated by false splitting of the lines. The labels on the x-axis

indicate minimum to maximum axis ratios corresponding to axially oblate, spherical,

and axially prolate superdeformed and hyperdeformed shapes. Equations used to
produce figure adapted from [20].
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2.3.2 Nilsson Potential

Nilsson diagrams based on a universal triaxial Woods-Saxon potential are mod-
elled in this work using the codes of [21]. The codes can model single particle
energies as a function of the deformation parameter, 8. The result of these
calculations are detailed in Figures 2.7] and Energy levels in the Nilsson

scheme are represented by the quantum numbers,

[N n, AJQ7, (2.19)

where () is the projection of the single-particle total angular momentum, j,
onto the axis of deformation; 7t is the parity of the state; N = ny +n, + n;
is the oscillator quantum number which, in turn, is the sum of the principal
quantum number for each axis; A is the projection of the single particle an-
gular momentum, /, onto the axis of deformation. The quantities are depicted
pictographically in Figure

The Nilsson diagram can look overwhelming at first, but interpreting it
is straightforward. Each line on the diagram is doubly degenerate, so two
nucleons can lie at that energy state. For a nucleus of known deformation,
B, and known proton/neutron number, one can find the energy state of the
last nucleon by counting up the Nilsson diagram in multiples of two until you
reach the desired proton/neutron number. It can be observed that levels with
the same () numbers repel each other due to the Pauli exclusion principle
forbidding spacial overlap of two identical fermions. At these crossings, levels
exchange character (quantum numbers) with each other. Other rules to be

aware of include:
¢ Solid lines indicate positive parity waveform and dashed lines indicate

negative parity.

* As B becomes negative, high values of () are brought down in energy and

low values are raised in energy. The opposite case applies for positive
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values of B.

¢ Subtle differences between proton and neutron diagrams can be observed,
accounting for Coulomb repulsion between protons (i.e, ordering of the

h11/2/ 51/2 and d3/2 levels).

FIGURE 2.6: Projections of the spin quantum numbers (s, /, j) labelled with the asymp-
totic quantum numbers ¥, A and Q).
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FIGURE 2.7: Nilsson diagram for protons calculated using an anisotropic Woods-
Saxon potential. Full shell closures at zero deformation are indicated, along with the
spherical shell numbers ;.
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FIGURE 2.8: Nilsson diagram for neutrons calculated using an anisotropic Woods-
Saxon potential. Full shell closures at zero deformation are indicated, along with the
spherical shell numbers ;.
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2.4 Nuclear Rotation - Non-Collective Excitation and

Collective Rotation

FIGURE 2.9: Depiction of a deformed and rotating nucleus with two valence particles.

The projection of the total single-particle contribution to the nuclear spin, | = j; +j> —

Q = (O + () is detailed. The projection of the total nuclear spin, I = ] + R — K'is

also indicated, where R is the contribution arising from the collective motion of the
nuclear core.

The nuclear models discussed to this point have described the nucleus con-
sisting of single nucleons moving in a mean-field potential composed by the
residual strong nuclear force of all the other nucleons. The models have been
corrected and perturbed to account for deformation, but still describe a static
nucleus. Here we introduce rotation to the nuclear frame. Rotation has the

effect of varying some of the nuclear parameters as a function of the nucleus’s
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rotational frequency, w. Consequently, some of the numbers used to label en-
ergy states in a non-rotating nucleus are no longer good or even applicable, so
we introduce new ones as depicted in Figure

A key difference between the rotating nucleus and the static picture is that
the total nuclear spin, I, has contributions from both the single particle (])
and collective (R) regimes. Here, the nucleus is axially symmetric with the
collective rotational angular momentum, R, aligned with the rotational axis
and so I, = J; = K. I and ] can interact and couple with each other in different
ways — this is discussed in more detail in Section There are two simple
categories for generating excitations in a nucleus: collective and single particle

excitations.

2.4.1 Single Particle Excitation

Perhaps the most simple mode of excitation to imagine, nuclear single particle
excitation is similar to the atomic picture; a nucleon is promoted to a higher en-
ergy orbital, leaving a hole state within the orbital it previously occupied. The
summation of the collective single particle angular momenta can be expressed
as the vector | as depicted in Figure Quantum mechanics forbids rotation
of a perfectly spherical object, since it is not possible to define a unique frame
of reference for this object. Consequently single-particle excitations manifest
themselves as a complicated set of energy levels, lacking the regular features
and patterns characteristic of a collective, rotational spectrum. As the nucleus
moves away from sphericity and is allowed to rotate, single-particle angular
momentum can and does make a contribution to the total rotational energy;

this is discussed in more detail in Section
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2.4.2 Collective Excitation

Nucleons can couple together to produce collective, in-phase, excitations such
as rotational and vibrational modes. From the classical expression for rota-
tional energy, an equation describing excited rotational states as a function of
spin can be derived:
8 n
E(I) = =P =_—I(I+1). 2.2

() = 57 = 5710 +1) 220
The simple proportionality with I(I + 1) gives rise to rotational bands that
vary smoothly with increasing spin. Straightaway, we can derive simple, mea-

surable relationships which are ubiquitous with rotational bands:
= 333, =7 (2.21)

At I = 0, each Nilsson orbital is doubly degenerate. Paired nucleons in each
orbital occupy time-reversed orbits, making for maximum spacial overlap.
When the nucleus is rotated, time reversal symmetry is broken and orbitals are
split into two rotational bands with opposite signature. Signature (r = e~"™)
is a quantum number related to the invariance of a waveform undergoing a

transformation around the rotational axis by 7°,

Ry(m)¥y = e 7y, = ey, (2.22)
With the introduction of signature, rotational bands can then be split into cat-

egories.

K = 0 Rotational Bands

When K = 0, r = (—1)!, and so for integer spin I, we have the following

selection rules:
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I1=0,2,4..forK=0andr =1
(2.23)
I=1,35.forK=0andr = —1.

Here, the only contribution to the total angular momentum I, comes from the

collective rotation of the nuclear core. Each sequence of excited states is then

described by Equation [2.20]

K # 0 Rotational Bands

When K # 0, the signature quantum number is r = (—1)!*K and the resultant
energy levels alternate in parity for successive spin values. We have contribu-
tions to the total nuclear spin arising from both single particle and collective
regimes. The collective action of the core and single particle contributions cou-
ple together in two different modes: deformation aligned and rotation aligned.

In the deformation aligned case, particle-rotor coupling is strong and K is a
good quantum number. There is only a small amount of signature splitting,

with the band’s spin states defined in terms of K:

I =K K+1,K+2,.. (2.24)
and energy states
h
Epar = 5~ [I(I+1) — K?]. 2.25
pa = 52 1(1+1) = K7 .29

The situation is the opposite way around for the rotation aligned case. Here,
deformation is small and /or the particle rotation is very fast. The particle-rotor
coupling is weak and K is no longer a good quantum number. Successive spin

states are described in terms of the single particle angular momentum, J:

I=],]+2]+4,.. (2.26)
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and energy states:

Erar = 2%0(1 O~ T+ 1) (2.27)

2.4.3 Pairing/ Coriolis Antipairing

The Pauli exclusion principle forbids two fermions with identical quantum
numbers from occupying the same spacial coordinates. Paired nucleons dif-
fer in the orientation of their intrinsic angular momentum (spin up and spin
down), so maximally two may occupy the same j orbital. This maximal spa-
cial overlap makes for a higher binding energy - a phenomenon observable in
a plot of binding energy per nucleon and one not explained by the liquid-drop
model.

Two paired nucleons occupy time-reversed orbitals — they travel with ve-
locities of opposite sign. When rotation is introduced, it serves to act on the
time reversed pairs in a way that breaks them apart. This is analogous to the

classical Coriolis effect, which is described mathematically by Equation [2.28]

Fo = —2m(& x V). (2.28)

It is easy to see that the force acts in opposite directions for each partner in
the pair. At high enough rotational frequencies, the force physically breaks the
pair and pushes their individual angular momenta to align with the collective
rotational axis. This phenomenon is known as backbending, so named for the
characteristic "s-shaped" curve in a plot of moment of inertia as a function of
rotational frequency. Figure displays an example of backbending in 162Hf.
Here, alignment of pairs of i3/, neutrons and /11 /, protons drives sudden and
dramatic increases in moment of inertia at rotational frequencies of 0.06 (fw)?

and 0.18 (hw)?.
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FIGURE 2.10: Static moment of inertia as a function of the square of angular frequency

for the two rotational ground state bands in '®2Hf (crosses) and '**Hf (dots). The phe-

nomenon known as backbending is exhibited here in spectacular fashion, with 162Hf

showing two backbends, corresponding to the alighment of pairs of i3/, neutrons and
h11,2 protons, respectively [22].

A useful analogy for this is to think of the nucleus as "changing gear", as in
a manual transmission car. To maximise angular momentum gain, it is easier
for the nucleus to break pairs and align their angular-momentum vectors (J)
with the collective rotation of the nucleus (R), than to keep spinning the few
unpaired nucleons it has ever faster. The nucleus eventually reaches an upper
limit to excitations via this mode, reaching a state known as band termination.
This exhibits itself in the energy level scheme as a breakdown in regular be-
haviour at high spin, since all available valence pairs have broken and aligned

with the rotational axis [23]].
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2.5 Quasiparticles

Static models of the nucleus talk about nuclear excitation in terms of the single-
particle energy. This is adequate when describing excitations of broken nucleon
pairs or unpaired, odd nuclei, but becomes problematic when rotation is intro-
duced. Rotation affects single particles and particle pairs alike. Single-particle
models cannot, by definition, account for the pairing interaction between two
nucleons or the higher-order interactions between nucleon pairs that can be ob-
served experimentally. At the Fermi surface, paired particles in time reversed
orbitals can scatter from each other, moving from one orbital to the next. This
process cannot happen in the deep nucleus where all energy levels are occu-
pied, and is a process mediated by the pairing interaction. The particles change
orbitals in pairs; this is the origin of the "smeared" nature of the Fermi surface.
Since particle pairs jump between energy states, it becomes convenient to talk
about the probability that a particle is occupying a particular energy level. The
excited state is then occupied by a particle, and the lesser excited state is oc-
cupied by a hole. A quasiparticle is then a linear combination of particle-hole

occupation probabilities.

E, = (Esp—A)* +A° (2.29)

As can be seen in Figure the rotating nucleus behaves as though the
orbitals of both particles and holes interact. Analogous to the Nilsson dia-
gram, particle and hole levels of the same parity (77) and signature exponent

quantum number («) repel each other.
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2.6 Cranked Shell Model

Just as the spherical shell model can be modified for deformation, it can be
modified to account for rotation. The Cranked Shell Model is so-named be-
cause it describes the collective rotation of the nuclear field around an exter-
nal axis located perpendicular to the symmetry axis [24]. Then, the cranking
Hamiltonian or Routhian is the Hamiltonian in the rotating reference frame. It

is given by

Hy, = Hy—wly =) _he, (2.30)

where Hj is the sum of all the single-particle Hamiltonians, and h,, = hy — iy
shows that the Routhian can equivalently be constructed as a linear combina-
tion of the rotation perturbed Hamiltonians. The correction factor, —wly, is
proportional to the projection of the total nuclear angular momentum on the
rotational axis and has the effect of making the nucleus less bound for faster ro-
tation and for higher alignment of the angular momentum with the rotational

axis.
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FIGURE 2.11: Panel a): quasiparticle Routhians for protons with Z = 61. Panel b):

quasiparticle Routhians for neutrons with N = 71. Both diagrams calculated using

parameters By = 0.35,84 = 0.0, = 0.0. (71, a): solid = (+,+1/2), dotted = (+-1/2),
dot-dash=(-,+1/2), dashed=(-,-1/2).



2.7. Nuclear Isomers 35

2.7 Nuclear Isomers

The transition rate for a 7 transition between two energy states is dependent
on the multipolarity of the emitted radiation. This is covered in more detail
in Chapter 3, but for M1/E2 transitions, the emission time is smaller than a
nanosecond. This transition rate is far quicker than the 100 MHz timing pre-
cision the data acquisition system, or even the response rate of the detector
systems. As a result, cascades of transitions through excited bands are usu-
ally seen in prompt-coincidence; as far as the equipment is concerned, these 7y
rays were emitted simultaneously. Occasionally a situation will arise where
a nucleus decays into a metastable excited state where it is "stuck". The half-
life of the subsequent decay from this level is very long in comparison to an
ordinary decay — anywhere from tens of nanoseconds to hundreds of years
[25]. This metastable state is labelled isomeric. Multiple mechanisms can cause

isomerism in the atomic nucleus, some of which are discussed below.

2.7.1 K-Isomer

In Section we saw how the single-particle angular momenta can sum to-
gether and couple with the collective angular momentum to produce a vector
representing the total nuclear angular momentum, I. Here, the axially sym-
metric nature of the nucleus allows us to write for the projection of these quan-

tities on the z (symmetry) axis

L=]= Zji,z = ZQi =K. (2-31)

The vector K represents the summation of the projection of the nucleus’s total
angular momentum. In the deformation aligned case, there is a large contribu-
tion to the total angular momentum from the individual single particle states
and K is large. The situation is the opposite way around for the rotationally

aligned case.
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FIGURE 2.12: Left: Four unpaired nucleons contribute a large amount of angular mo-

mentum to the total nuclear angular momentum, I. The projections of each of these

contributions along the z (symmetry) axis make for a large K. Right: the same nucleus

but with small single-particle contribution making for a small K; all unpaired nucle-

ons are aligning with the rotational axis and make a limited contribution to the total
angular momentum.

K-isomers occur when a quantum state underneath the isomeric bandhead has
a much smaller K value than the isomer. As displayed in Figure the nu-
cleus must reorient its entire angular momentum, I, to account for the large
change in K. The delayed transition can then be understood as arising from
the requirement for the nucleus to drastically rearrange its structure so that
the single particle angular momentum vectors align with the rotation and not

the deformation.
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FIGURE 2.13: Partial level scheme for the nucleus 78Hf. Here, the ground-state band
and two connected isomeric bands are displayed. The nature of the isomerism for
both bands is due to the requirement of a large change in K for decay to occur.

A classic example is the K™ = [ = 16" isomer in 78Hf [26], displayed in
Figure Here, the isomerism arises not only from the large AK = 8, but
also because the energy level for the excited 16T state is lower in energy than
the 14~ state in the neighbouring band. The latter condition is known as spin-

trap isomerism and is discussed in the next section. The combination of the
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two hindrances results in an isomeric half-life of 31 years. A less impressive
example of k-isomerism is the K™ = I"" = 8~ isomer in the second band of the
same nucleus. The half life for this state is (only) 4 seconds; here, spin-trapping

inhibiting the decay is not present, so the delay is less immense.

2.7.2 Yrast/Spin Trap Isomer

Simply, a spin trap isomer occurs when the isomeric bandhead is lower in
energy than the nearest energy level of the same spin or lower that it would
otherwise have decayed into. This is illustrated in Figure where the K™ =
I = 167" isomer is lower in energy than the neighbouring 14~ state. As a
result, it must decay into the next nearest energy states. Here, 17Hf decays into
the (13,12,11) " states requiring a -y ray of a high multipolarity (E3, M4, E5 are
seen here) to be emitted in order to account for this large angular momentum
change. As detailed in Chapter 3, an increase in one multipole order L results

in a reduction of emission probability by a factor of 10°.

2.7.3 Fission Isomer

The preserve of the heaviest nuclei, fission isomers are not observed in this
work but shall be briefly discussed here for completeness. Fission isomerism
is best illustrated in Figure As a heavy nucleus becomes very deformed,
it forms up a physical shape like a peanut. This superdeformed state is stab-
lised by a secondary "local" minimum of potential energy. However, the very
same "mountains" of potential that stabilise the shape also cause the state to be
isomeric. It can be seen that quantum tunnelling can occur either side of the
secondary minimum. Tunneling through toward the side of lower deforma-
tion offers a decay path through to the primary minimum and further decays

to the ground state. All other tunneling paths result in fission.
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FIGURE 2.14: Hypothetical first and second (superdeformed) potential energy minima
for a heavy and highly deformed nucleus.

2.8 Measurable Quantities

Quantities that are both relevant and comparable to nuclear theory and readily

extractable from the data are summarised in this section [24) 27].

2.8.1 Rotational Frequency

The rotational frequency of a nucleus is given by the simple relation

dE. AE E,
The right hand side assumes finite differences — which is valid since there are
no continuous energy states between discrete levels within the nucleus. The

relation fiw = % is valid for a cascade of E2 gammas and is useful since it
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makes it so we do not need to know the spin of the level of interest to calculate

the rotational frequency.

2.8.2 Moments of Inertia

The rigid body value for the nuclear moment of inertia is given by

. 2
T8 = g171,1145/%[1 +0.38], (2.33)

where m,, is the mass of a nucleon, A is the number of nucleons, 7o(= 1.2 fm) is
the radius of a single nucleon, and B is the quadrupole deformation parameter.
It is observed experimentally that the nuclear moment of inertia varies as a
function of spin, and usually differs from the rigid body value. Experimentally,

we define the kinematic and dynamic moments of inertia:

dE]T"Y 1
W _q|4E] _ 1
JW = [ dl} =, (2.34)
g0 [PE]T_ 4 (2.35)
Pz AE,’ '

respectively. The definition of the dynamic moment of inertia, 7 (?), again uses
finite differences to simplify its definition and absolute spins of the levels in
question do not need to be known for its calculation. The quantity AE,, is sim-
ply the difference in energy between two successive transitions in a rotantional
cascade. [J(?) is very sensitive to single-particle alignments; generally a high

J ) means a high deformation.
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2.8.3 Experimental Alignment

The single-particle alignment to the rotational axis (x-axis) is given by

ix(w) = Ix(w) - ref(w)' (2.36)

where [t(w) is the contribution to the total angular momentum from the col-
lective rotation of the nucleus. This reference angular momentum can be taken
by fitting to a reference band, usually taken from a neighbouring even-even

nucleus

ef(@) = @ | Jo + Frw?] + i, (2.37)

where 7(O) are the Harris parameters which are obtained numerically from
the fitting algorithm and iy is the single-particle contribution (iy = 0 for the

ground state rotational band of an even-even nucleus).

2.8.4 Experimental Routhian

The experimental Routhian can be expressed as

E(I)==[E(I+1) —E(I—-1)] — w(I)Is(w). (2.38)

N~

This equation is inclusive of both collective and single (quasi) particle effects,

and can be corrected by subtracting the collective excitation energy:

el(I) = E(I) - Eref(I)/ (2.39)

and the collective rotational contribution to the total angular momentum as
defined in Equation and The energy correction E,f is expressed in

terms of the Harris parameters
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Eref - _h/lref dwr

1, 1, 11>
= g it g g

(2.40)

2.9 B(M1)/B(E2) Ratios

Where both AI = 1,2 transitions are allowed in the decay out of an excited
nuclear state, measurement of the reduced B(M1)/B(E2) transition probability
ratios can be made. Contrary to the process of measuring singular reduced
transition probabilities, the process of extracting the ratio is simple, depend-
ing only on the (efficiency corrected) photopeak intensities and energies. The

experimental ratios are given by

B(ML;I - 1-1) 0.697 E,(E2)° I,(M1) 1

B(E1 — 1—2) Ey(M1)? I,(E2) 1403,y

(2.41)

where E,, [, are the <y ray energies and intensities and Jgy,5y1 is the multi-
pole mixing ratio, which is generally not larger than 5%. Measurement of the
B(M1)/B(E2) ratios can give insight into its underlying structure. The geomet-
ric model of Donau and Frauendorf [28] details the proportionality of the ratio

to intrinsic nuclear properties,

BMLIT—1-1) K (g—g)?
B(EZ; 1 — 1 —2) Q

(2.42)

where K is the projection of the nuclear spin along the axis of deformation, Qg
is the intrinsic quadrupole moment, and g, and g are the gyromagnetic ratios
of the rotating nuclear core and single particle, respectively. We can see that a
large ratio is influenced by a high K value and/or large gyromagnetic ratios,
yielding very intense magnetic dipole transitions. A small ratio is associated
with a large quadrupole moment, and therefore a large quadrupole deforma-

tion and greater intensity for the electric quadrupoles.
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Chapter 3

Experimental Theory, Setup &
Methods

3.1 Gamma Emission in Nuclei

The electromagnetic force behaves in a fairly straightforward manner within
the nucleus. The Coulomb repulsion between protons gives rise to the well
known asymmetry in the chart of the nuclides [5]. The electromagnetic force
also mediates the decay of excited nuclei from high energy states. Almost all
nuclear reactions leave the nucleus in an excited state [29], where the nucleons
occupy discrete energy levels which are higher than some unoccupied levels
below them. To maximise binding energy, the nucleons want to move to these
lower energy, more tightly bound states. To conserve energy when a nuclear
transition is made, a 7y ray is produced, which has an energy equal to (save for
a small recoil correction) the difference in energy between the nuclear states
[30]. The field of y-ray spectroscopy is based entirely on this phenomenon,
and has allowed us to probe the inner machinations of the nucleus with an
unprecedented level of detail.

That 7y emission is so important to this field means the mechanism by which
the radiation is produced should get a more thorough treatment within this

text. The following section is drawn together from the texts [31} 32], as well
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as the original work by Blatt and Weisskopf [33]. Radiation can be generated
either by an oscillating charge, which causes an oscillation in the external elec-
tric field, or by a varying current or magnetic moment, which sets up a varying
magnetic field. Radiation emitted by the former mechanism is called electric
(E) radiation and the latter is said to give rise to magnetic (M) radiation. Clas-

sically, the power emitted by a multipole radiator is given by

2(L+1)c (g)ZHZ

PlL) = oiery e \e

[m(cL)]?, (3.1)
where o denotes the type of radiation (E or M), L is the multipole order (L =1
for dipole, 2 for quadrupole, etc), and m(cL) is the amplitude of the electric or
magnetic multipole moment. To quantise Equation one must quantise the
classical multipole moments which serve as the source of the radiation. This
is done by changing the multipole moment to the multipole moment operator,
mg(oL). We can say Equation [3.1]is the energy radiated per unit time in the
form of photons — each of which has energy hiw. The decay constant (proba-
bility for photon emission) is then given by

P(cL)

hiw

B 2(L + 1) w\ 2L+1
"~ eohL[(2L +1)!1]2 (?)

AloL) =

[mg(oL))?. (3.2)

To take this calculation further, we have to evaluate the matrix element mg (c'L).
The multipole moment operator for electric radiation is given by the following

approximate (valid for long wavelengths) expression:

Z
mg(EL) = Y / rE Y7 (66 de) p(x) dV, (3.3)
k=1

where the discrete summation is over all the contributions for each proton in
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the nucleus, the integral is over the nuclear volume, and the quantum mechan-

ical analogue for the charge density is given by

plr) = e ¥ (x) ¥,(x). (3.4)

To simplify this process, we consider that a transition causing an emission is
purely due to the motion of a single proton moving from one shell-model state
to another. We call this the single-particle estimate. We also take the spin of
the proton to be L in its initial state, and 0 in the final state. The two wave

functions describing the final (¥ r) and initial (¥;) states then have the form

i = ui(r) Yom(0, ¢) a, (3.5)
1
Var

‘Ff = uf(r) u, (36)
where « is the spin function for a particle with spin up, and ¥;, ¥ r are func-
tions of the radial component, r = ||, only. Substituting these wave functions
into Equation 3.3 and accounting for the single particle estimate (only the first

contribution for the discrete summation over the protons is needed), we get:

e

mfl(EL) = m

/000 rtuy(r) us(r) r2dr, (3.7)

where the factor of 2 comes from the radial part of the volume integral. Pro-
ceeding to evaluate the radial integral, we set both u;(r), us(r) to the same con-
stant for values of r less than the nuclear radius, R, and 0 for values beyond R.

The constant is found by the normalisation of the wave functions:

I ar _ 3
fOR 2 dr L+3

(3.8)

The estimate used for the form of u;(r), us(r) is a very rough one; the radial

wave functions are not constant within the nucleus and oscillate somewhat as
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they reach the nuclear surface, and drop gradually to zero beyond the surface.
Because of this it is expected that the actual value of Equation [3.8)is somewhat
smaller. Pressing ahead with our estimate, we substitute Equation 3.§)into our

equation for the multipole moment operator (Equation 3.7), which results in

2 e 3 ? 2L
[mg(EL)] N4_7T(L——|—3> R~ (3.9)

Finally, we substitute this into the equation for the decay constant (Equation

3.2) which gives an estimate for the transition rate

o 8m(L41)  fw\2L+l 2 3 \? .
MEL) = Trar i (2) it (L+3) R G10)

A similar analysis can be performed for the magnetic radiation. The transi-

tion rate for magnetic radiation is estimated by

~ 8m(L+1) 1 \? /[ 1 \?

e X(@)ﬂ“ 3\ por2
T\ 4rmegh c L+2 '

Taking R = RyA!/3, we can make the following estimates for some of the lower

multipole orders — displayed in Table

TABLE 3.1: Comparison of the estimated transition rates for electric (E) and magnetic
(M) radiation for various multipole orders, as per the Weisskopf single-particle esti-

mates.
(E)s— T M) s T
1 (Dipole) 1.0 x 1014 A2/3E3 5.6 x 1013E3
2 (Quadrupole) 7.3 x 107 A*/3E> 3.5 x 107 A2/3E5
3 (Octupole) 34A%E7 16A*/3E7

4 (Hexadecapole) 1.1 x 1075 A2/3E3 45 x 107 °A2E?
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The Weisskopf estimates are designed to give an indication of transition
rates of a particular radiation type relative to the other types. Because of the
coarse nature of the approximations that were used in their derivation, they
are not expected to be comparable to experimental results. That said, some
interesting conclusions can be drawn from them. Firstly, it can be seen that
magnetic radiation is around an order of magnitude less likely to occur than
electric radiation for the same multipole order. Secondly, lower multipole or-
der radiation dominates. Increasing the multipole order by one unit results in

a reduction in emission probability by a factor of 10° each time.

