UNIVERSITY OF THE WESTERN CAPE

DOCTORAL THESIS

Test of Traditional Vibrational Wisdom by 2
proton stripping onto targets of
108,110pq 1140, 15T

Author: Supervisor:

Bongani G. MAQABUKA Dr. Peter M. JONES

Co:supervisor:
Prot. John F.

SHARPEY-SCHAFER

A thesis submitted in fulfilment of the requirements

for the degree of Doctor of Philosophy

m the

Nuclear Physics
Department of Physics


http://www.uwc.ac.za
http://www.tlabs.ac.za
http://www.tlabs.ac.za)
http://www.uwc.ac.za

i

November 2018

ey vy g R AL e e . Y
(I8 BIN BIN BIF NIN NI
S R

LT

UNIVERSITY of the
WESTERN CAPE

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



Declaration of Authorship

I, Bongani G. MAQABUKA, declare that this thesis titled, “Test of Traditional

Vibrational Wisdom by 2 proton stripping onto targets of 198110pq 14Cd,115In”

and the work presented in it are my own. I confirm that:

This work was done wholly or mainly while in candidature for a research

degree at this University.

Where any part of this thesis has previously been submitted for a degree or
any other qualification-at-this University-or-any other institution, this has

been clearly stated:

Where I have consilted the published work of others, this is always clearly

attributed.

Where I have quoted from the work of others; the source is always given.

With the exception of such guotations, this thesis is entirely my own work.
I have acknowledged all main sources of help.

Where the thesis is based on work done by myself jointly with others, I have
made clear exactly what was done by others and what I have contributed

myself.

Signed:

Date:




“If you cannot explain it simply, you don’t understand it well enough”

Albert Eistein

UNIVERSITY of the
WESTERN CAPE

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



Abstract

The cadmium nuclei have traditionally been regarded as among the best examples
of spherical vibrational nuclei. However, advances in nuclear spectroscopy have
begun to detail the properties of these nuclei at the two and three vibrational
phonon levels, casting doubts on the vibrational assumptions. In particular, the
properties of the excited 0F (for n > 2) levels are key to any vibrational model.
Excited 0T states can arise in nuclei in association with the nucleon pairing degrees

of freedom, and in model spaces with collective shape degrees of freedom.

This thesis reports details of the excited 0] levels in the even-even nuclei '%112Cd
and 1%Sn, and the excited %Jr states in '7Sb, investigated using two-proton
stripping reactions. The %$HOPd(FHe pny)l10!12Cd, 11CdA(*He, ny)"%Sn and
U5Tn(3He, nvy)7Sb readtions werel investigated tising AFRODITE spectrometer
in conjunction with a wall of 12 plastic scintillator detectors placed 2 m away

from the target chamber.
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Chapter 1

INTRODUCTION

The (*He, n) two-proton stripping reaction has been used to study low-spin excited
states which are characterised by high-proton pair correlations in their microscopic
structure. Transfer reaetions with Tight particles; investigated in high-resolution
experiments, give very specific-and selective information on the properties of nu-
clear levels. In particular, the two-proton transfer reactions are very sensitive
probes for studying pairing correlations in the overlap between initial and final
states. Pair correlations‘have been extensively-studied by the two-neutron trans-
fer (¢, p) and (p, t) reactions on nuclei near closed shells, on deformed nuclei and in
the transition region between spherical and deformed nuclei, using magnetic spec-
trometers. However, there'is paucity of experimental data on two-proton stripping
reactions. A few measurements, performed using the (*He, n) two-proton strip-
ping time-of-flight technique, date back to more than 30 years [2, 14-22]. Reactions
where protons are stripped off the beam nucleus, so that the outgoing particle is
a neutron, are difficult to do due to challenges in obtaining good neutron energy
resolution. The two-proton transfer data may be integrated with those coming
from other nuclear reactions, each one characterized by its specific selectivity in
the population of the excited states. In these measurements, we utilize an array of
high resolution (~3 keV) escape-suppressed HPGe v ray detectors in coincidence
with a wall of neutron detectors placed at forward angles to measure the strengths

of two-proton pairing configurations in the L = 0 transfer states.

A pairing interaction is a short-range component of the nucleon-nucleon force. In
even-even nuclei the strong attractive force acts on pairs of nucleons in time re-

versed orbits (with magnetic quantum numbers m and -m) to couple their angular



Chapter 1. Introduction 2

momentum to zero. The ground states of doubly even nuclei have this character
and excited states with this structure may also arise, especially near a closed shell
[23]. Aage Bohr proposed that the excited 07 states are associated with collective
degrees of freedom, i.e. they have a vibrational character [24, 25]. However, some
of these excited 0% have been established to be associated with the promotion of
pairs of nucleons across major shell or sub-shell gaps to form pairing vibrations
26, 27]. It is believed that these extra 07 levels are even more deformed than
those of the ground state. The pairing structure of these 0% states is naturally

probed by two-proton, two-neutron and alpha transfer reactions.

1.1 Classical vibrating drop

A charged liquid drop model first proposed by George Gamow [28] is the simplest
collective description for a nueleus; it-meodels-the nucleus as a drop of a macro-
scopic liquid. The resonant-meodes of these vibrations were first described by Lord
Rayleigh [29] who determined that for a spherical incomprehensible liquid drop

with radius R, the angular frecquencies at which resonance occurs are given by

s A=) (X F2)y
o MR (1)

where A is the mode number- of frequency, -y is the surface energy per unit area

due to surface tension, p is the density of the liquid, which is assumed to be
constant throughout the drop. From equation 1.1, the frequency of a vibrating
object depends on two properties, the inertial mass of the constituent particles
and the restoring force, i.e. w? o p%. The investigations of nuclear vibrations
use much of the mathematical approach developed by Rayleigh, but, of course
the oscillations are quantized. For a charged spherical nucleus, also assuming no
viscosity and irrotational flow, the equation becomes [30]
s AA=1D(A+2) C; 1 2xA—-1) e? 72

— L 2 1.2
“ 3 Ramy A~ 2331 dmegiam, a2 (L2

where C is the surface energy term in the Weizsacker semi-empirical mass formula
~ 18 MeV [31], Ry = R4A3 is the radius of the nucleus, m,, is the mass of the
proton, and A is the atomic mass number. Taking R4 = 1.3 fm and the excitation

energy of the vibration as E, = hw gives E, = 3.3 MeV at A = 110 for quadrupole
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m  Quadrupole Vibrations
® Octupole Vibrations
| ® A Pairing gap

Ex (MeV)
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1

j T
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FIGURE 1.1: Plot of-the=Classical-Vibrational-energies Ey of an incompressible
liquid drop assuming irrotational flow using the first term in Equation 1.2. The
surface energy is taken from the Weizsdcker Mass Fermula ~18 MeV and it is

assumed that the radius constant R4 = 1.3 fm. It is assumed that the energy

can be quantised using Ey = hw.. The pairing'gap fis calculated using A ~ %

MeV from [1].

vibrations (A = 2). For octupole vibrations with A = 3, E; = 6.3 MeV. The
behaviour of E; with nuclear mass number A is plotted in Fig. 1.1 for both
quadrupole and octupole vibrations. The second Coulomb term in equation 1.2 is
of the order of 100th of the first term and makes little contribution at all values

of A. A similar calculation by Fliigge can be found in [32].
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FIGURE 1.2: A timesof-flight spectrum from-Fielding et al. [2] generated during
the 2BDPJ(PHe) )0 Cd reaction.

1.2 Spectroscopy of 0, states in '%2Cd and

116Sn

The Cd isotopes have. been. considered (asclassical examples of near harmonic
vibrators [33]. The two isotopes we have studied are characterised by the presence
of the expected two-phonon triplet of levels with spins 07, 2%, 4% (the only possible
vector addition of two 27 spins) at the requisite energy level. Similar states with
spin-parity 07, 27, 4" that lie close in energy are also found in 1*°Sn [13] . Previous
measurements of '*119Pd(*He, n)!%112Cd time-of-flight experiments at a 25 MeV
beam energy were done in the mid 1970s by Fielding et al. [2]; they used a 9
m time-of-flight baseline and could achieve a resolution of ~400 keV, Fig. 1.2 &
1.3. Reported excited 07 states in this reference are given in Table 1.1, they are
compared with excitation energies of the known 07 states. Fielding interpreted
the excited states they observed in terms of pairing vibrations. In '6Sn this state
has been assigned to be the band head of the proton 2p-2h deformed band, see

Fig. 1.4. These states are discussed in Section 1.3.

In this study, we probe these excited 07 states with high resolution using the (3He,

n7y) reaction with targets of 1%1°Pd and "*Cd. The nuclei we are dealing with
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FIGURE 1.3: A time-of-flight-spectruin from-Ficlding et al. [2] generated during
the HYPd(*He, n)!12Cd reaction.

have proton numbers with 7 = 48 and 50. The protons are distributed in the 1 gs
orbital below the Z = 50 proton closed shell for the even-even cadmium and tin
isotopes. The neutron number varies from 62 o 66+(mid-shell) and the neutrons
outside the N = 50 neutron shell are distributed amongst the 19% , 2d% , 1h u, Qd%
and 3sy shell model orbitals. Reactions like '**"Pd(*He, n)"*"2Cd can take
place by transferring the two correlated particles into orbitals with energies below
the Z = 50 shell closure or by transferring both particles to empty single-particle
states above the closed shell. Thus, a two-proton stripping reaction on a four-
proton hole target, allows the excitation of two proton hole states, or with the

latter excitation mode, you could have two-particle four-hole (2p-4h) states [34].

