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Abstract

Weakly Populated Structures in '**Ce

Barry Michael McGuirk

A high-spin, high-statistics search for the linking transitions between the yrast
superdeformed band and the normally-deformed, low-spin states has been performed
using the GAMMASPHERE spectrometer. Linking transitions have been difficult to
observe in the cerium isotopes, a fact which is thought to be related to a large bar-
rier between the superdeformed and normally-deformed states. Although the linking
transitions were not observed, the experiment revealed new, weakly populated struc-
tures unseen in previous experiments. Where possible, nucleonic configurations for
the newly observed structures have been suggested on the basis of comparisons with

Cranked Nilsson-Strutinsky and Total Routhian Surface calculations.
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Chapter 1

Introduction

An experiment has been performed with the GAMMASPHERE spectrometer at Ar-
gonne National Laboratory near Chicago. The experiment took place during Novem-

ber of 2004. The principal aims of the experiment were;

1. To attempt to observe linking transitions between Superdefomed (SD) and
normally-deformed (ND) states in '*2Ce, thus fixing their excitation energy,

spin and parity.

2. To extend the known Yrast Superdeformed band to the expected termination

at the ultra-high spin of 78A.

Nuclei at the extremes of spin and at large deformations are of considerable interest
in nuclear structure physics. Since the discovery of the first discrete Superdeformed
band in '*2Ce over twenty years ago, many more have been observed in other cerium
isotopes, neighbouring nuclei and other regions of the nuclear chart. Some of these
bands have been linked to the normally-deformed low-spin states but none of the
SD bands in the Cerium isotopes have been linked to the low-spin level scheme.
132Ce represents an ideal candidate for the observation of linking transitions due to
the relatively high population intensity of the band(~5% of the reaction channel).
It is interesting, then, why these linking transitions have not been observed before,

given that they have been in the neighbouring even-even nucleus, "*?Nd. This work
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documents the search for these linking transitions between the yrast SD band and
low-spin normally-deformed states of '3?Ce. The present work has revealed new,
interesting structures in the level scheme of '*Ce which are too weakly populated to
have been observed in previous work. The new structures include 3 new SD bands
and 2 new bands with a transition energy spacing of ~100 keV. The re-placement
of one transition and observation of others, which re-assigns spins, excitation energy
and parity of one previously known structure into which the Yrast SD band decays,

has also been possible through this work.

The study of high-spin nuclear physics and Superdeformation allows one to test
nuclear models at the limits of their applicability. Justification for the interpretation
of the experimental results will come from the discussion of basic nuclear structure

in chapter 2.

Chapter three will cover the nuclear models used in this work, namely the liquid
drop model and the spherical shell model. Nuclear deformation is then discussed in
terms of the Nilsson model, from which the discussion naturally progresses to nuclear

rotation within the framework of the Cranked Shell Model (CSM).

Chapter four will cover the experimental details and the fundamental principles by
which we detect the radiation emitted from the decay of high-spin states along with

an overview of the data analysis techniques employed in this work.

Chapter five will discuss at the search for the linking transitions between the yrast

SD band and the low-spin states including the techniques employed and the results.

In chapter six the experimental results will be presented and chapter seven will
discuss the results and provide an interpretation of the experimental data based on
comparisons with cranked Woods-Saxon and Total Routhian Surface (TRS) calcula-

tions



Chapter 2

Nuclear Structure

2.1 Introduction

One of the initial attempts to describe the properties of the nucleus in a classical
way was the liquid drop model. This model successfully describes many of the bulk
properties of the nucleus which vary in a smooth way with nucleon number, such as
nuclear masses, and also allows us to understand some of the phenomena associated
with fission, like barrier heights, and why some nuclei undergo spontaneous fission.
This approach, however, fails to provide an explanation of why, for instance, certain
nuclei are deformed and not spherical in their ground state. It is clear then, that an-
other description is therefore necessary to describe other aspects of nuclear structure,
which takes into account the apparent shell structure, i.e. extra binding energy for nu-
clei with certain “magic” numbers of protons and/or neutrons. For this, we introduce
the single-particle model, which has had great success in predicting the order and
correct grouping of single particle states and also predicting the ground-state spins of
nuclei near to closed shells. In this chapter, these two models will be discussed with
attention paid to the successes and failures of each and to the interplay between them.
The discussion will then move on to cover nuclear shapes and deformation, naturally
progressing to a description of nuclear rotation and the Cranked Shell Model in the

next chapter.
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2.1.1 The Liquid Drop Model

This model treats the nucleus as an incompressible drop of liquid, the energy of
which is well described by the Bethe-Weiszicker [Wei35] or semi-empirical mass
formula. In this model, the energy of the nucleus is assumed to be the sum of a
volume term, a surface term, a Coulomb term, an asymmetry term and a pairing
term.