FIGURE 3.1: Weisskopf half-life estimates as a function of transition energy, for multi-
polarities M1-5 and E1-5, assuming a mass-130 nucleus.
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3.2 Gamma-Ray Spectroscopy

3.2.1 Interaction of Gamma Rays with Matter

Three primary interaction mechanisms allow 7 rays to deposit their energy
into particulate matter. These mechanisms — the photoelectric effect, pair pro-
duction and Compton scattering — all manifest themselves in the detector by
transfer of energy from the interacting 7y ray to atomic electrons within the
detector material. These "free" electrons are collected via application of an ex-
ternal (reversed) electric bias. The magnitude of collected charge — the so-
called pulse — is proportional to the energy of the absorbed < ray. Detector
characteristics should be optimised with a particular application in mind. For
instance, if we are interested in accurate energy measurements, it is desirable
to use a detector with a large volume of semi-conducting material that pro-
duces an output pulse proportional to the deposited energy. Highly-purified
germanium detectors are commonly used for this purpose. Other applications
include high-precision timing (lanthanum bromide), or maximum detector ef-
ficiency with disregard to energy resolution (bismuth germanate, used here as

Compton suppressors).

3.2.2 Fusion-Evaporation Reactions

Production of the energetic nuclides studied in this work is via the mechanism
of heavy-ion fusion-evaporation reactions. Put simply, the energetic beam de-
livered by the K130 cyclotron is directed into a static, thin-foil target. When the
beam is on target, the kinetic energy of the projectile is enough to overcome the
Coulomb barrier at the target and a compound nucleus is formed. The kinetic
energy required to overcome this interaction barrier can be calculated using the

Bass model [34], given by
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_%Z@ [ Rp  1d
mt 4rtegR1p | Rz +dins xRy ’ (3.12)
e 7,7 '

"7 wRp A4

Here, Ry is the sum of the nuclear radii, a5 is the surface term from the
nuclear drop model (17.23 MeV) and d, d;;,; are empirical parameters repre-
sentative of the nuclear force’s range and the interaction distance, respectively.
Bass gives these parameters as d = 1.35fm and d;,;; = 2d = 2.70 fm with
ro = 1.07 fm being valid for a wide range of projectile and target masses.

A further consideration to make is the transfer of angular momentum from
the beam to the target,

- 7

l_j\ = m’U,L = E X ﬁ_ (3.13)

Figure 3.2/ displays a schematic beam impact onto a target nucleus.

FIGURE 3.2: Schematic diagram of a fusion-evaporation reaction depicting the impact
parameter, b.

It is desirable that the angular momentum transfer is sufficient that the nu-
clei produced have high enough spin to be of interest, but not so much that
the nucleus fissions under centrifugal repulsion. From Equation it can be
seen that angular momentum transfer can be increased by either increasing
the beam energy or by increasing the impact parameter. However, if the im-
pact parameter is too large fusion will not occur, becoming dominated by rival

interaction processes such as inelastic scattering and Coulomb excitation.
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FIGURE 3.3: Schematic diagram indicating two hypothetical decay paths from the
moment of fusion to the ground state of the recoil.

Figure |3.3| displays the hypothetical decay of a compound nucleus. In or-
der to lose energy as quickly as possible, it undergoes "boiling off" of protons,
neutrons and a-particles. These particles carry away a large amount of energy
and a small amount of angular momentum.

Eventually, the excitation energy falls below the threshold for particle evap-
oration (approximately 8 MeV above the yrast line). To continue losing energy,
the nucleus de-excites by emitting statistical -y rays. These are generally high-
energy dipoles, again removing a large amount of energy and a small amount
of angular momentum [35].

When the nucleus has shed sufficient energy, it reaches states near the yrast
line. Yrast, translated literally as "dizziest", is the lowest-energy state for a
given spin. Such as it is, the nucleus will decay by transition through an
orderly cascade of near-yrast 7y rays. This is advantageous to us as spectro-
scopists; since every non-yrast transition must eventually feed the yrast cas-

cade, these transitions are very intense relative to the radioactive background.
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3.2.3 Limitations of Conventional Gamma-Ray Spectroscopy

Modern 7y-ray spectroscopy emerged with the development of larger arrays of
escape-suppressed high-purity germanium (HPGe) detectors. One of the first
such arrays, TESSA (The Escape Suppressed Spectrometer Array), was assem-
bled in 1980 and consisted of 5 HPGe detectors surrounded by Nal scintillator
escape suppressors. TESSA heralded the start of the "golden age" of nuclear
structure, pushing the boundaries of high-spin nuclear spectroscopy and even-
tually making possible the groundbreaking discovery of superdeformation in
152Dy [36]. Larger arrays were eventually constructed, with detectors such as
GAMMASPHERE consisting of ~ 100 HPGe detectors, and the EUROBALL
detector consisting of a myriad of detectors [37]. The two large detector ar-
rays continued the successful period of discovery overseen by their precur-
sors [38, 39, 40]. Augmenting these detectors with recoil separators, recoil-
implantation detectors and focal-plane y spectrometers, we can expand the
range of decay types and lifetimes an experiment is sensitive toward. Com-

pared to an isolated -y spectrometer:

* Correlation between isomeric decays and the prompt states built upon

them is possible.

¢ High probability of recoil fission at the target position makes for a large
7 ray background. Increased selectivity from recoil-decay tagging /recoil

gating methods allows suppression of this background.

¢ Exotic nuclei are often produced with a low cross-section on the order
of nanobarns. Furthermore, particular decay paths compete with other
decay paths for the same nucleus as a result of the distribution of spin-
energy states the compound nucleus begins with. Again, selective tag-
ging techniques help alleviate this problem by suppressing unwanted

decay signals.
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3.3 Recoil-Decay Tagging (RDT)

Key to understanding how to effectively analyse data is to understand the
experimental setup and the "timeline" of a typical excited nucleus. When
analysing data from a recoil-decay experiment, we look for some unique iden-
tifier of a particular nucleus, for example a characteristic 7y ray, or alpha parti-
cle.

After fusion, the resultant compound nucleus is dislodged from the static
target due to the kinetic energy of the impinging beam and approximately fol-
lows the original trajectory of the beam. Beyond this point, the compound
nucleus can be referred to as the "recoil" because of how it recoils from the
beam/target collision. This recoil will now de-excite through a variety of
mechanisms, each of which occur over very different time scales, requiring

a suite of detector systems placed along the beamline as depicted in Figure

FIGURE 3.4: Schematic diagram of a typical recoil-decay experimental setup where

the recoiling nucleus is travelling from left to right [41]]. Here, t = 0 is when the recoil

implants into the DSSD. 7y emission at the target position is then in the past relative to
the implantation event.

The first mechanism is that of "boiling off" protons, neutrons and « parti-
cles. This can be thought of as the recoil shedding nucleons that the strong

nuclear force cannot capture due to their highly energetic nature. As nuclear
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spectroscopists, this presents us with a useful opportunity to identify the re-
coil based on how many protons and neutrons are boiled off. JYFL-ACCLAB
uses a collective of Csl crystals — known as UoYTube — to detect evaporated
protons and alpha particles, though this was not installed for the J]M06 exper-
iment. Evaporation of nucleons occurs incredibly quickly; the recoil will still
be well within the vicinity of the target position at this point even though it is
travelling at a significant fraction of the speed of light.

Eventually the recoil settles into a bound — but still highly excited — state.
Now the nucleus will seek to lose energy via 7y decay. The recoil can still be
thought of as being within the vicinity of the target position when this hap-
pens. Because of this, it makes sense to include a y spectrometer near to the
target position; the JUROGAM spectrometer serves this purpose for the JYFL-
ACCLAB experimental setup.

The recoil has shed the vast majority of its angular momentum and energy
at this point. As it travels onward beyond the target position, it may have
even reached its ground state. It is possible however, that the recoil is in a
semi-stable excited state known as an isomeric state — these are discussed
in greater detail in Section As of 2019, the JUROGAM spectrometer is
mounted on rails, meaning it can be easily transported between two recoil sep-
arators utilised at JYFL-ACCLAB: MARA (Mass Analysing Recoil Apparatus)
and RITU (Recoil Ion Transport Unit). Specific differences between the two
recoil separators are covered in Section[3.5.3] The purpose of a recoil separator
is, as the name suggests, to separate recoil products out from the unreacted
beam. This serves two main purposes: firstly we want to study the recoils and
not the beam, so it makes sense to separate them out; the second is to pre-
vent the highly energetic and intense beam from reaching the delicate detector
equipment situated beyond the separator.

Separated recoils end their journey with an implantation into a Dual-Sided-

Silicon-Detector (DSSD, indicated as implantation detector in Figure[3.4). The



54 Chapter 3. Experimental Theory, Setup & Methods

DSSD is arranged as a series of horizontal strips over a series of vertical strips.
This grid arrangement makes it such that a recoil interacting with both layers
of strips can be spatially located to within a single "pixel" on the DSSD. There
are numerous methods of decay that can occur at this point: common decay
modes such as alpha, beta and gamma, but also more exotic kinds of decay
such as direct proton decay. As well as being able to measure the energy of the
implanted recoil, the DSSD can measure the energy of any subsequent decay
particles. This is useful to us as spectroscopists seeking to identify this unique

segment of a recoil’s timeline.

3.4 Total Data Readout (TDR) & GRAIN

A conventional nuclear physics experiment will define a nuclear timeline —
technically referred to as an event — using a hardware or software based "trig-
ger". The whole event comprises measurements registered as occurring a set
period of time before and after the trigger. An example of a hardware based
trigger can be seen at GAMMASPHERE where you might require a minimum
of 3 temporally coincident -y rays at the 7y spectrometer to register an event.
This makes sense, since it is unlikely background radiation would give rise
to such a large amount of coincident gammas within several nanoseconds. A
big disadvantage of a hardware trigger is that any time-gating denoting coin-
cidence is fixed at the start of the experiment. It is not possible to retroactively
look at the data with a different definition of what constitutes an event and
what does not. The Total Data Readout system provides a solution to this.
Here, every single (uncorrelated) measurement is labelled with a precise 10 ns
(100 MHz) time stamp, packaged into a single sequential data steam and saved

to disk: the Total Data Readout. A full event is displayed pictographically in

Figure[3.5
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FIGURE 3.5: Schematic diagram representing the timeline of an excited nucleus as it
travels throughout the detector equipment.

Selecting an event that corresponds uniquely to a nucleus requires choice of
a unique, characteristic, measurable property of that nucleus. We can then in
principle look either backwards or forwards at the rest of the event and extract
all of the information about this nucleus.

The primary online and offline sorting code is processed using the Grain
software package [41]. Sortcodes are written in the Java programming lan-
guage and render the filtered results as histograms (1D and 2D), n-tuples (a
table-like list of correlated variables) and/or save the sorted data to disk for
further processing. Secondary processing was performed using custom python
scripting, and software package RADWARE [42]. Peak fitting was performed
using custom Python scripting, or, where peak integration was required, the

software HDTV [43].
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3.5 JYFL-ACCLAB Experimental Setup

3.5.1 K130 Cyclotron

FIGURE 3.6: Overview schematic diagram of the K130 Cyclotron and its components
[44].

The K130 Cyclotron (Figure[3.6) was commissioned in the late 80’s as a replace-
ment for the department’s ageing MC-20 cyclotron. Primary design considera-
tions were influenced by cost and manpower needs, so the accelerator was or-
dered from commercial manufacturer Scanditronix AB. To produce the highly-
charged ions required for the primary beam, an ECR-ion source is used. ECR
(Electron Cyclotron Resonance) involves the collision of electrons — which are
excited using microwaves — and an electrically neutral gas confined in a mag-
netic field. Electrons in a static magnetic field will move in a circle due to the
Lorentz force. The frequency of this motion is determined by the magnitude
of the field. If, simultaneously, an electric field (provided by the microwave)
is incident at the same (resonant) frequency of this motion, then the electrons

will undergo cyclonic motion. The energetic electrons subsequently collide
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with the uncharged gas, ionising it. The ions are transported to the main cy-
clotron and are accelerated to a beam energy of several hundred keV, forming

the primary beam for the experiment.

3.5.2 The JUROGAMS3 Spectrometer

FIGURE 3.7: Schematic rendering of the JUROGAMS3 highly-purified germanium

(HPGe) array. The various detector rings are marked and coloured for ease of iden-

tification. The ion beam delivered by the K130 cyclotron moves from right to left as
indicated by the arrow. [45]

The main 7 ray spectrometer used throughout this experiment was JUROGAMS3.
The JUROGAMS spectrometer comprises 39 highly-purified, liquid nitrogen
cooled germanium detectors. Each of these detectors are surrounded by bis-
muth germanate (BGO) Compton suppression shields for efficient escape sup-
pression, and are further supplemented by heavy-metal collimators in front
of each shield to prevent false event veto from -y rays directly incident on the

BGO shield.
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JUROGAMS is comprised of two detector types. The first is a conventional,
single-crystal, tapered Phase 1 type detector. 15 of these detectors are arranged
in a configuration that has 5 detectors at 157.6° and 10 detectors at 133.6°, rel-
ative to the beam axis. The second detector type is the more complicated com-
posite "Clover" style detector. As the name suggests, this detector type consists
of 4 separate HPGe crystals. These detectors are arranged in 2 rings of 12 de-
tectors at angles 104.5° and 75.5° relative to the beam axis, as detailed in Figure
B9

Figure 3.8 details the measured efficiency of JUROGAMS3 at the beginning
of the JM06 data run. It can be seen that the array is at its most efficient at
~ 200 keV. Absolute efficiency measurements were made with a 1>?Eu'**Ba
source with an initial activity (certified on 15! April 2003) of 4.01 kBq for the
europium and 4.24 kBq for the barium.
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FIGURE 3.8: Measured efficiency as a function of energy for the entire JUROGAM3

array at the beginning of the JM06 run. Fit given by Equation [3.14) with fit parameters

for the whole array: A: 122.56, B: -215.07, C: 85.26, D: -12.49, E: 0.64; the Clovers only:

A:1389.97, B: -1039.59, C: -285.41, D: -34.04, E: 1.51; and the Phase 1 detectors only: A:
-207.72, B: 100.21, C: -15.56, D: 0.76, E: 0.01.

The equation used to model the efficiency curve as a function of y-ray en-

ergy is adapted from [46],

e(E) = % [A + BIn(E) + CIn(E)? + DIn(E)® + Eln(E)4] : (3.14)

It should be noted that where efficiency corrections have been made in this
work, they have only been made within the energy bounds of this fit. No ex-

trapolation has been made beyond the minimum/maximum bounds of 121.8

/ 1408.0 ke V.
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FIGURE 3.9: Main figure: Rendering of the relative positions of the 24 composite

Clover detectors. The detectors are arranged in two rings, mounted at 6 = 75.5° and

104.5° respectively, with respect to the beam axis. A < ray (black arrow) is incident

on one of the detectors. Angles 6 and ¢ represent the polar and azimuthal angles be-

tween the y ray and the beam. Inset: example of the preferential direction a -y ray will

Compton scatter depending on the orientation of its electric field vector, E, relative to
the reaction plane.
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In addition to the obvious benefit of gathering more statistics, having a
large array of detectors arranged geometrically around the target is advanta-
geous for spectroscopy since we can use the array to directly measure ‘y-ray
multipolarities. Following a fusion-evaporation reaction, the nuclear spin is
generally aligned in a plane perpendicular to the beam direction (L. = 7 x 7).
This provides an axis against which experimentally measured angular distri-

butions of y rays can be compared. The measured distribution, W(#), is given

by Equation[3.15]
W(Q) =Ap+ QzAsz(COSQ) + Q4A4P4(COSQ), (3.15)

where Q) are attenuation coefficients accounting for the finite size and opening
angle of the detectors and Py(cosf) are Legendre polynomials. 6 is the angle
between the 7 ray incident on the detector and the beam, and is detailed dia-
grammatically in Figure The measured coefficients, Ay, are compared to
their theoretical counterparts for different cA radiation.

Since there are only 4 possible values of 8 with JUROGAMB3 (6 if you divide
the Clovers into 2 separate rings), it is not practical to measure the full angular
distribution of transitions given lack of measurements at extreme angles. In-
stead, we may utilise the method of directional correlation of oriented states
(DCO) [47]. Envisioning two -y rays in cascade, 7 and 71 which are emitted at
two separate angles relative to the beam direction, we see that if we gate on 7,
at 0, we will see the intensity of ; at ;. Similarly, we can gate 7, at 6; and

measure 7y at ;. The DCO ratio is then given by Equation 3.16]

— W’Yl(el) _ 171(91)

Rpco = — , (3.16)
b W%(@Z) 171 (62)

where W is the angular distribution function and I is the intensity of the gamma
measured at that particular angle. Relative differences in detector efficiency

are automatically accounted for since either a 2D (or 3D) histogram of E,, vs
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E, (vs E,) is produced, explicitly requiring coincidence between the two de-
tector types. This process is described in greater detail in Chapter 4.

Clover detectors have the additional benefit of being sensitive to the linear
polarisation of the 7 radiation. Compton scattering of the < ray in the HPGe
crystal is dependent on the orientation of the electric field vector, E, relative
to the reaction plane. The Compton scattering cross-section for a linearly po-

larised <y ray is given by the Klein-Nishina formula,

2
do By [Ey | Ey L2 02
=) == +-r 2 17
(dn)g 2 E2 |E, E, sinecos’ |, (317)

where . is the classical electron radius and E,, E, are the energies of the un-
scattered and scattered <y rays, respectively. Angles € and { are shown diagra-
matically in the inset of Figure € is the angle between the reaction plane
(defined by the direction of the beam crossed with the direction of the unscat-
tered 7 ray) and the electric-field vector, E, of the unscattered ray. { is the
angle of the scattered <y ray relative to the initial direction of the unscattered
7 ray. Equation is detailed as a polar diagram in Figure The bot-
tom half of Figure is pertinent since it shows that if a 7y ray scatters at 90°
inside the HPGe crystal, the electric field vector for the initial, unscattered vy
ray is most likely to be oriented at 0° or 180° relative to the reaction plane, i.e:
parallel to it. This is detailed in the inset of Figure [3.9) where this preferen-
tial scattering direction is shown for two 7 rays with their E vector oriented

parallel and perpendicular to the reaction plane.
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FIGURE 3.10: Top: Projections of the Compton scattering cross-section (all axes in

barns) for linearly polarised -y rays (Equation for all angles of € and { with

E,, E,, = 0.5, 0.27 MeV. Bottom: The same as above, but with the scattering angle,
¢, fixed at 90°.
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As 7y spectroscopists, this information is useful to us since measurement of
the angular distribution of a transition can only inform us as to the multipole
order (the amount of angular momentum, AI) carried by the 7y ray. Knowl-
edge of the orientation of the electric field vector of a 7y ray allows distinction
between electric and magnetic character for transitions of the same multipole
order, as well as whether the transition is stretched or not. The degree of linear

polarisation of the detected <y ray is given by Equation [3.18}

J(e, £ =0°) —J(e, & =90
J(e, £ =0°) + (e, & =90°)

where ] is the intensity of the scattered <y ray with an electric field vector par-

P(e) = (3.18)

allel to (¢ = 0°) or perpendicular to ( = 90°) the reaction plane. Experimen-
tally, this can be measured by the number of counts in a photopeak represent-

ing a scattered 7 ray, as per Equation [3.19

Q(EW)NJ_ — N”

A= ,
{Z(EW)NJ_ + N”

(3.19)

where N, N | are the number of measured counts in vertical and horizontal
scattered crystals, respectively. a(E,) is a correction factor based on the ratio
of the horizontal versus vertical coincidence count rates measured without po-
larisation at € = 0°. Equations and are related trivially by Equation
3.20

P = o (3.20)
where Q is the polarisation sensitivity of the detector. Q is dependent on both the
incident 7y ray energy and the geometry of the detector setup. The polarisation
sensitivity for [UROGAM was measured and detailed thoroughly in reference
[48]. As displayed in Figure DCO measurements conflate unstretched
dipoles with stretched quadrupoles and stretched dipoles are not distinguish-

able between their electric and magnetic counterparts. The sensitivity of the
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linear polarisation to the parity changing nature of the 7y ray allows us to alle-

viate the DCO ambiguity for different multipolarities.

FIGURE 3.11: Measured linear polarisations and DCO ratios for transitions in 1”I mea-
sured using the EUROGAM-II spectrometer. Data from [49], figure adapted from [19].

FIGURE 3.12: Experimentally observed scatters throughout the JM06 experimental
run for the yrast band in 3?Pm. Overlaid on this spectrum is the theoretical curve for
incoherent (Compton) scattering events, obtained from the calculations in Ref [12].
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Combining linear polarisation measurements with DCO analysis is a pow-
erful spectroscopic tool, but it is not without limitations. The technique’s
biggest flaw is its working principle: relying on Compton scattered events.
By imposing this event selection criteria we immediately lose counts since
Compton scattered events represent a fraction of the total. Furthermore, the
Compton scattering cross-section is highly dependent on <y ray energy. This
relationship can be observed in <-ray spectra restricted to display scattered
events only; the level of counts drops off heavily below 200 keV. Figure 3.12]
displays experimentally observed scatters throughout the JM06 experimental
run for the yrast band in 3?Pm. Overlaid on this spectrum is the theoretical
curve for incoherent (Compton) scattering events, obtained from the calcula-
tions in Ref [12]. It is interesting to note the similarity between the shape of
the theoretical cross-section curve and the detector efficiency curve displayed
in Figure illustrative of the basis of the detector’s operating mechanism on

Compton scattering.



3.5. JYFL-ACCLAB Experimental Setup 67

3.5.3 Mass selection using MARA

FIGURE 3.13: 3-dimensional rendering of the experimental setup including the MARA
recoil separator. The beam direction is from right to left with the static target installed
at the center of the JUROGAM array. Figure adapted from Ref [50].

m/q Selection Using MARA

MARA (Mass Analysing Recoil Apparatus, Figure is a vacuum mode re-
coil separator installed at JYFL, complementary to the long running RITU (Re-
coil Ion Transport Unit) separator. MARA was born out of a desire to study
exotic nuclei that exist close to the N = Z line. Compared to RITU, MARA has

the following characteristics:

¢ Increased mass resolution in exchange for decreased transmission effi-
ciency. Since MARA is not gas filled, unlike RITU mass separation infor-
mation is not lost to collisions inside the detector. Reaction products can

be separated by their m/q ratio.
¢ Inverse kinematic and symmetric reactions are transmittable by MARA.
¢ Medium-light nuclei can be transmitted since they are not lost to the gas.

MARA is composed of five major ion-optical components in the configura-
tion QpOMmQmDEDy, where Q/D is a quadrupole or dipole and E/M repre-

sent the electric or magnetic nature of the component. The primary objective
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of the initial magnetic quadruple triplet is focusing the beam. Fusion evapo-
ration recoils are naturally projected in a wide cone following fusion; MARA
accounts for this with angular acceptance of 45 mrad in the horizontal direc-
tion and 55 mrad in the vertical direction. The path of a charged particle in
a uniform electric and/or magnetic field is dictated according to the Lorentz
equation,

F=q(E+9xE), (3.21)
which can be further broken down into individual electric and magnetic com-

ponents,

Fr = gE, Fz=q% x B. (3.22)

Separating the electric and magnetic components allows definition of electric
and magnetic rigidity: the resistance of the particle beam to being changed in
direction by the applied electric or magnetic field.

_ pv  2E P V2Em

, =L = . (3.23)
XE q q XB q q

The motion of a charged particle traversing the electric and magnetic dipoles

can be described by equating the relevant component of the Lorentz formula

to the centripetal force, and rearranging for the radius, r,

4B~ B ' FT4E T gE

_muv _ \2Egm mo* _ 2E; (3.24)

Equation details where MARA’s ability to resolve ions by their m /g ratio
arises. The energy dispersion, Ey, is present in the formulae for both rigidities
and can be negated by setting the electric and magnetic fields such that the
Ej component in each is equal and opposite. Figure displays the path of
recoils through MARA until the moment they converge at the focal plane.
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FIGURE 3.14: Ion trajectories inside MARA from above (top figure) and the side (bot-
tom figure) with a straightened beam axis. Adapted from Ref [51].

Selection Using Mass Slits

The beam line at MARA is equipped with several sets of mass slits which have
the capability to block the beam at both its energy (between the electrostatic
dipole and magnetic dipole) and mass dispersion (before and after the focal

plane) regions.

3.5.4 Multi-Wire Proportional Counter (MWPC)

At the MARA optical focal-plane lies a gas-filled Multi-Wire Proportional Counter
(MWPC). The MWPC provides the ability to measure the spatial position of a
recoil traversing it, as well as suppressing any unwanted beam components
that have made it this far. The MWPC is a thin chamber comprising two layers

of thin, electrically biased tungsten wires oriented 90° to each other, and filled
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with isobutane gas. The gas has a low ionisation energy such that a charged
recoil passing through it creates a localised ion-cloud. The ion-cloud is then
drawn toward the wires, and the proportional response is used to correlate the
spacial coordinates of the moving recoil. This is an essential piece of informa-
tion since the spacial coordinate informs us as to the m /g ratio of the recoil. As
detailed in Figure mass dispersion occurs along the x-axis only. Such as
it is, the measured m /g ratio is dependent only on the MWPC-X coordinate of

the recoil

ref
m  Myef Xmim — (GXprawpe) 1
—=—|1+4+ , 3.25
T s ( [ D 100 529

where m, g, x,, f refers to a reference particle of known mass and charge state,
G = 0.0102 is a ratio used to convert MWPC-X coordinates into millimeters

and D is the width of a strip in millimeters.

An essential functionality enabled by the MWPC is the ability to differ-
entiate between recoil and decay particle implantations into the DSSD. The
differentiation between the two event types is performed in software with a
simple if().. statement to check if an event has positive counts at the MWPC
associated with it. If yes, the event is a recoil, since a decay does not traverse
the MWPC. For mass gating, a two dimensional matrix of MWPC-x coordi-
nate against recoil Ax is produced. The quantity Ax is the difference between
MWPC-x coordinate and the DSSD-x coordinate for the implanted recoil. The
difference arises from the particle drift between the "optical" focal plane and
the physical location of the DSSD. Since the DSSD is placed at a slant to the
beam, recoil drift (Ax) is larger for recoils further away from the beam centre.
When measuring the mass of an unidentified recoil, it is sufficient to compare
the one-dimensional MWPC-x coordinates to those of a known mass - if the

two overlap, they have the same m /g ratio.
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3.5.5 Double-Sided Strip Detector (DSSD)

Beyond the MWPC is the Double-Sided Silicon Detector. Integral to the recoil-
decay tagging process, the DSSD is a hugely capable piece of equipment, pro-
viding timestamps for recoil and decay implantations and measurements of
deposited energy for all deposited particles. The DSSD used in the JM06 run
was a 300 ym thick BB20 detector produced by Micron Semiconductor Ltd.
Simply, a DSSD is a wafer of silicon with sensitive strips photoetched onto
each side of the wafer. The strips are oriented at 90° to each other to provide
pixelated spatial correlation in a manner similar to the MWPC wire strips. The
BB20 has 192 x-strips and 72 y-strips etched over an active area of (128.61 x

48.21) mm allowing for spacial correlation as precise as 0.47 mm?

