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Abstract

In odd-nuclei the single nucleon can couple to collective excitations of its even-even core
nucleus [1]. These collective excitations lie within the pairing gap and are therefore the
lowest energy excitations of the core [1]. Our physics motivation is to search for structures
where an odd neutron couples to collective excitations of the 2Yb core. We also searched
for high-K structures in this nucleus. The experiment %2Sm(160,5n)'%3Yb at E,, = 93 MeV
was performed to study %*Yb at iThemba LABS. The gamma-decays from the reaction
products have been detected using the AFRODITE (AFRican Omnipurpose Detector
for Innovative Techniques and Experiments) gamma-ray spectrometer [2| equipped with
8 escape-suppressed clover detectors. After a comprehensive analysis, the level scheme
of '3YDb has been extended and new bands have been established in this current work,
in particular the band based on the ground state has been built up to spin 43/27. A
high-K band has been established in the current work for.the first time in this nucleus.
An additional 16 new states in '%3¥b were-observed-and all decay to the yrast band.
Directional Correlations of Gamma Rays from Oriented States (DCO) and polarization
analysis were performed to determine the spin and parity of new levels. The cranked shell

model was used for comparison-of experimental data-in this work.
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Chapter 1

1 Introduction

In the last 20 years, no detailed spectroscopy has been carried out for some nuclei in the
transitional rare earth region, in particular the nucleus of interest and its neighbouring
nuclei, except for the recent comprehensive search of triaxially superdeformed bands
[3]. This work focuses mainly on the spectroscopy of '%Yb, an N = 93 nucleus, located
in the transitional rare earth region.—The majority -of nuclei in this region (N ~ 90)
are predominantly known for their rich spectroscopy, which is a consequence of the
investigative works that have been carried out at high spin, in the last two to three
decades. The apparent lack of understanding about the formation of the majority of
experimental features observed at-low spin,-has-suddenly renewed the interest on the
spectroscopy of these nuclei. For instance, a wealth of experimental data collected over
the past 10 years, mainly at iThemba LABS (Laboratory for Accelerator Based Sciences),
has led to an alternative interpretation of the low-lying first excited 0" states [3, 4]. On
one hand, the traditional description of these states has always been that they are a
vibration along the nuclear symmetry axis. On the other hand, the latest interpretation
describes these bands as the 2p-2h states configurations, which have nothing to do with

vibrational collectivity- as is the case in the frame-work of Bohr and Mottelson.

In search for a more accurate description of the microscopic nature of the above-mentioned
low-lying K™ = 07 state in N ~ 90 even-even nuclei, Sharpey-Schafer et al., [3, 4]
recently pointed out the importance of the coupling of the single-particle orbitals in
the neighbouring odd-N nucleus to the collective excitations of the neighbouring €2 in
an odd-mass nucleus. Experimentally, such coupling in the neighbouring odd-nucleus
can be manifested by K_.= |Q-2| and K.= 42, which respectively correspond to the
anti-parallel or parallel coupling mode of a K™= 2%~ vibrational band, such couplings have

been reported in %°Gd, %°Dy, "Dy, " Er, °Ho, %"Er, and other nuclei in the 150-160



mass region. Sparse experimental evidence to date suggest that a K™ = 2% band-head will
be informative as it give clues to the particle-excited core interaction and the underlying

microstructure of the collective K™ = 2% core excitation.

In the core nucleus '2Yb there should also be high-K bands. The high-K bands in %2Yb
are also expected to couple to the single quasi-neutron orbitals in 1%3Yb and they are of
considerable interest in this work. The high-K band built on the 11/27[505| orbital has

not been observed in '%3Yb, and we intend to search for this structure in the current work.

The experiment was performed at iThemba LABS, using the AFRODITE (African
Omnipurpose Detector for Innovative Techniques and Experiments) array, to help in
understanding the detailed spectroscopy of the '3Yb nucleus. The last experiments
carried in this nucleus, were to study the backbending behaviour of this nucleus [5] and

to search for band crossing and signature splitting (see Figure 1) [6].



== prol alom IERTTK 296 —
5 Led 6902 T aglE T e g res Ao GrEg b T
_ziL TEEE voLE o.ﬂm§ AEaL | —|H| L T
o ey sl 4§ zeorly ¢reg # el

GV St " o5ae

L Eey e q.vwm.....ﬂ...ﬂ........ﬁ...w s L

. TRt L +05 [k=3a
0326 .E__l’,&nm f.
\ (L=t AR TETTHEL S -%J
F )

0SLy L0oF

|_—.|. 5506 §'6.G .
R MGG Ry ¥ GGE +28T L w89
62LF soup £aLel 04
P e TAN TETIT alay |
T BEEl i Lcoe 6/202 -2sT
ey Hirg | W TO6F
_ &POEE LEEE 65822 _zrez
-ZILE EiE%E od ziE A 8kES ZhEte ez
L56F N e 05
0'9Ge FLeLE -
-ZEE $ 0EZ0E w.w%m; HE TS ik Tz
5065 . e v .
ga0s T —ne  0'G09
; 0val _ _
—ZiEE REEIGE oRate! .
605468 +E — PELDE —TiLE
T ZEE G Eass Zily @ (+%)
LGas + 20008 =
L | pueg
_ZiEr R4 .”- +”_ 0ens
=" 9GP +EI5F c _u_.._.._.mm —
_ LEOLE =
069,
r 1]
STEE §UR0 {(+)
. - 410
b z mﬂmm n Z pueg
(+°+)

Figure 1: Decay scheme for the '®3Yb observed by [5] from ('°0,4n) data.



Chapter 2

2 Literature Review and Applicable Theory

2.1 Introduction

The picture of the nuclear system, and forces that governs it, remain illusive. This is
because the size of the nucleus is very small and nuclear forces are far more complicated
than other well-known forces. Due to lack of detailed knowledge of nuclear forces, nuclear
models have been developed, each of which is useful in more or less limited fashion. In
order to understand and predict the properties of a nucleus, we have to understand
how nuclear forces influence the behaviour of the-nucleus. In nuclei, this is achieved
by choosing an oversimplified theory which possess mathematical descriptions that have
been successfully used to explain physical systems with properties similarly to those of a
nucleus. If this theory is fairly successful in accounting for at least a few properties of
the nucleus, we can then improve the model by adding additional terms such that it can
account for as many observables as possible. A good nuclear model must have the ability
to account for previously measured nuclear ‘properties. ‘Also, it should have the ability
to predict additional nuclear properties that.can be measured in new experiments. The
earlier model(s) treated the nucleus like a drop of liquid, whereby nucleons present in
the nucleus interact very strongly among themselves. Other instrumental models which
have been useful since the early days to date were constructed in analogy with the shell
model of the atom. Within this framework, the nucleons are weakly interacting among
themselves and constrained in a mean-field. This approach gave rise to the Fermi gas

model, shell model, Nilsson model, etc [7].



2.2 The Nuclear Shell Model

Although the liquid drop model contributed a lot in understanding the bulk properties
of nuclei, it has some limitations. In fact this model fails to account for some of the
observables that are due to shell effects. In an attempt to address these limitations, the
shell model, analogous to that of the atomic shell model, was adopted in nuclear theory |[§].
This model states that; the motion of each nucleon is controlled by the average attractive
force of all the other nucleons. The resulting orbits form “shells”; just as the electrons in
case of the atoms. The nucleons are added to the nucleus and they drop into the lowest
energy shells available, as permitted by the Pauli exclusion principle. This model was
very successful in accounting for the shell effects mentioned above, and in explaining the
origin of magic numbers once a spin-orbit force was added. Some of the magic numbers
for nuclear shell closures are 2, 8, 20, 28, 50, 82, and 126. For example, ''%Sn has a magic
number of protons (50) and *'Fe has-a-magic ntmber of neutrons (28) [9]. Some nuclei
for example *°Ca and 2°*Pb, have magic numbers for -both protons and neutrons, these
nuclei have exceptional stability and are called “doubly magic” [9]. Filled shells have a
total angular momentum, J, equal to zero. The outer most nucleon near the fermi-surface
(a valence nucleon) determines the spin J of the new ground state. When nucleons (single
or pairs) are excited out of the ground state they change the angular momentum of the
nucleus as well as its parity and isospin projection quantum numbers. The shell model
describes how much energy is required to move nucleons from one orbit to another and how
the quantum numbers change. Quantum mechanics and shell-model theory permit nuclear
scientists to compute the transition probability (rate of decay) between nuclear states [9].
For nuclei whose structure can be described by a small number of valence nucleons outside
filled shells, the shell model calculations agree very well with the measured values of spin,
parity assignments and transition probabilities [9]. Over the years nuclear scientists have
been refining the shell model in order to understand the details of nuclear structure and

to make that knowledge available for applications in other nuclear technology [10].
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2.3 Deformed Nuclei

The phenomenon of nuclear deformation has a long and interesting history. As early as
1924 it was suggested by Pauli [11] that the hyperfine structure of atomic and molecular
energy levels resulted from the electromagnetic interaction with nonspherical atomic nuclei.
The experimental evidence was given ten years later by Schiiler and Schmidt [12|. The
fact that nuclei need not to be spherical was then emphasized by N. Bohr in his classic
paper on the nuclear liquid drop model [13] in which he introduced the concept of nuclear
shape vibrations [14]. Nuclear deformations play a crucial role in nuclear physics because
they explain many nuclear properties such as nuclear shapes. A nucleus with a completely
filled shell of protons and neutrons is spherical in shape but other nuclei are deformed
in shape. These deformed shapes arise because these nuclei can lower their energy by
rearranging their protons and neutrons into deformed shells that accommodate different

number of nucleons. The general nuclear shape-can-be expressed as:
ro ZRHES T SE | ()
ALt

where R(0, ) is the distance from the center of the nucleus to the surface.

Ry is the radius of the sphere of the same volume, and

ay, are the coefficients of the spherical harmonics Y7 (6, ¢).

Different o, corresponding to, different types.of deformations and shapes are shown in
Figure 2. Figure 2 also shows that the quadrupole deformation parameter, usually denoted
by Ba, €2, 0109, can be used for distinguishing between prolate and oblate deformation.
This association is mainly dependent on the quadrupole deformation sign. For instance a
negative value of 5 corresponds to an oblate shape whereas a positive value of 5 reflects

the elongation of a nucleus into a prolate shape [15].
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Figure 2: Diagram showing oblate, spherical and prolate shapes of the nucleus [15].
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2.4 Rotational States

Collective rotational motion can only be observed in nuclei with a non-spherical shape.
This is related to the fact that, in quantum mechanics, a wave function representing a
perfectly spherical symmetric system has no preferred direction in space and a rotation
does not lead to any observable change. Therefore, the rotational energy of the nuclear
system can only be measured if there is a deviation from spherical symmetry. If the
nucleons in a nucleus couple to give a net spin of zero in the ground state, as is the
case for an even-even nucleus, the rotational angular momentum is the same as the total
nuclear angular momentum / (quantum number [) of the total wave function Y (0, ¢)
also known as a spherical harmonic, which describes the rotation of the states. Here it is
worth noting that M is the projection of [ along the symmetry z-axis. The parity of this
wave function, therefore, is (—1)!. The magnitude of the rotational angular momentum
is given by hw where w is the angular-frequeney of-the rotation (see Figure 3) and J is
the moment of inertia. The expression for determining energies of a rotational system is
obtained from the classical relation by substituting the quantum mechanical eigenvalues
I(I + 1)R?, which correspond to the expectation value of the square of the rotational

angular momentum [17|. Thus, we find that:

sl T e (T4 ) 2
BN IY BRI of 4 (2)

13



4 X (Rotational Axis)

R B3
K=0

+ GLLEITTT TP ET T

>
Z. (Symmetry Axis)

Deformed core
(Rotor) hR \

@
Valence Nucleon™ ~~____.

