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Abstract

Excited states in the neutron-deficient odd-odd nuclei *Lu and *®Lu have been
identified using the JUROGAM II and GREAT spectrometers in conjunction with the
RITU gas filled separator at the University of Jyvéskyld Accelerator Laboratory.
The nuclei were populated with the reaction %¥Ni + 06Cd — 640Os* at a beam
energy of 318 MeV with an average beam intensity of 7 pnA provided by the K130
cyclotron. The recoil-decay tagging technique was used to differentiate *SLu ~-rays
from background using JUROGAM II and GREAT, whereas the recoil-isomer tagging
technique was used for determining '®®Lu 7 rays. There was no level scheme known
in 8Lu and only 12 states known in ®°Lu. A previously undiscovered 19~ isomer
has been found in %°Lu. The new *%Lu level scheme has been populated up to 33*

and the new @8Lu level scheme to 21~.
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Chapter 1

Introduction

The properties of the atomic nucleus are difficult to predict exactly from the mutual
interactions between all its constituent nucleons. A favoured method for making the
many-body problem of A interacting nucleons tractable is to adopt models utilising
a mean-field approximation incorporating an effective interaction. Such approxima-
tions are reflected in the choice of realistic nuclear potentials in the Hamiltonian of
the Schrédinger Equation. These potentials allow the relative excitation energies
of excited states to be predicted. However, the chosen potential may not always
reflect the subtleties of the underlying interactions between nucleons - particularly
at extreme proton - neutron number ratios.

One of the main topics of contemporary interest in nuclear structure physics
concerns the limits to nuclear existence. The proton drip line represents the locus
of points on the nuclear chart where the proton separation energy changes sign and
proton radioactivity becomes a possible decay mode. Thus, for odd-Z nuclei, the
proton drip line represents a limit beyond which the half-lives of nuclear ground
and low-lying isomeric states decrease rapidly. In heavy odd-odd nuclei near closed
shells isomeric configurations with relatively long ~-decay lifetimes can be formed

by specific single-particle couplings. In proton unbound nuclei such isomers may



potentially have measurable proton emission branches. There is an alternative and
exciting possibility that nuclear isomers may extend the limits of observable nuclei
beyond the proton drip line. Recent work on the doubly odd nucleus *®Ta, which is
proton unbound in its ground state has revealed a 19~ isomeric state that is robust
against proton decay, despite being almost 3 MeV proton unbound. Which of these
two scenarios is favoured is highly sensitive to the proton radioactivity ()-values
and the orbital angular momentum of the emitted proton; small changes in either
(Q-value or orbital angular momentum could result in orders of magnitude difference
in the proton decay half-lives [1].

Precise theoretical predictions for proton emission candidates are challenging
and require detailed information on the excitation level schemes in the mother and
daughter nuclei. However, such data is often limited in doubly odd nuclei since their
level schemes are very complicated reflecting the large number of potential angular
momentum couplings of single particles available to produce excited states.

Figure 1.1 shows the chart of nuclides with each square defining a nucleus with
a unique combination of Z protons and N neutrons. In addition to the ~300 sta-
ble nuclei there are several thousand radioactive species that can be produced via
fission or the fusion of accelerated ion beams with stationary targets. There are
potentially a large number of exotic nuclei that can be used to test theories. An
important constraint on different model approaches, which may change at extreme
isospin, is provided by the experimental measurement of excited states from which
an understanding of their underlying configurations is possible.

This thesis reports the results of in-beam and decay spectroscopy experiments
focusing on the exotic nuclei ***Lu and '*®Lu using the JUROGAM IT and GREAT
spectrometers in conjunction with the RITU gas-filled separator at the Jyviskyléd
Accelerator Laboratory. These doubly odd nuclei lie close to both the proton drip

line and the N = 82 shell gap where the spins of excited states are anticipated
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to be generated by the successive alignment of a small number of valence nucleons.
Thus, the identification of excited states provides an important benchmark for model
predictions of configurations in heavy neutron-deficient nuclei.

The nucleus *Lu has a 100% a decay branch, which allows 7 rays to be identified
using the Recoil Decay Tagging (RDT) technique [3]. A level scheme of excited
states in 1*Lu was established by Ding et al. [4] see Figure 1.2. The level scheme for
15T has been extended significantly with 18 new transitions including an isomeric
state that was measured to have a half-life of 120(17) ns. The nucleus **Lu is less
suitable for RDT studies due to the low a-decay branching ratio (b,=0.91%) and
long half-life (¢1,=10.6(3) s). Instead, v rays were assigned to '**Lu using the Lisa
spectrometer located at the target position to select transitions associated with the

5 proton fusion-evaporation channel. A level scheme was constructed for the first



Ea = 5565 MeV, t1/2 =198 ms

Figure 1.2: Level scheme for Lu above the 10 state in "SLu deduced from the
experiment of Ding et al. [4].

time. This scheme included an isomeric state measured to have a half-life of 456(2)ns
and its decay path identified through isomer-decay correlations.

The main focus of this work is to establish or extend the level excitation schemes
in the odd-odd Lu nuclei near the proton drip line. Spectroscopic studies of the
isotopes °5Lu and '*®Lu have been performed using the JUROGAM II and GREAT
spectrometers in conjunction with the RITU gas-filled separator. While the nucleus

1%8Ta is the lightest N = 85 isotone that is proton unbound in its ground state



there is still a possibility that excited states in "Lu (S,=540 keV) [5] and **Lu
(S,=1076 keV) [5] might be unbound to proton emission. Prior to this work no
excitation scheme had been established for 1**Lu.

The thesis introduces the background concepts relevant to the interpretation of
the data (Chapter 2) and discusses the experimental apparatus and methodologies
exploited in the experimental work (Chapter 3) before reporting the results and

interpretation (Chapter 4).



Chapter 2

Concepts in Nuclear Physics

The nucleus contains protons and neutrons that are held together at close proximity
by the strong nuclear force, overcoming the repulsion of the Coulomb interaction
between the protons. Nuclei can contain from one, to hundreds of nucleons that
interact strongly with their nearest neighbours, but weakly with any nucleons at
distances greater than ~ 107 m. Due to the highly complex nature of nuclei, cal-
culations involving single particle interactions of heavy nuclei would be impossible
with computing power available today, therefore deliberately simplified mathemati-

cal models have to be introduced.

2.1 Nuclear Models

The most basic requirements for a model is that it supports nuclear properties found
in past experiments, but also it must be able to predict properties measured in new
experiments. The liquid-drop model is one of the simplest nuclear models and it
compares the nucleus to a drop of liquid. This model was successful in describing
large scale properties of the nucleus such as nuclear fission, and was used to predict

binding energies with the semi-empirical mass formula, but fails to explain more



detailed nuclear properties. The semi-empirical mass formula [6], formulated by
Carl Friedrich von Weizsdcker in 1935, expresses the binding energy in terms of
volume and surface, charge, and the quantum effects of asymmetry and pairing so

that

(A — 27)?

Bp(A, Z) = a,A — a,A*? — a.Z(Z — 1)ATV? — ayn, )

+ 0, (2.1)

where the a,, as, a., and a,y,, coefficients are related to the volume, surface, Coulomb
and asymmetry terms, respectively. The pairing term 6 can be positive, zero or
negative for even-even, odd-even or odd-odd nuclei, respectively.

The energy required to remove a nucleon from the nucleus is known as the proton
or neutron separation energy. As the number of protons increases with respect to
the number of neutrons, the proton separation energy decreases and the neutron
separation energy increases and vice versa. ‘Magic numbers’ of nucleons (where N
or Z = 2, 8, 20, 28, 50, 82 and 126) are similar to the filled electron shells in atomic

physics. The separation energies greatly increase at these magic numbers.

2.1.1 The Spherical Shell Model

In the independent particle nuclear shell model |7, 8, 9], individual nucleons have to
be seen as moving in a mean field potential, instead of being dealt with as individual
particles. Due to this assumption it limits nucleons to only exist in discrete energy
levels, or shells, which are separated by energy gaps in a similar way to how electrons
occupy shells around the nucleus in the atom, as mentioned in the previous section.

The harmonic oscillator potential was chosen first and can give a reasonably

good solution to many analytical problems [10] and has the form



V(r)=-kr’ = -muw?r? (2.2)

where £ is the classical spring constant, r is the three-dimensional position coor-
dinate, m is the mass and w is the harmonic oscillator frequency. The nuclear
Hamiltonian has to then be combined with the previous equation to describe the

energy of the system

H(r) = —% v +V(r), (2.3)

where the energy eigenvalues correspond to

Eyx = (N + 3)hw, (2.4)

where N is a quantum number denoting the level [10]. A problem with this model
is that the nuclear potential V'(r) tends toward infinity, which is known to be an
unrealistic factor, as this would mean an infinite amount of energy would be needed
to remove the nucleons from the potential well. Experimentally, a more realistic
nuclear potential should not be infinite due to a finite surface thickness, so a more
accurate interpretation should lie somewhere between the square well and harmonic
oscillator potentials, which is why only the first three magic numbers predicted
by the Harmonic Oscillator potential match experiments, as shown in Figure 2.1.
Another problem with this model is that the energy levels are ‘degenerate’, meaning
multiple eigenstates have the same energy, and the number of degenerate states
account for the amount of nucleons that can fill the levels. The reason why this is
a problem can be seen by considering the subshells 8s, 2d, and 1g (where [ = 4, 2,

and 0) in the N = 4 shell are all degenerate.
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The Woods-Saxon potential is more refined than the harmonic oscillator poten-

tial, and can be defined as

B Vo
" 1+ewxp[(r— R)/a)’

Vi(r) (2.5)

where r is the distance from the centre of the nucleus, R is the nuclear radius, Vj
is the well depth and a is the diffuseness term that varies with the sharpness of
the transition between V; and 0. Typical values for these are Vy =~ 50 MeV, R =
1.25A'/3 and a = 0.524 fm. This allows the level degeneracy to be removed but
still does not provide the correct magic numbers at higher levels. It is here where
the developments of Mayer and Haxel [7, 8, 9] in spin-orbit coupling become very
important. The influence of these corrections on the single-particle energies is shown

in Figure 2.2.
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2.1.2 The Deformed Shell Model

The deformed shell model, also known as the Nilsson model is one of the most
successful nuclear models that has been developed so far [11]. This model predicts
single-particle energies and is useful for nearly all deformed nuclei. It is, however,
difficult to describe the characteristics of nuclei with very high rotation velocities
and in these cases experimentalists have chosen to look only towards single-particle
motion. In nuclei that have closed, or nearly closed shells, their shape (at low
excitation energies) is typically near-spherical, and can be treated by the spherical
independent-particle shell model. Further away from these closed shells is when
collectivity develops, and towards the mid-shell regions, the Nilsson model becomes
essential to describe their structure shown in Figure 2.3 for neutrons and Figure 2.4

for protons.
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2.1.3 Nuclear Deformation and Rotation
Deformation

Nuclei that are further from closed shells and with significant proton-neutron valence
products are susceptible to quadrupole deformation due to the configuration mixing
and shifts from the spherical symmetry. The nuclear shape is therefore shifted from
spherical to ellipsoidal shapes as a result of the pairing forces from proton-neutron

interactions in specific orbitals. The nuclear shape is defined in polar coordinates as

[e%S) A
R(0,¢) = Ro |1+ a0+ Y > anYi(0,9)], (2.6)

A=1 p=—A\
where the radius R(6, ¢) of the nucleus is expanded into spherical harmonics Y}, and
(g constrains the nucleus to have a constant volume. Ry is the radius of a spherical
nucleus with the same volume and ay, are the Hill-Wheeler coordinates [12] that
define the deformity away from the equilibrium spherical shape. A corresponds to the
multipolarity, for instance A = 0 and 1 for monopole and dipole moments, and \ =

2, 3,4 for quadrupole, octupole and hexadecapole degrees of freedom, respectively.

