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Abstrakt

Experiment PR235 bol uskuto¢neny v iThemba LABS za ucelom Studovania
izotopu ’Au pomocou in-beam gama spektroskopie. Na meranie gama Ziarenia
Vv terovej pozicii bola pouzita sféra detektorov  AFRODITE. V experimente bola
pouzita kombinacia HPGe Clover a LEPS detektorov. Hlavnym ciel'om bolo Studovat’
jadrovu Struktaru daného izotopu, ktory vykazuje tvarovu koexistenciu. Analyza dat
bola vykonand na Fyzikdlnom ustave, pouzitim vlastne vyvinutého softvéru a
pomocou RadWare.

Rozpadova schéma 8’Au bola zostrojena z experimentilnych dat, obsahujic
prechody arotacné pasy suvisiace s konfiguraciami intruder stavov. Intenzity
prechodov boli ziskané pomocou RadWare vypoctov. Rozpadové schémy
kontaminujtcich izotopov, pritomnych v naSich datach, boli taktieZ zostrojené.

Nové struktary pasov, stvisiace s intruder stavmi, ktoré boli predpovedané
v PTRM vypoctoch ana zaklade parabolického trendu vV systematike neparnych
izotopov zlata, neboli pozorované. Zaverom je, Ze tieto konfiguracie musia mat’ odlisné
Struktiry, ktoré budu musiet’ byt pozorované pomocou inej experimentdlnej metody.
Nase analyzované data nepotvrdzujii nové prechody v *¥’Au, ktoré boli publikované

pocas pisania tejto prace.

Krucové slova: 187Au, gama spektroskopia, jadrova Struktira, tvarova

koexistencia, jadrova deformacia



Abstract

The experiment PR235 was carried out at iThemba LABS to study the ¥’Au
isotope with in-beam gamma-ray spectroscopy. It employed the AFRODITE array for
measurement of the outgoing gamma-rays in the target position. A combination of
HPGe Clover and LEPS detectors was used in the experiment. The aim was to study
nuclear structure of the isotope, known to exhibit shape coexistence. Data analysis was
performed at the Department of Physics, using our own developed software and
RadWare.

The level scheme of ®Au was constructed from the experimental data,
containing transitions and rotational bands associated with intruder state configurations.
Intensities of transitions were obtained from RadWare calculations. Level schemes of
contaminating isotopes, present in our data, were also constructed.

New band structures, associated with intruder states, that were predicted by
PTRM calculations and the parabolic tendency in odd mass gold systematics, were not
observed. Concluding that these configurations must have different structures, that have
to be observed by a different experimental approach. Our analysed data does not
confirm new transitions in *8’Au, that were published during the process of writing this

work.

Keywords: ®’Au, gamma-ray spectroscopy, nuclear structure, shape coexistence,

nuclei deformation
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Introduction

Experimental studies of nuclear structure in exotic isotopes continue to play an
important role in today’s nuclear physics. One of the key questions in basic research of
nuclear structure is the mechanism behind nuclear deformation. Contrary to the general
perception that the atomic nucleus is a sphere, most nuclei are deformed and therefore
display different types of shapes. Despite the fact that nuclear deformation was
discovered by Bohr, Mottelson and Rainwater in 1953 [1], the underlying physics
mechanism remains unclear to this day. For greater insight into the problematics of
nuclear deformation, experimental data need to be obtained by systematic studies of
suitable nuclei. Odd mass nuclei can give us information on both single particle and
collective states in nuclei, such as deformation (axial, triaxial) and rotation, because of
the presence of the odd. Neutron deficient odd mass Au isotopes are known to exhibit
the shape coexistence phenomenon [2], where one nucleus has states with different
deformations. Two types of excitations leading up to those states are known to be
present in odd mass Au isotopes at low excitation energy [3]. Proton holes that couple
to even-even Hg core and proton particles that couple to even-even Pt core, resulting in
distinct groups of states. The proton-particle states are known as intruder states, since
they intrude across the 82 closed shell. Their energies are dictated not only by single
particle energies, but also by massive correlation energies resulting from changing of
the shell occupancies. Both Hg and Pt even-even cores are known to have coexisting 0*
states at low excitation energies, therefore at least four different types of configurations
can be. Indeed, such configurations were observed in the ¥’Hg — !87Au beta-decay
study [4], performed at the UNISOR facility in Oak Ridge National Laboratory
(Tennessee, United States). Both gamma-rays and conversion electrons were
simultaneously detected. Pairs of 11/2 and 3/2" states, connected with EQ transitions
(model-independent fingerprints of the shape coexistence) were observed. However,
rotational bands, expected to be built on these configurations were never observed in
previous studies of *¥’Au [4 - 7].

The subject of the present work is the study of the odd mass isotope &’Au,
aimed to expand the existing level scheme and observe the expected rotational bands
connected to the previously established intruder states. For this purpose, the experiment
PR235 was performed at iThemba LABS facility (Cape Town, South Africa), which
employed the AFORDITE array for in-beam gamma-ray spectroscopy of 8’Au. The
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data analysis was carried out at the Slovak Academy of Sciences, using our own
developed software and the RadWare software package [8, 9] for construction of the
level scheme of the isotope. Complications surfaced in the data analysis as
contaminations from other isotopes have been observed. From then on, these
contaminations played a significant role in the analysis, having an effect on the final
results. Level schemes of the identified contaminations have also been constructed.
Band structures associated with the intruder state configurations were not observed,
meaning that they have a different structure for the 8’Au isotope. The data from the

experiment was compared with a new study of 18’Au that came out during the analysis.
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1 Nuclear structure

1.1 Nuclear models

The nucleus is a many-body quantum system formed by individual particles
called nucleons (protons and neutrons). The nucleons are bound together inside of a
nucleus by attractive short-ranged forces, which are the result of the strong interaction.
The study of nuclear structure is therefore aimed at the understanding of the mechanism
and the behaviour of these forces. The limitations in exact calculations of many-body
quantum systems are one of the main reasons why a unified theory of the nucleus
presently does not exist. As a result of this, devices called nuclear models are used
instead. Nuclear models are simplifications of the sought nuclear theory. Based on
experimentally observed properties in nuclei and analogies with phenomena described
in other fields of physics (e.g. spin-orbit coupling in atomic physics), nuclear models
helped to predict physical properties of the nuclei. Many such constructed models exist,
with each focusing on different properties of nuclei. A brief introduction to the most

important nuclear models regarding nuclear deformation is given below.

1.1.1 The liquid-drop model

A collective model originating from the analogy with a drop of liquid, namely
the saturation of the nuclear force. In a drop of liquid, the mass is distributed uniformly
and the average distance between two molecules is about equal to the value where the
potential interaction energy is at a minimum [10]. The same approach in a nucleus
implies that nucleons are also scattered uniformly in a distance where the nuclear force
is at its minimum (= 0.7 fm [10]). The Liquid-drop model intended to interpret and
understand the behaviour of the nuclear binding energy per nucleon curve (see Fig 1.1),
which was already known from experimental observation. The curve exhibits two main
patterns in binding energy. An increasing tendency from the lightest nuclei up to
approximately the nucleon number of 60 (®2Ni has the highest mean binding energy),
and then a decreasing of the binding energies in the heavier nuclei [11].
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The liquid-drop model was successful in describing and approximately
quantifying the binding energy B of nuclei with the semi-empirical mass formula, first

formulated by Weizsicker in 1935 [12], therefore also called the Weizsdcker formula:
B (Al Z) = aVA - a5A2/3 - aCZ(Z —_ 1)A_1/3 — ay

The first term is the volume term, which is proportional to the volume of the nucleus.
The volume of a sphere (the approximated shape of the nucleus) is proportional to R?,
where R is the radius of the nucleus. With the radius R being proportional to A3, the
resulting volume term is proportional to the number of nucleons A. It represents the
saturation of the nuclear force in a given volume [10]. The second term is the surface
term, which is proportional to the surface of the nucleus. Nucleons closer to the surface
will have lower binding energies. The surface of a sphere is proportional to R?, the
resulting surface term is proportional to A%3, The third term is the coulomb term, which
expresses the coulomb repulsion between protons, it is proportional to Z-(Z— 1)-R*. The
first three terms (volume, surface and coulomb) derive from collective properties
resulting from the approximation with a charged liquid drop, while the remaining two
(asymmetry and pairing) represent more the properties of individual nucleons. The
fourth term is the asymmetry term, which derives from the Pauli exclusion principle.
The most stable distribution of protons and neutrons in the nucleus for the asymmetry
term of the mass formula is Z = N = A/2, meaning all the lowest possible orbitals are
occupied. In nuclei where Z # N, the energy needed to lift nucleons to higher orbitals
must be taken into consideration. This is expressed as the average energy between two
adjacent orbitals, which is proportional to A?® [10]. Therefore, the concluding
asymmetry term is proportional to (A — 2-Z)>AL. The fifth term is the pairing term,
which represents the effect of the spin-coupling of the nucleons. The pairing term has
three values, +¢ for doubly even nuclei, 0 for even odd (or vice versa) nuclei and - for
doubly odd nuclei.

The last two terms in the Weizsiacker formula are not derived from the liquid-
drop model but originate in a single particle approach rather than a collective one.
Besides the binding energy, the liquid-drop model helped to describe other phenomena
like heavy nuclei fission and alpha decay. However, it fails to describe other observed

nuclear phenomena, mainly the existence of Z and N configurations that lead to higher
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binding energies and therefore to extra stabilities in nuclei, the existence of magic
numbers (Z or N = 2, 8, 20, 28, 50, 82 and 126).
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Figure 1.1: Binding energy per nucleon as a function of the Mass (nucleon) number A,
taken from [13].

1.1.2 The nuclear shell model

Many experimental observations suggested that a shell structure must exist in
nuclei, with the shells closing at the indicated magic numbers. Most commonly, it is the
difference in the experimentally measured binding energies and calculations using the
Weizsacker formula, where magic number configurations have higher binding energies.
This leads directly to a higher abundance of these nuclei in the environment. Energies of
the first excited states are also considerably higher in magic nuclei.

Atomic ionizing potential as a function of the proton number shows similar
behaviour around certain electron configurations. This phenomenon was successfully
explained with the introduction of electron shells. The analogy with the ionizing
potential in chemistry indicates the existence of a shell structure in nuclei. Nuclei with
magic numbers have showed higher separation energies for protons and neutrons. For

most nuclei, the separation energy is Sp = Sh = 8 MeV, while at magic nuclei, the values
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reach their maximum. The nuclear shell model was developed by Mayer [14] and
independently by Haxel, Jensen and Suess [15] based on these experimental
observations.

In the nuclear shell model, the collective approach from the liquid drop model is
replaced by an independent-particle approach. Nucleons act as independent particles
whose motion is governed by a central potential V(r), which is generated by all the other
remaining nucleons (via two-body nucleon interactions). The simplest approximation
used to describe this generated central potential is by using a spherically symmetric

potential like the finite square well (1.2) or the harmonic oscillator potential (1.3):

_(=Vy, ifr <R
Vi = { 0 ifr >R (1.2)
2
V) = _Voll_ﬁ ifr <R (1.3)
0 ifr >R
A more realistic potential that is often used is the Woods-Saxon potential:

-V

V()= . (1.4)
1+ e(T)

where R is the nuclear radius and a is the surface thickness. Calculations using the
harmonic oscillator or Woods-Saxon potential gave results of closed shells which
correspond to the first three magic numbers 2, 8 and 20. There were however deviations
from higher observed magic numbers. The key to a successful formulation of closed
shells was the addition of a strong spin-orbit coupling to the potential, which was
suggested by Mayer and by Haxel, Jensen and Suess [14, 15]. Similarly, the idea
originated from the analogy with atomic physics, where spin-orbit coupling was also
introduced in atomic shell electrons.

Spin-orbit coupling is the interaction between the motion of the particle in a
potential and the spin of the particle. In the shell model, the spin-orbit interaction
introduces the total angular momentum quantum number of the particle j = | + s, where
| is the orbital quantum number and s is the spin quantum number of the nucleon. The
projection of the total angular momentum in the spin-orbit coupling is thus acquired as
m; = my = % (the projection of the spin quantum number of a nucleon is either + % or -

4). This dependency splits the orbitals of the harmonic oscillator and closed shells with
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the correct magic numbers are observed (see Fig. 1.2). In the outcome, the orbital with
the higher total angular momentum projection has the lower energy. The higher the
orbital quantum number, the bigger the scale of the splitting of the orbitals. This
explains the agreement with the lower magic numbers in the harmonic oscillator and

Woods-Saxon potential without the spin-orbit coupling.
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Figure 1.2: Closed shells obtained with the addition of the spin-orbit term to the

harmonic oscillator. The splitting of the orbitals is more significant with higher orbital

quantum number, taken from [13].
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1.1.3 Deformed shell model

The nuclear shell model was successful in the explanation of experimentally
observed phenomena connected with proton and neutron magic numbers by applying an
isotropic potential in combination with the spin-orbit coupling. The properties of nuclei
with doubly-closed shells (nuclei with both proton and neutron magic numbers) plus
some extra nucleons were described very well, but far outside these closed shells nuclei
have shown large deformations from the spherical shape. These extra nucleons deform
the average nucleon potential field by collective mutual polarization [1]. In 1955 S. G.
Nilsson used a deformed harmonic oscillator potential to describe the nuclear field
which created the deformed shell model — Nilsson model [16].

The graphical representation of the Nilsson model is the Nilsson Diagram,
where theoretical energy levels of the deformed harmonic oscillator (or any different
potential used) are plotted versus ¢z, which is the axially symmetric quadrupole
deformation parameter (see equation 1.9). Fig. 1.3 shows an example of the Nilsson
Diagram. Every orbital in the Nilsson model is described by a set of asymptotic
quantum numbers Q" [N, n;, 4] (see Fig. 1.4). The quantum number € is the projection
of the single-particle angular momentum j on the symmetry axis. J =j + R, where J is
the total angular momentum of the valence nucleon coupled to the deformed core and R
is the angular momentum of the core. x is the parity of the Nilsson orbit, where 7 = (-
DN, N is the quantum number of the oscillator shell, n, is the number of oscillator
quanta along the symmetry axis z and 4 is the projection of the angular momentum of

the coupled nucleon on the symmetry axis.
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Rotational axis

Figure 1.4: Graphical representation of the Nilsson model quantum numbers, taken from
[18].