Figure 3: A schematic diagram showing a valence particle orbiting around a prolate
deformed nucleus. This valence particle is also rotating about the x-axis with an angular
velocity (rotational frequency)w. The angular momentum caused by the collective rotation
of the core is denoted by ﬁ, and it amounts to the total angular momentum I of the
system when it is summed with the angular momentum of the valence nucleon j (= J ) —
ffor several valence nucleons. The projection of j (= J ) and I onto the symmetry axis is

Q2 (= K, although, I is the projection of I onto the rotational axis [18].
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2.5 Vibrational States

The liquid drop model predicts that a nucleus will be spherical in its ground state. Any
deformation of the shape from equilibrium increases the surface-energy term and, provided
that Z is not too high, there will be a minimum in the graph of potential energy as a
function of deformation. For small deformations near the minimum, the shape is parabolic,
like the harmonic-oscillator potential. It is possible for the nucleus to vibrate about
its equilibrium shape and exist in quantum states that can be obtained by solving the
Schrédinger equation, using a suitable harmonic-oscillator potential. These states can be
classified by considering the different vibrational modes of a liquid drop. Figure 4 is the
schematic illustration of the lowest vibrational modes of a spherical system. In each case,
the dashed line is the equilibrium and the solid line indicates an instantaneous view of

the vibrating surface.

A=0 A=1 A=2 A=3
(monopole) (dipole) (quadrupole) (octupole)

Figure 4: Schematic representation of the different vibrational modes of a liquid drop.

Any three-dimensional surface can be described by expressing the radius as sum of spherical

harmonics:

R =R,

1+ (Z) (Z ama)YAm(e,cé))] (3)

=0/ \m=-1x
where 6 and ¢ denote the angular co-ordinates of a point on the surface. Ry represents the

radius of a sphere with the same volume as the nucleus. The ay,,(t) are amplitudes, which
may be constant to describe a fixed shape or time dependent to describe a time-varying
distribution such as a vibration. The expansion is in terms of multipoles, each represented
by a spherical harmonic Y "(0, ¢). The first four axially symmetric, vibrational modes
about a spherical shape for the multipoles A = 0 to 3, are shown in Figure 4. Each mode
has a characteristic frequency wA, which depends on the amount of material in motion
and the strength of restoring force. The energy is quantized in units of AwA. A single
quantum of vibrational energy is called a phonon and its spin and parity are given by the

spin and parity of the spherical harmonic, which are A and (—1)* [17].
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2.6 The Nilsson Model.

Over the years, the spherical shell model has proved to be valuable and has been successfully
used to describe nuclear properties across the nuclear chart. However with the growing
amount of nuclear data, experimental evidence of rotational bands and large quadrupole
moments, indicated that the description of nuclei in terms of an independent single-particle
motion in a spherical potential is inadequate. In a search for a model which could address
such limitations the deformed shell model was introduced. The most commonly known
model of this kind is the Nilsson model [19] that explains nuclear properties of deformed
nuclei (such as the assignment of configurations to single-particle states in deformed
nuclei), both prolate and oblate (see Figure 2) [15]. This model postulates a deformation
dependent Hamiltonian, commonly referred to as Nilsson Hamiltonian:

2
1 —
H = o=+ omlwl(a® £42)+ w22%) + CLS + DI? (4)
m

In the deformed potential constants, wy, Wy and w, are the orthogonal oscillator frequencies
in a three dimensional space. The third term is a consequéence of the spin-orbit interaction.
The last term [? is a correction added to the Nilsson Hamiltonian to bring it in line with
what is observed experimentally [20]. C-and D are constants of proportionality and they
are often explained in terms of other parameters. i.e., Kk = ﬁ and g :%. Equation
4 is used to determine the energies of the single-particle levels in non-spherical nuclei.
The graphical representation of the Nilsson model is a plot of single-particle energies, in
units of Awy, as a function of quadrupole deformation parameter 5. These diagrams,
known as Nilsson diagrams are relevant to the present work and are shown in Figures 5
and 6 for protons and neutrons, respectively. This model has had a remarkable success

in qualitatively accounting for most observed features of single-particle levels across the

nuclear chart for deformed nuclei.
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Figure 5: The Nilsson diagram for protons in the 52 <Z< 82 region, showing the single-
particle energies as a function of the deformation parameter 5. The labelling convention
is Q[Nn,A], where N is a major harmonic oscillator shell quantum number, n, is the
number of nodes in the wave-function in the z direction and A is the component of angular
momentum along the symmetry axis or z-axis. {2 = A-+J is the projection of j = I+4s
onto the z-axis. Also positive-parity states is denoted by solid lines while dashed lines

represent negative-parity states [21, 19].
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Figure 6: The Nilsson diagram for neutrons in the 82 <7< 126 region, showing the
single-particle energies as a function of the deformation parameter 5. The labelling
convention is Q[Nn,A|, where N is a major harmonic oscillator shell quantum number, n,
is the number of nodes in the wave-function in the z direction and A is the component of
angular momentum along the symmetry axis or z-axis. ) = A+ is the projection of j =

[-+s onto the z-axis. Also positive-parity states is denoted by solid lines while dashed lines

represent negative-parity states [21, 19].
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2.7 Single-particle and Collective Degrees of Freedom

In general, nuclear excitation may exhibit two extreme types of behaviour: (i) single-
particle excitations of the individual valence nucleons to different single-particle levels,
and (ii) collective modes of excitation involving a coherent motion of the nucleus as a
whole. The collective model, as treated up to now [22|, always deals with nuclei containing
an even number of protons and neutrons. The next step of complication arises if one
of those numbers is odd. i.e., if an additional nucleon is added to an even-even nuclear
system. It must then be expected that excitations of both collective and single-particle
character may be observed not withstanding their interplay [7|. The interplay between
the single-particle and collective excitation modes underlies an astounding diversity of

experimental level schemes [23].
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2.7.1 The Cranked Shell Model

The cranked shell model (CSM) was developed to assist in the limitations of Nilsson model.
This arises from the non-spherical shape or the separation of the motion, around the
nucleus, of an individual nucleon from rotations of the nucleus itself in space. In the past
three to four decades, there came a time where modern experimental techniques revealed
experimental observables associated with the interplay between collective core excitations,
and single nucleon excitations, which were not easy to account for theoretically. This
situation was resolved by the cranked shell model, which may be used to interpret the
behaviour of nuclei at high-spin [24]. The first discussion of cranking (rotation) about an
x-axis, perpendicular to the symmetry z-axis, was given by Inglis in 1954-1956 |25, 26|,
and was further developed by Bengtsson and Frauendorf in 1979 [27]. In this model,
nucleons are treated as independent particles moving in an average potential, which is
rotated externally with constant angular-velocity w about a fixed axis. This rotation
exerts an additional force(s) on the nuclear system (coriolis and centrifugal) and thus, an
extra term must be added to the Hamiltonian te account for these. In the laboratory
frame the system may be described by the time-dependent single-particle Schrodinger

equation [28]:
a/Iﬁlab
ot

where h;,;, and 1., are the single-particle Hamiltonian and wavefunction of the system

ih = hiabPiab, (5)
in the laboratory frame, respectively.” The rotation of the average field, which is not
symmetric with respect to the rotational axis, introduces the time dependence to the
schrodinger equation. This may, however, be reduced to stationary equation of motion
when the laboratory frame is transformed into the rotating frame (intrinsic frame, or else
known as, the body-fixed frame). The transformation is achieved by means of the unitary
rotation operator R(t):
it

R(t) = — (6)

where ]_;,; is the total angular momentum operator along the rotational x-axis, for a

single-particle. The single-particle Hamiltonian is found to be:
hgot. = iLlab - wfx, (7)

where hpg,. is the single-particle Hamiltonian in the rotating system, referred to as the
cranking Hamiltonian or Routhian. The term —wfx contains the coriolis and centrifugal

contributions, due to the non-inertial system of the rotating frame, which modify the
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nucleon orbitals. The eigenvalues of this Hamiltonian are known as Routhians. The
total cranking Hamiltonian Hg,; can be obtained from the sum of all the single-particle

cranking Hamiltonians of equation above:

A

Hpo. = Z hrot. = Hiap — Wj:m
\ ®)

A

i=1

The theory can therefore describe both single-particle, as well as collective effects (see
Figure 7 [29]. At this frequency the coriolis force has sufficient energy to break a pair
of nucleons with angular momentum 5 in magnetic substates m and -m. The nucleons
can then align to have a total spin J =m-+m(-1). For i3/ neutrons, the situation in this
work, J =13/2+411/2 = 12. This alignment is the cause of the experimentally observed
“back bending” of rotational bands in-nuelei.This-model has had a remarkable success

in providing a microscopic description-of collective rotational bands in deformed and

superdeformed nuclei [27].
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Figure 7: Tllustration of the labelling of orbitals in various models and the salient features
implied by the cranking term, for the s-d shell orbits. This diagram also shows how
some levels have a very strong dependence on the rotational frequency w, these are orbits
corresponding to large j and small K values. The signatures o = + and o = - correspond

to o = +1/2 and o = -1/2, respectively [27].
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2.8 Interaction of Radiation with Matter

Gamma-rays were identified in 1900 by Becquerel and Villard as a component of the
radiation from uranium that had much higher penetrability than alpha and beta particles
[31]. The term radiation applies to the emission and propagation of energy through space
or material. Detection of gamma-rays is possible as a result of their interaction with
the detector material. Although there are many ways in which gamma-rays can interact
with matter, there are three major interaction mechanisms that play an important role
in radiation measurements namely: photoelectric absorption, Compton scattering and
pair production. All these processes lead to the partial or complete transfer of gamma-ray
energy to electron [32]. The regions of dominance of these three photon interaction
mechanisms as a function of photon energy and atomic number of the absorbing material

are shown in Figure 8 [33].
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Figure 8: Relative importance of the three photon interaction mechanisms and their

energy regions of dominance [33].
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2.8.1 Photoelectric Absorption

In the process of photoelectric absorption, a photon undergoes an interaction with a
bound atomic electron in which the photon energy is completely absorbed. Subsequently
the energetic photoelectron is ejected from the atom from one of its bound shells. The
interaction is with the atom as a whole and cannot take place with free electrons [32]. For
gamma-rays of sufficient energy, the most probable origin of this process is the most tightly
bound or K shell of the atom for gamma-rays of sufficient energy. The photoelectron

appears with an energy given by:

E.=hv— E, (9)

where Ej, denotes the binding energy of the photoelectron in its original shell. For gamma-
ray energies of more than a few hundred keV; the photoelectron carries off the majority of
the original photon energy [32]. This proecess-is the predominant mode of interaction for
gamma-rays of relatively low energy. It is also important for gamma-ray detection because
the gamma-ray gives up all its energy, and the resulting pulse falls in the full-energy peak.
Figure 9 is the schematic representation of the!photoelectric absorption [34]. The process
is also enhanced for absorber materials of high atomic number Z. No single analytic
expression is valid for the probability of photoelectric absorption per atom over all ranges
of £, and Z, but a rough approximation is given by [32]:

n

F35

T = constant X (10)

where the exponent n varies between 4 and 5 over the gamma-ray energy region of interest.

2.8.2 Compton Scattering

The interaction of Compton scattering takes place between the incident gamma-ray
photon and an electron in the absorbing material. In Compton scattering, the incoming
gamma-ray photon is deflected through an angle 6 with respect to its original direction
[32]. The photon interacts with an electron and is scattered, losing a portion of its energy

to the electron (assumed to be initially at rest), which is then known as a recoil electron.
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Figure 9: Schematic of the mechanism of the photoelectric absorption process.

Because all angles of scattering are possible, the energy transferred to electron can vary
from zero to large fraction of the gamma-ray energy.The expression that relates the
energy transfer and the scattering-angle-for-any given-interaction can simply be derived
by writing simultaneous equations for the conservation of energy and momentum [32].