2.1.4 Electromagnetic Transitions

Fusion-evaporation reactions are used to create highly excited nuclei which then
decay via electromagnetic transitions, producing structural information about the
decaying nucleus from the radiation detected. There are two main electromagnetic
processes that allow the excited nuclei to lose energy, and by understanding how
these processes work is essential to learning information about the nuclear structure.

These processes are vy-ray transitions and internal conversion.
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v Decay

The energies of emitted ~ rays provides insight into the excited nucleus by revealing
nucleon arrangements. These v rays are released to reduce the energy and angular
momentum of the nucleus. The order in which these v rays are released provides
valuable information about the structure, which can be presented in the form of a
level scheme.

The release of 7 rays is to allow the nucleus to obey the conservation laws while
it is transitioning between the initial and final states. When a nucleus undergoes
a transition, most of the energy is released in the emitted y-ray photon, while a
small amount of energy (less than 5 meV) is transferred to the nucleus to preserve
momentum of the v ray that has been emitted. Parity must also be conserved during

this transition. This transitioning from one state to another can be viewed as

E,~E, — E, (2.7)

where F; and Fy correspond to the excitation energies of the initial and final states.
Similarly, the angular momentum, I at its initial and final states of the transition
coupled with E, the multipolarity, shows the angular momentum taken from the

nucleus during the transition, which must also be conserved,

L=1I—1I (2.8)

A relationship can then be made between the multipolarity and the initial and

final states of the angular momentum as

1L = If| S L < I+ I, (2.9)

where the lowest multipole is the dominating one. The mulipolarity of the radiation
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Table 2.1: Selection rules for electric and magnetic radiation depending on parity of
initial and final states.

I, — If] 1 2 3 4 5

No change of parity M1 E2 M3 E4 M5
Change of parity El M2 E3 M4 E5

can either be magnetic (M), or electric (E) depending on parity changes between the
initial and final states. For an initial and final state that retain the same parity, the
radiation will have an odd magnetic, or an even electric multipolarity, and vice versa,
as can be seen in the selection rules in Table 2.1. M0 is not a possible transition as
magnetic monopoles do not exist in nature, and due to photons carrying at least one
unit of angular momentum, F0 transitions cannot be the result of y-ray emission.
Lower order multipole transitions dominate during de-excitation and magnetic
transitions are hindered compared to their corresponding electric transitions. Ta-
ble 2.2 lists the Weisskopf estimates for the first five orders of multipolarity of electric

and magnetic transitions.

Table 2.2: Half-lives based on Weisskopf estimates for electric and magnetic transition
for the first five orders of multipolarity [13|, where A is the mass number and E, is the
~-ray energy in MeV.

Telec (S) Tmag (S)

6.73 A7%3 E78 x 1071 224 A® B3 x 1071
9.37T A3 B %1077 312 A7 E7% % 107°
198 A2 EZTx 1072 6.60 A™/3 77 x 1072
6.30 A% B9 x 10" 2,10 A7 E;° x 10°
2.83 A710/8 B2 101 9.43 AT/ B2 < 10t

CUkR W N = |
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Internal Conversion

Transitions between states that both have a spin and parity of 0 are not forbidden,
but they cannot decay by single v-ray emission. Instead the nucleus loses its excess
energy by emitting one of its deeply bound atomic electrons. The electron is emitted

with the kinetic energy of Fj

B, = (E;,— E;) — B., (2.10)

where F; and E; are the excitation energies of the initial and final states with B,
being the electron binding energy, which varies according to the orbital. Once the
electron has been emitted, an electron from a higher orbital fills the lower orbital’s
vacancy, leading to the emission of an X-ray, which can be detected in coincidence
with the conversion electrons. At low energy transitions there exists a competition
between internal conversion and y-ray emission and can be expressed as the internal
conversion coefficient, a;.., which is defined as a ratio of transition probabilities from

internal conversion, A., or y-ray emission, A,

Ae
X,

Qjeec =

(2.11)

with a small value representing when internal conversion is negligible and a large
value for when it dominates. The total transition probability, A, takes into account

both internal conversion and ~-ray emission and can be shown as

A=A+ =\ (1+a). (2.12)
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Figure 2.5: Calculated conversion coefficients for E1, E2 and M1 decays in Lu [14].

Transition multipolarity affects internal conversion and ratios can be made be-
tween the K, L and M orbitals. The total conversion coefficient can be found by

addition of each atomic orbital

a=ag+ar+oy+.... (2.13)

Figure 2.5 shows the calculated conversion coefficients for E1, E2 and M1 decays

in Lu using Brlcc for the energy range of 20 keV to 400 keV [14].

2.1.5 « Decay

a decay is useful for identifying nuclei due to the distinct decay energies of o parti-
cles. The « particle is a strongly bound system that is identical to a He nucleus and
this allows energy to be released in an effective way. « decay has to be explained
with a non-classical explanation and Gamow’s [15] theory on « decay, then followed

by Gurney and Condon [16], have been the most successful. In the Gamow model
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the o particle leaves the parent nucleus by penetrating through the Coulomb barrier

in a process known as quantum tunnelling and energy, ()., is released such that

XN = 5 5YN 2 + a + Qa, (2.14)

where Z and A are the proton and mass numbers, respectively. Energy is also
released in the o decay and the net energy is called the @), value, which corresponds
to the total kinetic energy of the daughter nucleus and the a particle.

As the half-life of a decay is highly dependent on the (), energy, only small
differences in alpha-decay energies are needed to produce half-lives with large orders
of magnitude differences. In an experiment performed by Geiger and Nuttall [17],
the stopping distance of alpha particles in air was measured. They discovered that
the decay constant, plotted against the stopping distance of several isotopes, gives
a relatively straight line. From this observation, a relationship between the range
and the energy of the alpha particles was found

Tija, = a+ (2.15)

b
VQao'
where a and b are empirically measured constants that differ depending on the

chemical element.

The probability that there will be the emission of an « particle from a nucleus is

P = Ppreform - Prunnet - v, (216)

where Pprcform 1S the probability of an « particle existing inside the parent nu-
cleus, Py nne is the probability the o will quantum mechanically tunnel through the
Coulomb barrier and v is the knocking frequency. Pprcform is related to the half-
life of the decay, while P, ,,e can be calculated using Coulomb barrier models, for

example
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Pturmel = exrp [_QG]a (217)
where G is the Gamow factor shown by

G=1\/— b V(r) — Qg dr, (2.18)

a
where a and b are the inner and outer turning points and V'(r) is the barrier height.

When writing Equation 2.17 in terms of 2.18

2 27
P =exp [_2N / hQZ 47r§0 <arccos\/_— Vol -z )] (2.19)

where = = a/b.

This allows the barrier penetration probability to be expressed as [18§],

—egjp[ / \/_\/ 22¢ | F l(l+1)—Qa] dr, (2.20)

2pur?

due to the tunnelling probability being highly dependent on the « particle’s orbital
angular momentum, the atomic number and energy, and where p is the reduced

mass.
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Chapter 3

Experimental Methodology

In ~-ray spectroscopy there are many experimental challenges to overcome, stem-
ming from the highly precise methods that are needed in order to synthesise and
perform measurements of the nuclei of interest. This chapter discusses in detail
topics ranging from the detectors used to the data preparation required for the

analysis.

3.1 Exotic Nuclei Synthesis

Heavy-ion fusion-evaporation reactions are suitable for synthesising the nucleus in a
high-spin excited state. A fusion-evaporation reaction involves a projectile nucleus
which is the beam B fusing with a stationary target nucleus 7', resulting in a highly
energetic compound nucleus C'. The compound nucleus is highly excited due to the
large amount of energy that is required for the projectile to overcome the Coulomb

barrier of the target nucleus. This reaction can be expressed as

A A A+Ag rx
2B+ 72T = 31020 (3.1)
where A and Z are the mass number and proton number, respectively.
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At the University of Jyvéskyld, a beam of accelerated ions are fired upon a fixed
target located inside the JUROGAM II High-Purity Germanium detector array. The
beam and target nuclei fuse into a compound nucleus, in which, a large amount of
kinetic energy and angular momentum is transferred. Particle evaporation of the
compound nucleus begins due to the highly unstable nature of the system. In order
for the compound nucleus to lose energy it “boils oft” nucleons or « particles until the
system has less excitation energy than the particle separation energy. This happens
within a time scale of the order of 107 s. At this stage the system is close to the
yrast line, and any further particle evaporation is not possible. The yrast line is at
the locus of density points the maximum angular momentum for a given excitation
energy. The remaining excitation energy and angular momentum is dissipated by a
cascade of electromagnetic transitions as the residual nucleus travels down the yrast
line, see Figure 3.1. “Yrast” comes from the Swedish word meaning “dizziest” and is
the highest angular momentum.

For a given excitation energy, fusion-evaporation reactions can be written schemat-

ically as

Sl Or —>2§:((§I;’$4z) R + ap + yn + z2q, (3.2)

where Ac = A1 + As and Zo = Z; + Zs, which can be written more conventionally
as
2 T(5!B, apynza) R, (3.3)

where xp is the number of evaporated protons, yn is the number of evaporated neu-
trons, za is the number of evaporated « particles, and R is the remaining evaporation

residue i.e. the recoil.
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The compound nucleus energy is defined as

1
B :Ecom —+ Q: §/LV2 + (MB + MT — Mc)02 (34)

rel

where u = (MpMp)/Mc is the reduced mass, .., is the centre of mass kinetic
energy, () is the mass difference energy gained, Mp rc are the beam, target and
compound nuclear mass, respectively, and v, is the relative velocity. As the target

is in a stationary position then the formula can be re-arranged as

Mr 9
E*=FE.,, + =———Fp + (Mg + Mr — M¢g)c”, 3.5
Q Vo an (Mp T o) (3.5)

where Fp is the kinetic energy of the beam. Monte Carlo simulations can be per-
formed to give an indication of the cross sections of nuclei that will be produced.
A beam energy can then be selected in order to populate high or low spin states,
depending on what is required by the experiment [19].