For the odd Z = 49 '17Sb, the target nucleus '°In has one proton short of the
closed shell in the 1 gs orbital. It has 66 neutrons, which are distributed in similar
shell orbits above the N = 50 neutron closed shell. With this proton configuration
in the target, a (*He, n-y) reaction populates ng states similar to the ground-state
spin of the target nucleus so that the excitation of two-particle one hole (2p-1h)

states is achieved, Fig. 1.5.
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the MCd(3He. n)1%Sn reaction.

TABLE 1.1: Excitation energies of 0,7 states in ''%12Cd and ''Sn. Level
energies extracted from the National Nuclear Data Center (NNDC) [13] and
(®He, n) time-of-flight(t-o-f) data from Fielding et al. [2].

HOCd Fielding H2Cd Fielding Hesy Fielding

Excited | Excitation Excitation Excitation| Excitation| Excitation Excitation
0% states | (keV) (MeV) (keV) (MeV) (keV) (MeV)

0"y 1473 1.44 1224 1.25 1756.86 1.84

0" 1731 1433 2027.48

0"y 2079 1871 2545.71

0F5 2332 2.49 2301 2790.55

0T 2662 2650 2.64 3194.32
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1.3 Known structures in '"'"?Cd, ''°Sn and ''"Sb

Nuclei adjacent to closed shells such as 7% =50, have been conventionally viewed
as spherical and soft, andas such the firstiexcited 0, states in such nuclei are re-
garded as two-phonon quadrupole vibration excitations [35]. However, with some
nuclei the first excited 07 state 1s a deformed intruder state, while the second
excited 037 state is the two-phonon state [35]. The intruder mechanism (further
discussed in the next Chapter) in these nuclei is thought to be due to the interac-
tion between the protons involved in particle-hole excitations across the

Z = 50 shell gap and neutrons occupying the N = 50-82 shell [36, 37]. Intruder
states are a common phenomenon in regions where one kind of nucleon is near a
closed shell and the other is at a midshell. The intruder bands are almost certainly
of rotational character having deformations larger than those of the ground states.
The 07 band heads have a parabolic excitation as a function of neutron number
and reach a minimum near the midshell. These characteristic features across the
isotope chain of these nuclei have been used as evidence for the interpretation of

these bands as intruder-bands.
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FIGURE 1.6: Low-lying levels in even-even ''°Cd isotope. On the right are
the intruder states. The widths of the arrows are proportional to the reduced
transition probabilities [4].

1.3.1 Excited 0" states in ''""12Cd isotopes

The presence of low-lying intruder states in the Cd isotopes has been clearly
demonstrated and their mature is reasonably well understood [38-42]. In '°Cd,
the excited 0o state at 1473.1 keV! is well established as the 7(2p-4h) band head
of the intruder band with the rotational band 'members 1783.5 keV 27 member, a
2250.5 keV 47 member and a 2877.0 keV 67 member [38, 39], see Fig. 1.6. The
corresponding rotational intruder band members 0%, 27, 4% and 6% in '2Cd are
at 1224, 1469, 1871 and 257 1-keV; réspectively [43-45]. Garrett et al. in [42] have
identified 04, as another possible candidate state of 4p-6h intruder band head and
that its rotational band would be even more deformed than the 2p-4h excitation.
These 047 states display a decreasing excitation energy pattern as you increase
the neutron number. Also, the reassignment of this 04,7 level from a member of
the three-phonon quintuplet to an intruder state is strengthened by the apparent
lack of any transitions to the two-phonon states. The 0,7 state has been identified
at 2079 keV for ''°Cd, and at 1872 keV for 2Cd.

1.3.2 Excited 01 states in ''°Sn

In '*%Sn the first excited 0,7 state at 1757 keV has been identified as the proton
2p-2h intruder band head [5]. The properties of this state have been studied and
are well established by [46-48]. The "%Sn nucleus at the Z = 50 closed proton
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FIGURE 1.7: Spherical ground state and coexisting intruder states in '6Sn [5].

shell, is exactly in the'middle of ‘the neutron shell halfway between the doubly
magic 1°°Sn and !32Sn. This proton shell closure keeps the lowest energy levels
in these nuclei spherical. But as soon as the proton closed shell is broken by the
proton pair excitation, the neutron orbitals drive the nuclei to become deformed.
Figure 1.7 shows the intruder band in ''%Sn, which closely resembles the level
spacings of the ground state bands in the neighbouring isotones '2Pd having four
proton holes and 2°Xe four protons away from the Z = 50 shell closer. In a sense

you have four valence protons interacting with the N = 66 neutrons.

1.3.3 Excited %+ states in '“Sb

The ''7Sb nucleus, has one proton beyond the Z = 50 closed proton shell and
lies at the N = 66 neutron midshell is a particularly interesting nucleus to study.

Table 1.2 shows excitation levels of the %+ states taken from the NNDC. These



Chapter 1. Introduction 10

TABLE 1.2: Excitation energies of %+ states in ''7Sb. Level energies have
been obtained from the National Nuclear Data Center [13] and the (*He, n)
time-of-flight(t-o-f) data from Alford et al. [3].

H7GShH Alford
Excited g+ Excitation | Excitation

states (keV) (MeV)

a 1160 1.16
s, 1311
o 1488
a 1537
s 1761

a 2.28

. 3.00

are compared with the (*He; i) time-6f-flight-mecasurement taken from Alford
and his co-workers [3|. The lowest| excited §+ is'at 1160 keV, and has also been
populated in the (*He, ‘n) time-of-flight data of Alford et al.. Tt is a deformed
2p-1h [(ﬂ'g%)2 ® (Wg%)_l] band head. This Al = 1 hand is formed when one of the
low-lying single-proton orbitals, gL, de , T 1, is/ coupled to phonon excitations
of the 50Sn core [49, 50]. The next excited g+ states at 1311 and 1488 keV are
from the decay of Al = 2 rotational bands. ‘These bands are formed by coupling
single proton states with the: 2p-2h0,% states [(7‘(’9%)2 ® (Wg%)_Q]. These states
are expected (for weak coupling) to be roughly equal to the excited states of the
neighbouring even Sn nuclei. In the time-of-flight data of Alford et al., the excited
states at 2.28 and 3.00 MeV cannot be found in the NNDC tables.

Following this introduction, Chapter 2 describes the theoretical models which lay
out the theoretical framework used in the description of vibrational structures for
the 1%112Cd, 116Sn and ''7Sb nuclei. Chapter 3 describes the technical details of
the four experiments carried out in this campaign. Data analysis and results are
given in Chapter 4. Discussion of the results and conclusions are given in Chapter
5 and 6, respectively. The contents of Chapters 2 and 3 represents a compilation
of knowledge from text books and prior publications by others. The author has
no intention to claim these contents as his own ideas or his own work. These
Chapters are given to provide the reader with the theoretical background based

on which the present experimental results have been interpreted.



Chapter 2

THEORETICAL MODELS AND
NUCLEAR STRUCTURE

2.1 Introduction

The atomic nucleus remains a remarkable quantum system, displaying a myriad
of phenomena. One would expect the structure of the nucleus to be chaotic and
disorderly. The nucleons (i.e. protons and neutrons) inside a nucleus are close to
one another and interact strongly: by-short-range'forces; a nuclear force which is
strong enough to overcome the|electromagnetic force between the protons. One
of the important features of the nuclear force is that, it is charge symmetric and,
more generally, charge independent. A nuclear model attempts to deliberately
simplify our study of the system and focus on particular features of the system.
For any theoretical model to be useful it must not only explain previously observed

phenomena, but should also be predictive and provide insights into the system.

Nuclear models generally can be divided into two main extreme and opposite
streams: these are the independent particle models (e.g. a spherical shell model) in
which the nucleons are assumed, in the lowest order, to move nearly independently
in a common nuclear potential created by an ensemble of nucleons, and the other,
the strong interaction models in which the nucleons are strongly coupled to each
other e.g. a collective model. Both of these, of course, have many variants. The
shell model is most successful in light nuclei and nuclei near magic numbers, and

the collective model for nuclei far removed from shell closures, see Fig. 2.1.

11
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2.2 The Nuclear Shell Model

The shell model is one-of the most successful models in nuclear physics and it
remains the standard comparison fortall other models. The nuclear shell model
shares many analogies with the atomic shell model. Just like the case of electrons
in the atomic structure, nucleons are fermions (i.e. particles with intrinsic spin
s = %h) that sequentially fill discrete orbits of a central potential. The Pauli
exclusion principle prohibits any possible collisions especially of the inner-shell
nucleons, and that, no two fermions can have the same set of quantum numbers

[51].