1.2 Nuclear deformation

The general assumption for nuclei is that their shape is a spherical one, but in
reality, only few of them are spherical and the majority of the existing nuclei have a
deformed shape. The ground states of doubly even nuclei exhibit a spherical shape. The
nearer to the closed shells and the subsequent magic numbers, the higher the probability
of a spherical shaped nuclei. The radius R of a deformed nucleus is not constant in all
directions (X, y and z axes) and can also change in time due to the vibration or rotation.
The different shapes of deformed nuclei far outside the closed shells can be described

by spherical harmonics as functions of the polar angle ¢ and the azimuthal angle ¢:

o A
R(0,0) = R, |1+ z z 0,V (6, 9) (1.5)
A

=0 u= )

where Ro is the radius of a spherical nucleus and a;, are amplitudes of spherical
harmonics Y,.(6,p). 1 describes the multipolarity of the deformation (4 = 2 for
quadrupole deformation, 4 = 3 for octupole deformation, A = 4 for hexadecapole
deformation etc.). Dipole deformation (1 = 1) does not occur in nuclei. With the volume
conservation law of the nucleus in effect, the nucleus only shifts its centre of mass

without a change of the shape. Therefore, it is not considered to be a deformation of the
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nucleus. The most common type of deformation in nuclei is the quadrupole
deformation. The shape of the deformation is an ellipsoid, which has three conjointly
perpendicular semi-axes: a, b and ¢ (see Fig 1.5). The mathematical description of the

ellipsoidal surface is:
2 2 2

SEGRCEE 1

where X, y and z are the matching axes for the ellipsoidal semi-axes a, b and c. Case a =
b = c is a spherical shape, therefore not a part of the quadrupole deformation. Fora=Db
# ¢ (or any other permutation), where two semi-axes are equal, a so called axially
symmetric quadrupole deformation occurs. A graphical representation of these cases is
shown in Fig. 1.6. For this kind of quadrupole deformation, there are only two possible
types of deformed shapes, oblate and prolate spheroids (see Fig 1.7). In the oblate type,
the two equal semi-axes are longer than the third axis. For example, a = b > c¢. The
opposite case stands for the prolate type. In some nuclei, both types of quadrupole
deformation can occur at the same time in a so-called shape coexistence (see chapter
1.2.2). For axially symmetric deformations with z as the axis of symmetry, only five
variables a, are left (for p = -2, -1, 0, 1, 2) in equation 1.5. Furthermore, only two
independent variables (see equations 1.7 and 1.8) are left with the transformation from

laboratory into the body-fixed axis system [10]:

a9 = [PpcOSY (1.7)
Y
Az = > Bz siny (1.8)

where B2 and y are Hill-Wheeler deformation parameters. B2 is the quadrupole
deformation parameter, positive or negative value represent the prolate and oblate
quadrupole deformation (see Fig. 1.7). y defines the axial symmetry in the deformed
nucleus. y = 0°, 120° and 240° stands for prolate spheroids and y = 60°, 180° and 300°
stands for oblate spheroids (see Fig. 1.6). Anything in between those angles results in a
triaxial quadrupole deformation, where a # b # c¢. For axially symmetric quadrupole
deformation, the parameter f> can be expressed with the quadrupole deformation

parameter &> (Nilsson deformation parameter):

T[4 4 ) 4 3
,82 = g(g&‘z + 582 + EE‘ +) (1.9
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Figure 1.6: Oblate and prolate spheroids obtained in the quadrupole deformation. The
centre represents a spherical shape, drawn axes the axially symmetric deformed shapes.

In between the axes are triaxial quadrupole deformations. Taken from [20].
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Figure 1.7: Shapes of nuclei with quadrupole deformation.

1.2.1 Rotation and vibration

In the shell model or the deformed shell model, nucleons are viewed as particles
occupying the single-particle states in a given potential. Nuclear properties in this
approach are determined by a single nucleon or a small volume of valent nucleons.
These properties are called single-particle properties. Nuclei also exhibit collective
motions of many nucleons at once, properties determined by this motion are called
collective properties. Most common examples of collective motions are nuclear
vibrations and nuclear rotations.

Equation 1.5 quantifies the shape deformation of the nuclei surface. For very
small deformation, the sizes of the amplitudes a, in time are limited by a restoring
force (can be calculated from the liquid drop model), which pushes the nucleus back to
the initial shape. These continuing sequences of small deformations on the surface of
nuclei are called nuclear vibrations. The order of the vibration is given by the
multipolarity 4.

In a deformed object, two sets of reference frames can be recognized, the
laboratory frame and the intrinsic frame. Orientation of both frames in respect to each

other is given by Euler angles.
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Figure 1.8: Euler angles a, B and y describing the orientation between the laboratory
(red - x', y’, z’) and intrinsic (blue - X, y, z) frame. n is a line perpendicular to both the z

and z’ axis.

a - angle between the x axis and n.
J - angle between the z and z” axis.
y - angle between n and the x axis.

Where n is a line perpendicular to both z and z’ axis. X, y and z correspond to the
intrinsic frame. x’, y” and z’ to the laboratory frame. Because of this, deformed nuclei
exhibit a collective motion around an axis called rotation and the corresponding axis is
the rotational axis. Rotation around the symmetry axis does not change the energy and
therefore does not generate excited states, it only changes the phase of the wave
function. Excited states originate from the rotation around the rotational axis
perpendicular to the symmetry axis. In quantum mechanics, this apparatus is called a
quadrupole axial rotor. The quadrupole axial rotor generates excited states with

energies:

hZ
Eror = ﬁ]([ +1) (1.10)
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where J is the moment of inertia around the rotational axis and J is the total angular
momentum (see Fig. 1.4). Rotation of the quadrupole axial rotor by 180° around the
rotational axis leads to the same state of the rotor, therefore only even J are allowed for

the excited states.

J 0 2 4 6 8 10

Erot 0 3n2/9 10h2%/7 21h%17 36h2/7 55h2/7

Table 1.1: Energies of the excited states for the first six total angular momenta allowed

for doubly even nuclei.

This condition applies only to doubly even nuclei, in even odd or odd even nuclei, both
the collective motion and the single-particle parameters contribute to the total angular
momentum J. For an axially symmetric quadrupole deformed shape, the Nilsson
quantum number Q is used to determine the single-particle contribution. The excited

states energies are now different:

2 2

h h
Eror = ﬁ]([ +1) - ﬁﬂ(ﬂ +1) (1.11)

This approach with a single-particle (quasiparticle) state coupled to an even-even core is
described via the particle plus triaxial rotor model (PTRM) [21]. With the contribution
of the single-particle, both odd and even total angular momenta are allowed. Rotational
bands, which are structures of excited states with integrally increasing angular
momentum, are constructed upon those single-particle states. The lowest energy state in
a rotational band is called the band head. All states in a rotational band have the same
parity. The energies of the excited states can be calculated using equation 1.11. For
even-even nuclei, where Q = 0, the equation is reduced to the previous equation 1.10
and the band head state has an angular momentum of 0. In odd even and even odd
nuclei the angular momentum of the band head is determined by Q. Rotational bands
can be constructed on both the ground state of the deformed nucleus or on excited
single-particle states. Rotation only occurs in deformed nuclei, therefore in a spherical

nucleus, only vibration is possible.
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1.2.2 Shape coexistence and intruder states

Rotational bands constructed on low lying excited states correspond to the
deformation of the given nucleus. At low excitation energies, the most common is the
quadrupole deformation. Excited states from one rotational band are related to either the
prolate or oblate deformation. In PTRM, the nucleus is usually constructed from more
different single-particle states and even-even cores. This means, that nuclei can have
several rotational bands that are constructed on different low energy excited single-
particle states. Each of these bands can be associated with a different type of quadrupole
deformation in nuclei. This phenomenon is called shape coexistence. An example of
shape coexistence is the first excited state in the doubly magic nucleus °0O with a spin
0" and energy 6.06 MeV (see Fig. 1.9), where the phenomenon was postulated for the
first time. The interpretation of this observed state was the rearranging of four particles
from occupied orbitals into empty orbitals from the shell above (1dsp2, 25172, 1d3r) [22].
This configuration has a strong binding energy and leads to a highly deformed shape

that coexists with the spherical ground state of the same spin and parity.
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Figure 1.9: Low energy levels in 1°0. Dots beside the energies indicate deformed states.
The lowest excited state is the intruder state 0* with the energy 6.06 MeV. Because of a

doubly magic nucleus, the first excited state has a very large energy. Taken from [22].

The doubly magic 0O has eight protons and neutrons, which fully occupy the
first the first three nuclear shells in the shell model (see Fig. 1.2). The configuration of

the nucleons for the excited 0" state consists of three states that are above the closed

31



shell. Particle states that cross the closed shells are called intruder states. They can be
expressed as many-particle many-hole (mp-nh) proton or neutron excitations, depending
on either protons or neutrons that are moving in the shell configuration. Even though the
postulation of shape coexistence had its origins in light nuclei, heavier nuclei exhibit
this phenomenon more extensive. Mostly the neutron deficient nuclei near the closed 82
proton shell [2]. For example, Pb nuclei with the magic number Z = 82 have fully
occupied orbitals for protons. Expressed via mp-nh, the ground state for these nuclei is
Op-0h, that means no hole states are below the closed shell and no particle states are
above the closed shell [23]. The intruder state excitation 2p-2h has two protons across
the closed shell, which denotes two particle states above and two hole states below the
closed shell. The next excitation would be 4p-4h. Intruder state configurations span
across many nuclei of one element. Fig. 1.10 shows the systematics of intruder proton
configurations in neutron deficient odd mass Au isotopes [24]. As can be seen,
sometimes the intruder state configuration can have the lowest energy.
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Figure 1.10: Systematics of proton intruder configurations 3s1/2, 2d3/2, 1h9/2 and
1h11/2 in neutron deficient odd mass Au isotopes, taken from [24].

Intruder states are frequently associated with shape coexistence. They usually
have the same spin and parity as the ground state (for example see Fig 1.9). Transition
between such two states occurs via electric monopole (EO) transition. If the spin of the
nuclear states is O, the transition proceeds only via internal conversion (the excitation

energy of the nucleon is transmitted directly to a bound electron). In the case of an EO
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transition, the nucleus changes its shape. Evidence shows that EO transitions occur
widely in association with shape coexistence [25, 26]. EO transitions and to some extend
intruder configurations found in nuclei can be used as an indication of shape

coexistence.
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2 Experimental technigues and equipment

2.1 The fusion-evaporation reaction

Nuclear spectroscopy often investigates nuclei which are located at the edge of
the nuclei chart and are therefore very unstable. These nuclei are produced in various
nuclear reactions. A very common method for production of neutron deficient nuclei is
via heavy ion (HI) reactions called fusion-evaporation reactions. In this technique, an
ion beam consisting of stable nuclei hits a target that is also made of stable nuclei. The
fusion of the two isotopes takes place if the energy of the ion beam is sufficient enough
to overcome the repulsive Coulomb barrier that is between them. The barrier height can

be expressed as [13]:

e’ ZgZy
~ 4mey R, + Ry

2.1)

B¢

where R is the radius, Z is the proton number and a, X stand for projectile and target,
respectively. The isotopes of the projectile and the target are specifically chosen to
acquire the desired nucleus in the process. Lighter nuclei have lower N/Z ratios as heavy
nuclei, therefore in the HI fusion-reaction neutron deficient nuclei are commonly
produced. This fusion creates a so-called compound nucleus, which is unstable and
usually highly excited, having high angular momentum and energy (see Fig 2.1). The
highly excited (hot) nuclei decay by emitting particles (proton, neutron, a particle etc.)
that take away large amounts of energy and very little angular momentum. This
evaporation of particles continues until the particle evaporation threshold is reached,
then the de-excitation carries on by f decay or by gamma-ray emission. In regions of
high density of levels, the decay follows with the emission of statistical gamma-rays
(evaporation) until the Yrast line is reached. High density of levels means high number
of gamma-rays emitted simultaneously, which is only observable as a continuum. The
Yrast line is the area with the maximum possible angular momentum for a set excitation
energy (or the minimum possible excitation energy for a set angular momentum). Near
the Yrast line, the level density is low (at the line the level density is 0), which results in

the yrast cascade of well-separated gamma-ray transitions [27]. This cascade decays

34



towards the ground state of the nucleus. The gamma-rays are emitted within 10° s after
the reaction and can be measured only by means of in-beam gamma-ray spectroscopy.

compound nucleus formation

=

excitation energy

stastical cascade

yrast cascade

A J

angu lar momentum

Figure 2.1: Schematic representation of the compound nucleus decay processes, taken
from [18].

2.1.1 In-beam Gamma-ray spectroscopy

Studied nuclei produced in HI fusion evaporation reactions are generally
measured with In-beam Gamma-ray spectroscopy. It is a method of measuring the
emitted gamma-rays directly in the target position. Gamma-rays in these types of
experiments have usually a very high multiplicity and their full measurement requires a
large number of gamma-ray detectors positioned at different angles. The most advanced
are gamma-ray detector arrays which cover up to 4n. A frequent problem with in-beam
experiments is the background that arises from the fission of the projectile target fusion
product. The recoil decay tagging technique (RDT) is often employed to distinguish
gamma-rays from the desired nuclei [28]. The fusion-evaporation residues (recoils)
from the reactions are separated behind the target position, usually by electric and
magnetic fields, and implanted in a segmented focal plane detector. The charged recoils

then proceed to decay via alpha particles, gamma-rays, protons etc. The decay modes
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and particle energies are unique to the desired recoiled isotope. Identifying the events
from these decay modes provides the opportunity to remove the unwanted in-beam
gamma-rays from the output data, in both on-line and off-line analysis. Another
problem is the Doppler effect. The gamma emitting fusion-evaporation residues from
the target are moving with a fraction of the speed of light in respect to the detectors.
This causes a Doppler shift of the measured energy in detectors positioned at certain
angles. The Doppler shift in the measured data can be calculated and corrected with the

equation:
. v
Ey = E, (1+ —cos9) (2.2)

where E,' is the measured (shifted) energy, E, is the correct energy of the emitted
gamma-ray, v is the velocity of the recoil, c is the speed of light and & is the angle of the
detector position in respect to the beam direction. It is apparent from the equation, that
at 90° the Doppler shift does not occur.

