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Preface

This thesis presents results and interpretation of g-factor and Coulomb-excitation
measurements in the Z=50 region for the purpose of investigation of the onset and
nature of nuclear collectivity. The project was proposed by Prof. A. E. Stuchbery.

Coulomb-excitation measurements on the odd-mass Cd isotopes were performed
using Cd beams from the 14UD Pelletron accelerator to bombard a "*C target. The
accelerator was operated by the Nuclear Structure research group at the Department
of Nuclear Physics and Accelerator Applications at the Australian National Univer-
sity with support from technical staff. The measurements made use of the hyperfine
spectrometer and a Pixiel6 data acquisition system. Data acquisition and process-
ing were performed with codes developed by Drs. M. S. M. Gerathy and T. J. Gray.
Analysis was performed using the CERN ROOT analysis framework and the Gosia
semiclassical Coulomb excitation code. A shell-model calculation of states in 'Cd
used for comparison to experimental results was provided by Dr. A. Blazhev.

Multi-step Coulomb excitation data from 1'!Cd beam excitation on a ™Pb target
were made available for analysis by Dr. ]. M. Allmond. These data were taken by
Dr. Allmond, Prof. A. E. Stuchbery, and a wider collaboration at the CARIBU-ATLAS
facility as calibration of contaminant lines in a Coulomb-excitation measurement on
1%Mo. The measurements made use of GRETINA-CHICO2, a High Purity Germa-
nium tracking array (GRETINA) and a position-sensitive parallel-plate avalanche
counter (CHICO?2). Analysis of these data was performed using the CERN ROOT
analysis framework and a variety of codes written or adapted by the author.

The particle-vibration-model and Nilsson-model codes used in the discussion of
the Cd isotopes were developed by Prof. Stuchbery.

Transient-field g-factor measurements of 4; states in '713Te were performed
at the Australian National University Heavy lon Accelerator Facility using the hy-
perfine spectrometer. The isotopically enriched, three-layer targets used in the mea-
surement were prepared by Dr. G. Georgiev and Prof. A. E. Stuchbery. As with
the single-step Coulomb excitation measurements, data acquisition was performed
using a Pixiel6 data acquisition system and the accelerator was operated by the Nu-
clear Structure group with support from technical staff. Detection of 7y rays was
performed with clover detectors from the CLARION array, provided and managed
by Dr. J. M. Allmond. Data analysis was performed using the CERN ROOT anal-
ysis framework, and using a variety of codes, some written by the author, others
written by Prof. Stuchbery, Dr. McCormick, and Dr. Gray and adapted by the author.
Doppler-shift attenuation method measurements of lifetimes of states with these data
were performed using codes based on the LINESHAPE program largely rewritten by
the author.
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The data used in the Coulomb excitation analysis of the Te isotopes were made
available by Dr. Allmond. These data are from the Holifield Radioactive Ion Beam
Facility of Oak Ridge National Laboratory, and were taken as calibration data for
a recoil-in-vacuum g-factor measurement with Prof. Stuchbery as the spokesperson.
Detection of y rays made use of High Purity Germanium clover detectors. Particle de-
tection used the HyBall array of Csl detectors. Analysis of these data was performed
using codes written by Dr. Allmond and adapted by the author. The Coulomb-
excitation analysis was performed using the Gosia semiclassical Coulomb-excitation
code.

Shell-model calculations of the Te isotopes using the jj55pn interaction were per-
formed by the author, Prof. Stuchbery, and Dr. Gerathy. Development of the codes
used in the analysis of the results of the shell-model calculations to evaluate Kumar-
Cline sum rules was carried out by the author and Dr. Gray. The shell-model calcu-
lations performed using the ANTOINE code were provided by Dr. A. Gargano.

Data and analysis presented in this thesis has contributed to the following publi-
cations and conference proceedings:

¢ B. J. Coombes, A. E. Stuchbery, J. M. Allmond, A. Gargano, J. T. H. Dowie, G.
Georgiev, M. S. M. Gerathy, T. J. Gray, T. Kibédi, G. J. Lane, B. P. McCormick,
A. ]J. Mitchell, N. J. Spinks and B. P. E. Tee, “Emerging nuclear collectivity in
124-130Te”, EP] Web of Conferences 232, 04003 (2020)

¢ B.J. Coombes, A. E. Stuchbery, A. Blazhev, H. Grawe, M. W. Reed, A. Akber,
J. T. H. Dowie, M. S. M. Gerathy, T. ]J. Gray, T. Kibédi, A. J. Mitchell, and T.
Palazzo, “Spectroscopy and excited-state ¢ factors in weakly collective '1Cd:
Confronting collective and microscopic models”, Phys. Rev. C 100, 024322 (2019)

Further papers that have been coauthored:

¢ T.]. Gray, A. E. Stuchbery, M. W. Reed, A. Akber, B. J. Coombes, J. T. H. Dowie,
T. K. Eriksen, M. S. M. Gerathy, T. Kibédi, G. J. Lane, A. ]J. Mitchell, T. Palazzo,
and T. Tornyi “Perturbed angular distributions with LaBrs detectors: The g
factor of the first 10" state in 19Cd reexamined”, Phys. Rev. C 96, 054332 (2017)

¢ A. E. Stuchbery, B. P. McCormick, T. J. Gray, and B. ]J. Coombes “Pushing the
limits of excited-state g-factor measurements”, EP] Web of Conferences 178, 02005
(2018)

¢ B. P. McCormick, A. E. Stuchbery, B. A. Brown, G. Georgiev, B. ]. Coombes, T.
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Phys. Rev. C 100, 044317 (2019)
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Abstract

This thesis describes measurements of M1 and E2 observables near Z=50 and toward
132Gn. Coulomb-excitation measurements of odd-mass Cd isotopes are reported with
transition strengths for the low-lying states in agreement with previous measure-
ments. Measurements were performed in inverse kinematics with Cd beams im-
pinged on a C target. A multi-step Coulomb-excitation measurement of 'Cd is
described with a ''Cd beam on a "'Pb target using the GRETINA and CHICO2
arrays. The observed level scheme is reported with a discussion of the nature of
states. A new state is tentatively proposed and several new transitions are observed.
Measured transition strengths are compared to shell-model calculations with good
agreement found. Comparison is made of the low-lying structure of the Cd isotopes
to the particle-vibration model with poor agreement found. Consistent with previous
work, we suggest that the vibrational explanation of collective states in the Cd iso-
topes is insufficient. A qualitative comparison of results to the particle-rotor model
is then given. Neither the particle-vibration nor the particle-rotor model is seen to
give specific, accurate descriptions of these weakly collective nuclides.

Transient-field g-factor measurements on the 4, states in even-even 12#7130Te are
reported for the first time. Measurements were made with **Ni beams on enriched
Te targets for each measured isotope. The ratio of g factors of the 4] and 2 states
is seen to converge to unity away from the shell closure. The measured g factors are
compared to shell-model calculations, and the observed trends are in agreement with
shell-model predictions. The reported shell-model calculations show the importance
of angular-momentum sharing between protons and neutrons in the development of
collectivity.

Inverse-kinematics, multi-step Coulomb-excitation measurements o
beams on an enriched *’Ti target are reported. Transition strengths for states above
the 2 state are obtained to higher precision than in previous measurements in sev-
eral cases, and the 4f — 2;“ transition strength in 130Te measured for the first time.

Finally, a discussion of developing collectivity in the 132Sn region is made with
reference to shell-model calculations for both the Cd and Te measurements. The
pathway to nuclear collectivity is described with nuclear deformation and triaxiality
shape invariants calculated using the Kumar-Cline sum rules based on shell-model-
calculated E2 matrix elements. Triaxiality is predicted to be an important feature
of low-excitation states in the Te isotopes. Deformation of states is also seen to be
smaller in higher-spin states than in lower-spin states. A suggestion is made that
collectivity builds from low-excitation, low-spin states toward high-spin states.

f 124,126,130Te
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Chapter 1

Introduction

1.1 Introduction

Collective descriptions of nuclear structure have been shown to be important in un-
derstanding most known nuclei, with the exception of spherical nuclei near doubly
magic shell gaps. The exact nature of that collectivity has, however, been difficult to
describe completely in the transitional regions between spherical and well-deformed
nuclei. The investigation of patterns in level schemes, including energy, spin and
parity, has been shown to be insufficient to isolate and characterise collective degrees
of freedom. It is therefore essential to investigate electromagnetic properties, nuclear
moments and transition rates for an accurate understanding of the fundamental na-
ture of the observed structures. Modern investigations of nuclear structure are mov-
ing more towards investigation of electric-quadrupole (E2) transition strengths and
moments. These E2 observables are important as low-lying collectivity is generally
expressed in the quadrupole degrees of freedom. In contrast, the M1 moments are
less well studied despite being sensitive to the underlying single-particle structure of
the nuclear state. The M1 moments are therefore useful in tracking the development
of collectivity from the seniority structures near shell closures toward clear rotational
band structures in deformed nuclei. The emergence of this low-lying collectivity has
not been extensively studied from the view points of both E2 and M1 observables
together. This thesis will investigate the development and features of low-lying col-
lective states in weakly-collective nuclei near the '3?Sn region through both E2 and
M1 observables. Viewed on the nuclear chart, the nuclei studied are broadly ‘west’
of 1328n.

1.2 Thesis Outline

This thesis has ten chapters. Following this brief introductory chapter, Chapter 2
contains information on the research landscape that has led to the present work. The
experimental techniques used in this thesis are discussed in Chapter 3. The mea-
surements and results of Coulomb excitation measurements on the Cd isotopes are
presented in Chapters 4-5 with a discussion of the observed structures in Chapter 6.
Transient-field g-factor and Coulomb excitation measurements for the Te isotopes
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are presented in Chapters 7-8 and discussed in Chapter 9. Finally, conclusions are
presented in Chapter 10.



Chapter 2

Background and Related Work

The study of nuclear structure is often split into two separate regions: (i) spherical
nuclides near closed shells with properties determined by the couplings of a few
valence nucleons; and (ii) collective nuclides in which properties are largely deter-
mined by the coherent motion of many nucleons. Collective motion has traditionally
been characterised as either rotations of a deformed system, or surface vibrations
of spherical or deformed systems. However, exploration of the transitional regions
between these two limits is also important. Recent improvements in the ability to
perform microscopic calculations in larger model spaces has allowed the compari-
son of collective models and microscopic models in some weakly collective nuclides.
This allows microscopic investigation of the origin of collective degrees of freedom.
The Cd and Te nuclides investigated in this thesis lie between the spherical and de-
formed regions and so are ideal for investigations of the onset of collectivity and the
nature of weakly collective structures. The key questions are: “How does collectivity
emerge from the underlying nucleonic motion?”, and “What is the nature of weakly
collective nuclei?”.

2.1 The nuclear shell model

2.1.1  Nuclear shells

A common basic approach to nuclear structure is to model the nucleus with a mean-
field theory. The mean field, or average potential experienced by a nucleon, is the
result of the combined long-range Coulomb forces and the short-range nuclear forces
among the remaining nucleons. The calculations performed in these models and the
resulting single-nucleon orbits in the mean field form the language used to describe
the structure of nuclei. The mean field may be calculated microscopically using a
Hartree-Fock type of approach, or may be parameterised more empirically, e.g. by
a modified oscillator potential (the Nilsson model) or by the Woods-Saxon potential.
An example set of single-particle energies in a Woods-Saxon potential with spin-
orbit interactions is displayed in Fig. 2.1. At this level, the model does not provide
sufficient detail for the explanation of most nuclear structure measurements, however
it does give a basis from which to build more sophisticated models such as large-scale
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shell-model calculations. It also allows simple predictions of basic nuclear structure
properties in spherical nuclei near shell closures. Nuclei at shell closures, known as
‘magic’, have numbers of protons or neutrons equal to 2, 8, 20, 28, 50, 82, and 126
in stable systems. The shell structure, and hence the magic numbers, may evolve in
exotic nuclei with extreme proton to neutron ratios. Odd-mass nuclides near shell
closures often have properties that can be ascribed to a single unpaired nucleon. The
nuclides discussed in this thesis lie near the Z=50 proton shell closure and below the
N=82 neutron shell closure.

2.1.2 Large-scale shell-model calculations

Large-scale shell-model calculations begin with the single particle energies associated
with occupation of the orbits in the mean-field potential. The configuration mixing
due to two-body residual interactions between nucleons is then evaluated. Large-
scale shell-model calculations have proven to be the most successful approach to
calculate properties of nuclear states in nuclides near double-shell closures. In large-
scale shell-model calculations, the possible particle configurations that can result in a
given spin and parity in a large basis space, typically including all orbits in the major
shell for both protons and neutrons, are allowed to mix in order to find the energies
of states of that spin and parity. The configuration energies are often derived from
modified nucleon-nucleon interactions using effective field theory. Experimentally
derived single-particle energies can be used in shell-model calculations and may be
obtained from energies of particle-like states in nuclides with a particle or hole added
to the core.

Several approaches exist to obtain nucleon-nucleon interaction matrix elements
for shell-model Hamiltonians. A common approach for determining two-body ma-
trix elements is to start with the CD-Bonn potential [2], remove the repulsive core,
use effective field theory to determine the residual nucleon-nucleon interactions, and
possibly also fine-tune parameters to best reproduce known nuclear structure in a
region. This was the approach for the interactions used in this thesis.

Ideally, these shell-model calculations would be possible without any restrictions
on the possible configurations and hence could be applied across the nuclear chart.
However, the configuration space required for the calculations increases combina-
torially with the number of valence nucleons. In order to reduce the size of these
calculations it is necessary to restrict the configuration space. The most natural way
to restrict the configuration space is to only consider nucleons in specific nuclear
shells. The large quantity of energy required to excite a nucleon over a shell gap
restricts the population of configurations that include such excitations, and suggests
removing such excitations from the configuration space as a viable truncation pro-
cedure. This is particularly effective for nuclei near closed shells. In such cases, the
configurations that require excitations across a shell gap do not generally experience
a strong reduction in energy from correlations and as such have little effect on the
final calculated states. N=Z doubly magic nuclei like °O and *°Ca have deformed
multiparticle-multihole excited states at low energy, but this feature is not experi-
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Figure 2.1: Single-particle energies as calculated by the nuclear shell model assum-
ing a Woods-Saxon potential with spin-orbit interactions. Values in square brackets
denote the degeneracies. Figure modified from Ref. [1].
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Figure 2.2: Nilsson orbits at prolate deformations are shown for the energy regions

between the shell closures at 50 and 82 nucleons. Nilsson schemes for protons and

neutrons are shown in panels a) and b), respectively. Nilsson orbits of positive parity

and spin projection, (), of 1/2 are displayed in black, 3/2 are in blue, 5/2 are in red, 7/2
are in green. Negative parity states are shown in purple dashed lines.

mentally observed in '¥2Sn and other doubly magic nuclei with N # Z.

2.1.3 Deformation and Nilsson schemes

In most nuclei the assumption of sphericity is not valid. In order to account for
deformation and to extend calculations further from closed shells, the nuclear shell
model has been extended to axially symmetric deformed shapes through the Nilsson
model [3] and also more generally to triaxially deformed nuclei [4], that is structures
associated with three independent symmetry axes rather than axial symmetry. In the
Nilsson model, the energies of the angular-momentum substates in a nuclear orbit
are no longer degenerate. This splits the spherical shell model j-states into (2j+1)/2
orbits with different projections onto the nuclear symmetry axis. The effect of defor-
mation on the energies of the Nilsson orbits is tracked in Nilsson schemes such as
those displayed in Fig. 2.2. Even small deformations can have significant impact on
the nuclear structure. The changes in properties of the Nilsson orbits as deformation
increases can be discussed in terms of the mixing of different spherical shell-model
configurations. Deformation and the Bohr-model deformation parameters are dis-
cussed further in Sec. 2.4.1.

Nilsson orbits are specified in the form Q[Nn,A], where Q) is the projection of
the angular momentum on to the symmetry axis, N is the major shell principal
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quantum number, 7, is the number of oscillator quanta in the z-direction, and A is
the projection of the orbital angular momentum onto the symmetry axis, QO=A £ 1/2.

The Nilsson model is a remarkably successful model, used to describe a large
range of odd-A deformed nuclides. The model predicts many of the observed prop-
erties of single-particle states in well-deformed regions and is the basis of the particle-
rotor model, another highly successful model.

2.1.3.1 Triaxial projected shell model

As the number of valence nucleons increases, the model space required for shell-
model calculations increases beyond what is possible using current computational
techniques. In order to perform shell-model type calculations in deformed regions
the projected shell model (PSM) was developed [4]. This approach uses Nilsson
model basis states and reduces the number of valence nucleons considered. It has
been seen to be highly successful in reproducing phenomena observed in strongly
deformed regions. In recent years this approach has been extended to regions which
do not exhibit strong, static deformation. Transitional nuclei are often found to have
triaxiality [5]. The triaxial projected shell model was developed to describe such
nuclei and uses basis states from the triaxial Nilsson potential.

Lower-mass isotopes of Te have been explored in triaxial projected shell model
calculations [6] with triaxiality in the calculations chosen to reproduce the energies
of the excited 2] states. The resulting energy levels are in excellent agreement with
experimental levels. Unfortunately, electromagnetic properties were not included in
that study.

However, relying solely on comparisons of energy spectra can be misleading as
noted in the study of Garrett et. al [7] which casts doubt on vibrational interpreta-
tions of the Cd isotopes. In this thesis we will go beyond excited-state energies to
investigate the onset of collectivity and the nature of weak collectivity through M1
and E2 observables.

2.2 Kumar-Cline sum rules

It is possible to explore the deformation, triaxiality, and 7 softness of a nucleus in a
model independent manner through the Kumar-Cline sum rules [8]. In this formu-
lation the E2 tensor is coupled to itself to obtain a spin-zero rotationally invariant
spherical tensor. Rotated into the intrinsic frame (instantaneous principal axis frame)
of the nucleus, these rotational invariants can be related to a quadrupole moment
parameter Q related to the deformation parameter 8, and a shape parameter J that
can be related to the Bohr model axial symmetry parameter y. The deformation pa-
rameter 8 determines the deformation along the symmetry axis. The parameter y
determines the shape in the plane perpendicular to the symmetry axis and specifies
triaxiality.

The relation between the quadrupole moments and the quadrupole tensors is
given below. Quadrupole operators are denoted E2; multiple tensors are coupled to
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the angular momentum values in the superscript. To aid clarity, braces {} and square
brackets [] are both used to indicate angular momentum coupling

1

{E2 x E2}° = %Qz (2.1)

{[E2 x E2]* x E2}° = —‘£Q3 cos 30 (2.2)

{[E2 x E2]°[E2 x E2]°}° = %Q‘* (2.3)

{[E2 x E2]°[(E2 x E2)* x E2]°}" = — 1275Q5 cos 30 (2.4)
{[E2 x E2]°[E2 x E2]°[E2 x E2]°}° = 1%5@ (2.5)
{[(E2 x E2)* x E2]°[E2 x (E2 x E2)?]°}0 = %(f cos® 36 (2.6)

The expectation value of the quadrupole invariants can be determined for a state
s by introducing a sum over a complete set of intermediate states r, if the magnitude
and sign of the relevant matrix elements are known. For example [9],

_1\2s
(s|[E2 x E2)’]s) = (zslllzxs\E2Hr><rHEZHs> {i : S} 2.7)

(s|[(E2 x E2)? x E2)%s) =

2.8
(= 1)+ 255+1Zt:<5||Ezy|r>(r||E2]|t><t||EZ]|s> {2 2 o} {? 2 2}, (2.8)

s s 1 s 7

where s is the state being investigated, the sums over the set of coupled states r
and ¢ account for all available E2 transitions, and the terms in the braces are Wigner
6j-symbols.

While the matrix elements of all states in a nucleus cannot be measured, the ma-
trix elements connecting the low-energy and high-energy states are small and have a
smaller effect on the sums. The larger matrix elements connecting the lower-energy
states can be measured through Coulomb excitation. Cline notes that a significant
portion of the E2 strength can be found in the giant electric quadrupole resonance,
particularly near closed shells, and that it has been found that in nuclei that can
be considered collective >70% of the E2 strength is in the low-lying states [8]. It is
noted in the same study that most collective models assume only a low-frequency col-
lective mode (not including the high-frequency collectivity in the giant quadrupole
resonance). In this case it is proper to only include the terms from matrix elements
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between the low-energy states. In the present work, due to the proximity to shell
closures, care must be taken to ensure that the Kumar-Cline sums calculated have
converged.

While the Kumar-Cline sum rules are used to obtain information about the charge
distributions of the states of the nucleus, they do not give information about the
overall shape of these nuclear states. If the nucleus is assumed to be an ellipsoidal
deformed nucleus, the shape parameters obtained through the Kumar-Cline sum
rules may be used in a model-dependent way to obtain the more usual Bohr-model
shape parameters (B and ) using the formulae [9]

(Q%) = q(p%), 2.9)
and
(Q%cos36) = g3 (B° cos 37), (2.10)
where 3
q0= 4 -Zr3A”, 2.11)

and rg is the approximate radius of a nucleon, taken to be 1.2 fm. Using the same
charge and mass distributions, cos 35 = cos 3.

2.3 Nuclear g factors

The nuclear g factor is the quantity that determines the effect of a magnetic field on
a nucleus with non-zero angular momentum and is proportional to the M1 moment
of the nuclear state, i.e.

g="1 (2.12)

where p is the magnitude of the magnetic dipole moment of the nucleus in units of
nuclear magnetons, and I is the spin of the state in units of /. The ¢ factors of states
corresponding to a single unpaired nucleon can be predicted from the free nucleon
g factors shown in Table 2.1. There is a component due to motion of the charge
(i.e. a current) associated with orbital angular momentum (¢) as well as a component
associated with the intrinsic spin (s).

Table 2.1: Free-nucleon g factors. Data from CODATA [10].

Proton Neutron
4 5 ¢ 5
+1.0 +5586 0.0 —-3.826

Often the free-nucleon spin g factors are quenched to ~0.7gf. in calculations of
nuclear properties in order to include meson exchange and other effects, and hence
to better reproduce experimental values. The total magnetic moment of a state with
the ¢ factor determined by a single nucleon is then given by the expectation of the
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Figure 2.3: Schmidt g factors for protons and neutrons are displayed in a) and b),
respectively. Spin g factors have been quenched to 0.7 of the free nucleon values.

operator
fl = lgy+5gs, (2.13)

where 7 and § are the orbital and spin angular momentum operators of the odd
nucleon, and gy and g5 are the orbital and spin g factors. Evaluation of this operator
for specific orbits gives the so called “Schmidt g factors” as shown in Fig. 2.3.

The single-particle g factors can then be coupled to predict the g factors of states
with multiple unpaired nucleons using the additivity relation,

: : i
g(I) = 5(81+82) + 5 (81 _gyhl +1()1+]i)<]2+ ), (2.14)

where g; and j; are the g factor and the spin of the ith component of the coupled

system with total angular momentum I = |j; + jz|. In the specific case when the cou-
pled components are replaced with the orbital and spin components of an individual
nucleon, i.e. g1=g¢, §2=8s, j1=¢, and jp=s, and the total angular momentum is given
by j=¢+ s or equivalently j=¢ £ 1/2, then we obtain the Schmidt formula.

A consequence of the additivity formula is that if a nuclear excitation has several

nucleons in a single orbit, then the total g factor is equal to the g factor of the single
unpaired nucleon, independent of the total spin or number of nucleons

g(j) =8(G") (2.15)

In the case of isotopes with extra protons above the Z=50 shell closure near the
N=82 shell closure, the protons enter the g7/, orbit. When the neutron interactions are
limited, such as when the neutron shell is closed (N=82), properties of the nucleus
are largely determined by the valence protons.
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The measurement of g factors can be used to determine configurations for states
with simple decompositions, or to determine the relative proton and neutron con-
tributions to the state. States in which many nucleons, both protons and neutrons,
contribute to an excitation tend towards a ‘collective’ ¢ factor. When angular mo-
mentum is held equally amongst all nucleons in collective motion, the g factor can
be approximated by assuming the charged protons contribute to the magnetic mo-
ment while the neutrons do not. If the spin components of the protons and neutrons
cancel, then we obtain the hydrodynamic g factor, g.on = Z/A. In heavy nuclei the
collective ¢ factors are usually reduced a little from this estimate, closer to 0.8Z/A.
Nuclear collectivity is discussed further in Sec. 2.5.

2.4 Transition strengths

One of the most common approaches to investigate nuclear structure beyond patterns
of state energies, spins, and parities, is the measurement of y-ray transition strengths
between nuclear states. These transition strengths are generally split into the multi-
pole components with selection rules based on the initial and final spin-parities [11].
A reduced transition strength is defined as

1 2
B(XA; i — If) = m(UHX(A)HM , (2.16)
where X(A) is the operator of type X, electric (E) or magnetic (M), and A is the
transition multipolarity. The transition strength can also be related to the transition
probability (which depends on the inverse of the state lifetime) using the equation

AL(2A + 1)UPh e

BONL = 1) = =g+ E,

VAP (XA I — ), (2.17)
where E, is the energy of the transition, and P, is the partial transition probability
for the y-ray decay path of the given multipolarity. The partial transition probability
is inversely proportional to the partial mean lifetime of the state P, o 1/z,. The partial
transition probability is related to the total level transition probability by

Ny
YN’

where P, = 1/7 is the transition probability out of the state, N, is the number of
decays through the y(XL) decay path and the sum includes decays from all decay
paths. It is therefore possible to determine transition strengths via direct lifetime
measurements. The partial lifetime for the -ray component of an E2 transition is
related to the partial E2 lifetime by

P,(XL) =P (2.18)

Ty,e2 = Te2(1 + ag2), (2.19)

where ag; is the E2 internal conversion coefficient of the transition.
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Transition strengths, in particular E2 transition strengths, can be indicative of
collectivity. The E2 operator is a single-particle operator, and therefore large E2
transition strengths are associated with multiple nucleons being involved in the tran-
sition. This increase in collectivity is more evident when strengths are expressed in
single-particle or “Weisskopf” units.

Weisskopf units are approximations to the strength expected for a transition in a
given nucleus if one nucleon transitions between two states [12]. The definition of a
Weisskopf unit is given below:

(1.2)%* 3

(g2 AT e (fm)™, (2:20)

Bw(E/\, I — If) =

10
T

3
A+3

where the conversion to Weisskopf units occurs through

By (MA; I; — Ir) = — (1.2)" A1 (5= 2 A2 D33 ()220, (2.21)

Bexp(XA/' Iz' — If)
Bw(X)\, Ii — If) !

Bexp(X/\/' I — If) Wau. = (2.22)

and Bexp (XA I; — 1 f) is the experimental transition strength.
When two transition multipolarities are possible between two states, the mixing
ratio squared gives the relative transition strength of each multipolarity. The mixing
ratio 0 is defined as [13]
_ (Iel| XA T;)
(Il Al L)

where (I¢|[T(XA)|[I;) is the transition probability. For an E2/M1 mixed multipo-
larity transition (the most common mixed multipolarity transition), the partial y-ray
transition probabilities are determined by the equations

(2.23)

Py (M1) = 1+ ar(M1) +62(1 + ar(E2))’ 224)

Pr

Py (E2) = 1+ at(E2) + £ (1 + ap(M1))’

(2.25)

where at(XA) is the total internal conversion coefficient for a given transition multi-
polarity, and Pr is the partial transition probability for a transition.

Enhanced transition strengths, indicative of increased collectivity, are often seen
in correlation with deformation of the nucleus.

2.4.1 Electric quadrupole moments and deformation

The electric-quadrupole moment is a measure of the charge distribution of the nu-
cleus and is model independent. Often the deformation is discussed in a model
dependent way through the Bohr-model parameters. The deformation of a rotational
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ellipsoid is discussed in terms of a deformation parameter 8, which can be expressed

as
4 |/ AR
=\ /= 2.2
ﬁ 3 5 Ravg’ ( 6)

where AR is the difference between the length of the semi-major and semi-minor
axes, and Ry is the average nuclear radius. The deformation parameter is related to
the intrinsic electric-quadrupole moment Qg through

—ZR 2B(1+ \F/H ), (2.27)

where Ry = r9A"? is the average radius of the nucleus. Other deformation param-
eters are commonly used, including 5, §, and €. For more details and the relations
between deformation parameters, see Ref. [14].

The spectroscopic electric quadrupole moment is related to the diagonal E2 ma-
trix element by the equation [12]:

1 167t

W@ﬂﬂz‘l%)( =) (lIE2][i), (2.28)

Qs(I;) =

where [; is the spin of the state, (I;2;I;|0];) is a Clebsch-Gordan coefficient, and
(i||E2||i) is the reduced diagonal matrix element.

The spectroscopic electric quadrupole moment is also related to the intrinsic
quadrupole moment by

3K? — Ii(Ii + 1)

where K is the projection of the total angular momentum on the symmetry axis, I;
is the spin of the state, and Qo (I;) is the intrinsic electric-quadrupole moment of the
state I;.

2.5 Collective nuclear models

Nuclei further from shell closures begin to show specific patterns in their energy
levels that suggest collective motion. These patterns have traditionally been put
into two categories: nuclear surface vibrations, and nuclear rotations [15]. In gen-
eral, quadrupole vibrations were used to describe nuclei close to magicity. Typically,
these nuclei have first-excited 2" state energies of several hundred keV and transition
strengths of tens of Weisskopf units from the 2] state to the Og_ s. ground state. Ro-
tational motion has been used to describe highly collective states in nuclei far from
magic numbers. These nuclei have first-excited 2" state energies of less than one
hundred to a few hundred keV and can have transition strengths of up to hundreds
of Weisskopf units.

As a first approximation, many nuclear excitations can be classified as being due
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to rotation of an axially symmetric deformed nucleus about an axis perpendicular
to the symmetry axis. Soon after the introduction of the axial rotor model it was
extended to include triaxiality [16; 17]. Triaxial rotational motion has been proposed
in many regions [18; 19; 20; 21; 22] and has been proffered as an alternate description
of many nuclei otherwise described as vibrational or “y soft”.

2.5.1 Rotational nuclides

Even-even rotational nuclides have a low-lying 2/ state between several tens of keV
to a few hundred keV. There is then a sequence of states increasing in angular mo-
mentum by Al = 2 with an energy given approximately by

h
E(I) = ﬁl(l +1), (2.30)
where J is the moment of inertia. A typical rotational pattern is displayed in Fig. 2.4,
with rotational bands built on the ground and excited states. A low-lying excited
07 state is often observed in rotational nuclei and interpreted as a B-vibration. A B-
vibration is an oscillation of the degree of deformation along the symmetry axis [23].
On top of this second 0" state, another rotational band can be seen, generally with a
different moment of inertia. Similarly, there is often a low-lying 2" state, not associ-
ated with either of the discussed rotational bands. This state has been interpreted as
a y-vibration. A <y-vibration is an oscillation in the degree of triaxiality of a nuclear
shape. On top of the -vibration is another rotational band with spin sequence 3,
4, 5, etc. Due to reduced symmetry in the excited 27 state, odd-spin states are also
possible in the rotational band built on the 7-vibrations. The ratio of the energy of
the 4] state to the energy of the 2/ state is often denoted R4, and is a signature used
to identify the type of nuclear collectivity; for a nuclear rotation Ryp="%.
The in-band E2 transition strengths in rigid rotational nuclei are simply related
to the intrinsic quadrupole moment of the band,

B(EZK, I} — L)) = %ezggulkzouzlqz, (2.31)
where K is the projection of the total angular momentum on the symmetry axis,
(I K20| I,K) is a Clebsch-Gordan coefficient, and Q is the intrinsic E2 moment of the
band.

In an axially symmetric rotational nucleus the spectroscopic quadrupole moment
of the 2 state is related to the 2] — Og& transition strength as follows

2 [lém
Q5241 = 3208 2. 23

Not withstanding the nature of the 0" band for which the g vibration interpre-
tation is disputed [24], the rotor-model has been extremely effective at describing
the structure of nuclei in well-deformed regions of the nuclear chart and may be
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Figure 2.4: A typical rotational pattern; included are rotational bands built on the
ground state, the p vibration, and the -y vibration.

considered the end point of developing collectivity. The process by which a strong
deformation develops is much less well understood. In the present work we explore
the development of weak collectivity in order to better understand the nature and
origin of nuclear collectivity.

2.6 Weakly collective nuclides

Weakly collective nuclides are some of the least-well understood in that the inter-
pretation of their structures remains contentious. While strongly collective well-
deformed nuclei are well described by rotational models and singly or doubly magic
nuclides are well described in terms of the coupling of individual valence nucleons
in quite specific configurations, weakly collective nuclides have so far been resistant
to simple descriptions. Several model concepts are used to describe collective motion
in weakly collective nuclei. These include quadrupole vibrations, rigid-triaxial rota-
tions, y-soft rotations, and variable moment-of-inertia rotations. It may be that none
of these collective pictures is truly applicable, especially if single-particle structures
persist.

2.6.1 Quadrupole vibrations

The classical pattern observed in spherical, even-even vibrational nuclides is a low-
lying 2" state with a triplet of states (0", 2%, 4*) at approximately twice the energy
of the 2/ state. Three-phonon states are found at triple the energy of the 2" state.
For a harmonic vibration, the energy ratio of the 4; state to the 2] (Ry) is equal
to 2, which can be used to discriminate between vibrational and rotational nuclides

(Ryp="2).
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Figure 2.5: The theoretical energy level pattern for a harmonic vibrator. Transition
strengths relative to the first phonon transition are shown next to transitions. Figure
taken from Ref. [7].

The pattern expected for vibrational nuclides, including both the level energies
and the relative E2 transition strengths, is displayed in Fig. 2.5. Transition strengths
are given relative to the transition strength of the 2" — Ogs. transition.

Of particular note in this harmonic-vibrator model of the nucleus is that the tran-
sitions from the highest spin state in a phonon cluster to the highest-spin state in
the cluster below (what would be the ground state band in a rotational view) are
expected to have transition strengths which increase linearly in phonon number; that

ls B(E2;] = 2N — ] = 2(N — 1))

B(E2;2f — 0f)

=N, (2.33)

where N is the phonon number. The transition strengths of the yrast band in har-
monic vibrators and rigid axial rotors are compared in Fig. 2.6. It is worth noting
that the transition strengths increase much more slowly in the rotational picture than
in this vibrational picture. Transitions between states in the yrast band have been
observed to have transitions strengths greater than those expected in the rotational
model in several isotopes [25; 26; 27; 28].