=T, i ~3F)
Asr o eA TR

Bp = o, A— gAY —qg, +8(A, Z) (2.1)

where a,A is the volume term, a,A%/? is the surface term and so on. This reproduces

the general trend of the binding energy per nucleon as a function of mass number.

2.2 The Spherical Shell Model

In order to try to explain the discrepancies between the liquid drop model and the
experimental evidence, and driven by its success in atomic physics, the nuclear shell
model was introduced. In this model, one assumes that each nucleon moves in an
average potential, the so-called mean field, created by all of the other nucleons so that
each particle experiences only a central force. Each nucleon moves independently of
all the other nucleons and detailed two-body interactions are replaced by a central
potential which is easier to solve. [Hor75].

The experimental evidence for nuclear shell stucture is:

e The nuclear separation energies, analagous to atomic ionisation energies, in-

crease sharply for certain nucleon numbers.

e The energies of the first excited 2" states of even-even nuclei are significantly
higher in magic or doubly magic nuclei. This is because this excitation involves
the promotion of a nucleon from a filled major shell, across a large shell gap, into
an unfilled one which requires more energy than promoting a nucleon between

adjacent subshells within a major shell.
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e Experimentally measured masses of nuclei with magic numbers of protons and Jor

neutrons deviate significantly from the calculated liquid drop values.

e Measured electric quadrupole moments, which are proportional to the nuclear
deformation, are zero for magic number nuclei which indicates that they have

a spherical shape.

2.2.1 The Nuclear Potential

There are several one-body nuclear potentials that one can use when modelling
the nucleus. These potentials have different characteristics and some have certain
advantages over others. Some commonly used potentials are shown in Fig. 2.1. The
square well potential is the simplest potential we can consider but does not reproduce
the correct magic numbers. The harmonic oscillator potential is clearly unphysical as
the potential outside the nuclear radius is zero and not infinity but has the advantage
that it can be solved analytically and, with some refinements, can reproduce the

correct magic numbers. The Woods-Saxon potential [Woo54] is the most realistic

A
\%

|

/

0 - /
£l

) / do Woods- Saxon
: — — Harmonic Oscillator
o B —— Square Well

I —» ¥

Figure 2.1: Diagram showing various nuclear potentials. Vj is the depth of the well, r is

the distance from the origin and 7y is the nuclear radius.
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potential as it closely follows the shape of the nuclear matter distribution. This
potential, however, suffers from the disadvantage that it can be difficult to solve. The

Woods-Saxon potential is given by:
Vo

sz i ==
(r) 1+ e:z:p[i——lr';” ]

(2.2)

where Vj is the depth of the well, ry is the nuclear radius and a is the “skin thickness”

and is a measure of the diffuseness of the surface.

2.2.2 Harmonic Oscillator Potential

The harmonic oscillator potential can be expressed as follows

r

V(= =V ll = (—ﬂ , (2.3)

To

where Vj :m—;E‘L is the depth of the potential well, wy is the angular frequency of the nu-

cleon and ry is the nuclear radius. This potential gives the spectrum of states [Rin80]:

EN = hwg (N + g) 3 (24)

with

N=2(g =1+l =12 ... =0 1.2 (=80,d )5 (2.5)
where N is the number of oscillator quanta, n is the radial quantum number and [
is the orbital angular momentum quantum number. For each N shell there are M
degenerate levels with different values of [, and the allowed values of [ are given by
I<N. Each oscillator shell can only contain either even or odd values of [, that is each

oscillator shell contains only states with the same parity. The degeneracy, M, of each

N shell is given by:
M=(N+1)(N+2), (2.6)
and the parity of the levels is given by:
m=(-1)" = (-1)". (27)

see sec 3.2.6.
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2.2.3 Spin-Orbit Interaction

If we fill up the harmonic oscillator (or Woods-Saxon) levels in accordance with
the Pauli principle, the first three magic numbers are reproduced. However, this
model fails to reproduce the higher magic numbers. This was the motivation for the
introduction of the spin-orbit force. This was a major step in the development of
the shell model when it was proposed by Haxel, Jensen and Suess [Hax49]. They
postulated that a spin-orbit interaction existed in nuclei between the orbital angular
momentum and the intrinsic spin angular momentum of the nucleons.