Each quantum state in a spherical shell model is identified by a unique set of
quantum numbers n, [, s, 7 and m. The principle quantum number n represents
the number of radial nodes in a nucleon’s wavefunction. The orbital quantum
number is given by [, s is the intrinsic spin angular momentum, j = [+ s represents
the total angular momentum, and m is the magnetic substate of a nucleon (i.e. a
projection of j onto an arbitrary z-axis). The [ values are given by their historical,

spectroscopic notation, Table 2.1.
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TABLE 2.1: Spectroscopic notation for different values of orbital momentum, [

[ value | 0
S

3 6
[ letter f 1

1 2
p d

4 5
g h

In the case of the atomic shell model, electrons move in a central (spherically
symmetric) Coulomb field created by a small internal, but relatively massive, and
highly charged nucleus. The shell structure of nuclei is more complex than that;
the central field in which nucleons move is self-generated. Atomic electrons are
far apart and interact weakly by long-range electromagnetic forces, which are well
understood. Nucleons inside the nucleus are close to one another and interact
strongly by short-range nuclear forces that are relatively poorly understood. The
mean field produced by the ensemble of nucleons creates a potential in which
individual nucleons reside in quantized states with single-particle wave functions
[52]. In the development of the independent-particle shell model a number of
different forms for the potential are explored, and solved for state wavefunctions

using the time-independent-Schrodinger-equation

{_Q—Z%VZ—FVU')}\I/(T) = EV(r). (2.1)
In this Equation 2.1, ¥ is the wavefunction of the bound nucleon, and E is the
energy eigenvalue of the state.” The expression in the curly bracket is the kinetic
energy of the nucleon ‘and. its energy due’to the bhinding potential well of the
nucleus; the two terms constitute the Hamiltonian operator (H). For the potential
V(r), the first choice is an attractive, analytic, and manageable form: an infinite

square well potential with radius R, described by

o= iy 22

The square well, Fig. 2.2(a) however is an oversimplification as it has sharp edges,
which do not approximate the nuclear charge and matter distribution. Also it does
not reproduce the expected magic numbers. The spherical harmonic oscillator is

another simple class of potential that may be applied. Its potential has the form

Vir) = §kr2 = —mwr?, (2.3)
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fication of levels and total number of nucleons on each level. (a) Infinite square
well potential, (b) Harmonic oscillatorpotential with uniform spacing of levels

[6].

where m is the particle mass, r the distance of the particle from the centre of the
nucleus in spherical coordinates, and w is the angular frequency of the particle. The
solution of the Schrodinger equation in an oscillator potential performs much better
than those of the square well, see Fig. 2.2(b). The energy levels are occurring at
particle numbers 2, 8, 20, 40, 70, and 112 as shells are filled. The first three values
coincide with the known magic numbers but beyond that the real shell closures

differ from the predicted ones.

V(r)= —% (2.4)
1+ela

A more realistic potential which resemble the nuclear density distribution is the
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Woods-Sazxon potential [53]. The shape of the potential can be parametrized as
given by Equation 2.4, where a is the diffuseness of the potential, the radius of the
potential R = rg X A3 where A is the mass of the nucleus and ro is the radius pa-
rameter. Unfortunately, single-particle orbitals obtained using this potential form
do not completely match the experimentally measured shell gaps and occupancies.
The potential is modified by the addition of a spin-orbit coupling force in analogy

with atomic physics.

‘/so(r) - ‘/ls

TORET S [T

where V), represents the strength of the spin-orbit interaction. The spin-orbit

operator [-5is given by

[ =G+ 1) —=t)=s.(s + 1)]. (2.6)
It was Goeppert-Mayer along with Haxel, Jensen and Suess [54-56] who introduced
a spin-orbit interaction, which had the effect of splitting each angular momentum
orbital, [, into non-degenerate levels of spin, j.'= [ + % The energy splitting
increases with increasing [. The energy of a state with given [, excluding the s-
orbital assumes two values depending on the spin ‘orientation, 7 =1 — % for higher
energy and j = [ + % otherwise. 'High-3 orbitals are forced down in energy and
as such reside amongst levels of the lower major oscillator shell as shown by lines
highlighted in Fig. 2.3. The lower shell has opposite parity, therefore the intruder
orbital does not interact with its opposite parity neighbours. The maximum num-
ber of protons/neutrons that each of these split levels can contain i.e. degeneracy,
is equal to (2j+1). The application of a Woods-Saxon potential coupled with this
spin-orbit term yields the correct sequence of levels and experimentally observed
magic numbers 2, 8, 20, 28, 50, 82, and 126, see Fig. 2.3.

The shell model is very successful in explaining nuclear excitation energies, their
spin quantum numbers and transition probabilities between those levels. It works
well in low mass regions, where most nuclei are close to completed shells, however,
at higher mass values, the huge amounts of computer power needed makes the
approach unfeasible. Independent particle models like the nuclear shell model tend

to have more difficulty in describing the structure of nuclei away from closed shells
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where collective modes of excitation become more dominant. To describe these
nuclei, macroscopic models are often used, which describe the global properties of

the nuclear matter instead of the behaviour of individual constituents.

2.3 The Collective Nuclear Models

The shell model describes the magic numbers and many other properties such as
single-particle ground state level spins fairly well, however, it has a number of
failures far away from the closed shells. The most outstanding one is the fact that
the observed experimental quadrupole moments are much larger than those of the
single-particle predictions, suggesting the existence of collective nuclear motion
which involve many nucleons. It fails to account for the enhanced E2 transition

probabilities encountered in the study of heavy nuclei.

The development of nuclear striicture in inedium and heavy nuclei has followed
two related paths: the wibrational model and rotational model. Such models are
collective models because they atitempt to describe the nucleus as a collection
of nucleons moving coherently, rather than independently acting particles. The
collective model first proposed by Bohiand Mottelson [1, 57] has had far reaching
success in describing the static, and. dynpamic properties of the low-lying nuclear
states. The Bohr-Mottelson model pictures a competition between long and the
short-range forces near nuclear surface that can result in vibrations of a spherical
equilibrium shape or in a permanent deformed structure capable of undergoing
rotational motion. For a nucleus of constant density, these oscillations have the
character of surface waves. In the model the moving nuclear surface is described
by an expansion in spherical harmonics of multipole order A\, with time-dependent

shape parameters as coefficients:

R(O,6.t)=Ro |[1+> > an(t)Yau(0.0)| . (2.7)

A=0 p=—\
where R(6,¢,t) denotes the nuclear radius in the direction (6, ¢) at time ¢, and
Ry is the radius of the spherical nucleus which is realized when «y, vanish. The
time-dependent amplitudes ay,(t) describe the vibrations of the nucleus with dif-
ferent multipolarity around the ground state. Terms of order A = 0, the so-called

breathing mode are ignored since they correspond to density changes of the nucleus
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as a whole. This can occur, but only at very high energies ~10-20 MeV. Similarly,
A =1 (the dipole mode) terms are dropped since they correspond to the motion
of the center of mass. The third term, with A = 2, correspond to the quadrupole
mode of deformation. Other deformation modes include A = 3 the octupole mode
and A\ = 4 the hezadecapole mode which are beyond the scope of this work. The

quadrupole mode is the main focus of this work.

2.3.1 Quadrupole vibration

The Hamiltonian for such a surface 2.7 corresponding to the A = 2 mode of

oscillation can be written as

H = T+YV
1 da,, .
= Y B + Clay 2.9
9

where B and C are the mass parameterjand the effective surface tension (or “nu-
clear stiffness”) in analogy with/the mass and restoring force constant, respectively,
of a simple harmonic oscillator. The sum over p takes into account the five inde-
pendent modes of vibrations which are possible for A = 2. Transforming the above
classically oriented deseription inte'the operator formalism of quantum mechanics

yields an expression fot the nuclear Hamiltonian

1
Hyipr = Eoy + hw Z (bTQubw + 5) + CZ [(szubT2u)2 (b2ub2u)2] , (29)

2 jz

where bTQ# and by, are creation and annihilation oscillator quanta (i.e. phonons)

with spin 2 and parity (—1)*. Phonons have integral spin, so they obey Bose

statistics. The characteristic angular frequency of the system is given by w = 1/ 5:

Ey corresponds to the zero-point energy. Quadrupole vibrations are created and

destroyed by acting on a vacuum state like

Pph = b2, ]0) (2.10)
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and

by, [0) =0, (2.11)

respectively. In essence, the creation and destruction operators follow the usual

operator rules

bly, [n) =vn+1|n+1) (2.12)

and
baun) = vl — 1), (2.13)

where |n) is a state with n phonons. Multiphonon excited states (of n quanta)
can be obtained by operating on the vacuum with n-phonon creation operators.

Solution of the oscillator equation gives energy eigenvalues of the nuclear states as
)
E — ﬁwg(n = 5). (214)

where n is the number of vibrational quanta present. For an even-even nucleus,
the ground state has n =0 (number of phonons) and a J™ assignment of 0]. The
first quadrupole vibration produce a-2f state at-an energy level fiw. To produce
the next excitation (n = 2), the two quadrupole phonons are coupled together and
this results in a degenerate triplet of states 05,25, 4] at an energy level 2hw. The
states with spin 1 and 3 ‘at the two-phonon level are forbidden by the requirement
that the wave function of two identical bosons must be symmetric under exchange.
An n = 3 excitation is fivefold degenerate with levels of spins 05,23, 37,45, 67 at
a level energy 3hw. This produces a pattern of equidistant energy levels as shown
in Fig. 2.4(a). The degeneracy between the states (e.g. the triplets 05,25, 47) is
lifted by residual p-n interactions. Since the quadrupole operator is a one phonon
creation or destruction operator, transitions like 23 —07 (i.e. crossover transitions
from a two-phonon triplet state to ground state) are forbidden. The selection
rule for transitions between vibrational states is An = +1. Transitions between
the states of the n = 2 triplet are equally forbidden. The reduced transition
probabilities B(E2;n + 1—n) between higher states of the vibrational band are
given as simple multiples of B(E2;2{—07). For an example the decay of the two-
phonon quadrupole triplet (see Fig. 2.4(b)), the B(E2) values are, in an obvious

notation,
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B(E2;05,25, 45 —=2) = 2B(F2; 2 —07). (2.15)

Generally, transition strengths are measured-using.the Weisskopf single-particle
estimate (these will be discussed in'detail in Subsection 2.4.2). Collective model
predicts enhanced transition strengths; for the décay of the 2 state, with en-

hancement factors normally observed to be from 10 to 50, for vibrational nuclei

2522k

B(E2;27—=0]) = ————
( i b 1) 87TCL)QBQ

By, (E2:2 — 0), (2.16)

where B,,(E2;2 — 0) is single-particle estimate for the decay of the first excited
27 state to ground state given by
3

2
B, (E2;2t—=0") = (4—24—23)
7

h
2(,«]2 Bg ’

(2.17)

Also notable in collective models, magnetic transitions like M1 are extremely

inhibited in vibrational nuclei.