A realistic vibration may be anharmonic and is described by perturbing the har-
monic vibrator Hamiltonian by the addition of cubic and quartic terms in the phonon
number. The anharmonic vibrator model can be shown to be equivalent to the U(5)
symmetry of the interacting boson model [29] and has the energy relation

E=eny;+ %and(nd —1)+Bng—v)(ng+v+3)+9(L(L+1)—6ny), (2.34)

where 7, is the total number of d bosons, v is the number of d bosons which are
not paired to /=0, and €, #, B, and 7 are parameters. A spectrum calculated to
reproduce the known structure of '°Cd using the anharmonic-vibrator model is
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Figure 2.6: A comparison of the transition strengths between rotational states in
deformed nuclei and the yrast states in spherical vibrational nuclei.

displayed in Fig. 2.7. The results are very similar to the harmonic-vibrator model,
however the anharmonicities allow for the reproduction of the energy splittings of
the multi-phonon states in contrast to true ideal behaviour in Fig. 2.5.

2.6.2 Particle-vibration model

The particle-vibration model is an extension of the harmonic-vibrator model that
couples a single unpaired nucleon to a vibrational core [31]. The details of the core
excitation such as the energy and the stiffness of the core excitation are often set
to the parameters obtained from a neighbouring even-even nuclide. Coupling the
unpaired nucleon in an orbit with spin j to the 2" core excitation leads to a multiplet
of coupled states in the nucleus with spins ranging from |j — 2| to j + 2.

The Hamiltonian in the particle-vibration model can be decomposed into the
core Hamiltonian, the single-particle Hamiltonian, and the interaction Hamiltonian.
Without the interaction between the single-particle and collective components we
observe

(He+ Hp)lj; NR; IM) = (Nhw + Ej)|j; NR; IM), (2.35)

where H, is the core Hamiltonian, H), is the unpaired particle Hamiltonian, |j; NR; IM)
is the coupled state, N is the number of quadrupole phonons in the state, R is the
core angular momentum, fiw is the core excitation energy. Each of N, R, and 7w are
related to H. E; is the energy of the single-particle excitation which is produced by
Hp. I and M are the angular momentum and z-projection of the angular momentum
of the coupled state.

The interaction between the core and coupled particle is then added with an



18 Background and Related Work

E 10uq
(MeV) 48~%2 Exp. Th.
3 (ng.0)  (ng,) (nﬁ-a.o)l( 8;0] (n, ) (n,,-z ol
* / |
6'— . e’ |
LI =3
2{ 0—
q4'— + - 4 . +
2— 0— o o'—
14 A
— 2~
04 00— 1 o— Su(s)
k

Figure 2.7: A spectrum for an anharmonic vibrator compared to the spectrum of
HocCq. Figure from Ref. [30].

interaction term of the form
1
Hint = — \/;Chw Y (b + (=)"0L ) Y (6, 9), (2.36)
"

where ¢ is the particle-core coupling parameter, b, is the quadrupole phonon anni-
hilation operator, and Y3, is a spherical harmonic.

As the existence of spherical vibration modes has been questioned [7], exploration
of other modes of weakly collective nuclei is required.

2.6.3 Triaxial rotors

The rigid-triaxial-rotor model [17] is successful in describing a number of nuclides [32;
33; 34; 35]. Triaxial rotors are described in terms of two parameters, f and v, which
have been discussed in Section 2.1.3. As in the axial rotor model, B is the deformation
parameter. The shape parameter 7y determines the deviation from axial symmetry
and takes values from 0° (prolate) to 60° (oblate). A spectrum calculated with the
Davydov-Filippov model [17] is displayed in Fig. 2.8.

As well as the possibility of rigid triaxial rotation, another class of nuclei can be
classed as 7y-soft rotors [16]. In this case, the shape in the v degree of freedom is soft;
that is it does not take a rigid finite value, but can take a range of values.

A key signature of the y-softness in triaxial nuclei is the pattern of the odd-even
staggering of levels in the y-band, defined as [36; 37; 38]

S -1 2)— EO) —E(I—l));(éfgf—l) CEU-2) o
1
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Figure 2.8: A rigid triaxial-rotor spectrum calculated using the Davydov-Filippov
model [17]. The spectrum was calculated with =28°.

where E(]) is the energy of the state J. This measure of signature splitting is often
used to fix the deformation and triaxiality shape parameters for analysis of other
nuclear properties.

Recent investigations of rotational nuclides with axial asymmetry in the rare earth
region have determined that the Davydov-Filippov rigid triaxial rotor model is less
successful than the Wilets-Jean model of -soft nuclei [16; 39]. In other words, -soft
rather than <y-rigid structures appear to be more common.

2.7 Shape-coexisting intruder states

Discussions of the shape and behaviour of atomic nuclei can be complicated by the
existence of multiple shapes exhibited by excited states. Excited states with different
shapes from the ground state often occur via multiparticle-multihole excitation across
shell gaps. Most relevant to the present study, a four-particle, two-hole excitation
across the Z=50 shell gap has been identified in !'8Te [40]. Shape coexisting states
often have a parabolic decrease in excitation energy towards the mid shell. These
states fall outside of the model space in most shell-model calculations, and it must
be noted that these states have a distinct structure compared with other low-lying
states.

2.8 Previous studies of Cd and Te isotopes

The Cd and Te nuclides are similar in that they can be considered to have two va-
lence protons either side of the Z=50 shell closure; the Cd isotopes have two proton
holes outside of a closed Sn core while Te has two protons outside of the proton
shell closure at Sn. Although the two valence particles are in different shells, when
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Figure 2.9: Transition strengths for the 2" — O;;F.s. transitions in Cd and Te isotopes in
Weisskopf units. Data obtained from the 2016 evaluation by Pritychenko et al. [41].

comparing the Cd and Te isotopes one might expect similar patterns to be seen, es-
pecially if collective structures emerge. The neutron model spaces in each of these
species are the same, although the number of neutrons in the naturally abundant nu-
clei are quite different for the two elements. Previously measured B(E2;2] — Og s)
values from the 2016 evaluation by Pritychenko et al. [41] are given as a function of
neutron number in Fig. 2.9.

Vibrational motion in the Z = 50 region has been extensively explored. The Cd
nuclides near mid-shell in particular are often modelled as vibrational [29]. Similarly,
Bucurescu et al. [42] found that 1?Te was closest to the U(5) (anharmonic vibrator)
limit of the interacting boson model based on known Ry, ratios, quadrupole mo-
ments, and transition strengths. All the Te isotopes are reasonably close to this limit.

Triaxiality has been explored experimentally and theoretically in the Z ~ 50 re-
gion including %2~ 1Mo (Z=42) [43; 44; 45; 46; 47; 22], %°~118Ru (Z=44) [47; 48; 49; 50],
109,115,117R K (Z=4:5) [51, 52; 53], 96-114pg4 (Z=46) [20][ 104-1144q (Z=4:8) [54], 120-12474
(Z=52) [35], 12-140Xe (Z=54) [20], and '26~142Ba (Z=56) [55; 56; 20]. Many of these
isotopes are determined to have triaxiality based on observed transition strengths,
odd-even staggering in the y-vibration band, and in a few cases, quadrupole invari-
ants. Clearly, triaxiality is an important factor determining nuclear structure in the
region near Z=>50.

2.8.1 Systematics of the Te isotopes

The Te isotopes are ideal candidates for the investigation of the onset of collective
motion. The heaviest naturally abundant Te isotope, **Te, has two valence protons
and four neutron holes relative to the nearest doubly magic nucleus *2Sn, and has
been seen to maintain some single particle characteristics [57]. The lightest stable Te
isotope (12°Te) exhibits significant collective character in that its low-excitation energy
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structure appears to be vibrational. Recent advances in computational power have
allowed shell-model calculations to be performed for nuclei in this region between
closed shells, including for nuclei with vibration-like level structures.

The energy systematics for several low-lying states in '8~130Te are displayed in
Fig. 2.10. The Ry, ratio minimum is found in the semi magic nuclide 134Te and takes
the value 1.23. As neutrons are removed, the Ry ratio increases to the maximum
value of 2.09 in 1%2Te, close to the ratio expected in vibrational nuclei of R4=2. At no
point does the ratio come close to the rigid axially symmetric rotor value of Rp=2.
It can also be noted that there are observed states in 18120122Te with the spin, parity,
and energy spacing expected in vibrational nuclei with 07, 2%, and 4" states at
approximately twice the 2] level energy as well as a 67 state at approximately three
times the energy of the 2" state.

The 07, O;’ , and 2;’ states follow a parabolic trend with mass number similar to
the trend expected for shape-coexisting intruder states [40]. The excited 07 states
(or at least one of them) may therefore be expected to be deformed intruder states
with associated rotational bands. These excited states have previously been iden-
tified as collective excitations on the ground state. Clearly, the existence of states
with the expected spin-parity and approximately the right energy is insufficient to
confirm the nature of collective excitations. Interest in the Te isotopes has led to
several theoretical approaches to studying the underlying structure. These include
triaxial-rotor calculations [35], anharmonic vibrator model and generalised collective
model calculations [68], shell-model calculations [69], triaxial projected shell-model
calculations [6], and the particle-core coupling model [70].

A recent measurement of the transition strengths and quadrupole moments in
the mid-shell 120122124Te nuclides suggested a shape parameter of y=25°, 27.5° in
120122Te, respectively [35]. No value was given for 124Te. These values suggest signif-
icant triaxiality and indeed are close to maximal triaxiality (y=30°).

The experimentally determined B(E2;4] — 2{)/B(E2;2{ — 0g5.) values in
120-124Te have been compared to comprehensive shell-model calculations performed
across the even-even Te nuclides in the N=50-82 region [69]. The results were found
to have a reasonable degree of agreement, however, the pattern of large increases
in the B(E2) ratios towards the mid-shell is not reproduced. The same shell-model
study found that the wavefunctions of low-lying states in 12°~132Te were dominated
by proton or neutron configurations. Of particular note is the 6] state in '¥Te. It is
stated to be dominated by a “proton excitation”, however the spin coupling given for
the state is |¢h (] = 0) ® ¢!'(J, = 6)), a neutron excitation. The magnetic moment
is not discussed, but it is measured to be positive and has a magnitude that implies
there is a significant proton component in its configuration [71].

2.8.2 Descriptions of Cd isotopes

The Cd nuclei near mid-shell have often been considered textbook examples of vi-
brational nuclei [15; 29; 72]. However, the Cd isotopes have undergone in-depth
study using a variety of techniques [25; 73; 74; 75; 76], leading to a questioning of
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the validity of the vibrational interpretation [7]. In particular, it has been noted
that the transition strengths out of the three-phonon states do not match the ex-
pected transition-strength pattern, the two-nucleon transfer rates for the coupled
octupole-quadrupole phonon states are not consistent with a vibrational picture, and
the g factors of the low-lying states in the odd-mass Cd isotopes are inconsistent
with the harmonic vibration model. Alternate explanations for the observed nuclear
structure in the Cd isotopes have been offered [77; 78; 79; 80; 81; 82; 83; 84; 85; 86].
However, these newer interpretations are not universally accepted. Several papers
have recently made modifications to the vibrational model in order to explain the
observed deviance [87; 88].

It has also been noted recently that the odd-mass isotopes can be particularly use-
ful in identifying the nature of collective excitations [82; 85]. In this project, Coulomb-
excitation measurements were made on 1113Cd. These nuclei will be the focus of
the following discussion.

Both M!Cd and !'3Cd have a 1/2" ground state with “large” negative g factors.
These states have been identified with the unpaired neutron in either the spherical
s1/, orbit or the 1/2[411] Nilsson orbit.

However, g factors of the /2" ground states are significantly smaller in magni-
tude than those predicted by the Schmidt values for an s;,, neutron. This has been
explained through the strong mixing of spherical shell-model configurations that oc-
curs in the 1/27[411] Nilsson state at small deformations [82]. Small deformations
in the Cd isotopes are supported by the measured quadrupole moments in Cd nu-
clei both from Q(2{) in the even isotopes and from transition strengths measured
for low-excitation states in odd-A nuclei [89; 90]. The 1/2" ground-state g factor
in 13Cd is smaller in magnitude, suggesting a higher degree of deformation [82].
Larger deformations are associated with increases in collectivity. The suggestion
of increased collectivity from the measured g factors is consistent with increasing
transition strengths in both the even-even systematics and odd-mass Cd systemat-
ics towards the mid-shell. The increase in transition strength in the even-even Cd
isotopes is displayed in Fig. 2.9.

Energy systematics of several odd-mass Cd isotopes are displayed in Fig. 2.11.
The displayed energies have been shifted relative to the 1/2% state. Systematic plots
like that in Fig. 2.11 can be useful in the identification of origins and configurations
of nuclear states near the Fermi surface.

There are a number of states at similar excitation energies with the same spin
and parity in these nuclides. As such, it can be difficult to identify equivalent states
across the isotopic chain. Furthermore, the spins and parities of many states in these
odd-mass nuclides are unknown or tentatively assigned.

This thesis aims to explore the structure of nuclei, in particular the nature of
nuclear collectivity, through the emergence of collective nuclear properties. In this
chapter the concepts and experimental quantities used in the discussion of nuclear
structure have been developed and discussed. The experimental investigation of the
nuclear structure properties discussed in this chapter involve sophisticated measure-
ment techniques. The techniques used in the experimental sections of this thesis
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Figure 2.11: Energy systematics across the odd-mass Cd isotopes. The displayed
energies have been shifted relative to the 1/2] state. Data from Nuclear Data
Sheets [91; 92; 90; 93; 94].
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will be discussed in the following chapter. These techniques are used to measure E2
transition strengths, and E2 and M1 moments of excited nuclear states.
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Chapter 3

Experimental Techniques

Several experimental techniques were used in the investigation of nuclei in this work.
First, the measurement of E2 matrix elements through Coulomb excitation will be
discussed, followed by considerations relevant to the design of such experiments.
Second, a brief introduction will be given to the spatial distribution of decay radiation
from aligned nuclei. This anisotropic emission can be used for the measurement of
g factors as will be demonstrated by an explanation of the transient-field method.
Finally, the extraction of lifetimes from Doppler-broadened lineshapes through the
Doppler-shift attenuation method is discussed.

3.1 Coulomb excitation

Coulomb excitation is a process by which a nucleus moves from an initial state to a
higher-excited state through interactions with electromagnetic fields.
Coulomb-excitation measurements are a sensitive and precise tool particularly for
the determination of E2 transition matrix elements. There are two methods used in
Coulomb excitation: One is low-energy or sub-barrier Coulomb excitation, in which
the excitation occurs at energies well below the Coulomb barrier so that the nuclear
strong force interactions play no role in the excitation. The second is intermediate
energy excitation in which high-energy beams are excited on thick, heavy targets
close to the barrier with particle detection restricted to low scattering angles where
the nuclei remain a safe distance apart throughout the collision. The present mea-
surements are performed by bombarding one nucleus on a target at energies well
below the Coulomb barrier where strong force interactions between beam and tar-
get play no role in excitation. This low-energy interaction can be well evaluated
through semi-classical Coulomb-excitation theory. The excitation can be split into
several paths according to their multipolarity. Coulomb excitation occurs primar-
ily through electric excitations [95], with low-multipolarity excitations favoured over
high multipolarities. In nuclei, however, E2 excitation dominates over E1 excitations
and other multipolarities. Combined with the enhancement often seen in E2 tran-
sition strengths due to quadrupole collectivity, and the limited transitions between
states of opposite parity allowed within the major shells, other electric-multipole ex-
citation and magnetic excitation can often be excluded from calculations. Simple

27
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models are used to correct for the small differences in cross sections due to virtual
excitation to the giant dipole resonance [96].

Single-step Coulomb excitation, in which a nucleus is excited from its ground
state directly into an excited state, is favoured when the interaction between the
two nuclei involved in the excitation is limited in strength, such as with light (low-
Z) Coulomb-excitation partners, small scattering angles in the centre-of-mass frame,
and/or low beam energy. Excitation through pathways that involve multiple states
becomes more favourable when the Coulomb interaction between the nuclei is in-
creased, i.e. by higher-Z and closer collisions (higher beam energies). While al-
most exclusively 2] states are excited in even-even nuclei through interactions with
low-mass nuclei, it is possible to excite to high-energy and high-spin states using
heavy-mass interaction partners with energies toward the Coulomb barrier.

3.1.1 The reorientation effect

The reorientation effect is a second-order process in Coulomb excitation that accounts
for the effect of the quadrupole moment of a state on its excitation probability. The
effect for the 2] state in an even-even nucleus can be approximated as [96]

A AE
Pyt 0+ = F(6,802) B(E2)[1 + 1'32Z1T3(1+‘2§)Q2+K(0/ Go2)l, CRY)

where Py+_,p+ is the excitation probability to the 2" state, Ap is the mass of the
beam particle, Ar is the mass of the target nucleus, Zr is the proton number of
the target, AE is the excitation energy, Q,+ is the quadrupole moment, and F(6,Cn)
and K(6, {n2) are functions independent of the transition strengths and quadrupole
moments but dependent on the scattering angle 6, and (o, the adiabacity parameter

defined as
ZpZre* 1 1

Soo = T(;O - ;z)z (3.2)

where vy and v, are the initial and final projectile velocities, respectively.

The K(6, &o2) coefficient determines the magnitude of the effect of the quadrupole
moment and is generally of the order of unity. The deviation of the excitation am-
plitude from the value obtained with a quadrupole moment of Q,+ = 0 is close to
zero in interactions with light nuclei, however it can increase to >30% in interactions
with heavier nuclei.

3.1.2 Description of Coulomb-excitation measurements

In conventional-kinematics, target-excitation, Coulomb-excitation measurements a
light beam is made incident upon a heavy target comprised of the isotope of interest.
The scattered beam is generally measured in particle detectors around the target. The
matrix elements relevant to excitation are determined by performing calculations of
the yield and fitting the matrix elements such that the calculated and experimental
excitation yields agree. The excitation to each state can be determined through three
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methods: (i) measurement of scattered particles with sufficient energy resolution to
separate inelastic scattering that populates excited states and elastic scattering, (ii)
measurement of - rays from decaying excited states, and (iii) measurement of -y rays
from decaying excited states in coincidence with scattered or recoiling particles. Per-
forming measurements using high-resolution particle spectroscopy suffers from high
backgrounds due to scattering from target contaminants and poor resolution in com-
parison to 7y-ray spectroscopy. Advantageous aspects to particle spectroscopy include
a large detection efficiency and insensitivity to branching ratios, mixing ratios, and
changes is 7y-ray efficiency from movement away from the target of the excited nu-
cleus (for long-lived states). In practice, measurements using particle spectroscopy
alone are unsuitable for nuclei with multiple excited states, unless the states are ex-
cited with similar intensity and are well separated in energy (AE ~ 50 keV) [96].
Measurement of -y rays alone suffers from uncertainties in integrated beam current,
and Doppler-broadening of peaks. In addition, in strongly coupled systems, such
as those found in multiple Coulomb excitation, the loss of information without the
measurement of multiple distinct scattering angles can result in a range of valid
transition strengths that give the same observed yields.

The measurement of particle-y coincidence data solves many of these issues.
High-precision, position-sensitive knowledge of particle- and y-ray detection angles
allows Doppler reconstructions of sharp peaks. The extra information gained from
multiple scattering angles often allows a unique solution to be found for the E2 ma-
trix elements, while the high resolution of HPGe detectors allows measurements of
transitions with close energies (AE 2 3 keV).

Many target-excitation measurements experience difficulties due to the presence
of isotopic impurities in the target, leading to higher backgrounds and uncertainties
from the potentially unknown isotopic composition. It is therefore useful in many
cases to study the beam-like species, thereby enabling higher isotopic purities in the
beam along with target materials that are naturally monoisotopic.

3.1.3 Experimental design

Due to the high sensitivity of Coulomb-excitation measurements, there are many
experimental factors that must be well understood to achieve accurate results. Some
important factors are beam energy, target thickness, energy loss of the beam in the
target (stopping powers), scattering angles, y-ray detection angles, and <y-ray detector
efficiency.

The effect of nuclear reactions between the beam and target species should be
avoided. The effects of nuclear interactions are not well understood and are not as
easily calculable as the pure electromagnetic interaction. Coulomb excitation that
includes nuclear overlap effects is considered “unsafe”; conversely purely electro-
magnetic excitation is called “safe”. In order to avoid nuclear interactions, it has
been found that a nuclear surface separation of at least ~ 5 fm should be main-
tained. A commonly used definition for the safe Coulomb-excitation beam energy in
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the lab frame is therefore

Ap+ AT ZpZT
At 125(Ay*+ AY3) +5

Eeate = 1.4 MeV, 3.3)

where Ap is the mass of the beam species, At is the mass of the target species, Zp
is the nuclear charge of the beam species, and Zr is the nuclear charge of the target
species [8].

The semiclassical approach to Coulomb excitation is only valid when the de
Broglie wavelength is small compared to the distance of closest approach [96]. For a
head-on collision, this can be characterised by the Sommerfeld parameter, defined as

o ZTZ B 62

- ho
where v is the velocity of the beam particle, and Zr and Zp are the nuclear charge of
the target and beam species, respectively.

>>1, (3.4)

In the simplified case of the three-state nucleus shown in Fig. 3.1, direct excitation
to the second 27 state and excitation through the first 2™ state occurs. The excitation
through each path can increase or decrease the final excitation amplitudes dependent
on the relative signs of the matrix elements. In the three-state case we consider a
second order interference term Ps, the relevant product of terms is

Py = (0g [|1E2/12{ ) (2] |[E2|(2;) (25 || E2[[0g5.)- (3.5)

When (0 ||E2] |2} is positive and the product P; is negative the final excitation am-
plitude of the 2| state is decreased when compared to a positive P;. It is not possible
to determine the sign of P; from a single measurement with a single particle detec-
tion angle, beam energy, and beam species. It is therefore important in measurements
where multiple excitation paths have comparable amplitudes that multiple measure-
ments are made under different beam and scattering conditions to determine the
relative signs of matrix elements.

Coulomb-excitation measurements can also be sensitive to the diagonal matrix
elements. The reorientation effect (discussed in Sec. 3.1.1) corresponds to transitions
between magnetic substates of a given excited state and changes its total population
in a similar way to excitation through higher excited states. In order to fix the relative
signs of matrix elements, measurements with several excitation partners and beam
energies are often required. Coulomb-excitation measurements with reorientation
that do not change the partner species generally give more than one solution with
different assumptions on the interference terms.

In Coulomb-excitation experiments where the excitation and de-excitation paths
are not identical, there are nuclear structure components that must be further under-
stood. Analysis of the decays from such states is complicated by mixed-multipolarity
de-excitation. In the case of the three-state nucleus, the 21+ state can be excited di-
rectly from the ground state, or indirectly through the 2 state. While the excitation
of this state is largely independent of the M1 matrix element between these states,
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(23] E2| 27)

(21| E2| 27)

.

(07| E2| 27)

(07| E2| 23)

Coulomb excitation

Figure 3.1: A simple, three-state system showing first- and second-order multiple-
Coulomb-excitation paths to the 2| state. The first-order path is shown in red, matrix
elements involved in second-order paths are shown in blue.
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the observed decay yields are dependent on the decay to the 2] state through the
M1 component. The extracted matrix elements are then dependent on the M1 tran-
sition strength between these two 27 states. The dependence of measured yields on
M1 matrix elements becomes a bigger issue in the measurement of odd-mass nuclei,
which can have many mixed transitions, often with unknown mixing ratios. Knowl-
edge of the mixing ratios of transitions involved in Coulomb excitation is essential
for the correct interpretation of observed yields.

In designing Coulomb-excitation experiments it is important to consider the effect
of thicker targets on the resulting analysis. Thicker targets increase the rate of data
collection, since the number of scattering centres increases. However, as the target
thickness increases, the range of beam energies that are used to excite the nuclei of
interest widens due to energy loss in the target. Both the absolute cross sections
and the relative cross sections of the excited states can be highly sensitive to the
beam energy. The thicker the target, the more dependent the measurement becomes
on the assumed stopping powers. Tabulated stopping powers obtained by fitting a
range of data can differ by up to ~20% from measured stopping powers in specific
cases. Therefore, when stopping powers are not simultaneously measured, it is useful
to minimise the target thickness while maintaining the required data rate for the
measurement, if possible. It can be useful to measure transition strengths relative
to the known transition strengths in the interaction partner as this partially cancels
errors due to the stopping powers.

3.2 Angular distribution and correlation measurements

When the angular momentum of a nuclear state favours a direction in space, i.e. the
angular-momentum vector of the nucleus is oriented, the decays from that state decay
probabilistically in particular spatial patterns. The angular shapes of the patterns are
dependent on the population of the magnetic substates of the initial state, the spin
properties of the initial and final states, and the multipolarities and mixing ratio of
the transition [13]. Nuclear orientation can be obtained by the reaction mechanism or
by the observation of coincident radiation from the nucleus at a known angle, or from
both. When the angular momentum is determined by the reaction mechanism, the
spatial pattern (usually relative to the beam axis) is known as an angular distribution;
when the nuclear orientation is obtained from coincident observed radiation, the
spatial pattern is called an angular correlation. The formalism for calculating angular
correlations is discussed in Appendix C. Some essential details are discussed here.

The angular correlation (W) of v radiation from an excited aligned nucleus can
be expressed as

W<9P'97/ Ap) = Zqu(Gp)QkaD%(ACP/ 6,,0), (3.6)
kq

where k = 0,2, 4 for E2 and mixed M1/E2 transitions, q ranges over projections of k
(ie. —k < g < k in integer steps), 0, is the detection angle of the scattered particle,
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6, is the detection angle of the 7 ray, A¢ is the difference in the azimuthal detection
angles of the scattered particle and detected v ray, By, (6)) is the statistical tensor
which holds the information on the populations of magnetic substates of the initial
state, Qy is the geometrical solid angle attenuation factor due to the finite size of the
-ray detector, D;‘E‘; is the Wigner D-matrix, and F; contains information on the initial-
and final-state spins and the multipolarity of the transition.

The dependence of these distributions and correlations on spins and mixing ratios
allows the measurement of these observables as a standard spectroscopic technique.

3.2.1 Alignment in Coulomb-excitation measurements

In Coulomb-excitation measurements, it is possible to calculate the expected angular-
momentum substate distribution of a state and, therefore, predict the angular distri-
butions of transitions out of that state if the spins and parities of the parent and
daughter states, and the transition multipolarities and mixing ratio are known.

In transient-field measurements (discussed in Sec. 3.3), it is preferable to max-
imise the alignment of excited nuclei as this maximises the anisotropy of the angular
correlation and increases the sensitivity of the measurement to the nuclear preces-
sion. In Coulomb-excitation measurements, the alignment is maximised for directly
backscattered particles in the centre of mass frame. In the case of 180° backscattered
particles, the angular momentum of the excited state is aligned perpendicular to the
beam direction.

The excitation, or equivalently population, of the magnetic substates in Coulomb
excitation can be related to the statistical tensor using the equation [13]

 V2Iy+1 It M In In k «
) =S B0 () T (M, ()
Mn=My+q

(3.7)
where Iy is the angular momentum of the state N, My is the m-substate of state N,
k and g are as in Eqn. 3.6, and the factor in the brackets is a Wigner 3-j symbol. The
statistical tensor p must be rotated from the frame in which it is calculated to the lab
frame, with the beam along the z-axis, which is the usual frame in which angular
distributions and particle-y correlations are measured. The statistical tensor py, is

related to the statistical tensor By, by [97]

. 1 .
Okgq (j) = mqu (j)- (3.8)

The statistical tensors of a state fed from above (f) can be calculated from the
statistical tensors of the initial state (7)

qu(f)fed = uk(i — j)qu<i), (3.9)

where the Uy coefficient is as defined in Ref. [98], and depends on the initial and final
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level spins and the multipolarities and mixing ratio of the feeding transition.

3.3 Thin-foil transient-field g-factor measurements

Determination of ¢ factors can occur through two fundamental interactions: mea-
surement of the Zeeman splitting of the energies of the m-substates of a state, or
measurement of the precession of the angular momentum of a state in the presence of
a strong magnetic field. In practice, however, the energy splitting of the m-substates
is small, typically < 3 x 108 eV /T of applied magnetic field, which for available
magnetic fields is much smaller than the resolution of -y ray-detectors. For a selected
few low-excitation states, the Mdssbauer effect can be used to observe the substate
splitting. Laser spectroscopy, observing the hyperfine splitting of atomic states, of the
ground states in odd-mass nuclei and of long-lived isomers is also possible, however
most nuclear excited states have lifetimes too short to be amenable to these methods.
Hence, observation of the nuclear precession in a large magnetic field is the usual
approach to measure excited-state magnetic moments.
The (Larmor) precession frequency of the nucleus, w, in a magnetic field is

wy = —gB%N, (3.10)
where g is the nuclear g factor, B is the magnetic field, and uy is the nuclear magne-
ton.

A nucleus recoiling through a polarised ferromagnet experiences a transient hy-
perfine magnetic field. The total precession angle accumulated in transit through a
thin ferromagnetic layer can then be written as

_—gh / Bre(t)e t/7dt, (3.11)

where T is the transit time through the ferromagnet, Byr is the transient magnetic
tield, and T is the mean lifetime of the state being measured. Brr has a time de-
pendence due to the fact it is velocity dependent and the nucleus slows down as it
transits the foil. We write this expression as A = g¢ where

T
¢ = _%N i Bre(t)e t/7dt. (3.12)

Measurement of the precession of the angular momentum vector is possible
through the measurement of anisotropic decays from excited nuclear states. The
effect of the precession on the observed 7-ray decays can be expressed as

N = NoW (6 — A6), (3.13)

where the field direction is given by an arrow (1), Np is the number of counts that
would be seen in isotropic decay, W(#) is the angular correlation function, 6 is the
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Figure 3.2: Three-layer, thin-foil target used in thin-foil transient-field g-factor mea-

surement. A 58Ni beam (blue dots) scatters from a Te target nucleus (black dots)

which recoils through a ferromagnetic layer into a non-magnetic layer. A magnetic
field is applied and can be periodically reversed.

angle of the <-ray detector, and A6 is the average precession angle. The number
of observed decays in one <y-ray detector and one magnetic-field direction can be
expressed as

do
N/Y = W(o, + A0)nrqlt (1)]eyi(E,) / / _SedOydE, (314)
tgt /O, p

where nr is the areal number density of the target, q[1 ()] is the integrated beam
current in the given field direction, €, ;(E,) is the 7-ray detector efficiency at the
energy E,, €, is the particle detector efficiency, and the integrals are over the target
thickness (in terms of energy loss dE) and the solid angle (d(),) over the face of the
particle detector.

It is possible to remove many factors unrelated to the measurement of the angular
shift by using two 7y-ray detectors at complementary angles, which here means at +6,,
and —0, relative to the beam axis. We define the double ratio p as

. NN W(y, - 80) (3.15)
Ny NJ  W(6,+A6)

where N IT ) is the number of counts in detector i with the field in the upward (down-
ward) vertical direction. By using two <-ray detectors at 6., the double ratio be-
comes insensitive to: a) differences in the integrated current in each field direction,
b) differences in efficiencies, c) small offsets in the angles of the detectors or equiv-
alently small shifts in the beam position on the target, and d) changes in data rates
throughout the experiment.

Expanding the double ratio to first order in A

W(0 + AB) = W(6) + A@”gg. (3.16)

We then define the “slope’, S, as the logarithmic derivative of the angular distribution
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or correlation evaluated at the detection angle +6,,:

1 dW
S = Wde (3.17)
The double ratio can be written as
1—SAf
= A
P~ 11 sn0 (3.18)
The ‘effect’, ¢, is defined as
e— 1P (3.19)
1+p
and the measured precession angle can be experimentally determined as
€
A = —. 2
S (3.20)

Together with the factor ¢ defined in Eqn 3.12, this expression can be used to extract
the g factor as

g="=". (3.21)

To date, the transient field has proven impossible to calculate from first prin-
ciples. In order to overcome this limitation, phenomenological models are used to
estimate the magnitude and dependencies of the transient field on the ion parameters
(velocity and atomic number). In general, it is preferred to perform transient-field
measurements using an internal reference state in order to remove the uncertainty
from the transient field strength. In the present work, measurements were made
relative to a reference state in each nucleus. The assumed parametrisation of the
transient field is therefore less important. Differences in the effective average tran-
sient field may still be important between states with different lifetimes; efforts were
made to reduce the small effect that would occur due to differences in state lifetimes.
In order to account for the effect of lifetime differences in the present measurements
a parametrisation, which has been shown to reproduce observed precessions in the
region, is used [99; 100]. The assumed form is

Bre = a( )2, (322)

where v is the velocity of the nucleus, vy is the Bohr velocity, Z is the atomic number
of the nucleus, and 4, p,, and pz are experimentally determined parameters.

The formulation based on Eqns. 3.12 and 3.21 limits the accuracy of the transient-
field measurements to the precision of the parametrisation. In practice, where possi-
ble, this uncertainty is avoided by measuring g factors relative to known g factors of
states excited in the same conditions. In such cases the factor ¢ is almost the same
for all excited states with small differences due to the state lifetimes, which are often
known from other measurements. The measured g factor relative to the reference
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Figure 3.3: The dependence of the integrated magnetic field (¢) on the lifetime of
an excited state given relative to the value for an infinitely long-lived state. Calcula-
tions are performed for experimental conditions similar to those used in this thesis
(Chapter 7). The transit time of the nucleus through the ferromagnet is ~600 fs. The
transient-field parametrisation used is that in Ref. [100].

g factor is then expressed as

o Aei ¢(Tref)
i grefAeref 4)(1_1) ’

(3.23)

where g; is the g factor of the state of interest, g, is the ¢ factor of the reference
state, T; is the mean lifetime of the state of interest, and T, is the mean lifetime
of the reference state. The effect of the mean lifetime (7) on ¢ with respect to the
value for an infinitely long-lived state for a given recoiling nucleus and transient-
field parametrisation is explored in Fig. 3.3. In the region corresponding to mean
lifetimes of a few to several picoseconds, as in the present work, the value of ¢ is not
strongly dependent on the lifetime.