Using the symbols defined in the sketch of Figure 10, we can show that:

— —— = (1 — cosO) (11)

Recoil Electron
ErY = E,Y

Figure 10: Schematic of the mechanism of the Compton Scattering process.
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where moC? is the electron rest mass energy, F', is related to the incident gamma-ray
energy and the energies are in keV. For small scattering angles 6, very little energy is
transferred. Some of the original energy is always retained by the incident photon, even
in the extreme situations such as # = w. The probability of Compton scattering per atom
of the absorber depends on the number of electrons available. The angular distribution of
the scattered gamma-ray is predicted by the Klein-Nishina formula for the differential

scattering cross section [32] %

do 2 1 "1+ cosd a?(1 — cosb)’
s Z) (1 +a(l - 0059)> ( 2 ) (1 i +cos?[1 +a(l — COSH)]) "

where « is fine structure constant and ry is the classical electron radius. Figure 11

illustrates the strong tendency for forward scattering at high values of the gamma-ray

energy. == = : '.':
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Figure 11: A polar plot of the Klein-Nishina formula [33].

25

http://etd.uwc.ac.za/



2.8.3 Pair Production

The process of pair production involves the transformation of a photon into an electron-
positron pair. A gamma-ray with an energy of at least 1.022 MeV can create an electron-
positron pair when its under the influence of the strong electromagnetic field in the vicinity
of the nucleus (see Figure 12) [32]. In this interaction the nucleus receives a very small
amount of recoil energy to conserve momentum, but the nucleus is otherwise unchanged
and the gamma-ray disappears. This interaction has a threshold of 1.022 MeV because
that is the minimum energy required to create the electron and positron. But if the
gamma-ray energy exceeds twice the rest-mass energy of an electron (1.022 MeV), the
process of pair production is energetically possible. No simple expression exists for the
probability of pair production per nucleus, but its magnitude varies approximately as
the square of the absorber atomic number [32]. The schematic representation of pair

production process is shown in Figure 12:

Incident photon

Figure 12: Schematic of the mechanism of the pair production-annihilation process.
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Chapter 3

3 Experimental Methods

3.1 Reaction Choice

In this experiment we used the Projected Angular momentum Coupled Evaporation
(PACE4) [30] simulation to determine the optimal energy for the beam used in our Heavy-
Ion Fusion Evaporation (HIFE) reaction. PACE4 employs a Monte Carlo simulation to
calculate predicted cross-section and angular momentum for the reaction of interest. The
choice of a thicker target is of interest since it leads to achieving high statistics in the
experiment. Thicker targets increase-the number-of interactions between the beam and
target particles leading to a higher event rate; and thus better statistics. On the other
hand, if the target is very thin the recoils into vacuum will have the full Doppler shift
giving narrow peaks, and good resolution, but the event rate decreases for a given beam
current. Figure 13 shows a PACE4 plot representing yields!(in percentage %) versus beam
energy for different channels. The energy of 93 MeV was chosen, as indicated by the

dotted vertical line, which maximizes the angular momentum in %3Yb that was produced.

The fusion evaporation reaction *2Sm(*¢0,5n)'%*YDb has been used to search for structures
where an odd neutron couples to core excitations of 1%2Yb. Heavy fusion-evaporation has
the ability to give the most efficient way to reach high-spin states in these rare earth
nuclei [36]. The °0 beam was delivered by the K = 200 separated sector cyclotron at
iThemba LABS (Cape Town) and used to bombard the '%2Sm target. The energy of 90
beam was chosen in order to enhance the production of 1%3Yb. The target was a metallic
1528m (~98.27%) foil with a thickness of 5 mg/cm? to ensure that the recoiling nuclei
stopped in the target. 0.5 mm copper absorbers were used in front of the gamma-ray
detector to reduce the detection of x-rays. The number of gamma-gamma coincidences in
this experiment was 2.5x 10? events, allowing different rotational bands of the nucleus to

be identified.
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Figure 13: PACE4 simulation of the residual nucleus yield (in percentage %) as a function

of 10 bombarding energy of a !52Sm target.

3.2 Heavy-Ion Fusion Evaporation (HIFE)

Fusion evaporation reaction is-a commonly method used to study excited states of neutron
deficient nuclei [36]. In the present work, this reaction was used to populate the excited
nucleus. It was done by fusing the 'Q beam with a !°2Sm target which resulted in
the formation of a very excited unstable compound nucleus '¥Yb. The excited nucleus
evaporates five (statistical evaporation) neutrons until less excited %3Yb remains. Each
evaporation neutron takes about 10 MeV away from the very excited '®*Yb compound
nucleus. This residual nucleus (**3Yb) eventually loses its energy and angular momentum
by emitting gamma-rays. The corresponding electromagnetic transitions connect different
excited states in the nucleus with each other all the way to the ground state. Their
properties provide detailed information about the internal structure of the nucleus. It
takes 8 MeV to separate a neutron from the compound nucleus, it also needs an extra
2 MeV on average, to give it enough kinetic energy to access a big enough phase space
to increase the probability of emission [37]. In order for a fusion reaction to occur, the
projectile kinetic energy (beam energy) must be greater than the Coulomb repulsion
energy due to the repulsive charges on the projectile and target. The Coulomb barrier

that needs to be overcome is given approximately by:
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1447, 7,
E.= 1 1
1.16(A7 + A3 4+ 2)

where Z; and Z; denote the beam and target atomic numbers respectively, A; and A, refer

(13)

to the beam and target mass numbers respectively [37]. Figure 14 is the representation of

how several different channels can be populated, due to emission of different number of

nucleons.
16 152 168 * 166
g0 +7855Meg —— "5oYbos 2n+ “50Y beg
165
3n+ 70Yb95-
an + 164V hs,
163
5n + 70?.&'93
162
bn + 70Yb92
Figure 14: Simple demonstration of how different residual nuclei are populated due to

exit channels. Each exit channel is associated to its specific cross section, which indicates

the probability for the nuclear reaction to proceed throughit [38|.

The schematic representation of heavy-ion fusion evaporation is shown in Figure 15.
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Figure 15: A diagram of the heavy-ion fusion evaporation process, along with a time
scale. An accelerated projectile nucleus collides and fuses with a target nucleus forming a
compound system. The compound system first cools by evaporation of neutrons, protons
and /or alpha particles. It then loses the rest of its excitation energy and almost all of
its initial angular momentum by the emission of gamma rays. The total decay process is

completed very quickly, in about 1079 seconds [39].
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3.3 Detection of Gamma Radiation

3.3.1 Semiconductor Detectors

A nucleus may emit radiation in the form of gamma-rays, when it de-excites. The emitted
gamma-rays contain information on the structure of the nucleus [23]|. In order to obtain
the information contained on the structure of the nucleus, we have to use the detectors
to detect those gamma-rays. Semiconductor detectors are one of the detectors used in
gamma-ray spectroscopy. Semiconductor detectors are essentially solid-state ionization
chambers with the electron-hole pairs playing the role of electron-ion pairs in gas detectors.
These detectors operate through the promotion of electrons from the valence band to the
conduction band. Semiconductor detectors are preferably used for gamma-ray spectroscopy
because they have good energy resolution. The incident gamma-ray photon produces
electron-hole pairs which can be collected by the application of a voltage across the
detector material. The preferred semiconductor is'one-with a lower band-gap and a low
level of impurities. Silicon and germanium are the two ideal candidates, of semiconductor
detectors, because they have higher atomic numbers, which provides a high absorption

coefficient for the incident gamma radiation.
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3.3.2 High-Purity Germanium (HPGe) Detectors

Germanium (Ge) detectors belong to a class of semiconductor detectors known for their
superior energy resolution as compared to scintillation detectors [32]. These detectors
are mainly used for gamma-ray detection. A gamma-ray entering the active part of a Ge
semiconductor detector interacts through the three absorption processes, described in the
previous sections, to create electron hole pairs. The average energy required to create such
pairs (e-h pairs) is about 3.6 eV for silicon (Si) and 3 €V for germanium [17]. Germanium
detectors are the preferred detectors for gamma-ray spectroscopy because they possess a
high atomic number (Z = 32), which favours the photoelectric effect compared to silicon
that has (Z = 14). The Ge detector is essentially a reverse biased p-n junction. At the
junction between the p-type and n-type material, the migration of electrons from the
n-type material and holes from the p-type material results in the formation of a region
of net zero charge. This region is known-as the-depletion region, a region devoid of any
mobile charge carriers [23]. Most Ge detectors used in Gamma-ray spectroscopy are

coaxial n-type, as shown in Figure 16-[29].

Nitrogen

Dewar

p+ contact

| n-type Coaxial Crystal

Figure 16: Illustration of a typical coaxial n-type HPGe detector and its crystal [29].
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3.3.3 Clover Detectors

25 years ago detector developments have been made that enable high efficiency detectors to
be made which maintain excellent spectrum quality, and clover detectors are one of those
detectors [30]. The first clover detector was initially developed in France by Canberra in
the frame of the EUROGAM collaboration. A clover detector (composite detector) is a
gamma-ray detector consisting of four coaxial n-type high purity germanium (Ge) crystals
each modelled and mounted in an ordinary cryostat to form a structure which looks like a
four-leaf clover, and are the first composite detector to be used in a large array [40]. These
detectors give 2.6 keV with 3us (*2Eu) for energy resolution and timing performances
and in add back mode the clover effciency at 1332 keV is 32% higher than the combined
effciency of the individual elements. Each clover detector is surrounded by a bismuth
germanate (BGO) Compton suppression shield. By mounting four smaller crystals in an
ordinary cryostat a detector of a given.volume-can be formed at a reduced cost, since
large volume high purity single crystals of Ge are more expensive. The individual smaller
Ge crystals present a smaller solid angle than large volume Ge detector, thus significally
reducing the effects of Doppler broadening on the resulting spectra. Clover detectors can
also be used to measure the linear polarization of the gamma-rays in order to determine

the electric or magnetic nature of the incident photons [41].

Figure 17 shows a schematic representation of clover germanium detector.

Figure 17: A picture of Clover detector that can fit into a BGO shield with its cylindrical

liquid nitrogen dewar and the crystal arrangement of a 4 segment Clover detector [30].
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3.3.4 Compton Suppression Spectrometer

In gamma-ray spectrometry performed with HPGe detectors, the detection of low intensity
gamma-ray lines is complicated by the presence of Compton scattered gamma-rays of
high energy escaping from the detector. The development of the Compton suppression
spectrometer (CSS), which reduces the noise content from escaping Compton scattered
photons to the gamma energy spectrum have been developed. These CSSes consist
of a primary HPGe detector (see Figure 18) and surrounding secondary detector with

appropriate data acquisition and processing electronics.
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Figure 18: Schematic of a Compton suppressed spectrometer (CSS) made up of several

collimated HPGe detectors axially surrounded by BGO shields [29].

For instance if the a gamma-ray is detected in both the Ge detector and the secondary
detector within specific time frame, then it is interpreted as scattering event (or an
unwanted event) and is not written to the tape. Due to the requirement of good timing
properties and cost considerations, the secondary detector is typically a scintillation
detector. The most common scintillation material for this application is bismuth germanate

(BiyGe30q3), abbreviated as BGO [35]. The goal of Compton suppression is to improve
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the quality of the data by reducing the number of partial energy events in the spectrum.
A Compton suppressed Ge detector typically has a peak-to-total ratio of about 60%. A
spectrum showing a ®°Co source for both suppressed and unsuppressed Ge detector is
illustrated in Figure 19 [35]. The P/T is the sum of the counts in the 1173 and 1332 keV

peaks in %°Co divided by the total number of counts above a chosen minimum.
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Figure 19: Spectra from a %°Co-source showing the dramatic difference in the P/T ratio
with the employment of Compton Suppression: ‘The:Compton suppressed Ge detector has
a P/T ratio of about 60% and unsuppressed Ge detector has a P/T ratio of about 20%.