2.3.2 Quadrupole deformation

For a static deformed nucleus, the center of mass motion expansion coefficients
(91 = ap_1 are set to 0. The remaining coefficients are then parametrized in terms
of Bohr coordinates, § which represents the quadrupole deformation and ~+ the

axial asymmetry [58]
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Qoo = [cosy, (2.18)
1
Qgg = Qg9 = —=f3siny. (2.19)

V2

In this formalism, 8 denotes the deviation of the nucleus from sphericity along
an axis of cylindrical symmetry and [ is always greater or equal to 0, while
represents the degree of axial asymmetry. The parameter ~ takes one of two
limiting values: v = 0° or v = 60°. If v = 0°, then # > 0 corresponds to a nucleus
with an elongated ellipsoidal or prolate shape. Conversely, v = 60° and 5 > 0
corresponds to a compressed or oblate shape. A triazial shape is formed when
B >0and 0° <y < 60° (i.e. x #y # z). This is shown in Fig. 2.5.
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2.3.3 Collective behaviour in even-even nuclei with static

deformation

As more nucleons are added to the nuclei beyond closed shells, nuclei become less
rigidly spherical, they vibrate more slowly and eventually become unstable against
assuming a deformed equilibrium shape. Rotational motion can be observed only
in nuclei with non-spherical equilibrium shapes. A rotational Hamiltonian (for a

deformed nucleus with ground state spin-parity J™ = 07) is expressed as

17
H:ZM’

(2.20)

where .#; are the principal moments of inertia and [ is angular momentum quan-

tum number. The energy eigenvalues are then given by

F 1)R?

=

(2.21)
Only even values i.e. | =0;2;4; . areallowedsince the wave function V,.,; vanishes
for odd values [59, 60]. The characteristic quadratic (I + 1) dependence of the
energies of states in rotational bands is/in fact a common observed phenomenon
for many nuclei in mid-shell regions of the nuclear chart. A convenient way to
characterise the extent to which amueleus is rotational.is by the ratio E(4])/E(2]),

which should approximately equal to.3.33 for a rigid-rotor.

2.4 Electromagnetic Transitions in Nuclei

Nuclear excited states can be populated by a number of processes such as a decay,
B decay and nuclear reactions like those detailed below in Section 2.8.1. A nucleus
in an excited state may decay to a lower energy state in the nucleus via an emission
of an electromagnetic transition; a v ray or conversion electron. Note that there is
no change in Z or A during this type of decay. Every electromagnetic wave consists
of an oscillating electric and magnetic field. The oscillating electric field of the
v ray is caused by an oscillating electric charge whereas the oscillating magnetic
field is caused by an oscillating electric current. The electromagnetic radiation is

quantized into basic units of photons.
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FIGURE 2.6: An electromagnetic transition from an initial state to a final state.

Gamma rays are one of the few direct observables that can be used to understand
nuclear structure; using different techniques it is possible to determine energy,
spin and parity of states with-which-one caiibegin to understand the evolution of

structure in excited nuclei:

2.4.1 Angular momentum and parity selection rules for

electromagnetic transitions

Consider an electromagunetic transition from an initial excited state |1);) of energy
E;, angular momentum J; and parity m; to a final state |¢;) of energy Ey, J; and
m¢, see Fig. 2.6. The ~-ray energy released is given by

E,=E, — B = hw, (2.22)

if the nuclear recoil energy is neglected. The emitted photon carries a total angular
momentum L (of absolute magnitude \/L(L + 1)k). Since angular momentum is
a conserved quantity in electromagnetic interactions, it follows that in the nuclear

transition, a closed vector triangle relation applies such that

Ji=J;+L (2.23)
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This constitutes an angular momentum selection rule, which restricts the permit-

ted range of multipolarity L to within limits
’Ji—Jf| SLSJZ—FJ]@ (2.24)

The electromagnetic radiation represented by the rank L has multipolarity 2%, e.g.
a rank L = 1 radiation has multipolarity 2! designated as dipole, L = 2 radiation
has multipolarity 2% a quadrupole, and so on. The multipolarity of the photon is
a quantification of the amount of angular momentum carried away by the photon.
Note, rank L = 0 radiation with multipolarity 2° (a monopole) are forbidden to
take place by electromagnetic radiation as they are Bosons and have an intrinsic
spin s = 1h. The only way in which electromagnetic decays can participate in
0 — 0 transitions is through second-order processes such as a double-y emission
or by the emission of a conversion electron. However, the probability for these
processes to take place is relatively.dow. Transitions in which L takes on the
value L = J; — J; are vefeirved to as stretched, otlierwise they are known as folded

transitions.

The selection rules for parity change in the transition is given by the
AL =T (2.25)
for an electric transition of order L, and is
An(ML) = mm; = (—1)"H! (2.26)

for a magnetic transition so that radiation EL or ML for Amr = 0 parity is
M1, E2, M3, E4, ... and radiation EL or ML for A7 = 41 parity is K1, M2, E3,
M4, ..., a further illustration is given in Fig. 2.7. It is clear that more than one
multipole of transition will satisfy these selection rules. In these cases, the low-
est order multipole will usually dominate the transition and it has the largest

transition probability [61].
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FIGURE 2.7: Examples of v ray transitions which illustrate the application of
selection rules.

2.4.2 Theory of electromagnetic transition probabilities

Measured ~ ray transition rates are usually written in terms of reduced transition

rates as follows [62]

TH(AL) 8r(L+1) <E7

2L+1
- - B\L: I; — Iy), 92.97
AL ((2L + 1)1 hc> ( 7) (2.27)

where B(AL) is the reduced-transition probability. The transition multipolarity A
represents electric (F) or-magnetic (M ), and it carries L units of angular momen-
tum and E, is the energy (in MeV) of the emitted ~ ray. The reduced transition
probabilities for a transition of an electric (or magnetic) A-pole transition from an

initial state |I;) to a finalstate{/7) are given by the following expression

BAL,: Li=1;) = (L MALD)| L) |2, (2.28)

1
BING §

where M is the electric (or magnetic) multipole operator for a transition. It is
basically the squared transition matrix element, averaged over initial states. The
matrix elements contain information about the structure of the nucleus. Note that
unlike the transition rates formula, reduced transition probabilities have no EfLJrl
energy dependence. Therefore, the B(AL) value is often quoted to compare decay
rates between different nuclei. From Section 2.3 it is clear that reduced transition
probabilities can be used as an indicator of the collective excitation modes of the
nucleus. Also, for a statically deformed nucleus, B(E2) values can be helpful for

extraction of the quadrupole deformation parameter, 5 from the relationship

1[3 2
B(E2:2," = 0,%) = s [4—263025] : (2.29)
s
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where Ry = 1.2A5 fm.

Weisskopf single particle estimates

In order to quantify whether a transition is relative weak or strong, one often gives
the B(AL) value in “single-particle units” or Weisskopf units [63]. The Weisskopf
unit is an estimate of the strength that would be observed for a given transition
assuming that it is due to only a single-particle (a proton or neutron) moving
between spherical orbits, and how it depends upon mass. This is particularly true
near closed shells, where the nucleus is spherical to first order. Also only a few

nucleons are significantly involved with the excited states. By convention it is
defined by

B(EL) = (ﬁ) [(3 i L)r (1.243)%F (2.30)

for electric transitions in-units-of-e2{fm]*Xand

B(M Lyl (%) [(3 j L)r (1.2A43)%0-2 (2.31)

202

for magnetic in units of 52 [fim] ;where ty'is the nuclear magneton and A the

atomic mass number. Thel niost commonly used areé:

B(E1)y.. = 0.0645A43 ¢*fm?, (2.32)
B(E2)w... = 0.0594A5¢*fm*, (2.33)

and
B(M1)y.,. = 1.790uy>. (2.34)

If a transition is observed to have a strength which is comparable to the single-
particle estimates given above, it can be taken as an indication that single-particle
degrees of freedom may be appropriate to describe the nuclear behaviour. How-
ever, for measured strengths that are higher than the Weisskopf estimates by many

orders of magnitude, that can be an indication that the nucleus has a structure
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characteristic of a collective behaviour. The transition strength is directly re-
lated to the overlap of the wavefunctions of the states involved in the transition;
they provide insight into the configuration of the nuclear states. In this way, the
structure of the nuclear states can be discussed even without detailed theoretical

information.

2.5 Pairing in Nuclei

The importance of the pairing forces in nuclei has been recognized for many years
[64]. The pairing was introduced to recreate the observed nuclear data such as
binding energies, neutron and proton separation energies, angular momentum of
nuclear ground states and the low density of states at low excitation energy in even-
even nuclei. A deeper understanding of pairing phenomena was obtained when the
theory of Bardeen, Cooper and-Schrieffer-{65};-developed to describe the behaviour
of electrons in superconductors,~was-extended to nuclear physics. Immediately
after that Bohr et al. [23} recognized that these concepts could provide a basis for
analyzing the pair correlations and observed pairing effects in nuclei. Indeed, the
pairing force creates specific excitations in nuclei near or at a closed shell, which
are referred to as pairing vibrations which have previously alluded to in Chapter
1.