So far we have only discussed the measurement of precessions of a directly ex-
cited state. In the present work we are specifically measuring the 4, g factor relative
to the 2] state. While the 2] states are much more strongly excited than the 4;
states, feeding corrections must still be applied because the 4; state decays to the 2;°
state. In general, feeding corrections to the observed (obs) precession angles may be

applied as
NOMiAg. NOWii g
i 78 80 + Lisj Ni =5 A0;
dWi]'

j,obs AW
0 ] 0
I\]j 79 + 2 i>j Ni 10

(3.24)

. . . . . dW; AW
where N? is the directly excited population of the state i, and ' and —; are the

unfed and fed angular correlations for the state j. More specifically, d;/\é’j is the angular
correlation for the decay of the state j populated by decay from state i. We now
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rewrite Eqn 3.24 in a simpler matrix form [101],

ABjops = Y Ajil;, (3.25)
i>j
where W
Aﬂ
A — P d0 (3.26)
ji — AW aw,
NO a7 T Lis N
and dw” = dw’ defined above.

In the process of experimental design it is useful to define a figure of merit to
maximise the sensitivity of the experiment. For this purpose we begin with an esti-
mate of the statistical uncertainty in the precession measurement. Using first order
uncertainty propagation to obtain an uncertainty estimate for Eqn. 3.15, we obtain
the expressions for the uncertainty in p as

0, = Py, (3.27)
b \/1 12k=1,4 aNk

2. (3.28)
i= 12k Ti 1

The change in the number of counts recorded in each detector due to the precession
angle is often small. It is therefore possible to approximate the number of counts
in each detector and field direction as equal in the error estimate. We denote this
value N. Assuming no background, the uncertainty in the number of counts is v/N.
Equivalently, p is generally close to unity, therefore

and

Q

2

(3.29)

Up%

2

The uncertainty in the effect, € (Eqn 3.12), then follows without further assumptions.

oe 0, 1—-p 2

Oc = $UPIUP$(1+p) = (1+p)20'p, (330)
and since p ~ 1, we have
1
Oc ® ——. 3.31
Furthermore, assuming no uncertainty in the slope, we obtain from Eqn. 3.20 that
1 1

This approximation of the uncertainty will be used later in order to investigate the
optimal experimental parameters, including placement of particle and <y-ray detec-
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tors, in Sec. 7.1. Note that the full error propagation was evaluated without the above
approximations during data analysis.

In the course of the present transient-field measurements some damage was
found for one of the particle detectors, which reduced the symmetry of the particle
and 7y-ray detectors. The problem was discovered and corrected, however some data
were collected with the broken detector. It is therefore useful to estimate the effect
of differences in the slopes that break the symmetry in p. Assuming the integrated
beam current in each field direction is equal

»  (1—=51A0)(1— S2A0)

P = (14 5,80)(1 + 5240)’ (3:33)

where §; is the of the angular correlation at detector i. It is more useful to consider
this in terms of the average slope

= 1
S= §<S1 +5), (3.34)
and the difference in the slopes
AS =151 — Sy|. (3.35)
Using the substitution
=2 AS,,
515, =85 — (7) p (3.36)

results in a similar expression to Eqn. 3.18

(3.37)

The extra factor here can be considered a perturbation when the average slope S is
used in the analysis. Evaluation of this factor with typical values (e.g. A0=0.03 and
AS <0.5) indicate that it is generally very near unity. The effect of such perturbations
in the context of the measurements in this thesis is discussed in Sec. 7.1.

3.4 Doppler-Shift Attenuation Method

The Doppler-Shift Attenuation Method (DSAM) enables the measurement of life-
times of excited nuclear states with lifetimes from some fs to a few ps. When a nu-
cleus -y decays while moving at a relativistic velocity, there is an observable (Doppler)
shift in the 7-ray energy. In experiments where excited nuclei slow or stop in a tar-
get, the detected energy of y decays is dependent on the velocity of the nucleus and
therefore on the time at which the nucleus decays. The observed lineshape for a
decay can therefore be used to determine the proportion of decays that occurred at a
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given velocity. This information, along with the stopping powers, which determine
the velocity of the ion as a function of time, can then be related back to the lifetime
of the decaying nuclear state. The stopping powers are used to convert the measured
recoil velocities into a time since excitation. The DSAM technique is thus effective
in determining nuclear lifetimes on the order of the stopping time (~1 ps as noted
above).

The shifted energy of the observed v ray can be calculated as

1— B2
E, = E01—5cfse’ (3.39)
where Ej is the unshifted y-ray energy, B is the velocity in units of ¢, and 6 is the
angle between the velocities of the decaying nucleus and the 7 ray. For velocities of
a few percent of the speed of light (32%), this expression can be approximated to
tirst order as

E, = Ey(1+ Bcosb). (3.39)

The Doppler shift, and hence the experimental sensitivity, is maximised for large
velocities and particle-y angle differences of 0° or 180°. The measurements described
in this thesis are as a result of data obtained in experiments primarily performed as
thin-foil transient-field measurements. The y-ray detector angles were therefore not
placed at the optimal angles for DSAM measurements.

In order to appropriately interpret measured Doppler-broadened lineshapes the
velocity distributions of the recoiling nuclei must be calculated. There are two com-
monly used approaches. The first is the Blaugrund formalism [102], that treats the
ensemble of recoiling nuclei as an average nucleus that takes the expectation value
for the recoil angle and velocity at a given time. This technique is typically used
in cases with small recoil velocities. The second approach is to simulate the recoil-
ing nuclei using Monte-Carlo techniques. In this approach many sample paths are
simulated and these paths are used to weight the Doppler-shift as a function of time.

An accurate understanding of the stopping powers is required to convert the mea-
sured energy shifts into a “clock”. Calculated stopping powers based on a parametri-
sation of data that is unlikely to include the specific case of interest often differ from
measured stopping powers by ~ 20%. It is therefore better in most cases to make a
separate stopping power measurement for precise lifetime results. In cases where a
separate measurement of this stopping power is not performed a significant system-
atic uncertainty must be applied to the results. The stopping power as a function of
energy for Te in Fe using the SRIM 2013 package [103] is displayed in Fig. 3.4. The
region >0.01c is the electronic stopping power regime in which most of the energy
loss is due to scattering from electrons in the medium. The region <0.01c is the nu-
clear stopping regime. In this region, the energy loss of a nucleus moving through
the medium is primarily due to nuclear “collisions”. In the nuclear stopping regime
nuclear scattering is common, which has a much larger effect on the recoil angle than
electron scattering. The change in the direction of the velocity vector is the dominant
factor in the change in the observed Doppler shift [102], i.e. the change in the recoil
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Figure 3.4: Stopping power for Te in Fe. The solid line is the total stopping power, the
dashed line is the electronic component, while the dotted line is the nuclear stopping
power. The stopping powers were calculated using SRIM 2013 [103].

angle from nuclear recoils has a larger effect on the measured energy than the energy
loss at these recoil energies.

Another significant effect on the measured lineshape is the y-ray angular correla-
tion (discussed in Section 3.2) in Coulomb excitation of low-spin states. In particular,
in cases where 7y-ray detectors have large opening angles, such as in the present ex-
periment, the y-ray intensity can vary by a large amount over the surface of the de-
tector. A calculated particle-y angular correlation for a point-like y-ray detector and
the 2 — 0;,;_5. transition in !3Te is displayed in Fig. 3.5. The blue lines represent the
angular range sampled by the forward clover detectors used in the g-factor measure-
ments reported in this thesis. In Fig. 3.6, the expected lineshape from a Monte-Carlo
simulation for the 2 — 04, transition in 130Te, including and excluding angular
correlation effects, is compared. In this case, not including the anisotropy changes
the resulting lifetime by ~20%, and the fitted lineshape is significantly altered.

In this chapter, the experimental techniques used in the investigation of the Cd
and Te isotopes have been introduced. Two methods for the determination of tran-
sition strengths have been discussed: Coulomb excitation, and determination of life-
times from the investigation of Doppler-broadened lineshapes with DSAM. In the
following chapters, the measurements performed are discussed along with results,
followed by a discussion in terms of the microscopic and macroscopic structures in
the region ‘west’ of 132Sn.
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Figure 3.5: Particle-y angular correlation for the 2 — 04, transition in 130Te, cal-
culated assuming a point-like y-ray detector. Dashed blue lines show the range of
angles sampled by a clover placed at 65° in the present experiments.
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Figure 3.6: A Monte-Carlo simulation of Doppler-broadened lineshapes for the
2f — Oy transition in 130Te, with and without the anisotropic decay from angu-
lar correlations. The y-axis is displayed in log scale.



Chapter 4

Single-step Coulomb excitation of
Cd

This chapter reports on single-step Coulomb-excitation measurements performed at
the ANU on beams of 111Cd, 12Cd, and *3Cd. The experiments are described and
the results are presented. Further discussion of these results is combined with the
discussion of the multi-step Coulomb-excitation measurement reported in Chapter 5.
Both experiments are discussed in Chapter 6.

4.1 Single-step 11112113Cq Coulomb-excitation experiment

4.1.1  Experimental parameters

Conventional Coulomb excitation uses a beam to excite a target comprised of the
nuclei of interest [96]. Natural Cd, as used for the g-factor measurement of Chamoli
et al. [77], contains several stable isotopes including the odd-A '''Cd and ''*Cd of
primary interest here. The natural target leads to higher Compton backgrounds
from higher-lying transitions and overlapping 7-ray energies, and is not suitable for
detailed Coulomb-excitation analysis on the odd-A isotopes. In order to avoid over-
lapping transitions and to decrease background, either a separated isotope target, or
inverse kinematics, must be used. The experiment reported here was performed in
inverse kinematics. The magnetic beam transport and lensing of the accelerator sep-
arates isotopes allowing measurements of a single isotope, namely the beam species.

Beams of MA12113Cd were accelerated to 240 MeV and made incident on a "C
target with a thick Cu backing. Beams were sourced from a CdO cathode and were
injected into the accelerator as CdO™ ions. The maximum energy of the acceler-
ated Cd from the accelerator limited both the choice of target and the beam energy.
Coulomb excitation increases rapidly with beam energy, therefore it is advantageous
to use the maximum beam energy available within the safe Coulomb-excitation con-
straint discussed in Sec. 3.1.3. The choice of a low-Z target limits multi-step Coulomb
excitation and the low-Z ensures a low barrier energy, closer to the experimental
beam energy available from the 14UD Pelletron. Details of the beam and barrier en-
ergies are given in Table 4.1. The available experimental beam energy is ~ 50% of
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Table 4.1: Beam details in the Cd single-step Coulomb-excitation measurements. Ep

is the beam energy, Eguf is the maximum safe energy for Coulomb excitation with

head-on collisions particles (see text for details), and Epaier is the Coulomb barrier
in the lab frame.

Beam Target Ep Esafe  Evarrier

(MeV) (MeV) (MeV)
Tcd  C 2400 3145 4993
2cd 2C 2400 3167 5023
U3cd  2C 240.0 3188 5053

the barrier energy, far below the safe Coulomb-excitation beam energy.

A copper foil of thickness ~12.5 ym was heated between Ta plates under vacuum
to remove contaminants from the surface. The cleaned foil was then “painted” with a
carbon suspension in isopropyl alcohol, which evaporated leaving a carbon layer with
an average thickness of 0.4 mg/cm?. The average target thickness was determined
through dividing the total mass of the carbon layer by the total area of the carbon
layer and is therefore subject to local variation. The thin C layer limits the range of
interaction energies in the experiment and ensures enough energy in the recoiling
C nuclei to pass through the backing to reach the particle detectors placed forward
of the target. A thick backing was chosen in order to stop the beam particles before
decay avoiding Doppler broadening and achieving a narrow <-ray line. The copper
backing was used for several reasons. Copper is easily manipulated and obtained,
it is significantly heavier than C so that copper recoils will not reach the particle
detectors, and it has good thermal conductivity, reducing the effects of beam heating.

4.1.2 Detection electronics
4.1.2.1 Detection of vy rays

Detection of <y rays in this experiment was enabled through the use of four high
purity germanium (HPGe) detectors with properties as shown in Table 4.2. Detectors
were placed such that the half-opening angles of the detectors were all 18°. The
detector angles were placed near zero-gradient points in the E2 angular correlations
in order to minimise the uncertainty in count rate from possible small-angle offsets
in detector position. A picture of the HPGe detectors around the target chamber is
displayed in Fig. 4.1.

4.1.2.2 Particle detectors

Recoiling particles were detected in three silicon photodiodes placed 28.9 mm down-
stream from the target. These detectors had an active width of 8.84 mm and an
active height of 9.25 mm and were placed vertically in line with each other as shown
in Fig. 4.2. The central (“Inner”) particle detector was centred on the beam axis in
line with the centre of the target. The remaining two (“Outer”) particle detectors
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Table 4.2: Detectors and angles used in the single-step Coulomb-excitation measure-
ment of 11 112113Cd beams on a C target at 240 MeV..

Name Angle Diameter Length Rel. Eff.

Wallace  45° 62.8 72.0 ~ 50%
Gromit  -45° 62.9 68.0 ~ 50%
OBI-1 135° 55.8 78.7 ~ 35%
OBI-2  -135° 55.8 81.5 ~ 35%

Figure 4.1: The four HPGe detectors used in the single-step Coulomb-excitation mea-
surement of Cd placed around the target chamber.
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Figure 4.2: Particle-detector geometry used in the single-step 11112113Cd Coulomb-
excitation measurements.

were placed above and below the central particle detector with 1 mm offsets from
the edges of the central detector.

4.1.2.3 Data acquisition system

Triggerless data were recorded using a 100-MHz Pixie-16 digital data acquisition
system [104] in list mode. Event construction was performed with a 1-us window.
A single detection trigger starts event construction. All entries for 1 ps are included,
and event construction times are extended to 1 us after the final detection time.

4.2 Results

4.2.1 Efficiency correction

A relative efficiency calibration of the HPGe detectors was performed using a '>2Eu
source, which was also used for the energy calibration. Absolute efficiency calibra-
tions were performed with a ®°Co source using the cascade method [105] and checked
using the known activity of the source. These two efficiency calibrations (absolute
and relative) were combined to determine the absolute efficiency across the observed
energy range. The cascade method using a ®*Co source with four HPGe detectors
allows three separate measurements of the absolute efficiency at each of the -ray
decay energies from the source in each particle detector. The efficiencies determined
through these measurements vary by ~2%; the source has a supplier-estimated un-
certainty in the activity of 5%, however the cascade method does not require a known
activity. A 2% uncertainty in the efficiency was propagated in further analysis.
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Figure 4.3: Efficiency curve used in the single-step '!112113Cd Coulomb-excitation

measurements. The absolute efficiency points from the ®°Co decay are shown in

green squares. Relative efficiency points from the >>Eu decay have been scaled to

the absolute efficiency points, and are shown in red points. Uncertainties are smaller
than the data points.
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4.2.2 Coulomb-excitation analysis

Analysis was performed using the semiclassical Coulomb-excitation analysis code
Gos1a [96]. Statistical uncertainties in measured B(E2) values in the odd-mass nuclei
were determined with the correlated error analysis included in Gosia. All stopping
powers were taken to be those from Ref. [106]. The internal conversion coefficients
were obtained within Gosia through the BRICC database [107].

4.2.3 '2Cd

An example particle-y coincidence energy spectrum from the ?Cd measurement
is displayed in Fig. 4.4. The spectrum is clean, with only the 2 — Ogs. transition
visible. Doppler broadening can be discerned around the base of the peak and is
visible on both sides as the spectrum contains data from both front- and back-facing
detectors. The Doppler tails can easily be included in the peak sum as there is no
Compton background to obscure the tails, even with relatively low statistics.

The determined Coulomb-excitation to Rutherford ratio and corresponding B(E2)
values are given in Table 4.3, along with a comparison to the literature value deter-
mined in a 2016 evaluation of known B(E2) values performed by Pritychenko et
al. [41]. The present value of 37.6(5) W.u. is considerably higher than the accepted
value of 31.2(14) W.u. There are few experimental parameters that could cause an
overestimation of the measured B(E2). One possibility may be the target properties.
While the carbon paint may be expected to be close to the measured thickness on
average, there may be a variable target thickness across the target. The measure-
ments performed may not be suitable for Rutherford normalisation for this reason.
However, considering the previous measurements, displayed in Fig. 4.5, it can be
seen that the low value of the evaluated B(E2) is largely determined by two high-
statistics measurements [108; 109]. Other previous measurements of the 2{“ — Ogs‘
transition strength in 12Cd have on average been higher, although not as high as
the present value. Assuming the present values are indeed too high, a satisfactory
explanation for the extracted values from the present work was not found, and hence
no correction could be applied to further measurements.
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Figure 4.4: An example 7-ray spectrum from the single-step Coulomb excitation
of 12Cd with a) linear scale, and b) log scale. This spectrum contains combined
data from all front- and back-facing HPGe detectors in coincidence with the central

particle detector.



Table 4.3: Experimental B(E2) values from single-step Coulomb excitation of 1'2Cd. Literature value from Ref. [41].
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OCoul. / ORuth.

B(EZ I — I7)

i i f
(keV) (keV) (keV) Inner (x1073) Outer (x1073) Present (W.u.) Lit. (W.u.)
618 2T 618 0 0" 30.8(5) 25.7(5) 37.6(5) 31.2(14)

Eccleshall (1962)
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Milner (1969)
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Figure 4.5: Comparison of B(E2) values from the present single-step Coulomb excitation of 1'2Cd compared to literature values
from Refs. [110; 111; 112; 113; 108; 114; 109; 41]. The value from Pritychenko et al. (in red) is an evaluation of the literature
performed in 2016. The present values from particle-y coincidences with the inner and outer particle detectors are displayed

separately.
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Figure 4.6: Time differences between consecutive detection events in an example
vy-ray detector and an example particle-detector. The red and blue curves are expo-
nential functions.

In pursuit of the cause of the discrepancy between the present work and the lit-
erature values, it was noted that the particle detectors had not been functioning as
expected when coupled to the digital data acquisition. Examples of the time between
consecutive events in both a v-ray detector and a particle detector are displayed in
Fig. 4.6. While the y-ray detector displays the expected exponential decay based on
the rate of the 7y-ray detections, the time differences for the particle detectors times
form a curve which is clearly non-exponential. This remains true for small subsec-
tions of the data set as well, so it is not likely to be caused by a varying particle-
detection rate during the measurement. Investigating this unexpected behaviour led
to the identification of low-frequency, high-amplitude, beam-induced background in
the particle detectors. This beam-induced background was filtered by analog elec-
tronics in the subsequent transient-field g-factor measurements on the Te isotopes
discussed in Chapter 7.

4.2.4 MCd

An example particle-y coincidence energy spectrum is displayed in Fig. 4.7. The
measured !Cd spectrum, contains many more lines than the '2Cd spectrum with
high-lying states creating Compton backgrounds for peaks from lower-lying states.
This can lead to the obscuring of Doppler tails. While the tails hold very little of
the intensity of the transition, they can appear to be higher backgrounds, reducing
the determined intensity. Where possible, background regions further away from
the transition stop-peak were used to alleviate this issue. The observed intensity of
the 11°Cd peak in the spectrum corresponds to a negligible '°Cd beam contamina-
tion. As the beam is injected as '''CdO~ the '°Cd contamination may be due to
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a ''"CdOH~ contamination in the injected beam. No ''Cd peaks from ''CdOH~
contamination are seen in the '>Cd spectrum. Figure 4.8 shows the measured level
scheme. Transition widths correspond to measured -y-ray intensities without internal
conversion corrections.

It was noted in Section 4.2.3 that, due to target preparation concerns, the data
may not be suitable for Rutherford normalisation analysis. In order to investigate this
further, the sensitivity of the Coulomb-excitation to Rutherford ratio as a function of
target thickness, or equivalently to energy loss in the target, was investigated. This
ratio was found to increase by ~ 1% per MeV of energy-loss difference compared to
the expected energy loss from the average C thickness. In contrast, the yields of the
transitions measured relative to the 342-keV transition are displayed in Fig. 4.9 and
are found to be relatively insensitive to the energy loss. A change in beam-energy loss
of ~ 30% corresponds to a maximum difference in the relative intensities of ~ 4%.
Systematic uncertainty from the stopping powers are of a similar magnitude; these
uncertainties are propagated in further analysis. The uncertainty from a relative
measurement would therefore be largely determined by the 8% uncertainty in the
literature value for the strength of the 342-keV transition. Further discussion will
assume that the present measurement can be made with Rutherford normalisation.
It will be shown that in this case there is very little difference in the relative results
from Rutherford normalisation versus normalisation to the 342-keV transition. This
is due to agreement between the transition strengths of the normalisation transitions
obtained in '''Cd and !'3Cd in the present work and literature values.

The excitation of the 342-, 620-, and 753-keV states is each dependent >95% on
a single matrix element to the ground state (according to the Gosia calculations).
The yield is determined by the amount of direct excitation, the branching ratios for
each transition out of each state, and feeding from above states. Precise branching
ratios for each of the transitions out of these states are known from pB-decay stud-
ies [115]. The final ~ 5% of excitation occurs in multi-step paths through other
excited states. Accurate calculation of this excitation requires knowledge of the E2
transition strengths between these states. These strengths can be restricted by known
mixing ratios. Therefore, literature mixing ratios were used to restrict the matrix
elements further [90]. The transition strengths for the transitions from the 245- and
417-keV states are highly constrained by direct lifetime measurements [90]. The lit-
erature data are summarised in Table 4.4.

The fitted B(E2) values are compared with literature values in Table 4.5. The
starred data were excluded from the fitting procedure; the efficiency was not well
characterised at 97 keV and the 245-keV state is populated through decays from
higher states and the relevant ground-state matrix element is set by direct lifetime
measurements. The present value for the 3/2] — 1/ 2;5. transition agrees with the
previously known value; the values for the ground-state transitions of the 620- and
753-keV states are therefore not dependent on whether the normalisation is relative
to Rutherford or to the 342-keV state. The measured E2 transition strength of the
ground-state transition out of the 620-keV state agrees well with previous measure-
ments. The B(E2) of the 753-keV transition is higher than the previous measurement.
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Figure 4.7: An example <y-ray spectrum from the single-step Coulomb excitation of
H1Cd with a) linear scale, and b) log scale. This spectrum represents all data in
coincidence with the inner particle detector from all HPGe detectors.
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Figure 4.9: Calculated 11Cd Coulomb-excitation yields of transitions, relative to the
342-keV transition, as a function of the beam energy on exit from the C layer. The
crossover point is determined by the energy loss of the average target thickness.

Table 4.4: Literature data used in Gosia fitting of B(E2) values in single-step
Coulomb excitation of '''Cd. Data are taken from Refs. [90; 115].

E; T I* E, E IF XA 5 BR

(keV) (keV) (keV)

0 1"

245 121.96)ns 37 245 0 1T E2 100

342 3T 97 245 3T MI4+E2  012(4) 146(3)
32 0 1T M1+E2  +036(2) 100(1)

417 173@3)ps 3" 171 245 37 MI+E2  -0.144(3) 100

620 3T 78 342 3T MI4E2 4.9(9)
375 245 37 MI1+E2  +28(5) 27209
620 0 4T E2 100(1)

753 3% 336 417 IT (M1+E2) 13(2)
411 342 3T MI4+E2  -0053) 41(4)
508 245 37 (M1+E2) 100(2)
753 0 47 E2 99(2)
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The new value is in better agreement with a recent DSAM measurement that found
a lifetime equivalent to an 11(5) W.u. transition strength [85].



Table 4.5: Experimental data used in Gos1a fitting of B(E2) values and fitted B(E2) values from single-step Coulomb excitation
of MCd. Starred data were excluded from the fitting routine (see text for details). Data are taken from present measurements

and Ref. [90].

E; I E, Ef I OCoul./ ORuth. B(E2; I — IF)
(keV) (keV) (keV) Inner detector Outer detector Present Lit.
] (x1074) (x1074) Wu) (W)
01
245 37 45 o 1T 8.3(4)* 6.6(3)* 0.2374(12)
32 3T 97 45 37 3.2(8)* 2.1(7)*
32 0 A7 87(1) 70.7(9) 17.4(12)  17.4(14)
a7 70 o 45 3T 1.7(4) 0.7(3) 21(6)
620 3" 278 342 3T 2.1(3) 1.2(3)
375 245 3" 11.4(4) 10.4(4)
620 0 47 55.4(9) 43.6(8) 154(11)  15.9(23)
753 3" 336 417 1T
a1 342 37 1.9(2) 1.5(3)
508 245 3" 5.7(3) 5.4(3)
753 0 47 6.9(4) 5.6(3) 5.5(4) 1.4(8)
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Table 4.6: Literature data used in Gosia fitting of B(E2) values in single-step
Coulomb excitation of ''3Cd. Data are taken from Ref. [93].

E; T I* E, E IF XA 5 BR

(keV) (keV)  (keV)

0 17

299 156(4)ns 3T 299 0 %* M1+E2  +030(3) 100

316 " 316 0 1T E2 100

459 7 143 316 3 MI+E2  -0.043) 100

584 5T 268 316 3 1.4(2)
285 299 3" 2.5(2)
584 0 1T E2 100

681 3T 365 316 3 MI+E2  -0.02(7) 20.1(4)
32 299 3T MI14E2  +0.16(15) 20.0(4)
97 584 37 (M1 +E2) 5.2(3)
681 0 1T M1+E2  -181)  100(1)

709 57393 316 3T MI+E2  -024(4) 13(2)
709 0 47 E2 41(4)

4.25 13Cd

An example of a particle-y coincidence energy spectrum from the '*Cd measure-
ment is displayed in Fig. 4.10. The measured level scheme can be seen in Fig. 4.11.
Transition widths correspond to the measured y-ray intensities.

The same procedures as discussed in Sec. 4.2.4 were followed. The relevant nu-
clear structure information from the literature is presented in Table 4.6. This nuclear
structure information was taken from Refs. [93; 116].

The transition strengths determined in the present work are given in Table 4.7.
Once again, the transition strengths are in good agreement with the literature val-
ues [93].
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Figure 4.10: An example 7-ray spectrum from single-step Coulomb excitation of
13Cd with a) linear scale, and b) log scale. This spectrum represents all data in

coincidence with the inner particle detector from all HPGe detectors.
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Table 4.7: Experimental data used in Gos1a fitting of B(E2) values and fitted B(E2) values from single-step Coulomb excitation
of 113Cd. Data are taken from present measurement and Refs. [93; 116].

E; I E, Ef I OCoul./ ORuth. B(E2Z; I — Iff)
(keV) (keV) (keV) Inner detector Outer detector Present Lit.
(x107%) (x107%) (W.u.) (W.u.)
0o 17
299 3T 299 0o 17 90(2) 72.7(15) 22.8(15)  20(8)
316 37 316 0 1T 8.6(6) 6.2(5) 0.372(25)
459 I7 143 316 3°
584 3" 268 316 3 2.5(5) 1.3(5)
285 299 3"
584 0 17 119(2) 98(2) 35.7(24)  34(8)
681 3" 365 316 3 3.1(5) 2.5(5)
382 299 3T 1.3(6) 2.4(5)
681 0 17 8.9(6) 9.5(7) 12(1) 112)
700 37 393 316 ' 3.8(6) 2.1(5)
709 0 1T 1.1(2) 1.0(2) 2(1)
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In this chapter, measurements of E2 strengths in transitions from the low-lying
energy levels in 11'Cd and '3Cd have been reported. Although the increased tran-
sition strengths measured in '?Cd have not been explained in a way that can be
applied to data from the ''Cd and 3Cd measurements, the transition strengths in
1Cd and M3Cd reported in the present work are in good agreement with previous
results, but with generally smaller uncertainties. The measured uncertainties in the
transition strengths of strongly excited states from the Rutherford-normalised analy-
sis are limited by the uncertainty in the target thickness and the presence of Doppler
broadening, future measurements with a target of known, consistent thickness or
with a thin target and high-precision position sensitivity in particle and --ray detec-
tion could reduce the measured uncertainties. In the next chapter, the level scheme
of M Cd excited in multi-step Coulomb excitation is explored. The results of these
measurements are then combined for discussion in Chapter 6.



Chapter 5

Multi-step Coulomb excitation of
11cg

In this chapter the results of a multi-step Coulomb-excitation measurement on *1Cd
are discussed. The measurement used GRETINA, the first stage of the HPGe Gamma-
Ray Energy Tracking Array (GRETA), and the position-sensitive CHICO2 particle-
detector array. The use of the position-sensitive detectors for detailed Coulomb-
excitation measurements on odd-mass nuclides and the considerations, requirements
and limitations for such experiments are explored in this chapter.

5.1 Multi-step 1''Cd Coulomb-excitation experiment

5.1.1 Experiment background

The data for this analysis were obtained as a by-product of a radioactive-ion beam
measurement on Coulomb excitation of %Mo at the CARIBU/ATLAS facility [117]
with Dr. J. M. Allmond as the spokesperson. In that measurement, there was a sig-
nificant '1Cd contaminant in the beam. It was not possible to separate the detected
106Mo and MCd due to overlap in the particle-identification metric. Additionally, the
key 2 — 0y transition in '®Mo at 171.5 keV overlaps with the 7/2] — 5/2{ tran-
sition at 171.3-keV in 11Cd. In order to account for the contaminant line, a specific
measurement of stable !''Cd was performed. The calibration run was short, which
allows limited analysis of the data, however this is the first multi-step Coulomb-
excitation experiment performed for '!Cd. Thus, any new information that can be
extracted from the data is of interest, and limitations on what can be extracted will
inform the planning of future experiments.

5.1.2 Experimental parameters

The beam-excitation experiment was performed in conventional kinematics with a
Cd beam on a 1.1 mg/cm? "Pb target. The beam energy was chosen to match
the beam energy of the contaminant ''Cd in the 1Mo measurement. The **Mo
beam was at 408 MeV. As the split-ring resonators in the ATLAS accelerate nuclei
moving through the machine to the same velocity, the ''Cd beam was therefore at
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Figure 5.1: GRETINA hit map showing the angular coverage for y-ray detection.

427 MeV. The total data were accumulated in one ~90 min run. The safe Coulomb-
excitation energy as defined in Sec. 3.1.3 for backscattered particles (head-on colli-
sions) is 472 MeV; therefore, all scattering angles correspond to safe Coulomb excita-
tion.

5.1.3 Detection electronics
5.1.3.1 GRETINA tracking array

GRETINA is the first stage of a HPGe array currently under development, the 47
Gamma-Ray Energy Tracking Array (GRETA) [118]. In the present measurement
it consisted of 32 segmented coaxial germanium crystals. The segmentation of the
individual germanium crystals along with the waveform analysis allows precise, sub-
crystal determination of the position of the primary <y-ray interaction. The positional
sensitivity of the detectors in the array has been determined to be ~2 mm. Another
advantage of the array is the large efficiency; GRETINA covers a large solid angle as
displayed in the heat map of Fig. 5.1.

5.1.3.2 CHICOz2 particle-detector array

Particles were detected by the CHICO2 (Compact Heavy Ion COunter) detector ar-
ray [119]. CHICO?2 is a pixelated parallel-plate avalanche counter with a 6 resolution,
from the pixelated cathode plate, of ~1.6° and a ¢ resolution, from the segmented
anode, of ~2.5°. The particle detectors cover angles between 20-167° as shown in
Fig. 5.2.

Forward-scattered particles were detected with a coincidence requirement that
two segments of CHICO2 must detect particles in the same plane. In this way, both
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Figure 5.2: Particle hit map as a function of angle for the CHICO2 detector. The
x-projection on to the 6 coordinate is displayed in Fig. 5.5.

scattering partners are detected. Analysis of the time difference of these particle
detections for a given scattering angle allows particle identification of the Cd/Pb
pairs used in this experiment. An example plot of this particle-identification statis-
tic is shown in Fig. 5.3. Backscattered "'Cd nuclei were detected with no particle
coincidence requirement.

Particle singles and particle-particle coincidence signals from CHICO2 were pro-
cessed through a CAEN V812 constant fraction discriminator before the signal was
input into a CAEN V1495 programmable logic module which handled coincidence
logic. The anode and cathode timing were determined using a CAEN V1190A time-
to-digital converter.

5.1.4 Velocity and energy-loss calibration

The stopping powers and energy loss of the beam in the target were calibrated using
the measured energies of the Doppler shifted vy-rays of the 620 keV transition. The
measured velocities are displayed in Fig. 5.4. The red line is calculated assuming
no energy loss in the target. The blue line corresponds to scattering in the centre of
the target using the Ziegler 1985 [106] stopping powers scaled by a factor of 0.94. A
reduction in the scattered beam velocity is observed around 90° due to the greater
distance travelled by the nuclei within the target at the scattered angle. The target
stands at an angle ~90° to the beam.

5.1.5 Scattering angle divisions

Population of excited states in multi-step Coulomb excitation can occur through mul-
tiple paths, and often there are multiple possible solutions that reproduce the mea-
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Figure 5.3: The particle-identification statistic used in the identification of scattering

partners in CHICO2. The x-axis is the lab-frame scattering angle of an arbitrarily

chosen observed particle of the required two coincident particles. The other ob-

served particle is analysed separately. The y-axis is the time difference between the
observation of the two particles in CHICO2.
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Figure 5.4: Measured velocity of '''Cd from Doppler-shift measurements from the

620-keV transition. The red line is the velocity of the scattered ''Cd ignoring energy

loss in the target. The blue line accounts for energy loss using the Ziegler 1985

stopping powers [106] scaled to reproduce the data, and assumes scattering takes
place at the centre of the target.
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sured excitation yields. Measuring those yields at multiple scattering angles reduces
the range of matrix element possibilities that reproduce experiment. The scattering
angles are split into divisions over finite ranges in the particle detector. Smaller divi-
sions increase sensitivity, but will be more limited by lower statistics. The scattering
angle ranges used in the Coulomb-excitation analysis are presented in Fig. 5.5; the
measured particle energy spectrum is split into angular ranges (divisions) by colour.
It is clear that at small angles and angles near 90° the particle detectors are not fully
efficient as the observed curve should appear smooth. Angle ranges were chosen
such that the loss of efficiency in four of the scattering angle divisions (divisions
2,3,5,6) was minimised. Division 1 is quite narrow and so the excitation cross section
will vary less over the range. A dip is observed above 40° in division 2. A Cd parti-
cle which scatters at these angles corresponds to a recoil angle of the complementary
Pb particle of around 60° which is a region in which the particle detectors are not
sensitive. Division 4 has few statistics, and is unlikely to contribute significantly to
the measurement results.