This means that 80% of the events collected are background in the unsuppressed case [35].
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3.3.5 The AFRODITE array

AFRODITE is an acronym derived from AFRican Omnipurpose Detector for Innovative
Techniques and Experiments. The AFRODITE array at iThemba LABS (Cape Town) is
mounted in a rhombicuboctahedron frame with 16 detector positions. The array normally
consists of nine HPGe clover detector and seven low energy photon spectrometer (LEPS),
where these detectors are positioned at angles of 45°, 90° and 135° with respect to the
beam direction. Only 8 clover detectors were used in the current work, 4 positioned at 90°
and 4 positioned at 135°. These detectors were mounted around the target chamber so
that they can detect gamma-rays from the fusion evaporation reaction. Inside the target
chamber there is a target ladder which is used to control the position of the target; this is
done by moving the target ladder vertically. The target ladder consists of three slots, first
two slots were respectively used as an empty frame and a ruby for beam focusing. The
third slot was used for mounting the '2Sm target. Figure 20 is a photograph showing

HPGe clover detectors in the AFRODITE array:.

Figure 20: Photo showing HPGe clover detectors in BGO escaped suppressed shield in
the AFRODITE array.

In order for a gamma-ray to be detected, it must interact with matter, that interaction
must be recorded. Fortunately, the electromagnetic nature of gamma-ray photons allows

them to interact strongly with the charged electrons in the atoms of all matter. The key
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process by which a gamma-ray is detected is ionization, where it gives up part or all of its
energy to an electron as described in section 3.2. Many different detectors have been used

to register the gamma-ray and its energy.

Specification of clover detectors [30] in the AFRODITE array

Peak-to-total ratio for 1.33 MeV: (P/T)g. = 0.30

e Add-back factor for 1.33 MeV: 1.56

e Total opening angle: § = 23.2°

e Distance from the crystal surface to the target centre: D;. = 196 mm

e Distance from the detector-end-capto the-erystal surface: D.. = 2.0 mm

e Solid angle per detector: Qg = 1.34% of the 47 (for a 0.2 mm distance between
crystals)

e photo-peak efficiency for 1.33 MeV: €,,Qq. = 17.8x1074
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3.4 Correlations of gamma transitions

3.4.1 Angular Distribution and Correlation of gamma-rays

The measurements of the angular distributions, angular correlations and polarizations of
the gamma-ray transitions are performed in order to determine the multipolarity of the
gamma-transitions, and the relative spins and parities of excited nuclear states formed in
fusion-evaporation reactions. In fusion-evaporation reactions the compound nucleus is
formed in a state so that its angular momentum vector (i =T x p) is perpendicular to
the axis defined by the direction of the beam, as shown in Figure 21. This aligns the spin
of the residual nuclei so that the magnetic quantum number, with respect to the beam

direction, m =~ 0. The subsequent evaporation of particles causes some smearing of the

substate alignment
after evaporation ——_

= reaction plane
-

beam direction

Sy

o
Figure 21: Schematic of initial orientation in fusion-evaporation reactions [42].

direction of the alignment, but even so the nucleus retains a high degree of alignment for
times of the order of nanoseconds. When a nucleus in such a state emits gamma-radiation,
the relative intensities at different angles with respect to the beam axis depend on the

multipolarity of the transition [43].
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3.4.2 Angular Distribution

The angular distribution of gamma-rays, W(6), is the relative probability that a photon
will be emitted at an angle # with respect to the beam direction. In order to have
an angular distribution, oriented nuclear states are required. Oriented means that the
population of the m substates depends only on the magnitude of m, and not on its sign.

The general formula for the angular distribution function is given by:
W) = Z Ay Py(cosb) (14)
k

where W(#) is the gamma-ray intensity measured at angle 6 with respect to the beam
direction, Py(cosf) are the standard Legendre polynomials, and Ay is the angular distri-
bution coefficient. The A, value depends on the substate or m-population distribution
and the values of the initial and final state spins [44]. For pure dipole AI = 1 transition
(E1 or M1), the angular distribution-will-be given-by:

W(0) = Ao[l + Az Ps(cosh)] (15)

where P(cosf) = (3cos?0 — 1) and Ay is|the true intensity of the gamma-ray. For this
type of transition A, is negative and results in-an angular distribution with a minimum
at 0° and a maximum at 90°. For.a quadrupolej(AL = 2) transition (E2), the distribution
will have the form,

W(0) = Aol + AaPa(cosh) + AyPy(cost)] (16)

where Py(cost) = £(35c0s*0 — 30cos®0 + 3). If A, is positive and A4 negative, it has an

angular distribution with a minimum at 90° and maximum at 0°.
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3.4.3 Angular Correlations

In angular correlations measurements, two detectors are placed at angles, 6; and 6y with
respect to the beam direction and the angle between the detectors is ¢ as shown in Figure

22. Consider an event where two gamma-rays emitted in cascade from initial nuclear

Y1 74
N Beam (1€0) 1 1 >
z” J@ 6, /
Target (1%2Sm) . 7 —
\__ R ., ¢

~
~

~,
“detector

Figure 22: Gamma correlation measurement setup.-Coincident measurements of consecu-

tive gammas are performed [45]:

state I; to a final nuclear state If. If the nucleus decays by emitting v, followed by 7, as
indicated in Figure 23, the observation of y; in a particular direction picks out a set of
nuclei in the state I with an anisotropic distribution of spin directions and the distribution

will persist until v, is emitted 'and observed in coincidence with v, [46].
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V2

I

Figure 23: Schematic diagram showing level scheme for two successive gamma rays.

The angular correlation of the two successive gamma-rays emitted from an oriented source

is thus given by [46]:

W(61.65,0) = D BALJA (XA (Xo)Hy, 0, (61,62, 0) (17)
A1AA2

From the above expression N is a normalisation factor, and the indices A, \; and A\, are
integers limited by the spins and multipelarities -of the gamma-ray transitions. BA;(Iy)

are orientation parameters that dependjon the'substate population parameters:

B\ (L) = (2 ¥ 1)) (=1)% < (1)~ ‘mIm|\0 > P(m) (18)

m

The A:\\Q)‘l coefficients are defined as:

1
Aig)\l _ [FiQ)\l(LLIfIZ) i 25F;\2/\1 (LLIIf[Z + 62F>/\\2)\1 (LIL/IfIz)]m (19)

These coefficients contain information on the nuclear wave function and spins of the
states, multipolarities and mixing ratios of the transitions. The F-coefficients are products
of Winger 3-j and 9-j symbols. The function Hj,», (61,02, ¢) describes the angular
dependence [45].
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3.4.4 Directional Correlations of Gamma Rays from Oriented States (DCO)

The directional correlation from oriented states (DCO), is the ratio of two angular
correlation functions W (6, 02, ¢) and W (6, 01, ¢), which is used to determine the multipole
order (i.e dipole or quadrupole) of the gamma-transitions in any nucleus of interest. DCO
measurements involve the determination of the coincidence intensities for two gammas.
The dipole or quadrupole nature of transitions can be investigated by placing detectors at
different angles. The directional correlation from an oriented state is given by:

W(ela 027 (b)

W (0,01, 0) (20)

Rpco =

where W (6, 0,, ¢) is the angular correlation of v, detected at 6, in coincidence with o
detected at 0y, and W (6s, 61, ¢) is the angular correlation of ; detected at 65 in coincidence
with v, detected at 6, as shown in Figure 24. The experimental Rpco is given by:
N (Gated)?

Rpco = W (21)
where Ij! is the intensity of v detected at 6 and I, (Gated;?) is the intensity of v
detected at 6, gated on o detected at 1. In the case of the AFRODITE gamma-ray
spectrometer the angles ¢, and-‘fs-are-90°and 135% For this work the angle ¢ is =~ 15° on

average.

Y1

A7

\-‘//

K

_Xj

S
=z
=
S

Figure 24: The angles in a directional correlation of two successive radiations emitted

from an axially oriented state (DCO).
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3.4.5 Linear Polarization Measurements

DCO ratios are complemented by linear polarization to give an unambiguous multipolarity
assignment. Using clover detectors makes linear polarization measurement possible, which
is very important since it tells us whether the transition is of electric or magnetic in nature.
Figure 25 is the illustration of how linear polarization works when a gamma-ray strikes a
crystal of the clover detector (at 90° to the beam direction) and Compton scatters into
another crystal where it is absorbed. The direction of Compton scattering is different
for electric and magnetic type transitions [47]. When gamma-rays are linearly polarized,
the angular distribution function of scattered gamma-rays does not only depend on their
outgoing direction # with respect to the beam axis, but also on their electric field direction
with respect to the reaction plane defined by outgoing gamma-rays and the beam axis.
Since the linear polarization of gamma-rays emitted from oriented states of nuclei has a
close relation to their angular distribution; thelinear polarization of these gamma-rays in
terms of their angular distribution functions-is given by [48|:

1 W(97C N OO) 1! W(eac il 900)
TIW (@) ¢ 5 10°) |3 Wi, ¢ & 90°)

P(o)

(22)

Magnetic transition
Electric transition

Beamdirection
Beam direction

Figure 25: Linear polarization measurements using a clover detector.

where W (6, ( = 0°) represents the angular distribution function when their electric field
is parallel to the reaction plane, and W (6, = 90°) represents the angular distribution
function where it is perpendicular to the reaction plane, see Figure 26 [49]. The linear
polarization anisotropy is defined by the difference between the number of gamma-rays
scattered perpendicular and parallel with respect to the beam direction divided by their

sum:
N, — N,
Ap = —a = I

= 23
aNl—I—N” ( )
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Figure 26: The setup showing linear polarization measurements of gamma-rays [49].

Table 1: Indicates the sign of the linear polarization of gamma-rays for different radiation

type.

Radiation type | Ay | Ay | P(0)
Stretched M1 - 0

Unstretched M1 | + | 0 =4
Stretched El - 0 N

Unstretched E1 0
Stretched M2
Stretched E2

|+

=1

where V; and N indicates coincidence counts perpendicular and parallel to the reaction
plane, respectively. The coefficient a represents the relative efficiency of the detector
(normalization constant). The normalization constant a can be deduced by taking the
ratio of N, and N for unpolarised gamma-rays emitted from a standard calibration
source, such as '%2Eu, and it also corrects for any instrumental effect between horizontal
and vertical planes. The linear polarization and the linear polarization anisotropy are

related through the equation:
Ap = QP(0) (24)

where Q is the polarization sensitivity. In general, the polarization anisotropy has
positive sign for stretched electric transitions and negative sign for stretched magnetic
transitions due to its preferential scattering along the parallel direction, and the opposite
for unstretched transitions. Table 1 shows the signs of linear polarization of gamma-rays

for different radiation types.
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3.5 Data Analysis

3.5.1 Energy Calibration

Energy calibration is the first work to be done in a gamma-ray spectroscopy experiment
before the start of the measurement. In this experiment a !'%2Eu radioactive source
was used to obtain a reliable set of calibration coefficients for all clover detectors. The
crystals of the clover detector collect data independently (i.e., there is no correspondence
between the energies and the channels for each crystal) therefore they have to be gain
matched. Energy calibration coefficients are obtained through the quadratic equation
which calibrates the clover crystals to the same relation. The quadratic energy calibration

equation is given by:

E=lagd P ol ¥ aoi? (25)

where E is the energy, x is a channel number, and ag, a;,/as are gain matching coefficients