. The pn
junction is established by deposition of boron ions into the sensitive region of
the junction strips. The wafer’s back side is coated with phosphorous which
acts as an n-type donor. Segmenting the DSSD into pixels this way allows
for an effective increase in the amount of recoil-decay correlations that can be
made simultaneously. For example, one would not correlate a recoil that is im-
planted into a particular pixel to a decay that happens in a different pixel. This
allows the experiment to run with a higher beam intensity, yielding higher
counting statistics.

The DSSD acts as a trigger around which an event can be formed; all events
built up in software require an associated recoil or decay implantation. This al-
lows clean, recoil-tagged, prompt y-spectra as well as removing background
due to Coulomb excitation and other external contaminants. As with all de-
tectors, the proportional charge response of the detector to the kinetic energy
of the absorbed particle requires calibration. The calibration for the JM06 run
was performed using a "3-line alpha" source; 24! Am 24*Cm 23°Pu are combined
to create a source that emits alpha particles primarily of energies 5.486, 5.798

and 5.150 MeV, respectively [52,53,54]. Analysis of the measured channel cen-

troid for each DSSD y-strip, for each peak was performed using an automated
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titting process in the software MATLAB. Fitted curves were checked manually
for their accuracy, and the measured centroid positions were plotted against

the expected energies as detailed in Figure [3.15|

FIGURE 3.15: Measured centroid position for each DSSD-Y strip after gain matching
is applied. Green lines indicate "true" energy of the alpha source.

It can be seen that the overwhelming majority of strips are consistent with the
accepted energy of the three alpha sources within the uncertainty bound by the
resolution of the detector. Low energy calibration has not been performed in
this work. In principle, the linearity of the detector response to deposited en-
ergy should render this unproblematic. Logistically there is no problem since
no particulate decay spectroscopy was performed in this analysis.

The DSSD at MARA can be equipped with a suite of tertiary detector sys-
tems designed to supplement its own measurement capabilities. In this exper-
iment, a pair of silicon "punchthrough" detectors were placed directly behind
the DSSD. As the name suggests, these detectors are used to veto events where
an energetic decay particle has escaped the DSSD volume. ‘Box” detectors with

similar functionality can be installed in front of the DSSD.
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3.5.6 Focal Plane Germanium Detectors

Detection of delayed <y-radiation emitted by isomeric nuclei implanted at the
focal plane is enabled by a suite of Clover detectors installed around the sili-
con; up to six detectors can be installed simultaneously and varying quantities
of these detectors were active throughout the JM06 experiment. The experi-
ment started with three and eventually two more were added for a total of five

detectors active during the latter half of the experiment.

3.6 JUROGAMS3 and Focal Plane Germanium Cali-

bration

When a charged particle or <y ray is incident on a semiconductor-based detector
such as the germanium detectors used here, electrons from the atomic valence
band are ionised and flow freely across the bulk of the detector. The magnitude
of electron-hole pairs produced is proportional to the energy of the absorbed
v-ray. The ultimate resolution of the detector is determined by the number
of electron-hole pairs that can be produced, thus a high-resolution detector
material ideally has a low ionisation energy (=~ 3 eV in highly-pure germanium
[55]). This charge is then collected and converted into an amplified electrical
pulse, the height of which is proportional to the energy of the y ray. The pulse
is then digitised using an analogue-to-digital converter (ADC). Functionally
this can be thought of as a series of bins that collect charge, and when one bin
fills up, the charge overflows into the next bin. This process continues until
the charge is fully collected. Instead of bins, we use the term “channel”. For
the germanium detectors used here, the channel number is related to the y-ray

energy by a simple second-order polynomial,

E = Ax*> 4+ Bx + C. (3.26)
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FIGURE 3.16: Measured centroid position (channel) for each Clover crystal after gain

matching, overlaid on the "true" energy for each major photopeak in the >?Eu'**Ba

spectrum. Missing points for crystals 9, 41, 43, 92 are because these detectors were not
counting during the experimental run.
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FIGURE 3.17: Measured centroid position (channel) for each Phase 1 detector af-
ter gain matching, overlaid on the "true" energy for each major photopeak in the
152E133Ba spectrum.
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FIGURE 3.18: Measured centroid position (channel) for each focal plane Clover crystal

after gain matching, overlaid on the "true" energy for each major photopeak in the

152F193Ba spectrum. Calibration data was taken from the end of the experimental
run as described in the text.
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3.7 Doppler Correction

FIGURE 3.19: Doppler shift of an in-beam photopeak from the JM06 dataset.

The Doppler shift for a y ray emitted by a particle moving with velocity v is

v
E, =E, (1 + Ecos@) , (3.27)

where E!, E, are the shifted and unshifted energies, respectively; c is the speed
of light, and 0 is the polar angle between beam and detector as used in Figure

The fractional velocity v/c is commonly given as a correction factor B; it is
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this correction factor that is measured and applied in this analysis. Measure-
ment of the centroid of an in-beam photopeak (Figure for each angle of
8 was made using a python script. The centroid position (keV) is then plotted
against cos(6). The gradient of this graph is equal to E, S and the intercept is
E,, so the Doppler correction factor, B, is simply the division of the gradient

by the intercept.
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FIGURE 3.20: Measured (Doppler shifted) centroid position for an in-beam peak as a
function of 6 for the JUROGAM setup in the JM06 experiment. x?/ndf: 0.13.

Figure summarises these measurements. The measured value of f is
0.055 £ 0.001. This indicates a flight time from the target position to the MARA
focal plane of (415 £ 8) ns given an optical axis length of 6.85 m. This value
is in good agreement with the value derived from relativistic kinematics, f =

0.0541, detailed in Appendix
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3.8 RADWARE

A sizeable portion of the analysis of prompt < ray coincidence data was per-
formed using the RADWARE [42] suite of programs, chiefly Levit8r. Levit8r
makes use of a file format known as a cube, which is effectively a 3D histogram
filled with coincident gamma counts. The data must be presorted into this for-
mat. Any events with a collective of at least three coincident gammas, and in
coincidence with a valid recoil implantation are included. Events with greater
than three counts are unfolded into sets of three as per the "spikeless" sorting
process described in [56]. Events with fewer than three coincident gammas
are discarded. The cube is compressed, fitted for background subtraction and
efficiency corrected (as per Figure 3.8). Practically, two transitions of interest
are selected (referred to colloquially as gating) and the projection of the third
axis of the cube (i.e, all y rays in coincidence with the two that were selected)
is printed to the screen — see Figure for a graphical representation of
this. The resultant spectra are very clean, since the high-fold multiplicity re-
quirement does away with a large portion of background. Large arrays such
as JUROGAM lend themselves nicely to this kind of analysis due to the large
amount of counting statistics they can produce. Indeed, Figure[3.22shows that
throughout the JM06 run there were 2.42 x 10° three fold or greater events.
Since all recoils are included, the resultant spectra are produced by a broad
variety of nuclides. Furthermore, the cube is dominated by the strongest re-
action channels. This makes searching for bands belonging to more exotic
reaction channels problematic, since they are usually "drowned out" by the
signal from strong channels. In addition, though gating on two transitions
provides greater selectivity, there is no guarantee that the transitions observed
in coincidence with the two gates belong to a particular band; two gammas in

coincidence 1 = Ej, 72 = E; may belong to multiple bands.
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FIGURE 3.21: Graphical representation of 1D, 2D and 3D vy coincidence matrices. Each
"dimension" is E,, with the number of counts projected along the extra axis. 3D repre-
sentation adapted from [19].

FIGURE 3.22: Number of events as a function of the y-ray multiplicity for all events
in correlation with a valid recoil for the entire JM06 run. Inset: same plot with linear
scale.
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Chapter 4
High-Spin Isomers in 16209 Nd

This chapter presents the discovery of three high-spin isomers, and a strongly
coupled band built upon one of these isomers in the deformed, neutron-deficient
nucleus '?Nd. The large predicted deformation for this nucleus (8, = 0.32)
[57] places the Fermi surface for both protons and neutrons near high-() or-
bitals originating from the g7,», f7/» and hy; /; states, providing suitable con-
ditions for the formation of K — isomers. It is argued in this chapter that the
strongly coupled band is based on a three-quasiparticle isomer with spin/parity
21/2". Both prompt and isomer-delayed -y radiation is measured in associa-
tion with this isomer, which decays with a half-life of (679 £ 60) ns, with the
isomer-delayed radiation observed to decay into three of four one-quasineutron
bands identified in previous studies. The 21/2" isomer decays to the low-spin
yrast structures directly and through two further excited states. The observa-
tion of delayed <y-radiation in association with these two levels leads to their
assignment as isomeric states also. In this work, the MARA recoil separator
and its associated focal-plane detector system provide a comprehensive suite
of tools for measuring isomeric properties. For the 21/2" isomer, the half-life,
decay scheme, gamma rays cascading above the isomer, tentative spin/parity
assignments and isomeric configuration have been deduced. The likely con-
figurations of the isomeric states in the decay path of the 21/2" isomer are

discussed.
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4,1 Previous work

The most recent study of the nucleus *’Nd was performed in 2002 by Zeidan,
et al. [58], where a comprehensive y-ray spectroscopy study was undertaken,
resulting in the vast majority of extant information known about the excited
states identified in '2’Nd. In that work, excited states in *’Nd were popu-
lated across two experiments using the reaction 2Mo(*°Ca,2pn). The first
experiment was performed at Oak Ridge National Laboratory, supported by
the CLARION Ge detector array and the HyBall Csl charged-particle detector
array. The second experiment was performed at Argonne National Laboratory
supported by the Gammasphere and Microball arrays. Four rotational struc-
tures were observed and assigned bandhead configurations based on compar-
isons of their experimental B(M1)/B(E2) ratios and single-particle alignments
with theory and systematics. Lack of experimental sensitivity to isomerism
prevented observation of transitions connecting these bands, resulting in the

bands "floating" with respect to each other as displayed in Figure

FIGURE 4.1: Partial energy-level scheme for '>?Nd comprising the four previously
known one-quasineutron bands as published by Zeidan, et al [58]. Band numbering
scheme is the same in this thesis as it is in the reference.
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4.2 Experimental Details

In the present work, excited states in ??Nd were populated across two experi-
ments at the University of Jyvaskyld Accelerator Laboratory utilising the reac-
tion *Ni(”8Kr, a2pn). The first experiment (M09) benefited from the installa-
tion of the UoYTube charged-particle detector at the target position for efficient
discrimination of neutron-only decay channels. The JUROGAM spectrometer
was not installed throughout the M09 run, so measurements of prompt 7y ra-
diation were not performed. The beam energy varied between 340-374 MeV
throughout the M09 experimental run.

The second experiment (JM06) featured the full JUROGAM array, compris-
ing fifteen Phase 1 detectors and twenty-four Clover detectors, but did not
include the UoYTube charged-particle detector system. For the first 12 days
of the JM06 run the beam energy was K = 390 MeV, optimised for maximal
production of 13'Eu. For the remnant of the JM06 run the beam energy was
lowered to K = 364 MeV, optimising production of '??Nd. Both experiments
were coupled with the MARA recoil separator which channelled excited re-
coiling nuclei from the target position to the MARA focal plane, consisting of
a pixelated dual-sided silicon strip detector surrounded by up to 6 HPGe
detectors. The m /g spacial separation of recoils is measured by a multiwire,

gas-filled avalanche counter (MWPC) before implantation into the DSSD.
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4.3 Results

4.3.1 Isomer-delayed <y-ray coincidences

The high-spin isomers in '*’Nd were identified by measurement of isomer-
delayed recoil-y coincidences at the focal-plane of the MARA recoil separator.
Figure panel (a), displays all of the y radiation detected at the focal-plane
within 1 us of a valid recoil implantation throughout the JM06 experimental
run. -y rays associated with mass-129 nuclei were discriminated from the other
data by application of a software veto condition allowing only mass-129 (and
mass-133) recoils (Figure [4.2b).

Utilising the constituent crystals of the focal-plane Clover germanium de-
tectors, it is possible to perform a y-ray coincidence analysis. A y2-coincidence
matrix was produced utilising the mass selection methods utilised in Figure
panel (b). Only decays measured within 1 us of implantation were in-
cremented into the matrix. Background subtraction of < rays associated with
long-lived recoil implantations were removed by selecting all decays measured
up to 1 us before recoil implantation.

Figure panel (c), displays transitions in coincidence with an 847 keV «y
ray, measured at the focal plane after recoil implantation. This 847 keV <y ray
is the strongest transition out of an isomeric state in 2 Nd. It is observed that
the 847 keV transition depopulates directly into the 17/2" state in band 3 of
129Nd, evidenced by the observation of all of the vy rays beneath this state. Two
peaks of energy 36 and 42 keV are present, corresponding to the K, and Kg
internal conversion energies for neodymium, respectively. A further transition
of energy 69 keV is observed, assigned as depopulating the 5/2% bandhead of
band 3 into the 3/27 state of band 2.
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FIGURE 4.2: Panel (a): all 7y rays detected at the MARA focal plane following im-
plantation of a valid recoil. Panel (b): all 7y rays detected at the MARA focal plane
following implantation of a valid mass 129 or mass 133 recoil. Panel (c): all y rays
detected at the MARA focal plane following implantation of a valid mass 129 or mass
133 recoil and in coincidence (< 1 us) with an 847 keV <y ray. Dominating this spectrum
are y rays depopulating levels beneath the 17/2% level in band 3. The peaks visible at
36 and 42 keV respectively correspond to the K, and Kp internal-conversion x-rays for
neodymium.
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FIGURE 4.3: 7 rays observed in prompt coincidence with both 146 and 178 keV, using

the JUROGAM spectrometer. Transitions belonging to band 3 of 2 Nd are observed,

but notably not the 847 keV and 69 keV transitions, which are isomer delayed and
only observed at the focal plane.

Further evidence for the delayed nature of the new transitions observed
in Figure is displayed in Figure which displays all  rays observed
at JUROGAM in prompt coincidence with 146 and 178 keV. Transitions are
observed to spin 31/2%, but there is no sign of the strong 847 keV < ray. Non-
observation of the 69 keV transition is also pertinent, indicative of the isomeric
nature of band 3 at low spin.

We have seen that the decay of this isomer is associated with a < ray of
energy 847 keV, but this is not the only transition depopulating this state. The
847 keV transition fixes the bandhead excitation energy of the high-spin isomer
relative to bands 2 and 3. The difference between the energy level of the isomer
bandhead and the 19/2%,17/27" levels in band 3, and 17/27 in band 2 implies
the existence of competitive transitions with energies 536, 645 and 795 keV. To

obtain a preliminary idea of the delayed radiation associated with this isomer,
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events were selected utilising a gate list comprised of the prompt radiation
built on top of the isomeric bandhead. The y rays used are detailed in Table
For an event to be considered valid, at least two 7 rays from the list must
have been observed in prompt coincidence with each other at JUROGAM. Fur-
ther event veto is enabled by restricting allowed recoils to masses 129 and 133.
The results of this search are detailed in Figure Several transitions associ-
ated with low-spin states in multiple bands belonging to ?Nd are observed.
Evidence is seen for new transitions 536, 645, and 847 keV. There are no statis-
tically significant counts at 795 keV. In addition, transitions belonging to band
1 are observed (highlighted pink); we shall see shortly that these levels are fed
by a 1050 keV < ray, which was also statistically insignificant in the J]M06 data.

FIGURE 4.4: Focal-plane 7 rays associated with mass 129 and mass 133 recoils and

measured in delayed coincidence with any two 7 rays seen at JUROGAM from a list

composed of the <y rays built atop the isomeric state, listed in Table Known tran-

sitions belonging to bands in '??Nd are observed, along with new transitions feeding

these states (highlighted in bold). The colour scheme helps identify which v ray be-

longs to which band, and follows the same scheme as in Table and Figure
(Pink = Band 1, Blue = Band 2, Purple = Band 3).
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FIGURE 4.5: y-ray spectra extracted from a "delayed", focal-plane doubles (%) matrix
with a coincidence window of 1us. Panel a): focal-plane transitions in coincidence
with 130 or 162 keV, associated with band 1. 7y rays associated with band 1 are visible,
alongside evidence for new transitions with energies 175, 391, 566, 847, 1050, 1139
and 1182 keV. Panel b): transitions in coincidence with 146 or 178 keV, associated
with band 3. <y rays associated with band 3 are visible, alongside evidence for new
transitions with energies 69, 536 and 847 keV. Panel c): transitions in coincidence with
439 keV, associated with band 2. v rays associated with band 2 are visible, alongside
evidence for a new transition with energy 795 keV.
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The tenuous evidence for the 795 and 1050 keV transitions prompted a fur-
ther search for these transitions in the M09 dataset, which benefited from a
greater amount of counting statistics compared to JM06. Selecting events us-
ing JUROGAM was not possible here, so instead a thorough 7? analysis of the
delayed transitions observed at the focal plane was performed, finding evi-
dence for the existence of these transitions and a host of other new radiation
depopulating the high-spin isomer.

Figure panel (a), displays 7y rays measured at the focal plane in coinci-
dence with 130 or 162 keV — associated with band 1. We can see that excited
states up to the 21/27 level of this band are populated. A plethora of transi-
tions not previously associated with this band are also seen: 175, 391, 566, 847,
1050, 1139 and 1182 keV. The 847 keV transition seen here is likely either be-
cause of unaccounted for background effects (the 847 keV line is very strong),
or bands 2 and 3 decay into band 1 by some unseen transition. The 1050 keV
transition is seen to decay into the 19/2~ level of band 1. Assuming this tran-
sition directly links the 19/2~ level with the isomeric bandhead, we can fix the
excitation energy of band 1 relative to bands 2 and 3 for the first time. The 7/2™
level of band 3 is then proposed to be the ground state of this nucleus, with the
high-spin isomer’s bandhead 2284 keV above this state. Transitions 566 and
1139 keV are observed to depopulate the same level as each other, which is not
the same level as the high-spin isomer bandhead. To differentiate between the
two levels we label the high-spin isomer level A, and the new level, level B.
1182 keV is not seen to depopulate either of these levels, and so is assigned as
a further new level, labelled level C. The energy difference between levels A,
B and C implies the potential existence of transitions of energies 175, 216 and
391 keV which connect the three levels. Evidence for the 175 and 391 keV tran-
sitions is seen in Figure panel a). No evidence for the 216 keV transition is
found here.

Panel (b) of Figure[4.5/displays <y rays in coincidence with 146 or 178 keV —
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associated with band 3. The 847 keV transition is very strong here, as expected,
and is seen to decay into the 17/27 state of band 3. We confirm the existence of
a 536 keV transition linking the high-spin isomer bandhead (level A) and the
19/2% level in band 3. Additionally, we reaffirm the 69 keV transition decaying
out of band 3’s bandhead into the 3/2" level in band 2.

Panel (c) of Figure 4.5/ displays 7y rays in coincidence with 439 keV — as-
sociated with band 2. Among the transitions below the 17/2" level in this
band, we can also confirm the 795 keV transition, depopulating level A into
the 17/2% level. The 645 keV transition between the isomer bandhead and the
19/2* level of this band is not seen here since the spectrum was gated by the
439 keV transition and there are no known linking M1 transitions between the
13/27 state and the 19/27 state or its intermediaries.

Analysis of the 2 coincidence data allows measurement of the highest level
each of these new transitions are associated with. Assuming that the transi-

tions decay directly into these levels, a partial level scheme can be produced

(Figure[4.6).

FIGURE 4.6: Partial level scheme for »?’Nd composed from the delayed ? analysis
displayed in Figure The newly observed isomeric states are labelled levels A,
B and C, and are connected to the existing level scheme by the 7 rays displayed in

Figures[4.4and
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Figure 4.7a, displays v rays in coincidence with the 1182 keV transition.
Further evidence for the 175 and 391 keV transitions is seen here, as well as
evidence for a 216 keV transition connecting levels B and C. The 1182 keV tran-
sition sees all three 7y rays whereas the 1139 keV transition (Figure £.7b) only
sees the 175 keV transition, which is in agreement with the proposed partial

level scheme in Figure

FIGURE 4.7: y-ray spectra extracted from a "delayed" doubles (%) matrix with a coin-

cidence window of 1us. Panel a): transitions associated with the 1182 keV transition.

Evidence is seen here for a transition of energy 216 keV, linking levels B and C in the

partial level scheme of Figure Panel b): transitions associated with the 1139 keV

transition. Here, only the 175 keV transition is visible and not the 216 keV transition,
supporting the partial level scheme displayed in Figure
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In comparing the energy levels of levels A, B and C, and the energy levels
within band 3, there are implied transition energies that were not observed in
the coincidence analysis detailed in Figures[#.5and 4.7l However, by gating on
these transition energies directly, we can see evidence that they decay to band
3. Figure [4.8| displays the results of this. From the top panel to the bottom,
y-ray energies of 673, 739, 955 and 1008 are gated. Each spectrum displays
clear evidence of transitions belonging to band 3 (69, 146, 178, 214, 239, 392,
507 keV).

Transitions of energies 923 keV and 658 keV were also gated based on their
implied existence from energy level differences. The resulting spectra dis-
played some evidence of decays to band 1, but were not significantly above
background level, so these transitions have been designated tentative. In all
four figures a transition at approximately 392 keV is seen. The signal here
arises from both the 392 keV E2 transitioning between 11/2% and 7/2% in band
3, and, for the case of 739 keV and 1008 keV, the 391 keV transition depopulat-
ing the high-spin isomer (level A).

All of these new transitions are tabulated in Table and are displayed in
the final level scheme depicted in Figure
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FIGURE 4.8: y-ray spectra extracted from a "delayed" doubles (y?) matrix with a coin-

cidence window of 1us. All four spectra display transitions belonging to the low-spin

states of band 3. Panel a): < rays in coincidence with 673 keV. Panel b): y rays in coin-

cidence with 739 keV. Panel c): -y rays in coincidence with 955 keV. Panel d): - rays in
coincidence with 1009 keV.
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4.3.2 Prompt y-ray coincidences

FIGURE 4.9: 7y rays observed at the target position by JUROGAM in delayed coinci-
dence with the 146, 178, 239, 392, 453, 551 or 847 keV transitions detected at the focal
plane. The correlation time for recoil-isomer decay correlations was limited to 1us.

Utilising the 146, 178, 239, 392, 453, 551 or 847 keV focal-plane transitions as
event selectors we can isolate the prompt radiation corresponding to the decay
of rotational states built atop the high-spin isomer, level A. The results of this
selection are displayed in Figure The recoil-decay correlation time was
limited to 1us, a time selected to maximise radiation correlated with the decay
of 12Nd, but minimising the introduction of background.

Using similar event selection methods, an attempt was made to measure
prompt radiation representing the decay of bands built atop levels B and C but
was not possible due to low statistics. Further characterisation of these states is
discussed in Section [4.4.T} at the end of this chapter. All of the new transitions
measured in this work are displayed in a tabulated format in Table 4.1}and in
a level scheme in Figure
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TABLE 4.1: Top table: List of 7y rays built atop the new high-spin isomer (band 5/level

A) in '2Nd and their measured properties. Bottom table: List of y rays depopulating

bands 5, 6 and 7. Quantities in brackets denote uncertainty in the last quoted signifi-
cant digit. Assigned (AL) values in brackets are tentative.

E, kevV® I,°0 Tpco P oL

250.20(5) 100 0.7(1) -0.6(5) M1

273.8(1) 63 0.6(1) -0.1(6) M1

297.4(1) 44 0.6(1) -0.1(6) M1

320.7(2) 34 0.5(4) — Dipole (M1)
345.6(2) 19 — — (M1)

368.1(3) 17 — — (M1)

391.0(3) 15 — — (M1)

413.1(4) 16 — — (M1)

525.0(8) 13 — — (E2)

573.1(9) 17 1.2(5) — Quadrupole (E2)
619.0(4) 45 1.2(2) — Quadrupole (E2)
667.4(5) 46 1.1(3) — Quadrupole (E2)
713.3(5) 29 1.3(3) — Quadrupole (E2)
759.2(3) 34 1.2(1) — Quadrupole (E2)
804.3(4) 27 1.1(10) — Quadrupole (E2)
849.5(8) 49 — — (E2)

890.7(5) 43 — — (E2)

938(1) 13 — — (E2)

959(1) 9 — — (E2)

E, (keV) (oL) Band

175.1(5) - 5—6 I

216.2(7) - 6—7 I

391(1) - 5—7 I

536(1) (M1) 5—3 I

566(1) - 6—1 I

645(2) (M1) 5—2 I

658(2) - 7—1

673(1) - 6—3 I

739(1) - 7—3 I

795.4(5) (E2) 5—2 I

847.21(5) (E2) 5—3 I

923(2) - 7—1

955(1) - 6—3 I

1009(1) - 7—3

1050(1) (E1) 5—1 I

1139(1) - 6—1 I

1182(1) - 7—1

? Energy measurement precision quoted representative of the statistical uncertainty in the cen-
troid of a single-term Gaussian fit.

b Intensities measured from a spectrum gated by (delayed) 847 keV. Intensities efficiency cor-
rected as per Figure Intensities have not been corrected to account for internal conversion.
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FIGURE 4.10: The final (partial) level scheme for '?’Nd. Here, band 5, the bandheads
of bands 6 and 7, and all of the 7y rays depopulating them are original work. Bands
1, 2 and 3 are constructed using data obtained from the study performed by Zeidan,
et al. The levels associated with the bandheads of bands 6 and 7 have no definite
spin/parity assignments, but their excitation energies are fixed. So too are the exci-
tation energies of all levels presented in this scheme, with the proposed ground state
being the 7/2~ level of band 1. For easier viewing, the 7y rays depopulating band 5 are
colour coded to the band that they decay into. The proposed configuration for band 5
is discussed and substantiated in the following section.
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4.3.3 Half-life Measurements

Utilising the 847 keV focal-plane <y ray as an event selector, a measurement for
the half-life of the isomeric state labelled level A can be made. Here, measure-
ments were made of the timing difference between implantation of a mass-129
recoil into the DSSD and the detection by the focal plane germanium detectors
of a -y ray of this energy. Background subtraction was made in the same way as
for the 7y spectra in Figure The results of this measurement are displayed
in Figure The fit model is y = AePX + Cx + D, with B = —1/t; /5, where
t1 /o is the half-life of the state. The measured half-life of the isomer is then

t1/2 = (679 + 60) ns.