The scattering angle of the beam particles changes the absolute and relative ex-
citation of the excited states and the relative excitation of internal substates of the
excited states. An angular-dependent change in the efficiency causes the effective
angle of the measurements to be changed. The analysis must take the varying angle-
dependent efficiency into account. The angle-dependent loss of efficiency has two
effects in the Coulomb-excitation analysis. The first is that the relative excitation
yields of the states are altered; this has the direct effect of changing the determined
transition strengths as the angular coverage of particle detectors used to calculate
the excitation will not be accurate. The second effect is the change to the statistical
tensors that determine the angular correlation of decays. The change to the angular
correlations and the corrections due to anisotropic decays can have large effects on
the extracted matrix elements. The wide range of angles sampled by <-ray detectors
in GRETINA generally averages the observed yields over the angular correlation to
get a value close to the average over the total 47t solid angle, which mitigates the effect
of the changed angular correlations on the extracted excitation yields. The alignment
(and therefore the anisotropy) is maximised at scattering angles close to 180°, while
most data are measured at smaller scattering angles. The loss of efficiency is largely
at angles which do not produce large anisotropies, which further reduces the lim-
ited effect of the anisotropies on extracted matrix elements. It is possible to account
for the efficiency of the particle detectors by defining reduced ¢ coverage at specific
polar scattering angles () in the excitation calculations, mimicking experiment.

5.2 Results

The observed particle-y energy spectrum is displayed in Fig. 5.6. A summary of the
observed transitions is given in Table 5.1. It was not possible to obtain an intensity for
the 245-keV transition due to the long state lifetime. The transition is observed as a
sharp peak before Doppler correction. This implied that the '1Cd is stopping before
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Figure 5.5: Scattering angle divisions for multi-step Coulomb-excitation analysis of

H1Cd. The range of scattering angles have been labelled by the integers 1-6 and are

separated by colour. The observed angles of the Cd-like particles in valid Cd-Pb pairs
in coincidence with an observed -y-ray is displayed in Fig. 5.2.
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decaying and the decays are occurring far from the target position. The efficiency is
not well defined when the decaying nucleus is not close to the target position.



Table 5.1: Observed states and transitions in multi-step Coulomb excitation of 1'!Cd. Unresolved doublet intensities are tagged as

D, intensities determined from coincidence 7y-ray spectra are given the tag C, and new transitions are given the tag N. Unplaced

transitions from the states ~1552 keV, discussed in the text, have been given the tag A. Where possible, level energies, level

spin-parities, transition multipolarities, and mixing ratios have been taken from Nuclear Data Sheets [90]. Transition energies are

those experimentally determined in the present measurement. The experimental uncertainty in the measured transition energies
is of the order of ~0.2 keV.

E; I E, E; I7  Tags Intensity XA )
0 1
2454 3¢ o454 o 1T E2
342.1 3" 97 2454 37 M1+E2 +0.12(4)
3422 0 47 10000(90)  M1+E2 +0.36(2)
416.7 " 1714 3421 37 461(10)  MI1+E2 —0.144
620.2 3T 2035 4167 1T 26(4)
278.1  342.1 g* 303(9) MI1+E2  +0.45(*%3) or —1.2(*%)
3748 2454 3 1774(16)  M1+E2 +2.8(5)
6202 0 1T C  6094(53) E2
680.5 (37) 2836 3962 L~ 29(6)  MI+E2 +0.16(1)
752.8 3T 3369 4167 4T 236(6)
4108 3421 37 417(10)  MI1+E2
507.6 2454 3" 1083(13) —0.05(3)
753.1 o i 942(15) E2
853.9 77 4369 4167 1T 79(8)
609.0 2454 3" 128(5)

Continued on next page.
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Table 5.1 continued.

E; IT E, Ey I7  Tags Intensity XA o
855.6 3" 855.1 o i 112)  MI+E2
866.6 3" 5246 3421 37 61(3)  MI+E2 +2.4(4)
621.0 2454 7 C 243(39)  (MI1+E2)
8666 0 1T 135(6)  MI1+E2
986.5 9" 5696 4167 1" 41(6)
7421 2454 3" 15(2) E2
1016.8 3T 10175 0 1 8(2) M1+E2 —3.2(6)
1046.8 " 0273 6202 35° 73(8)
6302 4167 1" N
7048 3421 3T 388(9)
8007 2454 37 D 188(7)
1078.3 3" 833.0 2454 3" 26(2)  MI+E2 +0.20(4)
10785 0 17 D 413)  MI+E2 +0.27(+4)
1115.6 37 4958 6202 3T 58(4)  MI1+E2
7739 3421 3T 82(4) M1+E2 +2.8(+9)
1ms7 o 17 232(7)  MI1+E2 —0.17(3)
1118.4 1 8728 2454 37 48(4)
1185.7 1™ 11860 0 1 50(3)
1256.6 ur 8397 4167 I° 14(2)
1274.7 (3)" 9323  342.1 g* D 109(6)
1029.1 2454 3° 10(2)

Continued on next page.
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Table 5.1 continued.

E; I E, E; I}T Tags  Intensity XA )
1298.6 8822 4167 L' 20(2)
1053.6 2454 3 33(3)
1321.6 13220 0 1 36(3)
1340.7 (3.3 721 6202 37 18(2)
13411 0 17 152)  MI+E2  +0.21(9) or —3.0(*7,
1341.3 ) 9245 4167 " 10(2)
9993 3421 37 27(3)
1473.0 3" 7202 7528 5" 18(2)
1130 3421 3° MI1+E2  —0.21(3) or +64(22)
12261 2454 3 7(1)
14718 0 17 14(2)
1511.6 463 10468 37 N
657.8 839 17 N 12(4)
8915 6202 3" 49(3)
10957 4167 1° 17(2)
12671 2454 3 22(2)
1552.1 3" 698 8539 17 NA  4503)
8007 7528 37 DNA  188(7)
12102 3421 37 7(1)
13065 2454 3 22(2)
15515 0 17 10(2)

Continued on next page.
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Table 5.1 continued.

E; IT E, Ey I7  Tags Intensity XA o
15524 (3,3 698 8539 I' NA 45(3)
8007 7528 37 DNA  188(7)
9323 6202 37 D 1096)  MI1+E2 —0.16(2)
11347 4167 1° 66(3)
1692.0 g+ 1692.1 0 %* 5(1) MI1+E2  +0.34("}) or —5.0(2)
1701 10785 6202 3 DN 41(3)
13576 3421 37 N 6(1)
14548 2454 37 N 8(2)
1700.7 0 N 7(2)
18267 (3,1t 7780 10468 1" 23(4)
1971.8 z 15775 3%.2 L 9(2) E2
12922 6805 5 D 26(2)
Unplaced 748.0 36(5)
1155.7 11(2)
1178 N 42)
12422 7(1)
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The FWHM of the observed transitions against the decay energy is displayed
in Fig. 5.8. The FWHM of transitions were fitted in local energy regions based on
transition density using a single value for each transition in the region. The red line
is a quadratic fit to the FWHM, and most values lie on the fitted line. Some notable
exceptions include the 427- and 436-keV transitions which are weak transitions. The
transition around 800 keV has a larger FWHM as it is a composite peak comprised
of transitions from the 1552-keV state and the 1047-keV state. The transitions above
1400 keV are further from the line; however these transitions are also quite weak.

Gamma-ray concidence spectra, projected from the particle-y-7y coincidences, are
shown in Fig. 5.9 for selected transitions. Such concidence spectra were important in
establishing the placement of new transitions as well as confirming the existence of
weak decay paths.

The observed level scheme from the present experiment is shown in two parts
in Fig. 5.10 and Fig. 5.11. The line widths of the transitions are proportional to the
intensities of the observed transitions. New transitions and levels are displayed in
red.
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Figure 5.6: Total 7y-ray energy spectrum from particle-y coincidences including all
data taken. Doppler-shift corrections have been applied for Cd-like recoils. Dashed
lines separate regions with different scaling factors.
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Figure 5.7: Total log-scale y-ray energy spectrum from particle-y coincidences includ-
ing all data taken. Doppler-shift corrections have been applied for Cd-like recoils.
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Figure 5.8: The FWHM of observed <y-ray peaks for each transition energy. The width
of peaks were fitted in regions using a single shared value. The red line corresponds
to a quadratic fit as a function of transition energy of the form FWHM=ax? + bx + c.
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5.2.1 Assigning transitions

Much of the known, low-spin structure from the nuclear data evaluators has been
confirmed in the present measurement. The states listed in Nuclear Data Sheets [90]
that were not observed in the present measurement, largely, were not observed in
previous neutron capture and neutron scattering measurements [120]. This section
discusses particular transitions and their assignments.

5.2.1.1 The 463- and 658-keV transitions

Two new transitions from the 1511-keV state, displayed in Fig. 5.10, were observed.
A 658-keV transition was observed in coincidence with the 609-keV transition from
the 7/2™, 854-keV state, and a 463-keV transition was observed in coincidence with
the 705-keV and 801-keV transitions from the 7/2" state at 1047 keV. Both of these
transitions are to 7/2" states; the 1511-keV state decays to states with a minumum
spin of 5/2" suggesting a high spin.

5.2.1.2 The 630-keV transition

A previously unobserved transition has been seen in coincidence with the 171- and
245-keV transitions from the 417- and 245-keV states, displayed in Fig. 5.10. This
transition has therefore been identified as originating from the 7/27" state at 1047 keV.

5.2.1.3 The 855-keV transition

A weak transition at 855 keV (shown in Fig. 5.10) may correspond to the reported
level at 856 keV [90]. The reported level has a single decay to the ground state
and has been observed only in a Coulomb-excitation measurement by protons [109]
which did not observe the 3/2" state at 867 keV. Notably, transitions corresponding to
a state at 855 keV were not observed in the (1,7) and (n,n"y) measurements reported
by Baskova [120]. It is here suggested that the 856-keV state reported in Ref. [109]
corresponds to the known 867-keV state. In this case the origin of the observed 855-
keV transition is unknown. The 856-keV state has been left in the proposed level
scheme.

5.2.1.4 The 1292.2-keV transition

Multiple ~1292-keV transitions have been observed previously in Cd and have
been attributed to transitions from the 2045-keV state to the 753-keV state, and from
the 1972-keV state to the 681-keV state. The 1292.2-keV transition measured in the
present work is observed in coincidence with the 245- and 171-keV transitions and
not seen in coincidence with other transitions, so it cannot be identified with either
of these previously reported transitions. Neither the 1972-keV state, nor the 1972-keV
state have been displayed in the level schemes in Figs. 5.10 and 5.11. The 1292.2-keV
transition may be from a newly observed 1709-keV state, however there is no known
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state at this energy. Since only a single transition is observed, the proposal of a state
at 1709 keV must remain tentative. The assigned state is shown in Fig. 5.10.

5.2.1.5 The 1577.5-keV transition

A known transition [90] from the 1972-keV 7/2~ state to the 396-keV 11/2~ state is
observed. The negative parity states are displayed in Fig. 5.11. No transition is
seen in coincidence with the 1577-keV transition in the present measurement. This
is consistent with the known data as no coincidences would be expected due to the
49 min half-life of the 11/2™ state.

5.2.2 Unplaced transitions

Transitions discussed in this section have not been placed in the present measurement
and so are not in the level schemes in Figs. 5.10 and 5.11.

5.2.2.1 The 1155.7-keV transition

The 1155.7-keV transition is a known transition [120; 121], however it has not previ-
ously been placed in the 1''Cd level scheme. There are no coincident y-rays observed
in the present measurement that place this transition in the level scheme. Further
measurements with measurements of either feeding transitions or the energy of par-
ticles directly exciting the state with this decay are required to place the transition.

5.2.2.2 The 1242.2-keV transition

There is a known transition at ~1243 keV from a (5/2%,7/2%) state at 2097 keV to the
7/2" 854-keV state. The second-strongest transition from this state would appear at
1343 keV connect to the 5/21 753-keV state; such a transition could be hidden under
the observed 1342-keV transition. No transition is observed in coincidence spectra
and so the observed transition has not been placed in the present measurement.

5.2.3 Excited states
5.2.3.1 The 1321.6-keV state

The 1321.6-keV state (see Fig. 5.10) decays via two known transitions: a 1321.6-keV
ground-state transition, and a 979.5-keV transition to the 416.7-keV state. Only the
ground-state transition was observed in the present measurement. The reported
intensity ratio [90] for the 979.5-keV transition relative to the 1322-keV transition is
0.04(1), which may be too weak to be observed in the present measurement.

5.2.3.2 The 1552.1-keV state

A reported doublet of excited states appears in Nuclear Data Sheets at 1552 keV [90],
displayed in Fig. 5.11. A 3/2" state at 1552.1-keV state has been observed in previous
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Table 5.2: The experimental intensities of the transitions out of the 1552-keV states
relative to the 342-keV transition are compared as a double ratio between scattering
angle ranges of 112-170° and 28-80°.

E; I E, E; I}T R112-170/ Ryg g9
1552.1 3T 11347 4167 1T 193)
12102 3421 37 20(9)
13065 2454 37 22(5)
15515 0 17T 9(4)
15524 (37,3") 9323 6202 3°
11347 4167 I 1.93)
Unplaced 698 8539 ' 1.8(4)
8007 7528 '

measurements [122; 120]; however, in a "'Pd(*He,2n)'''Cd measurement, the large
gradient of the excitation function of a transition from a 1552-keV state was noted
and interpreted as a 1552.4-keV (7/27,9/2") state. The review of (n,7) and (n,n'7)
studies by Németh [121] confirms the 9/2" spin assignment for one member of the
doublet.

Previously unobserved transitions were observed in the present measurement
decaying from a state at ~1552 keV. It may be possible to identify the origin of the
observed transitions by analysing the intensity of these transitions in different beam-
scattering angle ranges and comparing to the intensity of a normalising transition.
In Table 5.2 the intensity of a transition in a scattering angle range, relative to the
intensity of the 342-keV transition in the same range, is denoted Ry, _g,. The double
ratios of Ry, g, from two scattering angle ranges are given in Table 5.2. The 932- and
800-keV transitions are doublets and so have not been given intensity ratios. The
intensity ratios of the 698-, 1135-, and 1307-keV transitions are ~2. The 1210- and
1552-keV transitions are higher, however, they have large uncertainties. The intensity
ratio seen for the 1135-keV transition attributed to the (%Jr, %+) state is consistent with
the majority of the transitions attributed to the 1552.1-keV 3/2" state. No transition
assignments were made based on the information in Table 5.2. All transitions from
states at 1552 keV have been assumed to be as stated in Ref. [121] with previously
unobserved transitions unplaced. In Table 5.1 the unplaced transitions have been
placed with both the 1552.1-keV 3/2™ and 1552.4-keV (7/27",9/27) states.

5.2.3.3 The 1701-keV state

Numerous transitions were seen in coincidence with transitions from low-lying states
with energies that sum to an energy of ~1700 keV. A new state is proposed at
1701 keV, however, while the existence of this state is clear, further experimenta-
tion must take place to characterise this state. At present the 1701-keV state spin is
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constrained to be 1/27, 3/2", or 5/2™. Transitions are seen to the 1/2* ground state as
well as 5/27 excited states. No transitions are observed to 7/2% states. Based on the
(reasonable) assumption that the transitions observed from this state are M1 and E2
in character, the transition to the 1/2* ground state limits the maximum spin to 5/27.
No limit is placed on the minimum spin.

5.3 Coulomb-excitation analysis

An attempt was made to use Coulomb-excitation analysis to determine E2 matrix
elements in '''Cd. While it is possible to reproduce the observed yields with a range
of transition strengths, the limited knowledge of nuclear structure from previous
spectroscopic measurements, and the relatively low statistics for most states excited
in the present measurement, means that a unique solution is not possible. It is
possible to reproduce the experimental yields using the matrix elements obtained
in Chapter 4 with a range of values for other matrix elements. Many of the states
excited in the present work have unknown spins and parities and most transitions
have both M1 and E2 components with unknown mixing ratios. The low statistics
also prevent the measurement of angular correlations to determine spins, parities,
and mixing ratios.

The planning of future multi-step Coulomb-excitation measurements should be
performed with the complexity of the nucleus in mind. Coulomb-excitation mea-
surements must be performed starting from single-step Coulomb excitation such
as performed in Chapter 4, before increasing the mass and energy of the exciting
nucleus to incrementally populate higher-excited states and higher spins. Further
measurements are likely to be required in order to simplify the analysis of the ex-
citation and de-excitation pathways. Several states excited in the present measure-
ment have unknown spins and parities. The mixing ratios of mixed transitions in
HICd are also largely unknown, including for transitions out of key states such as
the strongly excited 753- and 1047-keV states. As such, the analysis of '!Cd would
benefit from measurements specifically aimed at the measurement of mixing ratios.
This is possible through angular distribution or angular correlation measurements
following Coulomb excitation or nucleon scattering. Clarification of much of the ob-
served structure could be obtained from (1, n’y) measurements. Furthermore, this
could provide lifetime measurements [123] for many states using the Doppler-shift
attenuation method. New measurements could be combined with the present data
to provide greater sensitivity.
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Chapter 6

Interpretation of Coulomb

excitation measurements on
111,1 13Cd

The Cd isotopes have long been seen as textbook examples of vibrational nuclei [15],
however, the validity of this model has been brought into question [7]. In particular,
the E2 transition strengths in the even-even isotopes for multi-phonon states do not
agree with model predictions, and the g factors in the odd-mass isotopes cannot
be explained in the particle-vibration model [82; 85]. The particle-rotor model is
given as an alternative to describe the odd-mass Cd isotopes with some success
observed. Both the particle-vibration model and particle-rotor model explain some of
the features observed in these nuclides, however the nuclei may not be fully collective
and therefore it may be more accurate to attempt a microscopic approach. Recent
advances in computational power have allowed large-basis shell-model calculations
to be performed on the Cd isotopes. In this chapter, the predictions of the particle-
vibration model, the particle-rotor model, and shell-model calculations are compared
to experimental data.

The 3/2] and 5/2; states in 'Cd can be identified as a 2 core excitation coupled
to an si/, neutron in the weak coupling limit of the particle-vibration model, or as a
K=1/2" band in the particle-rotor model. The relative E2 strengths of the 3/27 — 1/27"
and 5/2t — 1/2" transitions are predicted to be equal in both models [82]. The
experimental observation of approximately equal E2 strengths of these transitions
in 11Cd allows for either theoretical interpretation to be considered valid. First, we
consider the rotor model applied to the Cd isotopes.

6.1 Particle-rotor interpretation

Previous attempts have been made to interpret 1''Cd as a deformed nucleus with ro-
tational excitations built on Nilsson orbits [124; 82; 85]. While this interpretation has
some merit and can explain some aspects of these nuclei, the states and associated
transitions observed in the present multi-step Coulomb excitation of ''Cd suggest
that this interpretation is not sufficient for characterisation of the nuclear structure.
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In this section, the levels will be discussed in terms of the particle-rotor model, as-
suming states can be described in terms of rotational bands, before interpretations
with other models are discussed.

6.1.1 Ground-state band

The ground-state “band” in 1'!'Cd can be identified with a 1/ ng. band head with ro-
tational states above, including a 3/2" state at 342 keV, a 5/2" state at 620 keV, and a
7/2* state at 1047 keV. The measured transition strengths for the 3/2/ — 1/2g . and
5/25r — 1/ zéf ;. transitions are 17.4(12) W.u. and 15.4(11) W.u., respectively. These en-
hanced B(E2) values are indicative of collectivity and may indicate that these are the
rotational states. These transition strengths are not large on the scale of known rigid
rotations and so deformation would be small in a rotational interpretation of ''Cd.
It is further proposed that in the particle-rotor interpretation, the state at 1511 keV,
with unknown spin, may be the 9/2" state of the ground-state band. Transitions from
the 1511-keV state are only seen to states with known spin-parity assignments of 5/27"
and 7/2%. Since no transitions are observed to lower-spin states it is likely that exci-
tation of this state occurs through multi-step Coulomb excitation. The observation
of this high-energy, (likely) high-spin state is therefore suggestive of a sequence of
collective transitions. An alternative candidate for the 9/2" member of the ground-
state band could be the reported 9/2% state at 1552 keV. The presence of the 3/27"
state, also at 1552 keV, hides this potentially higher-spin state that was reported in a
10pd(3He,2n)"1Cd reaction based on the observed gradient of the excitation func-
tion [124]. Further measurement of this nucleus in order to determine the spins of
these states could resolve these two potential interpretations.

In the discussion of the ''°Pd(®He,2ny)!"'Cd measurement [124], it was proposed,
based on variable moment-of-inertia particle-rotor calculations, that the (9/2",11/2%)
state at 1827 keV is the 9/2" state of the ground-state band. We instead propose here
that the 1827-keV state is the 11/2" member of the ground-state band. The 1827-keV
state is the highest-energy identified excited state in the present Coulomb-excitation
measurement. Combining the fact of its high spin and multi-step excitation, it is
likely to be a member of the ground-state band.

6.1.2 245-keV state K=5/2" band

The 245-keV state can be interpreted as a 5/27 single-particle like state. The band
built on this state is extended in the present work. The 7/2" state at 417 keV has
a single transition to the 245-keV state. An E2 transition could exist to the 342-keV
state, however it would appear at 75 keV, which is at the same energy as a Pb x-ray.
It is worth noting that no transition is known between the 7/2] state in '3Cd and
the 3/2] state which is at lower energy than the 5/2; state and so should be favoured
energetically. The 9/2% state in the 5/2; band is seen at 987 keV with observed transi-
tions only to the 245- and 417-keV states. Finally, an 11/27 state appears at 1256 keV
with a transition only to the 7/2" state at 417 keV. Another E2 transition is possible to
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the 7/2" state at 854 keV, however this would be relatively hindered due to the much
lower energy of the transition (E,=402 keV).

6.1.3 753-keV state

It is not clear whether the 753-keV state is single-particle-like in nature. The tran-
sition strength to the ground state is B(E2)=5.5(4) W.u. which is larger than the
~1-W.u. transition strength expected for a single-particle transition. The 753-keV
state is strongly excited in the multi-step Coulomb-excitation measurement, and is
an important state in the subsequent excitation of higher excited states. Many of the
states higher in energy than the 753-keV, 5/27 state do not have known spins and par-
ities. Further, observed transitions out of the higher-lying states do not have known
mixing ratios. It is therefore difficult to assign more states to a band built on the
753-keV state.

6.1.4 Particle-rotor decomposition

A decomposition of the low-lying level scheme in ''Cd, is presented in Fig. 6.1,
which includes positive-parity states up to 1047 keV, excluding the 856-keV and 1017-
keV 3/2" states. Inset is a Nilsson scheme calculated for ''Cd. Following the dis-
cussion in Ref. [85], a qualitative description of much of the low-lying spectrum is
possible with reference to rotational bands built on Nilsson orbits. The presence of
the extra %Jr states at 856 and 1017 keV may be explained by the 3/2[422] and 3/2[402]
Nilsson states, although the observed energies are low compared to what would be
expected for these excitations. The evidence for these states is quite weak in the liter-
ature, therefore other placements for the single transitions from each of these states
may be possible. The presence of other observed states are well explained by the
particle-rotor model, however transition information does not readily lead to band
descriptions as discussed above.
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6.1.5 Intruder bands in odd-mass nuclei

Intruder states have been observed in odd-mass nuclides at similar energies to the
shape-coexisting states in the neighbouring even-even isotopes [40]. In °Cd and
H2Cd, the lowest-energy shape-coexisting states occur at 1473 keV and 1224 keV, re-
spectively [125]. It might therefore be expected that a shape-coexisting 1/2* state
may appear in M'Cd at around these energies. Several states are seen in this re-
gion, however none of these states have a known spin-parity assignment of 1/27,
two states have completely unknown spin, and one state has a tentative (1/2,3/2) as-
signment [90]. Measurements of EQ transition strengths would likely be required to
identify any shape coexisting states [40]. It is worth noting that the shape-coexisting
state may not have a spin-parity of 1/2%, other couplings are possible, and may be
favourable at the altered deformation.

6.1.6 Moment-of-inertia plots

In Fig. 6.2 the transition energies are compared to the initial state spin I; for known
states in 1°Cd and ''?Cd. In a rigid, axially symmetric rotor, the energy of the tran-
sitions is proportional to the initial spin I; and inversely proportional to the moment
of inertia and should lie on a straight line as a function of angular momentum. The
lowering of the gradient of the transition energies is a sign of an increasing moment
of inertia if the nucleus is interpreted as a rotor. In a classical picture of the nucleus,
the high energy of the 2 state is indicative of a small deformation and hence a low
moment of inertia. In order to gain two units of angular momentum, the nucleus
must rotate more rapidly, which can cause further deformation, and an increase of
the moment of inertia. This effect is sometimes called centrifugal stretching. The
transition energies in '2Cd rapidly begin to decrease. This cannot be explained by
a statically deformed rotor. A possible explanation of the decreasing energy is that
the shape of 12Cd is softer than '1°Cd and the centrifugal stretching is increased in
H2Cd. Usually centrifugal stretching is associated with much smaller changes in the
moment of inertia of well-deformed rotors. The term is used “qualitatively” rather
than “quantitatively” here. An alternative explanation of the decreased transition
energies at higher spins could be that they result from interactions with intruder
bands. It has been recently noted that many of the features in 1'°Cd and !'2Cd can
be explained through the inclusion of multiple shape coexisting structures [125]. The
addition of the odd nucleon can give insights from observing the interaction between
the odd nucleon and states in the core, however, it adds complexity, which makes an
overall picture of the nucleus elusive. One may expect that similar shape coexisting
structures may be present in the odd-mass Cd isotopes.

It is difficult to perform the analysis of the moment of inertia of the odd-mass
isotopes due to a lack of knowledge of the spins and parities of excited states. How-
ever, based on the level scheme proposed in Sec. 6.1.4, the E, versus I; plot for 1Cd
is displayed in Fig. 6.3. The blue points correspond to the ground-state band starting
with the 5/2; — 1/ 2;; ;. transition, the red squares correspond to the other transition
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Figure 6.2: E2 <y-ray energies E, against the transition-parent spin (I;) for the low-
lying yrast sequence in 1'°Cd (blue dots), and '2Cd (red squares).

sequence of the ground-state band, starting at the 7/25 — 3/2]. Insufficient tran-
sitions are known for the 5/2; band to observe trends, however, the 9/2] — 5/2;
transition is displayed with a green downward-facing triangle and the 11/2 — 7/2;
transition is displayed with a black upward-facing triangles. The trends observed in
the odd mass isotopes are very similar in nature to those observed in the even-even
isotopes. Comparing to Fig. 6.2, the odd-A system appears to have a similar moment
of inertia to its even-even neighbours. The apparent difference in the moment of
inertia of the two ‘signatures’ of the ground-state band is not without precedent and
invites further investigation.

6.1.7 Particle-rotor conclusions

The increasing transition strengths from H1cq to H3Cq, reported here, would corre-
spond to increased deformation in the particle-rotor model. This is consistent with
increased transition strengths observed along the chain in the even-even isotopes.
The possible centrifugal stretching or other shape change/coexistence observed in
the even-even isotopes must be considered in the discussion of deformation in these
isotopes. The E2 transition strengths of the 3/2 — 1/ 245 and 5/2, — 1/24. transi-
tion strengths are approximately equal in ''Cd, consistent with the predictions for
a K=1/2 band in the particle-rotor model. The 5/25 — 1/2éf s. transition strength is
significantly larger than the 3/2; — 1/ 24 transition strength in 13Cd; however this
is not sufficient to exclude a rotor description of 1*Cd.
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Figure 6.3: E2 7y-ray energies against the transition-parent spin (I;) for transitions in

HICd. The blue points correspond to the ground-state band starting at the 5/25 —

1/ 2;. transition, the red points correspond to the ground-state band starting at the

7/25 — 3/2] transition. Values for transitions within the 5/2; band are also displayed:

the 9/2] — 5/2] transition is displayed with a green downward-facing triangle, and
the 11/2] — 7/2] transition is displayed with a black upward-facing triangle.
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Table 6.1: Parameters used in particle-vibration calculations.

AX & hw E(s;) E(d;) E(dy) E(g;) C

(keV) (keV) (keV) (keV) (keV) (MeV)
TICd 22 460 0 330 1100 367 559
3cd 22 438 0 400 1100 437 559

Tentative band assignments have been made for several states in 1'Cd. However,
without spectroscopic measurements to determine the spin-parities of excited states,
further band assignments are not possible. A preferential decay pattern within the
band sequence, characteristic of rotation, is not observed. It appears that the ob-
served states are strongly mixed. This may be due to strong Coriolis mixing associ-
ated with small deformations.

The particle-rotor model must account for the weak deformation of these isotopes,
a changing moment of inertia, and possibly strong Coriolis mixing, which complicate
the model significantly compared to the simple rigid-rotor model. Furthermore,
observations of characteristics consistent with triaxiality in the region may suggest
that triaxial shapes should be considered beyond the axial-rotor model.

A qualitative assignment of observed states to particle-rotor states is possible, but
a quantitative description is hard to achieve.

6.2 Particle-vibration calculations

Particle-vibration calculations, described in Sec. 2.6.2, were performed for Hcd and
13Cd with the parameters given in Table 6.1. The stiffness parameter C is a scaling
factor for the E2 transition strengths and was set based on the transition strength in
the neighbouring even-even !'2Cd in both calculations. Single-particle energies were
initially set to the energy of the observed levels before being varied along with the
coupling parameter and core-excitation energy to best reproduce the experimental
level scheme. The ds/, orbit does not appear to be necessary to explain the low-lying
spectrum. Hence, the energy of the ds/, single-particle state was put to 1100 keV,
outside of the relevant observed energy region in both isotopes. The fitted excitation
energy of the core (fiw) in both odd-A isotopes is significantly below the energy of
the core excitation in '2Cd, for which the 2" state lies at 618 keV. It has previously
been noted that the g factors of the low-lying states, including the ground state, are in
general not well reproduced by the particle-vibration model [82; 85]. In this section
we will largely be concerned with the predictions for transition strengths and their
comparison with the newly measured experimental results.

Particle-vibration calculations for 1''Cd and 13Cd as a function of the particle-
vibration coupling parameter ¢ are displayed in Figs. 6.4 and 6.5, respectively. In
the two figures, panel a) compares the calculated energy levels and experimental
data. The level energies in !''Cd agree quite well, however the proximity of the two
5/2% states at low energy in 1*Cd is not reproducible while also describing the large
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energy splitting of the s1/, ® 2" states to reproduce the 3/2] energy. Attempting to fit
the 5/2"-state energies leads to a strong interaction between the 5/27 states of ds/, ® 0"
parentage and s/, ® 2" parentage, which shares the collective transition strength,
which is not seen in experiment. Transition strength comparisons are made in panel
b) of both figures. The strength of the collective s1/, ® 2 — 51/, ® 0T transition
is shared with the transition from the lower-energy state of ds;, parentage. This
causes discrepancies in not only the transition strength of the lowest 5/27 state, but
also in the transition strength of the collective 5/2; state. Experimentally, the 5/27"
state is isomeric in both isotopes. It has a transition strength of 0.2218(19) W.u. [90]
from direct lifetime measurements in 1''Cd. Similarly, the transition strengths of the
ground-state transitions from the 5/27 state in 'Cd and the 3/2; state in 3Cd are
seen to have large disagreements between the experimentally found values and the
values from the particle-vibration model using the parameters in Table 6.1.

6.2.1 Particle-vibration conclusions

The particle-vibration model cannot explain the observed level energies, g factors, or
E2 transition strengths even for states that can be naively identified as deriving from
coupling of the odd neutron in its ground state to the first phonon. This is a major
issue for the harmonic vibrator model in these nuclei. The addition of deformation
may go some way to reconciling the differences between experimentally observed
g factors and the model predictions [85], however, the also model appears unsatisfac-
tory in other respects. If neither the particle-rotor model, nor the particle-vibration
model are capable of completely describing the nucleus, it may be useful to take a
microscopic approach to describe structures in these nuclei.

6.3 Shell-model calculations

Large-scale shell-model calculations on ''Cd were performed using the M-scheme
code KSHELL [126] with the SR88MHJM Hamiltonian [127; 128; 129; 130]. The core
used in these calculations was %Sr. The orbits included in the shell-model calcu-
lations are 7t(p1y,, §9/2)V(ds/a, 8772, d372, 5175, h11y,). The interaction is based on the CD-
Bonn potential with renormalization of the G-matrix [131; 132; 133]. The residual
two-body matrix elements were adjusted to reproduce experimental energies in the
tin isotopes. Effective charges of e, = 1.7¢ and e, = e were used in the evaluation of
electromagnetic properties.

6.3.1 Comparison to Coulomb-excitation results

Transition strengths adopted in the present work are compared to shell-model calcu-
lations in Table 6.2. If the ordering of the 5/2] and 5/27 levels predicted by the shell
model is swapped, better agreement is seen between shell-model 5/2; — 1/ 2;.8. and
5/2f — 1/ 2;;5. transition strengths and experiment. This observation is consistent with
recent g-factor measurements performed on excited states in ''Cd [85], although it
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Table 6.2: Adopted transition strengths in 111112113Cd; results for '!Cd are compared
to shell-model calculations. Experimental data on ''Cd and 3Cd are from the
present work, the value for 12Cd is from Ref. [41].

AX It E, I}  B(E2) (Wu)

i f
(keV) Adopted SM
Ulcg 37 342 1T 174(12) 141
+ +
27620 3 154(11) 75
37 753 1T 5514) 150
2cq 2+ 618 0t 31.3(14)
mcg 30 299 1T 228(15)
+ +
27 584 17 35.7(24)
3T el 1T 120
+ +
20709 3 2(1)

is worth noting that the calculated g factors for the 5/2; and 5/2; states are close
(g(3/25) = +0.162 and g(5/25) = +0.134) and the uncertainties on the measured
g factors are quite large (¢(5/2) ) = +0.22(4) and g(5/25 ) = +0.5(2)).