[47].
The '%?Eu radioactive source was run for approximately one hour, to accumulate sufficient

counting statistics. The quadratic energy calibration was mapped onto a linear energy

equation E = 0.5x  with channels as shown in Figure 27.
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Figure 27: The schematic mapping of the quadratic equation E = ay + a1z + ap2? and

the linear equation £ = 0.5x [35].
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3.5.2 Efficiency Calibration

There are various types of efficiency measurements that exist in radiation detection,
including absolute, relative, and photopeak efficiency. *?Eu radioactive source was used
to determine the efficiency calibration. This measurement is very important because it
gives us a precise figure for the detector efficiency in order to relate the number of pulses
counted to the number of gamma-rays incident on the detector. These efficiencies can be
defined as:

e The photopeak efficiency is given by:

E Npeak

= — 26
ph QNemitted ( )

where, Npeqr is the number of gamma-rays in the photopeak, and 2 is the solid angle
covered by the detector, and Ne,ieq is the number of gamma-rays emitted by the source.

e The absolute efficiency is given by:

Ndet
Fops = ————— 27
: QNemitted ( )

where, Ny is the number of events detected.
Usually the relative efficiency of detectors is-compared-to that of a 7.6 cm length and 7.6
cm diameter Nal(T?) detector at a distance of 25 ¢cm from the source.

e The relative efficiency is given by:

B | = (Ephﬂ)detector (28)
" (EPhQ>/]VaI

where, (E,nQ)y.; = 1.244x1073 for a Nal detector of 7.6 cm length and 7.6 cm diameter
at a distance of 25 cm from the source [50|. Finally Radware [50] was used to determine
the relative efficiency curves for clovers at 90° and 135°. Figure 28 shows the relative
efficiency curve for all 8 AFRODITE clover detectors measured with a ®2Eu radioactive

source.
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Figure 28: Relative efficiency curve for all 8 AFRODITE clover detectors measured with

a ?Eu radioactive source.
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3.5.3 Gamma-gamma matrix construction

The analysis of data from HIFE reactions often begins with the creation of two-dimensional
histograms from double-coincidence data or three-dimensional histograms from triple-
coincidence data [15]. These histograms can then be examined by specifying energies
for all but one of the axes and inspecting the projection onto the remaining axis. The
Radware graphical-analysis package (ESCL8R) [50] was used in this experiment to create
and examine the gamma-gamma matrix (two dimensional histogram), through which the
level scheme for the nucleus of interest was created. MTSort software [51] was used in
this experiment to sort the massive data which was measured to construct gamma-gamma
matrices used in the DCO and polarization measurements. For DCO measurements
we used the gamma-rays detected by clover detectors positioned at 90° on the y-axis
in coincidence with gamma-rays detected at 135° on the x-axis. And for polarization
measurements we used the gamma-rays scattered-parallel and perpendicular to the reaction
plane in the clover detectors at"90° in coincidence with any other gamma-rays. Figure 29
represents the time (X-axis) speetrum-for-coincidences between two gamma-ray detectors

obtained in the current experiment.
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Figure 29: Time spectrum used for extraction of coincidence events obtained in the current

experiment. Typical events occured in the gate 987-1010 ns.
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Figure 30: Background-subtracted total projection Spectrum (gamma-gamma coincidences
2.5x 10%). The gamma rays labelled in black colour belong to '*Yb and are produced by
4n channel. The gamma labelled in maroon belongs to '°2Yb and was produced by 6n
channel of the present heavy-ion fusion evaporation reaction. The gamma rays labelled in
green belong in both 63Yb, and!%*¥Yb nuclei. The gamma rays labelled in red belong
to 1%2Sm and are produced by the coulomb excitation of the target. The gamma rays
belonging to %3Yb are produced by the 5n channel of the present HIFE reaction and are

labelled in violet colour.
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3.5.4 Spin and Parity Selection Rules

Spins (I) and parities (7) are the major tools used to describe the structural behaviour
of nuclei. Spin (I) can be defined as an intrinsic form of angular momentum carried by
elementary particles, composite particles (hadrons), and atomic nuclei [52]. Parity (7) is
a property of a wave function that depends on the result of the operation of inversion in
which all co-ordinates are reflected through the origin, i.e. r — -r. In quantum mechanics,
a multipole transition 2!, from the initial I; to the final I; nuclear state, carries an angular
momentum of 1A per gamma ray. The index 1 denotes the order of the multipole expansion
where ¢ = 1 (dipole), ¢ = 2 (quadrupole), ¢ = 3 (octupoles) and so on. During an
electromagnetic transition between the initial level at excitation energy E; and the final
state at excitation energy Ey, the conservation of angular momentum is actually governed

by the following expression:
=TT T T =0 (29)

where [; and I; denote the initial and final spins and are also vector quantities. The
expression above reveal the information about the possiblelamount of angular momentum
that can be carried off by the emitted electromagnetic transitions. The transitions are
said to be stretched when Al = ¢ and unstretched when the difference in I < ¢ [15].
Also depending on the parity of the initial or final level, the indentity of a gamma-ray
linking two nuclear states can be'classified ‘as either electric (E) or magnetic (M) where

the conservation of parity is given by:

(El) = (—1) (30)
I(M?) = (—1)"* (31)

The selection rules above dictates that the parity of nuclear states connecting M1, E2, M3,

E4, M5 etc should be the same while it is opposite for E1, M2, E3, M4, E5 and so on [15].
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3.5.5 Midas MTsort

MTsort requires the MIDAS analysis package. This program was used to sort the massive
data and convert it into a form that is compatible with Radware. In order to run MTsort,
the user needs to supply a file of sorting instructions written in the sort language. This file
should contain a description of the experimental setup, the number of spectra (histograms)
required and set of commands to be applied to each event being sorted. The sort package
checks the syntax of these instructions and translate them into a more low level language,
i.e. C. If there are mistakes in your sortfile the sort package reports them as warnings or
errors. The reason of sorting the data is to get rid of what you don’t want (junk) and

leave only what is useful [16].
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Chapter 4

4 Experimental Results

4.1 Contaminants

There are quite a number of contaminants that were observed in this work. This is despite
the fact that our target had a high isotopic enrichment of about 98.27%. In Heavy-
Ion Fusion Evaporation reaction experiments there are many sources of contaminants.
However, the most predominant ones are the residual nuclei, due to other reaction channels.
PACE4 simulation, discussed in section 3.1 was successfully used to determine the optimal
percentage yield and cross section of various-isotopes.of Yb, including that of the nucleus
of interest namely, 13Yb. The results obtained from the plot of percentage yield as a

function of energy are listed in"the table 2.

The level schemes of those contaminants observed in our data, were constructed. The
reason for constructing those level schemes, was to avoid the confusion between new
transitions and contaminants.' As'can'be-seen ‘in' Figure 30, the gamma decays that
correspond to %2Yb contaminant are due to the emission’of 6 neutrons from the reaction
1928m(1%0,6n)'%2YDb. %4Yb (contaminant) were generated through the emission of 4
neutrons from the above mentioned reaction. As shown in Figure 30 gamma decays from
164Yh gammas are predominant in the total projection spectrum compared to the ones of
the nucleus of interest (1*Yb). This is because the core nucleus '%2Yb is an even-even
nucleus with a lower density of states such that the intensity gets concentrated in fewer
transitions. The other reason is that the PACE4 calculations were slightly unreliable in

estimating an optimum beam energy.
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Table 2: Energy versus % yields from PACE4. In this work a beam of E;,;, = 93 MeV was

used.
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Figure 32: Coincidence spectrum from the 2Sm(1%0,5n)'%3YDb and 52Sm('°0,a3n) ! Er
reactions obtained by setting a'gate on the transition at 198 keV. The yrast sequence in

161Fr is labelled in violet. Transitions labelled in black belong to '%3Yb, and '64Yb.

Richter [6] proposed a cascade of stretched E2 transitions (198, 318, 425, 519, 597 and
667 keV) in 1%3Yb with intensity below 10% of that of the 203 keV transition in the yrast
band, using the %2Sm(1°0,5n)1%3Yb, but Kownacky et al., [5] suggested that this decay
sequence is not associated with '3Yb. With the aid of the 9Sm(*¥0,4n)'®3Yb reaction,
Kownacky et al., [5] discovered that the intensity of this cascade is only &~ 2% when
compared to that of the 203 keV transition, thus making it less likely for the band in
question to be in %3Yb. This decay cascade is also observed in our data as shown in
Figure 32. Our findings are consistent with those of Kownacky et al., as we also found

out that this transition does not belong to %3Yb, but to 6'Er.

56



4.2 Status of the Rotational Bands in 3Yb Nucleus

The spin-parity selection rules and DCO values have been used to assign multipolarity to
newly observed transitions. The polarization sensitivity possessed by the AFRODITE
array has been very instrumental in confirming the electromagnetic nature of the gamma-
rays observed in this study (see Figures 39 and 40). The DCO ratios (Rpco) for the
AFRODITE data-set were deduced using detectors at 135° versus those at 90° in this

work.

4.2.1 The Yrast Band (+,+)

The previous in-beam work |6] and-[b] established the yrast band the favoured signature
(+,+) based on the odd neutron-eccupying the i 13 Nilsson 5/21[642] orbital. Members of
this band have previously been observed up to a level with spin-parity assignment 45/2%
[5]. The subsequent study reported an 'additional 769.6 keV stretched E2 transition which
extended the yrast cascade to the 49/2% level [5]. Figure 34 shows all nine transitions
(203, 345, 463, 557, 629, 680, 706, 726 and 769 keV) as reported in [5|. Table 3 shows that
this study does not only confirm the existence of this band but also the spin and parity
assigned to its inband member by the previous in-beam works. In [5] they proposed the
extension of this band up to spin 53/2% with an energy =~ 835 keV, but we could not
observe it in our coincidence data. Figure 33 shows the coincidence spectrum confirming
the existence of this band in this work. It was obtained by setting a gate on the 345 keV

transition.
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Figure 33: Coincidence spectrum from the *2Sm(00;5n)'3YDb reaction obtained by

setting a gate on the transition 345 keV.
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Figure 34: Partial level scheme of 1*3YDb deduced from the current work, showing previously

known bands. Findings from the current work are labelled in red.
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Figure 35: The complete level scheme of **3Yb deduced from the current work. Findings
from the current work are labelled in red while previously known transitions, deduced

from previous in-beam work are labelled in black.
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Table 3: Energy levels, gamma-ray energies (E,), Rpco ratios, linear polarization

anisotropy A,, and multipolarity (multi.) assignments of transitions depopulating the

yrast band.

E-levels (keV) | E,(keV) JI— Jf Rpco A, Multi. | Band
Yrast band

3717 202.9 | 17/2t S513/2 | LO7AB3) | | 0.194(19) | E2 | Yrast
716.7 345.1 | 21/2% S317/2% || /1.076(5)|| | 0.155(8) | E2 | Yrast
1179.6 463 | 25/2* m21/2+ || 1110(5) | | 0.134(14) | E2 | Yrast
1737 557.3 | 2079 —95/2F 10817 . 0.137(17) | E2 | Yrast
2366.5 620.5 | 33/271520/2+ 1 1L0T4(10). |.0.038 (19) | E2 | Yrast
3046 679.5 | 37/2F.—33/2+ |. 1.026(14) .| 0.123(24) | E2 | Yrast
3752 706 | A1/2+ —37/2+ | 1.039(26) | 0.052(37) | E2 | Yrast
4477.8 725.8 45/2% —41/2% | 0.924(80) 0.111(53) E2 Yrast
5246.7 768.9 | 49/2* —45/2* | 1.020 (112) ) )| Yrast

)® insufficient statistics to measure linear polarization Anisotropy.

)¢ multipolarity could not be determined
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Figures 36 and 37 show the polarization and DCO spectra used for the analysis of linear
polarization anisotropy and DCO ratios respectively. The theory about linear polarization

anisotropy and DCO ratios is discussed in detail in chapter 3 of this thesis.