FIGURE 4.11: Time difference between the implantation of a recoil into the DSSD and

the detection of an 847 keV < ray at the focal plane. The fit is a single-term exponential

with a single-term polynomial background. Fit parameters A : 895 £ 69, B : —0.015 &
0.001, C : 0.0009 £ 0.0030, D : 74 £ 23.
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Due to the 69 keV < ray lying among a plethora of contaminant -y rays, it is
difficult to measure its half-life using the same method. Instead, the mean life-
time of this transition is measured using the centroid-shift method. An event
is selected in sort by gating on a focal-plane 7 ray (7). From the remain-
ing unselected 7y rays (y2) in the event, a matrix is produced with E,,, on one
axis and the measured timing difference between the two 7 rays on the other.
Selected examples of this analysis is displayed in Figure The solid and
dotted lines in these figures represent a reflection of the ordering of which en-
ergy represents y; and <y, respectively. The peak centroid, C, is then yielded

from the standard equations [59] of

.1t . . A 2
C= szn’t] and AC = \/ZJ il =€) ) (4.1)

i (Xjmj)?

where 7; is the number of counts in the time bin ¢;. The mean lifetime of the
state between 7y; and 7; is then equal to half the distance between the two peak
centroids

T = (CN - CR)/2. (4.2)

Figure represents the measured time difference between 1 = 551
keV and 7, = 69 keV. The measured time difference of (36 + 13) ns can be
said to be equal to the mean lifetime of the 69 keV state, if the lifetimes of the
intermediary levels are considered negligible. It is known that the lifetime of
these levels must be at least faster than 20 ns since they are all observed in
the prompt y3-coincidence matrix (prompt JUROGAM ¢ rays only). A more
quantitative approach comes from looking at the timing difference (centroid
shift) between the 551 keV transition and all the other 7 rays below it in the
cascade. We expect the shift to be 0 since a picosecond lifetime is ten-thousand
times smaller than the 10 MHz precision of the DAQ. This is consistent with
what is observed in panels a) through d), supporting the validity of this life-

time measurement method.
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FIGURE 4.12: Measured timing difference between two focal-plane y-rays. The shift
of the peak centroid is representative of the mean lifetime of the level(s) fed and de-
populated by the respective transition, as per Equations[4.1and
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4.4 Theoretical Comparison and Discussion

The proton Fermi surface for 12Nd lies among low-() hiq/;, states, while the
proton region lies among down sloping high-() orbitals. That both protons and
neutrons lie between closed shells for this nucleus result in it having a large
predicted ground-state deformation B, = 0.32 [57]. Inspecting the Nilsson
diagram displayed in Figure we can see that the closest levels to the pro-
ton Fermi surface for Z = 60 are the negative parity [550]1/27, [541]3/2™ and
[532]5/2 orbitals, and the positive parity [411]3/27, [413]5/2" and [404]9/2"
orbitals. The neutron levels closest to the N = 69 shell gap are the [523]7/27,
[411]1/2%, [541]1/27, and [402]5/2%; each of these levels were assigned to a
band in this nucleus by Zeidan, et al.

Bands with so-called "enhanced deformation" have been observed in this
mass region [60], built on top of the high-() [404]9/27 intruder orbital. Cou-
pling high-() states results in a large K quantum number - the projection of
the nuclear spin along the axis of deformation. Changes in this quantum num-
ber require a y-ray having least that many units of spin to be emitted during
the decay, or else the transition is hindered - a K isomer. At low spin, excited
nuclear states for this nucleus are driven and characterised by the orbital oc-
cupied by the single odd neutron. However, as rotational frequency increases,
it is possible that a bound proton or neutron pair can break, promoting one of

the pair to a previously unoccupied state higher in excitation energy.



4.4. Theoretical Comparison and Discussion 101

FIGURE 4.13: Top: Nilsson diagram for protons centered around the 60 proton shell
gap at high deformation. Black circles are proposed configurations for the protons
when this nucleus is in the isomeric state at 2283 keV. At the ground-state, both pro-
tons are proposed to inhabit the [404]9/2" state. Bottom: Nilsson diagram for neu-
trons centered around the 70 neutron shell gap at high deformation. The black circle is
the proposed level inhabited by the odd neutron when this nucleus is in the isomeric
state at 2283 keV. Grey circles represent states with bands known to be built on the
odd neutron occupying these states.
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FIGURE 4.14: Experimental single-particle alignment diagrams for the four known
bands in '»’Nd (data from [58]) and the new 21/2% isomeric band (band 5). Band
numbering is the same as in Ref [58] for simple comparison.

Figure displays the experimental single-particle alignments for the four
one-quasineutron bands identified by Zeidan, et al, and the high-spin isomer
identified in this work.

Rotation causes Nilsson levels to shift in energy with respect to each other,
as well as mixing their respective quantum wavefunctions and lifting the two-
fold degeneracy of the level according to its signature quantum numbers. The
Cranked Shell Model (CSM) represents a theoretical framework for the rotat-

ing nucleus. Figure displays the calculated theoretical Routhians (rotating
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Hamiltonian) for quasiprotons and quasineutrons for this nucleus. Quasipar-
ticle levels are labelled alphabetically, and the Nilsson orbitals that they are
associated with at zero spin are detailed in Table

2.0

e’ (MeV)

05 06
hw (MeV)

FIGURE 4.15: Cranked Shell Model quasiparticle Routhians (Panel 77): protons, (Panel

v): neutrons. Both figures generated using a universal, triaxial Woods-Saxon potential

with parameters B= 0.305, B4 = 0.006, y= -1.9°. Parameters used are the same as in

Ref [58] to ensure consistency with their results. Labels referring to Nilsson levels —

displayed in Table — are only valid at zero spin (i.e 0fiw) since rotation causes

states to become a mixture of different wavefunctions. (7, «) : solid = (+,+1/2), dotted
= (+,~-1/2), dot-dash = (-,+1/2), dashed = (-,~1/2).



104 Chapter 4. High-Spin Isomers in 'Z Nd

TABLE 4.2: Quasiparticle labelling scheme for *?Nd along with
their assigned Nilsson configuration at zero rotational frequency.

Label (7, a)% Configuration”
Quasiprotons

A (+,-1/2), 99/2[40419/2F

B (+,+1/2), 99/2[40419/2F

C (+,—1/2), ds/2/87,,[41113/2%

D (+, +1/2)2 d5/2/g7/2[411]3/2+

E (= —1/2) h11/2[532]5/2~

F (—,+1/2); h11/20532]5/2~

G (—,—1/2)2 h11/2[541]3/2_

H (=, +1/2), h11/2[54113/27
Quasineutrons

a (+,—1/2>1 51/2/d3/2[411]1/2+

b (+,+1/2)1 51/2/1713/2[4:11]1/2+

c (+,+1/2)2 ds/2/87/2[402]5/2*

d (+,—1/2), ds/2/87,,[402]5/2%

e (—,—1/2)1 h11/2[523]7/27

f (= +1/2) h11/2152317/2~

g (= —1/2), h11,2[532]5/27

h (—, +1/2)2 h11/2[532]5/2_

? The subscript n numbers the quasiparticle’s excitations of a given signature and parity start-
ing with the lowest in energy at fiw = 0 MeV.
b Nilsson configurations only valid at iw = 0 MeV.

Though speculation can be made on which quasiparticle orbitals repre-
sent a given band based on its intensity compared to which levels are pre-
dicted to be yrast at a given spin, less tenuous knowledge can be gained from
Pauli blocking arguments. The Pauli exclusion principle forbids two fermions
with identical quantum numbers from occupying the same spatial coordinates.
Quasiparticle levels with identical (71, «) numbers repel each other. This is
analogous to the Nilsson diagram where levels with the same ()" quantum
numbers repel each other. The sudden increase in alignment at iw = 0.3
for bands 1 - 4, displayed in Figure is associated with the alignment
of a pair of hy1/, protons, displayed in Figure It is immediately obvi-
ous that the band built atop the isomeric state does not see this alignment.

Following the Pauli blocking argument, this alignment is not seen because a
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proton must already be occupying the associated /1, orbital in the config-
uration for this band. Since neodymium isotopes have an even number of
protons (Z = 60), a proton pair must have been broken to achieve this con-
figuration. Including the odd neutron, this would assign band 5’s isomeric
bandhead a three-quasiparticle configuration. According to the CSM calcula-
tions the quasiproton level closest to the Fermi surface — and the one whose
first (EF) alignment is blocked — is the h1,,[532]5/2™ orbital, so we assign
this as one of the protons. The next closest quasiproton to the Fermi sur-
face is associated with the Nilsson configuration hq7,,[541]3/27. The low-
() nature of this orbital does not lend itself to the requirement of an over-
all large K quantum number, required for the state to be a K-isomer. How-
ever, the next closest level is the g9,,[404]9/2" orbital. The large Q) quantum
number is conducive to a large overall K. The Nilsson diagram displayed in
Figure shows how this level is occupied at the Z = 60 shell gap. We
propose for band 5’s isomer configuration that a pair of protons occupying
the [404]9/27" orbital are broken, with one of these protons promoted to the
[5632]5/27 state. The quasineutron orbital closest to the Fermi surface is asso-
ciated with the hyy/, [523]7/27 orbital. From the > analysis it is known the
isomer decays to a band built on this neutron orbital, and its high-() number
is again convenient for producing a large K value. The proposed configura-
tion 7t(h11/2[532]5/279/2[404]9/27) ® vhy1,2[523]7 /27 results in a bandhead
I = K™ = 21/2". With this configuration, it is expected that Pauli blocking
would prevent observation of the first (ef) neutron alignment predicted by the
CSM calculations at fiw = 0.45 MeV. In addition we would expect that the
2nd proton alignment (FG), predicted at fiw = 0.5 MeV would be observed.
Figure shows that the start of an alignment between iw = 0.4-0.45 may
be visible for the isomer, but it is not populated to high enough spin to know
for sure. Future experiments can differentiate between the proton and neutron

alignment predicted at these frequencies by the measured gain in alignment at
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the upbend; the gradient of the theoretical Routhian yields a predicted gain in
alignment associated with that quasiparticle.

A systematic search for similar isomers in this mass region did not yield
another isomer with a bandhead spin as high as 21/2%, however, a similar
structure arises in even-odd neighbour 135Nd [61]. Here, the negative parity
ground-state band built atop the [514]9/2™ neutron orbital experiences a band
crossing at I = 15/27, associated with a broken pair of protons (Figure[4.16).
The band above the crossing is assigned the quasiparticle configuration EAe/f,
using the same convention as that used in this thesis. The Nilsson orbitals in-
volved are g7/, [413]5/2", h11 5 [541]13/27 and hyq, [514]9/27. An interesting
feature of this level scheme is the large signature splitting observed at low-
spin, uncommonly associated with the high-() [514]9/2~ orbital. This can be
explained by the nucleus having a large triaxial deformation, with y = —20°
as displayed in the bottom-right panel of Figure The signature splitting
is observed to diminish at high-spin for both the proton breaking observed at
spin 17/27 and the proton alignment observed at 23/27. In both cases, the
loss of signature splitting is explained as the nucleus shifting towards an ax-
ially prolate shape (y = 0°) as an aligning pair of quasiprotons come into
play. The situation is not identical for '*Nd. A pronounced difference is that
the 21/2% isomer (EAe/f) is seen to decay into multiple bands with the odd
neutron placed in different Nilsson orbitals. Though the transition into the iso-
meric state is associated with the loss of signature splitting seen in the low-()
[411]1/27 band, there is no irregular signature splitting observed in the high-
() bands in this nucleus, so - utilising the inverse of the arguments presented

for 13Nd - it can not be said that the ground-state of this nucleus is triaxial.



4.4. Theoretical Comparison and Discussion 107

FIGURE 4.16: Partial level scheme for 3*Nd with the bands labelled by their asso-

ciated quasiparticles. In The Nilsson levels associated with these quasiparticles are

detailed in a tabulated format, alongside a plot of total calculated routhian for each

quasiparticle configuration as a function of the triaxiality parameter, . The labeling

convention has been adapted to match that used in this thesis. Reproduced from [61]
with permission.

The band associated with a broken pair of protons (EAe/f) is not isomeric
in 1Nd. Though ' Nd’s quasiparticle configuration is the same, the underly-
ing Nilsson levels associated with these quasiparticles are not. As previously
stated, it is the collective of high-(), deformation-aligned orbitals coupling to-
gether to produce a large K value relative to the band that the decay feeds in

to that is needed to produce a K-isomer. For '3°Nd, the rotationally aligned
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[514]3/27" band does not contribute to the overall K-projection. Furthermore,
the rotating nucleus mixes states of "good" K, such that the K value associ-
ated with this band is not equal to the | value of the bandhead. Compari-
son between experimental and theoretical B(M1)/B(E2) ratios for this nucleus
utilised an "effective" K-value of <K> = 13/2 to achieve the best agreement
between experiment and theory. For 12Nd, all three of the quasiparticles com-
prising the (EAe/f) quasiparticle configuration assigned to the 21/27 isomer
are associated with high-Q), deformation-aligned orbitals. The coupling of the
three particles results in a K value of 21/2, relatively high in comparison to
the K values of the one-quasineutron bands it decays into and resulting in the
isomeric nature of the bandhead.

Levels associated with the alignment or pair breaking of /111, nucleons are
seen across a range of neodymium nuclides in this mass region. A systematic

comparison of these states has been compiled and is displayed in Figure [4.17]

FIGURE 4.17: Ground-state bands and sidebands associated with the EA (for even-
even nuclides) or EAe/f (for odd-even nuclides) quasiparticle configurations for vari-
ous neodymium isotopes.
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For each of the even-even nuclides displayed here, the 5+ states are side-
bands associated with the EA configuration. The 17/27 state in 1*Nd is then
simply the confluence of the EA configuration with the odd quasineutron (EAe/f).
The same can be said of the 21/2* (EAe/f) configuration in 2Nd, with the
larger () values resulting in a higher bandhead spin than its equivalent in
13Nd and the deformation-aligned nature of (EAe/f) orbitals resulting in an

isomeric configuration in 2 Nd instead of the short-lived states in 3°Nd.

4.4.1 Other isomeric states

Assigning any structural configuration to the two levels labelled band 6 and
7 in Figure is a difficult task given the lack of experimental informa-
tion available and any proposed configuration is open to speculation. All of
these <y rays are seen in the delayed (1us) focal-plane 72 coincidence matrix.
Searches within prompt (JUROGAM) coincidence matrices (% and ) for the
v-rays depopulating bands 6 and 7 in coincidence with <y-rays within the one-
quasineutron bands yielded no significant results that would point to prompt
coincidence. Taking into consideration these two facts, it is likely that bands 6
and 7 are isomeric. It was initially considered that the levels were, in fact, part
of the same band. However, if the lowest level is isomeric and the level 216 keV
above it were part of the same band, we would not expect to see decays out of
this higher energy level to the one-quasineutron bands, since such transitions
would have to bypass the isomeric bandhead of the lower level. Instead, it is
proposed that the levels seen here are two seperate bandheads. Given that they
are fed by decays out of band 5’s isomeric bandhead, and band 5 is based on
a three-quasiparticle structure, it is proposed that bands 6 and 7 are also based
on three-quasiparticles. At this point, lack of experimental information about
these states opens up the speculative account of the structural configuration of
these bandheads. Searches for delayed coincidences between the focal-plane

transitions depopulating the bandheads and prompt (JUROGAM) 7 rays built
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on these bandheads yielded no statistically significant results. It is likely that
any bands built here are too far away from the yrast line to be significantly
populated; the only reason we see the bandheads at all is as a result of their
sidefeeding from the decay out of band 5. Focal-plane DCO analysis is not pos-
sible since the recoil is no longer moving, preventing definition of a reference
axis of direction. Direct half-life measurements of these <y rays was not possible
in either the J]M06 or M09 data, due to the low number of counts in each pho-
topeak. An upper limit can be placed by the observation that increasing the
coincidence window beyond 1 us for the delayed-coincidence matrix did not
result in an increase in statistics for these peaks. Therefore the half-life must
be less than 1yus for all transitions involved. The configuration for band 5 was
assigned the quasineutron associated with the [523]7/2~ orbital due to this or-
bital being the closest to the Fermi surface and because of its high-() value.
Assuming this still holds true, we can simply choose a different shell for the
pair broken proton to occupy. With one proton occupying the [404]9/2% shell,
we can place the other proton in one of the [411]3/2",[413]5/27, [541]3/2~ or
[532]5/27 shells which, as displayed in Figure all remain relatively close
together in terms of excitation energy for a broad range of spins. However,
there is no reason to suggest that it is not, in fact, the neutron which changes
orbital to compose these structures. Indeed, the 21/ 27t isomer is seen to decay
to bands based on three separate neutron orbitals. The next closest neutron
orbitals are the [532]5/2~ and [402]5/27 levels; it is unlikely the [411]1/27
level is involved since its minimal () value would not couple to form a large K
value.

To summarise, without experimental information on the multipolarities of
the transitions depopulating these states and/or prompt bands built on top of
them, it is impossible to make even a tentative proposal for the configuration
of these levels. That they depopulate the 21/2" K-isomer and are observed at

similar excitation energy hints toward K-isomerism as a likely mechanism for
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their observed hindrance and, by extension, limits the Nilsson orbitals avail-
able for their configuration to mid-Q2 levels. However, another isomeric mech-

anism such as spin-trapping cannot be ruled out.

4.4.2 B(M1)/B(E2) Ratios

Figure displays the experimentally determined B(M1)/B(E2) ratios for
the rotational band built atop the isomer 21/2" state. It is immediately clear
that there is no odd-even staggering (within the bound provided by the er-
ror bars), as expected for a non-triaxial axially prolate shape. The weighted
average ratio is (1.8 = 0.3) (un/eb)?. An attempt was made to obtain theoret-
ical B(M1)/B(E2) ratios using the semi-classical Donau-Frauendorf geometri-
cal formalism detailed in Chapter 2. The ratios obtained were not found to
be consistent with the experimentally measured values. Perpendicular cou-
pling between valence nucleons is appropriate when one particle is rotation-
ally aligned (RAL) and one particle is deformation aligned (DAL). An essential
pre-requisite of the formalism is that the ] spin vectors of the orbitals compris-
ing a particular band are perpendicular to one another. The proposed con-
figuration for band 5 involves two hyq/, orbitals and a gg/, orbital each with

mid-to-high () values, so do not satisfy the geometrical formalism.
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FIGURE 4.18: Experimentally determined B(M1)/B(E2) ratios for the rotational band
built atop the isomeric 21/27 state.
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Chapter 5

Signature-partner and extensions to

« o 131
the yrast band in %1Pm

This chapter presents a study of 13 Pm, a nucleus that sits in the middle of
closed valence shells for both protons and neutrons. Presented here is new
work carried out in the study of this nucleus, including band extensions at high
and low spin and observation for the first time of the yrast band’s signature
partner. Reassignment of the yrast structure of this nucleus from [541]3/2~
to [523]5/2 allows explanation of observed transitions below the previously
assigned 11/2~ bandhead, in terms of this orbital moving away from the rota-
tionally aligned limit. It is proposed instead that the bandhead has spin/parity
5/27, and the structure of the observed band is investigated within the frame-
work of the Cranked Shell Model. Systematic comparison is made with other
odd-Z nuclides in this mass region and predictions are made for various un-
known properties in these nuclei. Finally, alternative level schemes are consid-
ered assuming that the rotational alignment limit still applies, with the hq;

bandhead retaining its spin/parity assignment of 11/2~.

5.1 Previous work

Previously, a single study of the excited states of this nucleus was performed

by C.M. Parry, et al [62]. Excited states were populated and measured in this
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nucleus for the first time, with a rotational band — assigned to be built upon
Nilsson orbital [541]3/2~ — observed from spin 11/2% up to a tentative 47 /2h.
Systematic comparisons with other even-N promethium isotopes were made.
It was found that the sharpness in single particle alignment smooths out with
decreasing neutron number, attributed to the presence of a strong n-p inter-
action. Experimental data was compared to standard Cranked Shell Model
(CSM) calculations and found to be inconsistent with the theoretical predic-
tions. To remedy this, new predictions for proton and neutron alignments,
and their respective contributions to the change in dynamic moment of inertia
(J?), were obtained using extended Total Routhian Surface (TRS) calcula-
tions. The theoretical results were in good agreement with experiment, de-
tailing how the alignment gain primarily comes from the alignment of a pair
of hy1/, neutrons, rather than a pair of protons as previously thought. This ex-
tended model was found to be consistent with heavier isotopes, with predicted
gains in alignment coming roughly equally from the protons and neutrons. In
the present work, comparisons too have been made with various even-N, odd-
Z nuclides in the region, with structures attributed to being built upon an odd
hy1/ proton seen in 133pm, 135pm, 129Pr, 131Pr, 127La and %°La, to name but
a few. In most of these cases, the h11,, band is seen to decay into a separate

positive parity structure built on Nilsson level [411]3/27" [63] 64} [65].

5.2 Experimental Procedure

The results displayed in this chapter utilise the J]M06 dataset. As described
in detail throughout chapters 3 and 4, the J]M06 experiment benefited from
the full JUROGAM array surrounding the target position, but the UoYTube
charged-particle detector was not available for event veto. The spectrometer
was coupled to the MARA mass spectrometer, focal-plane DSSD and focal-

plane HPGe detectors enabling recoil-decay correlation with both particulate
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and v radiation. During the JM06 experiment, 3'Pm was populated consis-
tently throughout the high and low beam energy portions of the experiment,
via the ®Ni(”®Kr, ap) reaction, with relative yields in agreement with expecta-

tions from the predicted relative yields from the PACE4 calculations displayed
in Chapter 1 (Figures[1.Tand [1.2).

5.3 Results

5.3.1 Prompt y-ray coincidences

In the present study, thirty -y rays belonging to 3'Pm were observed, twenty-
two for the first time. The level scheme has been extended to a maximum spin
55/2h from a minimum spin 5/2, with several 7y rays observed below the pre-
viously assigned 11/2~ bandhead. Directional Correlation of Oriented states
(DCO) analysis and polarisation measurements were possible for most of these
7 rays, allowing quantitative and unambiguous assignment of their multipo-
larities. These measurements are detailed later in this chapter (Table along
with the band each <y ray belongs to and their assigned multipolarities. y-ray
linear polarisations were measured utilising the clover detector’s sensitivity
to Compton scattering as detailed in Chapter 3. Also detailed in Chapter 3,
DCO ratios are obtained by measurement of y-ray intensities at two angular
"geometries". y rays detected in the "central" clover detectors were sorted into
a 2D histogram against -y rays detected in the "extreme" angled phase 1 detec-
tors. These matrices are further gated by selection of a single -y ray allowed in
any of the detectors. This way, selectivity on a particular transition of interest
is greatly improved by reducing background contamination from other decay
paths. Furthermore, by allowing the gated < ray in any detector we effectively
"wash out" any subsequent effect on the angular correlations of the other two y

rays, given the isotropic distribution of the JUROGAM spectrometer [66]. For
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weaker transitions, it proved necessary to dispense with the selective triple-y
method. Instead, 7y rays were again sorted into a 2D histogram with clovers
against phase 1 detectors. This time, selectivity was improved by making use
of MARA’s mass resolving power with a matrix being produced for each re-
solvable mass. 7 rays with DCO ratios measured this way are highlighted
thusly in the footnote of Table It is possible to obtain theoretical DCO ra-
tios obtained for a 7 ray of a particular multipolarity when gated on by a
ray of a particular multipolarity for a particular geometry [47]. Practically, one
can obtain reference ratios by gating on 7 rays of known multipolarity. Here,
we expect values of 7pco = 1.0 for pure, stretched (Al = 2) quadrupoles and
pure, non-stretched (Al = 0) dipoles when gated on by a pure, stretched E2.
Similarly, ratios of 7pco = 0.6 are expected for pure, stretched dipoles when
gated by a pure, stretched E2. Ambiguity between the 7pco = 1.0 y ray mul-
tipolarities can be alleviated when combined with polarisation measurements

as detailed in Chapter 3, Figure
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FIGURE 5.1: Sum of doubles gates on triples data using a gate list comprised of the

previously known transitions in the yrast band of 3!Pm. The yrast rotational cascade

is visible, alongside a host of new low-energy transitions. 67 keV is a doublet (66 and
68 keV).