This spin-orbit potential is of the form:
Vso=f(r)l-s, (2.8)

where 1 and s are the orbital and intrinsic spin angular momenta of the nucleons and

f(r) is related to the shape of the potential and is given by [Rin80]

1dV _
f(r)= A;E' (2.9)

The effect of the spin-orbit interaction is to split the degenerate ! states producing

states with:

j=£+%. (2.10)
and:

"—F—l (2.11)

g =il 5 ;

Choosing the interaction to be negative, and therefore attractive, splits the states
such that the j=I[+1/2 states are lower in energy than the j=[—1/2 states (opposite
to the atomic case). This splitting is proportional to 2/+1, therefore the magnitude
of the splitting increases as [ increases. For large [ the spin-orbit interaction is large
enough to lower the energy of the I4+1/2 level so that it sits amongst the levels in

the oscillator shell below, which have opposite parity. These states are sometimes
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Figure 2.2: The effect of the spin-orbit and I? terms on the energy levels of the harmonic

oscillator potential.

termed “intruder” states. A term proportional to [* was also added to the harmonic
oscillator potential by Nilsson [Nil55] in order to flatten out the potential, which
makes it look more like the Woods-Saxon potential, and therefore better reflect the
matter distribution. Figure 2.2 shows the effect of adding the spin-orbit term and
the 12 term on the harmonic oscillator levels. From this we can see that the correct

magic numbers are reproduced.
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N | Ey(hw) | Allowed ! | Occupation | Total
0 3/2 0 2 2

1 5/2 1 6 8

2 7/2 2,0 12 20
3 9/2 3,1 20 40
4 11/2 42,0 30 70
5 13/2 53,1 42 112

Table 2.1: The allowed values of [ for each N. The occupation is the number of nucleons

allowed in each shell. The column on the right shows the cumulative total for each full shell.

2.3 Nuclear Deformation

The shell model was formulated using a spherically symmetric potential and has
proved successful in predicting the properties of nuclei near closed shells. As more
nucleons are added, and we move away from the magic numbers, the nuclear shape
changes and the assumption of spherical symmetry is no longer valid. Nuclear defor-

mation can be invoked by the introduction of anisotropy in the nuclear potential.

2.3.1 Deformation Parameters

If we assume that the nucleus has a sharp surface, the shape of a deformed nucleus
can be parameterised in polar coordinates by an expansion of the nuclear radius in

terms of spherical harmonics Yy, (0, ¢),

R(0,¢) = Ro (1 +3° > anYou(0, ¢)) . (2.12)
A B

where R, is the radius of a sphere with the same volume as the deformed nucleus, and
ary, are coefficients which describe the distortions of the surface about an equilibrium
shape. The first order term A=1 corresponds to the translation of the centre of mass
of the whole system from the origin and is equal to zero and can be neglected. A=2

represents quadrupole deformation and can be described by five ay, coefficients. If
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the a, coefficients are defined in the system of principal axes, i.e. in the frame
of the nucleus, and if one only considers the case of quadrupole deformation (A=2)
then the as, coefficients reduce to two because agy=ay_5 and az=ay 1=0. These
two coefficients, together with the three Euler angles which make the transformation
from the intrinsic to the laboratory frame, define the system completely. The two

remaining coefficients are,

Qg = PacOsy (2.13)
and
1 y
gy = — \/5/32 sin 7. (2.14)

S Non-collective
v Oblate

FOD e

=60
e |
Collective Oblate
=120° ‘
Non-collective
Prolate

Figure 2.3: The Lund convention for nuclear shapes.

The 3, parameter describes how deformed the nucleus is and the v parameter
tells us the type of quadrupole deformation, e.g. whether it is prolate or oblate. See

Fig. 2.3. Nuclei with y=60° or y=—60° have oblate shapes, while those with y=0°
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or y=—120° have prolate shapes. Intermediate values of 7 correspond to nuclei with
triaxial shapes, i.e. nuclei for which their three principal axes have different lengths.

If we consider only quadrupole deformation, we can now simplify equation 2.12 to:

R(0,6) = RyC(B2)[1 + [2Y20(09)] (2.15)

where Yy is a spherical harmonic of order 2 and C(f,) is a factor which is introduced

to satisfy the condition of volume conservation exactly.