6.4 Collectivity in 11113Cd

A recent self-consistent deformed Hartree-Fock+BCS with Skyrme forces study of
the charge radii and charge distributions in the Cd isotopes [134] predicted a trend
of decreasing quadrupole deformation for the 1/ 2§L.s. states in the Cd isotopes from
prolate deformed in 1!Cd to slightly oblate in 1'Cd. The same study predicted that
the even-even isotopes are prolate in their ground state with a sudden increase in
deformation around A=116. This predicted decrease in deformation from ''Cd to
13Cd is not consistent with the observation of larger transition strengths between
nominally collective states observed in 1'*Cd compared to those in 11Cd.

While the experimental 3/ 2;’ — 1/ zgsh and 5/ 2;' — 1/ zgs_ transition strengths in-
crease from M1 Cd to 113Cd, the 5/2; — 1/ zgs' transition strength decreases from 11Cd
to 13Cd. Despite the superficial similarities between 11'Cd and !'3Cd, the 5/2] state
may have a different structure in 1''Cd and '3Cd. The proportion of the wavefunc-
tion of the 5/2; state which originates from the 5/2* state of the ground-state band
in 1'1Cd may be larger than in '3Cd. In the latter case, the rotational collectivity is
consolidated in the more collective 5/2 state.

There is no clear decay pattern of the excited states observed in the Coulomb-
excitation measurements. In a rotational nucleus the intra-band transitions are usu-
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ally strong and favoured over inter-band transitions. The excited-state structures of
the Cd nuclei are clearly strongly mixed; the reason the weakly collective models
used for transitional nuclei are not seen to accurately predict the nuclear structure
may be due to the persistence of shell-model-like structures for many states, rather
than the development of truly collective structures.

Measurements of E2 transition strengths in 1''Cd and !'3Cd largely affirm pre-
viously reported values. The particle-vibration model does not reproduce the mea-
sured transition strengths in either ''Cd or '3Cd and has trouble explaining the
observed energy levels in the Cd isotopes. While the particle-rotor model qualita-
tively explains the characteristics of low-lying levels in the Cd isotopes, the level
scheme determined from the multi-step Coulomb-excitation measurement does not
easily lend itself to a particle-rotor description. Both of the commonly used collective
models for these weakly collective nuclei have difficulties explaining the observed nu-
clear structure. Some success has been found in describing the transition strengths
in M1Cd, however more work must be done both theoretically and experimentally
to further compare shell-model and experimental results. Weakly collective nuclei
remain a challenge for both shell-model and collective descriptions. More details on
the nature of collectivity in this region may be obtained from the study of its emer-
gence closer to the shell closures at 1°’Sn and *2Sn. In the following sections the
emergence of collectivity from particle-like structures is explored through Coulomb-
excitation and g-factor measurements on the stable, even-even Te isotopes.
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Chapter 7

Transient-field g-factor
measurements on 124,126,128,1301,

In this chapter, transient-field g-factor measurements of the 4; states in the Te iso-
topes are discussed.

As discussed in Chapter 2, the properties of states can often be well understood
on one hand as the excitations of a few coupled nucleons or on the other hand as
strongly collective excitations. However, the transition from few-particle-like states
to multiparticle collective states is not well understood. A previous study of the
relative g factors in the stable Te isotopes [135] found that the 2] ¢ factors rapidly
converge to the collective limit moving away from the singly magic '**Te toward the
lower-mass stable isotopes. This is not necessarily indicative of the development of
collectivity; however, it does imply a significant increase in the fraction of the angular
momentum carried by neutrons. While the 4, states were populated in Ref. [135],
the statistics were not sufficient to obtain a measurement of the 4; -state g factors.

A recent paper has discussed the onset of collectivity through study of the Xe
isotopes (Z=54) [136] and speculates that the onset of collectivity may start with the
lower-spin, low-excitation states and progress through to the higher-spin, higher-
excitation states. The natural next step in these studies is to explore the Te (Z=52)
isotopes in a similar fashion. As Te is closer to the Z=50 shell closure than Xe, it may
be expected that the onset of collectivity will be slower in Te since the p-n interaction,
often cited as the driving force of collectivity, will be weaker in the Te isotopes, which
have fewer valence protons. Shell-model calculations predict g(4]) > ¢(2{) in the
Te isotopes near N=82 [137; 138]; in this chapter the convergence of (4, ) to the
collective limit, and relative to g(21+), is measured in order to explore the onset of
nuclear collectivity.

7.1 Te g-factor measurements

7.1.1 Experimental parameters

Transient-field g-factor measurements require the measurement of small changes in
relative y-ray intensities as a result of small precession angles and therefore require
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124,126,128,130Te

Table 7.1: State and transition energies in Data from Nuclear Data

Sheets [61; 62; 63; 64].

Isotope E(2]) E(4;) E(4 —2)
ATe 6027 12486 645.9
126Te 6664 1361.4 695.0
128Te 7432  1497.0 753.8
130Te 8395 1633.0 795.5

a high statistical precision in each detector. In a previous measurement of *Te, the
excitation to the 4] state was less than ~6% of the excitation to the 2 state. The
difficulty of exciting the 4] state increases as the transition strength between states
decreases closer to the shell closure. The energy of the excited states also increases
towards the shell closure, further decreasing the excitation probability.

The energies of the relevant transitions in the Te isotopes are given in Table 7.1.
An additional challenge is that the energy difference between the 4 — 2{ and
20 — Og_ ;. transitions is small enough that portions of the transitions overlap due to
Doppler broadening, particularly in the case of *Te.

As described in Chapter 3, Section 3.3, the precision achievable in transient-field
measurements is proportional to the slope of the angular correlation, further increas-
ing the required measurement time for accurate g-factor measurements on the 4;
states in the Te isotopes. Along with the low probability of excitation, the slope S
(as discussed in Sec. 3.3) of the 41+ — 21+ transition is less than half the slope of
the 2/ — Og ;. transition, implying a four-fold increase in measurement time, all
else being equal. Among the stable isotopes, *°Te is the least collective case and
requires the most measurement time. In this case, the 4, — 2 transition lies below
the 2/ — Oy transition, increasing the Compton background in the measurement
of the intensity of the 4] — 2/ transition. With many factors increasing the uncer-
tainty in the measurement, much of the experimental design focussed on maximising
sensitivity.

7.1.1.1 Choice of beam parameters

Beams of *Ni were provided by the ANU 14UD Pelletron accelerator. In order to
maximise multiple Coulomb excitation, a high-Z beam species that the accelerator
can produce readily at the safe Coulomb-excitation limit should be chosen. This also
maximises the recoil velocities of the Te nuclei, allowing thicker Fe foils to be used
while ensuring that all recoiling Te nuclei are implanted in the copper backing. Ad-
ditionally, in order to reduce the background from beam excitation, doubly or singly
magic beams (which have higher excitation energies and lower transition strengths)
are preferred. Finally, the backscattered beam particles are required to have enough
energy to be observed by the particle detectors. This final condition provides an
upper limit on the mass of the beam particles. Combining all these considerations,
the beam species was chosen to be *Ni; it is also an easily produced beam. The
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Table 7.2: Beam and vy-ray detector details in the Te g-factor measurements.

Target Run Runtime Beam 0, Ep Esate  Ebarrier
(days) Front Back (MeV) (MeV) (MeV)

ATe A 3 BNji  +65° +125° 200 1915 2779

126Te B 3 ®Ni  4+65° +£125° 205  190.1 2757

28T C 4 Nji  +65° +125° 205 1888 2735

12T D 4 BNi  +65° +115° 205  188.8 2735

130Te  E 6 BNi  +65° +125° 198 1875 2714

130Te F 4 58Ni  +65° +115° 205 1875 2714

beam energy was chosen to be close to the safe Coulomb-excitation energy given
in Table 7.2 as defined in Section 3.1.3. The beam energy is slightly above the safe
energy in all cases, however this does not significantly affect the statistical tensors
and so does not affect the g-factor analysis. The statistical tensors used in the analy-
sis have been tested experimentally via angular correlation measurements as will be
described later in this chapter. The beam current was maintained at ~1.5 pnA, with
rates of ~5000 Hz in the segments of the clover detectors and ~500 Hz in the particle
detectors.

7.1.1.2 Target preparation

For each isotope studied, isotopically enriched Te material was evaporated onto an
annealed Pe foil of ~5 mg/cm? thickness. The Fe foil was then bonded to a copper
backing thick enough to stop recoiling Te isotopes with a thin layer of evaporated
indium (~1 mg/cm?). Details of the targets are given in Table 7.3. Targets were
prepared by Dr. Georgiev and Prof. Stuchbery. Isotopically enriched targets were
required as the natural isotopic abundances do not lead to balanced statistics across
the measured isotopes. The enrichment ensured simple, clean spectra with (largely)
well separated peaks. Although the lower stopping power of gadolinium allows
larger integrated transient magnetic fields, iron was used for kinematic reasons. It is
not kinematically possible for a **Ni beam bombarding "3Fe to backscatter, therefore
any detected, backscattered particles will be from the Te target layer. Because the
average atomic mass of the gadolinium target (157.25) exceeds the masses of the
Te isotopes, the **Ni beam ions backscatter from a gadolinium backing with higher
energy than from the Te target. This would create a background under the particles
scattered from the Te target. Coulomb excitation of the rather collective Gd isotopes
would potentially interfere with the weakly collective Te excitation of interest.

7.1.1.3 Hyperion

A diagram of the hyperfine spectrometer (Hyperion) [139] is given in Fig. 7.1. An
electromagnet provided a localised magnetic field of 0.08 T that was used to align
the magnetization of the annealed iron foil. The direction of the polarising mag-
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Table 7.3: Target details in the Te g-factor measurements.

Isotope Te (mg/cm?) Fe (mg/cm?) Cu (mg/cm?)

124Te 0.42 4.76 9.4
126Te 0.59 5.29 53
128Te 0.57 533 6.0
130Te 0.72 4.53 59
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Figure 7.1: Diagram of the inside of the vacuum chamber, adopted from Ref. [139].

netic field was flipped approximately every 15 minutes, with data collection in the
change-over period (a few seconds) tagged and removed from further analysis. The
target temperature was maintained at a constant ~4 K by a Sumitomo RDK-408D
cryocooler. Tellurium has a low melting point (449.5° C) and is prone to target degra-
dation under beam. Cooling the target helped maintain target quality throughout the
measurements, although there was evidently some gradual loss of target material.

7.1.2 Detection electronics
7.1.2.1 Clover detectors

The -y rays produced in this experiment were detected by four clover detectors from
the CLARION array [140]. These detectors are constructed from four, originally
cylindrical, central-contact HPGe crystals with a diameter of 50 mm and a length
of 80 mm. The crystals are planed on the sides nearest other crystals by 6 mm
in order to allow a tighter geometry with less unused solid angle. The crystals
are arranged in a pattern that resembles a four-leaf clover as displayed in Fig. 7.2.
The primary energy signal is taken from central contacts within each crystal. The
individual crystals are further electrically connected to outputs on the side and in
the centre of the clover detectors which can be used to get a more precise position
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Figure 7.2: Geometry of the CLARION clover detectors. The black lines indicate the
front face of the crystals that make up the clover detectors and face the target. The
red line shows the approximation to a cylindrical geometry as described in the text.

for y-ray detections based on the relative charge on the side channels of the crystal.
However, this capability was not used due to an increase in noise in some crystals
when the side channels were input to the data acquisition system. Two crystals were
not functioning during parts of the experiment; these crystals were placed at back
angles in equivalent (symmetrical) positions in order to maximise the number of
working crystal pairs in optimal positions for the transient-field measurement and
analysis. The clover detectors around the target chamber are displayed in Fig. 7.3.

Addback of Compton scattered y rays was performed within each single clover
detector. If two segments within a clover detector fired coincidentally, the energies of
the two detection events were added to create a single detection event in the clover.
This serves both to reduce the Compton background and increase the efficiency of
the detectors.

Each clover had an energy resolution of ~2 keV at 1 MeV -ray energy. The front
faces of the clover detectors were placed 11.3 cm from the target position in the g-
factor measurements. Some crystals experienced changes in gain over the run time.
An example of the gain drift in one crystal over a 78 minute interval is displayed in
Fig. 7.4. Corrections were made to the energy calibrations to account for this drift,
see, for example, the green line in the figure.

The close geometry of the clover detectors decreases the amplitude of the slope of
the angular correlation, however this decrease in sensitivity is more than recovered
by the increasing absolute detection efficiency. The angles of the clover detectors
used for the transient-field g-factor measurement are given in Table 7.2. The angles
were chosen to be close to the maximum sensitivity for the precession measurement
on the 4™ state, with the back-angle detectors offset to account for non-functioning
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Figure 7.3: The clover detectors on the beam line as set up during the Te g-factor
measurements.
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Figure 7.4: The energy of some clover crystals had significant drift. In the displayed
crystal, the energy shifted by ~2 keV over the 78 minute segment shown. The green
line shows the centroid position over time that was used to correct for this gain drift.
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crystals and enhance the sensitivity of the working crystals. The experimental sensi-
tivity of the transient-field measurement can be approximated as S>’Wo, as discussed
in Section 3.3. Sensitivity graphs as a function of angle with an example angular cor-
relation for the 27 — 0y and 4] — 2{ transitions are presented in Figs. 7.5 and 7.6,
respectively. In Fig. 7.7 and Fig. 7.8 experimental sensitivities as a function of dis-
tance, together with example angular correlations at specific distances are displayed
for typical 27 — 0" and 4t — 27 transitions, respectively. In both figures, panel b)
displays the proportional change in sensitivity, relative to the experimental distance,
as a function of the distance of the crystal faces from the target position. It can be
seen that distances closer than the 11.3 cm used in the present measurement would
result in larger sensitivities, however, the position of other y-ray detectors and the
size of the target chamber meant that 11.3 cm was the smallest distance possible.
Closer, and the adjacent detectors would touch.

Additional measurements were made at a range of detection angles in order to
perform particle-y correlation measurements. The angular correlation measurements
confirm that the theoretically calculated statistical tensors (and hence angular corre-
lations) used to determine the slopes in the g-factor analysis were correct. These
measurements also check for angular offsets in the <-ray detector position. If the
layers of the target had come apart during the experiment and a gap had been cre-
ated, the anisotropy would have been reduced by the vacuum deorientation process;
the measurement of the angular correlation therefore also checks the integrity of the
target.

7.1.2.2 Particle detectors

Backscattered particles were detected in two silicon photodiodes placed 16.2 mm up-
stream from the target and with their edges vertically offset above and below the
beam by 3.8 mm as displayed in Fig. 7.9. The silicon photodiodes had a width of
252 mm and a height of 9.25 mm. Larger-area detectors were used in this mea-
surement than in the recent simultaneous measurement of the stable even-even Te
isotopes [101] in order to increase the sensitivity of the experiment. The increased
angular coverage and smaller scattering angles (6) lead to a reduced slope; however,
the larger integrated cross section achieved with the larger detector is the dominant
factor and increases sensitivity.

The sensitivity of the measurement to particle detector position is explored in
Fig. 7.10. In all panels, the y-ray detectors are placed at § =65° and ¢ =0°, and
the transition is assumed to be the 4] — 2] transition in 3Te excited by **Ni at
198 MeV. Dashed red lines correspond to a point detector in the same ¢ plane as
the y-ray detector, solid green lines correspond to a point detector with A¢$=90°,
where A¢ is the ¢ or azimuthal angle between the -ray and particle detection an-
gles, and dot-dashed purple lines correspond to annular particle detectors. Annular
approximations are used in order to explore the effect of large angle finite detector
sizes. The particle detectors used in this measurement cover a sizeable portion of the
available scattering angles toward 180°. In panel a) the slope of the particle-y cor-
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Figure 7.5: In panel a) an example of a calculated angular correlation is shown, in

this case for the 2* — 07 transition in '**Te. Panel b) contains a sensitivity plot for

a2t — 07 transition as a function of y-ray detector angle. The front of the 7-ray
detector is assumed to be 11.3 cm from the target as used in the experiment.
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Figure 7.6: In panel a) an example of a calculated angular correlation is shown, in

this case for the 4t — 2% transition in ®°Te. Panel b) contains a sensitivity plot for

a4t — 27 transition as a function of y-ray detector angle. The front of the 7y-ray
detector is assumed to be 11.3 cm from the target as used in the experiment.
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Figure 7.7: Angular correlations and sensitivity for 2t — 07 transitions as a function

of the distance from the 7-ray detector to the target. In panel a) the angular correla-

tions are given for a number of target-detector distances. In panel b) the sensitivity
versus distance is shown, assuming a detector angle of 65°.
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Figure 7.8: Angular correlations and sensitivity for 47 — 2" transitions as a function

of the distance from the <y-ray detector to the target. In panel a) the angular correla-

tions are given for a number of target-detector distances. In panel b) the sensitivity
versus distance is shown, assuming a detector angle of 65°.

relation is presented. When A¢=90°, the predicted slope of the angular correlation
is seen to be insensitive to the scattering angle (6) of the incident °®Ni. The sensi-
tivity of the measurement excluding the increased cross-section at lower scattering
angles is presented in panel b). In this case it remains high for a large portion of
backscatter angles. Forward scattering angles are experimentally unavailable as thin-
foil transient-field measurements are performed with a thick, non-magnetic backing,
which would stop the scattered *Ni before reaching the particle detectors. Angles
around 6=90°, A¢p=90° are experimentally unavailable due to the magnet poles and
coils used to magnetise the iron foil. In panel c) the value for an annular counter is
multiplied by 27tsinf, which represents the total solid angle available at a given scat-
tering angle. In panels d) and e) the excitation cross-section of the 4, state is taken
into account. The total cross section for the 4] is larger at smaller scattering angles
due to the larger Rutherford cross section; this pushes the maximum sensitivity to
smaller scattering angles, in particular around A¢=90°.

As noted above, the particle detectors used in the present measurement had a
width of 25.2 mm and a height of 9.25 mm, which fit in the chamber without shad-
owing from magnet poles. The sampled scattering angles and the associated sen-
sitivities for the 2 — 0j and 4" — 2{ transitions are displayed in Fig. 7.11 and
Fig. 7.12, respectively. The particle detector angles in the current and previous mea-
surements [101] are indicated by the yellow and green lines, respectively. The range
of scattering angles sampled was from 132°-167° with an average scattering angle
of 152°. The particle detectors cover a large portion of the available scattering an-
gles. The sensitivity of the measurement as a function of detector width is given in
Fig. 7.13.

During part of the ?*Te and 198 MeV 3Te measurements a section of one particle
detector broke off. The red line corresponds to the broken edge of the particle detec-
tor for positive 0., detectors. The red line is mirrored around A¢$=90° for negative 6.,
detectors. It is therefore necessary to estimate the effect of the missing section on the
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Figure 7.9: Particle-detector geometry used in the transient-field g-factor measure-
ments on 1247 130Te,

measured double ratio p as defined in Section 3.3. Using Eqn. 3.37 and integrating
the relevant sections in Figs. 7.11 and 7.12, the change to p can be estimated to be
< 107*% for the 2" — 04 . Since the statistical uncertainty is much larger than this,
the effect of the broken detectors will not be discussed in further analysis.

7.1.2.3 Particle detector signal preprocessing

Timing outputs from the two particle detectors were first processed through Or-
tec 474/863 timing filter amplifiers and Ortec 935 constant fraction discriminators.
Energy signals from the particle detectors were processed through Ortec 855 spec-
troscopy amplifiers and Ortec 542 linear gate and stretchers. The processed signals
were input to the digital data acquisition. This analog pre-processing was required
to filter out large amplitude oscillations as discussed in Section 4.2.3. A coincidence
requirement between energy and timing outputs was included in as part of the data
processing.

7.1.2.4 Data acquisition system

The data acquisition was performed using two 16-channel 100 MHz Pixie-16 digital
data acquisition cards [104]. List-mode, triggerless data were collected; offline event
construction used a dynamic 1-us window, starting from the first trigger and includ-
ing all events within 1 us, with the event construction window extending to 1 us
past the last detected event. The CFD algorithm available on the Pixie-16 system was
disabled, with fast-trigger timing determined to a precision corresponding to a 10 ns
timestep.
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Figure 7.10: Sensitivity plots for the 4% — 27 transition in 13°Te calculated to under-
stand the particle detector placement. Solid green and dashed red lines correspond to
A$p=90° and A$p=0°, respectively, where A¢ is the azimuthal angle between the y-ray
and particle detectors. Dot-dashed purple lines represent annular particle detectors.
The blue lines correspond to angles partially covered in the present measurement.
Information on the panels is as follows: a) is the absolute value of the slopes; b) S?W
is proportional to the experimental sensitivity; ¢) S?W is multiplied by 27tsinf to ob-
tain the total value of a single scattering at angle 0; d) is S?W as in panel b) scaled by
the Coulomb-excitation cross section of the 4;’ state; e) is as in d) scaled by 27tsinf to
obtain the total value of a scattering angle around all ¢.
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Figure 7.11: Sensitivity of the transient-field measurements for the 2* — 0" transi-
tion as a function of particle scattering angle. The clover -ray detector is assumed
to be a CLARION clover (as in the experiment) at 0,=65°, ¢,=0°, and 11.3 cm dis-
tance. The region marked by yellow lines is the solid angle covered by the particle
detectors. The green lines correspond to the widths of the particle detectors in the
previous measurement. The red line corresponds to the broken edge of the particle
detector for positive 6 detectors (see text for details). The red line is mirrored around
Ap=90° for negative 6, detectors.
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Figure 7.12: Sensitivity plot 4T — 27. The 7-ray detector is assumed to be a CLAR-

ION clover (as in the experiment) at 8,=65°, ¢,=0°, and 11.3 cm distance. The region

marked by yellow lines is the solid angle covered by the particle detectors. The green

lines correspond to the widths of the particle detectors in the previous measurement.

The red line corresponds to the broken edge of the particle detector for positive 6

detectors (see text for details). The red line is mirrored around A¢=90° for negative
6 detectors.
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Figure 7.13: The sensitivity is given as a function of particle-detector width for an ex-

ample 47 — 27 transition. The sensitivity of the measurement continues to increase

out to large detector widths, but there is only a modest gain beyond 25 mm. Thus,
the detectors used were near optimal.

7.1.3 Analysis procedures

A particle-energy spectrum and corresponding gate from Run F (See Table 7.2) is
shown in Fig 7.14. The particle energy spectra have no observed background. Low-
amplitude noise was eliminated by the linear gate and stretchers.

A particle-y time difference spectrum from Run F is displayed in Fig. 7.15. The -
detection time is subtracted from the particle detection time; the later the 7y detection
is after the particle-detection time, the further negative the time difference. Examples
of the true and random gates used for random subtraction are shown. The tail to the
left of the prompt peak in this spectrum is from low-energy -y rays.

Angular-correlation measurements were performed on 12#128130Te_ Experimental
correlations were fit to theoretically calculated angular correlations. In cases of a
single multipolarity such as in the E2 transitions 4, — 2" and 2| — ng ;. this reduces
titting to two parameters, an amplitude value; and a small angular offset. Statistical
tensors were calculated using the de Boer-Winther program [141]. As the angular
correlations can be calculated reliably, the angular correlation measurements are not
strictly necessary to determine the slope of the angular correlation used in g-factor
measurements. However the measurements are useful confirmation of the calculated
statistical tensors and verification of the experimental set up and analysis procedures.
Angular correlations are presented in Sec. 7.2.1.

Standard thin-foil transient-field analysis procedures were followed (see Sec. 3.3
for details). As the recoiling Te nuclei traverse the ferromagnetic layer a portion of
the nuclei decay. There are two ways to deal with this. It is possible to take the
total area of the particle-y coincidence peaks and scale the measured precession by
the average magnetic field experienced by recoiling nuclei before decay. In order to
do this, the Doppler-broadened tails must be included in the measured peak areas.
Including the Doppler-broadened tails increases the uncertainty a little from both
the potentially unknown shape of the tails and from the smaller peak to background
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Figure 7.14: The particle-energy spectrum from a single particle detector in Run F.

Data shown represent the total data taken. The particle energy gate used in the

selection of particle-y coincidences is indicated with a red line. The shape of the

spectrum reflects the Rutherford backscattering cross section and energy loss of the
beam in the target.
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Figure 7.15: The time-difference spectrum from Run F between particle and y-ray
detections; later y-ray detections are more negative. Time random subtraction was
performed using the displayed true and random gates.
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ratio in the tail region. A further complication occurs if there is overlap of the tails
with other transitions that appear close in energy. In order to avoid these issues
another approach was taken: namely, only the stop peak was included in the mea-
sured areas. Ideally, the stop peak would solely contain radiation from nuclei which
had experienced the full transient-field precession from traversing the ferromagnetic
layer. Unfortunately, due to the large solid angle coverage of the clover detectors
used in this experiment, a portion of the unshifted -y-ray energies detected are from
particle-y angles close to 90°. The measured energy from such a transition would
have energy close to the unshifted energy of the peak, contaminating the stop peak.
A mitigating factor is that close to A8, ,=90°, the angular correlation is much smaller
than at smaller angles, decreasing the number of counts observed at the unshifted
energy from moving nuclei. However, it is still necessary to estimate the maximum
effect of this contamination.

In order to determine the transient field experienced by the Te nuclei, a simula-
tion of the recoil events was performed. The level properties, reaction kinematics,
and simulation results for recoiling Te nuclei are given in Table 7.4. The precession
per unit g factor (¢ (7)) was calculated assuming a transient field parametrisation that
has been shown to be accurate in the region [99; 100] and is also given in Table 7.4.
Stopping powers used in calculations were taken from Ref. [106]. The calculated pre-
cession is a weak function of the lifetime. Unknown 47 state lifetimes for 126-130Te
were estimated assuming B(E2;4{ — 2{) = B(E2;2{ — 04;). This assumption
here is consistent with shell-model calculations discussed in Sec. 9.1.1 and is similar
to the observed transition strengths in **Te [35]. Comparing the ratio of ¢(2]) to
¢(4]) (Eqn. 3.12) we see a maximum effect on the resulting ratio from the entire
lineshape, including Doppler-broadened tails, of ~2%. This is already much smaller
than the statistical uncertainty in the measurements and, accounting for the proce-
dures taken to minimise this effect, it is expected to be negligible. For this reason,
uncertainty from this factor was not included in the overall uncertainty assigned to
the measurements.



Table 7.4: Transient-field simulation details in Te g-factor measurements. Eg is the beam energy, E, is the energy of the excited
state 1, I} is the spin-parity of the excited state, 7 is the state lifetime, (E;) is the average initial energy of recoiling Te entering
the Fe foil, (E.) is the average energy of recoiling Te nuclei as they exit the Fe layer, (v;/vg) and (v./vg) are the average initial
and final velocities of the recoiling ion entering and exiting the Fe foil, (v/vy) is the average ion velocity through the Fe layer, tg,
is the effective time that the Te experiences a magnetic field in the Fe layer, ¢(7) is the calculated transient-field precession per
unit g factor, and ¢(o0) is the limiting value as T — oo. vy = ¢/137 is the Bohr velocity. Unknown lifetimes (marked with *) are
estimated by assuming the transition strength out of the 4" state is equal to the transition strength out of the 27 state. Data are
taken from Refs. [41; 35].

Target  Ep E, Lf T (E;) (Ee) (vi/vo) (ve/vo)y (v/vo) tpe —¢(T) —¢p(0)
(MeV)  (keV) (ps) (MeV) (MeV) (fs) (mrad) (mrad)
PATe 200 603 27 91() 1697 204 7.29 2.57 454 599 731 75.6
1249 47 55(3) 1698 203 7.29 2.57 456 586 71.6 75.7

26Te 205 666 2] 65(1) 1590 135 7.13 2.08 407 726  84.0 89.0
1361 47 53* 1588 135 7.13 2.08 408 717 829 89.0

28Te 205 743 2 47(9) 1585 134 7.06 2.05 404 724 834 90.5
1497 47 44* 1583 133 7.06 2.05 404 720 83.0 90.5

30Te 198 839 2 33(1) 1488 20.1 6.79 2.50 433 564  66.3 73.1
1634 47 44* 1486 201 6.79 2.49 431 580 679 73.2

0Te 205 839 2 33(1) 1556 221 6.92 2.62 447 548  66.5 73.1
1634 47 44* 1543 220 6.92 2.61 445 562  68.1 73.2

SjuaMaINSYIUL 10J00f-8 9]  1°L§
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Feeding corrections were applied as discussed in Section 3.3. The relevant mea-
sured initial populations, angular correlation gradients, and assumed g factors are
in Table 7.5. Unknown g factors were assumed to be equal to g(2{). This is not
expected to be a good assumption, in particular for the 6" states, so it is worth ex-
ploring the effect of a larger g factor (as expected) for these states. Changing the
g factors of any state with an unmeasured g factor by a factor of two (similar to the
largest predicted differences in shell-model calculations) has <~1% effect on the re-
sulting observed precession of the 2% state. Similarly, changing the ¢ factors of states
feeding the 4] states by a factor of two had <~2% effect in '2!%0Te and less than
~4% in 1?#128Te. These percentage uncertainties were added in quadrature to the
relevant experimental uncertainties.

Table 7.5: Parameters used to obtain feeding correction factors for the 21+ and 41+
precessions. NIO]- is the proportion of decays from feeding through the directly popu-
lated state I, the fed statistical tensors of the state I ]-” are then used to calculate the

gradient of the angular correlation (dVZ—go)), and these values along with the relative

g factors (gj/g(2{)) are used to calculate A;;, which is as defined in Sec. 3.3.

Isotope I* IF N?

dW (6 dW (6
i i ij g]/g(zf) % Ai,j % Airj

65° 65° 125°

e 2F 2F 774 1 —266 093 +1.87 094
4 124 —094 005 +0.85 0.6

2f 85 1 —0.29 001 +0.06 0.0

0f 08 0 0 000 0 000

6 08 1 —0.75 0.00 +0.72  0.00

4+ 00 1 093 0.00 +0.63 0.00

45 00 1 —0.63 000 +0.84 0.0

4f 47 939 —-093 096 +0.85 095

67 6.1 1 —0.75 0.04 +072 0.5
4t 1 —0.68 0.00 +0.63 0.00
26T 2f 27 822 1 241 095 +172 096

47 99 —-0.88 0.04 +081 0.04

2y 75 1 —0.27 0.01 +0.05 0.00

6 04 1 —0.70  0.00 +0.68  0.00

0y 0 0 0.00 0 0.00

47 4f 96.0 —0.87 097 +0.81 097

6; 4.0 1 —0.70 0.03 +0.68 0.03

128Te 2 2f 917 1 —241 098 +1.86 097

Continued on next page.
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Table 7.5 continued.

dW (6 AW (6
lsotope [T IT NY g/g2)) L A, TP A

65° 65° 125°
45 34 —0.87 0.01 +0.85 0.02
2, 46 1 —0.26  0.00 +0.05 0.00
6; 0.3 1 —0.70 000 +0.72  0.00
05 0 0 0.00 0 0.00
45 1 —0.60 0.00 +0.64 0.00
45 1 —0.88 0.00 +0.86 0.00

4 47 921 —0.80 094 +0.79 095

67 738 1 —0.70 0.06 +0.72 0.04

47 1 —0.60 0.00 +0.38 0.1
B0Te 27 27 93.0 1 —234 099 +1.85 098

2y 19 1 +043 —0.00 —0.11 —0.00

4F 45 —-0.88 0.02 +085 0.02

2F 04 1 +0.72  —0.00 —0.18 —0.00
0; 0.1 0 0 000 0 000
45 008 1 —0.61 000 +0.65 0.00
45 008 1 —0.88 000 +0.86  0.00
4+ 45 981 —0.88 099 +130 098
4 19 1 —061 001 +0.65 0.02

It is possible to perform a separate analysis based on the y-ray detector crystals at
specific angles rather than as full clover detectors. This reduces the effect of averaging
over many angles. When the weighted average of the many particle-y combinations
is taken, it slightly decreases the overall uncertainty. However, when splitting the
clover into its four components, a coincident Compton event between the two crystals
at different polar angles does not have a clear position to be assigned and must be
discarded. This reduces the total efficiency of the detector. Analysis was performed
with both the full clovers and with the component detectors. Similar results were
obtained. The results of the analysis with separate crystals were adopted to ensure
no effect from the absent faulty crystals.

There have been several codes released for Doppler-broadened lineshape analy-
sis recently [142; 143]. Doppler-broadened lineshape analysis was performed using
a program based on the LINESHAPE program [144] using the procedures outlined in
Section 3.4. The electronic stopping powers were calculated using the SRIM SR mod-
ule [103]. It is also possible to gain sensitivity in these measurements by separating
the data into clover segments and performing analysis on data taken in crystals with
angles closer to 0° or 180°. However, the programs do not currently support arbi-
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Table 7.6: Observed transitions in the **Te g-factor
measurement. I’ and IF are the spin and parity of the
initial and final states, respectively. E; and E; are the
energies of the initial and final states, respectively. E, is
the transition energy. I,(65°) is the observed transition
intensity, and I, is the transition intensity after correc-
tions for the angular correlations have been applied.
Level energies are taken from Ref. [61], and -y-ray ener-
gies are those measured in the present work.

I~ E E, IF B L(65) I,
(keV)  (keV) (keV)

2t 6027 6028 O0f 0 100(1)  100(1)

4t 12486 6457 2+ 6027 13.1(5) 14.5(6)

2t 13255 7224 2t 6027 7.9(5) 7.0

13257 0t 0  0943) 0.9503)

0t 16573 10547 2+ 6027 0.78(3) 0.80(3)

6+ 17470 4983 4+ 12486 0.703) 0.78(3)
0+ 18829 5569 2+ 13255
4+ 19579 ~710 4t 12486
~1350 2+ 6027

trary y-ray detector geometries (e.g. with the detector axis not pointing directly at
the target) and so this analysis was not performed.