The schematic shown in Figure 3.1 shows the decay stage from a compound
nucleus. Proton evaporation is favoured in neutron-deficient nuclei over neutron
evaporation as protons are more loosely bound than neutrons. The evaporated
protons have a separation energy in the order of 2 MeV, and the order of 1A of
angular momentum. As evaporated neutrons have a greater separation energy for
neutron-deficient nuclei, different reaction channels will be produced resulting in

different spins occurring.
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Figure 3.1: This schematic shows a five particle channel of a fusion-evaporation reaction,
i.e. five nucleons. Once the particle-evaporation threshold is reached, then energy and
angular momentum are lost as statistical y-rays.

It is also possible for particle emission to occur as spontaneous radioactive decay
modes from yrast states [20]. This is highly sensitive to the interplay of decay Q

values and the orbital angular momenta of the emitting states.
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3.2 Advances in Spectroscopy

In fusion-evaporation reactions, several reaction channels occur. This can be useful
as it means many different nuclei can be populated in one experiment. However
this introduces a large y-ray background that could obscure the reaction channel of
interest. Competing reaction channels is not the only source of the background, as
Coulomb excitation of the target by the beam is also a factor.

Due to the large background obscuring the potentially weak electromagnetic
transitions, a recoil separator combined with detectors at the focal plane allows the
use of selective tagging techniques. The recoil separator allows fission products and
unreacted beam to be separated from the recoiling residual nuclei which travel to
the focal plane.

Data from every detector channel are recorded with an associated time stamp
from a 10 ns metronome brought about by a 100 MHz hardware clock to allow for
event reconstruction during analysis. The timestamps allow temporal correlations
between 7 rays emitted at the target position and recoil implantations and their
subsequent decays detected at the focal plane of the recoil separator. This technique

is called Recoil-Decay Tagging (RDT) [3, 21].

3.3 Experimental Apparatus

The University of Jyvéskyld Accelerator Laboratory utilises a K130 cyclotron to
provide a beam selected with a specific target to produce the required compound
nucleus for the experiment. The charged particle and electromagnetic emissions
are observed by the LisA spectrometer, the JUROGAM II spectrometer [22], and
the GREAT spectrometer [23]. Figure 3.2 shows the beam line coming into the
photograph from the right hand side, with the JUROGAM II spectrometer centre-

left.
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Figure 3.2: The JUrROGAM II ~-ray spectrometer located at the RITU target position.
The beam direction is from right to left.
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Figure 3.3: The LisA light-ion spectrometer array installed inside JUROGAM II at the
target position [24].

3.3.1 The LISA Spectrometer

The Light Ton Spectrometer Array (L1SA) see Figure 3.3 [24] is used in conjunction
with the JUROGAM II and GREAT spectrometers.

The LI1SA spectrometer can distinguish between evaporated proton and « parti-
cles since the spectrometer comprises 0 ' — E telescopes. However, for this experi-
ment there was only a partial implementation with a single layer of silicon and this
discrimination was not possible. Instead we have used the raw fold of evaporated

particles as can be seen later in Chapter 4.
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L1sA can be used in combination with RDT to measure nuclei on the proton-
drip line with extremely short lifetimes, in the order of 0.5 us and less. An array of
silicon detectors placed in different orientations make up the LISA spectrometer, and
it is designed to be placed at the target position in the RITU-vy cave in Jyviskyla.
The spectrometer allows the measurement of charged particles, and is used with

JUROGAM II detecting 7 rays.
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Figure 3.4: The JurocaM II array at the target position with data cables above and
autofill tubes below. The smaller cryostats are attached to the Phase 1 detectors, whereas
the larger cryostats are Clover detectors.

3.3.2 The JUROGAM II Spectrometer

JUROGAM 1II is a High-Purity Germanium (HPGe) detector array (shown in the
photograph in Figure 3.4) consisting of 24 Clover detectors |25] and 15 Phase 1
detectors [26]. In this experiment, 5 Phase 1 detectors were removed to allow LISA
to be fitted. Clover detectors have 4 segmented germanium crystals and Phase 1
detectors, named as such as they were present before the JUROGAM II upgrade,

have a single germanium crystal; as can be seen schematically in Figure 3.5.
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Figure 3.5: This is a schematic representation of a Phase 1 HPGe detector. The HPGe
crystal and preamplifier are enclosed inside a vacuum in which a cold finger connects
between the crystal and an external liquid nitrogen dewar. This is then placed inside
a BGO shield that is held in place by the JUROGAM II frame. This diagram is not to
scale [26].

HPGe semiconductor detectors are used in high-resolution v-ray spectroscopy to
identify discrete y-ray energies. HPGe detectors must be cooled with liquid nitrogen
via a cold finger to reduce noise caused by thermal excitations across the energy gap,
as shown in Figure 3.5.

The HPGe detectors are mounted in a frame that contains a bismuth germanate
scintillator shield (BGO) which is used as a Compton-escape suppression shield.
Signals in the HPGe detectors that are in coincidence with signals in the BGO
shield are discarded as they represent v rays that have Compton scattered out of

the detectors and therefore have not deposited their full energy inside the detector.
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Table 3.1: The angles of detectors in the JUROGAM II array. (a) T is a tapered Phase 1
coaxial detector, Q is a Clover detector. All angles are defined with respect to the beam
direction. All angles are midpoint angles. Each Clover detector has four crystals - a, b, ¢, d
arranged in a clockwise fashion when viewed from the Dewar side of the detector. The
detectors are mounted such that the ¢ and d crystals are closest to 8 = 90°. Each of the
four crystal’s midpoint angles subtend 4.5°. [27]

Array Position (@) 6°

TO6 to T15  133.57
Q01 to Q12 104.5
Q13 to Q24 75.5

Heavy metal collimators shield the BGO detectors to reduce discarded counts
in the HPGe detectors from mis-matched Compton-escaped events due to v rays
entering the BGO shields directly. The detector angles in the JUROGAM II array
are shown in Table 3.1 [27].
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Figure 3.6: The RiTU gas-filled separator. The beam direction is from right to left.

3.3.3 The RITU gas filled separator

The Recoil Ton Transfer Unit (RITU) [28, 29, 30| is a gas-filled separator that sep-
arates the recoiling nuclei made in the fusion-evaporation reaction from unreacted
beam and fission fragments, and subsequently transports the recoils to the GREAT
spectrometer located at the focal plane, see Figure 3.6.

Recoils exit the target in a narrow forward-focused cone. The first quadrupole
magnet at the entrance of RITU matches the fusion recoil cone to the acceptance of
the dipole magnet. The dipole magnet then steers the recoils and dumps most of
the unreacted beam into a Ta ski inside RITU. The separation between the recoiling
nuclei and unreacted beam is dependant on the differences in the magnetic rigidities

of the beam and fusion evaporation residues.
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Bp="" (3.6)

e’

which determines the deflection of a particle in a magnetic field. After that a further
two quadrupole magnets focus the recoils onto the GREAT spectrometer at the focal
plane.

RiTU is filled with helium gas. Recoiling fusion products and unreacted beam
undergo charge exchange collisions in the gas, which results in them being transmit-
ted to the focal plane detector in an average charge state. This results in a higher
transmission efficiency over vacuum-mode separators which can only accept a few

charge states at the expense of retaining any mass selectivity.
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Figure 3.7: The GREAT spectrometer. Recoils from fusion-evaporation travel through the
MWPC and are implanted into the DSSD array. Radiations from the recoil are detected
by the DSSDs, PINs, Planar and Clover detectors. The large top Clover detector would
be located vertically above the DSSD.

3.3.4 The GREAT spectrometer

The Gamma Recoil Electron Alpha Tagging (GREAT) spectrometer sits at the focal
plane after RITU and is used to detect recoil implantations and their subsequent
decays. Figure 3.7 shows a schematic diagram and a photograph is shown in Fig-
ure 3.8. It is made up of several different devices used to detect different radioactive
decay modes of the arriving recoil nuclei.

Figure 3.9 shows a simplified version of a recoiling nucleus entering and inter-
acting with the GREAT spectrometer. The recoiling nucleus passes through the
Multi-Wire Proportional Counter (MWPC) and deposits energy with a time-of-
flight component recorded by the Total Data Readout (TDR) system. The ‘recoil’

then passes through the PIN diodes array and is deposited into the Double-sided Sil-
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Figure 3.8: A view of GREAT at the focal plane looking upstream.

MWPC PIN diode Planar

recoil

DSSD

Figure 3.9: A side view of a recoil interacting with GREAT.

icon Strip Detector (DSSD) where it decays. The radioactive decays and conversion

electrons are measured in the DSSD and PIN diode array, while the isomer-delayed

~v-ray emissions are detected in the Planar and Clover Ge detectors.

35



Multi-Wire Proportional Counter (MWPC)

The Multi-Wire Proportional Counter (MWPC) is an isobutane filled detector po-
sitioned at the end of RITU and the start of the vacuum of GREAT separated by
Mylar windows. As recoils pass through the MWPC, the isobutane is ionised and
this charge is collected by the anodes allowing energy and time information to be
collected. The detector can be used to discriminate between recoils and scattered

beam.

Double-sided Silicon Strip Detector (DSSD)

These implantation detectors are a pair of adjacent 60 mm x 40 mm silicon detectors
that are 300 pum thick and separated by 4 mm. Each DSSD has 60 x 40 strips
resulting in a total of 4800 pixels which allows a high degree of spatial correlations
due to accurate positioning of implantations. The DSSDs are enclosed and in close
proximity to the preamplifiers so heat is generated which would cause thermal noise.
To mitigate this problem detectors are mounted on cooling blocks and connected to

an ethanol heat exchanger.

PIN diodes array

The 28 silicon detectors that make up the PIN diodes array are positioned in a
shoebox arrangement between the MWPC and the DSSDs. The PINs can detect
conversion electrons, 8 particles « particles that have escaped the DSSDs. For the
set up of this experiment, the PINs were set up to detect escaped « particles. In this
case most of the energy of the o particles detected will be spread out between the
DSSDs and the PINs, so with the addition of the two energies detected, a reasonably
accurate energy can be determined, but loss of energy between the detectors will

cause accuracy limitations.
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Planar Germanium Strip Detector

The planar is a double-sided detector, with the dimensions 60 mm x 40 mm and
a total of 288 pixels, collects signals read from horizontal and vertical strips on the
front and back of the detector. The planar detector is positioned 10 mm downstream
of the DSSDs within the vacuum of GREAT and can detect X rays, low-energy v rays
and high-energy ( particles. The front face of the planar is more appropriate for
detecting X rays and v rays with energies less than 100 keV as low-energy transitions
may not penetrate far enough into the germanium. A beryllium entrance window

of 0.5 mm separates the detector from the rest of the GREAT vacuum.