2.3.2 The Anisotropic Harmonic Oscillator Potential (AHO)

We can introduce anisotropy into the Harmonic Oscillator (HO) potential by stating

that z=y#z The AHO potentai can be written [Boh69]:

, 18
Vano = 5M w22 + wh (2* + 47)] , (2.16)

where w, and w, are the oscillator frequencies parallel and perpendicular to the
symmetry axis. These are related to the oscillator frequency in the spherical case wy
by
2 1
W, = Wy (1——5)., W) =~ Wy ].'i"—if,')1 (217)
3 3
where ¢ is a deformation parameter approximately equal to 0.95/; [Rin80] and g =

wg to ensure volume conservation. The eigenstates of the AHO potential are given by
1
Hlien . = (nz + §) hw, + (ng +1) hw, , (2.18)

where n, and n; are the number of quanta in the oscillations along the symmetry

axis and perpendicular to the symmetry axis, respectively.

2.3.3 The Nilsson Model

The Nilsson model [Nil55] is a shell model in which defomation is introduced which

predicts new regions of low level density or deformed shell gaps. The Nilsson potential
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or modified harmonic oscillator potential in its most common form is defined as
Varro = Vano — shw [21.s +p (2 = () )] - (2.19)

As in the spherical case, Nilsson added terms proportional to [.s and P to incor-
porate the spin-orbit coupling and to flatten the radial shape of the potential making
it more realistic. The parameters x and p are coupling parameters which are different
for each major oscillator shell and are fitted so that the observed levels in deformed

nuclei are produced.

Solving the nuclear Hamiltonian with the Nilsson potential yields plots of single-
particle energies as a function of quadrupole deformation, known as Nilsson diagrams.
Figures 2.5 and 2.6 show examples of Nilsson diagrams, appropriate for **Ce, for
protons and neutrons. £ (& 0.953;) is the quadrupole deformation parameter in
stretched coordinates. The orbitals are labelled by using the asymptotic quantum

numbers or Nilsson labels,
[Nn,A]Q7, (2.20)

where N is the total number of oscillator quanta, 7 is the parity of the level, A
and Q are related through Q = A + £, where ©, A, and ¥ are the projections of the
total, orbital, and intrinsic spin angular momentum on the symmetry axis. Figure 2.4
illustrates the meaning of these AHO quantum numbers which are valid for axially
symmetric nuclei with large deformation in the absence of rotation. Each state is
now only twofold degenerate corresponding to +2, a degeneracy which is lifted once
the potential is rotated (see Chapter 3). In this limit, however, only 2 and 7 are
good quantum numbers, the others only become good in the asymptotic limit i.e.
as f, — oo. Due to the Pauli exclusion principle, no two orbitals with the same
(" are permitted to cross, but will repel each other as they get closer and exchange
characteristics at the crossing point. The slope of the Nilsson orbitals is related to the
single-particle matrix element of the quadrupole operator. Orbitals with low (high)

values of Q are lower (higher) in energy for prolate deformation and higher (lower) for
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oblate deformation. At zero deformation, the single-particle level spectrum from the
spherical shell model is observed. As the deformation increases, the single-particle
level density increases but at certain deformations gaps can reappear in the level
spectrum, corresponding to deformed magic numbers, which implies that nuclei with

these numbers of protons and neutrons are most stable when deformed.

2.4 The Strutinsky Shell Correction Procedure

The previous sections have illustrated that there are two distinct models which
describe the nucleus. The liquid drop model assumes that the nucleus is an incom-
pressible sphere of uniform density with sharp edges at the surface. The LDM is
able to reproduce the bulk properties of the nucleus which vary in a smooth way
with nuclear mass, for example the binding energy. The shell model assumes that the
nucleons move in individual particle orbitals independently from one another in an
averaged nuclear potential. The shell model is able to describe nuclear phenomena
in which only those nucleons close to the Fermi surface are involved, however fails to
explain bulk collective properties in which all of the nucleons contribute. One such

problem is the shell model’s inability to accurately calculate the ground state energy

Figure 2.4: Illustration of the labeling of the asymptotic quantum numbers.
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Figure 2.5: Nilsson diagram for protons 50<Z <82 [Fir96].

of the nucleus from the summation of the single-particle energies from the bottom of
the potential well to the Fermi surface. This led to the introduction of the Strutinsky
shell correction procedure [Str67] [Str68] which combines the successful features of

each model.
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Figure 2.6: Nilsson diagram for neutrons 50<N <82 [Fir96].

In the Strutinsky model [Str67] [Str68] the nuclear binding energy, E, as a function
of mass is expressed as the sum of a smooth component, given by the macroscopic
liquid drop model, and an oscillatory part from the microscopic shell model,

The oscillatory term arises due to the fact that the nuclear binding energy is

highly dependent on the level density near the Fermi surface. In the shell model the































































































































































































































































































































