The first v spectrum for this nucleus is displayed in Figure This spec-
trum consists of a sum of doubles gates on triples data using a gate list the pre-
viously known 7 rays in this nucleus (all quadrupoles from spin 11/2 to 47/2
in Figure[5.I). This serves two purposes: one, to bring the maximum amount
of statistics into each peak for measurement of its centroid (energy) and two,
to maximise counting statistics belonging to any peaks at the highest energy
range of the spectrum. Indeed, we can see here that several new peaks at the
highest energy are observed: 1083 keV (in place of the tentatively assigned
1099 keV 1 ray in [62], which is not seen here), 1148 keV and 1218 keV. At the
low energy end of the spectrum, several new transitions are brought into stark
relief; it is not known if Parry, et al [62] observed these since their 7y spectrum’s
axis was truncated below 200 keV. The inconsistent spacing between these vy
rays, as well as their varied intensities, provide the first evidence for these tran-

sitions not belonging to the yrast AI = 2 cascade. This is discussed in greater



118 Chapter 5. Signature-partner and extensions to the yrast band in 13, Pm

detail in Section

The peak at 67 keV is a doublet, and has been assigned as two separate in-
traband M1 transitions with energies 66 and 68 keV, with the energies of the
two bound by the E2 crossovers that flank them. It was not possible to isolate
these peaks individually, so direct measurement of their energies was also not
possible. Evidence for their placement is displayed in Figure where clear
evidence of a 67 keV transition is seen in coincidence with the 205 keV intra-
band M1, and 407 keV. As expected, we don’t see 273 keV or 271 keV which
cascades in parallel with 205 keV — but we do see <y rays belonging to both
bands 1 and 2 higher up the cascade. Band 2’s -y rays are present owing to the
near identical energy of the 408/406 keV transitions belonging to bands 1/2.
An attempt to gate directly on a 67 keV +y ray is also made here; only evidence
of the 97 keV and 407 keV transitions are seen due to the low intensity of the
67 keV transition. Indeed, the total internal conversion coefficient for a 67 keV

M1 is quite high: 4.91 according to calculations made using BRICC [67].
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FIGURE 5.2: Top: 7 rays observed in coincidence with 205 and 407 keV. Here, the

presence of the 67 keV intraband < ray is clearly displayed along with a myriad of

other <y rays belonging to !3'Pm. Bottom: An attempt to gate directly on 67 keV only

results in evidence of the 97 keV and 407 keV peaks. This is due to the low level of
counting statistics associated with the 67 keV 7 ray.
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Now we turn our attention to the signature partner band. The process de-
tailing the spectroscopy of this band is broadly summarised in Figure Gat-
ing on the 97 keV and 273 keV transitions (Figure first row), hints of the
signature partner are immediately obvious - manifesting as a series of less in-
tense photopeaks running alongside those of the yrast band. Here, the 338 keV
M1 depopulating the 17/2~ state is visible, alongside the 530, 637 and 811 keV
E2s that cascade above this state. Gating on members of this band highlighted
a problem: both bands seemed to house a "407 keV" transition. By utilising
gates that exclusively highlight the -y ray belonging its respective band, it was
possible to measure the individual energies of each <y ray. Figure row two
details this process. The yrast band was gated via 97 keV and 273 keV. This
transition pair bypasses the "407 keV" transition in the signature partner, pro-
jecting only the "407 keV" transition in the yrast cascade. In a similar vein, the
transition in the signature partner band was isolated using a gate on 205 keV
and 530 keV. These peaks were fitted with a model composing a single term
gaussian superimposed on a linear background. The measured centroid ener-
gies are 406.2 keV (signature partner) and 407.7 keV (yrast), yielding an energy
difference of approximately 1.5 keV. Ambiguity alleviated, the next step is to
measure the intraband M1s depopulating the signature partner band. This was
achieved in the first instance by a sum of doubles gates, with list "A" compris-
ing (97, 273, 408, 539 and 656) and list "B" comprising (406, 530, 637, 730 and
811). It is already known from Figure first row, that the M1 linking the
17/27 and 15/2~ transitions has an energy of 338 keV. "Anchoring" the signa-
ture partner band this way allows us to infer the other intraband 7y ray energies
by measuring the relative difference between Al = 1 levels, yielding predicted
energies of 205, 460, and 559 keV for the 13/27 — 11/27,21/27 — 19/2~
and 25/27 — 23/2" transitions, respectively. Figure row three, shows
that transitions of these energies are observed experimentally, highlighted in

bold in the figure. Further evidence for these 7 rays is detailed in Figure



5.3. Results 121

row four, where doubles gates on the E2s preceding and proceeding the M1
are displayed. Evidence for 205, 338 and 460 keV is displayed, but the results
for 559 keV rendered statistically insignificant counts, so is not displayed here.
Finally, a sum of gates across all transitions in the signature partner band is dis-
played in Figure row five. As for the yrast band, this serves to maximise
the number of counts observed in each peak for the highest precision centroid
measurement and aid with observation of high-energy <y rays.

Evidence of these y-rays indeed belonging to 13'Pm comes from direct mea-
surement of the mass of the recoil associated with these 7 rays. Figure
displays the MWPC-x coordinate of these recoils against the measured y-ray
energy at JUROGAM. Clusters at 97, 273, 408, 539 and 656 keV all line up
between MWPC coordinates 1988-2056 and 2460-2524, ranges associated with

mass 127 /131 recoils for charge states 4+ and 5+, respectively.

FIGURE 5.3: MWPC-x coordinate against y-ray energy for all recoils associated with
7 rays observed in the decay of 3!Pm. MWPC coordinate ranges corresponding to
different masses are highlighted.



122 Chapter 5. Signature-partner and extensions to the yrast band in 13} Pm

FIGURE 5.4: Panel a): y rays in coincidence with 97 and 273 keV. Immediately the signature
partner can be noticed as a series of peaks running alongside the known yrast peaks. Panel b):
measured photopeak centroids for the ~407 keV peak belonging to each band. The solid line
and left-hand y-axis details the peak belonging to the yrast band. The dotted line and right-
hand y-axis details the peak belonging to the signature partner. The statistical uncertainty on
the yrast/signature partner photopeak centroid is 0.05 and 0.02 keV, respectively. x?/NDF
for each fit is 8.3 and 2.4. Panel c): sum of doubles gates, with list "A" comprising the lowest
five E2 transitions in the yrast band (including 97 keV) and list "B" comprising the lowest
five E2 members of the signature partner. Intraband M1s observed here are highlighted in
bold text. Panel d): v rays in coincidence with 97 and 406 keV, highlighting the 205 keV M1
transition between the 13/2~ — 11/2 states. Panel e): y rays in coincidence with 273 and 530
keV, highlighting the 338 keV M1 transition between the 17/2~ — 15/27 states. Panel f): v
rays in coincidence with 408 and 637 keV, highlighting the 460 keV M1 transition between the
21/27 — 19/27 states. Panel g): Sum of doubles gates across all transitions in the signature
partner band. In panels a), c) and g) 67 keV and 407 keV are doublets as described in the text
body.
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5.3.2 Extending Below the 11/2 Level

In the previous study for this nucleus, conducted by C. Parry, et al [62], the
11/27 level was assigned as the bandhead — a likely consequence of the non-
observation of transitions below 200 keV. Systematic studies of other odd-
proton nuclides in the mass region also support this assignment, as detailed
in Section Parry, et al, have the yrast band for this nucleus built on the
[541]3/27 level. The low-() value for this orbital justifies the 11/2~ spin as-
signment to the bandhead since the projection of the nuclear-spin along the
deformation axis is well within the rotationally aligned limit. However, this
work assigns the odd-proton orbital as the mid-Q) [532]5/27 level. This or-
bital can no longer be described as rotationally aligned, so the prescription
of the bandhead I = |J™ = 11/27 does not apply. The following analysis
is presented assuming that the deformation aligned limit applies, prescribing
I = K™ = 5/27 for the bandhead of the observed rotational band. An al-
ternative scenario presuming this assignment is incorrect is detailed in Section
As displayed in the level scheme for this nucleus (Figure , the 11/27
level is depopulated by several y rays which are observed to cascade in parallel
to one another (97, 147 and 163 keV), as well as a 66 keV transition which is in
coincidence with 97 keV and tentatively in coincidence with 147 keV. The cen-
troid energies of these y rays were measured using the sum of gates spectrum
in Figure -triples analysis was performed to ascertain the level ordering.
97,147 and 163 keV in coincidence with 273 keV projects the remaining peaks
of the yrast band as detailed in Figure all three in coincidence with each
other indicates that none of these 7 rays "see" each other. Therefore, these vy
rays must cascade parallel to one another, and must be below the 11/2~ state.
Initially, it was proposed that all three y rays directly depopulate the 11/2~
state. However, the observation of coincidence between 66 keV and both 147
and 97 keV (Figures [5.5b, 5.6| and [5.7a) means that 66 keV must feed a level
depopulated by both of these other transitions.
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FIGURE 5.5: Panel a): y rays in coincidence with the 97 keV and 273 keV transitions.

Here and in panel b), the 67 keV and 407 keV + rays are doublets as described in the

text. Panel b):  rays in coincidence with the 147 keV and 273 keV transitions. Panel

c): Double-v gate on triples data on the 163 keV and 273 keV transitions. Contaminant

decays not from ¥'Pm are marked in italic. Here, the 408 keV 1y ray is visible without

the contamination of the 406 keV 1y ray, since the gating transitions of 163 keV and 273
keV cascade in parallel to the 406 keV < ray.
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FIGURE 5.6: Panel a): Numerical fit to the 67 keV peak, gated by 147 and 273 keV as
displayed in Figure middle panel. Fit model is a single-term Gaussian overlaid
on linear background. Number of counts under the peak is equal to 56 & 10 after
background subtraction. x?/NDF = 8.6. Panel b): Numerical fit to the 67 keV peak,
gated by 97 and 273 keV as displayed in Figure top panel. Number of counts
under the peak is equal to 110 =+ 13 after background subtraction. XZ /NDF = 10.2.
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FIGURE 5.7: Panel a): <y rays in coincidence with the 66 keV and 273 keV transitions.
Here, the 408 keV v ray is visible without the contamination of the 406 keV < ray,
since the gating transitions of 66 keV and 273 keV cascade in parallel to the 406 keV v
ray, even considering contamination from 68 and 271 keV. Panel b): Double-y sum of
gates on triples data between 66 keV and a list comprising transitions (205, 273, 408,
539, 650). The purpose for this is to highlight the 147 keV from among background,
providing evidence that 66 keV is in coincidence with both 97 and 147 keV. The peak
at 407 keV is a doublet, as described in the text. Panel ¢): Gaussian fit with linear
background to the 147 keV peak displayed in panel b). Integrated peak area: 432 + 238.
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A 77 keV transition is observed in coincidence with every other transition,
except for 163 keV and 97 keV - which only see <y rays above the 11/27 state. It
is not placed in the current level scheme, the reasoning for which is as follows.
If a 77 keV transition were in cascade with 66 keV as is necessary to have it
coincident with all transitions except 163 keV, this would require a crossover
E2 of energy 281 keV between the 13/2™ and 9/2" levels, which is not ob-
served experimentally. If it were below 66 keV, the 147 keV transition would
be the 11/27 to 7/2~ crossover, placing 97 keV either above or below 147 keV,
contradictory to the observation that these y-rays are not coincident. It would
also introduce at least one more unit of spin depending on the multipolarity of
the 77 keV transition, which would result in the bandhead lying below 5/27,
or the other observed transitions would have to be transitions out of the band.
This is not a problem in and of itself; the neighbouring odd-Z even-N nucleus,
133Pm, features an experimentally verified 3/2% ground state. Spin/parity as-
signments are discussed in greater detail in Section It could be argued by
the same reasoning that 66 keV should be excluded from the level scheme. A
66 keV transition, like the 77 keV transition, is seen in coincidence with every
transition except for 163 keV, albeit with greater intensity. The reason 66 keV
is included in the level scheme is because its energy matches the difference
between 97 and 163 keV, while its placement preserves the mutual exclusivity
of 97, 147 and 163 keV. Further experimental evidence for this assignment is
provided in Figure where coincidence between 97 and 66 keV yields clear
evidence of the yrast band, where coincidence between 97 and 77 keV yields

no statistically significant photopeaks.
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FIGURE 5.8: Panel a): 7 rays coincident with 66 keV and 97 keV. Evidence for both

signatures of the rotational band are observed, providing evidence for the coincidence

between 97 keV and 66 keV. Panel b): No v rays of any statistical significance are ob-

served in coincidence with 77 keV and 97 keV. If a transition with energy 77 keV truly

belongs to 131Pm, it must be a transition to a level outside of the observed rotational
band.

With all of the above reasoning in mind, 147 keV and 163 keV are assigned
as crossover E2 transitions between the levels 9/27 and 5/27, and 11/2™ and
7/27 respectively. This assignment is consistent with the DCO measurements
for these transitions, assigning them quadrupole nature. The 66 keV and 97
keV transitions are then placed as AI = 1 transitions cascading in parallel to
the 163 keV «y ray. 66 keV has its energy limited by its surrounding transitions
to 65.9 keV.

Placement of these transitions implies an E2 crossover transition of energy
271 keV should be present between the 13/2™ and 9/27 levels. This assign-
ment is immediately tricky, since the energies of the 271 keV and 406 keV tran-
sitions would be very close to the 273 keV and 408 keV  rays assigned to the
yrast band, making difficult the process of uniquely gating on them. Indeed,
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it has not been discussed in this analysis so far since all of the gated spectra
displayed include the influence of the strong 273 keV transition, which would
dominate any counts present in coincidence with the 271 keV transition. With
that said, evidence can be offered for its existence, as displayed in Figure
However, before coincidence measurements are analysed, we must first con-
sider background contamination. Though attempts were made to reduce the
influence of contaminants by utilising MARA'’s mass separation capabilities to
produce a separate triple-coincidence matrix (cube) for each m/q ratio, it was
not possible to eliminate contaminants completely. The biggest contamination
comes from 13!Nd; since both nuclei are mass 131 we can see that mass gating
is no help here. The PACE4 calculations presented in Chapter [1} Figure
predict ¥!Nd to be highly populated across both beam energies used in the
JM06 experiments. By coincidence, 13'Nd shares transitions of near identical
energies to 3!Pm: 145.9, 405.5, 528.0 and 635.9 keV, making uniquely gating
on these energies a challenge.

With these considerations made, we can look at the first doubles gate, set on
147 keV and 271 keV. This spectrum, displayed in Figure panel a), yields
the preferred signature cascade only. However, the transition strength of a
147 keV E2 is low in comparison to that of the 97 keV M1 it would compete
with, so this could be attributed to low statistics. The next spectrum gates
on 271 keV and 406 keV which, as mentioned previously, is tricky because
of the close proximity of the gating energies to that of the 273 and 408 keV
v rays. This spectrum yields signs of both the yrast and signature partner
bands. Crucially, the signal observed at 530 keV could not be contamination
from 273 and 408, since the 406 keV transition cascades in parallel to them
both. This is provides strong evidence for a 271 keV transition, distinct from
the 273 keV + ray. The 147 keV E2 is tentatively visible in this spectrum, and
a strong 97 keV transition is visible. Again, this is likely a consequence of the

transition strength difference. The final spectrum is a double gate on 406 keV
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and 530 keV. Here, we see peaks at 97, 147, 205, and 271 keV as expected. The
counts at 271 keV are free from contamination from the 273 keV peak, since
406 and 530 keV cascade in parallel to it. However, the intensity of the 147 keV
peak is suddenly almost three times that of 97 keV. This can be explained by
considering background contamination from '*'Nd — 406 keV and 528 keV are
strong E2 transitions belonging to the yrast band in this nucleus. 147, 297, and
327 keV are low lying dipoles in 1*Nd, causing them to be seen in coincidence
with this gate. Since 3'Nd and '*' Pm have the same mass number, mass gating
cannot remove this background.

Finally, the difference between the 7/2™ and 5/27 states is assigned a 50
keV M1 transition; a statistically insignificant number of counts are observed
at 50 keV in coincidence spectra, so this transition is labelled as tentative. It is
hard to observe counts at this low energy due to a combination of factors: x-ray
absorbers were installed on JUROGAM resulting in attenuation of low-energy
7 rays; the low-energy bound for detector calibration was 81 keV, potentially
resulting in mismatched peak centroids for energies below this, and; the inter-

nal conversion coefficient for a 50 keV M1 is relatively large at 11.5.
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FIGURE 5.9: Panel a): 7y rays in coincidence with both 147 keV and 271 keV. 407 keV

is a doublet as described in the text. Panel b):  rays in coincidence with both 271

keV and 406 keV. Panel c): -y rays in coincidence with both 406 keV and 530 keV. In all
panels, transitions labelled in italic are contaminants belonging to *'Nd.
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TABLE 5.1: List of y-rays and their measured properties for 3! Pm. Quantities in brack-
ets denote uncertainty in the last quoted significant digit. Assigned (AL) values in
brackets are tentative.

E, keV " It pco © P (oL) Band ¢
50(2)" — — — (M1) 1->2
66(2)" — — — (M1) 1->2
68(2)" — — — (M1) 1->2
96.9(1) — 0.66(5) — (M1) 2->1
147.1(1) — 0.88(6) — (E2) 2
162.8(1) — 1.1(1) — (E2) 1
204.7(1) 16 0.63(5)/ -1.6(3) M1 2->1
271.1(1) 10 0.78(4) — (E2) 2
272.9(1) 71 0.86(3) 0.2(1) E2 1
337.8(5) 10 0.6(3)/ -1.0(4) M1 2->1
406.2(6) 100" 0.86(5)f 0.2(2) E2 2
407.7(1) 25 0.80(3) 0.2(1) E2 1
460(1) — — — (M1) 2->1
529.8(4) 34 0.7(1) 0.4(3) E2 2
538.6(1) 63 1.0(1) 0.9(3) E2 1
559(2) — — — (M1) 2->1
637(1) 8 1.1(1)f 0.5(3) E2 2
656.3(1) 36 1.4(1) 0.05(10) E2 1
730(1) 15 1.42)f 1.7(17) E2 2
760.4(1) 30 1.0(1) 0.6(3) E2 1
811(1) — — — (E2) 2
853(1) 14 — — (E2) 1
886(1) — — — (E2) 2
936(1) 9 — — (E2) 1
966(1) — — — (E2) 2
1012(1) 5 — — (E2) 1
(1040)(2) — — — (E2) 2
1083(1) — — — (E2) 1
1148(1) — — — (E2) 1
(1218)(2) — — — (E2) 1

? Energy measurement precision quoted representative of the statistical uncertainty in the cen-
troid of a single-term Gaussian fit.

b Intensities measured gated by 97 keV and relative to 408 keV. Intensities have not been ad-
justed for internal conversion.

¢ Apart from where noted, DCOs obtained from a y-triples matrix of any detector vs clovers
vs phase 1s. In all cases the gating  ray (E,1) was 97 keV except for 147 keV and 97 keV
itself, which were both measured using E,,; =408 keV and E.» /3 = 273 keV. E, 53 for all other
transitions is then the most intense E2 in that band that isn’t the transition itself.

¢ Low statistics cause the uncertainty for this measurement to be large, detailed in Section[5.3.2}
f DCO measured using 2D matrix mass gated by mass-131 recoils. Transition of interest gated
using 530 keV transition.

" Transition’s existence implied by the difference between energy levels, but not observed di-
rectly due to low statistics at this energy, or ambiguity in gating on this transition.

! Counts for this energy include both (271 and 273) / (408 and 406) keV.
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FIGURE 5.10: Energy level scheme for '3!Pm produced via analysis of double and
triple  ray coincidence matrices. 7 rays highlighted in red are new and unobserved
before this work. Arrow widths are proportional to the 7 ray intensity, with most
transitions measured relative to the 97 keV yield. Intensities for transitions not in
coincidence with 97 keV have been approximated based on relative peak intensities.
Transitions in brackets are tentative and are discussed in more detail in the text body.
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5.4 Systematic comparison with other odd-Z even-

N Pr, La, Pm and Cs isotopes in the region

TABLE 5.2: Systematic comparison of the relative energy (R.E)
level of the h11 /, level with respect to the positive parity structure
it decays into.

Nucleus 11/27  +parity Isomeric? v rays out of the 11/2~ Notes Ref
RE band- level (cA)
(keV)  head
spin

123Cs 1516  (1/27) Yes (1.7s)  61.7 (E3) - [68]
15cs 2661 1/2(1) Yes (0.9ms) 13 (M2) - [69]
127Cs 4522 (1/27%) Yes (55us)  179.3 (M2), 386.3 (E3) - [70]
129Cs 5754  1/27 Yes (0.72us)  149(E1), 387(M2), 569(E3) - [71]
Blcs 77528 5/27 No (10.4ns) 159 (E1), 279 (E1) - [71]
1251a 87 (3/21) No decay N/A a [72]
27La  -142  (3/27) No decay N/A a [72]
218 1723 (3/27) Yes (0.56s) 104 (E3) - [73]
BlLa 3046 3/27 Yes (170 uS) 109 (M2) - [73]
133La 5356 5/27 Yes (62 ns) 58 (E1), 405 (M2), 535 (E3)* - [73]
135La 7857 5/2% No (<20ns) 202 (E1) - [73]
129pr 3826  (3/2%) Yes (unknown) 141 (M2)*, 292 (E3)* - [74]
Blpr 1524  (3/27) Yes (5.7s) 64.8 (E3) - [75]
1B3pr 1921 (3/27) Yes (1.1s) 130.4 (E3) - [76]
135pr 3581  3/2° Yes (105 us)  112.6 (M2), 316.6 (E3) - 771
137pr 5612  5/27 Yes (2.7 us)  331.3 (M2), 563.4 (E3) - (78]
139pr 822 5/2+ Yes (43ns) 708 (M2), 822 (E3) - [79]
Blpm  214¢ - No (<20 ns) - b, c -

133pm  129.7  (3/27%) Yes (8.8s) 45.2 (E3)* - [80]
135pm -7 (5/21) No decay N/A - (811
B7Pm - - - - b [82]
139pm 1887  (5/27) Yes (180 ms)  188.7 (E3) - [83]

* y-ray is labelled as tentative.

? Energy level of 11/2~ state is so low that a -decay is either not possible, or not competitive
with B-decay.

b No positive parity band depopulating the /111, band has been identified for this nucleus.

¢ The quoted energy is relative to the ground state, which is assumed to be similar to the energy
level of the unseen positive parity bandhead.
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Most odd-Z even-N nuclides in this mass region have an yrast structure
built on an odd k4, proton, as is the case for 131Pm. It is observed that, in
some of these cases, the 11/2~ state is isomeric with the nature of isomerism
being spin trapping; the 11/2~ state is lower in excitation energy than the clos-
est spin state it would otherwise decay into. It is interesting to note that for a
tew of these nuclides, low and high order multipolarities are competitive with
each other. 1Cs is a particularly striking example, with E1, M2 and E3 all de-
populating the same state with a half-life of 0.72us [84]. Here, octopole correla-
tions between the 11/2~ and 5/27 states are considered when explaining the
enhanced transition strength of the E3. The E1 is hindered by a factor of ~ 107
compared to the Weisskopf estimate for the transition strength of this multi-
pole. Though some patterns can be picked out from the tabulated form of the
data, it is more instructive to look at this data graphically. Figure displays
the relative energy spacing between the 11/2~ bandhead and the positive par-
ity structure it decays in to, for a collective of odd-Z even-N nuclides in the
mass-130 region. Relative 11/2~ energies for all three of the four nuclei clearly
show a parabolic shape. The caesium isotopes show an increase of the spacing
with mass number; lack of information for isotopes lighter than mass 123 pre-
vent the extension of this comparison to these nuclides. We would expect the
isomeric half-life to increase as relative spacing decreases since this requires
7 rays of a higher multipolarity for the decay to occur. As spacing opens up,
lower allowed multipolarities allow smaller transition lifetimes. Further in-
sight into factors that might influence or correlate with the half-life of these

states is detailed in Figure[5.12]



5.4. Systematic comparison with other odd-Z even-N Pr, La, Pm and Cs

isotopes in the region 135

FIGURE 5.11: Systematic comparison of the relative energy spacing between the /11,
level and the positive parity structure it decays into for various odd-Z even-N nuclides
in this mass region. '*'Pm level assuming ground state is 5/2~ level.
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FIGURE 5.12: Top row: Relative excitation energy of the 11/2~ state for various odd-

Z, even-N nuclides plotted as a function of their nuclear mass number, A (left panel),

and theoretical ground-state quadrupole deformation, B, (right panel). Middle row:

Isomeric half-life of the /1, level plotted as a function of mass number, A (left panel),

and f; (right panel). Bottom row: Excitation energy of the 9/2% level for various odd-

Z, even-N nuclides plotted as a function of mass number, A (left panel), and B, (right
panel).
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Figure top left panel, brings the parabolic pattern of relative hy; /, en-
ergies into stark relief. The panel underneath this shows the half-life of the
isomer as a function of the nuclear mass number, A. The hypothesis that
larger relative energy levels lead to shorter half-lives is confirmed here, with
the relationship between mass number and the natural logarithm of the half-
life being almost linear for caesium, lanthanum and praseodymium. One must
not neglect the fact that half-life information is missing for 1?>!%’La, 1*Pr and
135137Pm, If this information were present, we would expect to see the half-life
increase again as the relative hy; /, energy decreases, reproducing the parabolic
shape seen for the /11 /, energies. A noteworthy feature of Figure is how
the lowest positive parity energy levels appear to spread out, increasing in en-
ergy with increasing mass. This trend is explored in Figure bottom left
panel. Here, the energy of the 9/27 level is chosen as representative of this
energy spread. The pattern is not as pronounced as the linearity we see for
the isomeric half-lives with mass number, but it can be reasonably concluded
that the 9/27 energy increases with mass number. It is interesting to note that
the parabolic pattern seen for the 11/2~ bandheads is not reproduced here.
We can also see that the assigned 11/2~ bandhead energy of 214keV for 13!Pm
appears to be in-line with the linear trend for the other promethium isotopes.
However, consideration must be made that half-life information is only avail-
able for 13313 Pm, and so this linear trend may not be a good indicator of where

we expect this bandhead energy to lie.
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FIGURE 5.13: Theoretical ground-state deformations for various

nuclides in the mass-130 region. The ground-state deformations

were obtained from Moller, et al: Nuclear ground-state masses
and deformations [85].

In Figure comparisons of the same variables were made against the-
oretical ground-state deformation, f,, as well as mass number. The ground-
state deformations were obtained from Moller, et al: Nuclear ground-state
masses and deformations [85]. Here the Strutinsky method is applied, utilis-
ing a finite-range droplet model to obtain nuclear bulk properties, with a shell
correction obtained from a folded-Yukawa single-particle potential. Overall,
for the relative hyy /, energies, isomeric half-lives and 9/2" energies, the same
patterns are observed as for when they were plotted as a function of nuclear
mass. For the K/, energies (Figure top right panel), we obtain a plot
that is almost perfectly symmetric with the nuclear masses plot top left
panel). As neutrons are added, the neutron mass approaches the 82 particle
shell gap, and so deformation decreases. An exception appears for our results

for 1¥1Pm. Here, the predicted ground state deformation is lower than that
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for 133Pm, resulting in the parabola turning back on itself like a horseshoe.
This observation is contrary to those seen where the variables are plotted as a
function of nuclear mass. This can be viewed from several perspectives. The
idea that the variables should show the same — albeit symmetrized — pattern
when it is plotted as a function of both nuclear mass number and deformation,
is predicated on the idea that deformation varies smoothly with mass num-
ber. This expectation, however, may be a simplistic one; Moller’s predicted
ground-state deformations do not vary smoothly with mass for promethium
isotopes between A = 120-134 (Figure[5.13). Instead of peaking at a maximum
deformation, they oscillate somewhat between g = 0.30-0.34. The masses se-
lected for study for the caesium, praseodymium and lanthanum isotopes are
well beyond this oscillatory "maximum", where the deformation once again
moves smoothly with mass. Furthermore, to increase the 9/2" energy to the
approximate 400 keV it would need to be to satisfy these deformation sys-
tematics, observation of further transitions summing to ~ 200 keV would be
required, and they are not seen in this data. Based on these systematics, loose
predictions for the order of magnitude of both the /1, relative bandhead en-
ergy and isomeric half-life are presented in Table We can see that the pre-
dicted 9/2+ energy level for 131Pm is similar to the observed 214 keV of the
11/27 level for this nucleus. Assuming the positive parity bandhead is 5/27,
we can see that the energies for the positive and negative parity levels of the
same spin will lie at comparable energy. Subsequently, transitions between

them will be dramatically hindered by requirement of low transition energy.
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TABLE 5.3: Predicted properties for nuclei without experimental measurements for
these quantities. Predictions are based on the above systematical comparisons and

relationships observed there.