The pairing force in nuclei’ couples nucleons in time-reversed orbits to states of
zero angular momentum. The phenomenon is strongly favoured in nuclei with two
neutrons or two protons outside of doubly closed shells. In even-even nucleus, all
of the nucleons “pair off” in this fashion and is responsible for the fact that the
ground state spin is always I™ = 0%. It takes an energy of more than 1 MeV to
break a J = 0 coupled proton pair [66]. One of the most dramatic features of
pairing interactions is the occurrence of an energy gap in the spectra of even-even
nuclei in contrast to the neighbouring odd-mass nuclei. Particles interact through
a pairing force with a strength that is small relative to the magnitude of the gap.
The pairing model assumes the existence of a large number of states above and
below an energy gap. For the case of two particles in a single j orbital, the pairing

interaction is given by

1
‘/pairing = _Gzai_‘—af—’_ajaj = §AZ(CL¢+G{+ + afai)a (235>

1,7>0
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where G is the strength of the pairing interaction (G, = % MeV for protons and
G, = % MeV for neutrons [8]) and A is the pairing gap. In this description the

operator a;Ta;" can be replaced by a;"b;, describing annihilation of a hole in the
time reversed state i, and creation of a particle in a state i. The operator a;a; can
be replaced by b;"a; describing annihilation of a particle in state 7 and creation of

a hole in a time-reversed state 7.

2.6 Intruder States at the Z = 50 Closed Shell

The cadmium nucleus has Z = 48 and there are two proton holes relative to the
closed Z = 50 shell, which interact with the valence neutrons. This configuration
gives normal states. If two protons are promoted to the next higher 50-82 shell,
there are now 2 valence protons and 4 valence proton-holes, which may interact
with the valence neutrons..-With-this-eonfieuration, another set of states are
created which are identified-as anfruder states. Ta this configuration, there are six
valence protons, whereas the normal states only had two valence protons available
to interact with the same number of valence neutrons, see Fig. 2.8. The additional
number of valence protons increases the attractive forces between the nucleons
i.e. the p — n interactions. A higher number of p— n interactions correspond

¢

to a “softer” nucleus; this. causes thesintruder: levels to be more deformed than
the normal states and. the intruder; state excitation energies are lowered. The
varying deformed shapes of the intruder and normal levels are due to the different
mean square radii associated with each configuration. The states with different
deformations can coexist in one nucleus at the same time. This is a well known

phenomenon in nuclear physics which is known as shape coezistence.

2.7 Shape Coexistence

This is the phenomenon where multiple shapes coexist in a narrow energy region at
relatively low-lying levels of the nucleus. This is a widespread phenomenon across
the nuclear chart [37, 67]; it is due to the residual pairing correlations, which cause
protons and neutrons to separately form J = 0 Cooper pairs. These nuclei have
a 07 spherical ground state and multiple excited 0T states, which are band heads

for deformed rotational bands.
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FIGURE 2.8: Schematic diagram showing intruder excitations and normal states
in Cd. Adapted from [8].

When a nucleus exhibits shape coexistence, it is possible that mixing between
intruder states and normal states will occur. States of the same spin and parity
can mix which would alter the level energies and electromagnetic strengths. Due
to this mixing of the states, it is often the case that transition rates in nuclei with
quadrupole vibrational character will not agree with those predicted in the model.
Electromagnetic transitions between normal and intruder states are normally for-
bidden. However, if such transitions do occur due to mixing, the strength from an

“allowed” transition may be mixed with that of a forbidden one.
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2.8 Reaction Mechanisms

Different types of reactions can take place during a nuclear collision. Basically,
two extremes have been recognised when two nuclear systems collide; (i) the beam
and target may coalesce to form a highly excited compound system, a compound
nuclear reaction, (ii) the other (which is of interest in this work), a beam particle
may make just glancing contact with the target and immediately separate, a direct

nuclear reaction.

2.8.1 Direct Nuclear Reactions

Direct reactions are peripheral reactions that occur in time-scales of the order of
the transit time of the projectile across the target, 1072* s. Very few nucleons
are involved in the reaction process;yand.to first order, all of the remaining nu-
clei within the target can-be considered-as passive “spectators”. Direct nuclear
reactions directly connect the initial and final states in a reaction without the
formation of an intermediate compound system. A consequence of this is that
the observed cross-section in a direct reaction varies slowly with incident beam
energy. This is in contrast-to-compound nuclear-reactions, which involve the for-
mation of an intermediate nucleus with many stages of deformation, excitation
and decay, whose lifetimes may be 10* or more times greater than the basic tran-
sit times [68]. Another spectroscopic feature of direct nuclear reactions is that
the angular distribution of the emitted particle from a direct reaction will tend
to show forward-peaked angular distributions of a diffractive character resulting

from strong absorption first observed by Butler et al. [69, 70].

Direct nuclear reactions, generally can be divided into two classes, the stripping
reactions in which part of the incident projectile is “stripped away” as it enters the
target nucleus thereby creating a residual nucleus in a particle state, on the con-
trary, the pickup reactions in which the outgoing emitted particle is a combination
of the incident projectile and one or more of the target nucleons thereby leaving
behind a residual nucleus in a hole state [71]. The picked-up nucleon is removed
from an occupied quantum state and the emerging ejectile (the incident projectile
+ picked nucleon(s)) conveys some information about this state. Conversely, in
stripping, the captured nucleon occupies one of the available quantum states in the

target nucleus, and the other carries some information concerning this state. This
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makes stripping reactions a useful tool to use to study unoccupied single-particle
nuclear states and pickup to investigate occupied states. The shell structure of

the nucleus can be directly observed in direct reactions.

Direct reactions are significant because of their tendency to populate low-lying
states of nuclei. The low-lying levels are most closely related to the structure of
the ground state; they involve minimum re-arrangement in the state of motion
of the nucleons. This is the principal motive for using them in this study of the
low-lying collective states. They give a very specific and selective information
on the properties of nuclear levels. Due to their relatively simple nature, with
no complications from a intermediate compound system, direct nuclear reactions
are well suited to give information about the relationship (overlap) between the
ground state of the target nucleus and the ground (or a particular excited) state of
the residual nucleus, i.e. it is mainly states that have a large parentage based on
the target in its ground state that arc.most favoured |72, 73|. Direct reactions are
one-step processes that.eccur via-a single-degrec of freedom. A direct reaction is
therefore thought of in terms of a-short duration interaction connecting the initial
and final states by a comparatively simple mechanism. Direct and compound
nuclear reactions are not mutually exclusive; both types of process may contribute

to a given reaction leading to a-particular-final state.

2.8.1.1 Single-nucleon transfer reactions

A typical prototype of these reactions is the deuteron stripping A(d, p)B in which
a neutron is stripped from the projectile and transferred to the target. With this
simple addition of one neutron in a particular shell model orbit, it is possible to
learn to what degree a given residual nuclear state looks like the target ground
state plus a neutron. This allows crucial information to be obtainable about the
single neutron structure, and hence allow the extraction of quantities such as
spectroscopic factors which are of great importance in nuclear spectroscopy. The-
oretically, the spectroscopic factor can be viewed as the overlap integral between
the initial and final state of the target nuclei [74]. From the spectroscopic factor,
the occupation probabilities of the shell model single-nucleon states can be in-
ferred. It measures the strength of the single-particle component in the final-state

wave function. In the theory of shell model which was discussed in detail in the
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previous Section 2.2, the valence nucleon in the nucleus is described as a single-
particle state of a particular orbit, identified by a set of quantum numbers n, [
and j. The spectroscopic factor is unity only in the limit of the noninteracting in-
dependent particle shell model for closed-shell target nuclei. The assumption that
the nucleon occupies a pure single-particle state is an idealization. This situation
is true only in few cases, especially those near closed shells in real nuclei. Residual
interactions among other nucleons (especially with more valence nucleons away
from closed shell) would cause the nuclear shell state to be spread over several, or

even many nuclear states.

Single-particle transfer reactions are simplest to interpret when either the state of
the target nucleus or of the final nucleus has spin zero. The spin and parity of
the transferred nucleon in a direct single nucleon transfer reaction is simply the
difference in the spin and parity of the initial and final nuclear states. The most
striking feature of direct reactions is that the angular distribution of the outgoing
particles reflects the transferred-angular-momentuwin and parity, and the [-value
can be extracted easily. [In-a semi-classical treatment [75, 76], illustrated in Fig.
2.9, the relationship of the transferred angular momentum of the neutron (p,,) to
the scattered angle of the proton ¢ (with p,; and p, the wave vector of deuteron

and scattered proton, respectively) is given by conservation of momentum

Py Py 7 Pp (2.36)

From the above equation, the magnitude of the transferred neutron can be deter-

mined using the cosine rule
D, =P, + P, — 2p,p, cosb. (2.37)

Indeed direct reactions are peripheral by their nature, the projectile interacting
with the loosely bound surface nucleons of the target nucleus. The angular mo-
mentum transferred, fnh must be less than p, R, where R is the impact parameter

at which the neutron capture is expected to take place. Hence
Ly 250
(o +5)° = PR, (2.38)

L2 = (Il + 1)k? = R*B2h. (2.39)
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—
FIGURE 2.9: The kinematics of the neutron stripping (d, p) reaction.

The above equations imply a relationship between the angular momentum [ trans-

ferred in the reaction and the angle of emission 6 of the products

I(1+1)h?

e = po+ ﬁ; — 2p,p, cosb. (2.40)

Each orbital angular momentum transfer in the reaction can now be associated
with a peak in the angular peak distribution. The angular distribution, however,
is not sensitive to the value of the total angular momentum, j, transferred (i.e. it
does not distinguish between the two possible values, j = [ + %) To obtain that
sensitivity in the (d, p) reaction, one needs to use a polarized deuteron beam and

measure the asymmetry of the produced protons.
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2.8.1.2 Two-nucleon transfer reactions

Direct reactions where two or more nucleons are transferred are potentially more
useful as spectroscopic tools since they are sensitive to correlations in nuclear wave
functions. Just like in the single-nucleon transfer, the angular distribution for
two-nucleon-transfer reactions is characterized by the orbital angular momentum
that is transferred. In this case, the angular momentum is carried by the pair of
nucleons, and many different configurations of the two nucleons can contribute to

a given angular momentum transfer.