2.2 Angular distribution

The compound nucleus created in the HI fusion-evaporation reaction has an
angular momentum that is strongly aligned in respect to the beam direction. This
alignment originates in the large angular momentum of the projectile ions. As
mentioned in chapter 2.1, the decay of this highly excited nucleus lowers the angular
momentum only slightly with the majority being taken away by the subsequently
emitted yrast cascade gamma-rays. Because of the strong alignment of the compound
nucleus, the angular distribution of the emitted gamma-rays exhibits strong anisotropies
[29]. This is widely used in nuclear spectroscopy, as measurements of these anisotropies
in angular distribution provide information on the multipolarity of the emitted gamma-

rays. The angular distribution of emitted gamma-rays is described as [29]:

W(@)—ﬂ-l+aP(cos€)+aP(cos€) (2.3)
= 1 (tot) = 202 Ny :

P,(cos 0) = %[3 (cos 6)? — 1a] (2.4)

P,(cos9) = %[35 (cos 6)* — 30 (cos 6)* + 3] (2.5)
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where 1,(#) is the intensity of emitted radiation at angle & and Il,(tot) is the total
intensity. Coefficients a, and a4 are used to determine the linear polarization and the
multipole order of the radiation.

2.2.1 Directional correlations from oriented states

Measurements of the angular distribution of gamma-rays show uncertainties
when mixed multiple transitions from the source nucleus are emitted [30]. To resolve
these uncertainties, measurements of angular correlations are carried out. Two gamma-
ray transitions, y1 and y», that are in coincidence and emitted in a cascade, are taken.
Two detectors at angles #z and &2 in respect to the beam direction are at the angle @
between each other. The intensity of y1 detected by the detector at the angle #: in
coincidence with y, detected by the detector at the angle &> is given by the angular
correlation function W(&1, &, @) [31]. The opposite case, W(&, &1, @), is where the
intensity of y. is detected at angle & in coincidence with y1 detected at angle &. The
ratio of these two correlation functions is used to determine the multipole nature of the
detected transitions. This method is known as Directional Correlation form Oriented
states (DCO) [31]:

W(6,,6,, P)

DCO W(gz, 91’¢) ( )

The DCO ratio has an experimental expression, where correlation functions are directly
replaced with intensities of gamma-rays gated at the corresponding transitions, divided

by the detector efficiency at the corresponding angle [31]:
Igf (Gateg;)

Ig; (Gategi) 7)

Rpco =

2.2.2 Linear polarization

Polarization measurements are very useful in determining uncertainties during
the construction of level schemes of nuclei from acquired experimental data.
Unambiguous multipole assignment allows to determine spin and parities of nuclear
states. Linear polarization of the detected gamma-rays is the quantity of the direction of
their electric field (E). The gamma-ray linear polarization, P(&), can be expressed as
[32, 33]:
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10(9;5 = 0°) _190(9»3; = 90°)

PO =1 6,2 = 09+ 1y(6,€ = 90%)

(2.8)

where lo(&, ¢) is the intensity of the radiation with its electric vector creating a & = 0°
angle with the plane containing the particle beam (reaction plane) and analogously le(&,
&) creating a & = 90° angle with the reaction plane. The angle & is the direction of the
detector in respect to the beam line.

A device experimentally measuring the linear polarization is called a Compton
polarimeter. Basically, it consists of one component used as a scatterer for gamma-rays
and at least one component used for the detection of Compton scattered gamma-rays.
An ideal polarimeter would contain one scatterer in the centre and four detectors around
with a spacing of 90°. All five components in this design lie perpendicularly to the
incident gamma-ray [33]. Several different types of detectors were used as Compton
polarimeters throughout history. From Geiger counters, scintillators and semiconductor
detectors up to HPGe detectors with good energy resolution but lower photopeak
efficiency. Large volume crystals are needed to increase photopeak efficiency which on
the other hand leads to difficulties with Doppler broadening and worse time
characteristics. Clover detectors with segmented crystals address these problems (see
chapter 2.3.2). Their most important advantage is a high sensitivity to linear polarization
because there is a high probability that a Compton scattered gamma-ray in one crystal
will be detected in an adjacent crystal of the same Clover.

Events in a Clover detector can be scattered vertically or horizontally, the
scattering anisotropy can be expressed as:

N, — Ny
A(B) = m (2.9)
where N | is the number of events scattered horizontally and Ny is the number of events
scattered vertically depending on the incident gamma-ray. The scattering anisotropy is
proportional to the linear polarization:

A(6)
Q(EY)

P(0) = (2.10)

where Q(E,) is the polarization sensitivity of a detector. Linear polarization equations

for different types of transitions (M1, E1, etc.) can be expressed with angular
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distribution coefficients a; and as [34]. For a Clover detector used as a Compton

polarimeter, the equations are simplified for the angle &= 90°:

3a
P(90)MHF! =+ — (2.11)
2
12a, + 5a
P(90°)M2E2 — 4 2 4 2.12
(90°) ~ 4a, —3a,— 8 ( )

Angular distribution coefficients can be found in [35], Tab. 2.1 shows the signs of the

coefficients and linear polarization for the different types of transitions.

Type a a P90°)
El <0 0 >0
M1 <0 0 <0
E2 >0 <0 >0
M2 >0 <0 <0

Table 2.1: Sings of the az, as coefficients and linear polarization P(&) for different types

of transitions.

2.3 iThemba LABS

Chapters 2.3 - 2.5 are based upon [36 - 38].

The iThemba Laboratory for Accelerator-Based Sciences (LABS) is located in
South Africa and consists of two facilities situated in provinces of Gauteng and Western
Cape. These facilities provide particle beams used for basic and advanced research,
radiotherapy and to produce radioactive isotopes for nuclear medicine. The latter one,
located near Cape Town, operates two large accelerators. A 6 MV Van de Graaff
accelerator is used mostly for solid state physics. The second one is the K = 200 MeV
Separated — Sector — Cyclotron (SSC) accelerator, shown in Fig.2.2. The cyclotron K-
value is the kinetic energy for protons that can be reached. Two solid — pole injector
cyclotrons (SPC) extend the range of application of the SSC accelerator. The SSC in

combination with K = 8 SPCL1 delivers proton beams of energies up to 66 MeV and is

39



used for neutron therapy and production of radioisotopes. The SPC1 pre-accelerates the
protons to the energy of 3.14 MeV. The K = 11 SPC2 is used for pre-acceleration of low
intensity beams of both light and heavy ions as well as polarized protons. These beams

are available during weekends for nuclear research.

Figure 2.2: Separated — Sector — Cyclotron at iThemba LABS, taken from [39].

2.3.1 The AFRODITE Array

AFRODITE (AFRican Omnipurpose Detector for Innovative Techniques and
Experiments) is a 41 gamma-ray detector array at iThemba LABS. It has the ability to
detect both high and low energy gamma-rays with satisfactory detection efficiency. This
is due to the combination of two types of germanium detectors. HPGe Clover detectors
with BGO suppression shields for higher energy photons and segmented HPGe LEPS
detectors for low energy photons. The aluminium array frame of AFRODITE has a
rhombicuboctahedron shape with a total of 18 openings. Two opposite openings
accommodate the beam pipe. One opening perpendicular to the beam pipe is used for
the target positioning system, which leaves 15 openings where the detectors can be
mounted. There are 3 angle positions in respect to the beam direction, at 45°, 90° and
135° degrees (see Fig 2.3). The target chamber is located at the centre of the array frame
(see Fig 2.4). A hydraulically movable target ladder inside the target chamber controls
the position of the target [37]. The target ladder usually consists of three slots. The top
slot contains the beam position monitor, the middle slot is empty, and the bottom slot
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contains the target foil. The distance between the target foil and the front of the
detectors is 17 cm [40].

90°

155°

Figure 2.3: Graphical representation of the angle positions of AFRODITE detectors in

respect to the beam direction.

Figure 2.4: Target chamber of the AFRODITE array, taken from [41].
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2.3.2 Detectors of the AFRODITE array

Clover detectors contain four separate n-type coaxial HPGe (High Purity
Germanium) crystals arranged in a four-leaf Clover, which are placed in one cryostat
0.2 mm apart from one another. Each crystal (called element of Clover detector) has its
own preamplifier and acquires signals separately [42]. The energy resolution,
represented by FWHM (Full Width at Half Maximum), is about 2.1 keV at 1.33 MeV
and 1 keV at 122 keV. The photopeak efficiency for a single crystal is about 21 %
measured relative to 7.62 cm x 7.62 cm Nal(Tl) detector positioned 25 cm from the
source [42]. The coaxial crystals have 70 mm in length and 50 mm in diameter, one side
of the crystal has a tapering which leaves a total volume of around 470 cm?® for the
whole Clover detector [43]. In the AFRODITE array a single Clover detector covers
1.34 % of 4n, which means all the Clovers cover almost 11 % of 4n under normal
configurations (8 Clovers). Large volume crystals have alarge Doppler broadening
effect and worse timing characteristics due to the longer time needed to completely
collect the produced electron-hole pairs. The advantage of a Clover detector is the
granularity, which decreases these negative effects of large volume detectors. To
supress the Compton background in the gamma-ray spectra, each Clover detector is
surrounded by a Compton suppression shield made of bismuth germanium oxide
BisGe3012 (BGO). This scintillator is used for the detection of gamma-rays that escaped
from the Clover detector due to Compton scattering. Signals from Clover elements that
are in coincidence with the BGO detectors are rejected by the acquisition system. This
technique is called Escape-Suppression principle and it increases the Peak-to-total ratio
(P/T) from 0.30 to 0.55 for the ®°Co 1332 keV transition [44]. In front of the
suppression shields are 3 cm thick tungsten collimators with a 35 mm by 35 mm
window for the gamma-rays [40]. Fig. 2.5 shows a comparison between unsuppressed

and BGO suppressed spectrum measured with a Clover detector.
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Figure 2.5: Difference between BGO suppressed and unsuppressed spectrum measured

with a Clover detector, source °Co, taken from [44].

Furthermore, the Compton part of the spectrum can be decreased using the add-
back technique. If during the process of Compton scattering two or more signals of this
same event are registered in adjacent Clover crystals, we can later sum up the signals in
the offline analysis and thus reconstruct the gamma-ray energy. Coincidence
measurements between elements of a Clover detector is used to identify these signals.

LEPS (Low Energy Photon Spectrometer) are detectors made of a single p-type
HPGe crystal. The planar detector with 60 mm diameter and 10 mm thickness is
electrically segmented into four quadrants. Signals from each quadrant are processed
individually, making the LEPS operating similarly as Clover detectors. A single LEPS
detector covers 1.57 % of 4m, which means under normal configuration (8 LEPS) all the
LEPS cover 12.5 % of 4. The LEPS detectors are better for detection of low energy
gamma-rays as they have high detection efficiency between 30 and 300 keV. The
energy resolution varies for different models, for *°Fe (5.9 keV) from 165 to 360 eV and
for °’Co (122 keV) from 480 to 585 eV [45].
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2.4 Experiment PR235

The experiment PR235 was carried out at iThemba LABS employing the
AFRODITE array. The aim of the experiment was the study of shape-coexistence in the
odd-mass isotope ®’Au. The isotope was produced in two different HI fusion-
evaporation reactions using beams delivered by the SSC accelerator.

Au with a proton number 79 is located in the vicinity of the 82 proton closed
shell (see Fig 1.2). By means of the PTRM, where an odd quasiparticle is coupled to
a triaxial rotating even-even core, odd mass Au isotopes can be expressed by coupling
goHg cores with hole states from below the 82 closed proton shell (Si2, dap, hi12) or by
coupling 7gPt cores with particle states (protons in this case) from beyond the 82 closed
proton shell (ho2, 712, 1132). These particle states that cross the closed shell are called
intruder states. It was shown that both types of excitations occur in the same isotope
resulting in distinct group of states.

Unique parity proton-hole hi1, configurations in ¥’ Au have been experimentally
observed in the studies of beta-decay **’"Hg — 8’Au [4, 5]. Particularly a pair of hii
states connected by a transition with a strong EO component are of interest (see Fig.
2.6). The interpretation is the coupling of the hi12 proton hole with two coexisting 0*
states (ground state and one intruder state) in the ®Hg core. The rotational band on the
intruder hi12 was not identified. Finding this band is one of the main goals of the
experiment PR235.

Positive parity band-heads 1/2" and 3/2* with quasi-rotational bands on them are
found in Au isotopes. They correspond to coupling of si> and ds2 proton-hole states
with even-even Hg cores. Additional positive parity states that decay via transitions
with increased EO components were observed above 500 keV in the beta-decay study of
187Au (see Fig 2.7). Rotational bands above those configurations were not identified.
This is possible with in-beam gamma-ray spectroscopy. Observing these rotational
bands would determine if these states are strongly deformed intruders. Fig. 2.8 shows
the level scheme of 8" Au, including rotational bands, constructed from existing in-beam
measured in the 2Yb(*°F,4n)!®"Au reaction [6]. The same reaction was used in another
in-beam experiment [7] to study the 8’Au isotope and a similar level scheme was
composed. With the experiment PR235 using recent experimental equipment and

possibilities, we intend to identify new rotational bands, expand the existing and if
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possible, to assign rotational bands to proton-hole configuration observed in the beta-
decay of $¥"Hg.
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Figure 2.6: Unique parity proton-hole hi1 configurations in 8’Au, taken from [5].
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Figure 2.7: Positive parity states connected to the si» and ds2 proton-hole states. Circles

indicate states that decay via EO transitions.
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Figure 2.8: Decay scheme of '8 Au based on "2Yb(*°F,4n) reaction, taken from [6].