Nucleus Predicted hy1/, Predicted 9/2% Predicted iso-
relative energy energy (keV) meric half-life
(keV) (s)

131pp, . 200 -

135pm - - No Decay

137Pm - 700 10!

139pm - 900 -

125py 600 400 10-6

127py 800 400 104

129p, ) - 10°

12312 200 400 10°

s - 400 10!

1271.a - - No Decay
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5.5 Structure, Alignments and Experimental Routhi-

ans

FIGURE 5.14: Nilsson diagram for protons (top) and (neutrons) for prolate deforma-

tion only. The deformed shell gap at 60 protons is labelled, along with a vertical line

representative of the predicted deformation of '3'Pm. The proposed orbital occupied
by the odd proton is highlighted with a black dot.
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In the study carried out by C. Parry, et al [62], the yrast band for *'Pm was
assigned to Nilsson level 11 ,,[514]3/27. This is contradictory to the level ob-
served in Figure[5.14] where the 61 proton would lie in either the g7,,[411]3/2*
or hyy,[532]5/2" state. In the present work, a Nilsson diagram generated
using a Woods-Saxon potential is used. Older Nilsson diagrams based on
a modified harmonic oscillator potential have different relative spacings be-
tween shells. The author has been unable to source the diagram used in [62],
but speculation can be made. For example, if the relative spacing between the
h11 /7 shell and the g7 /5, 51,2 shells is increased (which is not unreasonable since
they originate from different principal quantum number states 5 and 4, respec-
tively), then it is likely that the [413]5/2" and/or [411]3/2" levels would lie
below [514]3/2~. This would result in the 61 proton lying in the [514|3/2~
state. Since the Woods-Saxon Nilsson diagram does not rely on empirical «
and p parameters for each major shell number, it is proposed that the yrast
band for this structure is built on the 111 ,,[532]5/2~ level.

A systematic survey (presented in Section[5.4) of the excited states for odd-
even nuclides in this mass region was performed. No nuclides were found
to have an hy;/, band with its bandhead spin/parity equal to K”; all bands
are assigned a bandhead spin/parity of 11/2~. However, all of these nuclides
have a smaller predicted deformation than 13!Pm, resulting in the [541]3/2~
level lying closer to the Fermi surface. Work performed by S. Xu, et al, studying
the decay of highly deformed neighbour >Pm predict a ground-state for this
nucleus of 5/27, based on observations of its decay into a 5/2 low-lying state
in the daughter nucleus '??Nd via the (EC +8.) decay [86]. These experimental
tindings are compounded by theoretical predictions presented by Moller, et al,
which have the ground state spin/parity for both 12Pm and 13'Pm as 5/2~
[87, 188]. Since the predicted [85] ground-state deformations, B, are similar
for both nuclei (0.30 and 0.29, respectively), it is reasonable to assume that the

experimental findings for the '?Pm’s ground state apply to '3!Pm also.



5.5. Structure, Alignments and Experimental Routhians 143

As described in the introduction to this chapter, it is known that the ob-
served increase in alignment for this nucleus comes primarily from the align-
ment of a pair of /11, neutrons - contrary to the predictions of the Cranked
Shell Model (CSM). Experimental single particle alignment (i, ), dynamic mo-
ment of inertia 7 (?) and routhian (¢’) have been calculated for both bands and
are displayed in Figure The following discussion will make comparisons
between the experimental single-particle alignments and routhians displayed
in Figure and theoretical CSM routhians displayed in Figure calcu-
lated using a Woods-Saxon potential [21] 89]. Measured alignment gain is of
the order 27, in agreement with [62]. Figure 5.1/ displays evidence for transi-
tions between the regularly spaced rotational transitions. The extended CSM
calculations carried out by Parry, et al, predict a large gain in alignment at
hw =~ 0.58 MeV from the alignment of a second pair of 11/, neutrons. It is
possible this alignment is being observed here but it can’t be said for certain
without measurements at high spin.

Success for the Cranked Shell Model is seen when comparing the exper-
imental and theoretical routhians for this nucleus. Experimental signature
splitting is minimal at low spin, gradually increasing to a measured signa-
ture splitting of 0.22 MeV. The CSM results for protons (Figure top panel)
reproduce this behaviour almost exactly, with signature splitting gradually in-
creasing to a value of ~ 0.25 MeV. Comparisons between the theoretical and
experimental routhians allow assignment of (77, ) numbers to the bands in
Figure as well as confirming the assignment of the Nilsson bandhead
as hi1,2[532]5/27. The configuration introduces a signature inversion at low
spin; the "signature partner" becomes yrast at low spin. This can be seen in
the bottom panel of Figure as the lines representing the two bands tend
toward each other. This is not a problem in and of itself since a small degree of
triaxiality would result in such an inversion, and triaxiality is common in this

region of y-soft nuclei [90].
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FIGURE 5.15: All figures: solid circles represent the yrast band and crosses rep-

resent its si%nature partner. Harris parameters used in production of this figure,

Ji = 299 h*/MeV and J; = 15.8 1i*/MeV3. Panel a): experimental single particle

alignment. Panel b): experimental dynamic moment of inertia. Panel c): experimental
routhian.
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FIGURE 5.16: Cranked Shell Model quasiparticle Routhians (top: protons, bottom:
neutrons), generated using a universal, triaxial Woods-Saxon potential. Labels corre-
sponding to Nilsson levels are only valid at zero spin (i.e 0 hiw) since rotation causes
states to become a mixture of different wavefunctions. B,= 0.320, B4 = 0.0, y= 0.0°.
(7T, ) : solid = (+,+1/2), dotted = (+,~1/2), dot—-dash = (-,+1/2), dashed = (-~1/2).
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TABLE 5.4: Quasiparticle labelling scheme for 131pm along with
their assigned Nilsson configuration at zero rotational frequency.

Label (7, a)% Configuration®
Quasiprotons

A (+,4+1/2); ds /p[411]3/2*

B (+,-1/2); ds /p[411]3/2F

C (+,—1/2); 87/2[413]5/27"

D (+,+1/2), g7/2[413]5/2F

E (= —1/2) h11/2[532]5/2~

F (—,+1/2); h1 2153215/2~

G (—,—1/2)2 h11/2[541]3/2_

H (=, +1/2), h11/2[54113/27
Quasineutrons

a (+,-1/2)1 g7/2[402]5/2"

C (—i—,—|—1/2)2 51/2/d3/2[411]1/2+

d (+,*1/2)2 51/2/d3/2[411]1/2+

e (= —=1/2) h11/21523]7 /2~

f (= +1/2) h11/2152317/2

g (= —1/2), f7/2[541]1/27

h (—, +1/2)2 f7/2[541]1/2_

? The subscript n numbers the quasiparticle’s excitations of a given signature and parity start-
ing with the lowest in energy at fiw = 0 MeV.
b Nilsson configurations only valid at iiw = 0 MeV.

Figure top row, indicates that alignment effects start to be observed
at hw = 0.45 MeV. It is predicted here that the proton wrg and neutron w,
crossings occur at roughly the same frequency: iiw ~ 0.4 MeV. This is contra-
dictory to the calculations performed by C. Parry, et al. However, this does not
challenge their main conclusion: that contributions toward the total alignment
comes from both protons and neutrons, with the majority coming from the
neutrons. Indeed, all that could be concluded from this work alone is that the
CSM leaves ambiguity concerning where the gain in alignment comes from, as

a result of the lack of a unique crossing frequency.
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5.6 Other Considered Level Schemes

Throughout the analysis of the coincidence data, some doubt was cast over
the ordering and structural assignments given to the lowest energy transitions
belonging to this nucleus. An example is the ordering of the 66 and 147 keV vy
rays. In the previous section evidence was presented for a statistically signif-
icant level of counts for a 66 keV transition in prompt coincidence with both
97 and 147 keV. Within this section, alternative schemes are proposed assum-
ing this relationship is false, specifically that 66 keV and 147 keV do not decay
in cascade. An essential prerequisite to the analysis presented in the previous
section is that the projection along the deformation axis of the single-particle
angular momentum, (), is large (enough) in comparison to the total angular
momentum of the state, ], that the rotationally aligned limit no longer ap-
plies. The orbital assigned to the odd /11, proton throughout this analysis has
been the [532]5/27 level. The () value for this level places the spin projection
somewhere in the middle of two extremes: neither deformation or rotationally
aligned. The analysis presented in this chapter assumes that the rotationally
aligned regime no longer applies; the bandhead of the yrast cascade is given
by I = K™ = 5/27. This hypothesis is supported by experimental determina-
tion of odd-even neighbour 129pm’s ground state as 5/27 [86] and theoretical
predictions assigning both *Pm and ¥Pm a ground state of 5/2~ [87, [88].
The alternative hypothesis is that the odd proton is still rotationally aligned
and that the yrast bandhead is given by I"" = J™ = 11/27. This idea is sup-
ported by the cranked shell model calculations displayed in Figure[5.16|where
the quasiprotons associated with the [413]5/2" and [532]5/2" levels become
so close they overlap. In addition, the systematical comparison displayed in
Table |5.2|found that the spin/parity of the band built on the odd /17, proton
is always given by I" = ™ = 11/27. Extending this comparison to the heav-

ier europium nuclides, we find the lightest (most deformed) odd-even isotope
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with known excited states is '3’ Eu, whose yrast cascade looks remarkably sim-
ilar to 1¥'Pm and whose bandhead is also assigned 11/2~ spin/parity. A final
consideration to be made is the simple reasoning that 5/2 is closer to 1/2 (ro-
tationally aligned) than 11/2 (deformation aligned).

With all that said, a thorough consideration of alternative schemes has been
made - a summary of which is presented in this section. These schemes involve
the reordering of the low energy <y rays, limiting the bandhead spin/parity to
11/27 (assuming I = | as per the rotational alignment limit), or both. Figure

presents all of the alternative schemes that were considered.

FIGURE 5.17: Three level schemes considered as alternative ex-
planations for the low spin structure of '3!Pm.
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One immediate consideration is that the coincidence data for this nucleus
is subject to considerable background contamination. As mentioned in the
previous section, '3!Nd shares transitions of near identical energies to '3!Pm:
145.9, 405.5, 528.0 and 635.9 keV. Figure panel a), details an early idea that
the signature partner band extended from spin 13/27 to 9/2~ via a 299 keV
quadrupole. The coincidence data supported this idea, and 299 keV is equal to
the summation of the 204 keV (later remeasured as 205 keV) and 95 keV (later
remeasured as 97 keV), both of which would act as the AI = 1 transitions.
However, 299 keV is an M1 transition belonging to '*!Nd. Its presence in this
coincidence analysis was as a result of the unfortunate similarity in energies
between the 405.5, 528.0 and 635.9 keV +y rays and the 406, 530 and 637 keV v
rays in 131Pm’s signature partner. It was proposed for this scheme that 147 keV
transitioned directly to a bandhead built atop the [404]9/2" intruder orbital.
However, this configuration can’t be true for three reasons. Firstly, the DCO
ratio measured for 147 keV was 0.82 % 0.06, consistent with a quadrupole char-
acter and inconsistent with 147 keV spanning a single unit of spin to bridge
the 11/2~ and 9/27 states. Secondly, 147 keV is seen in coincidence with 299
keV, courtesy of 13INd, so 147 keV would have to be below 299 keV in this
scheme. Finally, bands built on the [404]9/27 orbital are generally seen to be
at much higher excitation energies within this mass region, so this assignment
would create an inconsistency. A final problem with this level scheme is the
spin/parity of the bandhead. 7/27 is equal to neither | or K. In order to ex-
tend the spin down to 5/27, at least two transitions have to be introduced
to account for the linking dipole and crossover E2. No further transitions are
seen in coincidence with the proposed scheme. This makes sense since 299
keV does not belong to 13!Pm in the first place. It was proposed that 147 keV
could stand in as the crossover E2 between the 9/2~ and 5/2 states, but the
ordering of the 97 and 67 keV transitions would have to be reversed, since 97,

147 and 163 keV cascade in parallel (Figure [5.5). This idea is what led to the
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proposed level scheme for this nucleus presented throughout the bulk of this
chapter. One of the biggest problems with this proposal is the systematical in-
consistency caused by the assignment of the /1, bandhead as I = K = 5/2.
The level scheme presented in panel b) is an attempt to remedy this. This
level scheme is almost identical to that presented in Figure in terms of the
ordering of the transitions. A major change comes from the presumption that
rotational alignment still applies here, and the /111, bandhead is I = ] = 11/2.
Another point worthy of note is that, though the 271 keV transition spanning
13/2 and 9/2 is not presented in this scheme, the energy difference between
the two states still allows its assignment, except here its multipolarity would
be M2. Questions would then be raised about how an M2 transition is com-
petitive with the 205 keV M1 that depopulates the state. Though this scheme
satisfies the systematical observation that the 11/2 state is always seen to de-
cay into a positive parity rotational band, ultimately the deformation aligned
scheme presented in Figure[5.10was preferred as a result of the observed v ray
orderings.

The final scheme presented in panel c) is an attempt to reconcile the ob-
served difference in intensity between the 67 and 97 keV transitions. It is
bizarre that the 97 keV transition should be so intense in panel b), given that it
is fed only by the weak 67 keV transition. Of course, this paradox is resolved
in Figure by having the state depopulated by 97 keV and 147 keV fed by
both the 67 keV M1 and the 271 keV E2. In the circumstance that we choose
to stand by the rotational alignment limit, however, this cannot apply. Instead,
we must have 67 keV preceding the 97 keV M1. This then means that 163 keV
can decay either to the same level as the one fed by the 67 keV « ray, or an-
other one of the same energy but different spin/parity. A couple of problems
are then raised by this scheme. The first is that the 147 keV transition must be
placed such that it transitions directly out of the 11/2™ state, since its observed

mutual exclusivity to 163 and 97 keV must be preserved. It was proposed 147
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keV could decay directly to the lowest level of a band built atop the high-Q) in-
truder orbital [404]9/27. That 147 keV would then take on an E1 multipolarity
is contradictory to both the DCO and linear polarisation measurements made
for it. Furthermore, bands built on the [404]9/2% orbital are observed in this
mass region to be much higher in excitation energy than the level proposed
here. The second problem is that 97 keV and 163 keV would have to take on
multipolarities M2 and E3, respectively. Systematic comparisons (Table
do support the idea that y rays of these multipolarities can compete, but only
one other nucleus sees this happening with a half-life on the order of nanosec-
onds; 13La has a half-life of 62 ns, but the 535 keV E3 depopulating this state
is assigned only tentatively.

To summarise, in the author’s opinion the only real choices for this scheme
are the one presented Figure and the one presented in[5.17b. The obser-
vation of the 271 keV transition between the 13/2 and 9/2 states makes the
former option a better explanation, since there is no reason here that a 271 keV

M2 would be competitive with a 97 keV M1.
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Chapter 6

Detailed Gamma-Ray Spectroscopy

132
of 61Pm

132Pm. Doubly odd nu-

This chapter presents a study of doubly odd nucleus
clides can provide a complex collective of nuclear energy levels; the unpaired
proton and unpaired neutron couple to each other and a deformed core creat-
ing quasiparticle states with the potential for a large K-quantum-number: the
projection of the nuclear spin along the axis of deformation. Without the ben-
efit of pairing to increase their binding energy, the odd proton and neutron
cause deformation to the core and instability to the nucleus as a whole. In-
deed, no doubly odd nucleus beyond '*N is stable. For odd-Z odd-N nuclei
in this mass region, it is common that rotational bands well characterised by
their quasiparticle nature have been identified. However, their relative exci-
tation energies are often lacking, with the isomeric nature of their bandheads
hindering a complete spectroscopy; this is the historical case for 132Pm. Here,
we present a more complete spectroscopy of 32Pm including band extensions,
connections of two of these bands to the proposed ground state and character-
isation of its isomeric states. Bands 1 and 2 of this nucleus are associated with
two-quasiparticle structures and are both isomeric, decaying with half-lives of

187 =4 ns and 19.9 £ 0.5 us, respectively. It is proposed that band 2 decays
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to the ground state of this nucleus by way of a 43 keV M2 transition. This as-
signment is substantiated by comparison of the measured half-life of the state
to the Weisskopf estimate for a transition of this energy and multipolarity, ad-
justed for its internal conversion. Bands 3 and 4 were not linked to this scheme
and remain floating. Band extensions are made at both high and low spin for
all four bands and speculation made as to the quasiparticle nature of bands 3

and 4.

6.1 Literature Review

A single study of this nucleus was performed by R. Wadsworth, et al [91],
using the Daresbury POLYTESSA array. Four floating bands were identified
and speculation made about their quasiparticle nature. Since relative excita-
tion energies between the bands were not known and spin/parity informa-
tion was based on systematic comparison, it was not possible to unambigu-
ously assign a quasiparticle configuration to these bands. Utilising estimated
K values of 4, 5, 5 and 5 for bands 1-4, respectively, single-particle alignment
and experimental routhian plots were generated. None of the bands were
seen to exhibit large signature splitting as is expected for a high-K rotational
band, and in agreement with the CSM calculations performed. The alignment
plots for both bands 1 and 2 showed no indication of alignment effects at 0.3
hiw, providing evidence for the Pauli blocking of the /1, ,, proton associated
with this crossing. Because of the ambiguity of neither band showing signa-
ture splitting, the predicted structure for the bands were 7thy; » ® vhyy, and
1thy1 /2 ® vg7 2 without being able to distinguish which band belongs to which
structure. Discussion was made on alignment effects observed for band 4 at
hiw = 0.3 MeV. Thus, their favoured candidate for band 4’s low spin struc-
ture was either g7/, ® Vg7, or 1gy/» ® vhiy,,. Band 3’s configuration was

deemed to be unclear.
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In order to get a clear idea of what other studies have identified in terms
of band structure, a systematic survey of other odd-odd nuclei in this mass
region was performed, looking for similar bands. The results are detailed in
Table The contradictory nature of bandhead spin/parity assignments for
doubly odd nuclei is obvious from a glance at Table Most bands are float-
ing, and those that are not usually decay into an isomeric state which itself is
floating. Not one band from any of these nuclei has an experimentally veri-
fied excitation energy relative to its ground state. Furthermore, inconsistency
can be seen in spin/parity assignments for bands who share the same pro-
ton and neutron configuration. For example, bands assigned as being based
on the 7 hy1/2[541]3/2™ ®v hy1,2[523]7/2~ configuration are found in 134ppy
and 12130132pr nyclei. However, in all four cases the bandhead J™ and K™
are inconsistent. In the cases where bands are not isomeric, the bandhead |
does not have to correspond with the K™ of its constituent proton and neutron.
For nuclear shapes that are both static and symmetric, K is a good quantum
number. However, triaxial deformation and rotation can mix states of good K,
producing an effective <K> value. Inconsistency between the K values is usu-
ally a result of fixing the K input parameter to Donau-Frauendorf theoretical
B(M1)/B(E2) calculations as <K>, where <K> is whatever value gives the best
fit to the experimentally determined ratios. Inconsistency between coupling
modes are also seen for identical configurations. Perpendicular coupling is ap-
propriate when high and low-() orbitals are coupled. Parallel coupling, also
known as the Gallagher-Moskowski rule [92], is appropriate in case of | spin

vectors that are approximately parallel to one another.



156 Chapter 6. Detailed Gamma-Ray Spectroscopy of 1% Pm

TABLE 6.1: Compilation of the band configurations, bandhead excitation energies

(where known), proton-neutron coupling mode, isomerism and other notes for var-

ious odd-odd nuclides in this mass region. Where multiple spins have been listed for

K, this has resulted from coupling the spins parallel or antiparallel, with each possi-
bility allowed in the context of the level scheme and selection rules.

Nucleus 7 K™ Band Configura- E (keV) Coupling Mode Isomeric? Ref  Notes
tion
134Pm (8+) 8+ 7thyy/2[541]3/2~ (7- band-  Perpendicular No 272 [93] a
vhy12[52317/2~ head)+272 keV, E1)
(7-) 7- 7g7,2[41315/2% Floating Perpendicular Yes @3 -
Uhll/z [523]7/27
136Pm 8+) 8+ 1thyy/2[541]3/2~ Floating Perpendicular Yes (43keV  [94] -
vhyy,2[514]19/2~ E1, 1.5us)
(5-) ? 7g7,2[41315/2% Floating Unknown Yes (B4, [94] -
Vh11/2[514]9/27 1075)
138Pm 8+) 8+ 7thyy/2[541]13/2° (5- band-  Perpendicular Yes (174 [95] -
vhy1,2[514]9/2~ head)+594 keV  El,
21ns)
126Pr 6+) 1+ 1thyy /2[541]13/2~ (6+ band- Parallel No (106 [96, b
2+ vh o/ f7,2[541]1/2~ head)+106 keV 97]
Dipole)
(7+) 5+ 7thyy/2[541]13/2~ (6+ band- Parallel Unknown 96, b
(84) vhy1/2[523]7/2~ head)+68 97]
128Pr 6+) 5+ 1thyy/2[541]3/2~ Floating Parallel Unknown [96, a
1/]’!]1/2[523]7/2_ 97]
7+) 1+ 1thyy /2[541]3/2~ (6+ band- Parallel No [96, -
2+ th/z/f7/2[541]1/27 head)+530 97]
4-) 1- 1thyy/2[54113/2~ Floating Parallel Unknown [96, -
2- ]/113/2/51/2[411]1/2Jr 97]
(8-) 4- 1thyy2[541]3/2~ (4- band-  Parallel No [96, -
vds»[402]5/2F head)+365 97]
(8-) 8- 7g9,2[40419/2F Floating Parallel Yes (>80ns) [96, -
1/]’111/2[523]7/27 97]
130Pr (6+) 5+ 7thyy /2[541]3/2~ (5+ band- Parallel No (o8] -
]/h11/2[523]7/27 head)+62
6-) 4 7thyy /2[541]13/2~ (5+ band- Parallel No @8 -
vg7,,[402]5/2* head)+58
132Pr 8+) 5+ 1thyy /2[54113/2~ (5+ band- Parallel No @8 -
Vh11/2[523]7/2_ head)+98
(6-) 4- 1thyy/2[541]3/2~ (5+ band- Parallel No 98] -
vg7,2[402]5/2* head)+381

? Preferred odd-spins expected for this band, as per Equation[6.1]

b Authors of references, Hartley and Petrache, disagree over bandhead spin/parity assignments.
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6.2 y-ray spectroscopy

132Pm was populated via the ®*Ni +78 Kr —132 Pm + n3p reaction. The fol-
lowing analysis is from the low-energy portion of the J]M06 data, where 32Pm
was populated with a greater cross section. The following results utilise this
part of the data only, since inclusion of the high beam energy data introduces

a large background signal.

6.2.1 Prompt y-ray coincidences
Band 1

The first spectra displayed are those detailing prompt 7y rays measured using
JUROGAM, associated with band 1. Figureshows spectra comprising sums
of doubles gates on triples data, where the transitions inside each gate list are
the stretched E2 cascades for even (Figure [6.Th) and odd (Figure [6.1b) spin
Al = 2 cascades. Except where noted, for this band and all bands in this chap-
ter ordering of transitions in the cascade have been confirmed using doubles
gates on triples data, where statistics allow such a measurement. Ordering of
7 rays can also be substantiated by "intensity arguments"; the low-spin states
have a larger intensity owing to side-band feeding. The state at the base of this

band is isomeric, and is discussed in more detail in Section |6.2.2
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FIGURE 6.1: '32Pm Band 1. Panel a): sum of doubles gates on triples data using a gate
list comprised of all E2 transitions between even-spin levels in band 1. Panel b): sum
of doubles gates on all E2 transitions between odd-spin levels in band 1.
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FIGURE 6.2: ¥2Pm Band 2. Sum of doubles gates on all -y rays assigned as belonging
to band 2 and above I = 57, as displayed in Figure

Figure[6.2|displays a sum of doubles gates across all transitions in band 2. The
ordering of five transitions at the highest energy range of the spectrum have
been made considering the approximately consistent spacing between levels in
a rotational cascade, coupled with intensity arguments. As well as extensions
at the top of the band, extensions have been made to the low-spin section of
the band. Figure|6.2|displays a 73 keV transition which is shown to be in coin-
cidence with the other members of this band. A detailed coincidence analysis
is detailed in Figure The top panel of this Figure shows the projection of vy
rays in coincidence with 73 keV and 73 keV. The figure displays evidence for
the lowest M1 members of band 2. Further evidence is detailed in the bottom
panel of this figure, where the projection of 7y rays in coincidence with 73 keV
and 107 keV are displayed. Despite 73 keV being one of the gating 7 rays, a

small peak is visible at 73 keV in this spectrum. From this we must conclude
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that the low end of band 2 is extended by two individual 7 rays each with
energy 73 keV. Since these transitions are in cascade, it is not possible to distin-
guish between their individual energies within the precision of the JUROGAM

spectrometer.

FIGURE 6.3: Panel a): v rays in coincidence with 73 keV and 73 keV. The lowest four

M1 transitions of band 2 are visible, providing evidence for the existence of two 73

keV transitions at the base of band 2. Panel b):  rays in coincidence with 73 keV and
107 keV. A peak at 73 keV is visible along with various known members of band 2.
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By consideration of the Weisskopf estimates at this low energy, one can
initially presume the multipolarity of these 73 keV v rays to be AI = 1 tran-
sitions. With these transitions placed as "linking" transitions, it is possible to
infer the existence of a pair of "crossover" E2 transitions, with energy equal to
the sum of the linking transitions that lie parallel to them. In this case we look
for crossover transitions of energy 180 keV (73+107) and 146 keV (73+73).