The transfer of two nucleons depends not only upon the individual motions of the
two nucleons but also upon the correlation between those motions. Large cross-
sections can be produced if there is constructive coherent correlation between
the two transferred nucleons and also if nucleons are transferred between similar
states. For example, the two protons stripped-off in a (3He, n) reaction must be
found close together, with-their'spins anti-parallel..in a relative space-symmetric
S = 0 singlet spin state (because of the Pauli exclusion principle) and is in angular
momentum L = 0 [71]. Also, assuning that you have a one-step transfer process.
In such cases, only natural-parity states are populated in the residual nucleus.
The J™ of the final states are unambiguously inferred by L-transfer identification,
with J; = L and 7y = (—1)”. However, two-nucleon transfer reaction mechanisms
are not as simple as that: the strong Coulomb field will give strong excitations
of low-lying states, for ‘example of the 27 states in semi-magic nuclei. The strong
Coulomb field will inelastically excite the 2% states but there are enhanced pair

transfers with multipolarity 0 and 2 between these states and ground states.

Two nucleon transfer goes preferentially to states that exhibit strong pairing cor-
relations in their wave functions. It was pointed out in 1962 that strong monopole
pairing will concentrate almost all of the two nucleon transfer strength into the
ground state of the residual nucleus [77]. Indeed, the study of these reactions is
typically to investigate the strength of the correlations and pairings between nu-
cleons in the single-states of the independent-particle shell model. There is a large
amount of data already available for the stripping and pickup of two neutrons by
use of (¢, p) and (p, t) reactions. With regards to two-proton stripping by the (*He,
n) reactions very limited data is available. There are almost no data of spectro-
scopic values for two-proton pickup, because of the experimental difficulties of the

(n, *He) reaction for light-ion reactions.
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Direct transfer reactions are often analysed using the Distorted Wave Born Ap-
proximation (DWBA) method. In an example case of single-nucleon transfer in
the previous Section, A(d, p)B a neutron is stripped from the deuteron projec-
tile. The angular distribution of the outgoing proton is measured and compared
with DWBA calculations to determine the orbital to which the stripped neutron
has been placed. This is the case with two-nucleon transfer reactions also, except
that the transferred angular momentum is carried by a pair of nucleons. The first
step to model the collision of two nuclei would be to introduce a simple one-body
potential, such as the optical potential [78] that describes some average features
of collision, namely, the elastic scattering and the gross absorption of the incident
flux into other, nonelastic channels. This provides a stepping stone upon which
a more detailed description of the collision may be built, such as the Distorted

Wave Born Approximation.

2.8.1.3 The Optical Model Potential

The basis of the optical model was established by Feshbach and his co-workers
in 1953 [79]. The model has proved to be a sucaessful way of describing elastic
scattering of light nuclides from complex nuclei. | In the model, the assumption
is made that the complicated nuclear interaction between a scattered nucleon (or
light nucleus) and a target nucleus.can be ‘approximated by a central complex
potential representing ‘the average mteraction’ potential U(r), with r being the
distance between the center of mass of the two nuclei. This potential includes

both an attractive real term and a negative imaginary term.

The model of elastic scattering is constructed by analogy with the scattering of
light by a refracting and absorbing sphere. The collision then occurs as between
a particle and a potential well; the real part of the potential refract the incident
particle waves and the imaginary part represents an absorption of incident particles
i.e. it accounts for the loss of flux during the actual scattering. In the case of a two-
proton transfer, this approximation is equivalent to a proton pair being diffused

with an absorbing well. The most widely used functional form for the optical
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model potential is [80]

U(T) - - M“.fWS(T7 RO; aO) - iWUfWS(Tv Rwa a'w)

i (—daw) L fus (s R, ) (2.41)

dr
. —14d -
—2(Vso +iWs0) T%fws(h Rso,aso)l -5+ Ve |,

where

x V, is real and represents a nuclear well depth, W, and W; represent the
absorption effect or, in another way, the disappearance of particles from the
elastic channel. W, is responsible for the absorption in the whole volume of
the nucleus whereas Wy, built from the derivative of the function fws, acts

specifically in the region close to the nuclear surface;

x Vso and Wso are the.real and-imaginary part of the spin-orbit potential.
The spin-orbit term enables the polarization of the scattered particle to be

calculated;

* Ve is the Coulomb interaction if the incident particle is charged and is given
by

A if r > Re,

W £+ TP Te? <3_ rz‘) itr < Re,

2Rc Rcz

(2.42)

where Zp and Zp are charge numbers of the projectile and target nuclei,
respectively, R¢ is the Coulomb barrier radius that separates the regions of

nuclear and Coulomb forces; and

* fws is the Woods-Saxon form factor, given by the Equation 2.4.

2.8.1.4 The distorted wave Born approximation (DWBA)

In transfer reactions, the quantities of interest that are calculated are the angle

do

aQ
specific state. The distorted wave Born approximation (DWBA) has been applied

integrated cross section o4, and the differential cross-section 2Z (6) for populating a
to the description of transmutation reactions induced by projectiles of low and
medium energy. In the DWBA approach, the transfer reaction is treated as a low

strength interaction acting on the incoming wave-function. The wave-functions for



Chapter 2. Theoretical Models and Nuclear Structure 37

the initial and final elastic scattering states are approximated by using the optical

model. The differential cross section for the (7',n) reaction, is given by [81, 82]

N 1 ’ e
— = - Tirvio, 7 Mo (kT7kn>
d  (2rh)? kr (28, + 1)(2)' +1) %M, S S

o (2.43)

where i, (11,) and k-h(knh) are the reduced mass and relative momentum in the
entrance and exit channel, respectively. We are assuming that both the projectile
and the target nuclei are unpolarized. So we sum and average over the contribu-
tions from different possible spin substates for the *He and neutron as well as the
target and residual nucleus spin projections, M’ and M, respectively. Also, we
must average the cross-section over the spin of, the incident *He and target nu-
cleus J', and also scale by some constants and phase space parameters, i.e. u, and
I, and the wave numbers k; and k,,. The transition matrix Tyrr0, 70170, (ET, /Zn>

gives the probability amplitude for-theweaction, and is written

P <7J€)ﬂ(_)q);’)’|v:3,niqja(ga»y (2.44)

where « contains the setof entrance channel quantum numbers of both the target
and the projectile, as well as the kinematic factors in that channel. The ¥,(&,)
(in the entrance channel)ris the wave-function for;>He + A-body target nucleus
with &, representing all possible coordinates such as the spin, energy, displacement
of the projectile to the target, etc. In the exit channel, § contains the quantum
numbers and kinematic factors present with ¢ﬁ(_) the outgoing wave-function
for the emitted neutron, including information regarding both its motion and its
internal interactions. @z represents the wave-function of the residual nucleus (A
+ 2) after the transfer of the two protons. Lastly, Vj, is the interaction potential

coupling the entrance and exit channels.

Unfortunately, some approximations need to be made as this is an exact many-
body problem. Firstly, the assumption is that, for the (*He, n) reaction the
two protons that are stripped-off the projectile are transferred into pure single-
particle shell model states. Also, that the target nucleus is in its ground state
and that the transfer takes place directly in a single-step from the elastic channel
to the residual channel. This forbids other modes of excitation, such as collective

modes, single-particle excitations, etc. during the transfer process. This gives

L7 is used to represent 3He
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the standard distorted-wave Born approximation for transfer reactions [83]. The

following approximations are made for the entrance and exit channels:

2.8.1.5 Entrance channel o

[Wal€)) = |2 A)ar Y XD o (R0 (5.7)), (245)

where ®(A) jy represents the wave-function of the target nucleus, A in its ground

state. The y(*) ET,FT) is the distorted wave-function (plane plus spherical

oo
scattered waves, with the (+) superscript representing the incoming wave) for the
projectile, 3He with initial and final spin projections o and o’,. A distorted wave is
a solution to the Schrodinger equation for a plane wave which has been scattered
by an appropriate Optical Model Potential. The last function, ¢, (p,7) is a
wavefunction describing the internal structure of the 3He with g and 7 its internal
spatial coordinates. The *He internal wavefunction may be decomposed into the

product of several uncoupled-components:

Pror, (0, T) = Z Sna SZ 1S5 )P F(9) Pnor X Py, (1, 52). (2.46)

In this function, S,,0/,,8.>_...S; and o’ represents the spins and spin projections
of the neutron, proton pair and helium respectively. The ¢*(7) is the wavefunction
describing the motion of the two protons relative t6 one another. The f(p) is a
wavefunction describing the motion ef the neutron relative to the centre-of-mass

of the proton pair.
2.8.1.6 Exit channel

|¢5(I)5> JM ZX no’ no—n >¢TLCT n> ) (247>

where ®(A4,1,2) ,,, is the wavefunction for the residual nucleus, with two-stripped
protons, an (A+2)-body nucleus. The X(_)W/n%(/;n,?n) is the distorted wave-
function for the outgoing neutron, and ¢,,, is the wavefunction describing the
internal structure of the neutron (i.e. its spin). An authoritative source on this
Distorted Wave Born Approximation (DWBA) treatment for direct two-nucleon

transfer reactions could be found in ref. [82].
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2.8.1.7 The Coupled Channel Born Approximation (CCBA)

However, for collective nuclei the inelastic processes frequently are stronger than
the interaction for transmutations. In such cases, a higher DWBA or coupled-
channel calculation is necessary. The CCBA provides a more complete description
of reaction processes for transitions between nuclei showing strong collective ef-
fects. The theory includes multi-step processes ignored by the DWBA treatment,
by allowing reactions to be induced by projectiles scattered from inelastic states

in the incident channel.