2.4.1 Details of the experiment

While the beams at iThemba LABS are delivered to the users for 24 hours per
day and seven days a week, for nuclear research the beam is available from 18h00 on
Friday to 05h00 on Monday. The experiment marked PR235 had beam times reserved
for three consecutive weekends in November 2014 (7. 11. — 24. 11.). The ¥ Au isotope
was produced in two different HI fusion-evaporation reactions using ion beams
accelerated with the SPC2 and SSC accelerators and heavy nuclei targets positioned in
the target chamber of the AFRODITE array. The reactions were °Lu(*0,4n)®’Au
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with the beam energy 77 MeV and ¥ Ta(*2C,6n)'%’Au with the beam energy 89 MeV.
Detailed parameters of the experiment are listed in Tab. 2.2. The used 4n and 6n
reaction channels were determined to be the most dominant by calculation using the
HIVAP statistical-evaporation model [46]. Most dominant contaminations (due to
channels with charged-particle evaporation) were calculated to be lower by a factor 3
and the fission channel was under 10 %, therefore it was decided that recoil-decay
tagging was not necessary for in-beam gamma-ray spectroscopy of ¥’Au produced in

those two reactions under given circumstances.

15t week 2" week 3rd week
Date 7.11.-10. 11. 14.11.-17. 11. 21.11. - 24. 11.
Beam 0 12¢ 12¢
Beam energy 77 MeV 89 MeV 89 MeV
Target Ly 181Ta 181Ta
Target thickness 4 mg-cm? 1.1 mg-cm? 1.1 mg-cm?

Table 2.2: The details of 87 Au production in the experiment PR235.

For the experiment PR235, AFRODITE was equipped with 14 detectors marked
with numbers from 1 to 16 representing their position in the array, positions 5 and 7
were empty. Positions 1 — 4 were at 135° and all contained Clover detectors, positions
13 — 16 were at 45° and contained LEPS detectors and positions 6, 8 — 12 were at 90°
and contained 2 LEPS (positions 8, 9) and 4 Clover (positions 6, 10 — 12) detectors (see
Fig 3.2 for angle positions). This means a total of 8 Clover and 6 LEPS detectors were
used for the experiment. Individual crystals of the Clover detectors were marked with
letters and colours: a — Black, b — Blue, ¢ — Green and d — Red. When in position, the
centre of the detector was precisely at the given angle (45°, 90° or 135°), while the
angles of the crystals were shifted by + 5°. Every Clover detector was positioned in the
same direction so that Black and Blue crystals were at 85° and 130° degrees and Green
and Red crystals were at 95° and 140° degrees, respectively. BGO suppression shields
were equipped to all 8 Clover detectors, Tab. 2.3 shows the values of the Compton

background suppression for each crystal (3 values were not listed in the experiment

log).
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Clover crystals

Clover detector array
number position a b e d
C1 3 16.0 % 15.0% 15.0 % 15.0%
C2 6 16.0 % 16.0 % 16.0 % 16.0 %
C3 10 18.0 % 19.0 % - 17.6 %
C4 12 209 % 20.0 % 23.0% 21.9%
C5 1 20.7 % 195% 22.1% 209 %
C6 4 - 14.0% - 14.0%
C7 2 22.0% 21.9% 21.1% 22.7%
C8 11 14.0% 14.0% 15.0 % 13.7%

Table 2.3: Compton background suppression for each Clover crystal
2.5 Data acquisition and analysis

2.5.1 Data acquisition system for AFRODITE

The data acquisition (DAQ) system for the experiment PR235 was based on
Digital Gamma Finder (DGF) Pixie-16 modules developed by XIA LLC [47, 48]. Each
module accepts signals directly from preamplifiers of the germanium crystals and the
BGO shields. The modules are connected to the DAQ system via fast PXI bus. The
incoming analog signals are amplified and subsequently digitized with 12-bit precision.
All events are time-stamped with an internal 100 MHz clock. The Pixie-16 modules
allow to collect the complete traces of signals, however this option is not suitable for in-
beam gamma-ray spectroscopy due to high counting rate of germanium detectors (the
speed of the PXI wouldn’t be sufficient for such a mode). The digitalized data is
transported into the controller PC, where the events are reconstructed by the Event
builder of the Multi Instance Data Acquisition System (MIDAS) developed at STFC
Daresbury Laboratory [49]. The Event builder allows to prefilter the data. For the
experiment PR235, only events when two or more germanium crystals generated
coincidence signals were written down. The energies and signals from the BGO shields
were not written but signals in coincidence with the BGO shields were directly
discarded. The measured data was then written on the disk in the EUROGAM data
format [50].
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2.5.2 Data Analysis

The analysis of the data from the experiment was carried out solely at the
Institute of Physics, Slovak Academy of Sciences in Bratislava. During the three
weekends of the experiment, more than 5.5 TB of data were obtained and recorded on a
disc. It was written in a tree data structure consisting of three values. In this data
structure, every event is categorized by its channel (number of the detector crystal
where the event was registered), raw energy (uncalibrated energy of the registered
event) and a time-stamp from the internal clock, which determines the time when the
event was registered during the experiment. The first step in the analysis was the
development of our own analytical software for reading raw data. The composed
program was written in C++ utilizing the ROOT data analysis framework [51].

The program reads the tree structured raw data and allows us to reconstruct
gamma-ray singles for every detector as well as to create coincidence spectra for
various detector and peak configurations (e.g. coincidence with a single gamma line).
The gate interval for coincidences can be changed to any required value. Plotting the
subtraction of time-stamp values for the events registered consecutively in time in all
the Clover crystals, we get Fig. 2.9. This Figure shows that most coincidence events are
registered within approximately 20 ns after the incident gamma-ray. After analysing this
spectrum, we decided to set the gates for prompt coincidence at 0 — 20 ns and for
random coincidence at 60 — 80 ns. The coincidence spectra in the program were created
from events in prompt coincidence with each other while the events with random
coincidence were subtracted as background. The same behaviour in coincidence time
was observed for LEPS detectors, therefore the same gate intervals were chosen.

Standard sources listed in Tab 2.4 were used for the calibration of the detectors
used in the experiment. Data from the calibration measurements were run through the
program and the acquired spectra were analysed. Fitted peak positions in the raw energy
spectra were calibrated with a quadratic function. Calibration was performed on each
Clover element and LEPS segment separately.
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Figure 2.9: Coincidence times for Clover detectors.

Detector Source Gamma Lines [keV]
Clover 24 Am (1Q848, 457.3 kBq, 1.4.1984) 59.5
0Co (B7-533, 375.6 kBq, 1.6.2004) 1173.2,1332.5
13383 (1R797, 396.6 kBq, 1.4.1984) 81.0, 276.4
302.9, 356.0
383.9
137Cs (25027, 375.9 kBq, 1.4.1984) 661.7
152Ey (B7-535, 363.6 kB, 1.6.2004) 121.8, 244.7
344.3, 444.0
779.0, 964.1
1112.1, 1408.0
LEPS 24 Am (1Q848, 457.3 kBq, 1.4.1984) 59.5
13383 (1R797, 396.6 kB, 1.4.1984) 53.2,81.0
276.4,302.9
356.0, 383.9

Table 2.4: List of calibration sources and gamma-lines used in the experiment PR235.
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The employed analytical program has the option to correct the data and the
output spectra (if necessary) for the Doppler effect. In these types of experiments, the
Doppler effect occurs because the recoils, given enough energy from the beam in the
reaction, escape the target and still emit gamma-rays while in motion. Using SRIM (the
Stopping and Range of lons in Matter) software package [52, 53], we calculated the
recoil (created in the middle of the target) energy at approximately 2.23 MeV in the
moment of leaving the target, which equals v/c = 5-1073,

Another feature of the program is the addition of add-back calculations for both
Clover and LEPS detectors. The principle of this technique is described in 2.3.2. For the
calculations, the same gate interval as for the prompt coincidence was chosen (0 — 20
ns). The incorporation of the add-back technique led to a considerable decrease in the
Compton part of the spectra. The differences for both Clover and LEPS detectors for
our experimental data are shown in Figures 2.10 and 2.11.

4.0

3.5 —
total clover spectrum

add-back total clover spectrum
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Figure 2.10: Decrease in the Compton part of the spectra for all Clover detectors using

the add-back technique calculations.
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Figure 2.11: Decrease in the Compton part of the spectra for all LEPS detectors using

the add-back technique calculations.

The output file of our program after sorting the data contains several one- and
two-dimensional spectra. The two-dimensional spectra, so called y-y matrixes, where
the main results of the programs analysis. They were constructed from coincidence
events from selected detectors. A singe y-y matrix contains all the coincidences of the
selected detectors. After that, the main data analysis was performed using the RadWare
software package [8, 9]. The y-y matrixes were extracted from the output file and
analysed with ESCL8R, an interactive program for easy and fast graphical inspections
of y-y data [8]. The matrix for the program must be symmetrised, meaning the energy
axes are identical. ESCL8R requires efficiency calibrations, energy calibrations and 2D
background subtraction for the studied data. Efficiency calibrations are obtained from
EFFIT, energy calibrations from ENCAL, and the 2D background subtraction is
performed in GF3, all RadWare package programs. The 2D background was created
from x and y axis projections of the matrix, using SLICE. The background subtraction
algorithm is described in [9]. In ESCL8R, during analysis of the gamma-rays, a
proposed level scheme is constructed and can be stored for further usage. For transitions

assigned in the level scheme, ESCL8R can perform calculations of intensities, internal
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conversion coefficients, transition and level energies. The requirement for reliable
calculated coefficients is the accurate assignment of transitions in the level scheme.
Simultaneously, these calculations can reveal mistakes in the proposed level scheme. In
our data analysis, detector calibrations were performed before early, not in RadWare,
therefore ENCAL was not used. The efficiency calibration was performed using EFFIT,

where the function of the efficiency is defined as:

_1

{[(A+B*x+C*x2)_G+ (D+E*y+F*y2)_G] G}

eff = ¢ (2.13)
Parameters A - G are obtained by fitting the efficiency calibration curve, A - C define
the efficiency at lower energies, D - F at higher energies. x = log(E,/100 keV) and y =
log(E,/1000 keV). Fig. 2.12 shows the efficiency calibration curve from the program

and Tab. 2.5 lists the values of the parameters.

] 800 1200 1600

Figure 2.12: Efficiency curve fit for the AFRODITE detectors in the experiment PR235.

A B C D E F G

Ring 1 5.2 1.5 0 4.655 -0.899 0.007 15

Table 2.5: Efficiency equation parameters obtained by EFFIT for AFRODITE detectors.

Similar to the y-y matrixes, triple coincidence structures, called y-y-y cubes can
be constructed in RadWare. The requirements for this are at least three detectors and a
high data statistic, since only events registered at the same time in three and more

detectors are suitable. In a y-y-y cube, spectra that are in coincidence with two
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transitions at once can be generated and analysed. Since our experimental data has high
statistics, alongside y-y matrixes, we also constructed a y-y-y cube from the Clover data.
The main program for the examination and analysis of the cube is called LEVIT8R. As
with the matrix, several other programs are used to modify the data for the final
program, including EFFIT, ENCAL, INCUBSR for the construction of the cube and
PRO3D for two-dimensional projections. LEVIT8R works similarly as ESCL8R. A
level scheme is constructed from the spectra, but the transition intensities and the count
rates are much lower. We used the Clover y-y-y cube to confirm or reject the transitions
observed in ESCLS8R.

While written primarily for the analysis of the data from the experiment PR235,
the program in co-operation with RadWare can reconstruct and analyse any kind of

gamma-ray spectroscopy data recorded in a similar data structure.
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3 Experimental results and discussion

The present work contains results of a spectroscopic study of the neutron-
deficient isotope 8Au. By using several nuclear spectroscopic methods, we obtained
knowledge about this isotope and constructed a level scheme based on the newly
analysed data and the previous studies of 8’Au [6, 7]. The experiment was carried out at
iThemba LABS, employing fusion-evaporation reactions to produce the isotope, and in-
beam gamma-ray spectroscopy for measurement of the outgoing gamma-rays, which
contain valuable information on the produced isotope. The subsequent analysis utilized
the ROOT data analysis framework and the RadWare software package. Directional
correlations from oriented states and linear polarization methods were used to determine
and assign spin and parity to the states of the deduced level scheme. The analysis of the
data run into a serious (and unfortunately unsolvable) problem, the contaminations from
other isotopes produced in the reaction were very significant, as opposed to the
prediction for the experiment. The data analysis of the experiment was carried out
offline, therefore the presence of the contaminations was discovered well after the
actual experiment. Several attempts were made to remove (e.g. gating on characteristic
gold X-rays) or to lower the contaminations (shorter coincidence times, using y-y-y
cubes) in the data. They could not be removed, but some of the applied methods were
partially successful. These circumstances contributed to the fact that no new transition
was assigned to the level scheme, since we could not in good conscience decide whether
the observed transition originates from the studied isotope or from a contamination.
However, the band structures of the intruder state configuration were clearly not present
in our data, even with the presence of contaminations. Concluding that they must have a

different structure than predicted.
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3.1 Results for 87Au

The 87Au isotope nucleus consists of 79 protons and 108 neutrons, it has a half-
life of 8.3 minutes. The ground state of the isotope is 1/2* [54], corresponding to the
3s12 orbital (see Fig. 1.2). It decays by electron capture (~100%) to '¥7Pt and a very
small percentage (0.003%) by alpha decay to #Ir. There are also isomeric states
identified in the previous studies of ' Au. Most notably the intruder 9/2" state at 120.3
keV, with a half-life of 2.3 seconds [56], other isomeric states have half-lives in the
order of nanoseconds [6].

The level scheme of ‘8’Au, deduced from the experimental data is shown in
Figures 3.1 and 3.2. It is composed from 9 bands, that were labelled with numbers (no
significant order), and some other “non-band” transitions. The level scheme was
constructed in RadWare and contains transition energies, level energies, spins and
parities of the states and intensities of transitions. The transition intensities in the level
scheme are displayed as the thickness of the arrows, the thicker the arrow, the higher the
intensity of the transition. The blank part of the arrows (e.g. 13/2~ — 9/2" transition in
Band 1) represents the percentage of the transition that decays via conversion electrons.
The placement of the individual transitions into the level scheme was based on y-y and
y-y-y coincidences that were constructed from the data. Most of the transitions were
assigned based on coincidence gates, where gated spectra directly showed the
transitions in coincidence. The lower spin transitions have higher intensities, moving the
coincidence gate up to higher transitions that are in coincidence shows us better in what
order the low intensity transitions are in the same band or structure. The final order of
the transitions in the scheme was mainly determined by their intensity and energy
(higher spin transitions have usually higher transition energy). The intensities in the
level scheme must also take into account the feeding of the transitions from above.