Focal Plane HPGe Clover Detector

The focal plane clover detector comprises of 4 coaxial n-type clover detectors, each of
which has four-fold segmentation resulting in a detector with 16 active regions within
one cryostat. The clover detector is used in conjunction with a BGO Compton-
suppression shield and placed above the GREAT chamber. The geometry of the
detector was designed to match the focal plane dimensions. Additional clover de-

tectors may be added to face the sides of the GREAT chamber.

3.3.5 Total Data Readout (TDR)

Total Data Readout (TDR) is a triggerless data acquisition system [3, 21]. The
TDR incorporates a 100 MHz metronome that timestamps every single detector
signal with a 10 ns tick time. This reduces common dead time and allows higher
data rate experiments to be run. A software trigger is then used to reconstruct
events so that no data are lost. This also means that long correlation times can be
used without losing any events. This is key to the processes required by RDT. A

disadvantage of this method is that large amounts of data are produced for storage,
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so a pre-filter can be used that accept events only if they follow certain conditions.
For this experiment the pre-filter was set to only store data that can be correlated

to events seen in the DSSDs.
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3.4 Experimental Methodology

3.4.1 Calibrations

Before analysis is started a calibration of all the detectors must be carried out. Each
detector has a unique calibration as the electronic gain on all detectors differ due to
differences in hardware such as signal cable lengths. Radiation sources with known
peak energies are placed inside each section of the experimental apparatus with the
type of radiation specifically chosen for that detector system. '®2Eu and *3Ba are
used in JUROGAM II and are placed at the centre of the array, »°Pu, ?!Am and
244Cm are placed inside the focal plane for the calibration of the DSSDs and PINs.
A mixed EuBa source is placed externally on GREAT to calibrate the planar and
clover detectors at the focal plane.

For calibrating the HPGe detectors and planar detector, around 10 peaks are
chosen across a range of 80 and 1408 keV and energy calibrated as a function of

channel number using the equation

E = a + (channel no. x b) + (channel no.? x c) (3.7)

where F is the energy, a, b and ¢ are the quadratic term coefficients.

3.4.2 Doppler-shift correction

Although the target is at rest at the centre of JUROGAM II the beam impinged
upon it is not. The reaction products from fusion-evaporation are thrown forward
from the target position. The v rays that are emitted in the forward direction (0°
< 0 < 90° relative to the beam axis) from the moving nuclei experience an increase

in energy, whereas those emitted in the backward direction (90° < 6 < 180°) will

experience a decrease in energy.
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The Doppler-shift correction [31| must be applied to «y rays detected in JUROGAM

IT to account for these energy shifts at different angles,

E=E, (1 + %cos (9)) (3.8)

where £ is the detected energy, Eq is the true energy, £ is the nucleus velocity, and

¢ is the angle of the detector relative to the beam axis. The ¢ parameter is the
unknown in this equation and can be measured by observing differences in detected

peak energies in detectors at different angles in JUROGAM I1I.

3.4.3 Efficiency Correction

Knowing the relative intensities of the detected v rays is essential information for
several parts of the analysis. Just as the energies of the peaks need to be calibrated,
so do the peak intensities. The JUROGAM II array is most efficient at around 120 keV
due to the size of the crystal and how ~-ray energies are absorbed by the detectors
and surrounding objects (such as the target chamber which attenuates lower energy
7 rays). For efficiency calibrations the "?Eu and '*3Ba sources used also for the
energy calibration are placed at the target position and the JUROGAM II array is
closed to simulate the conditions found in an experiment (one difference being, the
calibration sources are at rest). Figure 3.10 displays the efficiency curve of JUROGAM

IT in this particular setup.

3.5 Experimental Techniques

The following range of techniques are used to allow information on the desired
nucleus to be extracted from the data collected by the equipment described in the

previous section.
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Figure 3.10: The efficiency curve of JUROGAM II produced using the analysis software
package Radware [32].

3.5.1 Tagging Techniques

There are many reaction channels available in the data from the fusion-evaporation
reaction. Selection of a specific channel is often essential for the analysis of a certain
nucleus particularly for ~-ray emissions in nuclei produced with low cross sections
in a large v-ray background arising from other reaction channels to reduce the large

~v-ray background.
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Figure 3.11: Spectrum (a) shows raw JUROGAM II untagged data. The only obvious
peaks are the 511 keV peak and Coulomb excitation peak at 633 keV from the 196Cd
target. Spectrum (b) shows the recoil-decay tagged '®Lu with only an energy gate on
the 76 keV and 170 keV peaks in the focal plane. Spectrum (c) is the isomer recoil decay
tagged spectrum with an additional gate to the panel above around the half-life of the
isomeric state in *®Lu discussed in (Chapter 4).
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Figure 3.12: This shows the JURoGAM II fold with obtained for v rays detected in
delayed coincidence with a recoil implantation at the RITU focal plane.

In Figure 3.11 the top spectrum shows a JUROGAM II untagged spectrum which
demonstrates how important tagging techniques are in order to extract meaningful
information from spectra obtained from a complex reaction. There is a high level
of background and the large, wide peak around 600 keV is caused by Coulomb Ex-
citation of the beam (a “Coulex Peak”) which hides useful information. This can be
eliminated by setting a y-y time gate to ensure only coincidences are accepted. The
middle spectrum is recoil-gated JUROGAM II meaning recoiling particles of a certain
energy can be selected in the DSSD and correlated with specific v rays originating
from a particular reaction channels compound nucleus. The bottom spectrum is iso-
mer recoil-gated JUROGAM IT which incorporates an additional lifetime component
and using delayed v rays detected by HPGe Clover detectors in the focal plane.

The JUuROGAM II fold for RDT and Isomer RDT can be seen in Figures 3.12
and 3.13 which demonstrates the reduction of statistics between the two techniques
as indicated by the fold distributions. Note that the fold distribution also has a
reaction and angular momentum dependence.

Figure 3.14 is a two-dimensional matrix displaying energy versus time-of-flight
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Figure 3.13: This shows the JurRoGAM II fold obtained from prompt ~ rays detected in
delayed coincidence with ~ rays de-exciting isomeric states at the RITU focal plane.

of recoils between the MWPC and DSSD in the GREAT spectrometer. The dashed
line represents a two-dimensional energy gate that is placed around the recoiling
nuclei and makes up the energy selection component (known as a ‘gate’) of the

recoil tagging for RDT in the sort code.
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Figure 3.14: Energy deposited by recoiling nuclei and scattered beam in the MWPC
versus the flight time between the MWPC and the DSSD. The reaction used here is a *®Ni
beam with a 196Cd target at a beam energy of 318 MeV. The larger component, highlighted
with a dashed line, is a two-dimensional gate selecting the recoiling nuclei. The smaller
component to the left is unreacted scattered beam.
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Figure 3.15: Recoil-v time in JUROGAM 11 versus the flight time between the MWPC and
the DSSD. The larger component, highlighted with a dashed line, is a two-dimensional time
gate selecting the time component of the recoiling nuclei for RDT. The smaller peaks above
and below originate from the cyclotron beam’s oscillation frequency, commonly referred to
as ‘cyclotron bumps’.

Figure 3.15 is a two-dimensional matrix displaying time versus time-of-flight of
recoils between the MWPC and DSSD in the GREAT spectrometer. As with the
two-dimensional gate in Figure 3.14, here the gate is around the time component of

the recoil tagging for RDT.
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Figure 3.16: A plot of time differences between the detection of a recoil implantation
in the GREAT DSSD and the detection of «-ray transitions in the planar detector. Peaks
1 and 2 correspond to the 76 keV and 170 keV v rays depopulating the isomeric state in
158Lu. The lower energy peaks 3 and 4 are X-ray transitions.

Figure 3.16 shows a two-dimensional matrix displaying focal plane clover time
versus energy in the GREAT spectrometer. This is produced to determine isomeric
decay lifetimes of different y-ray peaks in the focal plane, which is set up to measure
delayed v rays, therefore detecting isomeric states in the ns to us time regime.
Using the analysis software GRAIN [33| to produce a slice of this matrix allows
one to ‘gate’ on a 7 ray, set a background subtraction, and to view a background

subtracted lifetime curve, as shown in Section 4.
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Chapter 4

Spectroscopy of the exotic nuclei

15611 and %Lu

Excited states of the neutron-deficient nuclei '*°Lu and '*®Lu have been populated
with the fusion-evaporation reactions °Cd(°*Ni, a3pn) and °°Cd(°*Ni, 5pn), re-
spectively. The experiment was performed at the University of Jyvéskyld Acceler-
ator Laboratory (JYFL) where prompt v rays were detected at the target position
of the JUROGAM II array. The JUROGAM II spectrometer array was coupled to
the RITU separator, which transported recoiling fusion evaporation residues to the
GREAT spectrometer at the focal plane. Isomeric states have been discovered, and
their lifetimes measured, in both nuclides. A large number of new y-ray transitions
have been observed in '"°Lu with amendments to previous work on this nucleus and

a level scheme has been established for the low-spin states in *®Lu for the first time.
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4.1 Previous work

The isotope *°Lu was first identified by the observation of its characteristic o emis-
sions. Hofmann et al. [34] discovered two o decays with E, = 5.450(10) MeV; t; 5
= 500 ms, and E, = 5.567(5) MeV; t1,, = 180(20) ms with b, = 100(25)% [34].
Further work was done by Page et al. who made high precision measurements as
part of a wider study of neutron-deficient isotopes in the N > 82 > Z region [35].
Page et al. obtained values of E, = 5.454(4) MeV; ¢/, = 494(12) ms, and E, —
5.565(4) MeV; t1/o = 198(2) ms with b, = 98(9)% [35].

A level scheme of excited states in '%Tu was established by Ding et al. [4] (see
Figure 1.2 in Chapter 1). Ding et al. used the characteristic o decays measured
in the previous studies in a mass-selected recoil-decay tagging experiment. This
experiment used the GAMMASPHERE spectrometer array comprising 101 Germa-
nium detectors coupled to the Fragment Mass Analyzer. The recoil-decay tagging
was achieved by recording the recoils of 257 and 26™ charge states of A = 156 re-
coils collected at the separator focal plane. Recoil-decay correlations were limited
to 200 ms. Ding et al. [4] produced a significant level scheme extending to high ex-
citation energy. The level scheme has been amended in this thesis and new excited
states including an isomer have been discovered.