Figure[6.4|displays the projection of 7 rays in coincidence with 180 keV and
142 keV. Similarly to the previous case with the 73 keV doublet, despite 180 keV
being one of the gating transitions, a small peak is visible at 180 keV. The inset
of this figure details a simple numerical fit to this data of a gaussian curve
superimposed on a linear background. The background subtracted number
of counts under the curve is 305 £ 34. Unlike the previous case with the 73
keV doublet, it is possible to uniquely gate on the two 180 keV transitions
to measure their individual energies. The M1 can be distinguished by gating
on 107 keV and 142 keV. Since the 107 keV transition runs parallel to the 180
keV E2, no trace of this E2 should be seen in the spectrum. The E2 can be
distinguished by gating on 323 keV and 464 keV. The 323 keV transition runs in
parallel to the 180 keV M1 preventing traces of this y ray within the spectrum.
The individual energies are displayed in Table
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FIGURE 6.4: 7 rays observed at JUROGAM in coincidence with both 142 keV and 180
keV. A small peak at 180 keV is visible, along with various other members of band 2.
Inset: numerical fit to the 180 keV peak of a single term Gaussian superimposed on a

linear background. The background subtracted number of counts under the curve is
305 + 34. x*/NDF: 8.4.

A crossover E2 transition with energy 146 keV was not observed in this
data set. Considering the Weisskopf estimates for transitions of energies 146
and 180 keV (Table we can see that the relative transition rate for a 146 keV
7 ray is almost three times slower than the 180 keV E2.

TABLE 6.2: Weisskopf single-particle estimates of transition rate

for 146 and 180 keV + rays.
Energy (keV) M1 (s) E2 (s)
146 7.08 x 10712 8.57 x 10~°
180 3.78 x 10712 3.01 x 1079

Coupled with the small number of counts observed for the 180 keV transition,

it is clear to see that one would need a greater amount of counting statistics
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to hope to observe this 146 keV transition. An alternative idea is that the mul-
tipolarity of the final 73 keV transition is in fact of electric dipole (E1) char-
acter, and this transition depopulates the band instead of acting as a linking
transition. Unfortunately, the same ambiguity that prevents unique gating on
the individual energies also prevents us from performing a DCO analysis on
these transitions. Reasoning for both of these transitions having M1 character

is made in Section [6.4]

Bands 3 and 4

Figure [6.5 details the observed prompt < rays for band 3. It was not possible
through analysis of both prompt and delayed coincidence matrices to link this
band to bands 1 and 2. Furthermore, ambiguity surrounding its experimental
single-particle alignment and signature splitting prevent definite assignment
of its Nilsson bandhead; this is discussed in detail in Section The bottom
panel of this Figure features some interesting peaks at energies 854, 966 and
1091 keV. Low statistics prevent a thorough analysis of the ordering of these
peaks by way of doubles gating; it is unknown at this time whether they belong
to band 3 and, if they do, what their ordering is. Despite this, extensions over
previous work have been made by consideration of energy spacing and inten-
sities, as was done for bands 1 and 2. For the preferred-spin (lower energy)
cascade, transitions 774, 886, 951 and 1028 keV are new. For the non-preferred

side, transition 1025 keV is new.
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FIGURE 6.5: 132Pm Band 3. Panel a): sum of doubles gates on all 7 rays in the preferred

signature (lowest energy) cascade (204, 292, 385, 482, 581, 680, 774, 866, 951, 1028 keV).

Panel b): sum of doubles gates on all 7y rays in the non-preferred signature (higher
energy) cascade (239, 320, 410, 516, 625, 731, 829, 917, 1025 keV).
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FIGURE 6.6: 132Pm Band 4. Panel a): sum of doubles gates on all 7 rays in the preferred

signature (lowest energy) cascade (181, 264, 352, 449, 540, 625, 706, 789, 870, 941, 1029,

1113 keV). Panel b): sum of doubles gates on all -y rays in the non-preferred signature

(higher energy) cascade (218, 314, 414, 507, 590 674, 758, 854, 928 keV). Transitions
marked with a * are contaminants from a nucleus other than 3!Pm.
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Like band 3, it was not possible to link band 4 to the other observed bands.
Also like band 3, it was not possible to assign band 4 a unique Nilsson config-
uration. Figure |6.6| details the 7y rays observed for this band. Extensions over
previous works have been made at the top and bottom end of the band, with
transitions 77, 181, 870, 928, 941, 1029 and 1113 keV newly observed.

Evidence of these y-rays belonging to '32Pm comes from direct measure-
ment of the mass of the recoil associated with these 7y rays. Low counting
statistics for bands 3 and 4 prevent production of a plot of MWPC-x against -
ray energy as was done for 3'Pm (Figure . Figure|6.7|displays the MWPC-
x coordinate of recoils associated with <y rays from all four bands. That the
curves line up with each other, and are all within coordinate ranges associ-
ated with mass 128/132 recoils provides evidence for these < rays belonging

to 132Pm.

FIGURE 6.7: MWPC-x coordinates associated with recoils selected by correlation with
prompt 7 rays observed in each band of '¥Pm. Black vertical lines indicate MWPC-x
coordinate ranges associated with mass 128/132 recoils.
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FIGURE 6.8: MWPC-x coordinate against y-ray energy for all recoils associated with
7 rays observed in the decay of bands 1 and 2 in 132Pm. MWPC coordinate ranges
corresponding to different masses are highlighted.

Counting statistics for bands 1 and 2 are plentiful and facilitate a plot of
MWPC-x coordinate against y-ray energy for both bands, displayed in Figure
7 rays associated with both bands cluster unambiguously in rows along

MWPC-x coordinates associated with mass 128 /132 recoils.
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6.2.2 Delayed 7y rays

This section details the spectroscopy of delayed <y rays emitted by 132Pm as it
decays out of isomeric states. As detailed in Chapter 3, the flight time of a recoil
traversing the recoil separator is around 450 ns. This makes the experimental
setup sensitive to isomeric decays with half-lives anywhere from around 50
ns to 200 us. The upper limit is mediated by the implantation rate into the
DSSD and is discussed in more detail in Chapter 7. 132Pm was first identified
in this dataset by observation of a strong 73 keV delayed -y ray. This y ray was
later found to be associated strongly with band 1. Rather than systematically
test every delayed y ray;, it is instead useful to select events using the prompt
7 rays observed at JUROGAM. Great care is required when selecting events
utilising <y rays at the target position: there are vastly more of them compared
to those observed at the focal plane, owing to the variety of decay energies
observed from a high-spin cascade. This can introduce some ambiguity in
any given selected event, since a -y ray of a particular energy may belong to
multiple bands or nuclides. To mitigate this, a selected event must fulfil the
criteria of having two coincident <y rays from a predefined list (an and gate),
instead of just one. This is similar to the triples coincidence analysis made
possible by the RADWARE cube. It is less likely, though not impossible, that
two particular energies will belong to multiple bands. Event selectivity can
be further improved through the use of time gates and mass selection. In the
former case, a sort is first performed where a matrix is produced tabulating
focal-plane <y energy against the time difference between recoil implantation

and the subsequent 7y decay. This is visualised in Figure
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FIGURE 6.9: 2-dimensional histogram of focal-plane y-ray energy against the time
difference between recoil implantation and the subsequent -y decay.

Here, several strong lines indicate the energy -y rays associated with isomeric
states and decrease in intensity along the y-axis according to the lifetime of
these states. By limiting the prompt-7y event selection to events where the focal-
plane <y rays are emitted within a few half-lives of the decay we are searching
for, we can dramatically limit the amount of background contamination seen.
Mass gating is rather more simple. As detailed in Chapter 3, MARA separates
out recoils according to their m/q ratio. Here, only events satisfying a gate
allowing mass-128 and mass-132 recoils are selected. Gate lists are composed
for each of the bands, comprising transitions which are members of that band.
The results of this search are detailed in Figure|6.10|

An immediate reaction is that all four bands seem to show association with
the same transitions. To verify these coincidences, a new sort is performed
where events are selected using the focal-plane transitions observed in Fig-
ure From these events, prompt 7y matrices are plotted and checked for
7 rays associated with bands 1 - 4. For band 1, strong (delayed) coincidence

was observed between the 43, 63 and 73 keV focal-plane 7 rays and its prompt
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transitions. For band 2, coincidence was observed between its prompt -y rays
and the 43 keV delayed transition. Of important note is that the K, and Kg
internal conversion x-ray energies for promethium are 38 and 43 keV, respec-
tively. It is expected that the intensity of the Ky peak be around one-fifth that
of the K, peak [99]. Bands 1 and 2 clearly do not obey this proportionality, with
the Kz peak at least twice as intense as the K, in both cases. This information,
coupled with the observed coincidence between 43 keV and the prompt radi-
ation associated with bands 1 and 2, leads us to assign 43 keV as a true <y ray.
112 keV was not found to be in coincidence with any of the four bands. This
transition is overwhelmingly associated with '3!Nd. Its presence in this spec-
trum is the result of the lack of selectivity offered by gating using prompt
rays, combined with the fact that the mass gate will sometimes allow through
events from neighbouring masses whose events have particularly high m/q
ratios for that mass and charge state. Similarly 79 keV was not found to be
in coincidence with band 3. This transition is instead associated with *°Pr.
This elimination process leaves us with three candidate y rays: 43 and 73 keV,
and tentatively 63 keV. In an attempt to whittle down the list, another sort was
performed requiring three coincident prompt < rays to be observed from each
gate list. The results of this search are displayed in Figure The higher se-
lectivity comes at the expense of statistics; it can be observed that bands 3 and
4 do not display any major photopeaks. This can be explained by considering
that either bands 3 and 4 have isomeric half-lives longer than the experimental
boundary, or they both decay to the ground state, or they are not sufficiently
populated to yield statistically significant levels of counts with this high-fold
selectivity. Band 2 registers a peak at 43 keV, while band 1 shows peaks at 38,
43, 63 and 73 keV.
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FIGURE 6.10: Focal-plane -y singles observed by tagging on a combination of any two
coincident prompt y rays observed by JUROGAM, from a gate list composed of 7y rays
belonging to the band labelled on the figure panel.
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FIGURE 6.11: Focal-plane 1 singles observed by tagging on a combination of any three
coincident prompt y rays observed by JUROGAM, from a gate list composed of -y rays
belonging to the band labelled on the figure panel.
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To facilitate the focal-plane 7y coincidence analysis, a mass-gated 7y ma-
trix was produced tabulating all focal-plane 7y rays following implantation of a
mass 132 (or mass 128) recoil. In order to be incremented into the matrix, the ¢y
rays must be detected within a £20 ns time window of each other. Figure [6.12]
shows the 7 rays in fast coincidence with 73 keV at the focal plane. A back-
ground gate is set at 63 keV. It can be seen that 73 keV is in coincidence with
another transition of energy 73 keV. Recalling the prompt 2 triples analysis,
we already know that band 2 has two 73 keV transitions at low spin. At least
one of the 73 keV < rays seen at the focal plane must not belong to band 2,
since it is depopulating band 1. This presents us with two possible explana-
tions: either there are three 73 keV <y rays in cascade (one out of band 1 directly
followed by the two M1s in band 2), or the 73 keV out of band 1 only sees the
second of the two M1 < rays in band 2. To test the former option, events were
selected within a sort by gating on a 73 keV transition at the focal plane. From
these events, the remaining focal-plane y rays were sorted into a 7y matrix.
Within this matrix, a gate is placed for 73 keV. The projection is displayed in
Figure A small number of counts can be seen around 73 keV. The small
count may be due to the small number of focal plane germanium detectors
utilised but it is more likely that the counts seen here are false correlations be-
tween the intense 73 keV peak and the Compton background at the focal plane.
It is therefore proposed that the 73 keV transition out of band 1 sees only the
second of the two 7 rays in band 2.

63 keV was shown to be weakly coincident with 73 keV, but could not be
placed within the level scheme with any certainty. This transition is not ob-
served in coincidence with band 2 or the 43 keV 7 ray depopulating it, which
suggests that it cascades in parallel to the 73 keV -y ray depopulating band 1.
Coincidence between 63 keV and 73 keV could then be explained by a linking
transition of 9 keV, which is not observed here. Without larger 7> counting

statistics, it cannot be ruled out that coincidence between 73 keV and 63 keV
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is just due to contamination from the shoulder of the intense 73 keV peak. it
Finally, 43 keV is not seen to be in fast coincidence with any of these <y rays.
We know from the delayed coincidence analysis that 43 keV is seen by both
bands 1 and 2; that it is not seen in coincidence with 73 keV here is because
the 43 keV transition has a longer half-life than the 20 ns time gate placed on
this coincidence matrix. This idea is substantiated by evidence of delayed co-
incidence between 43 keV and 73 keV in a delayed (1us coincidence window)

focal-plane 7y matrix as displayed in Figure|6.14|
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FIGURE 6.12: Panel b): Projection of the focal plane <y-coincidence matrix. < rays

incremented into this matrix are measured in correlation with any recoil implantation

into the DSSD. The <y rays themselves must be measured within a coincidence window

of 100 ns of each other. The green and red bars represent a gate and background gate

on 73 keV and 63 keV, respectively. Panel a): Results of the gating procedure displayed

in the bottom panel. Here a striking peak at 73 keV is visible, offering evidence of two
73 keV 7 rays seen in cascade at the focal plane.
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FIGURE 6.13: Panel b) Projection of the focal plane yy-coincidence matrix produced

by gating in sort on 73 keV (effective 7 coincidence). The green and red bars represent

a gate and background gate on 73 keV and 78 keV, respectively. Panel a) Results of the

gating procedure displayed in the bottom panel. Some counts are visible at 73 keV,
but are not statistically significant.
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FIGURE 6.14: Delayed coincidence between 43 keV and 73 keV in a (1us coincidence
window) focal-plane vy matrix. The 199 keV transition seen in this coincidence matrix
is associated with the (8+) isomeric state in 28Pr.
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Table |6.3| and Figure catalogue every <y ray observed in the decay of
132pm. In total, 121 7 rays were observed, 32 of which have been observed
for the first time. The level scheme displayed in Figure has been con-
structed following y doubles/triples analysis from both prompt and delayed
coincidence matrices. Spin/parity assignments are tentative and discussed in
greater detail in Section 6.4, DCO (Directional Correlation of Oriented States)
analysis and measurement of --ray linear polarisations have been made fol-
lowing the same methodology as in the previous two chapters. For all four
bands, DCO ratios have been measured from 7 spectra gated by a stretched E2.
Owing to the lower population of bands 3 and 4, DCO ratios were measured
from a mass-gated <y matrix, dispensing with the more selective "triple"-vy se-
lection method. The measured ratios for the low-energy transitions in bands
3 and 4 are higher than that which is expected for -y rays of dipole character
(Rpco =~ 0.6 in this work). These high ratios can come as a result of high
M1/E2 mixing.

The isomeric nature of the four rotational bands precludes relative intensity
measurements between the bands. Instead, relative intensities presented are
between transitions belonging only to that band, with a 100% intense transition
picked for each band. Intensity measurements are measured with an accuracy
of £5% for energies between 100-500 keV, and £10% for energies outside this
range. Transitions that don’t have a quoted intensity can be assumed to have
less than 5% of the maximum intensity. Transitions out of an isomeric state
don’t have measured intensities owing to being measured with the focal-plane
spectrometer and not JUROGAM. For the intensity measurements, < rays in
band 1 were selected using the 73 keV delayed transition, y rays in band 2 were
selected using the 43 keV delayed transition, 7y rays in band 3 were selected
using the 88 keV prompt transition and <y rays in band 4 were selected using

the 104 keV prompt transition.
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TABLE 6.3: List of 7 rays and their measured properties for
132Pm. Quantities in brackets denote uncertainty in the last
quoted significant digit. Assigned (AL) values in brackets are

tentative.
Ey keV I DCO Linear Measured (A L) Assigned Band
Polarisa- (AL)
tion
3156) d — — — (M2) 255
7302) 4 — — — (E1) )
131.18(8) 100  057(5) — Dipole (M1) 1
144.6009) 78 048(3)  -1.9(5) M1 (Al=1) M1 1
160.7(1) 58 0393)  -052)  MI (Al=1) M1 1
174.27(8) 60 052(4)  -0.82) Ml (Al=1) M1 1
219.12) 53 032(6) — Dipole (M1) 1
230.6(2) 29 076(8)  -1.0Q2) M1 (AI=1)/E1(AI=0) M1° 1
275.7(1) 45 1.2(2) 0.5(1) E2 (AI=2) E2 1
290.9(2) 30 0.6(1) — Dipole (M1) 1
297.03) 20 0.4(2) — Dipole (M1) 1
305.1(1) 59 0.8(1) 0.5(1) E2 (AI=2) E2 1
3349(1) 55 0.8(1) 0.8(2) E2 (AI=2) E2 1
346(1) 8 — — — (M1) 1
362(2) 4 — — — (M1) 1
383(2) 4 — — — (M1) 1
3934(5) 41 0.8(1) — Quadrupole (E2) 1
4495(1) 54 1.1(1) 0.7(2) E2 (AI=2) E2 1
521.3(1) 63 0.8(1) 0.7(2) E2 (AI=2) E2 1
586.4(3) 66 0.8(2) — Quadrupole (E2) 1
642.4(8) 42 0.9(3) — Quadrupole (E2) 1
7082(4) 27 — — — (E2) 1
7445(3) 37 — — — (E2) 1
802.0(6) 34 — — — (E2) 1
829.6(8) 20 — — — (E2) 1
872.4(8) 8 — — — (E2) 1
903.5(9) 8 — — — (E2) 1
938(1) — — — — (E2) 1
974(1) — — — — (E2) 1
10072) — — — — (E2) 1
10432) — — — — (E2) 1
1077(2)  — — — — (E2) 1
7270 b — — — (M1) 2
7270 b — — — (M1) 2
106.74(6) 66 0.5(1) — Dipole (M1) 2
142.31(8) 72 0.62(5)  0.02(25) Ml (Al=1) M1 2
179.7(3) — — — — (E2) 2
180.20(3) 80 044(5)  -0.12) M1 (Al=1) M1 2
212.8(1) 71 0.6(1) -0.2(1) M1 (Al=1) M1 2
250.4(5) — 1.7(5) — Quadrupole (E2) 2
250.0(1) — 0.5(1) — Dipole (M1) 2
277.5(1) 13 0.8(1) -0.8(2) M1 (Al=1) M1 2
31412) 24 — — — (M1) 2
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E,, keV L DCO Linear Measured (A L) Assigned Band
Polarisa- (AL)
tion
323.3(5) 23 0.8(1) 0.6(2) E2 (AI=2) E2 2
3344(33) 18 — — — (M1) 2
369.4(33) 10 — — — (M1) 2
383.5(3) 3 — — — (M1) 2
393.9(2) 100 1.2(2) 0.3(2) E2 (Al=2) E2 2
415.009) 27 — — — (M1) 2
464.4(2) 40 1.9(2) 0.5(1) E2 (AI=2) E2 2
528.6(1) 42 1.0(1) 0.5(1) E2 (AI=2) E2 2
591.9(2) 41 2.9(1) 1.2(2) E2 (AI=2) E2 2
648.9(2) 43 0.8(1) 1.1(2) E2 (Al=2) E2 2
703.8(2) 28 1.8(2) 0.7(2) E2 (AI=2) E2 2
752.8(2) 27 1.3(2) 1.1(2) E2 (AI=2) E2 2
798.1(3) 22 2.5(3) 2.2(3) E2 (AI=2) E2 2
831.7(3) 22 — — — (E2) 2
872.3(5) 17 — — — (E2) 2
922(1) — — — — (E2) 2
964(1) — — — — (E2) 2
1002(1) — — — — (E2) 2
1040(2) — — — — (E2) 2
1080(2) — — — — (E2) 2
87.5(2) e 0.56(3) — Dipole (M1) 3
115.6(1) f 0.87(2) — Quadrupole (M1) 3
122.9(1) 72 0.88(3) — Quadrupole (M1) 3
150.6(3) 59 0.82(5) — Quadrupole (M1) 3
168.6(2) 16 1.04(2) — Quadrupole (M1) 3
204(1) g 1.01(3) — Quadrupole (E2) 3
2332(6) — — — — (M1) 3
238.9(6) 61 1.01(3) — Quadrupole (E2) 3
292.2(3) 43 1.11(2) 0.4(2) E2 (Al=2) E2 3
320.1(3) 65 0.92(2) 0.7(2) E2 (Al=2) E2 3
384.8(5) 40 0.96(6) 2.1(3) E2 (AI=2) E2 3
409.6(3) 51 0.94(2) 0.6(2) E2 (AI=2) E2 3
481.7(4) 26 0.87(4) 1.8(4) E2 (AI=2) E2 3
515.9(3) 78 1.03(2) 0.3(3) E2 (AI=2) E2 3
581.2(4) 100 0.83(6) — Quadrupole (E2) 3
625.3(4) 66 1.08(3) 0.2(2) E2 (AI=2) E2 3
679.5(8) 57 1.4(1) — Quadrupole (E2) 3
730.6(4) 30 1.0(1) — Quadrupole (E2) 3
774.3(5) 15 1.2(1) — Quadrupole (E2) 3
829.4(3) 38 0.96(5) — Quadrupole (E2) 3
865.8(4) 8 0.9(2) — Quadrupole (E2) 3
916.8(5) — — — — (E2) 3
951.04) — — — — (E2) 3
1025(2) — — — — (E2) 3
1028(2) — — — — (E2) 3
77.2(5) f 0.62(3) — Dipole (M1) 4
103.6(2) e 0.87(2) — Quadrupole (M1) 4
1139(1) f 0.82(2) — Quadrupole (M1) 4
149.2(9) 39 0.89(1) — Quadrupole (M1) 4
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Ey keV I DCO Linear Measured (A L) Assigned Band
Polarisa- (AL)
tion
164(1) 23 0.91(2) — Quadrupole (M1) 4
181(1) g 0.94(3) — Quadrupole (E2) 4
187.9(8) 18 — — — (M1) 4
217.8(2) g 0.91(1) 0.1(2) E2 (Al=2) E2 4
223(1) — — — (M1) 4
227(1) — — — (M1) 4
263.5(2) 85 1.12(2) 0.5(2) E2 (AI=2) E2 4
284.1(5) — — — — (M1) 4
313.5(2) 70 1.22(1) 0.1(2) E2 (AI=2) E2 4
3521(2) 73 0.91(1) 1.3(2) E2 (Al=2) E2 4
41452) 91 099(1)  0.5(2) E2 (AI=2) E2 4
449.1(2) 63 1.02(3) 0.8(2) E2 (AI=2) E2 4
506.6(8) 68 0.97(2) — Quadrupole (E2) 4
540.2(4) 44 1.09(3) — Quadrupole (E2) 4
590.5(1) 100 1.09(5) 0.9(2) E2 (Al=2) E2 4
624.7(2) 100 1.04(5) — Quadrupole (E2) 4
674.5(4) 91 1.04(5) — Quadrupole (E2) 4
706.12) 84 1.0(1) — Quadrupole (E2) 4
757.6(2) 52 1.2(1) — Quadrupole (E2) 4
788.8(3) 36 1.0(1) — Quadrupole (E2) 4
854.0(5) 27 0.8(2) — Quadrupole (E2) 4
870.5(7) — — — — (E2) 4
928(1) — — — — (E2) 4
941(2) — — — — (E2) 4
1029(2) — — — — (E2) 4
1113(2) — — — — (E2) 4

? Expected Al = 1 character.
b Inability to uniquely gate on these transitions precludes unique measurement of their indi-
vidual energies and intensities.
¢ Intensities presented are relative to the strongest <y ray in each band. The quoted figures are
not comparable between bands. The counts have been efficiency corrected but not corrected
for internal conversion.
4 Transition is out of an isomeric state and does not have a measured intensity.
¢ v ray used (gated) to select this band so doesn’t have a measured intensity.

< ray energy outside the range of efficiency calibration 121.8 — 1408.0 keV, so accurate effi-
ciency correction was not possible.
8 7 ray energy cascades in parallel to the gating -y ray, so does not appear in spectrum used to
measure intensities.
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FIGURE 6.15: 32Pm energy level scheme. Ordering of 7 rays has been determined

using double and triple 7y coincidence analysis as detailed in the text. Structural con-

figuration assignments are discussed in Section Levels and -y rays highlighted in
red are new to this work.
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6.3 Half-life measurements

With all of the prompt and focal-plane transitions identified, isomeric half-
lives can be measured. Measurement of the half-life for the 7" state of band 1,
depopulated by a 73 keV + ray, is displayed in Figure In a recoil-tagged
focal-plane 7y spectrum, the 73 keV peak suffers major contamination from a
strong 79 keV peak, associated with 13°Pr. Further event selectivity is enabled
by requiring observation by JUROGAM of any two of the prompt -y rays be-
longing to band 1 of this nucleus. The resultant focal-plane -y spectrum is then
free of contamination from the strong 79 keV peak. The half-life measurement
then comes from the time difference between recoil implantation and subse-
quent 73 keV <y decay. Though gating on 73 keV should technically introduce
two components to the lifetime plot, this is not a hindrance here since the half-
life of the second (M1) 73 keV <y ray must be much smaller than that of the de-
layed transition because it is seen within the 20 ns prompt coincidence window
at the target position. The model for the numerical fit is y = AePX + Cx + D,
with B = —1/t1,,, where tq ), is the half-life of the state. The measured half-life
of the isomer is then t;,, = (187 £4) ns.

Measurement of the half-life of the isomeric state at E = 43 keV is tricky
owing to the 43 keV 1y ray lying among the broad region of internal-conversion
x-rays. Gating on this energy in a matrix of energy against recoil-y time dif-
ference — as was performed in Figure — vyields a multitude of half-life
components associated with the plethora of x-rays. To circumvent this issue,
the photopeak area for the 43 keV transition was measured in increasing inter-
vals of 400 ticks (4 us) after implantation. Assuming that the intensity of the
x-ray background is constant, the exponential decrease in intensity is then rep-
resentative of the extended lifetime of this isomeric state. The result of these
measurements is displayed in Figure Figure panel (a), is illustra-

tive of the loss of transition intensity after representative periods of time have
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elapsed. The stark contrast between the half-lives of the isomers associated
with the 43 and 73 keV transitions is visible here; even after 40 us have elapsed,
there is still a statistically significant level of counts at 43 keV and the counts at
73 keV have faded to background. Figure panel (b), displays the natural
logarithm of the peak area as a function of the time following recoil implanta-

tion. From the straight-line fit, we obtain a half-life of ¢, ;, = (19.9 £ 0.5) ps.