7.2 Results

Particle-y energy spectra from the even-even 247130Te measurements are displayed
in Fig. 7.16. Transitions observed from the even-even 247 130Te isotopes are listed in
Tables 7.6-7.9. Transitions from other isotopes populated by transfer reactions are
given in Appendix A. The beam energies used in the excitation are slightly above
the safe Coulomb-excitation limit; this does not affect the g-factor measurement.
The transfer reactions occured at very low rates and were only visible in the present
measurements due to the low Coulomb-excitation cross section and the high statistics
obtained.

7.2.1 Angular correlations

While angular correlations were numerically integrated over the detector to calculate
the slopes for the g-factor analysis, in order to reduce computation requirements in
the angular correlation analysis, the clover detectors were approximated as cylindri-
cal detectors with a radius of 5 cm. The real shape of the clover detectors compared
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Figure 7.16: Particle-y coincidence <y-ray spectra from 124126128130Te o_factor mea-

surements. The displayed spectra contain all data from the clover detector at 65° in

coincidence with the upper particle detector. The 2| — Og ;. transitions have been

scaled down by a factor of 10 for the 1?#126Te data and a factor of 20 for the 12139Te
spectra.
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Table 7.7: Observed transitions in the 12°Te g¢-factor
measurement. [’ and I}f are the spin and parity of the
initial and final states, respectively. E; and E; are the
energies of the initial and final states, respectively. E, is
the transition energy. I, (65°) is the observed transition
intensity, and I, is the transition intensity after correc-
tions for the angular correlations have been applied.
Level energies are taken from Ref. [62], and <-ray en-
ergies are those measured in the present work.

I E E, If Ef L(65°) I
(keV)  (keV) (keV)
27 6664 6664 0 0 100(1)  100(1)
45 13614 6949 2f 6664 9.7(1) 10.6(1)
2, 14202 7538 2 6664 7.0(1) 6.2(9)
14202 0f 0
67 17762 4147 47 13614 0.493) 0.54(3)
0, 18734 12073 2/ 6664 0.12(2) 0.12(2)
2, 20452 20452 07 O 0.36(6)  0.36(6)

Table 7.8: Observed transitions in the 2Te g-factor mea-
surement. [7* and If are the spin and parity of the initial
and final states, respectively. E; and Ef are the energies
of the initial and final states, respectively. E, is the tran-
sition energy. I,(65°) is the observed transition inten-
sity, and I, is the transition intensity after corrections
for the angular correlations have been applied. Level
energies are taken from Ref. [63], and y-ray energies are
those measured in the present work.

I* E E, IT B L(115) I,
(keV)  (keV) (keV)

2f 7432 7429 0f 0 100(1)  100(1)

4 14970 7536 2 7432 6(1) 7(1)

2F 15200 7764 2f 7432  48(1)  49(1)

15203 07 0 0.09(1)  0.09(1)

6, 18111 3140 47 14970 028@3) 031(3)

0f 19788 12356 2f 7432 0.122) 0.12(2)
45 20278 5307 4F 1497.0

12846 27 7432 0.032) 0.03(2)
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Table 7.9: Observed transitions in the 3Te g-factor mea-
surement. I and If are the spin and parity of the initial
and final states, respectively. E; and E are the energies
of the initial and final states, respectively. E, is the tran-
sition energy. I,(65°) is the observed transition intensity,
and I, is the transition intensity after corrections for the
angular correlations have been applied. Level energies
are taken from Ref. [64], and 7-ray energies are those
measured in the present work.

I E E, IF B L(65) I,
(keV)  (keV) (keV)

2 8395 8394 07 0 100(1)  100(1)

2f 15883 7484 27 8395 17(1) 22(1)

15880 0f 0  0.03(1) 0.03(1)

47 16330 7933 27 8395 43(Q2) 48(2

2F 18857 ~1045 27 8395 0.35(3) 0.38(3)

(0); 19648 11252 2 8395 0.132) 0.13(2)

4+ 19815 3486 47 16330 0.06(3) 0.07(3)

19815 11429 47 8395 0.102) 0.11Q)

to the approximation is presented in Fig. 7.2. Measured angular correlations with
y-ray detectors at distances of 11.3 cm and 15.2 cm from the target are displayed in
Fig. 7.17 and Fig. 7.18, respectively. A second measurement of 13°Te in close geometry
was performed in order to increase statistics over the first measurement. The rela-
tively large angular offset observed in the close-geometry 1*°Te correlation measured
in Run F in Fig. 7.17 at negative angles is due to the crystal that was not working.
The 2 — 04, angular correlations are largely well reproduced. The only significant
deviation in these correlations occurs in the 1**Te measurement at the larger distance
(Fig. 7.18). It is unclear what is causing this discrepancy as it was taken soon after
the far-geometry 1%Te data in the same run. The 4] — 2] transitions have much
larger uncertainties. There is a possible flattening of the correlation between positive
and negative angles in the '?*Te measurement. This trend may also appear in the
close-geometry *°Te measurements, although it is somewhat obscured by the larger
uncertainties. This trend is not observed in the far-geometry measurements, which
are governed by the same statistical tensors, and so it will be assumed to be statis-
tical in origin and ignored in further analysis. As the mechanisms that govern that
statistical tensors for the 2 — Oy transition and the 4 — 2 transition are the
same, the agreement between the measured and calculated angular correlations for
the 21" — 07 transition ensures valid slopes from the 4{ — 2" transition.
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Figure 7.17: Measured angular correlations with y-ray detectors at 11.3 cm from the

target for transitions from the 2 states in panel a), and from the 4; states in panel

b). Data from separate measurements have been offset for presentation. The two

130Te measurements correspond to Run E (centre correlation in the figure) and Run F
(lower correlation in the figure).
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b). Data from separate measurements have been offset for presentation.
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7.2.2 Experimental g factors

Results from the g-factor measurements using the full and partitioned clover detec-
tors are listed in Tables 7.10 and 7.11, respectively. The resulting g-factor ratios are
consistent between the two separate analyses. The Af values obtained show discrep-
ancies outside of statistical uncertainties in several cases, in particular the A6(2;")
values in the forward and backward detectors in the 1?*Te measurement differ sig-
nificantly (20.8(5) vs 27.2(8) mrad). In each case, the 26(4/)/a0(2}) ratio is consistent
between forward and backward detectors. The precession values A0 are generally
more consistent between detectors placed at similar angles than between forward
and backward detectors. This may be due to angular offsets in the angles of the
y-ray detectors.



Table 7.10: Full-clover transient-field measurement results in the Te isotopes. Data are given for both the 2] and 4;” measurements.

The pairs of clover detectors used in the analysis have centres at £6,,. The effect (¢€) is given in milliunits, the slope of transitions,

including feeding effects, (Stq) are given for the positive-angle detectors. A8 is the experimentally determined precession angle.

Corrections to the g-factor ratio ¢(47)/¢(2") due to feeding have been applied. Angles marked with * include a clover detector
with a faulty crystal.

Isotope  =+6, e x 10° Sted AB e x 10° Sted A6 g(47)/g(27)
(rad™!)  (mrad) (rad™!)  (mrad)
27 4t

124Te  65°  449(10) —216 —20.8(55) 22(3) —1.03 —22(3) 1.09(10)
125°%  —312(9) +1.14  —27.2(8) —23(3) +0.79  —29(4)

126Te  65° 50(2) —222  —226(10) 15(8) —1.03 —14(7) 1.15(12)
125°%  —29(2) +1.17 —249(19) —-25(08) +0.79 —32(10)
65° 42509)  —222 —192(4) 223) 103 —21(3)

125°%  —26.7(10) +1.17  —229(8) —25(4) +0.79  —31(4)

18Te  65°  454(10) —245 —18.6(4
125°*  —29.0(10) +1.25  —23.2(8
65°*  38.5(11) —245 —15.7(4
115°  —38.5(10) +245 —15.7(4

1.39(20)
—21(5) —079  —27(6)

~— ' — —

—22(4)  +1.03  —22(4)

B0Te  65°  482(13) —246 —19.6(5) 34(7) —1.03 —33(7) 1.85(22)
125°%  —26.7(13) +126 —212(11) —4809) —0.79 —61(11)
65°%  42.8(18) —244 —176(7) 31(8) —1.03 —30(8)
115°  —35.8(14) +244 —147(6) —22(7) +1.03 —21(7)

symsay T'L§

I



Table 7.11: Clover-segment transient-field results in the Te isotopes. The pairs of clover crystals used in the analysis have average

angles £6,. The effect (¢€) is given in milliunits, the slope of transitions, including feeding effects, (S¢q) are given for the positive-

angle crystals. Af is the experimentally determined precession angle. Corrections to the g-factor ratio ¢(4%)/g(2") due to
feeding have been applied. Data are given for both the 2] and 4, measurements.

Isotope (+6,) €x10° Sted A ex10°  Sgg A6 ¢(4T)/g(2")
(rad™!)  (mrad) (rad™!) (mrad)
2+ 4+
124Te 57° 26.3(13) —148 —17.8(9) 11(4) —-0.92 —12(5) 1.02(11)
73° 78.4(19)  —3.53  —24.0(6) 33(5) -1.16  —29(4)
117°  —54.1(13) +2.25  —222(5) —25(4) +1.12  —22(4)
132° —-9.3(14) +0.37 —25(4) —20(5) +053  —37(9)
126Te 57° 30(3) —1.51 —20(2) 20(11)  —-0.93 —21(12) 1.19(13)
73° 85(4) —3.68 —224(15) 17(12) —1.16 —15(10)
117° —52(4) +2.31 —232(12) —46(12) +1.12 —42(11)
132° —6(4) +0.38  —17(10) —10(14) +0.53 —19(26)
57° 28.0(13) —1.51 —18.5(9) 26(5) —093  —29(5)
73° 73(2) —3.68  —19.6(7) 23(6) —-1.16  —20(5)
117°  —452(15) +2.31  —19.8(5) —23(5) +1.12  —21(5)
132°  —=5.2(17)  +0.38 —14(4) —21(7)  +0.53  —40(12)
128Te 57° 27.7(13)  —1.62 —17.1(8) 1.31(19)
73° 82.2(20) —4.31 —19.1(6)
117°  —483(15) +2.53 —19.1(5) —22(7) +1.12  —20(6)
132° —-8.0(17)  +0.39 —20(4) —23(8) +0.53  —43(14)
57° 239(17) —253  —18.5(9)

Continued on next page.
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Table 7.11 continued.

Isotope (£6,) € x 10° Sted A8 ex10°  Sgq A8 g(4%)/g(2%)
(rad™!)  (mrad) (rad™)  (mrad)
2+ 4+
73° 69(2) —431  —19.6(7)
107° —66(2)  +4.31 —19.8(5) —26(7) +0.93  —22(6)
123° —259(13) +2.53 —14(4)  —21(6) +1.16  —23(7)
130Te 57° 302(17) —1.63 —185(10) 33(10) —0.93 —35(11) 1.97(22)
73° 84(2) —435 —173(8) 4711) —1.16 —40(9)
117° —44.0(19) +254 —19.4(6) —45(11) +1.12  —40(10)
132° —4.0(23) +040  —10(6) —28(17) +0.54 —52(31)
57° 18.4(26) —1.62 —11.3(16) 62(15) —0.93 —67(15)
73° 71(3) —428 —145(6) 27(12) —1.16 —23(10)
107° —62(3)  +428 —165(7) —26(11) +1.16  —31(9)
123°  —24.3(18) +1.62 —15.0(11) —5(10) +093  —6(11)

symsay T'L§
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7.2.3 Doppler-broadened lineshape results

Fitted lineshapes from the Doppler-broadened lineshape analysis at forward and
backward angles are displayed in Fig. 7.19 and Fig. 7.20, respectively. The corre-
sponding fitted lifetimes are given in Table 7.12. Most calculated lineshapes are
seen to recreate experimental data reasonably well, however the lineshape for the
21 — 0F . transition in ?°Te (panel c in Fig. 7.19) has a larger discrepancy. The cause
of this is not clear, however it may be due to a less well-defined background from the
proximity of the 47 — 2/ transition. The statistical errors are small in the analysis
of the 27 states. However, other (less well-known) factors are important in the final
determination of lifetimes from the data. A major source of uncertainty is the as-
sumed stopping power. Calculated stopping powers often differ from experimental
stopping powers on the order of 20%. This problem is compounded when complex
targets are used, like those in the present measurements.

The data used for this analysis were obtained as a by-product of the transient-
field measurement. As such, the placement of the detectors was not optimal for
a DBLS measurement. In these measurements, the angular correlation can change
the proportion of y-ray detections at a given angle across the face of the detector.
Modifications were therefore made to the analysis codes to account for the angular
correlation.

The statistical errors were added in quadrature to a flat 20% uncertainty from
potential systematic effects. The resulting mean lifetimes are given in Table 7.12 and
the corresponding transition strengths are given in Table 7.13.

The transition strengths corresponding to the measured lifetimes are presented
in Table 7.13. The lifetime of the 4; state in *Te is measured here for the first
time. (A further measurement of the corresponding transition strength is presented
in Chapter 8.) The observed lineshapes largely agree with the simulated results for
both forward- and backward-facing detectors with the exception of the transition
from the 2] state in °Te in detectors placed at forward angles. The cause of this
discrepancy is not clear, however, the lifetime obtained in forward- and backward-
facing detectors are in good agreement and the lifetime can largely be determined
by the ratio of counts in the Doppler tail to the stop peak so it is unlikely to have
significantly affected the derived mean lifetime. Measurement of the lifetime of the
4 state in 128Te was not possible due to significant overlap of the transition and the
Doppler tail of the transitions from the 2 and 4; states. The lifetimes presented
in this section are in agreement with the transition strengths measured in Coulomb
excitation presented in Chapter 8 and with previous measurements [41; 61; 62; 63;
64; 35]. In future discussions the values will be taken from the Coulomb-excitation
analysis due to a higher precision, however the measured lifetimes are useful for
confirmation of results.

The g factors and transition strengths reported in this chapter provide a solid
basis for a discussion of the emergence of collectivity away from the N=82 shell
closure. A clear departure from the proton-dominated excitations is observed as
more neutron holes are involved in the nuclear structures. In the next chapter, further
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Figure 7.19: Fitted lineshapes from a Doppler-broadened lineshape analysis for 2
and 4; states in #7130Te for the clover at 65°. The transition from the 4; state in
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transition. Contamination from the 2 — 07 transition in '*°Te and the 5/2; — 3/2
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Figure 7.20: Fitted lineshapes from a Doppler-broadened lineshape analysis for 2,

and 4; states in ?#7130Te. The +-ray detectors were placed at angles of 125° in the

124Te and 2°Te measurements, and 115° in the 12Te and '*°Te measurements. The

transition from the 4, state in 12%Te does not have a corresponding image as its tail
lies under the 2 — 0] transition.
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Table 7.12: Mean lifetimes from the DSAM analysis of transitions in 124,126,128,130 g
Literature values from Nuclear Data Sheets and previous Coulomb-excitation mea-
surements [41; 61; 62; 63; 64; 35]. Back-angle detectors were placed at 125° in the 12470,
126Te and ¥%Te (Run E)) measurements and at 115° in the ?Te and '*Te (Run F)

measurements.
Isotope 7(2)) (ps) 7(4)) (ps)
65°  125°/115°  Lit. 65°  125°/115°  Lit.
24Te 9.3(21)  9.0(19)  8.94(14) 4.5(11)  4.9(10) 5.5(3)
126Te 6.2(14)  6.0(13)  6.52(14) 3.9(9)  4.8(10)  4.0(17)
128Te 4.7(11)  4.9(10)  4.76(4)
130Te 3.8(8) 3.3(7) 3.32(8) 3.8(9)  4.0(10)

130Te RunF) 37(7)  35(7)  3.32(8) 4.8(11)  52(11)

Table 7.13: Equivalent E2 transition strengths from DSAM lifetime measurements of
ZIF and 4{“ states in 124~130Te. Literature values are taken from Nuclear Data Sheets
and previous Coulomb-excitation measurements [41; 61; 62; 63; 64; 35].

Isotope B(E2;2) — Of;) (W) B(E24] —2;) (Wu)

Present Lit. Present Lit.
24Te 30(7) 30.5(15) 42(11) 35.9(17)
126Te 27(6) 25.3(5) 31(7) 34(16)
128Te 20(5) 19.8(4)
130Te 14(3) 15.1(5) 15(4)
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measurements of the E2 transition strengths in the Te isotopes are reported. This is
then followed by a more complete discussion of the development of collectivity in
the Te isotopes and combined with the Cd results in order to explore the emergence
and nature of collectivity ‘west’ of 1325n in Chapter 9.



Chapter 8

Multi-step Coulomb excitation of
124,126,130

Radioactive-ion beam (RIB) measurements can be challenging and often require cal-
ibration measurements of stable beams to model interactions, contaminants or peak
shapes that are unclear in low-statistics RIB measurements. This calibration data of-
ten contains interesting and previously unknown information on the structure of
the stable nuclei. Measurements of the transition strengths and electromagnetic
moments in *Te required calibration data for the attenuation coefficients used in
the recoil-in-vacuum (RIV) measurement of the 2] -state g factor [145]. Coulomb-
excitation measurements were therefore performed on several stable Te isotopes. In
this chapter we discuss the measurement of transition strengths and quadrupole mo-
ments in 124126130Te, based on these Coulomb-excitation experiments.

8.1 Experimental description

Coulomb-excitation measurements on 124126130Te were performed at the Holifield
Radioactive Ion Beam Facility (HRIBF) in inverse kinematics. Beams of 124126130Te
were Coulomb excited on a ~1.5 mg/cm?, isotopically enriched, *°Ti target. Details
of the target composition are given in Table 8.1. The enriched semi-magic *’Ti target
was chosen to reduce the excitation of, and hence the Compton background from,
the 2 — Og& transitions in the target nuclei.

The enriched target was chosen for the purposes of the RIV calibration, however
an isotopically-enriched “®Ti target would not significantly improve the experiment.
Statistics of the normalisation transition were more than sufficient, the relative un-
certainties in the enriched isotope and “®Ti were similar, and the increased Compton
background from the *Ti Coulomb excitation would have detracted from the mea-
surement.

Particle detection was performed by rings 2-4 of the HyBall detector array [146].
Angular ranges of the array are given in Table 8.2. The HyBall array consists of
rings of Csl detectors at a given polar angle range. The rings are segmented in the
azimuthal angle to give position information for Doppler reconstruction and angular
correlation measurements.

133
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Table 8.1: Composition of the enriched °Ti target as measured by inductively cou-

pled plasma mass spectrometry (ICP-MS). The quoted -y-ray energies (E,) correspond

to the y-ray transition from the state expected to be most strongly excited in each nu-
cleus.

Isotope Ty YT BT PTi Ty
Percentage 1.64(3) 1.35(3) 12.09(12) 3.52(4) 81.40(81)
E, (keV) 889.3 159.4 983.5 15422  1553.8

Table 8.2: Angular coverage, in the polar axis, of the particle-detector rings in the
HyBall array in the 12#126139Te Coulomb-excitation measurements.

Ring2 Ring3 Ring4
Angle range 14-28°  28-44° 44-60°
Number of detectors 10 12 12

Kinematic information for each experiment is given in Table 8.3. The safe distance
condition discussed in Sec. 3.1 can be used to determine which rings are considered
to give safe Coulomb-excitation data. The safe distance is related to the scattering
angle. In inverse kinematics, small detection angles, closer to head-on collisions, have
smaller distances of closer approach. The beam loses energy through the target. The
distance of closest approach will therefore be smaller at the front of the target than at
the back. The distance of closest approach at the beam energy in Ring 2 is found to be
smaller than the safe Coulomb-excitation distance at the beam energy, however, the
distance of closest approach in Ring 2 becomes equal to the minimum safe distance
with ~20 MeV energy loss. The energy loss through the target is > 80 MeV in each
isotope and so the excitation of the beam particle largely occurs at safe energies.
ProLEmy calculations [147] for excitation at the beam energy predict a < 1% effect
on the cross section of the 2| states at the minimum scattering angle in Ring 2. The
effect of the Coulomb nuclear interference has therefore not been included in further
analysis.

Detection of 7-rays was performed by six clover detectors from the CLARION
array [140]. Three detectors were placed at a 90° angle relative to the beam axis, and
three detectors were placed at a 131.75° angle. Side channel energy detection was
used to constrain the detection position further for Doppler reconstruction; the y-ray

Table 8.3: Experimental details in 124126.130Te Coulomb-excitation measurements.

Isotope Ep Safe distance Minimum distance (fm)

(MeV) (fm) Ring 2 Ring3 Ring 4
1247e 385 15.84 15.12 1588 17.81
126Te 390 15.87 1510 1586 17.78

130Te 400 15.94 15.05 15.81 17.74
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Figure 8.1: Measured Doppler shift in ?*Te Coulomb-excitation. Red lines corre-
spond to fitted 124Te velocities. Velocities were independently determined and results
are given in Table 8.4. A large number of angular differences are available for the cal-
ibration from the segmentation of the particle and the localisation of y-ray detection
events to sub-crystal precision from side-channel energies; see text for details.

detection was assumed to be in the section of the crystal closest to the side channel
with the largest energy. The dependence of detected <-ray energies on the angular
difference between the motion of the scattered Te ions and the detected < rays in the
124Te measurement is displayed in Fig. 8.1. The fitted velocities from the equivalent
analysis for each isotope were used to perform Doppler reconstructions of <-ray
energy, and to calibrate the energy loss of the Te beam in the target, as discussed
below.

Compton-scattering addback was performed by adding all detections in a single
clover detector into a single event as in Sec. 7.1.2.1. When multiple crystals detect
a y-ray it is assumed that the multiple detections are due to Compton scattering
within the detector. The calibrated energies of the <y rays in each crystal are summed
to a single “detection”. Addback increases the efficiency of the clover detectors and
removes background from the Compton events under peaks.

8.2 Analysis procedures

Random subtraction was performed using usual procedures. Examples of prompt
and background time gates are presented in Fig. 8.2. A particle ID (PID) statistic is
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Figure 8.2: The time-difference spectrum between particle and y-ray detections; later
y-ray detections are more negative. Time-random subtractions between coincident
particles and <y-rays were performed using the prompt and random gates indicated.

used to identify the type of events detected in the particle detector. The PID statistic is
determined through the relative measurement of the slow and fast components of the
waveform in a detection due to the fast and slow decay times in the CsI(Tl) crystal.
An example PID vs. energy plot in a Csl crystal from the '?*Te measurement is dis-
played in Fig. 8.3. The Ti-like recoils are marked by an example gate shown in white.
The separation of the heavy ion like particles from the lower mass particles (e.g.
electrons) allows clean determination of particle singles and particle-y coincidences.
The clear separation of the particle group would also allow Coulomb-excitation-to-
Rutherford measurements for absolute normalisation, however, dead-time measure-
ments were not performed and these have been observed to be too large to neglect
in similar experiments. Normalisation of the beam excitation to excitation of *Ti in
the target was performed relative to the *8Ti present in the target. The excitation of
the 2| states occurs at similar rates in **Ti and °°Ti since the higher excitation cross
section of *Ti compensates for its lower abundance in the target. An analysis using
a °°Ti normalisation is complicated by the overlap of observed transitions from the
20 — Og .. transition in °°Ti and the 11/2; — 7/ 2, ;. transition in OTi.

Coulomb-excitation analysis was performed using the analysis code Gosia [96].
Internal-conversion coefficients used in the Gosia analysis were sourced through
the BRICC database [107]. For each isotope, best fit values were obtained through
the internal fitting routine of the program using the intensities from the present
measurement with corrections due to target composition and angular correlations,
described below. Uncertainties were obtained through creating a x? surface by fixing
a value of the matrix element of interest and allowing the program to fit other matrix
elements and using the values at x> + 1 as 1¢ values.



§8.3 Efficiency calibration 137

Ti
Q
o

Energy

Counts

Figure 8.3: The particle-identification statistic (as discussed in Sec. 8.2) is plotted

against the energy observed in a single Csl crystal in Ring 2. Heavy-ion like Ti

particles are marked by an example gate shown in white. Electron and <y-ray events
are seen below the heavy-ion-like events.

Table 8.4: Energy-loss calibration details as determined through measurement of

the Doppler shifts of -ray energies in the Coulomb-excitation measurements of

124126130Te and the simulation used to reproduce the experimentally determined ve-
locities.

Isotope  Ep 0/ CExp (%) 0/ Csim. (%) Eloss

(MeV) Ring2 Ring3 Ring4 Ring2 Ring3 Ring4 (MeV)
24Te 385 3.41(3) 4.58(33) b5.76(3) 3.41 4.55 5.75 88(2)
126Te 390 3.49(2) 4.64(2) 581(2) 3.50 4.63 5.81 85(2)
130Te 400 3.54(2) 4.65(2) 5.84(2) 3.54 4.64 5.81 87(2)

8.3 Efficiency calibration

An efficiency measurement was performed using a ®?Eu source placed directly be-
hind the target. The efficiency curve used in the analysis is shown in Fig. 8.4. The
majority of the states explored are in the energy region from 600-1000 keV where the
relative efficiency is well characterised. De-excitation < rays from the 3~ states in
124126 Te require an extrapolation of the measured curve above the well characterised
region. The transitions from the 3™ states are too weak to extract meaningful results
and are not discussed further in the present work.

8.4 Energy loss calibration

The energy-loss calibration was performed by simulating the kinematics and energy
loss through the target using the Ziegler 1985 stopping powers [106], then scaling
these stopping powers by a constant factor to reproduce the observed Doppler shift.
Details of this analysis are presented in Table 8.4.

The stopping powers calculated with SRIM change slowly through the full range
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Figure 8.4: The relative 7y-ray detection efficiency determined using the full clover
array. The calibration was determined up to ~1400 keV. This was used in the Te
Coulomb-excitation analysis.

of energies experienced by the beam particles (~ 4% over a 90 MeV energy loss)
and are expected to be similar for each isotope (<1% difference) in the region of
interest. A previous measurement of the energy loss of a 410 MeV 13Te beam through
the target used in this experiment was made using a Bragg detector; it found an
energy loss of 86(2) MeV [145], consistent with the energy loss determined in this
measurement through the Doppler shifts and shown in Table 8.4. A weighted average
of all four energy loss measurements (including the Bragg detector measurement) of
86.5(10) MeV was adopted in the Coulomb-excitation analysis with GosiAa.

8.5 Target composition corrections

Excitation calculations were made assuming a 100% *°Ti target, however, *’Ti only
comprises 81.40(81)% of the target. Interactions with different Ti isotopes result in
different Coulomb-excitation-to-Rutherford ratios. A correction factor must therefore
be calculated to account for the target composition. The Rutherford and Coulomb-
excitation quantities were calculated for each isotope and each ring. The correction
factors were found to be largely independent of the HyBall ring investigated (< 0.1%
effect). The final correction factors are presented in Table 8.5.

8.6 Recoil in vacuum calibration

When the nucleus is excited in Coulomb excitation it is in an aligned state. The
angular distribution from this aligned state impacts the observed transition inten-
sities. The initial statistical tensors governing the shape of the particle-y angular
correlations can be calculated. While Gos1a is capable of calculating these statistical
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Table 8.5: Excitation correction factors accounting for Te excitation from Ti isotopes
other than *°Ti.

: + + +
Beam species 2] 4] 25

1240 1.02 1.05 1.05
126 1.03 1.05 1.05
130T 1.03 1.06 1.06

tensors and correcting for them, the initial angular distributions are quenched due to
interactions from electrons around the nucleus. This is accounted for in Gosia using
a simple two-state model [148], however, the magnitude of the quenching must be
fitted. Two approaches were taken to account for this. Angular distributions were
formed using the two polar angles with HPGe detectors for each particle-detector
ring. The two state model parameters were adjusted manually to reproduce the ratio
of these data points. The second approach taken was to construct A¢ distributions
and fit the vacuum deorientation coefficients G, and Gy4. Fitted angular correlations
are presented in Figs. 8.5-8.7 and parameters determined from the fits are presented
in Table 8.6. The relationship between G, and G4 was fixed in this fitting procedure
using the Abragam-Pound fluctuating field model [149]. Note that an accurate de-
scription of the RIV mechanism is not required here; all that is needed is a good fit to
the angular correlation data. These data, presented here, have previously been used
to calibrate a recoil in vacuum g-factor measurement of the first-excited state of 13¢Te
for the analysis presented in Refs. [135; 145].



0O 60 120 180 240 300 0 60 120 180 240 300
A} (degrees)

Figure 8.5: Angular distributions around A¢ for '2*Te. Red lines correspond to fitted distributions. W(9) is the average value of
the angular distribution around A¢.
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Figure 8.6: Angular distributions around A¢ for ?°Te. Red lines correspond to fitted distributions. W(9) is the average value of
the angular distribution around A¢.
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Figure 8.7: Angular distributions around A¢ for '*Te. Red lines correspond to fitted distributions. W(9) is the average value of
the angular distribution around A¢.
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Table 8.6: Vacuum deorientation parameters fitted using the A¢ distributions (see
text for details).

Beam 0, Ring 2 Ring 3 Ring 4
species Go Gy Gy Gy Gy Gy
124Te 90°  0.666(14) 0.374(15) 0.607(7) 0.317(7) 0.497(8) 0.228(6)
131.75° 0.678(27) 0.387(30) 0.577(10) 0.290(8) 0.473(10) 0.212(7)
126 90° 0.753(9) 0.477(12) 0.683(5) 0.392(6) 0.588(6) 0.300(5)
131.75°  0.763(20) 0.492(28) 0.684(8) 0.394(8) 0.592(8) 0.303(7)

)
B0Te  90°  0.864(4) 0.657(8) 0.807(3) 0.556(5) 0.735(4) 0.455(5)
131.75° 0.875(11) 0.678(21) 0.785(5) 0.523(7) 0.670(7) 0.379(8)

8.7 Uncertainty estimates

8.7.1 Target composition

The isotopic composition of the target is given Table 8.1. The uncertainty in each
component is quite small, on the order of a few percent. The errors from the cor-
rections to the relative yields due to the target composition (given in Table 8.5) are
also small, on the order of a percent. The uncertainty introduced by these correc-
tion factors on the evaluated, internally normalised B(E2) values, is expected to be
negligible and so has not been included. However, the evaluation of the 2] — Ogs.
transition strengths in Te relative to the *8Ti yield is linearly dependent on the iso-
topic fraction of *8Ti in the target. The ~1% uncertainty contributed to the transition
strengths from the target composition was added in quadrature to other sources of
uncertainty.

8.7.2 Energy loss

The value taken as the energy loss through the target can have a significant ef-
fect on the yields calculated through the target. It therefore becomes necessary to
estimate the effect on the relative yields from the uncertainty in the energy loss
(E10ss=86.5(10) MeV). A 1 MeV change in energy loss was found to change the yields
of the 4] and 2, states relative to the transition from the 2] state in each Te iso-
tope by ~0.4%. The uncertainty from the energy loss was added in quadrature to
the internally normalised results. In contrast, the relative yields of the 2;’ states in
each Te isotope and “*Ti remained largely unchanged with a change in energy loss.
Therefore, the uncertainty from this effect was not included in measurement of the
2] transition strength.

8.7.3 Matrix elements in *3Ti

The transition strengths between the excited states in “*Ti are known from direct
lifetime measurements and scattering measurements. However, the excitation of
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the 2 state in **Ti is highly dependent on the sign of the P; interference term,
(055 |E2[217) (2] | E2]257) (25 |[E2|0g ). Switching the sign of the 0, — 27 matrix el-
ement changes the excitation yield of the 2/ state in *®Ti calculated using Gosia by
~10%. In order to account for this effect, the Og .. — 25 matrix element was left at
zero, taking close to the centre of the two possibilities, with a 5% uncertainty added

in quadrature to the B(E2; 05, — 2]") measurement to account for this effect.

8.7.4 Vacuum deorientation correction

The calculated yields were found to be largely insensitive to the Gy coefficients as-
sumed in the calculations. Changing the assumed g factor used in the recoil-in-
vacuum model used by Gosia by a factor of two caused a change in the calculated
yield in Ring 2 in the '?*Te experiment of ~ 2%. Performing the same test in the 3'Te
calculations yielded a <1% change in the calculated yield. The calibration described
in Sec. 8.6 allowed accurate determination of the Gy coefficients, see Table 8.6. Hence,
no uncertainty was included from this effect in the reported B(E2) values.

8.8 Results

The observed 7-ray energy spectra in the three experiments (}2#126130Te) are dis-
played in Figs. 8.8 and 8.9 with Doppler corrections made for Te-like particles and
Ti-like particles, respectively. The reconstructed 2* — 0" transitions in the Te iso-
topes have a FWHM of ~7 keV. Most of the observed transitions are well separated
in energy. There are two notable exceptions: the 25 — 2" and 4, — 4] transitions
in 1%Te; and the 2 — 0 transitions in '**Te and *Ti. In neither case does a large
change in the area of the Te transitions occur. The effect of the overlap with the
2f — Og .. in %°Ti has been estimated by the relative excitation of the 2; state in 3Ti
and the isotopic composition of the target.

Lists of the measured <y-ray intensities are given in Tables 8.7-8.9. As expected,
fewer transitions are observed in the higher-mass, less-collective isotopes.

The transition strength in *8Ti used for normalisation was taken from the 2016 Pri-
tychenko evaluation [41], B(E2;2] — Og 5. )=0.0662(29) eb. Other transition strengths
and the quadrupole moment for the 2] state in **Ti were taken from Nuclear Data
Sheets [150]. In almost all cases, the transition strengths obtained in the present mea-
surement, presented in Table 8.10, are consistent with previous measurements, where
previous measurements exist. A notable exception is the 2 — 2/ transition in 1*Te.
This value (7=2.32(34) ps [151]) was obtained through a DSAM measurement with
(n,n’y). This measurement is at the limit of the applicability of the method because
the low-mass neutron does not impart enough momentum to the heavy nucleus to
create a sensitive DSAM measurement for a state with such a lifetime. A new evalua-
tion of (n, n’y) data with the DSAM gives 7>2.97 ps [152]. A firmer value is therefore
available from the present measurement. The B(E2) of the 4] — 2/ transition in
130Te has been measured for the first time.
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Figure 8.8: Measured energy spectra from 24126130Te Coulomb excitation, Doppler
corrected for Te-like nuclei. Data from all y-ray and particle detectors for the entire
run time are displayed.

Table 8.7: Observed transitions in the Coulomb-excitation measurement of 1%*Te.
Transition intensities are normalised to the 2© — 07 transition intensity.