The isotope %®Lu was discovered in 1980 by Alkhazov et al. by its « decay [36].
The nucleus was investigated using the TRIS online mass separator facility at LINP
(Gatchina, USSR). A spallation reaction induced by bombarding a 1 GeV proton
beam onto a tungsten target produced the '®Lu. Alkhazov et al. measured the
a-decay energy to be 4.665(10) MeV with a half-life of 10(1) s |[36]. Toth et al. used
the Sm(*F, 5n)'8Lu and "Sm(*F, 8n)'®Lu reactions to measure the a-decay
properties of ®Lu and obtain cross-bombardment information [37]. The helium

gas-jet technique was used to collect and transport reaction products [37] so that

49



they could be assayed for radioactivity with surface barrier Si (Au) detectors. In this
experiment, Toth measured a consistent value for the a-decay energy 4.666(5) MeV
and determined the half-life to be 9(2) s [37].

The excited states in 1*®*Lu were first investigated by Dracoulis et al. in experi-
ments using the CAESAR ~-ray spectrometer at the Australian National University
and the HERA spectrometer at the Lawrence Berkeley National Laboratory [38].
A ~-ray spectrum was shown in conference proceedings, however no level scheme
was published for »®Lu in that work or elsewhere in the literature. The current
work confirms the 7 rays observed by Dracoulis et al. and establishes the first level

scheme for this nucleus.

4.2 Experimental Details

The fusion-evaporation reactions **Ni(1%Cd, a3pn) and **Ni(1%Cd, 5pn) were used
to populate excited states in the neutron-deficient nuclides *Lu and '*®Lu, respec-
tively. The K130 cyclotron at the University of Jyvéskyla Accelerator Laboratory
accelerated the °®Ni ions to an energy of 318 MeV with an average beam intensity
of 7 pnA focused onto the target. The °°Cd target was enriched to the 96% level
and had a nominal thickness of 975 ug/cm?. Table 4.1 lists calculated estimates for
the relative population of the exit channels following the **Ni + !%6Cd reaction at
a bombarding energy of 318 MeV using the PACE4 fusion evaporation code [39).
The Lu isotopes are predicted to be populated at reasonable cross sections for y-ray
spectroscopy studies.

The target was placed in the centre of the JUROGAM II array. The JUROGAM
IT array comprised 10 EUROGAM-type HPGe detectors at an angle of 133.57°, 12
Clover HPGe detectors at an angle of 104.5° and 12 Clover HPGe detectors at an

angle of 75.5° relative to the beam direction. The target was surrounded by the
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Table 4.1: A Projection Angular-momentum Coupled Evaporation (PACE4) Monte Carlo
code calculation estimating the relative population of the channels following the 8Ni +
196Cd reaction at a bombarding energy of 318 MeV. The nuclides *Lu and %®Lu are
indicated by bold type.

Nuclide | Cross Section (mb)
159 19
159 f 28
158Ta 3
158 Hf 33
158 13
156y 38
156y 22
156 f 66
155Lu 19
155%h 32
153Tu 18
153Yh 62
152yh 44
152Tm 35
150Ey 70

LisA light-ion Si spectrometer array.

Recoiling fusion-evaporation products were separated in-flight from fission prod-
ucts and primary beam by the RITU gas-filled separator and transported to the
GREAT spectrometer, which is located at the focal plane. Genuine recoils were
distinguished from scattered beam by energy loss in the GREAT MWPC and, in
conjunction with the DSSD, time-of-flight measurements [40, 41]. The total data
readout (TDR) [3] data acquisition system timestamped all detected signals indi-
vidually to a precision of 10 ns. The data were sorted both online and offline with
the GRAIN [33] software package. Offline y-ray coincidence analysis was performed

in the Radware |32] software package.
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4.3 Results: "Lu

4.3.1 Recoil-decay correlations in "°Lu

The two previously reported a-decaying states in 1*Lu [42, 34, 4] are assigned the
spins and parities (27) and (97) and their a-decay properties are listed in Table 4.2.
Figure 4.1(a) shows an a-decay spectrum from the present work. This spectrum
shows a decays detected following a recoil implantation within the same DSSD
pixel within 2 s. The a('°Lu)-decay peak is prominent in the spectrum, however,
there are many other o decays in the spectrum arising from the large number of
other fusion-evaporation products and their subsequent decays. Figure 4.1(b) ex-
pands the spectrum around the a-decay from the 9% state. There is some overlap
with the a-decay peak originating from '*®Ta. Thus recoil-a(**°Lu)-correlated y-ray
spectra have the potential to be contaminated by ~ rays arising from recoil-a-decay
correlations with '°*Ta due to their overlapping peaks and their similar a-decay
half-lives.

Figure 4.2(a) shows a spectrum of v rays that have delayed coincidences with
recoil implantations at the focal plane of the RITU separator. Previously reported -
ray transitions originating from the reaction products are apparent in this spectrum.
Figure 4.2(b) shows a y-ray spectrum produced by demanding correlations that have
the additional constraint of being followed by the subsequent 97 o decay of 1*Lu in
the same DSSD pixel within 2 s. The recoil-decay correlations clearly bias the data

towards the previously identified transitions of *SLu. The previous level scheme

Table 4.2: Alpha-decay properties of the ground state and low-lying isomer in *°Lu.

Nucleus | E, (keV) | t1/2 (ms) JT = J7
BLup-y | 5454(4) | 494(12) | (27) — (27)
5609+ | 5565(4) | 198(2) | (97) — (9%)
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for 1°Lu by Ding et al. [4], see Figure 1.2, was produced using mass-selected recoils
with and without subsequent decay correlations using the 9 isomer and had a lower
degree of contamination. However, while the R1TU gas-filled separator does not have
any mass selection capabilities, it has a transmission efficiency that is an order of
magnitude higher than the Fragment Mass Analyser used by Ding et al..

This results in a larger number of tagged-yvy coincidences, see Figure 4.2. The
effects of contamination in the v-ray coincidence analysis has been mitigated by the
improved statistics and the existing knowledge of the most intense 7 rays in **Lu
and nearby nuclei. In this work, it has been possible to amend and extend the *%Lu
level scheme above the 97 isomer.

It has not been possible to deduce any v-ray transitions feeding the 27 state
in Lu. Figure 4.3(a) and (b) show 7-ray spectra selected by recoil decay cor-
relations using the 5453 keV (27) and 5565 keV (97) « decays, respectively. The
spectra are almost indistinguishable from each other. This is not surprising since
fusion-evaporation reactions preferentially populate yrast states so, in this case, the
yrast intensity is trapped at the a-decaying 97 state. Consequently the 5453 keV
(27) « decay is less prominent in this data. Indeed, Figure 4.1(b) shows that the
ground-state a decay is completely obscured by the background formed by escaping

« particles from the 5565 keV (97) a peaks and other higher energy decays.
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Figure 4.1: (a) Spectrum showing « decays detected following a recoil implantation
within the same pixel within 2 s. The « decay from the 97 state in ®°Lu is the largest
peak in the spectrum. (b) The region close to the !SLu originating from the a decay of
the 9% isomer showing an overlapping o decay originating from %%Ta. [2]
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Figure 4.2: (a) vy-ray spectrum detected at the target position by JurRoGAM II and
correlated with a recoil implantation in the GREAT DSSD detectors at the focal plane. (b)
~-ray spectrum detected at the target position by JUROGAM II and correlated with recoil
implantations followed by the characteristic 97 « decay of "SLu within the same DSSD
pixel. The recoil-decay correlation time was limited to 2 seconds.
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Figure 4.3: (a) Spectrum showing v rays correlated with recoil implantations followed
by the 5565 keV (91) « decay of 1°°Lu within the same pixel. The correlation times were
limited to 2 s, which corresponds to ~10 half-lives. (b) Spectrum showing ~ rays correlated
with recoil implantations followed by the 5453 keV (27) « decay of Lu within the same
pixel. The correlation times were limited to 2 s, which corresponds to ~4 half-lives for
each decay.
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4.3.2 JUROGAM II 77 coincidence analysis

~-ray coincidences correlated with recoil implantations followed by an « decay from
the 9% isomer within the same DSSD pixel were sorted offline into a E,; — E,
matrix. This matrix was used to generate spectra to build the level scheme shown
in Figure 4.4. It is noted that Ding et al. identified and assigned ~ rays feeding the
107 state rather than the a-decaying 97 state. Figure 4.5 shows 7-ray coincidences
between low-lying transitions in *°Lu. Figures 4.5(a) and 4.5(b) show ~ rays in
coincidence with the 618 keV and 313 keV, transitions, respectively. These spectra
show that these v rays are in coincidence with the 745 keV transition assigned by
Ding et al. to feed the low-lying 10" state. The spectra also show a weak 683 keV
transition, which is not in coincidence with the 745 keV. Figure 4.5(c) shows that the
683 keV transition is in coincidence with the transitions between higher-lying excited
states, which suggests it forms part of a parallel decay path from the 127 state. The
683 keV transition is assigned to feed directly the a-decaying 9 isomer. No linking
transitions have been observed between the 618 keV and 683 keV ~ rays suggesting
that such transitions may have low energy and cannot be efficiently detected by the
spectrometer array.

Figures 4.6 and 4.7 show typical y-ray coincidence spectra extracted from the
matrix that were used to significantly extend the level scheme for *Lu, see Fig-
ure 4.4. Figure 4.6(a) shows ~y rays in coincidence with the 745 keV transition, which
was identified as the lowest-lying transition feeding the 10" state by Ding et al [4].
Figure 4.6(b),(c) and (d) confirm that there are two parallel cascades that feed the
low-spin states via the 574 keV transition. The 574 keV and 462 keV transitions
had been observed by Ding et al. who assigned the latter transition to be a linking
transition from an 187 state to the 16 state. Figures 4.6(c) shows v rays in coinci-
dence with the 462 keV transition, which indicates that it is part of a short cascade

comprising the 123 keV, 313 keV, 487 keV and 574 keV transitions. The coincidences
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with the 574 keV, see Figure 4.6(b), indicate several other intense transitions such as
the 635 keV transition. Figure 4.6(d) shows « rays in coincidence with the 635 keV
transition and reveals «y rays in a cascade extending to high-spin and excitation en-
ergy. It is apparent from these spectra that the 574 keV transition forms a common
link from two parallel structures to the previously assigned 16™ state.