Tab. 3.1 shows all the transitions from the present data that were assigned to the
187Au level scheme. The table contains transition energies E,, relative intensities I,
(normalized with transition 413.79 keV from Band 1), initial level energies E;, internal
conversion coefficients a and initial and final level spins Ii*, If*. All the values and their

respective errors (when listed) were obtained from RadWare.
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Figure 3.1: Level scheme of 8 Au, deduced from our experimental data.
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Figure 3.2: Level scheme of 8 Au, deduced from our experimental data - continued

58



Ey [keV] Iy [%0] Ei [keV] a I It
Band 1
233.68(3) 188(8) 354.0 2.3E-01 13/2- 9/2-
334.67(3) 140(6) 688.7 7.5E-02 17/2- 13/2-
413.79(4) 100(4) 1102.5 4.2E-02 21/2 17/2
491.66(4) 73(3) 1594.0 2.7E-02 25/2~ 21/2-
566.96(4) 51(2) 2161.0 1.9E-02 29/2- 25/2-
638.65(8) 17(2) 2799.6 1.5E-02 33/2° 29/2°
704.55(14) 9(1) 3504.2 1.2E-02 37/2 33/2-
760.06(20) 4.2(8) 4264.2 1.0E-02 41/2- 37/2
777.44(61) 1.3(8) 5041.7 9.7E-03 4512 4112
Band 2
143.0(2) 8(2) 497.0 2.7E+00 11/2- 13/2~
318.93(4) 28(2) 815.9 8.6E-02 15/2~ 11/2-
376.70(5) 42(12) 497.0 1.9E-01 11/2- 9/2
416.79(5) 34(2) 1232.7 4.1E-02 19/2~ 15/2~
462.01(4) 43(3) 815.9 1.1E-01 15/2~ 13/2~
506.83(7) 23(2) 1739.7 2.5E-02 23/2° 19/2-
544.03(8) 16(1) 1232.7 7.1E-02 19/2 17/2
614.7(2) 8(2) 2354.4 1.6E-02 27/2- 23/2"
636.6(1) 15(2) 1739.7 4.7E-02 23/2" 21/2-
659.0(4) 2.6(9) 3013.4 1.4E-02 31/2- 2712
Band 3
148.1(2) 5(1) 1380.7 1.6E-01 17/2* 19/2-
258.8(1) 13(2) 1380.7 1.6E-01 17/2* 13/2*
306.0(3) 5(1) 1121.9 2.6E-02 13/2* 15/2-
316.50(5) 38(2) 1697.7 8.8E-02 21/2* 17/2*
356.7(1) 12(2) 2097.3 1.8E-02 25/2* 23/2"
400.15(4) 37(2) 2097.3 4.6E-02 25/2* 21/2*
443.85(6) 21(1) 3482.7 3.5E-02 37/2* 33/2*
464.68(6) 24(2) 1697.7 1.0E-02 21/27 19/2~
469.85(5) 34(2) 3038.9 3.0E-02 33/2* 29/2*
471.77(4) 46(2) 2659.0 3.0E-02 29/2* 25/2*
510.59(7) 17(2) 3993.3 2.5E-02 41/27 37/27
564.83(5) 46(3) 1380.7 6.7E-03 17/2* 15/2~
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Ey [keV] Iy [%0] Ei [keV] a Ii It
Band 3 - continued
599.51(8) 16(1) 4592.8 1.7E-02 45/27 41/27
625.0(2) 12(2) 1121.9 5.4E-03 13/2* 11/2-
687.9(2) 4.0(8) 5280.8 1.3E-02 49/2* 45/2*
768.0(3) 5(2) 1121.9 3.6E-03 13/2* 13/2-
773.4(3) 2.7(6) 6054.2 9.8E-03 53/2* 49/2*
Band 4
163.26(8) 8.3(6) 3129.5 1.9E+00 35/2" 33/2-
280.04(7) 10.3(7) 3762.2 4.2E-01 39/2- 37/2
281.8(1) 5.3(7) 4507.3 4.1E-01 4312 4112
296.45(6) 12.3(9) 2966.3 3.6E-01 33/2" 31/2-
352.70(6) 13.3(9) 3482.2 2.2E-01 37/2 35/2"
459.9(1) 7.9(8) 3129.5 3.2E-02 35/2° 31/2
463.04(8) 11.3(9) 4225.4 1.1E-01 4112~ 39/2-
508.81(4) 26(1) 2669.8 8.4E-02 31/2- 29/2~
515.9(2) 3.7(7) 3482.2 2.4E-02 37/2 33/2"
633.1(1) 7.4(8) 3762.2 1.5E-02 39/2° 35/2°
743.2(1) 5.8(7) 4225.4 1.1E-02 41/2- 37/2
745.4(1) 6.4(7) 4507.3 1.1E-02 43/2" 39/2-
Band 5
499.84(6) 9.5(7) 2792.3 2.6E-02 31/2- 2712
552.43(6) 13.9(8) 2292.5 2.1E-02 27/2- 23/2"
554.32(8) 6.7(5) 3346.6 2.0E-02 35/2" 31/2-
631.4(1) 5.4(5) 3978.0 1.5E-02 39/2- 35/2"
698.80(6) 10.4(7) 2292.5 3.7E-02 2712 25/2-
Band 6
103.6(1) 4.7(5) 223.9 6.8E+00 11/2- 9/2~
149.6(1) 7(1) 2581.0 1.5E-01 2712 25/2*
384.8(3) 3(2) 2581.0 5.1E-02 2712 23/2-
449.43(5) 119(23) 673.4 3.4E-02 15/2~ 11/2-
526(1) 26(3) 749.7 7.7E-02 13/2- 11/2-
642.9(1) 18(3) 1316.3 4.6E-02 17/2- 15/2-
732.35(5) 47(3) 1405.7 1.1E-02 19/2~ 15/2~
736.0(2) 8(1) 2052.2 1.1E-02 21/2- 17/2-

60



Ey [keV] Iy [%0] Ei [keV] a Ii It
Band 6 - continued
790.8(1) 11(2) 2196.4 9.3E-03 23/2° 19/2~
Band 7
133.61(7) 14(1) 3811.5 3.3E+00 35/2* 33/2*
136.9(1) 6.7(8) 4789.0 1.5E+00 43/2* 39/2*
149.5(1) 9(1) 2431.4 2.4E+00 25/2" 23/2"
166.47(7) 16(1) 2281.9 7.6E-01 23/2" 21/27
211.57(8) 7.0(6) 4789.0 3.1E-01 43/2* 39/2*
406.9(2) 2.9(7) 5783.0 1.5E-01 49/2* 47/2*
492.44(7) 18(2) 2923.8 2.7TE-02 29/2" 25/2*
587.1(2) 5.6(8) 5376.1 1.8E-02 47/2* 43/2*
617.7(4) 1.9(8) 6400.7 5.1E-02 51/2* 49/2*
709.68(5) 31(2) 2115.4 4.2E-03 21/27 19/2-
754.05(6) 17(1) 3677.9 1.0E-02 33/2* 29/2*
766.39(9) 9.6(9) 4577.7 1.0E-02 39/2* 35/2*
840.1(1) 9.4(9) 4651.9 8.2E-03 39/2* 35/2*
Band 8
271.6(2) 2.5(6) 443.4 1.4E-01 9/2 52~
298.59(9) 13(2) 742.2 1.1E-01 13/2- 9/2-
322.9(1) 3.5(3) 443.4 2.8E-01 9/2- 9/2-
388.6(1) 8(1) 742.2 1.7E-01 13/2- 13/2-
424.91(7) 15(2) 1167.1 3.9E-02 17/2- 13/2~
517.76(7) 15(2) 1684.9 2.4E-02 21/2- 17/2-
Band 9
220.28(9) 3.0(2) 240.5 8.1E-01 5/12* 3/2"
381.9(4) 2.1(8) 1150.6 5.2E-02 13/2* 9/2*
439.54(8) 12(2) 1150.6 3.6E-02 13/2* 9/2*
455.8(1) 7.9(9) 1606.4 3.3E-02 17/2* 13/2*
470.67(7) 22(3) 711.1 3.0E-02 9/2* 5/12*
Other
193.73(6) 5.6(4) 4851.1 4.2E-01 47/2 43/2~
343.84(9) 3.4(3) 4851.1 7.0E-02 4712~ 4312~
386.9(1) 3.3(4) 3353.3 1.7E-01 35/2- 33/2°
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E, [keV] Iy [%] Ei [keV] a |im I

Other - continued
431.8(1) 3.9(4) 4657.4 1.3E-01 4312 4112
532.9(1) 4.1(5) 4015.5 7.5E-02 39/2° 37/2°
608.9(1) 4.6(5) 6127.9 1.6E-02 55/2- 51/2-
641.58(8) 5.3(5) 4657.4 1.5E-02 43/2- 39/2-
662.0(1) 3.3(4) 4015.5 1.4E-02 39/2° 35/2°
667.91(7) 6.1(4) 5519.0 1.3E-02 51/2- 4712
732(1) 3.7(4) 2061.2 1.1E-02 21/2- 17/2-
895.66(9) 3.5(3) 4657.4 7.3E-03 43/2 39/2°

Table 3.1: Gamma-ray transitions in our experimental data assigned to the level scheme

of 1¥Au.

3.1.1Band 1 and 4

Band 1 in our level scheme contains the highest intensity transitions and can be
described as the main band in 8’Au. The band-head has a spin of 9/2 and is located at
120 keV. It has a half-life of 2.3 seconds and decays by isomeric transition (100%) to
the 3/2" state by a 101 keV E3 transition [56]. The 3/2* state has a half-life of 6.5
nanoseconds [6] and decays to the 1/2" ground state at 0 keV, which has an oblate shape
[7, 57]. The 9/2" state corresponds to a proton, located at the 1hg. orbital, coupled with
an even-even 7gPt core. The proton crosses the closed shell at 82 (see Fig. 1.2) and
therefore the 9/2~ state is categorized as an intruder state. The band structure was
previously observed in [6, 7]. No new transitions were assigned in the present study
beyond the 45/2" state. The lower states up to spin 29/2 have side-feeding from other
bands. No conclusive transitions from Band 1 to another band have been identified,
similar to the previous in-beam gamma-ray measurements. Fig. 3.3 shows the spectrum
gated at the 567.0 keV transition that depopulates the Band 1 29/2" state. We can see the
lower transitions of the band structure plus transitions from Band 4, which populates the
29/2" state with a 508.8 keV (M1+E2) transition. Fig. 3.4 shows the spectrum gated at
the 638.6 keV transition that feeds the 29/2~ state of Band 1, where no transitions from
Band 4 are present. Therefore, we can confirm that the side-feeding occurs at the 29/2~
state. This fact can be better observed in Fig. 3.7, that shows the y-y-y cube spectrum
gated at both 567.0 keV and 638.6 keV. The isomeric band-head of Band 4 lies at 2670
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keV with a spin of 31/2~ and a half-life of 90 nanoseconds [6] (100 ns in [7]). The
transitions in Band 4 are shown in Fig. 3.5, gated at 508.8 keV. A high-spin structure
with lower intensity transitions that side-feeds Band 4 has been observed (see Fig. 3.1).
Part of the structure appeared in [7] and part in [6], where it was labelled as a separate
band (Band 5 in Fig. 2.8). Because of the lower intensities, the transitions are listed in
the “Other” section of Tab. 3.1 and not as part of the band.
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Figure 3.3: Energy spectrum gated at 567.0 keV.
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Figure 3.4: Energy spectrum gated at 638.6 keV.
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Figure 3.5: Energy spectrum gated at 508.8 keV.
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Figure 3.6: Energy spectrum gated at both 233.7 keV and 334.7 keV.
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Figure 3.7: Energy spectrum gated at both 567.0 keV and 638.6 keV.
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Figure 3.8: Energy spectrum gated at both 567.0 keV and 508.8 keV.

3.1.2Band 2,3 and 5

Other bands that side-feed the main band are Band 2, 3 and 5. Spectra containing
transitions from Band 2 can be seen in Fig. 3.9 and 3.10. In the latter, it can be observed
that the 462.0 keV transition has a higher intensity than the 318.9 keV (intensity is
proportional to the peak height). Both transitions depopulate the 15/2~ state, which
means that the 462.0 keV transition feeds the major part of the Band 2 intensity into
Band 1. This can be clearly seen in the level scheme (see Fig. 3.1). The same situation
occurs in Band 3 with 564.3 keV and 258.8 keV at the 17/2” state (See Fig. 3.11). The
334.7 keV transition from Band 1 is observed in Fig. 3.10, which suggests a transition
from the 15/2- state in Band 1 to the 17/2" state in Band 2. The transition, with an
expected energy of around 127 keV, was not observed in y-y or y-y-y data. Fig. 3.14
shows the spectrum gated at both 376.7 keV and 318.9 keV transitions from Band 2.
The band-head of Band 3 has a spin of 13/2* and is located at 1122 keV. The 13/2" state
corresponds to a liiz;z orbital proton coupled with an even-even 7sPt core (see Fig. 1.2).
Like the 9/2- state in Band 1, the 13/2" is also an intruder state. Band 3 contains a
doublet consisting of 469.9 keV and 471.8 keV transitions. Both transitions can be seen

in Fig. 3.11 together with another doublet from transitions that cross bands, 462.0 keV
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and 464.7 keV. Fig. 3.12, spectrum gated at 471.8 keV, confirms that the transitions are
in coincidence. As does Fig. 3.16, where the spectrum is gated at both transitions. Band
5 has a high-spin band head and side-feeds bands 1 and 2. It also contains a doublet

with 552.4 keV and 554.3 keV. Fig. 3.13 shows the transitions in coincidence with the
former transition.
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Figure 3.9: Energy spectrum gated at 376.7 keV.
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Figure 3.10: Energy spectrum gated at 416.8 keV.
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Figure 3.11: Energy spectrum gated at 400.2 keV.
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Figure 3.12: Energy spectrum gated at 471.8 keV.
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Figure 3.13: Energy spectrum gated at 552.4 keV.
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Figure 3.14: Energy spectrum gated at both 376.7 keV and 318.9 keV.
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Figure 3.15: Energy spectrum gated at both 316.5 keV and 400.2 keV.
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Figure 3.16: Energy spectrum gated at both 469.9 keV and 471.8 keV.
3.1.3Bands 6-9

The band-head of Band 6 has a spin of 11/2" and lies at 224 keV. The state is
isomeric, with a half-live of 48 nanoseconds [58], and decays via a 103.6 keV M1 + E2
transition to the 9/2" state of Band 1. The 11//2" state corresponds to a 1hiy2 orbital hole
coupled with an even-even goHg core. The 449.4 keV transition is one of the most
intensive in the level scheme. Band 7 side-feeds Band 6 by populating the 19//2" state
with a 709.7 keV E1 transition. Fig. 3.17 — 3.19 show the transitions of the two bands.
The last two bands have been previously observed in the in-beam measurements in [7],
but not in [6]. This is strange, since the production reaction of *8’Au was the same. In
the present study, we can see these transitions, albeit with lower intensities than in other
observed bands.
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Figure 3.17: Energy spectrum gated at 103.6 keV.
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Figure 3.18: Energy spectrum gated at 709.7 keV.
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Figure 3.19: Energy spectrum gated at both 709.7 keV and 732.3 keV.