I E; E, I}T Ef Iy
(keV) (keV) (keV) Ring2 Ring3 Ring4

2T 6027 6027 O 0 100(1) 100(1) 100(1)

4%t 12486 6459 2T 6027 7.2(1) 5.55(7) 2.80(4)

2T 13255 7228 27 6027 3.45@8) 2.10(4) 0.96(3)
13255 0" 0 0.41(4) 0.25(2) 0.14(2)

0" 16573 10546 2T 602.7 0.22(3)

67 1747.0 4984 4+ 12486 0.23(5) 0.25(3)

4t 19579 7093 4T 1248.6 0.25(3) 0.18(2) 0.08(1)
13552 27 6027 0.12(2)

37 22937 1691.0 47 6027 031(4) 0.22(2) 0.11(2)
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Figure 8.9: Measured energy spectra from 24126130Te Coulomb excitation, Doppler
corrected for Ti-like recoils. Data from all y-ray and particle detectors for the entire
run time are displayed.

Table 8.8: Observed transitions in the Coulomb-excitation measurement of 12°Te.
Transition intensities are normalised to the 27 — 0% transition intensity.

I E; E, I }T Ef I,

(keV)  (keV) (keV) Ring?2 Ring3 Ring4
2T 6664 6664 0T 0 100(1) 100(1)  100(1)
4t 13614 695.0 2T 6664 5.7(1) 4.37(6) 2.38(5)
2T 14202 753.8 2t 666.4 3.007) 1.70(4) 0.77(2)
3~ 23858 17195 2t 666.4 0.092) 0.09(1) 0.08(1)

Table 8.9: Observed transitions in the Coulomb-excitation measurement of *°Te.
Transition intensities are normalised to the 2" — 07 transition intensity.

IT[

E;
(keV)

E,
(keV)

Ef
(keV)

Iy

Ring 2

Ring 3

Ring 4

2+

2t 15883
1633.0

4+

839.5

839.4
748.4
793.3

0
839.5
839.5

100(2)
2.51(7)
1.09(5)

100(2)
2.08(4)
0.64(3)

100(2)
0.97(3)
0.25(3)
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Table 8.10: Measured transition strengths in 12#126130Te,  Literature data from

Refs. [41; 151; 153; 154; 35; 68]. Where two values are listed from the same reference,
these correspond to two possible mixing ratios leading to two possible conversions
from lifetime to E2 strength for the transition.

AX IF E E, If Ef B(E2ep B(E2)i Ref.
(keV)  (keV) keV) (W) (W.u.)

Te 27 6027 6027 0F 0 26.1(14) 30.5(15) [
4t 12486 6459 2T 6027 39.9(9)  359(17) [35
2t 13255 7228 2t 6027 41.5(13) 34(5) [35]
22179 |

55.5(*59)  [68]
29.9(*15)  [154]
114(4)  [154]

126Te 2t 6664 6664 0T 0 25.4(21) 25.26(50) [41]
4t 13614 695.0 2T 6664 29.8(4) 34(16)  [155]
2t 14202 7538 27 6664 435(10)  45(%])  [153]
130Te 2+ 8395 8394 0t 0 13.3(10)  15.12(51)  [41]
2t 15883 7484 2t 8395 14.5(5 27(3)  [151]
<10 [152]

4t 1633.0 7933 27 839.5 15.3(3)

The excitation of the 2" state depends on both the E2 matrix element between the
ground state and the 2] state, and the diagonal matrix element of the 2] state in a
correlated manner. Analysis was performed in the manner described in Ref. [156]. A
chi-squared plot used to determine the diagonal (2] ||E2||2]") matrix element in 1*°Te
is shown in Fig. 8.10. The black lines show the previous measured values [41; 89]
with uncertainties displayed as dashed lines. The quadrupole moments were deter-
mined through analysis of the best values of the quadrupole moment for a given
(Ogs.I1E2] 2{) matrix element, and values for 12#126130T¢ are presented in Table 8.11.
Similar approaches can be used to deduce other matrix elements and for other Te nu-
clides. As the present measurement was performed to calibrate the recoil-in-vacuum
effect for another measurement, limited care was taken to ensure that the data would
be useful for a detailed Coulomb-excitation analysis. It was later recognised that the
Coulomb-excitation and B(E2) data on the Te isotopes were scarce. As the experi-
mental parameters were not optimised for Coulomb-excitation experiments, the data
rates were high enough to induce significant dead-time effects. The dead time would
usually be measured simultaneously, as Coulomb-excitation data are taken, how-
ever in the present measurement this was not done. Additionally, the most sensitive
Coulomb-excitation data would be obtained from the largest scattering angles in the
centre of mass. This corresponds to Ring 1, which was not included in the present
measurement. Lastly, the heavy-ion group seen in the particle detectors is not fully
separated from the group of lower-mass particles in the PID statistic for Ring 4. All
of this taken together, causes problems in the measurement of the absolute values of
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Figure 8.10: Total chi squared over all detectors plotted as a function of the
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Table 8.11: Measured electric quadrupole moments in Literature data

from Ref. [89].

Isotope Q2] )exp Q27 )iit.
(eb) (eb)

0Te  030(15) -0.45(5)

126Te  -0.40(15) -0.23(5)

B0Te  014(15)  -0.12(5)

the transition strengths and quadrupole moments.

If quadrupole moments were sought, a series of measurements on '2C targets
would also be valuable, as would data corresponding to scattering at the furthest
back angles in the centre-of-mass frame. The quadrupole moments determined in the
present measurement in Table 8.11 have very large uncertainties due to a lack of sen-
sitivity. The resulting quadrupole moments may also be suspect due to the implied
difference in the presently measured transition strength compared to the literature
2f — Og.s. transition strength, as displayed in Fig. 8.10. The Q(2;") values, discussed
in the following sections, are therefore adopted from the Stone evaluation [89].

8.9 Conclusions
Measurements of the B(E2;4 — 2) and B(E2;25 — 2{) transition strengths in

124126,130Te were performed through Coulomb excitation with measurements of some
values obtained for the first time. Further experiments, including measurements
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with lighter targets and at larger scattering angles, would allow measurements of
quadrupole moments with greater precision. The results of the Coulomb-excitation
measurements in this chapter are combined with the results of the g-factor measure-
ments discussed in Chapter 7 and the Coulomb-excitation measurements on the Cd
isotopes in Chapters 4 and 5 in order to discuss the development of nuclear collec-
tivity in the 132Sn region in the next chapter.
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Chapter 9

Discussion

Nuclear quadrupole collectivity evidently emerges when the long-range component
of the nucleon-nucleon interaction becomes dominant over the short-range nuclear
pairing forces. There are several factors that can be considered indicators for the
emergence of collectivity. The first indicator for the development of collectivity is
the fragmentation of the shell-model wavefunctions of states in the nucleus. Further,
the fragmentation must occur in a coherent way. This means that the correlated mo-
tion of the many involved nucleons enhances the E2 strength of transitions between
collective states. Increasing B(E2) values are generally correlated with another in-
dicator, namely increasing deformation. Additionally, the angular momentum of a
collective state must be shared between the protons and neutrons which will affect
the g factors of the states. Finally, the emergence of collective structure may involve
the breakdown of the nuclear shell structure. Excitations across shell closures may
give rise to deformed structures, and the involvement of the core nucleons becomes
more common in collective excitations.

In this chapter the emergence of collectivity is discussed, first, through a discus-
sion of shell-model-calculated wavefunctions for the Te isotopes. These are discussed
in terms of proton and neutron spin components, and in terms of the fragmentation
of the wavefunctions. The observed trends are related to the known 2/ ¢ factors
and to the 4] g factors measured in the present work. This discussion is then ex-
tended to transitional nuclei more widely. The present Coulomb-excitation results
for 124126130Ta are then combined with known transition strengths [41] and the im-
plications for developing collectivity are explored. The deformation is then discussed
in relation to previously measured quadrupole moments [89] and shape invariants
calculated using the Kumar-Cline sum rules [8] with E2 matrix elements obtained
from the shell-model calculations. It is noted that lower-spin states are calculated
to develop deformation more rapidly than higher-spin states. Signatures of the de-
velopment of collectivity in the Cd isotopes are then discussed with a focus on the
transition strengths measured in the present work and the level scheme developed
from the multi-step Coulomb-excitation data. Lastly, combining the discussion of the
Cd and Te nuclides, development of collectivity in the Z = 50 region is discussed
and it is suggested that the reason that models of weakly collective nuclei have not
been successful is that collectivity develops individually in states at different rates
which is not accounted for in the commonly applied models.

151
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9.1 Emergence of Collectivity in 124713Te

The measurement of the characteristics of a chain of transitional isotopes allows an
investigation of the stages toward the development of nuclear collectivity. The sta-
ble Te isotopes are an ideal case to study, since the highest-mass naturally abun-
dant isotope *Te exhibits a largely seniority structure, while the lowest-mass stable
isotope ?°Te exhibits a clearly vibrational-like collective structure. By combining
theory and experiment, it is possible to extract information on the increases in tran-
sition strengths, the development of deformation, the correlated motion of protons
and neutrons, wavefunction fragmentation, and the breakdown of the nuclear shells,
across these stable isotopes. The experimental data give indicators of the progress
of each of these factors, however the interpretation of the experimental data can be
difficult without reference to a specific model or microscopic calculation. Compar-
isons with shell-model calculations, in particular, are useful in the extraction of the
microscopic origins of the macroscopic properties measured.

9.1.1 Shell-model calculations

Shell-model calculations were performed using the large-scale shell-model codes AN-
TOINE and NUSHELLX@MSU. In both cases, calculations were performed with a
1008n core and no restrictions placed on proton or neutron occupation, in the full
(87/2, 575, d3/5, 5175, hu1jy) model space. For the Te nuclei studied experimentally in
the present work, there are two protons in the lower part of the shell and a few to
modest number of neutron holes in the upper part of the shell. Two-body matrix
elements derived from the CD-Bonn potential were used in both cases, however al-
ternative procedures for obtaining the interaction Hamiltonians were used, resulting
in somewhat different effective interactions. The jj55pn interaction [157] was used in
the NUSHELLX@MSU calculations. The process used to obtain the interaction used
in the ANTOINE calculations is described in Ref. [158].

Due to limitations in computational power, calculations for the lower-mass Te
isotopes were not able to be performed using the NUSHELLX@MSU code. Using this
program, calculations were performed for 128130132134Te yysing the jj55pn interaction.
The single-particle energies were set based on the low-energy excitations in *'Sn and
133G},

The neutron effective charge was varied so that the 2 — 04 transition strength
in 13%Sn reported in Ref. [159] was reproduced; the value obtained was e,=0.62(7)e.
A recent study of 32Xe [136] found that an effective neutron charge of e,~0.8e¢ re-
produced the 107" — 8] transition strength in *°Sn and the 2" — 0y transition
strengths in 12°Sn and !2%Sn. The same study notes that the 10; — 8 transition
strength in 12%Sn is reproduced with an effective neutron charge of e,=0.46(1)e but
disregarded this value due to the more complex wavefunction of the states involved.
The present value of ¢,=0.62(7)e sits between those presented in Ref. [136]. The 2;
state in 39Sn is calculated to be quite mixed with the largest component being the
56.4% vhl’l/zz configuration. It may be reasonable to use the value obtained from the
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10 — 8 transition strength in 13°Sn (¢,=0.8¢) as both the 10 and 8] states are
calculated to be pure vhl’l/z2 configurations. Alternatively, since the investigated tran-
sitions are from low-spin states, the values obtained from the low-spin state transi-
tions could be used in calculations. The results of both assumptions will be discussed
below.

The proton effective charge used in the shell-model calculations in the jj55pn
interaction was set by comparison to the experimentally known 2 — Oy s, transition
strength in **Te, which leads to an effective proton charge of e,=1.74(3)e. A similar
analysis performed for the 6 — 4 transition in '**Te leads to an effective proton
charge of ¢,=1.54(2)e. In this case a proton charge of ¢;,=1.7¢ was used in evaluations
for consistency with other shell-model studies in the region [136; 138].

Calculations were performed for 124126128130Te yising the ANTOINE code. Effec-
tive charges of ¢,=1.7¢ and e,=0.9¢ were used in the ANTOINE calculations, which
reproduce the B(E2;2” — 0f ) values in '**Te and '**Sn.

9.1.1.1 Discussion of wavefunctions

An initial interpretation of the level schemes of the Te isotopes is to treat the proton
and neutron systems as uncoupled and to compare these uncoupled states in the
related singly magic isotope and isotone. These comparisons are presented in Fig. 9.1.
In most cases, the 4] and 6; states are seen to be at similar energies to those found
in 1*Te. The 4, and 6, states are found close in energy to the 4, and 6 states in
the corresponding Sn isotone. It may therefore be expected that these states in the
investigated Te isotopes may largely be formed by the same excitations as those in
the singly magic nuclides. Immediately it is apparent, however, that the 2" states are
not reproduced in this approach unless they are strongly mixed. Additionally, away
from the N=82 shell closure, excited 07 states begin to occur with no corresponding
states in either singly magic nuclide. Further investigation of the characterisation of
the excited states as separate proton and neutron states is possible by examining the
spin of proton and neutron configurations in the shell-model wavefunctions.

In Fig. 9.2 the fragmentation of the 2, wavefunction is displayed. Each wave-
function component, in the form (vj, ® 7tj,)/, is plotted at the squared amplitude
of the configuration along the x axis, with the height of the bar corresponding to
the summed size of all components with that amplitude. In panel a) the calcu-
lated amplitudes associated with each individual configuration are given. In order
to investigate the activity of protons and neutrons in excitations, we plot the am-
plitudes of the neutron and proton configurations separately. The total probability
of each neutron configuration, ignoring proton configurations, is presented in panel
b). Similarly, the total probability in each proton configuration, without separating
different neutron configurations, is presented in panel c). To illustrate this, for 1**Te
in panel c), the two dominant proton configurations can be seen, each are [gg/z] with
the larger component coupled to 2% and the smaller component coupled to 07. In
panel b) the neutron configurations are much more split, many neutron configu-
rations are present with smaller amplitude (contributions are shown lower on the
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x axis); multiple contributions are summed and shown in a single bin. In panel a)
each total configuration is separated and it can be seen that a large number of small
amplitude configurations are present. In '3*Te the only active nucleons are the two
valence protons with the dominant configuration ([7t2¢7/,]%) comprising >95% of the
wavefunction. The completeness of this display is limited as NUSHELLX@MSU only
provides an output for a spin coupling if the total proportion contained in all proton
and neutron configurations is greater than 1%. The proton components of the wave-
function split into two dominant configurations with the |7 g3/2]0 becoming dominant
in lower-mass isotopes. In '*Te (two valence neutron holes), the neutron configura-
tions are highly fragmented with no dominant neutron configuration observed. In
the isotopes with more neutron holes, the wavefunction is highly fragmented (panels
a) while the proton configurations remain dominated by a few configurations (pan-
els c¢). The neutrons are responsible for the majority of the developing fragmentation
(panels b).

The fragmentation in the 4; states in 12713Te is displayed in Fig. 9.3. The frag-
mentation of these states increases less rapidly away from the closed shell than the
2 states shown in Fig. 9.2. It is worth noting again here that the protons remain
largely in the ngg/z configuration, coupled to either 4%, 2% or 0", while the fragmen-
tation of neutron configurations occurs much more rapidly. The 4; state in ?8Te is
highly fragmented with almost half of the wavefunction composed of configurations
with less than 1% of the total wavefunction.

The wavefunction fragmentation of the 6 states can be seen in Fig. 9.4. In the 6,
states the protons are calculated to remain largely in the ngg/z configuration coupled
to 67 from ¥Te to BTe. In %Te, a significant 77g7/,71ds/, component coupled to 6
is indicated. Even in 1?8Te, the fraction of the wavefunction with neutrons coupled to
zero spin is >50%.

9.1.2 Comparison to g-factor results

The calculated and experimentally determined g factors displayed in Fig. 9.5 are es-
sential to developing a correct understanding of the onset of collectivity in the Te iso-
topes. The 2 g factors decrease rapidly as neutrons are removed, starting from the
N=82 shell closure. The observed g factors of the 2" and 6" in singly magic **Te [66]
are consistent with majority ngg/z configurations. The Schmidt model g factor for a
g7/, proton with spin g factor quenched to 70% of the free value is g(g7/,)=0.58 but
the experimentally determined g factors are closer to g=0.8. It has been noted previ-
ously [160] that the g factors of proton orbits in the 1*2Sn region are better reproduced
with an increased effective orbital g factor. An effective orbital g factor of g$f=1.13
reproduces experimental data well, similar to the microscopically calculated value of
¢¢=1.11 suggested by Brown et al. [157]. This small change in the orbital g factor
has a large impact on the single-particle g factor due to the large orbital angular mo-
mentum (¢=4) of the g7/, orbit. The decrease in the 2] ¢ factor across the Te isotopes
below N=82 is extremely rapid, becoming almost consistent with the collective limit
of g=0.8Z/ A (as discussed in Sec. 2.3) at 3*Te with only four neutron holes. A slower



156 Discussion

v2t xmo*t B v2t xm2t B v2* x n4*
vo* xm2* M v4*t x 2t

so - T T -1 1T T T T 17T T T T4
40 _a) 1287Te

30 |- + I 2
20 |- + I 2

18thﬂ

50 — \ \ \ ] \ \ 11 \ \ ]
40 130Te \V, T

30 - I I 2

20 T + s
{1 TR
0 I 'Th T " |

60 T T T T T T T T T T T T2
50 1321 L v o -
40 - -+ + s

30 - I I 2
20

18\1I.|I||‘ L u.” SRR TR N
|

80 - 134Te |- Voo o
60 - 1 1 1
40 - 1 1 1

20 - 1 1 1
\ \ \

| | I R
080 0 20406080 0 2040 6080100
|Amplitude|?

S |Amplitude|2

0 - \ \
0 20406

Figure 9.2: Squared amplitudes (%) of the wavefunction components comprising the

2] states in 7 134Te from shell-model calculations using the jj55pn interaction. In

the left panels (a) the wavefunctions are split between every configuration, middle

panels (b) show the wavefunction components in each neutron partition, and the

right panels (c) shows the wavefunction components in each proton partition. See
text for details.



§9.1 Emergence of Collectivity in

124_134T€

157

vt x ot B v4t x 2t
v2txm2t @ vO*f x4t M

v2*t x 4+

128Te | D) v
|

N
o
-

o
——

> |Amplitude|?
A OO 5
O O O o
]

N
o
\

o

o
o O
]

I
o

N
o O

.
0 204

| (I
06080 0 2040608

N
00204

|Amplitude|?

|
0 60 80100

Figure 9.3: Squared amplitudes (%) of the wavefunction components comprising the
4 states in 127134Te from shell-model calculations using the jj55pn interaction. In
the left panels (a) the wavefunctions are split between every configuration, middle
panels (b) show the wavefunction components in each neutron partition, and the
right panels (c) shows the wavefunction components in each proton partition. See

text for details.



158

Discuss

ion

vO* xmiet B v2*t xmet W

S |Amplitude|2
o
O
\

40
20

Ou.i|||| \

0

Figure 9.4: Squared amplitudes (%) of the wavefunction components comprising the
6, states in 27 134Te from shell-model calculations using the jj55pn interaction. In
the left panels (a) the wavefunctions are split between every configuration, middle
panels (b) show the wavefunction components in each neutron partition, and the
right panels (c) shows the wavefunction components in each proton partition. See

L
20406

| |
080 0 204

|Am

|
06080 0
plitude|?

text for details.

I
20 40 60 8




124_134T€

§9.1 Emergence of Collectivity in 159

+

.21

+

08} a4

v 6;

g factor

04 i

0.2 —ji55pn E
'''' Antoine

0 L L L L L L L
122 124 126 128 130 132 134

A

Figure 9.5: Tellurium g-factor systematics for 2], 4;, and 6; states; g(4;) values

for 124-130Te are from the present work. Other data are taken from Refs. [60; 61;

62; 63; 64; 65; 66]. Shell-model calculations using NUSHELLX@MSU and the jj55pn

interaction are shown with solid lines. Shell-model calculations performed with the
ANTOINE code are shown with dotted lines.

decrease in the 4] g factor is observed. This is suggestive of reduced mixing in the
4 states compared to the 2] states.

The g factors predicted by the two interactions used for shell-model calculations
agree quite closely for the 2/ states. Further, the 2] ¢ factors predicted by these
calculations agree with the literature g factor values. These g-factors quickly reach
the empirical collective limit of 0.8Z/ A. In the singly magic nuclide **Te, we observe
experimentally [66] that the g factors of the measured 2] and 6 excited states are
consistent with being equal, as would be expected for states made from the coupling
of two g7/, protons in a seniority scheme. The values obtained from large-scale shell-
model calculations using the jj55pn interaction agree with this observation and the
predictions in a seniority scheme. While calculations performed using the interaction
in the ANTOINE code do not reach 34Te, the g factors of the 6f states do not follow
the expected trends discussed above. Instead, the g factors of the 6f states increase
as neutrons are removed.

The g factors of the 4] states converge to g(2;)=g(4;,)=0.8Z/A (the collective
limit) more slowly than for the 2| state as the number of neutron holes increases.
The shell-model calculations predict the observed splitting in the 2] and 4] g fac-
tors. It appears that the convergence to the collective limit in the 4; states occurs
slightly more rapidly experimentally than in the shell-model calculations. A major
factor in the expected decrease of the excited-state g factors is the increasing neu-
tron component, starting from purely proton states in 1**Te. The spin-decomposition
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into proton and neutron components is displayed in Fig. 9.6. The excited states with
higher spins show more rapid reductions in the |77] ® v0) component moving away
from 34Te. Additionally, the reduction of the |72 ® v0) components in the 2{ states
correlates with an increase in configurations in which the spin is held entirely in
the neutrons, with the largest component in ?®Te becoming |70 ® v2). While the
calculated |12 ® 1v0) and |14 ® v0) components are proportionally similar in both
the 2 and 4; states, respectively, the large components in the 4, state (and higher-
excited states) maintain a large proportion of their angular momentum in the proton
components.

Previous shell-model calculations for 126~134Te performed by Teruya et al. [138]
used a phenomenological interaction that underpredicted the ¢ factors for the 2
states; however, the authors used the orbital g factors ¢j/=1.0 and ¢;=0.0 which (as
discussed above) are lower than expected in the region. A comparison of exper-
imental g factors and shell-model calculations is given in Table 9.1. The pattern of
increasing ¢ factors in higher spin states close to the neutron shell closure is observed
in the calculations. The increasing g factor of the 6, states away from the closed shell
is predicted in both the work of Teruya et al. and the present ANTOINE calculations
but is not predicted in the calculations using the jj55pn interaction.

Predictions of the g factors of states in 13°~134Te have also been made by Jakob et
al. [137] using shell-model calculations with surface delta interactions. These early
calculations predict g factors lower in magnitude than the jj55pn interaction for the
47 and 6; states. The predicted 2 ¢ factors using the surface delta interactions
decrease away from the closed shell much slower than the experimental values.

The shell-model-calculated g factors in Table 9.1 are consistent with a ratio of the
¢ factors of the 4] and 6] states relative to the 2] state g factor close to unity near
N=82. In the calculations g(2/") decreases rapidly away from N=82, while ¢(4;") and
g(67) do not see a similar decrease. The values quoted here from Jakob et al. [137]
are from the calculations without truncation with the exception of the g factors of the
4;’ and 6;’ states in 1*Te, which, due to computational limitations, considered shell
closures at N,Z=64.

9.1.3 Survey of g factors in transitional nuclides

Limited information on the g factors of excited states above the 2] states in transi-
tional nuclei is available. Known g factors for selected nuclides in transitional regions
are presented in Table 9.2. The Xe isotopes have been extensively studied previ-
ously [136] and, with two extra valence protons (Z=54) compared to the Te isotopes,
the conclusions of earlier studies are directly relevant to the present study. It was
noted in Ref. [136] that in the Xe isotopes at the N=82 shell closure the g(4;")/¢(2{)
ratio is close to unity before an immediate large decrease, by a factor of ~2, in the
g factor of the 2] state towards the collective limit from g(2;)=0.76(12) in **Xe to
¢(27)=0.35(5) in 13*Xe [163]. The 4; ¢ factors decrease more slowly towards the col-
lective limit. The g(4;)/¢(2{) ratio is much closer to unity, with both g(4; ) and
¢(2]) near the collective limit in 13°Xe, the isotone of ?®Te. The g factors of the
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Table 9.1: Comparison of experimental and shell-model g factors in 2#~134Te. Ex-

perimental data are from the present work and Refs. [101; 71; 161; 162]. Shell-model

predictions are given from present calculations and Refs. [137; 138]. Values from
Ref. [137] are taken from calculations without truncation where possible.

AXN Iin g
Exp jio5pn  ANTOINE Ref. [137] Ref. [138]
4Te;, 27 +0.326(18) +0.30
45 +0.33(4) +0.52
6, +0.78
126Te;y, 207 +0.339(13) +0.29
45 +0.40(5) +0.50
6, +0.76
128Tese 2 +0318(13) +0.309  +0.31 +0.128
45 +041(6) +0.504  +0.54 +0.410
6, +0.847  +0.69 +0.773

B0Tess 27 +0.351(18) +0.361  +0.36 +0.445 +0.146
45 +0.6909) +0.609  +0.58 +0.766 +0.515
6, +0.839  +0.63 +0.786 +0.712

2Tegy 2+ +046(5) +0.494  +0.45 +0.448  +0.175
4t +0.785  +0.62 +0.804  +0.608
6 +0.7909) +0.841  +0.63 +0.807  +0.680

B4Teg, 27  +0.76(9)  +0.849 +0.858  +0.675
47 40707033 +0.845 +0.823 +0.678
6, +0.846(25) +0.853 +0.817  +0.683
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4] states in the Xe isotopes appear to decrease at a similar rate with the number of
neutron holes to the ¢ factors in the Te isotopes.

The Mo isotopes allow for a study of the change in g factors from two isotopes,
92Mo and **Mo. The g factors of the 2] and 8 are found to be similar in the singly
magic isotope Mo at g(2])=1.15(14) and g(8; )=1.413(6), close to the value for 7gy/,.
This behaviour is like that seen in **Te with 71¢;/,. With the addition of two valence
neutrons a marked decrease in the 2 ¢ factor is observed to g(2;)=+0.308(43) close
to the collective limit. The g factor of the higher-excited 8/ state in **Mo has a much
smaller decrease to a value of g(8;)=+1.137(15). While measurements of g factors
above g(2]) further from the shell closure are not available, it is clear that the effect
of the valence neutrons is much larger on the lower-spin state than the higher spin
state. Similar observations may be made in the 42714Nd isotopes, although in both
of these cases the large number of valence protons complicates further discussion.
If the Z=64 subshell closure is considered as one would a shell closure, then the
Nd isotopes can be taken to have four valence proton holes, significantly reducing
the complexity. The patterns in excited-state g factors then point to the role of vf;,
configurations in the low-spin yrast states. The persisting seniority structure of 777/,
configurations in Te and Xe isotopes is replaced by v 7/, configurations in 1**Nd. The
smaller configuration-space of the Te isotopes and, to a lesser extent, the Xe isotopes,
allows a much clearer picture of the microscopic origins of states, especially when
shell-model calculations are available for comparison.

From this discussion it is clear that convergence of g factors toward the collec-
tive limit generally is much faster in the 2 states than in higher-excited states. It
is not clear at this point whether the collectivity is developing in low-spin states
first, or in low-energy states first. Difficulties can also arise in identifying collectivity,
or states that can be considered collective. For example, the singly magic isotope
136Xe has a transition strength from the first excited state of B(E2; 21+ — Ogs.) =
10.5(16) W.u. [41], well above the 1 W.u. nominally expected for a particle-like tran-
sition, however, it would not usually be considered collective. Insights into these
questions from shell-model calculations will be discussed anon.

9.1.4 Shell-model calculations of B(E2) and Q(2{) values

The known transition strengths of the transitions from yrast states are displayed
as a function of mass number in Fig. 9.7 along with shell-model calculations. The
effective charges are assumed to be ¢,=1.7¢ and ¢,,=0.8¢ in the jj55pn interaction cal-
culations in Table 9.3. The 2" — Og ;. transition strengths predicted for the higher-
mass isotopes agree reasonably well with experimentally determined values in both
shell-model calculations. The ANTOINE calculations for 12#126Te predict 2 — Og&
transition strengths that are less than the experimental values. The only available
comparison between 4, — 2 transition strengths determined experimentally and
in the jj55pn interaction calculations is in 3°Te. In this case, the shell-model calcu-
lations slightly overpredict the transition strength. Using the lower effective neutron
charge as discussed above leads to a significant decrease in the transition strengths
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Table 9.2: Literature g factors for 2] and higher states for selected nuclei near the
shell closures at N/Z=50 and 82.

Xy  IT g(IF) Ref.

1

BMosy 27 +1.15(14) [164]
8  +1.413(6) [165]

BMos, 2 +0.308(43) [164]
8 +1.137(15) [166]
B0Xezs 21 +0.334(11) [137]
47 +042(5) [137]
¥2Xezs 27 +0.314(12) [137]
45 +0.61(11) [137]

BiXegp 21 +0.354(7) [137]
45 +0.80(15) [137]

B6Xes, 27 +0.766(45) [137]
47 +1.08(43) [137]

WPNds, 2 +0.844(73) [167]
WiNdss 2 +0.202)  [163]
47 +0.13(4) [163]
6, —0.56(22) [168]

UeNdgs 27 +0.293)  [163]
45 +0.193(27) [168]
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Table 9.3: Transition strengths for the 4] — 2 transition are adopted from the

present Coulomb-excitation measurement, and transition strengths for the 2{“ —

Og ;. transition are taken from Ref. [41]. Shell-model calculations using the jj55pn

interaction (SM-1) and the ANTOINE calculations (SM-2) are presented for comparison
(see text for details).

AX  B(E22{ — Ogs) W) B(E2;4] — 2]) (Wu.)
Adopted SM-1 SM-2 Adopted SM-1 SM-2

22Te  30.5(15) 247 39.909) 28.3
126Te  25.3(5) 225  29.8(4) 25.3
18Te  19.8(4) 189 184 249 19.1
10Te  15.1(5) 140 140 1533) 170 127
12Te  10.4(9) 9.1 9.5 8.5 7.9
134Te  5.08(20) 5.1 5.3

calculated with the jj55pn interaction. The proton components are largely consis-
tent between the calculations in the different isotopes while the large increases in
transition strength come from the neutron components. The larger neutron effec-
tive charge is consistent with other studies in the region and so the e,=0.8¢ results
will be used in further discussion. The overpredicted transition strength using the
standard effective charges is in contrast to the ANTOINE calculations; in this case the
shell-model calculations for *Te slightly underpredict the transition strength while
using similar effective charges. The lower-mass isotopes are observed also to have
increased transition strengths over those in the ANTOINE calculations. Calculations
performed on the lower-mass isotopes with the jj55pn interaction would be useful in
the exploration of the onset of collectivity in the 4 states. Further from the closed
shell at N=82, a higher degree of excitation across shell closures is expected. These
excitations are not included in the model space of the calculations and so do not
contribute to the calculated transition strengths in Table 9.3. This may be a factor
contributing to the underestimation of the transition strengths, particularly at lower
masses. In a recent study [169] of the neutron-rich 130~13*Te isotopes with shell-model
calculations using the extended pairing plus multipole-multipole force model, and
including excitations over the N=82 shell closure, good agreement was found with
the measured transition strengths in 1¥2134Te. It is worth noting that this study used
effective proton and neutron charges of ¢,=1.5¢ and e,=0.5¢. This may suggest that
including the extra (f7/,,ps/,) orbits above N=82 captures most of the effect that the
core polarisability has on the effective charges. Due to computational limitations, the
calculations for 3%Te in Ref. [169] did not include cross-shell excitations, which may
explain the poorer agreement found in the study.

The shell-model calculated quadrupole moments in Table 9.4 are “more positive”
than the experimentally observed quadrupole moments. The experimental and shell-
model calculated quadrupole moments are displayed in Fig. 9.8. The experimentally
determined quadrupole moments correspond to a small (but definite) prolate defor-
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Figure 9.7: Systematics of B(E2) values across the Te isotopes. Experimental data is

presented from the present work and Refs. [41; 60; 61; 62; 63; 64; 65; 66]. The present

shell-model calculations performed with NUSHELLX@MSU and the ji55pn interaction

are shown with solid lines. Results of the ANTOINE calculations are shown with
dashed lines (see text for details).
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Table 9.4: Experimental and shell-model quadrupole moments for 2 states in
124-134Te. Experimental data from Ref. [89].

AX Q(2;) (eb)

Ref.[89] SM-1 SM-2
ATe  —0.45(5) —0.08
126Te  —0.23(5) +0.06
128Te  —0.22(5) +0.06 +0.09
130Te  —0.12(5) +0.12 +0.14
132Te +0.18 +0.17
134T +0.12

mation. The shell-model calculations predict a change from oblate shape close to the
N=82 shell closure to a prolate shape at lower masses. A more rapid decrease in the
quadrupole moment of the 2] state is observed from '?°Te to '**Te, which is repro-
duced to a lesser extent in the shell-model calculations. Following the discussion in
Ref. [170], it is possible to estimate the quadrupole moments in the axial-rotor prolate
and oblate limits from the B(E2) of the 2" — 04 transition. These values are shown
in the green dot-dashed lines in Fig. 9.8. The experimental values lie between the
shell-model values and the prolate limit, clearly indicating triaxiality.

The large difference in the observed and calculated quadrupole moments in the
investigated Te isotopes is indicative of missing components in the calculations that
are required to create prolate deformations. It is unclear whether these observed
differences in quadrupole moments are related to the observed excess in transition
strengths over the shell-model calculated values, particularly in the Te isotopes nearer
mid-shell. Since the observed differences in the experimental and calculated E2 mo-
ments are consistent across the investigated Te isotopes and the transition strength
excess is seen primarily in the lower-mass isotopes, the deformation and collectivity
in the Te isotopes appear to be less strongly linked in the shell-model calculations
than would be expected.