The transitions in the cascade observed by Ding et al. have been confirmed in this
work but have been reordered on the basis of relative intensity measurements and to
reflect the multiplet structure of the single-particle excitations. Figure 4.7(a) shows
coincidences with the 1053 keV transition, which shows the transitions between
low-spin states observed by Ding et al. and several new high-energy transitions
notably 1105 keV, 1121 keV and 1242 keV transitions. Figure 4.7 indicates that
these transitions form part of three distinct branches extending to higher spins and

excitation energies.
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Figure 4.4: Level scheme deduced for the doubly-odd nucleus '%°Lu from the y-ray
coincidence analysis.
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Figure 4.5: ~-ray coincidence spectra correlated with the o decay of the 97 state in
156Lu. ~-rays demanded in coincidence with (a) 618 keV, (b) 313 keV and (c) 683 keV
transition. The 683 keV transition is in coincidence with all transitions in the '®6Lu level
scheme except for the 745 keV transition implying it is part of a parallel decay path.
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Figure 4.6: Typical v-ray coincidence spectra correlated with the o decay from the 9T
state in °°Lu. Each spectrum is labelled by the v-ray transition energy used to select
coincidences.
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Figure 4.7: Further y-ray coincidence spectra correlated with the a decay from the 9T
state in 1°°Lu. Each spectrum is labelled by the y-ray transition energy used to select co-
incidences. These coincidences show the relationship between v rays in the high-excitation
energy region.
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Some of the previously observed transitions that were assigned by Ding et al. [4]
to feed the state depopulated by the 1053 keV transition such as the 190 keV, 375 keV
and 446 keV v rays have been reassigned as transitions between lower spin states.
The remaining 400 keV and 525 keV v rays have been assigned to the decay branches
feeding the 1053 keV ~ ray, which are associated with the groups of transitions
806 keV and 1120 keV, and the 165 keV, 815 keV and 1105 keV, respectively.

The relative intensities of the transitions in Figure 4.4 are hard to reconcile with
a straightforward cascade. Indeed it was impossible to determine consistent relative
intensity measurements using different coincidence spectra. However, since *Lu an
odd-odd nucleus it is possible that there are one or more short-lived (~ns) isomeric
states throughout the structure of this nucleus that are sufficiently long to interfere
with intensity and angular distribution measurements. For example, the tentative
(25T) state that is depopulated by the 190 keV presumed E2 transition is predicted
to have a 46 ns lifetime according to the Weisskopf estimates. The presence of
any short-lived isomeric states means y-ray emission could occur downstream of the
target position and be detected with a lower efficiency, which is consistent with the
measurements reported here. Table 4.4 lists the level and y-ray transition properties
observed in *Lu. The reader is advised to recall the above caveat about short-lived

isomers when reviewing the relative intensity measurements in Table 4.4.
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Table 4.3: Measured properties of energy levels and 7-ray transitions in °Lu. Level
excitation energies are stated relative to the 10+ state. The intensities of the y-rays are
stated relative to the 618.1 keV transition.

Initial state excitation energy | J© —  J7f E, Relative Intensity

(keV) (keV) %
682 (117) —  (97) | 683.0(10) 8.7(10)
745 (127) — (10%) | 744.5(10) 80(19)
1363 (147) — (12%) | 618.1(10) 100(21)
1675 (167) — (147) | 313.4(10) 91(24)
2176 (187) — (16™) | 500.7(10) 56(14)
2250 (177) — (16%) | 574.3(10) 11.2(10)
2563 (197) — (17%) | 313.2(10) 5.1(10)
2598 (197) — (167) | 923.0(10) 10.0(10)
2893 (197) — (177) | 643.0(10) 2.2(10)
2907 (207) — (18T) | 731.1(10) 56(11)
3025 (217) — (19%) | 462.4(10) 1.5(10)
3353 (227) —  (207) | 446.0(10) 40(10)
3512 (237) — (217) | 486.8(10) 0.3(10)
3528 (217) — (197) | 635.0(10) 2.0(10)
3635 (257) — (237) | 122.9(10) 0.2(10)
3729 (247) — (22%) | 375.5(10) 32(10)
3762 (237) — (217) | 234.1(10) 1.5(10)
3919 (25%7) — (247) | 190.0(10) 28(11)
4195 (257) — (237) | 433.8(10) 1.1(10)
4564 (277) — (25T) | 368.5(10) 1.0(10)
4753 (297) — (277) | 188.6(10) 0.7(10)
4973 (27t) — (25%) | 1053.3(10) 35(7)
5583 (317) — (29%) | 830.9(10) 0.7(10)
6078 (29%7) — (271) | 1105.4(10) 8.1(10)
6093 (297) — (277) | 1119.7(10) 5.6(10)
6214 (297) — (277) | 1240.6(10) 2.4(10)
6894 (317) — (29%) | 815.3(10) 7.4(10)
6898 (317) — (29%) | 805.6(10) 6.6(10)
7299 (337) —  (31%) | 400.3(10) 3.1(10)
7419 (337) — (317) | 524.9(10) 5.7(10)
7435 (337) — (317) | 541.7(10) 4.7(10)
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4.3.3 GREAT 7y coincidence analysis

It is possible to search for isomer-delayed ~-ray transitions at the focal plane of the
RITU separator using the planar and clover detectors of the GREAT spectrometer.
Figures 4.8 and 4.9 show 7-ray transitions detected at the focal plane and tagged by
recoil-decay correlations for the clover and planar detectors, respectively. The recoil
correlated spectra indicate that there are many ~ ray transitions that occur as part
of the de-excitation process from isomers that survive the flight time through the
separator.

~-ray coincidences detected at the separator focal plane and correlated with the
characteristic o decay of the 9 state in ®°Lu were sorted into matrices. Planar-
clover and clover-clover y-ray coincidences were sorted into coincidence matrices.
Figures 4.10 and 4.11 show typical coincidence spectra. Figure 4.10 shows the planar
~-ray spectrum obtained by demanding coincidences with the 745 keV transition in
156111 that were measured in the clover detector. The planar detector has a relatively
poor detection efficiency above 500 keV, however the 313 keV (16" — 147T) transition
is clearly seen. Clover y-ray spectra extracted by demanding coincidences with the
313 keV transitions detected in the planar detector reveal v rays with transition
energies 618 keV, 745 keV and 923 keV. The 618 keV and 745 keV ~ rays correspond
to the known (147 — 12%) and (12" — 10") transitions, respectively and are
seen clearly by the JUROGAM II spectrometer at the target position. The 923 keV
transition is detected exclusively by the focal plane clover detectors. The 923 keV,
313 keV, 618 keV and 745 keV transitions are assigned to decay directly from a
high-spin isomeric state on the basis of these coincidences. The 923 keV ~ ray is

assigned to link the previously unknown isomeric state in *Lu to the 167 state.
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Figure 4.8: (a) y-ray spectra detected with the GREAT clover detector at the focal plane
of the recoil separator. These v rays are correlated with recoil implantations in the GREAT
DSSDs. (b) «y-ray spectra detected with the GREAT clover detector at the focal plane of
the recoil separator. These v rays are correlated with recoil implantations that are followed
by the characteristic o decay of the 97 state in '®6Lu within the same pixel of the GREAT
DSSDs. The correlation time for recoil-decay correlations was limited to 10 s.
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Figure 4.9: (a) y-ray spectra detected with the GREAT planar detector at the focal plane
of the recoil separator. These v rays are correlated with recoil implantations in the GREAT
DSSDs. (b) v-ray spectra detected with the GREAT planar detector at the focal plane of
the recoil separator. These v rays are correlated with recoil implantations that are followed
by the characteristic o decay of the 97 state in '®6Lu within the same pixel of the GREAT
DSSDs. The correlation time for recoil-decay correlations was limited to 10 s.
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Figure 4.10: ~-ray coincidences generated from a recoil-decay tagged clover-planar -
ray coincidence matrix. These v rays are correlated with recoil implantations that are
followed by the characteristic o decay of the 97 state in 16Lu within the same pixel of the
GREAT DSSDs. The correlation time for recoil-decay correlations was limited to 10 s. This
spectrum shows v rays in the planar detector obtained by demanding prompt coincidences
with the 745 keV transition detected in clover detector.
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Figure 4.11: ~-ray coincidences generated from a recoil-decay tagged clover-planar -
ray coincidence matrix. These v rays are correlated with recoil implantations that are
followed by the characteristic o decay of the 97 state in 16Lu within the same pixel of the
GREAT DSSDs. The correlation time for recoil-decay correlations was limited to 10 s. This
spectrum shows ~ rays in the clover detector obtained by demanding prompt coincidences
with the 313 keV transition detected in planar detector.
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Figure 4.12: A background subtracted decay curve generated from the measured time
differences between recoil implantations in the GREAT DSSDs and the 923 keV transition
detected in the GREAT clover Ge detector. A half-life of 120(17) ns for the newly observed
isomeric state in 9Lu was obtained from an exponential fit to this decay curve. Time dif-
ferences between subsequent recoils were extracted from the data. The recoil implantation
rate is sufficiently low to limit the impact of false correlations on the measured lifetime.

The half-life of this isomeric state was measured from the time differences be-
tween implanted recoils in the DSSD and correlated Lu + rays detected in the
focal plane clover and planar detectors, see Figure 4.12. A half-life of 120(17) ns for
the newly observed isomeric state in °°Lu was obtained from an exponential fit to
this decay curve.

Recoil-isomer decay correlations were performed to tag 7 rays detected at the
target position by JUROGAM II in order to search for excited states above the new
isomeric state. Figure 4.13 shows = rays detected in JUROGAM II that were in
delayed coincidence with the 313 keV, 618 keV, 745 keV or 923 keV transitions
detected at the focal plane. The correlation times were limited to approximately
three half-lives. Unfortunately the statistics required to produce a two-dimensional

coincidence matrix are too low to reach any meaningful conclusions.
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Figure 4.13: (a) v rays measured at the target position with the JUROGAM II spectrom-
eter that are in delayed coincidence with the 313 keV, 618 keV, 745 keV or 923 keV ~ rays
detected at the focal plane. The correlation time was limited to three times the half-life of
9% isomer in "SLu. A selection of peaks that may feed the new high-spin isomer have been
labelled. (b) A projection from a isomer-decay tagged coincidence matrix shows there are
too few statistics available to make meaningful measurements.
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4.4 Discussion

The proton and neutron Fermi surfaces in '*Lu are expected to lie close to the wds )
and 7whyy/o and the v f7/5, vhg/s and viyz/, orbitals, respectively. The angular mo-
mentum of the lowest-lying states in 1*°Lu are expected to be generated by coupling
the odd proton to various arrangements of the valence neutrons outside the N = 82
closed shell. The a-decaying ground state (27) and low-lying isomeric state (97) are
expected to be formed by the 7ds/s ® v f7/2 and 7hy1/2 ® v f7/2, respectively. These
configurations (and those discussed later) are labelled on the level scheme shown in

Figure 4.14.