The placement and order of the individual transitions in the bands was based on
intensity calculations from RadWare. The scheme itself is constructed from the Clover
y-y matrix data in ESCL8R, but correction have also been made based on y-y-y cube
data. As can be seen, the double gated spectra have lower count rates, but are much
more accurate since a lot of contaminations and statistical coincidences have been
eliminated. The decrease in the count rate from y-y to y-y-y spectrum is approximately
103. Therefore, some low-intensity transitions might have been lost in the y-y-y data.
Another, before mentioned, problem was the constant presence of transitions from
contaminations. These transitions have in many cases very similar energies to the ones
in ¥Au (some examples will be mentioned in chapter 3.2), which complicates the
intensity calculations and subsequently the order and placement of the transitions. This
was the case in almost all *¥’Au bands, but more notably in Bands 7-9, because their
transitions have mostly lower intensities. The other problem with the placement of new
transitions was the fact that the most intensive transitions were often visible in gated
spectra, where we knew they do not belong. An example is in the Fig. 3.17, where

transitions 233.7 keV and 334.7 keV can be seen. The gate in this spectrum is set at
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103.6 keV, which is not in coincidence with the listed transitions (see level scheme in
Fig. 3.1 and 3.2). These occurrences led in quite a few cases to an unsuccessful search
for other transitions in coincidence.

To solve some difficulties in transition assignments, we used the y-y matrix data
from LEPS detectors. Since LEPS detectors have a high efficiency for lower energies,
their spectra were used to resolve low lying transitions. Fig. 3.20 shows such a LEPS
spectrum, gated at 103.6 keV. We can see that transitions above 300 keV have lower
intensities than the same spectrum for Clover detectors in Fig. 3.17. We used the LEPS
data also to observe the characteristic X-rays, which proved valuable in determining the
contaminating isotopes in the data. Fig. 3.21 shows the characteristic X-rays of gold

(Kal, Ka2 and K1), that were observed in coincidence with the 449.4 keV transition
from Band 6.
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Figure 3.20: LEPS energy spectrum gated at 103.6 keV.
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Figure 3.21: LEPS energy spectrum gated at 449.4 keV.

3.1.4 Rotational bands and Intruder states

The purpose and the main goal of the experiment PR235, mentioned in chapter
2.4., was the identification of rotational band structures built upon intruder states. No
such transitions were observed in our data. These expected (or predicted) transitions
could have been obscured by the contaminants present in our data or simply they are not
present. One example is the 11/2" intruder state identified in the beta-decay study [4],
seen in Fig. 2.6 and 3.22 [59]. The transition was not visible in the singles data and
when gated (see Fig. 3.23), there are no new transitions present, only the most intensive
transitions from our data, that are at some level visible all the time because of accidental
coincidences. From the coincidences seen in Fig. 3.23, the 657 keV transitions would
more likely be a part of *®Au. Looking at Fig. 3.2 and 3.22, the 657 keV transition
would have to be in coincidence with a 104 keV and a 306 keV transition, which are not
seen in Fig. 3.23. Furthermore, the 657 keV transition is very clearly not present in Fig.
3.17, a spectrum gated on 104 keV. The conclusion is that we observed no evidence of

this transition and it is not present in our data. Furthermore, looking at the systematics
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in odd-mass Au isotopes in Fig 3.22, we can see that there are differences in how the
pair of 11/2- states behave in 1"”Au and *¥7Au. In 1’ Au, they are not directly connected
by an EOQ transition, but the decay proceeds through other states [59]. Taking this into
account, the structure of the band in '8 Au has to be very different from the one in *"’Au
seen in Fig. 3.22, e.g. a band with very high spin and energy that we could not populate
in our experiment.
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Figure 3.22: 11/2" intruder state configurations in *’’Au and 8’ Au, taken from [59].
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Figure 3.23: Energy spectrum gated at 657 keV.
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3.1.5 Polarization measurements and Rpco

By calculating the Rpco for *®’Au in our data, we aimed to confirm, or expand,

the knowledge on the multipolarities of the transitions that were assigned in the

previous studies, especially the in the in-beam gamma-ray spectroscopy experiments [6,

7]. For Rpco calculation, using equation 2.7, the detector efficiencies at different angles
had to be defined. The AFRODITE array has three different angles at which the

detectors can be positioned, see chapter 2.3.1. For Clover detectors, we marked the

positions as Ring 1 and Ring 2, corresponding to 135° and 90°. Detector efficiencies
were obtained by EFFIT (see chapter 2.5.2). Fig. 3.24 shows the fit of the efficiency

calibration curve for Ring 2.

203}

03

Figure 3.24: Efficiency fit of Ring 2 of AFRODITE.

A B C D E F G
Ring 1 6 2.9 0 4.709 -0.757 0.014 15
Ring 2 5.65 3.18 0 4.501 -0.725 0.022 12.2

Table 3.2: Efficiency equation parameters obtained by EFFIT for the AFRODITE

Clover detectors.

Data from *2Eu and ***Ba calibration sources were used for calibrating the efficiency

curve, Tab. 3.2 lists the final parameters for equation 3.1. The final calculations of Rpco

for Band 1 is listed in Tab. 3.3. Since the intensity of the same transition measured in
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different angles depends only on the peak area and the detector efficiency, equation 2.7

can be written as:

Ring 2 eff Ring 1area
= %

RDCO -

3.2
Ring leff Ring 2 area (32)

transition Ringlarea Ring2area Ringleff Ring 2 eff Rbco
[keV]
233.7 1.43E+05 1.21E+05 342.96 269.88 0.93
334.7 4.39E+04 4.36E+04 258.34 204.50 0.80
413.8 3.36E+04 2.99E+04 218.73 173.78 0.89
491.7 5.02E+04 4.08E+04 191.23 152.44 0.98
567.0 3.47E+04 2.98E+04 171.24 136.93 0.93
638.6 2.09E+04 1.52E+04 156.22 125.27 1.10
704.5 5.19E+04 3.82E+04 147.37 120.75 1.11
760.1 1.31E+04 6.60E+03 139.17 114.19 1.63
777.4 1.73E+05 7.07E+04 134.35 108.30 1.98

Table 3.3: Rpco calculations for Band 1.

Calculating Rpco for transitions with known multipolarities gives us the value
that is associated with this particular multipolarity in the experimental data. In our case,
for Band 1, all the transitions are E2 [6]. Looking at the most intensive transitions for
this band in Tab. 3.3, the Rpco value for E2 transitions should be approximately 0.9 +
0.1. We can see that the last four transitions do not fit this number. These transitions
from Band 1 are all above the state, where side-feeding from Band 4 occurs. This could
influence the values, but it would not explain the large differences between them. From
the used equation, it is certain, that the peak areas have the biggest effect on the
outcoming values. This is where the presence of the contaminations can have an effect
once again, by affecting the fit of the peak area. Because of this, higher transitions had
to be gated at different transitions, for us to be able to fit the area cleanly. Since the
contaminants are more present at lower energies, it is possible that the higher value for
Roco is actually more precise. We tried to calculate some other values for known E2

transitions form Band 2 and 3, but there was a similar dispersion present.
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3.2 Contaminations

As mentioned several times in the experimental results of ¥’Au, the biggest
problem encountered in our data were contaminating transitions from other isotopes that
were also created in the fusion-evaporation reaction and the subsequent de-excitation
and decay. Several of these contaminants have been identified, some with a very high
count rate and intensity of transitions. To calculate the intensities of the ®Au
transitions with RadWare, all the transitions from these contaminants had to be
identified and appropriately placed in their respective level schemes. This chapter will
list the identified contaminants in our data.

The most abundant contaminant is the ¥8Au isotope. The level scheme of the
isotope is shown in Fig. 3.25 and Tab. 3.4 contains information on the transitions in the
scheme (relative intensities |, are normalized with the 447.3 keV transition). The
transitions in this level scheme were not so thoroughly evaluated as in the studied 8’ Au.
We did not necessarily try to find new transitions, the scheme was built on previous in-
beam data of 8 Au [60]. The energy of the 11~ state is not known [60], the energy of the
state has been set to 20 keV in our level scheme. Looking at the level scheme, we notice
that many transitions have high intensities that match those of ¥’Au. The two most
intensive transitions from ¥’Au in the spectrum had intensities only few percent higher
than the two most intensive transitions in *8Au. Fig. 3.26 and 3.27 show the spectrum
gated at 447.3 keV, the most intensive transition of ®Au. The observed transitions in
coincidence are very clear. Even in y-y-y data, 88Au is still observed in high intensities
(see Fig. 3.28). The conclusion on the presence on 8Au is, that its intensity and
abundance is very nearly on the same level as the studied ®’Au, which makes it
extremely difficult to make a new observation in the data and declare that it is part of
187Au. Another problem is the fact, that the contaminant is an isotope of the same
chemical element, gold. To get rid of the contaminations, we tried to sort the data in our
program by gating the characteristic X-ray of gold, 68.8 keV. This attempt was
unsuccessful because of the presence of ¥8Au. Furthermore, some transitions in ®Au
have very similar energies to the ones in ¥’Au. Some examples (listed for ¥7Au first)
are 133.6 keV and 132.9 keV, 508.8 keV and 509.0 keV, 732.3 keV and 731.8 keV. Fig.
3.29 shows the spectrum gated at 731.8 keV, where transitions from both gold isotopes

are clearly observed.
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Figure 3.25: Level scheme of #Au, constructed from our experimental data.
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Ey [keV] Iy [%0] Ei [keV] a I It
Band 1
132.89(6) 22(2) 447.3 3.34E+00 13- 12~
365.39(7) 17(1) 1169.8 2.02E-01 15 14~
426.7(1) 5.4(8) 2668.7 1.34E-01 19 18~
429.10(9) 9.9(9) 1964.4 1.32E-01 17 16~
477.30(1) 100(11) 4473 3.44E-02 13 11
488.6(1) 7.1(9) 3361.7 9.33E-02 21 20~
693.2(2) 4.9(8) 3361.7 1.23E-02 21 19-
704.79(8) 12(2) 2668.7 1.19E-02 19- 17
722.57(5) 38(3) 1169.8 1.13E-02 15 13"
794.50(5) 20(1) 1964.4 9.24E-03 17 15
Band 2
205.1(1) 6.3(7) 2872.9 9.83E-01 20~ 19-
257.0(1) 6.9(6) 3990.9 5.26E-01 23" 22"
270.0(1) 4.6(7) 3142.9 4.59E-01 21 20~
277.8(1) 7.4(7) 2242.6 4.25E-01 18~ 17
314.30(4) 1.7(1) 314.3 3.02E-01 12- 11
356.69(3) 77(4) 804 2.16E-01 14~ 13"
365.74(6) 18(1) 1535.6 2.02E-01 16~ 15
403.8(1) 4.8(7) 3546.7 1.55E-01 22° 21
481.1(1) 5.6(6) 4471.9 2.87E-01 25 23
489.7(1) 9(1) 804 2.74E-02 14~ 12-
629.97(7) 18(1) 2872.9 1.52E-02 20~ 18~
707.01(6) 21(1) 2242.6 1.18E-02 18~ 16~
731.83(6) 23(2) 1535.6 1.10E-02 16 14
860.9(1) 8.3(7) 3733.9 7.84E-03 22° 20~
Band 3
86.4(6) 2.0(2) 2256.5 1.15E+01 18* 18*
257.29(8) 9.6(7) 3565.7 5.20E-01 22° 21°
259.8(1) 3.6(6) 4384.4 5.15E-01 24" 23"
265.69(6) 12(1) 1957.1 1.49E-01 17* 15*
299.40 (1) 20(1) 2256.5 3.45E-01 18* 17"
422.0(1) 7.3(9) 1957.1 1.24E-02 17" 16~
519.66(6) 17(2) 3308.1 7.95E-02 21" 20"
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Ey [keV] Iy [%0] Ei [keV] a Ii It
Band 3 - continued
531.85(4) 35(2) 2788.3 2.25E-02 20" 18*
559.8(1) 5.3(8) 4125.1 6.55E-02 23" 22"
777.5(1) 17(2) 3565.7 9.66E-03 22° 20"
818.55(7) 11.3(7) 4384.4 8.68E-03 24* 22°
887.29(4) 59(3) 1691.3 2.76E-03 15* 14*
Band 4
158.9(1) 2.7(3) 2502.3 2.01E+00 19- 18~
205.11(6) 8.7(5) 3011.2 9.83E-01 21 20~
303.83(5) 13.0(7) 2806.1 3.33E-01 20~ 19
390.07(9) 5.9(5) 3806 1.70E-01 23" 22°
404.72(7) 7.4(6) 3416 1.54E-01 22° 21
509.0(1) 6.9(8) 3011.2 2.50E-02 21 19
537.88(5) 10.7(8) 2502.3 2.19E-02 19 17"
609.8(2) 2.9(6) 3416 1.64E-02 22° 20~
794.8(2) 2.9(5) 3806 9.23E-03 23" 21
807.97(6) 10.9(8) 23435 8.93E-03 18~ 16~
Band 5
219.99(5) 30(2) 1911.4 8.08E-01 16" 15*
258.80(5) 17(2) 2170.2 1.63E-01 18* 16"

Table 3.4: Gamma-ray transitions assigned to ®Au.
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Figure 3.26: Energy spectrum gated at 447.3 keV.
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Figure 3.27: Energy spectrum gated at 447.3 keV - continued.
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Figure 3.28: Energy spectrum gated at both 447.3 keV and 356.7 keV.
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Figure 3.29: Energy spectrum gated at 731.8 keV.
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There are two types of contaminants that should be expected in this (and similar)
types of data, the chemical elements of the used target and decay products of the studied
isotope(s). In our case, that means '®1Ta (the target), 8Pt (:3’ Au decay) and 8Pt (}38Au
decay). All of these contaminations were found in our data. Fig. 3.30 shows the level
scheme of 181Ta, where only a few low spin states have been observed. Fig. 3.31 shows
that the two lowest transitions (136.4 keV and 165.4 keV) have a very high intensity.
Similar transitions are also found in coincidence in Band 7 in ¥’ Au. Fig. 3.32 shows the
X-ray part of the spectrum in LEPS data, where we can clearly see that these transitions

are from 81Ta, since the tantalum X-rays are present.