2.5e+05 - Polarization spectrum
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Figure 36: Polarization spectrum used to-caleulate linear polarization anisotropy in %3Yb

(see equation 21).
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Figure 37: DCO spectrum of the'matrix-constructed for-the measurements of Rpco ratios

projected onto 135% in '3Yb nucleus.
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Figure 38: Partial level scheme of 1®3Yb showing new nuclear levels transition, (highlighted

in red).
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Figure 39: Experimentally meastired DCO ratios, (Rpco), in 1%Yb, deduced in the current

work versus gamma-ray energies.

The most commonly used approach for determining the spin and parity of new levels, is
by first determining the multipolarity of the linking transitions to levels of known spin
and parity. In this work, the measured DCO ratio (Rpco), is defined as

W (90°, 135°)

W (1350, 900" (33)

Rpco =

The numerator of equation 27 denotes the angular correlation function between de-
excitation y-rays, detected at 90° relative to the beam direction, and coincident ~-rays,
detected at 135°. Figure 39 shows a Rpco plot as function of energy (keV) obtained from
this work. All the ratios in Figure 39 were obtained by setting a gate on pure stretched
quadrupole transitions. The Rpco value for known dipole transitions is ~ 0.56 and is ~
1.05 for known quadrupole, when gates are set on quadrupole transitions. Alternatively
when gating on a transition the corresponding values are ~ 1.1 and ~1.8 for dipole and

quadrupole transitions respectively [53].
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Figure 40: Plot for polarization anisotropy measurements as a function of energy obtained

from this work.

The polarization measurements ‘were deduced using clover detectors at 90°, such that
stretched magnetic transitions have ia negative sign whiletheir electric counterparts have
a positive sign, as shown in Figure 40. The polarization measurements for the newly
established transitions are coloured in blue, while those of well-established transitions are

coloured in, red, violet, orange, black and maroon.

4.2.2 Other New States

We observed an additional 16 new states in '%3Yb (Figure 38) all decaying to the yrast
band. With the data available we were not able to assign these states to any particular

configurations except for band 5.
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4.2.3 Band 1 (-,+)

Band 1 consists of three stretched E2 transitions (see Figure 35). This band was observed
for the first time by Kownacky et al., [5] up to 37/27. This band is linked to band 2
(-,+) via 670 keV transition. As can be seen in Figure 35 and Table 4, the current work
confirms the placements made by [5]. In addition our work also confirms the spin and
parity assignments made to the members of this structures by previous in-beam works.
Finally, Figure 41 shows a spectrum with decays associated with this band, this confirming

its existence in our work.

2000
i 670 keV Gate of Band 1
1500 — g 0
% 3 N %
o i o
c % g g
3 1000 ¥ 3
(&)
500 [
0
300 400 500 600
Energy (keV)

Figure 41: Coincidence spectrum from the %2Sm(*0,51n)'3Yb reaction obtained by
setting a gate on the transition 670 keV. Transitions labelled in violet are E2 transitions
that belong to band 1, and transitions labelled in black are also E2 transitions that belong
to band 2 and the yrast band of 1%3Yb nucleus.
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Table 4: Energy levels, gamma-ray energies (E,), Rpco ratios, linear polarization

anisotropy A,, and multipolarity assignments of transitions depopulating band 1 in
163y},

E-levels (keV) | E,(keV) JI— Jf Rpeco A, Multi. | Band
Band 1
2029.5 670.7 | 25/2 1% 21727 [ 11202(59) 1 .0.538(71) | E2 | 12
9526.6 497.1 | 29/27.—25/27 | 1.061(62) | 0.250(106) | E2 1
3076.7 550.1 | 33/2 —29/2- | 0.957(44) | 0.284(104) | E2 1
3681.1 6044 | 37/2- — 33/2- | 1.070(67) | 0.120(95) | E2 1
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4.2.4 Band 2 (-,+)

Band 2 is the negative parity band which was first established in [6] and later revised by
[5]. In fact, |5] changed the order of three transitions that were first observed in [6] and

also managed to add 769 keV “stretched E2” transition which extended this sequence to

49—

5 level. These changes led to a smooth upbend instead of a sharp backbend as reported

in [5]. The current work does not only confirm the placements made by [5] but also the
assignment of spin and parity for this band (see Table 5). Figure 42, shows a coincidence

spectrum deduced in the current work, which confirms the existence of this band.
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Figure 42: Coincidence spectrum from the %2Sm(10,5n)'3Yb reaction obtained by
setting a gate on the transition 468 keV. Transitions labelled in violet are E2 transitions

that belong to band 2, labelled in black are also E2 transitions of the yrast band.
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Table 5: Energy levels, gamma-ray energies (E,), Rpco ratios, linear polarization

anisotropy A,, and multipolarity assignments of transitions depopulating the rotational

levels of band 2.

E-levels | E,(keV) JI— Jf Rpco A, Multi. | Band
Band 2
2341 | 1815 | 9/2- —5/2- | 1.075(29) ) )e 2
527.2 | 2612 | 13/2- —11/2* ) 0.126(16) | ) | 23
5272 | 2931 | 13/2- —9/2- | 1.062(12) | 0.110(36) | E2 2
013.3 | 3858 | 17/2- —13/2- | 1.064(12) | 0.108(28) | E2 2
913.3 429.1 17/2===15/2""1 0.928(89) ) )¢ 2—3
1358.8 | 4453 | 21/2F —17/2°|-1.039(15)-1-0.188(22) | E2 2
1358.8 | 504.1 | 21/27 —19/2% | 0.916(59) ) o | 253
1810.1 | 460.3 | 25/27 = 21/27 | 1.101(38) | 0.248(25) | E2 2
1810.1 | 4747 | 25/9==23/2F | 0771(118) ) | 23
2286.6 | 363 | 20/271-327/2% 1] 0.925(144) ) | 253
2286.6 | 467.8 | 29/27 —25/27 [,1.153(33) [,0.254(45) | E2 2
27978 | 227 | 33/2° —31/2" | 0.726(136) ) | 253
27978 | 511.6 | 33/2- — 29/2- | 1.065(16) | 0.149(82) | E2 2
3367.8 | 570 | 37/2- —33/2- | 0.945(18) | 0.403(80) | E2 2
4000.6 | 632.8 | 41/2- —37/2- | 1.011(34) | 0.146(39) | E2 2
4702.3 | 7017 | 45/2- —41/2- | 1.119(115) ) )e 2
54713 | 769 | 49/2- —45/2- ) ) )e 2

)¢ insufficient statistics to measure DCO ratios.

)® insufficient statistics to measure linear polarization Anisotropy.

)¢ multipolarity could not be determined
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4.2.5 Band 3 (+,-)

Band 3 is the unfavoured signature partner of the yrast band (+,-). This band was
reported for the first time by Richter [6] who identified the following sequence of quadrupole
transitions (220, 371, 489 and 580 keV) as band members of this structure. Ritcher |6] had
observed this band up to 27/2". The subsequent in-beam study by [5] confirmed these
placements. In addition the latter also added three more transitions (647, 696 and 724
keV). The current study confirms the existence of this band (see Figures 42, and 43). In
addition, we also confirm the spin and parity assignments made to this band by previous

studies (see Table 6).
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Figure 43: Coincidence spectrum from the %2Sm('60,5n)'%3YDb reaction obtained by

setting a gate on the transition 220 keV.
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Table 6: Energy levels, gamma-ray energies (E,), Rpco ratios, linear polarization

anisotropy A,, and multipolarity assignments of transitions depopulating the rotational

levels of band 3 in %3Yb.

E-levels (keV) | E,(keV) JI— Jf Rpco A, Multi. Band
Band 3
483.2 219.9 | 15/25=5117/2% [70:900(52) )b )e 3
483.2 314.3 | 13/2+=RLNgyo% 5 ) )¢ 3— Yrast
853.7 137 21/27 —19/27 I\ ) )¢ 3—Yrast
853.7 370.7 | 19/2" —15/2% | 1.144(81) | 0.293 (88) E2 3
853.7 482 19/2% —17/2* =3 ) )¢ 3—Yrast
1343.1 489 23 /211 =19/2"] 1.009(98) /|, 0.191(17) E2 3
1923.1 580 27/2+.—23/2+ 1,1.009(48) )b )¢ 3
2570.5 647 | 31/2+ —27/2% | 1.213(51) | 0.024(45) | E2 3
3266.4 696 35/2%7 —=31/2% | 0.977(45) )b )¢ 3
3990.5 724 39/2% —35/2% | 0.874(98) | 0.226(118) E2 3

) insufficient statistics to measure DCO ratios.

)% insufficient statistics to measure linear polarization Anisotropy.

)¢ multipolarity could not be determined
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4.2.6 Band 4 (-,-)

Band 4 was first established by Kownacky et al., [5]. This band is connected to the yrast
band by five transitions with energies 658 (3= — 3+) 792 (3= — 2%) 379 (2= —
%), 936(21= — 2+), and 926 keV (2= — 2L). The current work does not only confirm
the placements made by [5] but also the assignment of spin and parity for this band (see
Table 7). In the current work this band has been extended up to a level with spin-parity
51/27. An additional E1 transition which connects the yrast band has been observed for

the first time in the current work (see Figures 44 and 34).

4000 — & | 590 keV Gate of Band 4| -
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Figure 44: Coincidence spectrum from the '%2Sm('¢0,5n)'%3YDb reaction obtained by
setting a gate on the transition 590 keV. Transitions labelled in violet are E2 transitions
that belong to band 4, while those labelled in black are E2 transitions of yrast band. The
transition labelled in red is the new El transition that connects band 4 and the yrast

band and also the E2 transition which extend band 4 up to spin 51/27.
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Table 7: Energy levels, gamma-ray energies (E,), Rpco ratios, linear polarization

anisotropy A,, and multipolarity assignments of transitions depopulating the rotational

levels of band 4 in '93Yb.

E-levels (keV) | E,(keV) JI— JF Rpco A, Multi. Band
Band 4
1642.9 026.1 | 23/2~ —217/2F1-0.982(87) ) )| 4> Yrast
2115.0 035.7 | 97232572t -0:836(30)" 0.195(85) | E2 | 4—Yrast
2528.9 4135 | 3127 =27/2m - 104 L(T5) ) ) 4
2528.9 792 31/27 |=»29/2% |10.857(20) || 0.098(54) E2 | 4—>Yrast
3024.8 4959 | 36/2- 312~ 111.434(92) ) ) 4
3024.8 658.3 | 35/2~ —33/2F | 1.033(50) ) )| 4—sYrast
3614.9 568.9 | 39/2- 537/2+ [ 1064(72) [ 0.126(118) | E2 | 4—Yrast
3614.9 590.1 | 30/2-"1.135/9% [N f14(37) ) ) 4
4295.3 680.4 | 43/2- — 39/2- | 0.908(55) | 0.101(25) | E2 4
5046.2 750.9 | 47/2- — 43/2~ | 0.896(79) ) ) 4
5852.5 806 | B1/2 —4T/2- e ) ) 4

) insufficient statistics to measure DCO ratios.

)% insufficient statistics to measure Linear Polarization Anisotropy.

)¢ multipolarity could not be determined

74




4.2.7 Band 5
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Figure 45: Coincidence spectrum from the !32Sm(10,5n)'3Yb reaction obtained by
setting a gate on the newly observed transition 539 keV. Newly observed transitions are
labelled in red, the known transitions of this band are labelled in violet and the transitions

labelled in black belong to the yrast band in the present coincidence spectrum.