4.4.1 The low-lying states

It was noted earlier that a 683 keV transition is observed to be in coincidence with
the 618 keV (141 — 127) transition and other higher lying transitions but not with
the 745 keV (12% — 107) transition. This v ray is assumed to be the 117 — 9T
transition from the 7hy;/, ® v f$/2 multiplet that forms a parallel decay path to
the 745 keV transition. Previous research into N = 85 isotones has revealed a
systematic reduction in excitation energies of 10™ state built upon the Thi1/2®@vhgo
configuration relative to 9% state built on the mhii2 ® v fr7/2 configuration with
increasing proton number, see Figure 4.15. The small energy difference between the
9" and 107 states as a function of proton number in the odd-odd N = 85 isotones is
interpreted to arise from the attractive interaction between 7hy;/, and vhg, orbitals,
which increases as protons are added to the mhy;/; orbital. The energy difference
between the 97 and 10T states in %°Lu could not be established in this work since
it is assumed that the presumed M1 transitions that link the structures are highly

converted or too low in energy to be detected with an appreciable efficiency.
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Figure 4.14: Level scheme for '"°Lu with configuration candidates labelled for fully

aligned states. All the levels have tentative spin and parity assignments.
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Figure 4.15: Excitation level systematics for the low-lying states in the N = 85 iso-
tones. [43, 44, 45, 46, 47, 48, 49, 50|

The yrast states built upon the 10" state are expected from systematics to be
assigned to the why, @ v f72/2h9 /2 configuration, which reaches it full alignment at
the 16 state. Figure 4.15 shows the systematic trends of the low-lying states in the

N = 85 isotones.
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4.4.2 The excited states above the 17" state (E;=2250 keV)

Several mechanisms exist for generating states with spins greater than 16*. The
next available excited multiplets could be generated by excitations involving different
combinations of the why1 /2, v f7/2, hg/2, and i13/5 states. The lowest four quasiparticle
configuration above spin 16" is presumed to be the 7h1/o ® z/f7/2h§/2 state at 177,
The cascades feeding the tentative 177 state could be formed by breaking a Thi)2
pair and coupling to one or more neutrons into the vi;z/,; orbital; the Whi’l/Z ®
th/Qilg/g configuration could give rise to a 23" state while higher spin states up
to 297 could be achieved with the wh?, , ® vhgsif,, configuration. The 831 keV
transition above the 4753 keV state is likely to be a pair-breaking transition to an

excited six quasiparticle configuration.

4.4.3 The highest-spin states

The full alignment of six valence particles in the Whi’l p®V J772hg/2113/2 configuration
is expected to produce a state with spin and parity 28~. In '%?Ho this state is
isomeric with a 47 ns half-life and lies at 5838 keV while the 1*Tm and *8Ta states
at 6141 keV and 5273 keV could correspond to this configuration. In this work,
the 27~ is assigned to this configuration in order to ensure lifetimes consistent with
observing coincidences across this state. According to the Weisskopf estimates a
1053 keV M2 transition would have a lifetime of 0.3 ns compared with 80 ns for an
E3 transition.

The level scheme above the assigned 27~ depopulated by the 1053 keV transition
splits into three branches. Each branch begins with a high-energy v ray. A mech-
anism for generating even higher spins is through the creation of higher-seniority
states by breaking more pairs of hi1/5 protons and aligning their angular momenta

with the neutrons remaining in f7/2, hg/» and 4,3/ orbitals. Thus, the underlying
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structure of the states at the highest excitation energies are assumed to be based on

mh3, /2 configurations coupled to the available neutron states.

4.4.4 The 19 isomeric state

The new isomeric state at an excitation energy of 2598 keV relative to the 10" state
is assumed to have a similar character to the high-spin isomers observed in the
other N = 85 isotones, "*Ho [51] and '%®Ta [52]. The isomer in Lu de-excites
via the emission of a 923 keV ~ ray to the 16% state with a measured half-life of
120(17) ns. The Weisskopf estimate for an E3 « decay (2.1 us) is the closest value
to the measured lifetime. Thus, the isomer is assigned a spin and parity of 197. The
isomers in N = 84 isotones »?Ho and '"®Ta also decay via E3 transitions [51, 52].
The 19~ isomer is assigned to have the Wh;13/2®yf7/2h9/2i13/2 configuration in the
other isotones. Andre et al. in their work on *?Ho noted that this spin assignment
cannot be obtained by the complete alignment of those six valence particles, which
would result in a spin and parity of 20~ |[51]. They propose a configuration for
the isomer that was based on the fully aligned state of the three valence neutrons
[V f7/25 hoj2,i13/2]20/2+ is coupled to three protons in the (j—1)g/- state of the Wh;f’/Q
multiplet. The level inversion was assumed to arise from the non-aligned state having
the largest quadrupole moment of the j® configuration, which when coupled to other
states with high angular momentum results in an attractive residual interaction that
depresses the j — 1 state relative to other states in the multiplet. The excitation
energy of the isomer relative to the 107 state is 2314 keV in %2Ho, 2598 keV in *Lu
and 2600 keV in °®Ta does not provide any systematic behaviour that might shed

light on these interactions as a function of proton number.
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4.5 Results: "°Lu

4.5.1 Identification of excited states in *’Lu

The information available on the neutron-deficient nucleus *8Lu is sparse. A single
a-decay line was identified in earlier studies and the decay properties of *8Lu are
not well suited to recoil-decay tagging studies [37]. The a-decay branch is only 0.91
% with electron capture being the dominant decay branch at 99.09 %. Dracoulis et
al. identified some v rays in 1°*Lu that depopulated excited states following a fusion
evaporation reaction. The assignment of these v rays to "®Lu relied on v-X-ray
coincidences. To date no level scheme has been published in the literature.

In this work, + rays have been assigned to '*8Lu using isomer-decay tagging on
the 76 keV and 170 keV isomeric states. The 5pn reaction channel leading to **Lu
was a strong reaction channel, which allowed the opportunity for well constrained
channel selection, therefore building a level scheme using E, -E.,-E,, coincidence
analysis. For additional proof of principle, v rays were detected in the JUROGAM
II spectrometer and in coincidence with five-fold particle evaporations in the LiSA
detector, as Figure 4.16 shows. The particle-y correlations select the yrast sequence
previously identified by Dracoulis et al. [38] and confirm the assignment of these v

rays to °8Lu.
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Figure 4.16: ~ rays detected in the JUROGAM II spectrometer and in coincidence with
five-fold particle evaporations in the LiSA detector. The 7 rays assigned to !°®Lu by
Dracoulis et al. [38] are prominent in the spectrum.

78



20

15

10

-
[¢)]

Counts (10°)

0.5

0
1.5 -
1 » —
>
L © i
05 o .
- _' -
0 A S |
50 100 150 200

Energy (keV)

Figure 4.17: (a) displays a projection from a v —~ coincidence matrix generated from the
GREAT planar detector with v rays that are detected within 200 ns of a recoil implantation
in the GREAT DSSD. (b) v and X-rays in prompt coincidence with the 170 keV v ray. (c¢)
~ and X-rays in prompt coincidence with the 76 keV v ray. The spectra shown in (b) and
(c) are background subtracted.

4.5.2 Focal plane 7 — v coincidences

The focal plane Ge detectors of the GREAT spectrometer were used to search for
decays from isomeric states. A new isomeric state was observed in this work. ~y-ray
coincidences measured in the Ge detectors of the GREAT spectrometer reveal that
the de-excitation path from this isomer comprises at least two v rays at 76 keV and
170 keV, see Figure 4.17. These ~ rays are in coincidence with the characteristic Lu

X-rays confirming the atomic number to be Z = 71.
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Figure 4.18: (a) v-rays detected at the target position by JUROGAM IT and correlated
with a recoil implantation in the GREAT DSSD detectors at the focal plane. (b) 7 rays
detected in delayed coincidence with recoil implantations in the GREAT spectrometer and
followed by the 76 keV or 170 keV isomer-delayed ~-ray transitions.

Recoil-isomer correlations were performed using these v rays as a tag to select
~v-ray transitions detected in the JUROGAM II spectrometer at the target position.
Figure 4.18 compares v rays detected in delayed coincidence with recoil implan-
tations in the GREAT spectrometer with spectra generated by demanding the ad-
ditional constraint of detecting either the 76 keV or 170 keV transition from the
isomer’s decay path. A sequence of v rays previously assigned as the yrast states
in '%8Lu by Dracoulis et al. |38] are clearly identified in the isomer-decay correlated
spectrum. Thus, the isomer and the ~ rays that de-excite it are assigned to *®Lu

on the basis of these correlations.
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Figure 4.19: A background subtracted decay curve generated from the measured time
differences between recoil implantations in the GREAT DSSDs and the 170 keV transition
detected in the GREAT spectrometer. A half-life of 456(2) ns for the newly observed
isomeric state in ®Lu was obtained from a fit to this decay curve.

Figure 4.19 shows a background subtracted decay curve generated from the mea-
sured time differences between recoil implantations in the GREAT DSSDs and the
170 keV transition detected in the GREAT spectrometer. A half-life of 456(2) ns
for the newly observed isomeric state in **Lu was obtained from a fit to this decay
curve. The corresponding lifetime 7 ~ 660 ns, which is the same order of magnitude
at the Weisskopf estimates of a 170 keV E2 transition.

Further information on the multipolarities of the isomer-delayed transitions can
be obtained by measuring the conversion coefficient ay,;. The conversion coefficients
can be obtained by using v- and X-ray intensity information measured from Fig-
ure 4.17 and assuming a simple two-step cascade. These data can be substituted

into the equation
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Table 4.5: Internal Conversion Coefficients calculations for the isomer in '®®Lu using

X-rays and « rays from transitions fed by the isomeric state.

Energy | Area Efficiency | Intensity K-ICC | ICCyy
K, | 54.1(1) | 266090(515) | 24.14(2.41) | 64234(6424) | 0.78(13) | 0.717(1)
Kg | 61.3(1) | 82760(287) | 24.36(2.43) | 20160(2017)
v | 170 862486(928) | 12.6(1.26) | 108673(10867)
K, | 54.1(1) | 405824(637) | 24.14(2.41) | 97965(9797) 0.60(10) | 0.845(1)
Kg | 61.3(1) | 105700(325) | 24.36(2.43) | 25748(2576)
v |76 848272(921) | 24.12(2.41) | 204603(20461)

Iy
QK = wa/, (4.1)

where [¥ is the summed intensity of the K, and Kj X rays, I, is the y-ray intensity
and wy is the fluorescence yield [53|. The fluorescence yield was assigned to be 0.9369
from Hagedoorn and Wapstra [54]. The peak areas and deduced intensities of the
K., Kz and v rays were measured and recorded in Table 4.5. The total internal
conversion coefficient was obtained using

Itot = Ipy(l + atot)- (42)

The value obtained for the 76 keV transition, a;,;—0.845(1), compares favourably
to the theoretical value of a;,;=0.7135 for an E1 transition obtained from BRICC [14].
The measured conversion coeflicient for the 170 keV transition a;,=0.717(1) is sim-
ilar to the BRICC theory predictions for M1 (a;,;=0.8149) and E2 (ay,=0.4824)
transitions. This is consistent with the multipolarity deduced from the measured
half-life for the isomer decay. On the basis of these measurements, the 170 keV tran-
sition is assigned to have an E2 multipolarity (possibly E2/M1) and presumed to

de-excite the isomeric state. The 76 keV transition is assigned to be an E1 transition.
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4.5.3 JUROGAM II v~ coincidence analysis

The 76 keV and 170 keV ~ rays detected at the focal plane in the GREAT spectrom-
eter can be used as a selective tag on ~ rays detected at the target position, see
Figure 4.18. Both an isomer-decay correlated E, -E,, matrices and a E, -E,-E,,
cube were sorted from the data and analysed to deduce the level scheme shown
in Figure 4.20. Typical coincidence spectra obtained from a 76 keV and 170 keV
isomer-decay correlated E, -E.,-E,, cube are shown in Figure 4.21.