2.8.2 Compound Nuclear Reactions

The compound-nucleus hypothesis, first proposed by Neils Bohr [84] is probably
the most often used concept for the description of nuclear reactions. In the model,
Bohr divides a nuclear reaction-intwo steps;the formation of a compound nucleus
(entrance channel) and its one=step deecay process (exit channel). The two nuclei
come into close contact and form an intermediate combined system, the compound
nucleus, which is not stable on almacroscopic time-scale in which the nucleons

interact strongly with each other. This'can be written schematically as

MERSI T Xpofith, (2.48)

where a is the projectile, A the target nucleus, C* is the excited compound nucleus,
and b, B* are the reaction products after the compound nucleus decay. The excited
B* nucleus will decay either through particle emission, if there is still sufficient
excitation energy, or v rays. The energy carried in by the projectile is shared
more or less stochastically among many configurations. In this transit period,
the system usually has a structure of compound states and are assumed to be in
equilibrium with each other. The equilibrized system has a fairly long lifetime
compared to the “fly-by time” of the projectile, in the absence of interactions.
At this point, the system could either fission or evaporate light particles (such
as n, p, tritons, etc.) to quench its excessive energy. The final break-up of the
compound nucleus is considered to be independent of the mode of formation. It is
assumed that the decay of the compound nucleus depends only on the excitation
energy and other good quantum numbers of the compound nucleus. Therefore

there exist definite probabilities of decay into each of the exit channels available,
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regardless of how the compound nucleus was formed. Hence, being referred to as

the independence hypothesis.

Neutrons are more favoured to pass through the Coulomb barrier than the charged
particles. Unlike direct nuclear reactions, the angular distribution of the emitted
particles exhibit a backward-forward isosymmetric distribution in the centre of
mass system. However, the total angular momentum is conserved and cannot
be “forgotten”. The emitted particles carry away some small amount of kinetic
energy 1-2 MeV, in addition to the average binding energy of about 8 MeV. The
nucleus can also emit gamma-rays, but this decay branch is weak above particle
thresholds.
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FIGURE 3.1: A schematic diagram of the AFRODITE coupled to the neutron

wall.

The 7 ray spectrometer, AFRODITE [85], was coupled with an ancillary neutron

detector composed of a set of 12 plastic scintillator detectors, see the schematic

41
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TABLE 3.1: Thickness of the 4 different targets used listed below.

Target | Thickness [mg/cm?] |
108Pd 5
10pq 1.3
ETQR] 3
U5 3.6

diagram Fig. 3.1. Using the time-of-flight (t-o-f) technique, this detector set-up
allows us to detect v rays as well as fast neutrons from a direct reaction channel.
The measurements of the t-o-f technique make use of the fact that v rays travel
at the speed of light while neutrons do not. The time-of-flight method requires at
least one detector if the detected radiation comes from a nuclear reaction induced
by a pulsed beam on a thin target. Measuring the arrival time at the detector
relative to the beam pulse enables the speed of the particles to be determined

using the following relativistic equation,

Eo B En(%ﬁ y | 1> (31)

where d is the distance travelled. by.the particles, Fj is the kinetic energy of the
neutron and £, is the neutron rest mass energy. In these experiments, a pulsed
beam (pulsed at 350 ns) of 3He particles at 25 MeV energy was used to strip
two protons onto targets of '8110pPd 14Cd and ''*In nuclei. The thickness of
each target used in the 4 experiments is given in Table 3.1. The set-up of the
experiment was such that, an array of a double wall of twelve

0.6 x 0.1 x 0.1 m® of NE-102A plastic scintillators, were placed at 2 m distance
from the target, which make a detector solid angle of A2 = 0.09 sr at the target.
Each of the scintillator blocks are viewed by photomultiplier tubes at both ends.
Only the front wall was used in the analysis due to poor performance of the plastic

scintillator detectors (being discoloured) in the second row of the wall.

The (*He, n) reaction has positive Q-values ranging between 0 and 10 MeV, see
Table 3.2. However, for reactions with more than 1 neutron emitted, the Q-
values are negative. Thus for 25 MeV beams of *He on the various targets used,
the direct reaction neutrons will have energies between 25 and 35 MeV. From

Equation 3.1, this translates to a velocity of about 76 mm/ns taking about 27 ns
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TABLE 3.2: Q-values for (*He, n) reactions on the different targets listed below.

| (°Hepn) on target | Q-value [MeV] |
108pd +7.687
10pq +9.104
HiCd +8.371
U5 +5.963

to travel a distance of 2.0 m. This separates the high flux of competing statistical
neutrons with energies less than 6 MeV at mb of cross-section (see in Chapter 5
for PACE4 calculations for different reaction channels) from the direct reaction
neutrons, which have energies greater than 10.0 MeV (at < 1b cross-section).
As the velocity of neutrons is proportional to \/E,, it follows that the direct
reaction neutrons have about twice the velocity of the statistical neutrons and may
be separated from them by time-of-flight measurements over the relatively short
distances of 2 m. With this detector set-up i.e. the neutron detectors positioned
at less than 10° to the beam-line; the geonietry of-the apparatus is designed to pick
out L = 0 two proton transfers where the emitted neutron angular distribution is
peaked around a scattering angle of 0°. This geometry helps the selection of direct
reaction neutrons as the fusion evaporation neutrons are emitted isotropically in
the centre-of-mass of the experiment. The spin of the final states populated will

have the same spin as the target nucleus as the angular momentum transferred is
L=0.

In these reactions, the main fusion evaporation channel in 1%11°Pd (*He, 3n~)!08119Cd,
HCd(*He, 3ny)"*Sn and "5In(*He, 3nv)'°Sb is at least 103 stronger than the
(®He, n) for the different target’s direct reaction channels. So the energy of the
neutrons and time-of-flight is the sensitive technique that has been employed to
efficiently select the channels of interest, “®M19Pd(3He, n)!%112Cd, 11Cd(*He,

n)'1%Sn and "5In(*He, n)'7Sh.

3.1 Particle-y Coincidence Measurement

Beam instabilities, electronic jitters, delays in the electronic circuits, cable lengths,
etc., can result in uncorrelated timing differences in the different crates of clover
and neutron detectors. It is important that detectors are synchronised in time
so that the information from all detectors, the AFRODITE and neutron wall,
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FIGURE 3.2: Time-correlated spectrum-from time-stamp difference between RF
and clover detectors, gencrated during-the-'%Pd(*He, n)!'9Cd reaction.

is available for a given event.  Further, synchronisation is crucial in calculating
accurate times of flight, When two or more particles that originate from the
same reaction vertex are detected simultancously, a coincident measurement has
occurred. Coincidence measurements are generally used to suppress experimental
backgrounds and isolate exclusive reaction ¢hannels. Coincidence particles were
identified by starting a'time measuring. device, la Time-to-Amplitude Converter
(TAC) with a signal originating from the neutron detector and stopping it with
the Radio Frequency (RF) cycle of the Separated Sector Cyclotron (SSC). The
time-to-amplitude converter produces an output whose amplitude is proportional
to the time interval between the start and stop signal and carries the neutron beam
time-of-flight information. The TAC analogue pulse output produced is then sent
to an Analogue-to-Digital Converter (ADC) in the 100 MHz 16-channel all-digital

waveform PIXIE-16 module for data acquisition, see Fig. 3.4.

Initially, time-correlated spectra were generated by taking time-stamp differences
between RF and clover, and neutron (see Subsection 3.4.3.1) detectors shown in
Fig. 3.2 and 3.3, respectively. Plotting these time difference spectra, a clear
correlation between «y rays emitted by the reaction partners (prompt peak) and
those from random background can be seen. The ~ ray spectra taken during the

random time gate are then subtracted from those taken during the prompt time
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FIGURE 3.3: Time-correlated-spectrim-from-time-stamp difference between
RF and neutron detectors (y-axis in log-scale), generated during the 1%Pd(3He,
n)110Cd reaction.

peak. Note that the random fime gate is much longer than the prompt peak. The

h tprompt

corresponding spectra will therefore be weighted wit before subtraction.

random

3.1.1 Electronic set-up for the neutron wall

In Fig. 3.4, it is shown that the analog signal coming from the neutron detectors is
split into two, one signal was sent directly to the PIXIE-16 module and the other
was passed to the Timing-Filter-Amplifier (TFA) module. The TFA amplifies
the signal to a reasonable level. It is also important for some additional signal
shaping in order to achieve the best timing resolution. The output of the TFA
is a bipolar pulse that was fed to the Constant-Fraction Discriminator (CFD).
When an analog signal is passed to a CFD, the module outputs a logic signal only
if the amplitude of the analog signal exceeds a user controlled value. In this way,
low-amplitude signals caused by electronic noise and background radiation should
be suppressed. From the CFD the analog signal is then passed to the delay box
through a Coincidence Unit (CU). The coincidence unit is a device that can make
a logical AND or OR of the input logic signals. In the OR mode, the CU gives an
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FIGURE 3.4: A schematic diagram of the electronic set-up for the neutron wall.

output signal as soon as any of the input signals is received. The delay box can
be used to introduce a delay in the signal pulse. This is achieved easily by using
cables of differing length. The analog signal from the delay box is then passed to
the TAC module.