A sequence of 11 rotational levels based on a nuclear state 0 keV, has been observed.
Previous studies by Richter [6], and Kownacky et al., [5] had reported this band up to the
11/2~ state. However, in the present study, this band has been extended significantly by
8 new transitions up to spin 43/2~. Polarization and DCO measurements were performed
for the majority of new in-band transitions and they are consistent with them being
stretched E2s, see Table 8. As can be seen in Figure 38, in this work, we also report a
series of new E1 (J—J=+1) interband transitions that links band 5 to the yrast band. The
spectrum showing transitions associated with this rotational structure is shown in Figure
45.
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Table 8: Energy levels, gamma-ray energies (E,), Rpco ratios, linear polarization

anisotropy A,, and multipolarity assignments of transitions depopulating the rotational

levels in 1%3YD.

E-levels (keV) | E,(keV) JI — J7? Rpco A, Multi. Band
Band 5

133.1 80 7/27 — 5/2” ) ) ) 52
394.4 160.3 | 11/27 — 9/27 | 0.411(128) ) ) 52
394.4 262 11/2= — 7/2= | 1.010(19) | 0.305(72) E2 5
767.8 240.6 | 15/27 — 13/2~ ) ) )e 5—Yrast
767.8 373.4 | 15/27 — 11/27 | 1.253(212) | 0.183(142) | E2 5
767.8 4144 | 15/27 — 17/2* ) -0.163(68) ) 5
767.8 599 15 /2=-=s=13712F )2 ) ) 5—Yrast
1214.7 446.7 | 19/27 =+ 15/2~ | 1.053(94) | 0.384(129) | E2 5
1214.7 498.3 | 19727 = 21/2% [10.639(173) ) ) 5—Yrast
1214.7 843.5 | 19/27 —+ 17/2* | 0.759(65) | 0.107(177) | E1 | 5—Yrast
1687.6 473 | 23/2==5-19/2=} 1.100(39) -] 0.038(181) | E2 5
1687.6 511 23/27 <. 25/2F | 0.432(269) ) ) 5— Yrast
1687.6 971 23/27 — 21/2% | 0.665(58) | 0.184(68) E1l | 5— Yrast
2168.3 349.2 | 27/27 — 25/2° y= ) ) 5—2
2168.3 480.7 | 27/27 — 23/27 | 1.088(69) | 0.412(109) | E2 5
2168.3 988.4 | 27/27 — 25/2*F )@ )b )e 5— Yrast
2655.8 487.5 | 31/27 — 27/27 | 1.054(55) | 0.328(197) | E2 5
2655.8 836.7 | 31/27 — 25/27 ) ) ) 52
2655.8 919.2 | 31/27 — 29/2% | 0.798(199) ) ) 5—Yrast
3195.2 539.6 | 35/27 —31/27 | 1.084(53) | 0.416(98) E2 5
3195.2 828.3 | 35/27 — 33/2% | 0.896(169) ) ) 5—Yrast
3805.7 610.5 | 39/27 —35/27 | 0.948(250) | 0.332(131) | E2 5
4506.7 700.9 | 43/27 — 39/27 | 0.959(33) | 0.037(177) | E2 5

)¢ insufficient statistics to measure DCO ratios.

)? insufficient statistics to measure linear polarization Anisotropy.

)¢ multipolarity could not be determined
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Figure 46: Coincidence spectrum from the !32Sm(!°0.5n)'%3YDb reaction obtained by
setting a gate on the transition at 189 keV. Transitions labelled in red belong to the
high-K band.

4.2.8 High-K Band (Bands 6 and 7)

A new strongly coupled band, based on the 603.4 keV level, has been established for the
first time in the current work. This structure decays mainly to the yrast band via the 369
and 479 keV transitions. These inter-band transitions are too weak (intensity) for DCO
and polarization measurements, we therefore could not use these techniques to assign
spins and parities to band members of these new rotational structures. As a result, we
had to rely on other physics arguments, which are discussed in the following chapter. The
table of gamma-rays and spectrum which confirms the existence of these band structures

in this work are shown in Table 9 and Figure 46.
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Table 9: Energy levels, gamma-ray energies (E,), Rpco ratios, linear polarization

anisotropy A,, and multipolarity assignments for transitions in '*Yb decay scheme.

E-levels (keV) | E,(keV) JI = J} Rpco A, | Multi Band
11/27 Bands 6 and 7
603.4 369 11/2= —9/27 | 0.626(121) | )° )e 72
603.4 479 11/2= —9/2F )e ) )e 7 — Yrast
792.6 189 13/27 —11/27 | 0.502(108) | )° ) 6— 7
1001.7 209 15/2= —13/27 | 0.618(103) | )° )e 76
1001.7.1 398 15 /2 -—11/2= 32 ) ) 7
1228.1 226 W25t 2 ariD-686(T3)" | )° )e 6 — 7
1228.1 436 17/2= —13/2- 38 ) )e 6
1470.5 242 19/27 172 Vg ) )e 7—6
1470.5 469 19— 11, 157D e ) )e 7
1726.4 256 21/2- —19/2~ | 0.737(342) | )° )e 6 — 7
1726.4 498 21/27 =17/27 [ 1.129(¥02) T ) )e 6
1995.1 269 PAYEARES Vb i )Y )e 76
1995.1 525 23/27 —19/2° )@ ) ) 7
2275.4 280 25/27 —23/27 | 0.513(260) | )° )e 6 — 7
2275.4 550 25/27 —21/27 | 1.027(212) | ) )e 6
2569.4 294 27/27 —25/27 | 0.682(75) | ) ) 76
2569.4 574 27/27 —23/2° )@ ) )e 7

)¢ insufficient statistics to measure DCO ratios.

)® insufficient statistics to measure linear polarization Anisotropy.

)¢ multipolarity could not be determined
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Chapter 5

5 Discussion

Figures 47 and 48 respectively show the alignments i and Routhians €’ plots (as a function
of frequency w), experimentally deduced for rotational structures observed in ®3Yb. Harris
parameterization with values Jy = 23h%.MeV ! and J; = 90h*. MeV~3 [5] have been used
in both plots and they were adopted from previous in-beam studies [5]. In a quest to
meaningfully describe the rotational properties of the majority of structures observed
in the current work, the cranked shell model [5, 59, 58] has been used. Figures 49 and
50 respectively show the cranked shell model diagrams of 1%2Yb for both neutrons and
protons [55]. These diagrams may also be used to explain the rotational properties of
quasi-particle excitation in '%3Yb-because of the neglgible-differences in the Fermi surface
of these two isotopes. The cranked shell model (CSM)-calculations for the ground state
band of *2Yb were performed with the following nuclear deformation parameters: e; —
0.212, ¢4 = -0.011. In *62Yb, the vacuum configuration correspond to Z = 70 and N = 92.
The Fermi level of the neutrons-lie-close-to-high=j-é13/5-and hg /5, low-j 2 f7 /5 orbital, while

the one for the protons lie close to high-j 10 and:low-j g7/2, 2ds/2, 2ds/5 orbitals.

In CSM all quasi-particle Routhians are calculated relative to the vacuum configuration
defined as the lowest configuration for even-even nucleus with positive parity = = +1,
and signature o = 0. In principle, for the vacuum configuration, all the Routhians with
¢'(w = 0)< 0, remain occupied. Table 10 shows the convention used for labelling of
quasi-neutron states in Figure 49. Similarly, Table 11 shows the labelling convention used
for quasi-protons in Figure 50. Figure 49 clearly shows the positive energy Routhians
for neutrons and they are labelled with letters A, B, C etc., while for protons they are
labelled with a, b, ¢, etc. In the CSM quasi-neutron Routhian plot of 03Yb, the lowest
positive energy Routhian (A) will be occupied, while that of its complex conjugate (A™)
will be empty. The A(+,+1/2) and B*(+,+1/2) Routhians come close, interact and
exchange their wave function properties at a rotational frequency of w/wy = 0.027 w.
This phenomenon is called the AB band crossing and it corresponds to the experimental
alignment of two neutron pairs of the i3/, orbital. Similarly, the CSM calculations can be

used to predict the band crossings associated with the alignments of the second (BC) and/
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or the third (AD) neutron pairs of the i3 /2 orbital in the frequency range between ~ 0.3
and ~ 0.4 MeV, see Figure 49. Similarly, at higher frequencies, these kind of alignments
can also be deduced for band crossings associated with the first (ab), second (bc) and third
(ad) pairs of the hyy/2 proton orbitals. In '%¥Yb the 5/27[642] neutron orbital becomes
low in energy compared to the 3/2%7[651] orbital [5]. In the context of the CSM formalism,
the A(+,+) and B(+,+) letters, previously assigned to signature partners of Routhians
belonging to the 3/2%[651] orbital in the N = 91 nuclei, can now be assigned to Routhian
trajectories associated with the 5/27[642| orbital since they carry the highest alignments
when compared to other Routhians- including those that originate from the 3/27[651]

neutron orbital.
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Figure 47: Alignments deduced for bands in '%3Yb as function of fw in the current work.
The labels in the legends indicate the bands as they are labelled in Figure 35. The
reference parameters are chosen to be Jy = 23h72.MeV~! and J; = 90A*. MeV =3 for 163YDh.
The alignment for the ground state band of %2Yb is also shown for comparison. Here,
Harris parameterization with values Jy = 20A2.MeV~! and J; = 90A*. MeV 3 are used for
162Yh [54].
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Figure 48: Experimental Routhians (single-particle energies in the rotating frame) plotted
against rotational frequency, hw for bands belonging to *3Yb. The Harris parameters
used for the reference are Jy = 2372.MeV~! and J; = 907*.MeV 3. Signature partner
bands are labelled in the same colours. Open symbols denote positive signature and closed

symbols represent negative signature.
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Table 10: Convention for labelling the quasi-neutron orbitals shown in Figure 49.

Odd neutron orbital

CSM labels (7, «a) shell model label Nilsson label
A(+,41/2) e 5,/2+ (642
B(+,-1/2) Ui1s/4 5/2+[642]
C(+,+1/2) s 4 3/2+(651]
D(+-1/2) Viiz/2 3/2+(651]
B(-,+1/2) v 5 3/2-[521]
F(--1/2) Vs 3/2-[521]
Gl--1/2) vhosa 5/2-[523)
H(-,+1/2) Vho s 5/2-[523)]
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Table 11: Convention for labelling the quasi-proton orbitals shown in Figure 50.

Proton.orbital

CSM labels (7, «) shell model label Nilsson label
a(+,+1/2) idaro 1/2+[411]
b(+,-1/2) nds o 1/2+[411]
c(+,+1/2) g7 /2 7/21[404]
d(+,-1/2) Tg7/2 7/271404]
e(--1/2) Thii) 7/27[523]
f(-,+1/2) mhyij 7/27[523]
g(--1/2) This 9/27[514]
h(-,+1/2) Thi/2 9/27|514]
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5.1 The Positive Parity Bands: Yrast and Band 3

The CSM calculation shown in Figure 49 is consistent with the “yrast band” and band 3
being the favoured and unfavoured members/signatures of the 5/27[642] state originating
from the 43/ neutron orbital. The CSM calculation also predicts the slope of both bands
to be steepest in the rotating frame, and thus larger alignments. In fact, this is evident in
the alignments values of ~ 6 h and 4.5 h, which have been experimentally (from Figure 53
and 54) deduced for both the yrast band and band 3, respectively. This is in agreement
with 5 A and 4 A, which are values that have been predicted by CSM, at about 0.323
MeV, for both bands, respectively. According to the convention used in Table 10, the
yrast band and band 3 can also be understood as A and B. It is worth noting that the
AB band crossing (mentioned above) is blocked in '®*Yb because A and B Routhians are
both occupied. In fact, the first possible band crossing is the BC crossing and it occurs at
a rotational frequency of w/wy = 0.027 w.see Figure 49. In fact the gradual alignment
observed at 0.35 MeV, in Figure 54;-is attributed to the BC crossing predicted by the CSM
calculations. As can be seen in Figures 53 and 54, these assignments are also in agreement
with the systematics of the region where all yrast bands have a signature partner with

relatively higher alignments.
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5.2 The Negative Parity Bands 2 and 5

Band 2 is well known from previous studies and has been assigned as the even spin member
of the 3/27[521] Nilsson that originates from the hg/, neutron spherical shell model [5, 6].
On the other hand, band 5 is a relatively new structure established in this work. As can
be seen in Figure 35, the first three low-lying band members of this band are known from
the previous in-beam works and they were assumed to be due to the 3/27[521] neutron
orbital [6], thus making it a candidate for the odd-spin partner of band 2. Numerous
levels that have been added on this band, in the current work, have made it possible for
us to confirm the quasi-particle configuration of this structure using the CSM. In fact,
cranked shell model calculations performed in this work are consistent with both bands 2
and 5 being built on the 3/27[521] orbital as suggested by former studies [5, 6]. As can
be seen in Figure 53, the order of appearance and slopes of Routhians corresponds to
the 3/27[521] configuration, namely. bands 2-and-5.are as predicted in Figure 49. The
alignments deduced experimentally for both bands 2 and 5, which are ~ 2.5 h and 2 h, are
also in agreement with ~ 3 h and 2.3 h, which are alignments that have been predicted

by the CSM calculation for both bands 2 and 5, respectively.