The yrast sequence beginning with the 404 keV intensity is likely to be based on
a short-lived isomer. The coincidence relationships between the 404 keV v ray (and
higher-lying transitions) and the 126 keV, 194 keV and 659 keV ~ rays suggest there
is a loss of intensity in the latter group. The lower intensity of the 659 keV and
associated v rays could arise if the state fed by the 404 keV transition has a lifetime
of approximately 10 ns.

The level scheme for %8Lu is shown in Figure 4.20. The properties of excited

states above the isomer and the associated y-ray transitions are listed in Table 4.6.
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Table 4.6: The level scheme for '%8Lu can be considered in three parts: the decay path
from the 456(2) ns isomer to the ground state, the low-intensity states immediately above
the 456(2) ns isomer and the high-spin yrast states.

Initial state excitation energy | J7  —  J7 E, Relative Intensity
(keV) (keV) %o
0-2+76 (17) — (27) | 76.0(10) 1.0(10)
0-x+126 126.2(10) 15.7(2)
0-y+170 (8%) — 00—y | 170.0(10) 0.5(10)

404 (137) —  (117) | 404.5(10) 100.0(8)
619 214.8(10) 7.6(2)
0-x4-465 194.0(10) 10.2(2)
0-2+659 658.6(10) 26.9(4)
928 523.5(10) 9.0(2)
970 (157) — (137) | 565.0(10) 81.6(8)
1318 349.0(10) 43.7(6)
1579 260.4(10) 9.7(2)
1579 (177) — (157) | 609.4(10) 76.0(8)
1931 (197) — (177) | 352.2(10) 42.3(6)
2347 (217) — (197) | 415.9(10) 35.7(4)
2585 237.9(10) 29.4(3)
2709 362.2(10) 15.9(3)
3060 475.2(10) 25.0(4)
3105 757.6(10) 22.1(4)
3420 315.0(10) 28.6(6)
3743 323.7(10) 13.9(2)
3963 902.9(10) 21.0(4)
4478 734.8(10) 16.0(3)
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Figure 4.20: Level scheme deduced for "®Lu. Level excitation energies are quoted rel-
ative to the (117) state. The arrow widths of v-ray transitions above the (8") isomer
are proportional to the relative intensities. The relative intensities are normalised to the
intensity of the 404 keV transition.
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Figure 4.21: Typical y-ray coincidence spectra obtained from a 76 keV and 170 keV
isomer-decay correlated v — v — «v cube.
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4.6 Discussion

The proton and neutron Fermi surfaces in '*®Lu, like the lighter odd-odd isotope
1561, are expected to lie close to the mds/s and mwhyy s and the v f7/2, vhg s and viys s
orbitals, respectively. The angular momentum of the lowest-lying states in 1**Lu are
expected to be generated by coupling the odd proton to various arrangements of the
five valence neutrons outside the N = 82 closed shell. The increased valence space
allows a degree of collective behaviour to develop but the single-particle excitations

remain important.

4.6.1 The decay path from the 456(2) ns isomer to the ground

state.

The ground state in *8Lu is expected to be a 2~ state formed by the anti-parallel
coupling of the odd ds3/, proton with the odd f7/, neutron. The first excited states
in the N = 87 isotones have been investigated in the electron capture of the even-
Z precursors and assigned as 11 configurations. For example, the lighter odd-odd
isotones *Tm [55] and *Ho [56, 57| have excited 1T states at excitation energies
of 115 keV and 26 keV, respectively, relative to their 2~ ground states [58]. The
1% state could arise from the anti-parallel coupling of the hi1/2 protons and hg/o
neutrons [59].

The 76 keV transition has been assigned as an electric dipole 1T — 2~ transition.
The 170 keV transition is consistent with an E2 transition depopulating the 456(2) ns
isomer. It is possible that the new isomeric state in ®®Lu corresponds to the 8"
isomer observed in the lighter N = 87 isotones [55, 56, 57, 60]. The 8" isomeric
configuration has been interpreted to arise from the coupling of the [v f$/2] 5/2 neutron
state to the odd proton in the hyq/, orbital [60].

Assuming that the 456(2) ns isomer is the 8" isomer, the multipolarity assign-
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ment of the 76 keV and 170 keV transitions cannot span the angular momentum
difference to the 27 ground state. Sequences of low-energy transitions are hard to
detect between low-spin states in odd-odd nuclei. For example, the recent work
investigating 'Re [61, 62| has verified missing transitions by establishing closed
Q-value loops in correlated alpha and proton decay chains. It is likely there are
missing transitions in the decay path from the 456(2) ns isomer, which prevents a

firm assignment for the excitation energy of this long-lived state.

4.6.2 The decay path from the 456(2) ns isomer to the ground

state.

The 126 keV, 194 keV and 658 keV ~ rays above the presumed 8" isomer are difficult
to characterise due to their irregular structure. In this respect, *®*Lu is similar to
its N = 87 isotones where the decay paths from the higher-lying states to the 8*
isomer are complex, highly fragmented and often involve low-energy transitions that
can only be detected with sensitive LEPS detectors. However, there are similarities
with the positive-parity configurations in the isotones formed by coupling the proton

hi1/2 to the f7,5 and hg/, configurations [55, 56, 57, 60].

4.6.3 The high spin states above the 456(2) ns isomer.

There are some similarities with the high-spin states in *®Lu and the sequences
built on the 11~ states in lighter N = 87 isotones. For example, the '*2Tb [60] and
1%6Tm [55] isotones have 11~ state lifetimes of 4 ns and 400 ns, respectively, and the
band head fed by the 405 keV ~ ray lies in this range. There are also resemblances
between the yrast sequence in "®Lu and the v-ray cascades built upon the 11~
states in the lighter isotones, see Figure 4.22. These configurations are interpreted

to arise from coupling the hy;/o proton and ¢35 neutron orbitals |55, 56, 57, 60).
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Figure 4.22: Excitation energy level systematics of the (7hy/9)" ® (vii3/2)™ configura-
tions above the 11~ states in the N = 87 isotones.

The excitation energies of the 137, 15~ and 19~ states vary smoothly as a function

of increasing proton number. The higher spin states show a trend towards lower

excitation energies for the heavier isotones indicating a change in their structure.
Thus, the yrast states above the 11~ state in '**Lu are assigned as the why/2 ®

vi13/2 configuration.
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Chapter 5

Summary

Excited states in the odd-odd nuclei *Lu and '*®Lu have been identified using
selective tagging techniques in conjunction with the JUROGAM IT and GREAT spec-
trometers and the RITU gas filled separator at the University of Jyviskyld Acceler-
ator Laboratory. The present study of the odd-odd nucleus '**Lu has revised and
extended the level scheme to high spin and excitation energy. Configuration assign-
ments have been made on the basis of likely multiple quasiparticle excitations that
can be generated from the proton and neutron orbitals near to the Fermi surface.
The new (197) isomeric state at an excitation energy of 2598 keV relative to the
107 state is assumed to have a similar character to the high-spin isomers observed
in the other N = 85 isotones. The isomer de-excites via the emission of a 923 keV v
ray to the 16" state with a measured half-life of 120(17) ns and is assigned to have
a thf’/g ® U fr/2hg9/2113/2 configuration.

A 683 keV transition has been observed to be in coincidence with the (147 —
12%) and other higher lying transitions but not with the (127 — 107) transition.
This + ray is assumed to be the (117 — 97%) transition from the mhy /s ® I/f;’/2 mul-
tiplet that forms a parallel decay path to the 745 keV transition. Previous research

into N = 85 isotones has revealed a systematic reduction in excitation energies of
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107" state built upon the mhi1/2 ®@vhyg o configuration relative to 97 state built on the
mhy1/2 ® v f7/2 configuration with increasing proton number. This provides a reason
for the non-observation of low-energy linking transitions between the yrast struc-
tures and the a-emitting 9% state. The lowest four quasiparticle configuration above
spin 16™ is presumed to be the mhyy /s ®Vf7/2h3/2 state at 177. The cascades feeding
the tentative 17 state could be formed by breaking a mhy /o pair and coupling to
one or more neutrons into the viyz/s orbital; the whi”lﬂ ® uh§/2i13/2 configuration
could give rise to a 23" state while higher spin states up to 29" could be achieved
with the Wh?lm ® th/gifS/Q configurations. The 831 keV transition above the 29*
state is likely to be a pair-breaking transition to an excited six quasiparticle con-
figuration. The full alignment of six valence particles in the Fh?lm ® v fr/2h9/2113/2
configuration is expected to produce a state with spin and parity 27~ as observed in
the nearby N = 85 isotones. The level scheme above the assigned 27~ state splits
into three branches involving high-energy v ray transitions. A mechanism for gen-
erating even higher spins by breaking more pairs of h;;/, protons and aligning their
angular momenta with the neutrons remaining in v f7/5, vhg/ and viy3/, orbitals is
likely.

A level scheme has been established in "®Lu for the first time. A low-lying
456(2) ns isomer has been identified and assigned to be the 8" state based on the
hi1/2®[v(f12)%]5/2] 8" configuration based on similarities with the lighter N = 87
isotones. Two 7 rays at 76 keV and 170 keV form part of the decay path from the
isomer to the 27 ground state. The 76 keV transition has been assigned as an electric
dipole 17 — 2~ transition on the basis of internal conversion coefficients extracted
from intensity balances and K X-ray yields. The 170 keV transition is consistent
with an E2 transition depopulating the 456(2) ns isomer however it is apparent that
there may be missing transitions in the decay path.

The high-spin level scheme above the 456(2) ns isomer has been established
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through three-fold v-ray coincidences detected in the JUROGAM II spectrometer
with the additional constraints of delayed coincidences with the 76 keV and 170 keV
transitions detected at the focal plane. Relative intensity measurements indicate the
presence of a short-lived (~10 ns) isomer fed by the high-spin yrast sequence. Thus,
the yrast sequence is assumed to be a m(h11/2)" ® v/(i13/2)™ configuration based upon
a short-lived 11~ isomer as observed in the lighter N = 87 isotones.

The presence of isomeric states in these odd-odd Lu isotopes provides some
scope for future investigations into competing proton-emission branches from excited
states. While it is anticipated that y-ray emission is likely to remain the dominant
decay mode, valuable limits on the competing proton radioactivity decays from

excited states could be established with a more appropriate experimental set-up.
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