FIGURE 6.16: Timing difference between the implantation of a mass-132 recoil into the

DSSD and a subsequent 73 keV y-decay out of the isomeric state at the base of band 1.

The fit is a single-term exponential, with a straight-line background. A : 209 +-92, B :
—0.053 £0.001,C : 0.012£0.003,D : —0.1£1.7
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FIGURE 6.17: Panel a): 43 and 73 keV transitions associated with two isomeric states

in 132Pm measured for three 400 tick wide intervals after recoil implantation. Panel

b): Photopeak area for the 43 keV transition as a function of time following recoil

implantation. Numerical fit is modelled by a straight line, fit parameters: m : —(3.48 +
0.09) x 1074,¢ : 8.34 £ 0.03, x>/ NDF : 0.78
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6.4 Discussion

Given the broad inconsistencies found throughout the systematic survey (Ta-
ble , the following analysis shies away from relying too heavily on sys-
tematic comparison for assignment of band configurations. Starting from the
beginning, we summarise what we know so far. In the present study, observa-
tion of delayed <y rays following the isomeric decay of bands 1 and 2 allowed
fixture of their relative excitation energies, with band 1 seen to be higher in
excitation energy than band 2. Furthermore, the isomeric nature of band 1 and
2 allow fixation of their bandhead spin/parity values as I = K = X(). Sharing
the same number of protons as its neighbour, '*'Pm, and a similar deforma-
tion, we expect to see some structures built on the same h1,, proton. The
isomeric nature of bands 1 and 2 point to K-hindrances for the decays out of
these bands. The relatively short half-lives of these bands (146 ns and 2.8 us)
indicate that the change in K is likely not very large. The spin/parity for the
ground state of this nucleus has been previously assigned as 3", from consid-
eration of angular momentum and energy conservation from the g decay into
the neodymium daughter [100]. The ground state deformation of this nucleus
is predicted by P. Moller, et al [57], to be B, = 0.34 with negligible B3 and B4
components. With this in mind, we consult the Nilsson diagrams for protons
and neutrons as displayed in Figure [6.18|

The Fermi surface for protons lies among the bottom end of the /1y, shell,
with low to mid-() orbitals available for occupation. The neutron Fermi sur-
face lies in the middle of /7, shell with mid to high-() orbitals available for
occupation. At this deformation, there are also substantial intrusions from
low-Q) f;/, and extrusions from high-Q) g7/, and d5,, orbitals.

Experimental single-particle alignments, routhians and dynamic moments
of inertia for bands 1 - 4 are displayed in Figures and The bandhead

spin used in the production of these plots, I, for bands 1 and 2 is assigned as
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7t and 57, respectively. Their assignment comes from comparison with the
theoretical routhian curves displayed in Figure and is discussed below.
The bandhead spin for bands 3 and 4 was assigned as I = 5 for both bands.
This value is not from any theoretical comparison or experimental observation

and was picked purely so alignment and routhian curves could be plotted.

FIGURE 6.18: Nilsson diagram calculated using a Woods-Saxon potential for protons
(top) and neutrons (bottom) focused on Z = 60 and N =70, respectively. A vertical line
is rendered at B, = 0.34, representative of the predicted deformation of this nucleus.
Grey dots represent the proposed orbitals occupied by the nucleons in the ground
state. Black dots represent the proposed orbitals occupied in isomeric states.
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FIGURE 6.19: Experimental single-particle alignment, dynamic moment of inertia and
experimental routhian for bands 1 and 2 in '32Pm. Harris parameters used in produc-
tion of this figure: Jy = 29.9 i*/MeV and J; = 15.8 i /MeV?,
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FIGURE 6.20: Experimental single-particle alignment, dynamic moment of inertia and
experimental routhian for bands 3 and 4 in '32Pm. Harris parameters used in produc-
tion of this figure: Jy = 29.9 #*/MeV and J; = 15.8 h*/MeV?
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Figure[6.2T|displays corresponding cranked shell model quasiparticle routhi-
ans for both protons and neutrons. The states seen here are labelled according
to the standard alphabetical labelling scheme, which is summarised in Table
The Nilsson levels associated with these quasiparticles at zero rotational

frequency are listed here too.

TABLE 6.4: Quasiparticle labelling scheme for '32Pm along with
their assigned Nilsson configuration at zero rotational frequency.

Label (7, a)% Configuration”
Quasiprotons

A (+,+1/2), dsp[411]3/27

B (+,—-1/2); ds /»[411]3/2F

C (+,—1/2)2 g7/2[413]5/2+

D (+,+1/2); 87/21413]5/27"

E (=, —1/2); hy1/2[532]5/2~

F (= +1/2) h11/2[532]5/27

G (—,—1/2), h11/2[54113/2~

H (—, +1/2)2 l’l11/2[541]3/27
Quasineutrons

a (+,—1/2) 7/2[402]5/27

b (+,+1/2)1 87/2[402]5/27"

C (+, +1/2)2 51/2/(13/2[4:1].]1/2+

d (+,—1/2)2 51/2/d3/2[411]1/2+

e (*,*1/2)1 h11/2[514]9/2_

f (=, +1/2)1 h11/2[514]19/2™

g (- —1/2) Fr/al54111/2-

h (= +1/2)2 f7/2054111/2~

? The subscript n numbers the quasiparticle’s excitations of a given signature and parity start-
ing with the lowest in energy at fiw = 0 MeV.
b Nilsson configurations only valid at fiw = 0 MeV.
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FIGURE 6.21: Cranked Shell Model quasiparticle Routhians (Panel 7r: protons, Panel
v: neutrons), generated using a universal, triaxial Woods-Saxon potential. Labels cor-
responding to Nilsson levels are only valid at zero spin (i.e 0%iw) since rotation causes
states to become a mixture of different wavefunctions. B,= 0.340, 4 = 0.0, v = 0.0°.
(77, &) : solid = (+,+1/2), dotted = (+,-1/2), dot-dash = (-,+1/2), dashed = (-~1/2)
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We can see from the alignment plots that bands 1 and 2 see a gentle align-
ment gain beyond fiw = 0.35 MeV and bands 3 and 4 do not see any alignment
effects; the 7/, proton alignment expected at fiw = 0.35 MeV is notably ab-
sent for all four bands, so we must conclude that a proton is occupying this
orbital for each band and is causing the Pauli blocking of the low-spin cross-
ing. Evidence for this interpretation can be obtained from doubly odd neigh-
bour, 3Pm. This nucleus exhibits a striking /1, proton alignment at pre-
cisely iw = 0.3 MeV. The alignment for the other band is notably less intense,
sloping gently upward beyond ficw = 0.35 MeV in a similar manner to all four
bands observed in the present work. The latter band was designated as being
built upon an k1 /, proton, and so is the case in this work with all bands being
assigned as being based on at least one quasiproton with Nilsson configuration
1thy1,2[532]5/27.

The alignment seen by bands 1 and 2 at iw = 0.4 MeV is likely the second
(FG) proton crossing, predicted by the CSM calculations to occur at fiw ~ 0.45
MeV. Extending these bands to higher spin, we would also expect to see the
EH proton crossing at iw = 0.6 MeV. Turning our attention to the neutrons,
we see that the levels closest to the Fermi surface are [514]9/2, [402]5/27,
[411]1/2" and [541]1/2~. We know from the 7y-coincidence analysis that band
1 lies higher in excitation energy than band 2. It is therefore appropriate that
band 1 has a higher spin than band 2. The isomeric nature of both bands also
points to these bands having a high-K configuration. Thankfully, the available
states make these assignments simple, with only two of the four closest to the
Fermi surface offering a high-() value. Considering all of the above, we assign
the neutron [514]9/2~ configuration to band 1 and the [402]5/27 configura-
tion to band 2. The two-quasiparticle configuration for both bands is then,
band 1: 7[532]5/2 ®v[514]9/2™ and, following the Gallagher-Moszkowski
coupling rules, we obtain a bandhead I = K™ = 7%, and band 2: 7[532]5/2~



6.4. Discussion 193

®v[402]5/27 resulting in bandhead I = K™ = 5. This requires the multipo-
larity of the 73 keV transition depopulating band 1 to be E1. It also indicates
that both 73 keV transitions in band 2 should have an M1 multipolarity, or else
the rest of the band will have the wrong parity for this configuration. Sys-
tematic comparison shows that the band built on the 7thy1 /5 ® vhyy/, configu-
ration is commonly assigned as being depopulated by a single E1 transition;
Wadsworth, et al, measured an angular correlation ratio of 0.82 for this transi-
tion in 13*Pm, consistent with dipole nature [93]. The proposed configuration
for bands 1 and 2 also results in their 7+ and 7- states having the same excita-
tion energy within the precision of the vy spectrometer and the systematic error
bounds brought on by gain matching. For a doubly odd nucleus, the expected

preferred (energetically favoured) signature of a configuration is defined by

ar = jmod2,
f=7 6.1)
= jp mod2 + j, mod2,

where j, and j, are the total angular momenta of the shells associated with the
unpaired valence proton and neutron, respectively. For the 7thyq/, ® vh11 /2 and
1thy1 /2 ® vds /» configurations proposed for bands 1 and 2, the preferred signa-
tureis « = 1 (odd spins), which is in agreement with the assigned spin/parities
for these bands. Similar 7thy; » ® vhyy,, configurations are observed in odd-
odd neighbours 13?Pr and 3*Pm, where the proposed bandhead spin/parity
is even. Following the arguments proposed in this chapter, it is reasonable to
conclude that the 7thy1,, ® vhy1,, bands in each of these nuclei should have
their bandhead spin/parities lowered by 17 such that the predicted preferred
signature is energetically preferred and these levels are in agreement with
those in this chapter.

Band 2 is seen to decay into the proposed ground state by a delayed (19.9
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us) 43 keV transition. The ground state for this nucleus has previously been as-
signed as 31 based on consideration of preferred ground states given observed
B+ decay feeding into the 27 and 4 states of the neodymium daughter [100].
In order for a single <y ray to make the transition from the 5~ bandhead of band

2 to the 3" ground state, it must have an M2 multipolarity.

TABLE 6.5: Weisskopf single-particle estimates of transition rate
for 43 and 73 keV. Owing to the low energy of these transitions,
the estimates have been adjusted to account for their internal con-
version coefficients which can be significant within this energy

regime.
Energy (keV)  El1(s) M1 (s) E2 (s) M2 (s)
43 7.31 x 10712 1.01 x 10~10 6.67 x 1078 248 x 1070
73 1.07 x 10712 148 x 1011 3.79 x 1078 4.60 x 107

Table displays the Weisskopf estimates for 43 and 73 keV < rays of
various multipolarities. Since the internal conversion coefficients can be sig-
nificant for transitions of this energy (43 keV M2 has an internal conversion
coefficient of 132 according to Brlcc [67]) the Weisskopf estimates have been
adjusted to account for this. It can be seen that the predicted transition rate
for a 43 keV M2 is 2.48 x 10~ s, which is consistent with the order of magni-
tude of the half-life measured for this transition. Table [6.5also highlights the
significant K-hindrance seen by the 73 keV E1 depopulating band 1. With a
measured half-life of 194 ns and a AK value of 2 between the bandheads of
bands 1 and 2, this transition occurs 1.4 x 10° times slower than the Weisskopf
estimate for a 73 keV E1. The ground-state configuration is proposed to be
n[532]5/27 ®v[541]1/2~. Given the single 43 keV transition out of band 2,
it makes sense for a single particle to change configuration. This idea is fur-
ther substantiated by the Weisskopf estimate for this transition having a sim-
ilar predicted transition rate to the observed half-life. This configuration also
results in a bandhead which matches the pre-existing proposal for the ground-

state spin/parity of this nucleus, 37. Nothing definitive can be said about
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the neutron configuration for bands 3 and 4. By process of elimination from
the closest states available to the Fermi surface, the remaining candidates are
the low-Q) [541]1/2~ and [411]1/27 orbitals. Also close to the Fermi surface
at low-spin is the [523]7/2~ orbital. Because of the predicted close proxim-
ity of the two negative parity orbitals, the predicted signature splitting for the
quasineutrons based on [541]1/27 is very low, contrary to what is usually ex-
pected for a low-Q) orbital. Here, the two (71, a) = (—, +1/2) levels repel each
other at low spin. The small but consistent signature splitting is consistent
with that seen for band 3. Similarly the quasineutron orbitals i and j — asso-
ciated with the [523]7/2™ orbital — have zero signature splitting at low spin,
but increases to large signature splitting as rotational frequency increases. This
could be consistent with band 4’s experimental routhian, but the band is not
observed to high enough frequency to reproduce the theoretically predicted
splitting. It is possible that these bands are based on more than two quasipar-
ticles, their high spin and probable high K values dramatically hindering their

decay time.
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6.4.1 B(M1)/B(E2) Ratios

Experimental B(M1)/B(E2) (un/eb)?

li(h)

FIGURE 6.22: Experimental B(M1)/B(E2) ratios determined for
each of the four rotational bands in 32Pm.

The average ratios for the four bands are, respectively, 0.49 £ 0.08, 1.04 £ 0.48,
0.23 + 0.02 and 0.13 £ 0.04 (un/eb)?. As was the case with '2Nd, an at-
tempt was made to obtain theoretical B(M1)/B(E2) ratios using the Donau-

Fraeundorf geometrical formalism detailed in Chapter 3. The ratios obtained
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were not found to be consistent with the experimentally measured values. An
essential pre-requisite of the formalism is that the | spin vectors of the orbitals
comprising a particular band are perpendicular to one another. The proposed
configuration for bands 1 and 2 involves three 111/, orbitals and a d5/, orbital

each with mid-to-high () values, so do not satisfy the geometrical formalism.
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Chapter 7

Conclusion

Though the experimental setup at JYFL-ACCLAB was able to provide for a
rich and complete spectroscopy for the three nuclides discussed in this thesis,
this was not without shortfall. In addition, other limitations were encountered
resulting from the initial experimental parameters which ultimately prevented
study of additional nuclei. Contained within this chapter are discussions con-
cerning these limitations, proposed future improvements, as well as a sum-

mary on the work performed.

7.1 ¥Nd

Utilising the technique of recoil-isomer tagging, three new isomeric states in
129Nd were observed at excitation energies of 1893, 2109 and 2284 keV, respec-
tively. The isomer at 2284 keV decays with a measured half-life of 679 £ 60 ns.
Excited rotational states built on this bandhead were observed using the JU-
ROGAM spectrometer. By interpretation of experimental alignments and Pauli
blocking arguments, it was possible to characterise this band as involving at
least one hy /» proton meaning that a proton pair must be broken. The other
proton is likely occupying the intruder [404]9/27" orbital, assigned through
consideration of the high quadrupole deformation of this nucleus (8, = 0.32)
and the observation of rotational bands built on this orbital for many nuclei

in this mass region. The other two isomeric states are not populated strongly,
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and were only identified by the observed side feeding of their bandheads from
the decay of the yrast isomer. Lack of counting statistics prevented a reliable
measurement of the half-life of these states. Lack of Pauli blocking arguments
prevented definite assignment of bandhead spin/parities and speculation was
made as to the potential three-quasiparticle nature of these states. In addi-
tion, the relative excitation energies of three of the four previously known one-
quasineutron bands have been fixed, with the 7/2™ state of the [523]7 /2™ band
assigned as the ground state. Future experiments studying this nucleus and
utilising a spectrometer sensitive to the highest spin states could identify sin-
gle particle alignments at high rotational frequency, definitively assigning the
yrast isomer’s configuration. Improvements too could be made to the number
of counting statistics at the focal plane, allowing measurement of a half-life for

the non-yrast isomeric states.

7.2 Blpm

The sole previous study of excited states in this nucleus [62] identified a cas-
cade of stretched E2 transitions, assigned to the rotationally aligned [541]3/2™
orbital. This study preceded theoretical works by Xu, et al [101], and Moller, et
al [87], which both suggest the spin/parity of the ground state for this nucleus
is 5/27. Indeed, the experimental results of the y-ray spectroscopy performed
in the present study are consistent with a ground-state 5/27, with the rota-
tional signature partner and extensions down to the 5/2~ state observed for
the first time. A systematic comparison was made with other odd-Z even-N
nuclides in the mass region, with the observed excitation energies and level
lifetimes fitting systematic trends against mass-number, but not predicted de-
formation. The lack of consistency with deformation was discussed in the
context of the light promethium isotopes having an irregular relationship be-

tween mass number and deformation, as well as incomplete information for
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the lightest (most deformed) praseodymium, lanthanum and caesium isotopes
precluding the completion of systematic trend lines for these elements. Experi-
mental limitations were largely due to the poor performance of the [UROGAM
spectrometer at low transition energies leading to low statistics for the 67 keV
peak. The assignment of 67 keV as an M1 results in an expected internal con-
version coefficient of 4.9, but the low statistics meant that DCO and linear po-
larisation measurements were not possible and its coincidence with 147 keV
could not be verified with absolute certainty. Subsequently, alternative level
schemes assuming different multipolarities and ordering for these -y rays were
considered, with reasoning made that these level schemes are not preferred.
A final issue was that contaminant transitions from 3!Nd of a similar energy
to those seen in this nucleus could not be filtered out using mass selection
techniques. Installation of the UoYTube charged particle detector could have
helped here by vetoing events coincident with a higher amount of evaporated
protons, though the usefulness of this method will likely be limited owing to

promethium and neodymium being separated by one proton.

7.3 132pm

The sole previous study of this nucleus identified four rotational bands. How-
ever, ambiguity between their experimental single particle alignments left the
bands without a definite quasiparticle configuration. Asis common for doubly-
odd nuclei in this mass region, the known bands are left "floating", with their
excitation energies relative to the ground state unknown. The work presented
in this thesis identified new prompt and delayed transitions, allowing fixation
of the excitation energy of bands 1 and 2 relative to each other, and potentially
to the ground state. The low frequency alignment associated with an k1, /, pro-
ton was not observed in any of the four bands, indicating that this proton is

involved in each band’s configuration. Band 1 was observed to lie higher in
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excitation energy than band 2 and decays into band 2 via a 73 keV transition
with a half-life of 187 4= 4 ns. These bands are assigned the two quasiparticle
configurations 71[532]5/2~ ®@v[514]9/2~ and 7[532]5/2~ ®v[402]5/2". The
implied multipolarity of the 73 keV transition out of Band 1 being an E1 is
consistent with systematic comparisons of other doubly-odd nuclei in the re-
gion. Band 2 is observed to decay out of its isomeric bandhead by a 43 keV
transition with a half-life of 19.9 £ 0.5 us. Though direct measurement of the
multipolarity of this transition was not possible, comparisons between theo-
retical single-particle transition rates (Weisskopf estimates) and the required
spin/parity difference between the 5~ bandhead and the 3" ground state im-
ply an M2 multipolarity for this transition. Beyond band extensions at both
high and low energy, no further information was obtained for bands 3 and 4
meaning that they remain floating and without spin/parity assignments. Lack
of observed focal plane transitions in coincidence with these bands imply that
they either decay directly to the ground state, or their isomeric half-life is so
long lived that the JUROGAM-MARA experimental setup is not sensitive to
their decay.
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7.4 Limitations of the JM06 Experiment and Future

Improvements

Experimental limitations specific to the nuclei studied in this thesis have been
discussed in the previous sections. This was more for completeness and it
should not be thought that the data analysis was hindered by these limitations.
However, certain experimental conditions and missing detector equipment re-
sulted in significant hindrances for potential analysis of other nuclei. A major
loss for the experimental setup was the UoYTube charged particle detector,
used to veto events associated with a number of evaporated protons immedi-
ately following the formation of the recoil. It was decided the detector should
not be included since its significant outgassing lead to an increase in vacuum
pressure resulting in sparking at the electrostatic deflector. Without UoYTube,
it was not possible to assign new bands observed at JUROGAM to a definite

proton number.

Another problem with the experimental setup was the higher than optimal
beam rate, picked to minimise sparking in the electrostatic deflector. The high
beam rate resulted in a high recoil implantation rate. As discussed above, this
was problematic when correlating 7y rays seen at the focal plane with prompt
transitions, and vice versa. Unfortunately, this high implantation rate also pre-
vented the unambiguous identification of potential excited states in the beta-
delayed proton emitting nucleus, '3!Sm. Figure top panel displays focal
plane 7 rays associated with beta-delayed protons with an energy range of 1.5
- 7.0 MeV. Highlighted are the two lowest E2 transitions in the **Nd grand-
daughter nucleus, a clear signature of the beta-delayed proton decay of '*'Sm.
Figure|/.1, bottom panel displays the prompt radiation seen in delayed correla-
tion with the 159 and 324 keV focal-plane <y rays. The spectrum is littered with
contaminants, with a large unsubstracted Compton continuum contaminating

the weakest transitions in this nucleus. Despite this, some strong peaks were
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still visible amongst the background. The low level of counting statistics meant
that a y-y-coincidence analysis was impossible. 1>!Sm has an odd-neutron, and
by comparison with its isotone neighbours '??Nd and %Ce we can expect any
of three bands to manifest at low spin: bands with moderate signature split-
ting built on the [523]7/2~ or [402]5/2" orbitals, or a band built on [411]1/2%

with large signature splitting.
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FIGURE 7.1: Top panel: focal-plane 7y rays associated with beta-delayed protons with
an energy range of 1.5 - 7.0 MeV. Bottom panel: prompt radiation seen in delayed
correlation with the 159 and 324 keV focal-plane v rays.
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Because of their regular spacing, we can assume 313, 443 and 571 keV are
crossover transitions in cascade. The irregular spacing and intensity patterns
of the low energy transitions suggests that the large signature splitting option
is likely. A proposed partial level scheme assembled largely by comparison
with the ' Nd [411]1/2" band is displayed in Figure It can be seen that
the proposed E2 transitions result in excitation energies consistent with those
seen in the [411]1/27 band in 12 Nd. The lowest level transition is labelled "x"
and left as ambiguous. Future experiments should run with a lower beam rate

such that the recoil-decay correlations are consistent with 3!Sm recoils only.

FIGURE 7.2: Proposed partial level scheme for transitions obtained via recoil-decay

correlation with the beta-delayed proton decay of !*'Sm. The observed transitions

are proposed to be part of a very signature split band based on the [411]1/2" orbital;
comparison is made with the band built on this orbital in isotone neighbour *Nd.



207

Appendix A

Relativistic Doppler Correction

The kinetic energy of a relativistic moving particle is given by

E, = mocz <\/%{BZ — 1) , B = g (A1)

where my is the rest mass of the particle, c is the speed of light and v is the
velocity of the particle. For the JM06 run, the beam energy was 390 MeV while
optimised for production of '¥'Eu and 364 MeV while optimised for 2Nd.
Because of inelastic interactions in the target, the energy of the recoil entering
MARA is somewhat less. According to calculations from the software SRIM
the average kinetic energy of a recoil entering MARA is E; = 186 MeV. Rear-
ranging Equation[A.T|for B, we obtain

p=1- ( Ek:H)- (A2)

Inserting Ey = 186 MeV and, assuming a recoil mass of mg = 131u = 122026.5

MeV/c?, we obtain a value for B equal to 0.0551, which is consistent with the

experimentally determined Doppler shift measured in Chapter 3.
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Appendix B

Phase 1 Gain Matching

The phase 1 detectors used in the JUROGAM array throughout the JM06 run
showed significant deviations from the known "true" energy of photopeaks
when using the "online" gain coefficients. The detectors were recalibrated
by measurement of new gain matching coefficients using the calibration data
taken at the start and end of the experimental run. The germanium detector
calibration was performed using a combined '>>Eu'**Ba source. For each de-
tector and each peak, the channel peak was fitted using a simple single-term
gaussian imposed on a linear background. The fitting process was performed
using a custom python script and checked by hand for accuracy. The measured
centroid of each peak is then plotted against the known "true" energy for that
peak as detailed in Figure This plot is then fitted according to Equation
and the coefficients A, B, C are extracted. The final gain matching coeffi-
cients are detailed in Table B.1|for completeness.
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TABLE B.1: Phase 1 gain-matching coefficients used in the JM06
run. Parameter D is reserved for a cubic polynomial but this is
not used here as a quadratic polynomial was deemed sufficient.
The detector number corresponds phase 1 detector numbers as

they are used in the tdrnames.txt configuration file.

Det A B C D
Num

800 -1.8079709092E-01 2.0653145379E-01 -4.9425923056E-08 0
801 -2.2042566154E-01 3.0648954952E-01 1.4610233515E-08 0
802 6.0084477294E-01 2.8538811779E-01 1.5920867243E-07 0
803 -2.2226451408E-01 1.6078190743E-01 -2.2060105568E-08 0
804 -2.0291318167E-01 1.6149621927E-01 -2.7451806955E-08 0
805 5.0737694237E-01 2.0465262560E-01 2.9331182182E-08 0
806 -1.2166394488E+00 2.9409499009E-01 -2.1744366432E-07 0
807 -1.3321832323E+00 2.1872776118E-01 -1.1747120598E-07 0
832 -1.2234256180E-02 1.8440809762E-01 2.4448554331E-08 0
833 -1.2739091969E-01 3.0957576793E-01 -2.0885386133E-09 0
847 3.2415079400E-01 9.6276930703E-01 -3.7614661282E-07 0
835 -1.3958467341E+00 2.0732954417E-01 -1.0080756796E-07 0
836 -2.6414811085E+01 3.5998125996E-01 -3.3051593526E-06 0
837 -1.3591139286E+00 2.2979938176E-01 -1.1782483065E-07 0
838 -2.6020898432E+01 3.0488951751E-01 -2.3355107132E-06 0




Appendix B. Phase 1 Gain Matching 211

FIGURE B.1: Measured channel centroid for each phase 1 detector, for each of major

the peaks in the ®2Eu'**Ba spectrum, against the "true" energy of each of these peaks.

Coefficients obtained from the second-order polynomial fitting were used for gain
matching of these detectors throughout the analysis of this data.
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