In order to understand our findings in the context of the systematics of the region, we
consider the excitation energies (minus the rigid rotor) for the 3/27[521] candidates in
163¥h and we compare them with those in the neighbouring/odd-N isotones namely, %"Gd,
19Dy and ''Er (see Figure 52). These plots clearly show that we are dealing with the
same structure. In fact, the similarities become more apparent with increase in proton
number. Firstly, the 3/27[521| candidates start at 0 keV and have signature partners in
all four cases. In all cases, signature partners track each other as a function of spin with
minimal signature splitting. Figures 52 and 54 also show that these bands have the same
moment of inertia in all four cases. The odd spin sequence is relatively higher for odd
spin signatures in all four cases. At high spin, there is a common crossing between the
odd spin signature of the 5/2%[642] and 3/27[521] bands, particularly in **Dy, %'Er, and
163Yh. This crossing takes place between 14-18 h.

Furthermore, numerous J — (J 4 1) transitions have been established (between the
3/27[521] and 5/27[642] orbitals) as a result of massive extensions that have been made

on the odd spin signature candidate of the 3/27[521] neutron orbital, see Figure 35. These
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relatively strong J — (J=+1) transitions have also been reported in the neighbouring odd-N
nuclei [58, 60]. Figure 55 shows the B(E1)/B(E2) branching ratios for the aforementioned
transitions in '%3Yb and they are compared with those in **Dy and '*Er. This figure
clearly shows that the branching ratio for these transitions are within the same order of
magnitude. This therefore gives us confidence that we are dealing with the same structure
and that the newly established band 5 belongs to the 3/27[521] configuration. Band 5 is
therefore the first odd spin candidate for the 3/27[521] state to be observed beyond band
crossing for Yb isotopes in the 160 to 170 mass region. According to the notation used in
Table 10, bands 5 and 2 can therefore be assigned to quasi-particle configurations E and

F, respectively.
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Figure 49: cranked shell model diagram of quasi-particle/routhians for 1°2Yb neutrons.
The rotational frequency in this diagram denoted by w/wy, is expressed in units of the
oscillator frequency wy. The quasi-particle routhians, are expressed in units of the harmonic
oscillator energy Awy. Full lines are used for quasi-particle trajectories with positive parity
and signature o« = 1/2, that is (+,1/2). Short-dashed lines are used for quasi-particle
trajectories with positive parity and signature a = -1/2, that is (+,-1/2). Dot-dashed
lines are used for quasi-particle trajectories with negative parity and signature o = 1/2,
that is (-,1/2). Long-dashed lines are used for quasi-particle trajectories with negative
parity and signature o = -1/2, that is (--1/2) [55]. The labelling convention used for the

Routhian energies shown in the plot are given in Table 10.
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Figure 50: cranked shell model diagram' of quasi-patticle routhians for 2Yb protons.
The rotational frequency in this diagram denoted by w/wy, is expressed in units of the
oscillator frequency wy. The quasi-particle routhians, are expressed in units of the harmonic
oscillator energy hwg. Full lines are used for quasi-particle trajectories with positive parity
and signature a = 1/2, that is (+,1/2). Short-dashed lines are used for quasi-particle
trajectories with positive parity and signature o = -1/2, that is (+,-1/2). Dot-dashed
lines are used for quasi-particle trajectories with negative parity and signature o = 1/2,
that is (-,1/2). Long-dashed lines are used for quasi-particle trajectories with negative
parity and signature o = -1/2, that is (--1/2) [55]. The labelling convention used for the

Routhian energies shown in the plot are given in Table 11.
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Figure 51: A plot of eperimental excitation energies minus a rigid rotor for all bands in
163Yh. Open symbols denote positive signature and closed symbols represent negative

signature.
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Figure 52: Compilation of eperimental excitation energies minus a rigid rotor for the
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163Yb. The addition of band 4 in'®Yb is to show the signature inversion around 10 7.
Signature partner bands are labelled in the same colours. Open symbols denote positive
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Figure 53: Compilation of Routhian plots for the 3/27[521] and 5/2%[642] signature
partner bands in *"Gd, *Dy, *1Er, and '%3Yb. The Harris parameters for "Gd: J, =
27.3h%.MeV~! and J; = 256.6h*. MeV 3, 19Dy J, = 28h2.MeV~! and J; = 110A* MeV =3,
1B Jy = 26R2.MeV~! and J; = 90A* MeV—3, and '3Yb: J, = 23A%2.MeV~! and J;, —
90h*.MeV 3. Signature partner bands are labelled in the same colours. Open symbols

denote positive signature and closed symbols represent negative signature.
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Figure 54: Compilation of spin alignment plots for the 3/27[521] and 5/2%[642] signature
partner bands in *"Gd, %Dy, %'Er, and '3Yb. The Harris parameters for *"Gd:
Jo = 27302 MeV~! and J; = 256.6h*.MeV 3 [60], 1*Dy: Jy, = 28h%2.MeV~! and J,
= 110A* MeV 3, 161Er: 7y = 26h2.MeV~! and J; = 90A* MeV~3, and 'Yb: J, =
23h2.MeV~! and J; = 90A* MeV 3. Signature partner bands are labelled in the same
colours. Open symbols denote positive signature and closed symbols represent negative

signature.
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Figure 55: Compilation of B(E1)/B(E2) ratios as a function of spin for 3/27[521] bands
in 151Yb, %Dy and in %3Yb.

In the present work, the strong El transitions from the 3/27[521] band to the 5/27[642]
band have been observed in '*3Yb. In fact, the occurrence of relatively enhanced E1
transitions is a general phenomenon in'the rare-earth region. The enhanced E1 transitions
between two bands with opposite parities are observed in batch of odd-A nuclei [59]. The
measured B(E1)/B(E2) ratios for the ®3Yb nucleus are comparable with those observed
in the neighbouring nuclei '**Dy [58], and '®'Er [59]. The measured B(E1)/B(E2) ratios
for the decay of states with negative signature are systematically lower than the ones with

positive signature states (see Figure 55).
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5.3 Band 4

Kownacky et al., [5] proposed that for the lowest negative-parity bands a small positive
splitting is observed at low rotational frequency (fw), that is band 2 is lowered in energy
relative to band 2. At larger fw a small negative decoupling is observed (band 4 lies lower

in energy than band 2). This is also confirmed in the current work (see Figure 48).

5.4 High-K Bands (Bands 6 and 7)

A pair of strongly coupled bands with strong M1 transitions has been established in this
study. In a search for a microscopic identity of these bands, we consider the possible
ways through which they can be formed. The band-head of this high-K structure is at
about 600 keV. This suggests that-these bands-are likely to be built on a single-particle
orbital. In the Nilsson and cranked shell models, the most obvious candidate that better
fits the description of a high-K negative parity sequence with a K = 11/2~ band-head is
the 11/27[505] neutron orbital.

Indeed, this high-K structure appears to share a lot of similarities with K = 11/2~ bands
built on the 11/27[505] neutron orbital that have been identified in the neighbouring N
= 93 isotones. Firstly, these bands show nosignature ‘splitting (see Figure 56), and this
is consistent with the behaviour of 11/27[505| bands observed in adjacent neighbouring
odd-N nuclei. As can be seen in Figure 48, these bands also have the same moment of
inertia. The strong M1 transitions (between bands 6 and 7) are also present in their
neighbouring nuclei and are due to the fact that the microscopic configuration responsible
for the formation of these bands involves a high-K orbit (with a higher magnetic moment)
such as the 11/27[505] neutron orbital. Further, B(M1)/B(E2) branching ratios have been
deduced for these bands in 1%3YDb, see Figure 57 (a). These ratios show further similarities
with those measured for "Dy and '®Er, see Figure 57 (a), (b), and (c). In fact, in all
three cases, the ratios are within the same order of magnitude. In addition, they are
typically less than 2, and they decrease gradually as a function of spin. These pieces of
information are consistent with the conjecture given above about the microscopic identity
of bands 6 and 7 being built on the single-particle neutron 11/27[505] Nilsson state. These
finding mark the first observation of high-K structure to be reported in '3Yb.
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Figure 57: Compilation of B(M1)/B(E2) ratios as a function of spin for 11/27[505] bands
in '3YDb, 191Er, and the 11/27[505] bands in Dy [59, 58|.
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Chapter 6

6 Conclusion

The nuclear structure of '3Yb has been studied in detail from low to medium spin. To
understand the nuclear structure it is also necessary to interpret the experimental results in
terms of a model. The cranked shell model was used for comparison of experimental data
in this work. After a comprehensive analysis, the level scheme of **3Yb has been extended
with fragments of about 3 new rotational bands. In fact, bands 5, 6 and 7 are as a result
of findings from this work. The spins and parities of new and well established rotational
structures, established in previous in-beam works, have been successfully assigned using
DCO and polarization measurements. In order to meaningfully describe the rotational
properties of structures observed-in this work, the Nilsson-and cranked shell models have
been used. In some of the cases,-systematic' comparisons have been made in order to
understand the microscopic behaviour of some of the rotational structures observed in the

nucleus of interest.

In summary, the newly established band 5 has been identified as the odd spin sequence of
the 3/27[521] neutron orbital or the ground state band. Thus, making this band the first
odd spin candidate for the 3/27[521| state to be observed beyond band crossing for odd-N
Yb isotopes in the 160 to 170 mass region. Bands 6 and 7, also are new high-K structure
established in the current work, have been identified as signature partners built on the
11/27[505] single neutron configuration. These findings mark the first observation of a
high-K structure to be reported in *3Yb. Overall, this study has been rich in spectroscopy.
Despite this, one of the major objectives of this work was to observe the coupling of
the single particle configuration in '3Yb to collective excitations of the neighbouring
even-even core, namely *?Yb as has been the case for odd nucleon nuclide such as, *>Gd,
155Dy, 157Dy, 159Ky, 1%Ho and '%"Er. This feature remains elusive in '3Yb. We therefore
attribute the absence of this phenomenon due to the entry distribution of the reaction
which did not favour the population of these states . In fact, the experiment analysed in
this work used a beam projectile that brought in relatively higher angular momentum

onto the system, and this makes the population of low-lying states to be at a minimal.
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7 Future Plan

For our future studies, we would like to carry on the analysis of this nucleus, also the
neighbouring nucleus %*Yb. We would like to conduct an experiment for measurements
of life-time of the 11/27[505] bandhead. These measurements could be done with the
recently aquired 2x2” LaBr3;Ce detectors. We would like to search for other 11/27[505|
structures in other Yb nuclei. Do further experiments to study the systematics of the

collective excited K = 0 and K = 2 bands in the Yb isotopes.
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