Band 1

15/2* 717
415 20 495 13/2*

112t _§ g2 19 M
A Yies” 13 9
72 "y 0 . T~136

Figure 3.30: Level scheme of '81Ta, constructed from our experimental data.

Ey [keV] Iy [%0] Ei [keV] a i I
Band 1
136.4(6) 100(8) 136.4 3.11E+00 9/2* 712°
165.4(2) 62(6) 301.5 1.80E+00 11/2* 9/2*
193.6(2) 34(9) 495.2 1.15E+00 13727 11/2*
220.3(5) 30(7) 716.5 7.93E-01 15/2* 13/2*
301.6(6) 15(2) 301.5 1.02E-01 11/2* 712+
358.8(3) 47(17) 495.2 6.17E-02 13/2* 9/2*
415(1) 27(14) 716.5 4.17E-02 15/2* 11/2*

Table 3.5: Gamma-ray transitions assigned to '®!Ta.
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Figure 3.32: LEPS energy spectrum gated at 136.4 keV.
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The most abundant contaminant from decay found in the data is '®8Pt, coming
from the B* decay of 88Au. The level scheme is shown in Fig. 3.33 and Tab. 3.6 shows
information on the individual transitions (relative intensities I, are normalized with the
265.7 keV transition). There are some transitions, that are very similar to 3’Au (413.8
keV) and 8Au (265.7 keV) transitions. Fig. 3.34 shows a LEPS spectrum gated at
265.7 keV, where the characteristic X-rays of platinum and gold can be observed
together.
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Figure 3.33: Level scheme of 1®Ppt, constructed from our experimental data.
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Ey [keV] Iy [%0] Ei [keV] a I It
Band 1
265.70(4) 100(4) 265.7 1.50E-01 2" 0*
405.50(4) 36(2) 671.2 4.43E-02 4* 2"
513.62(6) 18(2) 1184.9 2.45E-02 6" 4*
598.0(1) 13(2) 1782.8 1.71E-02 8" 6"
655.4(1) 5(1) 2438.2 1.40E-02 10* 8*
666.9(2) 2.7(8) 3105.1 1.34E-02 12* 10"
Band 2
146.7(1) 3.9(6) 2811.1 1.16E+00 12* 10"
148.6(2) 3.3(7) 1085.2 2.43E+00 4* 3"
328.89(8) 6.2(6) 3140 7.91E-02 14* 12*
330.74(7) 13(2) 936.5 2.65E-01 3" 2"
340.20(5) 31(1) 605.9 2.45E-01 2" 2"
413.8(4) 2.6(9) 1085.2 1.45E-01 4* 4*
417.19(9) 7.4(9) 2664.3 4.11E-02 10" 8"
451.2(1) 6.4(7) 1636.2 1.15E-01 6" 6"
464.3(2) 2.7(6) 2247.2 1.07E-01 8" 8"
479.3(2) 7(1) 1085.2 2.89E-02 4* 2"
488.4(1) 6.8(7) 3628.3 2.76E-02 16" 14*
550.95(8) 10(2) 1636.2 2.07E-02 6" 4*
605.9(1) 41(6) 605.9 1.66E-02 2" 0"
617.4(2) 2.5(6) 4245.8 1.59E-02 18* 16"
670.9(2) 5.9(9) 936.5 4.10E-02 3" 2"
Band 3
132.55(7) 9.6(8) 1768.7 2.06E-01 7 6"
202.83(6) 7.9(5) 1768.7 3.63E-01 7 5
413.61(7) 19(2) 1350.1 1.30E-02 3 3"
459.9(1) 4.2(6) 2773.2 3.21E-02 11 9
544.55(7) 9.6(7) 2313.3 2.13E-02 9 7
553.4(1) 4.0(5) 3326.6 2.05E-02 13- 117
583.8(1) 5.2(5) 1768.7 6.25E-03 7 6"
621.9(2) 2.4(4) 3948.5 1.57E-02 15 13
894.88(7) 6.1(5) 1533 2.77E-03 5 4*
1084.22(9) 7.5(6) 1350.1 1.91E-03 3 2"
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Ey [keV] Iy [%0] Ei [keV] a Ii" I
Band 4

411.612 8.94 2180 1.47E-01 8" 7
452.014 3.77 4175.7 3.35E-02 16~ 14~
471.6 4.82 3723.7 3.01E-02 14~ 12~
523.458 9.36 2703.5 2.34E-02 10~ 8"
542.687 3.82 2180 2.02E-01 8" 6"
548.636 6.16 3252.1 2.09E-02 12~ 10~

Table 3.6: Gamma-ray transitions assigned to 1#8pt.
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Figure 3.34: LEPS energy spectrum gated at 265.7 keV.

187pt is the main decay product of 8’Au. The transitions of this isotope are not
surprisingly present in our data, but their intensities are lower than expected in terms of
the contaminants, especially compared to '®8Pt. The intensities of '®Pt are an order
lower than in 1®Pt. Since they are the decay products of the most abundant isotopes in
our data, we would expect them to have similarly strong presence and intensive
transition. Fig. 3.35 shows the decay scheme of '¥Pt and Tab. 3.7 the information on
the individual transitions (relative intensities I, are normalized with the 302.7 keV

transition).
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Figure 3.35: Level scheme of 187Pt, constructed from our experimental data.
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Ey [keV] Iy [%0] Ei [keV] a Ii I
Band 1
302.67(8) 100(9) 506.2 1.02E-01 17/2* 13/2*
437.72(9) 75(10) 943.9 3.63E-02 21/2* 17/2*
553.5(1) 56(7) 1497.4 2.05E-02 25/2* 21/2*
646.7(2) 30(5) 2144.1 1.44E-02 29/2" 25/2*
709.6(3) 20(5) 2853.7 1.17E-02 33/2* 29/27
Band 2
262.8(2) 108(39) 466.3 4.99E-01 15/2* 13/2*
290.8(3) 63(6) 466.3 1.14E-01 15/2* 11/2*
397.8(2) 23(5) 904 1.61E-01 19/2* 17/2*
437.7(1) 61(12) 904 3.63E-02 19/2* 15/2*
510.1(3) 29(8) 1454.4 8.36E-02 23/2" 21/27
550.5(1) 77(9) 1454.4 2.08E-02 23/2* 19/2*
638.6(2) 40(7) 2093 1.48E-02 27/2* 23/2*
Band 3
168.5(2) 125(13) 225.7 1.70E+00 9/2" 712
204.9(1) 59(18) 430.7 9.83E-01 11/2- 9/12~
220.6(1) 85(14) 651.3 8.03E-01 13/2~ 11/2-
258.5(1) 55(8) 1153.1 5.16E-01 17/2- 15/2~
373.8(2) 50(19) 430.7 5.53E-02 11/2- 712~
425.8(7) 23(17) 651.3 3.91E-02 13/2- 9/2-
463.9(1) 50(18) 894.6 3.14E-02 15/2~ 11/2-
502.0(3) 28(8) 26.Feb 2.59E-02 17/2- 13/2-
546.6(2) 33(6) 2263.5 2.11E-02 25/2- 21/2-
563.8(1) 98(11) 1716.9 1.96E-02 21/2- 17/2-
Band 4
178.8(2) 34(12) 204.8 1.44E+00 712 52~
192.2(2) 20(4) 888.2 1.17E+00 15/2~ 13/2-
194.7(4) 10(4) 501.5 1.14E+00 11/2- 9/2
204.8(1) 63(6) 204.8 3.53E-01 712 3/2-
279.8(1) 63(6) 306.5 1.27E-01 9/2~ 5/2~
296.72(9) 87(22) 501.5 1.08E-01 11/2- 712
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Band 4 - continued

386.81(8) 98(13) 888.2 5.04E-02 15/2~ 11/2-
388.7(1) 26(9) 695.3 4.97E-01 13/2~ 9/2
463.0(1) 61(12) 1351.2 3.15E-02 19/2- 15/2~
465.5(1) 60(8) 1160.8 3.09E-02 17/2- 13/2-
519.7(2) 39(9) 1870.9 2.38E-02 23/2° 19/2~
Other
182.162 18.23 1840.9 1.37E+00 23/2" 21/27
489.738 92.09 1840.9 2.74E-02 23/2" 19/2-
715.038 26.09 1658.8 4.18E-03 21/2- 21/27
754.523 22.70 1658.8 3.76E-03 21/2- 19/2*

Table 3.7: Gamma-ray transitions assigned to 8'Pt.

Another of the identified contaminants is *Ir. While ®Ir is the decay product
(with a probability of 0.003%) of 8Au, it is not present in our data. *®Ir is a product of
the B* decay (99.99%) of 85Pt. Whereas ®Ir has a very strong presence in our data,
18pt transitions were not observed. Fig. 3.36 shows the level scheme of ®Ir, which
similarly to the previous contaminants was based on the existing level scheme from in-
beam data [61]. Information on the individual transitions are listed in Tab. 3.8 (relative
intensities I, are normalized with the 152.9 keV transition). The transitions in Band 1 of
18y have the highest intensities for contaminants in our data besides *®8Au. This can be
seen in Fig. 3.37, where the peak at 290.4 keV had to be cut to observe the lower
intensity transitions. The band also contains a 413.0 keV transition, which has a similar
energy than the 413.8 keV transition in 8 Au. The isotope also contains the identified
(or assigned) transition with the highest energy, 1451.8 keV (see Fig. 3.37). Fig. 3.38
shows the LEPS spectrum gated at 152.9 keV, where characteristic X-rays of Iridium

can be observed.
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Ey [keV] Iy [%0] Ei [keV] a I It
Band 1
152.91(4) 100(5) 158.7 9.93E-01 13/2- 9/2-
290.35(4) 87(4) 449.1 1.14E-01 17/2- 13/2-
412.98(6) 37(3) 862 4.22E-02 21/2- 17/2-
521.83(6) 22(2) 1383.9 2.36E-02 25/2- 21/2-
617.90(9) 15(2) 2001.8 1.59E-02 29/2- 25/2-
701.1(2) 9(1) 2702.9 1.20E-02 33/2- 29/2-
766.9(2) 3.6(9) 3469.7 9.95E-03 37/2- 33/2-
795.8(3) 2.2(8) 4265.5 9.21E-03 41/2- 37/2-
Band 2
99.84(9) 26(3) 2764.5 7.60E+00 39/2- 37/2-
138.7(1) 5.9(6) 2445.9 2.97E+00 35/2- 33/2-
218.73(8) 26(5) 2664.6 8.24E-01 39/2- 37/2-
231.3(2) 8(1) 3322.4 7.04E-01 43/2- 41/2-
256.9(2) 2.5(5) 2157.7 8.12E+00 31/2- 25/2-
325.3(2) 4.5(8) 3780.2 2.75E-01 47/2- 45/2-
326.7(1) 8(2) 3091.1 2.74E-01 41/2- 39/2-
363.8(1) 7(1) 3454.9 5.95E-02 45/2- 41/2-
1451.8(1) 7.1(6) 1900.8 1.10E-02 25/2- 17/2-
Other
86.8(4) 3(1) 417.8 1.17E+01 3/2+ 1/2+
114.1(2) 4.4(7) 555.2 5.22E+00 5/2+ 3/2+
133.9(2) 5.9(6) 134 1.57E+00 1/2- 5/2-
137.5(4) 2.9(5) 555.2 3.05E+00 5/2+ 3/2+
141.0(2) 3.1(5) 696 2.84E+00 712+ 5/2+
184.5(1) 10(2) 880.6 1.32E+00 9/2+ 712+
196.9(1) 7(2) 330.9 7.50E-02 1/2+ 1/2-
204.93(6) 15(2) 1085.6 9.77E-01 11/2+ 9/2+
213(1) 6.1(8) 441.1 8.88E-01 3/2+ 3/2+
218.76(8) 11(2) 1304.3 8.26E-01 13/2+ 11/2+
229.66(7) 5.9(6) 229.7 5.16E-02 3/2+ 5/2-
266.8(3) 3(1) 496.4 1.47E-01 7/2+ 3/2+
277.9(2) 2.3(4) 696 1.30E-01 72+ 3/2+
325.0(2) 3.5(7) 880.6 8.18E-02 9/2+ 5/2+
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Other - continued

335(1) 5.9(6) 334.3 2.09E-02 5/2+ 5/2-
361.79(9) 7(1) 696 2.08E-01 7/2+ 5/2+
389.8(1) 11(2) 1085.6 4.92E-02 11/2+ 712+
424.0(2) 7(1) 1304.3 3.95E-02 13/2+ 9/2+
441.7(1) 9(1) 1745.8 3.57E-02 17/2+ 13/2+
444.85(8) 20(2) 1530.3 3.49E-02 15/2+ 11/2+

Table 3.8: Gamma-ray transitions assigned to *®°Ir.
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Figure 3.37: Energy spectrum gated at 152.9 keV.