In Fig. 9.9 the Ry, ratio is compared to the ratio of the g factors of the 4, and 2
states for 1247130Te. A correlation is seen between the Ry, ratio and the g-factor ratio,
however, the Ry ratio is fairly constant over the range of isotopes measured, with
a maximum of R4=2.07 and a minimum of Rs=1.95. In contrast, the g-factor ratio
changes by almost a factor of two over the same isotopes. The Ry, ratio has often
been used [172; 173] as an indicator of both structural changes and the development
of collectivity; however, as seen in Fig. 9.9, the g-factor ratio is a much more sensitive
indicator of the development of collectivity in these isotopes. This further confirms
that one must be wary of relying too much on energy systematics in the investigation
of nuclear structure.
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Figure 9.8: Tellurium Q(2;) systematics. Data is taken from Ref. [171]. The shell-

model calculations performed with the jj55pn interaction are shown with solid lines,

results of the ANTOINE calculations are shown with dashed lines. The oblate and

prolate limits of the quadrupole moments based on the 2/ state are shown with
green, dot-dashed lines; see text for details.



§9.1 Emergence of Collectivity in 24~ 134Te 169

22 -

o L 13074 i

18 -
-’C-\I'_

> 16 .
=

T 4T 1281 |

1.2 | }1261'9 -

L }124Te |

0.8 L | | | | | | | | .

192 194 196 198 2 202 204 2.06 2.08 2.1

R42

Figure 9.9: The comparison of Ry, ratio (E(4%)/E(2")) to g(47)/g(2") across the
measured Te isotopes.

9.1.5 Kumar-Cline sum rules and rotational invariants

Another approach to the determination of the nuclear shapes is the calculation of
shape invariants from the Kumar-Cline sum rules, as discussed in Section 2.2. The
extensive Coulomb-excitation measurements required for the determination of these
values are not available over large regions of the nuclear chart. It is possible, how-
ever, to approach this procedure from a theoretical perspective, using shell-model-
calculated matrix elements to determine the quadrupole deformation and triaxiality.
We here use the shell-model calculations performed using the jj55pn interaction to
calculate the shape invariants.

In Fig. 9.10 the convergence of the (Q?) shape invariant, calculated as given by
Eqn. 2.7, is shown for the Oéﬁ ;. state in red, and the 21+ state in blue, for 132Te, as higher
energy states are included in the sum. Thirty states of each spin and parity were eval-
uated in the shell-model calculations of '3?Te. The highest-energy 2" state included
in the sums is at ~4.4 MeV. The sum does not appear to have converged fully, how-
ever, the last few individual components in the sum have become quite small. This
can be seen in an equivalent convergence plot as a function of the maximum included
index in Fig. 9.11. The sums have flattened significantly by the inclusion of the 10th
states of each spin and parity, however, this hides the more rapid increase from the
increased density of states at higher energies.

The asymmetry parameter J is not directly calculated through the Kumar-Cline
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Figure 9.10: Convergence of (Q?) values as determined from Kumar-Cline sums [8]

for the 0, -, 2] -, and 4] -states in 3*Te from shell-model calculations in red, blue, and

green, respectively. The sums are calculated including states up to the maximum
energy shown on the x-axis.
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Figure 9.11: Convergence of (Q?) values as determined from Kumar-Cline sums [8]

for the 0;- and 2/ -states in '¥Te from shell-model calculations in red and blue,

respectively. The sums are calculated including states up to the maximum index
shown on the x-axis.
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Figure 9.12: Incremental sum of (cos3J) as determined from Kumar-Cline sums [8]
for the Of state and the 21+ state in 132Te from shell-model calculations in red and
blue, respectively.

sums. Instead, consistent with previous work [9], we define a new quantity

Q3 cos 36
<COS36> - <<Q2>3/2> (9.1)
where (Q?) and (Q®cos36) are the shape invariants as previously discussed (see
Sec. 2.2). The effective asymmetry parameter is then extracted as

1
6= 3 arccos(cos 35). (9.2)

The convergence of (cos35) from 132Te shell-model calculations is displayed in
Fig. 9.12. The line for the Ogs. state, in red, is reasonably stable including states up
to 23,, although a significant change is still seen from a single state close to 4 MeV.
In contrast, the determined triaxiality of the 2f state seems to converge within the
calculated states.

In more highly excited states care must be taken that enough states are included
in the Kumar-Cline sums. The convergence of the shell-model calculated (Q?) pa-
rameters of the 0 and 2, states in '¥Te is displayed in Fig. 9.13 in red and blue, re-
spectively. The deformation parameter of the 0; state has likely not converged within
the number of states calculated. The only states that contribute to the (Q?) sum for
a 07 state are the 2" states. States only contribute when they connect through the E2
operator which requires a total angular momentum of at least 2. The highest-energy
27" state calculated in the '3?Te shell-model calculations lies at E(25,)=4366 keV while
the 0] state is predicted to appear at 2643 keV. The larger density of 2" states near
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Figure 9.13: Convergence of (Q?) values as determined from Kumar-Cline sums

for the Oj- and ZZ-states in 132Te from shell-model calculations in red and blue,

respectively. The sums are calculated including states up to the maximum energy
shown on the x-axis.

the 2, state suggests that many more states that would contribute to the sum could
lie relatively close to the 0; and 2J; states. The quadrupole shape invariant of the
2, state looks to have largely converged within the calculated states, however this
may not be the case: there is a large gap in excitation energy between the regions
in which the Kumar-Cline sums increase rapidly. It is possible that another region
of rapid increase is found at higher energies. The energy range shown in Fig. 9.13
includes excitation energies above the 2J; state where states of other spins are cal-
culated to appear. The apparent decrease in the deformation of the higher-excited
states is likely, therefore, due in part to not including more than thirty states in the
shell-model calculations. A recent study of the convergence of shape invariants from
shell-model calculations in the sd and fp shells [170] found that, in this model space,
only a few intermediate states were required to capture the majority of contribu-
tion to the lowest-order sums. This is expected to be so for highly collective nuclei,
and is expected to be less so for weakly collective nuclei. It is worth noting that, in
fp shell nuclei, rotational bands emerge from shell-model calculations [174] while
vibrational-like structures do not emerge in the same way. The slower convergence
of the shell-model calculated Kumar-Cline sums likely indicates that the collectivity
is building more slowly from single-particle characteristics in the **Sn region.

The shape invariants determined through the Kumar-Cline sums for the 0" states
in 128130.132134Te are shown in Fig. 9.14. They begin at the N=82 shell closure with
small deformations. In virtually all cases the 0" states are seen to be highly triaxial.
Moving further from the neutron shell closure, the deformations of the ground states
of the even-even Te isotopes increase rapidly. The higher-excited 0™ states show a
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similar increase in the deformation with the excited states of the lower-mass isotopes
generally more deformed than those in isotopes closer to the closed shell. An excep-
tion to this is 12Te which has much lower deformations for the excited OIS states,
however only 10 states of each spin and parity were included in these calculations
and so this may arise from not including the relevant 2" states.

The shell-model calculated shape invariants of the 2% states are shown in Fig. 9.15.
The deformations of the 27 states in each of the even-even Te isotopes are similarly
clustered in deformation and triaxiality to the 0" states. As expected, the cluster of 27"
states increases in deformation away from the neutron shell closure. The 2" states in
128,130,132, 134Te are found to increase in deformation more rapidly than higher-excited
states. It can also be seen that the deformation and shape parameters in ®Te are
reasonably close for the 0 and 2] states. This may indicate the beginning of a
convergence to a collective behaviour in this isotope, akin to rotational motion at a
fixed deformation.

The shape parameters for the 4™ and 6" states are similarly highly clustered as
shown in Figs. 9.16 and 9.17, respectively. The same pattern of increasing deforma-
tion away from the shell closure is observed.

It is common to consider the difference in predictions of shape parameters from
lower- and higher-order sums in order to obtain a “variance” in the shape param-
eters [9]. It is worth noting that the variances in both the deformation and shape
parameters are generally quite high for all calculated states. Most states have a vari-
ance in J equivalent to at least 7° with many much larger. In particular, those for
the calculated shape parameters in '34Te for both the 0" and 27 states are all larger
than 7° and up to 20°. It is therefore likely that any triaxiality in the region is soft
rather than rigid. While the analysis of the shape parameters from Kumar-Cline sum
rules is rigorous, the shapes in weakly collective nuclei are not expected to be well
defined. However, the trends in the evolution of the shape parameter are instructive.
The Bohr model shape parameters of the yrast states in 128130132134Te assuming an
ellipsoidal deformed nucleus (B and ) are displayed in Fig. 9.18. Transformations of
the shape parameters were performed using Eqn. 2.9 and Eqn. 2.10. The higher-spin
yrast states are consistently found to be at smaller deformation than the lower-spin
states. The clustering of the states increases away from the shell-closure, which may
be indicative of the nucleus acting more as a collective body.

9.1.6 Summary of the investigation of the Te isotopes

The development of collectivity in the Te isotopes has been explored though shell-
model calculations with reference to B(E2) and g-factor measurements, focussed on
the 4] states across the isotopic chain. It has been seen that the collectivity develops
more rapidly in low-lying, low-spin states than in higher-lying states. This is ob-
served through the slower convergence of the 4, ¢ factors to the collective limit than
the 2 ¢ factors and the slow increase of the E2 strength for the 4 — 2/ transitions
compared to the 2] — 0. transition strength. Both of these trends are also observed
in the shell-model calculations. The slower convergence of the 4; g factor may be
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Figure 9.14: Shape parameters from Kumar-Cline sum rules based on shell-model
calculations for 07 states in 1?8Te (A), 130Te (V¥), 132Te (), 134Te (o).
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Figure 9.15: Shape parameters from Kumar-Cline sum rules based on shell-model
calculations for 2F states in 8Te (4), 13°Te (V¥), 132Te (M), 3*Te (o).
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Figure 9.16: Shape parameters from Kumar-Cline sum rules based on shell-model
calculations for 4T states in 128Te (A), 130Te (V¥), 132Te (M), 134Te (o).
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Figure 9.17: Shape parameters from Kumar-Cline sum rules based on shell-model
calculations for 61 states in 8Te (4), 13°Te (V¥), 132Te (M), 3*Te (o).
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Figure 9.18: Bohr-model deformation parameters assuming an ellipsoidal deformed
nucleus from Kumar-Cline sum rules based on shell-model calculations for yrast
states in 128Te (A), 13%Te (V), 132Te (M), 13*Te (o).
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attributed to less fragmentation of the wavefunction from the coupled ng3/2 configu-
ration which is dominant in singly magic 13*Te. In particular, less of the wavefunction
is comprised of neutron-dominant (i.e. ], # 0) configurations in the 4{L states than in
the 2 states.

The shell-model calculations support many of the indicators of the development
of collectivity: the fragmentation of the wavefunction increases further from the
N=82 shell closure, moreover the fragmentation occurs in a coherent way. This coher-
ent fragmentation increases the B(E2) values in a similar way to the values that have
been measured in the present work. The sharing of angular momentum between
protons and neutrons also increases, which can be observed in the g factors mea-
sured here and in previous works. Increasing deformation of the isotopes correlated
with the enhanced transition strengths is observed both experimentally and through
the shape invariants evaluated using the Kumar-Cline sum rules in the shell-model
calculations, although the E2 moments calculated for the states are not in detailed
agreement with experiment. It is posited that this may be due to the omission of
particle-hole excitations across the shell-closure, which are expected to develop in
collective nuclei. It was not possible to confirm the breakdown of the shell structure
in the present measurements, however the measured quadrupole moments provide
an avenue of exploration to investigate this phenomenon as cross-shell excitations are
expected to produce larger deformations. Finally, the triaxial nature of the nucleus
has been explored through the shape invariant from shell-model calculations, with
most states in all investigated nuclides found to be highly non-axial (on average).
Detailed measurements of transition strengths and quadrupole moments for a large
number of excited states would be required to test this experimentally. Transfer reac-
tions would also provide a method for the investigation of the nature of nuclear states
as excitation of particle-like states would be enhanced over collective excitations.

Finally, it must be noted that the effective charges required in the shell-model cal-
culations, i.e. e,=1.7¢ and e,=0.8e¢, are large. A deeper understanding of the origin of
the effective charges must be sought in building a complete picture of the emergence
of nuclear collectivity.

9.1.7 Collectivity in the Te isotopes

The increasing transition strengths and convergence of g factors to the collective
limit are both indicators of emerging collectivity, however the potential that these
observations are due purely to an increase in the number of valence nucleons and
a sharing of angular momentum between protons and neutrons must be discussed.
The proton and neutron contributions can be explored by comparison to the singly
magic isotone of each nucleus. A comparison of 2 — Og s. transition strengths in
the isotones of Sn, Te and Xe is given in Fig. 9.19. The transition strengths of the
Sn isotopes can be seen to be relatively flat between N=54 and N=82. With two
extra protons, the Te isotones have increased transition strength and the transition
strengths begin to peak near the mid-shell isotopes of Te. The Xe isotopes have four
valence protons and much larger transition strengths. In particular, a sharper peak
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Figure 9.19: Comparison of the 2 — Ogﬁ ;. transition strengths in Sn, Te and Xe
isotones. Data from Ref. [41].

in the transition strengths can be observed at the mid-shell at N=66. Shell-model
calculations imply the mid-shell peak in the nuclides with valence protons is due to
the coherent contribution of protons and neutrons to the transition strength [69].

However, a recent study of the Cd, Sn, and Te isotopes with a generalised senior-
ity model reproduced the observed B(E2) systematics [175]. In this view the increase
in E2 strength near mid shell may not be a signature of increasing collectivity associ-
ated with proton-neutron correlations but rather a scaling with the particle number
in a seniority scheme. There are three observations to make: (i) First, in Ref. [175]
there is no discussion of the effective charges needed to describe the data. It appears
that the seniority model is used to describe mass-dependent trends and that there is
an arbitrary scaling to fit the data. In this case, the semiempirical description from
the generalised seniority model is not necessarily in tension with the view of emerg-
ing collectivity from the shell-model calculations. (ii) The second remark is that the
results of the present work show that there is an interplay of persistent seniority
structure and collectivity that tends to break down the seniority structure in the Te
and Xe isotopes. We therefore might expect that features of a generalised seniority
model persist in weakly collective nuclei adjacent to the Sn isotopes. (iii) The final
remark concerns the more general question of “What constitutes a collective E2 tran-
sition?”. In other words, for an E2 transition between multinucleon states, how can
one disentangle E2 strength that simply scales with the number of valence nucleons?
The generalised seniority scheme may help address this question.
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9.2 Collectivity in the Cd Isotopes

The Cd isotopes lie two protons below the Z=50 shell closure and thus have the same
number of “valence protons” as the Te isotopes. While the shell in which the protons
(holes) reside differs, the average long-range nucleon-nucleon interactions are likely
to be similar between Cd and Te. Indeed, the lowest relevant configurations are the
spin-orbit partners 71¢7,, and 71g, ;' in Te and Cd, respectively. It is therefore expected
that the same forms of collective structure may occur in both cases. Odd-mass iso-
topes can allow for detailed study into deformation and the nature of collectivity,
which can be more difficult to determine in even-even nuclides. In particular, the
properties of single-particle-like states give key insights into the deformation of the
nucleus as the observations can often be interpreted through Nilsson schemes. The
collective motion these nuclei experience can then be understood through the cou-
pling of the single-particle degrees of freedom to the collective degrees of freedom.
Decoupling the single-particle attributes from the collective attributes can be more
difficult in even-even nuclides as the allowed coupling of nucleons in pairs can wash
out some of the microscopic structure. The stable odd-mass Cd isotopes 1113Cd,
with N=63,65 lie further from the shell closures at N=50 and N=82 than the Te iso-
topes discussed above. It may therefore be expected that the collective structures in
the Cd isotopes discussed in this section would be more developed than those in the
Te isotopes studied in this thesis.

The measured level scheme determined from the multi-step Coulomb-excitation
measurement of 1''Cd does not show strong decay patterns that can be easily inter-
preted as rotational bands. In fact, most excited states are seen to decay to almost all
of the lower-lying states to which they can decay via M1 or E2 transitions, without
strong preferences for a particular decay path. Clearly, '!Cd is not a well-defined
rotational nuclide. However, the strong mixing between all states may be a hint as
to the origins of deformation and collectivity. While only a few states were excited
in the single-step Coulomb-excitation measurements of HLIBCq, it is instructive to
compare the observed Coulomb-excited states between isotopes as these states are
most likely to have quadrupole collectivity in common with the ground state.

Both 11Cd and '3Cd have a 1/2™ ground state. The g factor of the ground state of
each nuclide is much more positive (i.e. a negative value which is smaller in magni-
tude) than the Schmidt g factor for an s/, neutron. A reasonable explanation for the
increase of the g factors of the ground states is configuration mixing associated with
deformation of the nucleus. It has previously been shown that a small deformation
is sufficient to explain the change in the g factors [82]. It is not clear how the change
in the g factors would occur without deformation or sufficient configuration mixing
as to correspond to deformation.

There are three low-lying 5/2" states in both ''Cd and !'3Cd. All three of
these states were excited in the single-step Coulomb-excitation measurements of both
MCd and 13Cd, with level schemes shown in Figs. 4.8 and 4.11, respectively. Each
of these states has a distinctive character which will be discussed below.

The low-lying 5/2 states in 1''Cd and '*Cd are observed to have long lifetimes.
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Based on g-factor measurements and the transition strengths to the ground state,
these states must be associated with the vds/, orbit [82]. The measured lifetimes of
the 5/2 states in 'Cd and '3Cd correspond to 5/2{ — 1/ 24 5. transition strengths of
B(E2)=0.2218(19) W.u. [90] and B(E2)=0.372(25) W.u. [93], respectively. The transi-
tion strength is larger in '3Cd than ''Cd, however it is still smaller than the 1.0 W.u.
estimate for a single-particle transition. The lifetime of the 5/2 state is not known in
15Cd so it is not clear that the trend would continue towards the mid shell at N=66
(114Cd). Measurement of this value in '>Cd would provide further information about
the structure and the development of collectivity in the Cd isotopes.

The 5/2; states in '''Cd and M3Cd were strongly populated in the Coulomb-
excitation measurements, and have ground-state transitions with much larger B(E2)
values of 17.4(12) W.u. and 35.7(24) W.u., respectively. These states are likely col-
lective and must be associated with the ground-state configuration (nominally vs./,)
coupled with the 2" core excitation, irrespective of the nature of the core collectiv-
ity. The large increase in the transition strength from 'Cd to '3Cd is indicative
of an increase in collectivity; this would correspond to larger deformations in the
rotor model. A similar, albeit less pronounced, increase in transition strength of the
3/2/ — 1/2;;& transitions between '''Cd and "3Cd from 17.4(12) W.u. to 22.8(15) W.u.
is also observed. The 3/2] state can also be identified as the core excitation cou-
pled to the ground-state configuration and so the increase in transition strength also
suggests increasing collectivity.

The origin of the third excited 5/2% state is less clear. Strong 7-decay branches
are observed to both the ground state and the 5/ zf state; the state must therefore be
of mixed character. The 5/2; — 1/ 2;; . transition in "' Cd has a transition strength of
5.5(4) W.u. which is neither clearly indicative of collectivity, nor of a single-particle
excitation. In contrast to the pattern observed in the 3/2] — 1/2;;& and 5/2) — 1/ 2;.
transitions, it is also stronger than the 5/27 — 1/ 2;.8. transition in ''*Cd, which has a
B(E2) value of 2(1) W.u., measured in the present work. If these states can truly be
identified with each other (as equivalent configurations), then the reduction in the
transition strength in 13¢Cd is against the naive expectations set by the increase in
other transition strengths (suggesting increased collectivity). An explanation of the
reduction of the transition strength may be a consolidation of the E2 collectivity of
the 5/27" states in a single state. In this case, the E2 collectivity appears to be shifting
into the 5/ 2; state. It has been noted that when states of a single spin and parity mix
equally, a single state (with coherent mixing) lowers in energy [36]. If this result is
applicable, then this may provide a pathway to stronger forms of collectivity.

The shell-model calculations of ''Cd discussed in Sec. 6.3 are in good agreement
with experiment. Further calculations of the higher-mass Cd isotopes would allow
systematic study of the predicted wavefunctions and exploration of the nature of
collectivity from the underlying nucleonic motion.



§9.3 Emergence of collectivity in the Z=50 region 183

9.3 Emergence of collectivity in the Z=50 region

There are several factors that are acknowledged to be important in the development
of collectivity. The coherent interaction of protons and neutrons can be observed in
the increased transition strength towards the mid-shell Te isotopes. The shell-model
calculated wavefunction decompositions show an increase in the neutron component
of the angular momentum of the state along with the two valence protons. In partic-
ular, the 2] states observe a larger neutron spin component than the 4] states. This
is observed experimentally in more rapid reduction in the g factors of the 2| state
than in the g factors of the 4; states, which have a persisting seniority g3/2 proton
component. The explanation of the onset of collectivity that is seen is that the states
develop collectivity individually as mixing increases, starting with the lower-spin
states. As noted by Casten [36], the mixing of states of the same spin and parity
with wavefunction components of the same relative phase leads to the lowering of
the energy of the most coherently mixed state. This general feature would broadly
explain why the observed collectivity appears in the low-lying states regardless of
the nature of the state.

Simple collective models such as the triaxial-rotor model and the harmonic- or
anharmonic-vibrator model have generally been used to describe weakly collective
nuclides. We suggest here that the reason these models have had limited success in
describing the weakly collective transitional nuclides is that the nucleus as a whole
is not becoming collective. Rather, individual low-excitation states begin to develop
collective character in turn as the number of valence nucleons increases. In this work,
consistent with previous work, it appears that collectivity appears first in the lowest-
energy and lowest-spin states. This scenario implies that any collective model that
hopes to accurately predict the structure of weakly collective nuclei must therefore
account for the reduced collectivity of states like the 4 and 6, states in the Te
isotopes.
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Chapter 10

Conclusion

The nuclear structure and the onset of nuclear collectivity near *2Sn has been in-
vestigated through the measurement of nuclear g factors and E2 transition strengths
in selected stable Te and Cd isotopes. The emergence of collectivity is characterised
by an increase in the measured transition strengths through the coherent motion of
many nucleons, the fragmentation of the state wavefunctions between nucleon con-
figurations, and the weakening of the nuclear shell structure.

The transition strengths measured through the Doppler-shift attenuation method
and Coulomb excitation in '2#126130Te were presented in Chapters 7 and 8, and com-
pared with shell-model calculations in Chapter 9. The transition strengths of the
4 states near the N=82 shell closure agree with the shell-model calculations, how-
ever the transition strengths increase faster in experiment than in the shell-model
calculations. This indicates that the shell-model calculations do not fully capture
the changes in nuclear structure and developing quadrupole collectivity. The reason
could be that the calculations underestimate the fragmentation of the nuclear wave-
function within the valence space, or due to the calculations not including excitations
from beyond the shell-model basis space (cross-shell excitations). It is not possible
to distinguish between these two causes with the present data and calculations. The
multi-step Coulomb-excitation measurements reported here were obtained as a by-
product of other studies; dedicated measurements would be valuable, striving to-
ward experimental evaluation of the Kumar-Cline sum rules. A next step would be
to identify whether the excited 07 states, especially toward mid shell, show EO and
E2 strengths consistent with shape coexistence.

Previous systematic studies across isotopes in transitional regions have largely fo-
cussed on the emergence of collectivity through E2 transition strengths or on main-
tained seniority through g factor measurements. The present work has measured
both M1 and E2 observables for the 4;“ states in the Te isotopes; this has allowed a
clear difference to be seen in the relative collectivity of the excited states. A successful
theoretical model that describes weakly collective nuclei must account for the differ-
ing levels of collectivity amongst the low-excitation excited states, which conform to
neither simple collective or seniority structures.

The g factors of the 4; states in 124126128130Te were measured in Chapter 7 and
discussed in Chapter 9. The g factors of the 2] states decrease rapidly towards the
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collective limit as the number of neutrons moves away from the shell closure; the
g factors of the 4] states decrease less rapidly than the 2] g factors. These trends
in the g factors are a sign that the fragmentation of the wavefunction increases more
rapidly in the 2 states than in the 4] states, and therefore collectivity is likely to
build in lower-spin excitations before the higher-spin excitations. This interpretation
was bolstered by comparison of the present results with shell-model calculations in
which the fragmentation of the wavefunctions and mixing of proton and neutron
configurations not coupled to spin zero in the lower-spin yrast states is higher than
in the higher-spin states. The calculation of shape invariants based on Kumar-Cline
sum rules also show a stronger dependence of the average deformation on the spin
of the states rather than their energy.

The E2 transition strengths of low-lying states in '13Cd were measured and
presented in Chapter 4, and the results for 1''Cd were compared to shell-model cal-
culations in Chapter 6, with a high level of agreement observed. Further, the results
were also interpreted in terms of the Nilsson model and nuclear deformation. It
was noted that the odd-mass nuclides provide the opportunity for extra sensitivity
to aspects of the nuclear deformation and the nature of collective excitations due to
their effect on the properties of the single-particle like states. A comparison of the
obtained B(E2) values and the predictions of the particle-vibration model show poor
agreement in both "'Cd and '*Cd. Data from a "'Cd multi-step Coulomb excita-
tion measurement were analysed in Chapter 5 and it was determined that further
measurements were required in order to extract useful transition strength informa-
tion from the data. It is proposed that further measurements of the relevant mixing
ratios, state lifetimes, state spins, and state parities must be performed before matrix
elements can be extracted from such data. It is also suggested that dedicated experi-
ments with lower-mass targets would provide useful data, and a measurement with
a Pb target (for a period of longer than the present 90-minute calibration run data)
would be required.

In conclusion, the emergence of nuclear collectivity west of 132Sn has been ex-
plored through the measurement of single-particle characteristics from nuclear g-
factor measurements across the Te isotopic chain, electric-quadrupole collectivity
through B(E2) measurements across the Te isotopic chain, and the nature of the
emergent nuclear collectivity in the weakly collective, odd-mass Cd isotopes through
the study of decay patterns. The path to nuclear collectivity from the underlying
nucleonic motion has been explored through the fragmentation of nuclear wavefunc-
tions, the interactions of protons and neutrons, and the deformation of states through
calculated shape invariants from a shell-model basis. Further studies should be un-
dertaken into the development of collectivity through the E2 strengths in weakly
collective odd-mass nuclei and investigations of the breakdown of the nuclear shell
model through transfer reaction studies. In addition, systematic multi-step Coulomb-
excitation measurements of the even-even Te isotopes would allow calculation of the
shape invariants from the Kumar-Cline sum rules. The preference for triaxiality in
shell-model calculations should be tested experimentally. This is particularly interest-
ing in the context of the recent interpretation of excited states in !1%1'2Cd as a series
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of rotational bands built on multiple shape coexisting states [125]. Development of a
theoretical model which combines coupled particles and shape-coexisting structures
may be helpful in the explanation of developing collectivity in odd-A systems.
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Appendix A

Transfer-product and contaminant
transitions in the Te g-factor
measurements

In the transient-field g-factor measurements described in Chapter 7, transitions were
seen from beam excitation, isotopic impurities in the target, and pickup reactions.
Most of the observed transitions (see Table A.1) come from single-neutron pickup and
isotopic impurities. The transition observed from *®Ni is due to Coulomb excitation
of the beam. Data sets are labelled according to the runs in Table 7.2. '3Te and *Te
are stable and present in small amounts in the targets. Assays of the material used
in target preparation are given in Table A.2.

While 12°Te, and likely 'Te (in trace amounts), are present in the isotopically
enriched 2Te target used in Run B, the observation of transitions from Ni show
that direct reactions between beam and target are occurring. Most of the transitions
that are not from 1?*Te in Run A are likely due to target impurities; no transitions
from *Ni are observed in this data set. The isotopically enriched material used
in the preparation of the '?*Te target has the largest isotopic impurities. The other
odd-mass nuclides (127/12%131Te, 1311 3Nji) are unstable and do not occur naturally.
They are therefore from reactions with the target. The contaminant transitions are
most evident in the measurement of *°Te. This is the least collective isotope and has
the lowest Coulomb-excitation cross section, allowing other products to be observed
more clearly.
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Table A.1: Observed particle-y coincident transitions from contaminants, reactions,

and beam excitation. The data sets in which a transition is observed is denoted by

the letter designating the run as given in Table 7.2. Level energies, and spin-parities

are taken from Refs. [176; 177; 178; 179; 180; 181; 182]. Transition energies are those
from the present measurements.

4X  Run Ir E(I")  E(y) IF  EUIP)
(keV)  (keV) (keV)
BTe A 30 1590 1591 L1 0
A 37 4400 4401 L7 0
A (Z2)) 4898 3309 3 159.0
A (3)) 5054 3464 3 1590
A (3 5053 17 0
125 3+ 3+
Te AB 3, 4436 4081 I 355
3+ 1+
AB 3 435 L7 0
AB 5 4634 4279 3 355
5+ 1+
AB 3 432 3y 0
7 3
B 70 6361 6009 3 355
B 7, 6423 6063 3] 355
AB 5 6714 6358 3 355
T CD LS 612 612 3 0
CD  (3;) 3409 2527 4= 882
C,D 50 4732 4731 i 0
cD 3 5019 4407 L e6l2
3+ 3+
cb 3 5017 57 0
7 3
CD I, 9240 9236 I 0
MTe  EF 1" 1804 1803 3 0
EF 57 sme6 54 30
E,F 30 6338 4525 17 1804
5+ 3t
EF 3 6382 3 0
1 3
EF n 7B B2 5 0
7 3
E,F 3 8130 8129 3 0
3 3
E,F 30 8750 8747 30

Continued on next page.
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Table A.1 continued.

4X  Run Ir E(I7)  E(y) IF E(IR)
(keV)  (keV) (keV)
EF 5, 968 ~970 3 0
Bl EF 57 197 197 I o0
3t 5+ 7+
F o (3,,3)) 6020 4925 3 1497

®Ni ABC 2 14542 ~1450 0f 0

¥Ni B,C
D,EF

B,C
D,EF

CD

EF

339.4 ~338 3 0

N1

4649  ~460 3 0

N[—
.

8780 ~875 3 0

NG
N

Table A.2: Isotopic assay of materials used to create the targets in the transient-field
measurements of 124~ 130Te,

A X measured Target composition (%)

120Te 122Te 123Te 124Te 125Te 126Te 128Te 130Te
12476 <003 012 035 9542 153 1.13 0.85 0.60
126 <0.02 <0.02 <0.02 0.05 020 9869 0.81 024
128 <0.04 0.01 002 003 004 017 99.19 0.54
130Te <0.02 0.06 006 004 0.06 011 038 99.29




192 Transfer-product and contaminant transitions in the Te g-factor measurements




Appendix B

Wigner-Eckart theorem

The Wigner-Eckart theorem states that a matrix element of a spherical tensor, such
as the electromagnetic transition strength, can be separated into a reduced matrix
element which is independent of the magnetic substates, and a geometric component
specified by an angular-momentum coupling coefficient:

O Tolia) = (<0 (0 By, @

where (f||T(A)|]i) is the reduced matrix elements and the term in brackets is a
Wigner-3j symbol.
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Appendix C

Angular correlation formalism

Angular correlations from states with statistical tensor By, can be calculated using
the formula

W(6,) = Y By (6,) QcFx D5 (A, 6,,0), (C.1)
kg

where DZg(AqL 6,,0) is the Wigner D-matrix, F; is dependent on the spins of the
initial and final state and the multipolarity of the transition, and Q is the solid-angle
attenuation coefficient.

The statistical tensors used in the calculations of the angular correlations were
obtained from the de Boer-Winther code. The statistical tensors By, are obtained
from the resulting statistical tensors from the calculations zx,g) through

s
By = V2k+ 1pg, = V2k+1—%

3 7
“éo)

(C2)

where uc% . is the output from the de Boer-Winther code with the z axis as the beam
axis.

When a transition occurs the statistical tensors of the initial state can be propa-
gated to obtain the statistical tensors of the fed state. To obtain the statistical tensor
of the fed state the following equation was used:

Big(j) = Big ())Uk(i — j), (C3)

where [98]

1
Ur(JiL1L2]f) = 1582 [k (JiLaJf) + 8 ur(Jil2Jy)], (C4)

where J is the mixing ratio of the transition and
we(JiL1Jg) = (=) B2 + 1) (2] + D]EW (i 5 kL ). (C.5)

The statistical tensors from the feeding from each higher state can then be used
along with the directly excited statistical tensors to obtain an average statistical tensor
used to calculate the shape of the experimental angular correlation. This calculation
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occurs as

. N]Oqu(f) + Zz‘>]',p IT, Niobpnfl,anq(i)uk@"*l = Pn)
(Big () = NO b 0 ' 0
i + Zi>j,p Hn Pn—1n Ni

where i is the first state in the cascade, j is the final state in the cascade, p is the
transition path from state i to state j and is given the subscript # to indicate the level
along the path, by, ,, is the branching ratio for the n — 1 to n level step in the path,
and N? is the direct population of the state i.



Appendix D

Solid attenuation coefficients

Angular correlation measurements are not performed using point-like y-ray detec-
tors. As such the measurement actually represents an average measurement over a
range of detection angles, effectively reducing the anisotropy of the measured an-
gular correlations. This effect is most prominent in measurements where the y-ray
detectors cover a large solid angle such as in the transient field g-factor measure-
ments performed in the present work. A simple approximation to account for this
geometrical solid angle is possible for cylindrical y-ray detectors facing directly at
the target position. This approximation was used in the angular correlation measure-
ments used to test the validity of the calculated statistical tensors and the assumed
detector positions. The so-called solid angle attenuation coefficient is given by

0 = Oﬁmax(l — e (B))P(cos B) sin B dp
- Jo ™ (1 — e=#¥(B)) Py(cos B)sin B dp ’

(D.1)

where B is the angle to the symmetry axis of the detector, P is the kth order Legendre
polynomial, y is the y-ray absorption coefficient, and x is the length y-ray detector
at the angle B.

The detectors used for the g-factor measurements in the present work are not
cylindrical. The cylindrical approximation is sufficient for testing the statistical ten-
sors used in calculations, however, for the determination of the slopes used in the
g-factor measurement, a the point-like angular correlations were numerically inte-
grated over the actual detector geometry.
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