In total, three major (**8Au, ®Ir and 18sPt) and two minor (*¥1Ta and ¥7Pt)
contaminants have been observed in our data. We count the target element as a minor
contaminant, since only few transitions are present. Fig. 3.39 shows the single spectrum
of all the Clover detectors, where the most intensive peaks are labelled with different
colours, representing the isotopes from which they originate. Transitions with similar
energies are highlighted at one position. The colour of the line represents the isotope
that has the most intensive transition in this case of conjoined labels. As we can see
from this figure, the spectrum is very complicated, with many transitions from different

isotopes having same energies.
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3.3 New band and transitions in 18’Au

During the data analysis and the writing of the present work, a new publication
about ¥’Au came out [62]. In this article, new transitions and even a new band
structure, which is supposedly from *87Au, has been identified in the data from an in-
beam gamma-ray spectroscopy experiment. ¥’Au was produced at the Argonne
National Laboratory in the reaction °F + 1"4Yb, very similar to the one used in [7, 34].
The Gammasphere array was used to collect the data and only three and higher
coincidences have been written. The data was analysed using RadWare. Fig. 3.40 shows
the level scheme from the article, where new transitions are marked by an asterisk.
Bands 1 and 2 (Yrast and LW) correspond to the same two bands in our data, band 3
(SP) is the new band.

(1)
Yrast Band
187 a2
Au
776.9
4172
757.6 )
37,’2—_ ( )
LW Band
7058 31/2°
33/2- "
659.1
855.2
(3) 637.8 2 T
29/2~ —
SP Band + ............... * L
763.7 :
= 567.0 . 23/2
* 252 ¢ ¥ v
548.6 507.1
19/2- _ 639.3 L.
* T e
152t sua N84,
4045 “apre 319040

112~

Figure 3.40: Partial level scheme of *¥7Au, taken from [62].
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None of these transitions have been observed in the previous in-beam data [6, 7].
The employed Gammasphere array has better efficiency than the previously used
detecting systems and a very large amount of coincidence data was measured. This
could explain the absence of the higher energy transitions, 763.7 keV and 855.2 keV, in
the previous in-beam studies. The described article of interest does not contain any
quantified intensity values of the transitions. As explained in chapter 3.1, the thickness
of the arrow in a RadWare constructed level scheme depends on the intensity of the
transition. Based on this, we can observe in Fig. 3.40, that the two new consecutive
transitions, 265.3 keV and 404.5 keV, have intensities on the same level as the 567.0
keV transition. As a member of the main band, this transition has certainly high
intensity, even in y-y-y data. We would expect that transitions with the same level of
intensity would by clearly visible in the data, even with lower detecting efficiency.

Similar transitions have been identified in the extensive beta-decay study of
187Au [4], but they were assigned at different positions in the conclusive level scheme.
Even more than with in-beam data, it seems strange that no trace of this band was
observed. The newly observed band has a transition crossing to band 1, where it
populates the 13/2- state. This transition with an energy of 436.5 keV is therefore in
coincidence with the 233 keV, the strongest transition in ¥ Au. If present, this transition
should have been visible in the data. The PTRM calculations performed for ¥’ Au do not
predict an 11/2- band-head at this energy. Fig. 3.41 shows the PTRM calculations,
compared with the experimental data [4]. There are three 11/2" states predicted in these
calculations and all three were observed at energies similar to the expected energies
from the model. Furthermore, the experimental data in [4] have very high sensitivity.
Peaks with relative intensities as low as 0.3 % of the most intensive transition have been
identified and placed in the level scheme. Therefore, we can presume that these new
transitions are not present in the beta-decay study of 8’Au [4].

We looked at our data, if we can see these new transitions or some traces of
them. Giving the nature of our data, with several contaminants present, it would be hard
to confirm the existence of these transitions unless very clearly visible in all the possible
coincidences. Like in the article, we used Clover y-y-y data to investigate the presence
of these transitions. When gating at new transitions, we used the exact energy as listed
in Fig. 3.40, otherwise we used the energies from our data and level scheme, since there

are small differences.
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Figure 3.41: PTRM calculations and experimental data for 187 Au states, taken from [4].

Fig. 3.42 and 3.43 show spectra gated at Band 1 transitions to observe the 763.7
keV and 855.2 keV transitions, respectively. The presence of these two transitions in
our data can be ruled out, based on the shown spectra. As was the case in previous in-
beam data, this can be attributed to the lower efficiency of the AFRODITE array
compared to the Gammasphere array. The new 429.2 keV transition crosses from Band
2 to the new band and should not be in coincidence with a Band 1 transition. A
spectrum gated at 506.8 keV and 416.8 keV, shown in Fig. 3.44, shows that this
transition is also not present in our data. To observe the presence or absence of the
436.5 keV crossing transition, a spectrum gated at 233 keV and 412.3 keV is shown in
Fig. 3.45. Once again, there is no evidence in our data to confirm this transition and the
548.6 keV transition. Ultimately, we tried to look at spectra gated solely at the newly
observed transitions, Fig. 3.46 at 548.6 keV and 412.3 keV, and Fig. 3.47 at 404.5 keV
and 265.3 keV. We see some of the new transitions in both cases, but this is the part
where contaminations from our experiment interfere. Transitions similar to 404.5 keV
and 265.3 keV are present in 8Au, although not in coincidence with each other (see
Fig. 3.25). Besides Band 1 in *¥7Au, 413.0 keV is also a very strong transition in *Ir.

However, the most significant contaminant in this case is '®Pt. When we look at the
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level scheme of 8Pt (see Fig. 3.33 and Tab. 3.6), we see that the most intensive
transitions in band 1 are 265.7 keV and 405.5 keV. This is clearly visible in Fig. 3.47,
where other transitions from Pt are highlighted. In fact, %Pt contains similar

transitions to all of the transitions from the new band and they are even in coincidence.

New band in $¥7Au: 265.3 - 404.5 - 412.3 - 548.6

Transitions in 18pt: 265.7 - 405.5 - (513.6) - (583.8) - 411.6 - (523.5) - 548.6
265.7 - 405.5 - 413.8 - 551.0

All the listed transitions from Pt are shown in Fig. 3.47. Based on this, we cannot
confirm the presence of the new band in our experimental data. Considering the fact,
that no previous study of *¥’Au has observed these new transitions, it is far more likely
that they are not present in our data. Furthermore, it creates some scepticism as to
whether the new transitions and band in [62] were assigned correctly or if they originate
from 8’Au. Granting them the benefit of doubt, if these new transitions and band are
indeed part of the *¥Au structure, it would be something that has not been observed

previously. Not only in *¥7Au, but in all of the studied odd-mass Au isotopes.
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Figure 3.42: Energy spectrum gated at 413.8 keV and 491.7 keV.
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Figure 3.43: Energy spectrum gated at 491.7 keV and 567.0 keV.
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Figure 3.44: Energy spectrum gated at 506.8 keV and 416.8 keV.
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Figure 3.46: Energy spectrum gated at 548.6 keV and 412.3 keV.
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Figure 3.47: Energy spectrum gated at 404.5 keV and 265.3 keV.
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Conclusion

Shape coexistence is a phenomenon in which nuclei of the same isotope exhibit
different deformed and spherical shapes at low excitation energies. This coexistence
occurs in many nuclei and it is possible that in principle every nucleus contains
differently shaped excited states. Studying them can give us information on
deformation, which as an underlying mechanism is still not understood. One of the
regions where shape coexistence is abundantly found is in the vicinity of the Z = 82
proton closed shell and the N = 104 mid-shell point.

The present work contains results of a spectroscopic study of *7Au. For this
purpose, the experiment PR235 was performed to study the isotope with the in-beam
gamma-ray spectroscopy method at the iThemba LABS facility. It is a complementary
experiment to previous studies at the University of Jyviskyld and CERN-ISOLDE,
conducted by our collaboration with the intention to systematically study the nuclear
structure of odd mass Au isotopes. Nuclei of ®’Au were produced in a
181Ta(*2C,6n)!’Au reaction. AFRODITE, an array consisting of HPGe Clover and
LEPS detectors, was employed measurement of the gamma-rays in the target position.
Offline data analysis was performed with a software, which was developed in C++, and
in RadWare, where the subsequent level scheme of 8 Au was constructed. The aim was
to expand on the existing level scheme and observe band structures that were predicted
in PTRM calculations and from the systematics of the odd mass Au isotopes. During
analysis, contaminations were observed in our data, which made it very difficult for us
to recognize and assign new transitions to the studied ®Au isotope. These
contaminations originated from the fusion-evaporation reaction that produced 8’Au and
were not identified and removed in the measurement, because they were supposed to be
insignificant. Level schemes of contaminating isotopes were also constructed based on
observed transitions in our data.

The constructed level scheme of 8’Au contains all the band structures observed
in the two previously undertaken in-beam studies. We did not observe new band
structures that were predicted on top of intruder states identified in beta-decay studies.
Even with contaminations, we found no trace of new transitions and can declare that
they are not present in our data. This, the main conclusion from our study, suggests that

the structure in 8’ Au differs from the one predicted by the systematics of odd mass Au
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isotopes. The rotational bands must have a structure that requires a different a different
type of experimental approach.

During the development of the present work, another study of ¥’Au was
published. This study claims to have observed new transitions and a new band structure
that was not predicted nor seen in these types of isotopes before, although without a
single spectrum as a proof. Our data analysis did not confirm the existence of these
transitions. Furthermore, these new transitions are all part of *8pt, which is one of the
contaminating isotopes in our data that was a by-product of the reaction. This isotope is
unquestionably present in our data, identified by its characteristic X-rays. Therefore, we
cannot disprove the existence of these transitions in 187Au, but there is some scepticism

as to whether the new transitions and band were assigned correctly.
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Zaver

Tvarova koexistencia je fenomén, pri ktorom nadobtdaja jadra jedného izotopu
rozne deformované a sférické tvary pri nizkych excitacnych energiach. Koexistencia sa
vyskytuje vo viacerych jadrach aje dost mozné ze v principe kazdé jadro obsahuje
rozne deformované stavy. Ich Studovanie ndm moze dodat’ informacie o deformaécii,
ktord ako jeden zo zasadnych procesov stale nie je uplne pochopend. Jedna z oblasti,
kde sa tvarova koexistencia bezne vyskytuje, je v blizkosti Z = 82 uzavretej protonovej
vrstvy a v blizkosti N = 104 mid-vrstvy.

Prezentovana praca obsahuje vysledky spektroskpickej $tudie ¥’Au. Za tymto
ucelom bol vykonany experiment PR235, kde bol tento izotop Studovany metddou in-
beam gama spektroskopie v zariadeni iThemba LABS. Ide o dopliujici experiment
K predoslym §tidiam na Univerzite v Jyviskyle a v CERN-ISOLDE, vykonanych naSou
kolaboraciou so zdmerom systematicky Studovat’ jadrovu Struktiru nepéarnych izotopov
zlata. Jadra ®’Au boli produkované v reakcii ®Ta(*2C,6n)!8’Au. AFRODITA, sféra
pozostavajica z HPGe Clover a LEPS detektorov, bolo pouZitd na meranic gama
Ziarenia v ter¢ovej pozicii. Off-line analyza dat bola vykonand pomocou softvéru, ktory
bol vyvinuty v C++, apomocou balicka RadWare, kde bola nasledne zostrojena
rozpadova schéma !8’Au. Cielom bolo rozsirenie znimej rozpadovej schémy
a spozorovat’ pasové Struktury predpovedané v PTRM kalkulaciach a so systematiky
neparnych izotopov zlata. Po€as analyzy bola zistena pritomnost’ kontaminacii v nasich
datach, ktoré znacne stazovali identifikdciu a priradenie novych prechodov
k $tudovanému izotopu ’Au. Tieto kontaminacie vznikli pocas reakcie tiplnej fuzie,
ktora produkovala 8’Au, pricom neboli v tomto procese identifikované a odstranené,
pretoze bol predpoklad, Zze budii bezvyznamné. Rozpadové schémy kontaminujtcich
izotopov boli taktieZ zostavené na zaklade prechodov pozorovanych v naSich datach.

Zostavend rozpadovd schéma !8’Au obsahuje vsetky pasové Struktury
pozorované V dvoch predoSlych in-beam Studidch. Intenzity aenergie priradené
k prechodom boli ziskané pomocou balicka RadWare. Nepozorovali sme nové pasy,
ktor¢ boli  predpovedané nad intruder stavmi identifikovanymi v beta
rozpadovych stadiach. Aj s pritomnostou kontaminédcii sme nenaSli Ziadnu stopu
novych prechodov a moéZeme prehlasit, Ze nie st pritomné v naSich datach. Tento,

hlavny zéver znafej $tudie, naznaluje, Ze Struktira '8’Au sa lisi stou, ktord bola
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predpokladand na zaklade systematiky neparnych izotopov zlata. Rotacné pasy musia
mat’ Struktaru, ktord vyzaduje inl experimentalnu metoédu na jej pozorovanie.

Pocas pisania prezentovanej prace bola publikovana nova $tadia '®’Au. Tato
Stadia tvrdi, bez jediného spektra ako dokazu, ze boli pozorované nové prechody a novy
pas, ktory nebol nikdy predtym predpokladany ani pozorovany v tychto typoch
experimentov. Analyza naSich dat nepotvrdila existenciu tychto prechodov. Okrem
toho, tieto nové prechody su vietky sucastou '8Pt, ktora je ako jedna z kontaminacii
pritomnd v naSich datach. Tento izotop je nesporne pritomny v naSich datach,
identifikovany pomocou jeho charakteristického rontgenového ziarenia. Z toho dévodu
nemdzeme vyvratit’ existenciu tychto prechodov v ¥’Au, ale je tam istd pochybnost, ¢i

boli tieto nové prechody a pas priradené spravne.
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