3.2 Neutron Detection

Neutrons are interesting not only as the particles themselves, but also as a useful
tool for nuclear structure research, radiochemical analysis, nuclear medicine, neu-
tron imaging (i.e. neutron radiography), and other applications. The property of
the neutron (having no charge) makes it difficult to detect, as well as to determine
its energy. They interact with matter mainly in two ways. Firstly through radia-
tive neutron capture i.e. n+ (Z,A) — y + (Z, A+ 1), especially the low-energy

neutrons. Generally, the cross section for neutron capture goes approximately as
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~1/v where v is the velocity of the neutron. Absorption is most likely, therefore, at
low energies. Secondly, for fast and higher energy neutrons, the energy conversion
process is elastic scattering with light nuclei (i.e. protons in hydrogen) in which
case the energy of the neutron is (partially) transferred to the protons, which in
turn can produce scintillation light. Using the above mentioned principle, fast and
high energy neutrons can be detected in any organic (plastic or liquid) scintillator.
Neutrons are classified as fast if they have energies between a few hundred keV

and a few ten’s of MeV and high energy if their energy is above 100 MeV.

Situations where neutrons can be detected free from any v ray background are very
rare due to the fact that reactions producing free neutrons tend to also produce ~
rays. Both of these radiation types are highly penetrating since they are uncharged.
Therefore, it is difficult to preferentially “shield” a neutron detector from ~ rays.
Hence, it is important to be able to distinguish the neutron signature from the v ray
signature in a detector. In practice, three methods are commonly used; “time-of-
flight”, “zero-cross-over (ZCO)and “digital-charge.comparison”. A combination
of these techniques may also be employed simultaneously. In this experiment, the
time-of-flight method was used to separate the fast neutrons from the v rays, and
also from the slow fusion evaporation neutrons, see Fig. 3.5. In this scatter plot,
the time-of-flight is plotted against the energy of the neutrons. The total energy

deposited in the plastic scintillator is given by

B e yEgEm (3.2)

where E, and Eg are the photomultiplier tube (PMT) signals from left and right
sides, respectively. The time-of-flight of neutrons and v rays between the target
and the detector segments is determined as the difference between the constant
fraction discriminator time and a common time reference signal. The RF signal
from the separated sector cyclotron beam pulsing system was used as the reference
time. The RF period can be deduced from the time difference spectra, see Fig.

3.2 and Fig. 3.3; The beam burst separation is 270 ns.

3.2.1 Scintillators

The scintillation detector is one of the most versatile radiation and particle detec-
tion devices in nuclear and particle physics. It uses the fact that certain materials,

when struck by a neutron, photon or charged particle, emit a small flash of light.
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FIGURE 3.5: Scatter plot-of the time-of-flicht mapped against the energy of the
neutrons and 7y rays.

Dealing with such small signalsis one of the main challenges in designing detectors
and instrumentation for nuclear physics experiments. The light travels down the
scintillator bar to the photomultiplier;tubes, where it is converted into a usable
signal. Each PMT on each, bar outputs an energy,and time signal. Direct coupling
of a flat panel scintillator element to a circular photomultiplier is optically inef-
ficient, hence a cone shaped light-guide made of plexiglass material was used to
connect them, see Fig. 3.6. Generally, a good detector scintillator material should

have the following features:

e The material must be transparent to the wavelength of its own fluorescent

radiation and be free from turbidity or variations in the index of refraction.

e [t must also have a high efficiency for conversion of exciting energy to fluo-

rescent radiation.

e [ts index of refraction should be near that of glass to enable efficient coupling

of the scintillation light to the photomultiplier tube.

Plastic scintillators have a lower light output than most inorganic scintillators.

They are characterised by fast decay time of about 2-3 ns of the light pulse.

300
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Another advantage is that plastic scintillators are’ mon-hygroscopic and are easy
to fabricate into any shape... Howeyens with ‘llhiwcgui@-.scintillators, their lack of a
solid structure makes them robust against radiation damage effects when exposed
to intense radiation. Also, liquid scintillators are often cheap compared to other

detectors.

3.2.2 Photomultiplier tubes

Scintillator detectors would not be useful without the device such as photomulti-
plier tube to convert the weak light of the scintillation pulse into a corresponding
electronic signal. The light is collected on the front face of a multiplier tube,
where the light photons are absorbed on a photocathode. The photons from the
scintillator transfer their light energy to the electrons in the photocathode and
free the electrons in the photo-emissive material. The electrons are then acceler-

ated through a series of electrodes, the dynodes under a high potential difference

http://etd.uwc.ac.za/
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FIGURE 3.7: Basic design of a photomultiplier tube [9].

greater than the cathode potential. When electrons hit these dynodes, more and
more electrons are released. This multiplication chain of electrons is necessary
to create a detectable pulse-at-the final stage-of the PMT. These electrons are
collected as current at the amode and passed to the electrical connectors on the
base. The light signals are converted into a c¢urrent pulse without adding a large
amount of noise to the signal. Al graphical representation of a photomultiplier

tube is shown in Fig. 3.7.

3.2.3 Cosmic-ray muons for calibration of detector

Cosmic-ray muons are produced by the interaction of cosmic rays with the Earth’s
upper atmosphere. The shower of particles produced is attenuated in the atmo-
sphere, and only muons tend to survive at sea level. The average energy of muons

reaching sea level is about 2 GeV [86].

Muons are charged particles and lose energy through Coulombic interactions as
they traverse through matter. The energy is progressively absorbed by ionizing
the matter it passes through. The average energy loss rate in matter for singly
charged particles travelling close to the speed of light is approximately 2 MeV per
g/cm? (the “interaction length” unit). Some of this deposited energy excites the
electrons of the fluorescent molecules. Upon radiative de-excitation, light in the
blue region of the electromagnetic spectrum is emitted with a typical decay time

of a few nano-seconds.
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FIGURE 3.8: A calibrated neutron spectrum for a single PMT. The muon peak
at 24 MeV is indicated in the figure.

3.2.4 Energy calibrations of the neutron wall

The PMTs in the neutron wall must be gain ' matched in order to account for dif-
ferences in light collection and amplification. Cosmic-ray muons are an extremely

useful calibration source.

Gain matching is normally done in two steps. The first step is to adjust the
bias voltages on the PMTs until their signals are approximately equal. Fig. 3.8
shows an example histogram of the raw spectrum for a single PMT; the broad
peak around 24 MeV is from muons interacting with the neutron detector. This
peak is fit with a Gaussian for each PMT, and the voltage is adjusted to move
the peak value to a same chosen arbitrary channel value for all the PMTs. After
adjusting the voltages to approximately line up the muon peaks, further corrections
to exactly match the peaks are applied using the sort-code. A linear slope and
offset calibration are then applied to place the pedestal at zero and the centroid
of the muon peak at 24 MeV.
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F1cURE 3.9: A photographic picture of-the-liquid scintillator detector setup.

3.3 Development-of the Ligquid Neutron Detec-

tor

At the suggestion of Prof, . Paul, Papka, a.5 L. volume neutron detector was de-
veloped, filled with the liquid scintillator to measure neutrons in-coincidence with
~ rays for future coincidence measurement experiments at iThemba LABS. The
detector was fabricated using an aluminum cylindrical housing of 1.2 m length
and 0.073 m diameter, see Fig. 3.9. Two Hamamatsu R329 photomultiplier tubes
were attached on each end of the pipe. These PMTs contain bialkali photocathodes
sealed with borosilicate glass windows. The wavelength sensitivity of the PMTs
is in the range 300 nm to 650 nm peaking at 420 nm with a maximum quantum
efficiency of 23% in vacuum. The PMTs were operated with a negative voltage
of 1500 V and the signals from the anodes were collected in the data acquisition

system via a PIXIE-16 electronics module.

The inner surface of the cylinder was anodized with a reflective paint to reduce the
amount of light lost by the pipe. The reflective paint makes scintillation photons
scatter multiple times from the detector walls, which partially compensates for
the relative poor PMT photo-cathode coverage. The detector was filled with the
liquid scintillator, Ultima Gold Low Level Tritium (UGLLT) manufactured by
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FIGURE 3.10: The calibrated-energy-spectra of the;UGLLT (black) liquid scin-
tillator-and NE-102A"(red) plastic scintillator.

Perkin-Elmer Inc. [87]. The main solvent in UGLLT scintillator is Di-Isopropyl-
Naphthalene (DIN), which-is-a-chemical compound that is characterized by its
low toxicity, low-vapour pressure and high-ignition temperature. This compound

is also bio-degradable, and is safe ‘to transport and ‘store.

3.3.1 Test results for the new detector

Tests were carried out for the performance of the new detector using muons with
energy of ~24 MeV and also an americium-beryllium point source whose charac-
teristic neutron peak is at ~5 MeV. To benchmark the liquid scintillator results,
the plastic scintillator detector NE-102A was used to compare the results. Fig.
3.10 shows the 1-dimensional muon spectra of signals captured by the 2 types of
detectors. The two diagrams show a marked difference with regards to the muon
peak. The muon peak is clearly visible at ~24 MeV with the plastic scintillator

but not in the liquid scintillator.

A two-dimensional plot of the 2 PMTs for each scintillator is shown in Fig. 3.11.
In Fig. 3.11(a), light attenuation in the liquid scintillator is high. Only events
near the edge of the scintillator bar are able to reach the nearer PMT and light

160
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FIGURE 3.11: Two-dimensional-plots-of-events from the 2 PMTs, (a) liquid
scintillatorand.-(b)-plastic-seitillator.

propagation to the opposite end PMT is limited. In the case of plastic scintillators,
Fig. 3.11(b), more light is propagated from the middle of the scintillator bar and
as such signals are approximately-equal-to-both=PMT's.

3.4 Gamma Ray Detection

For v ray spectroscopy good energy resolution and efficiency are essential. Electro-
magnetic radiation interacts with matter by transferring all or part of its energy
to the atomic electrons of the material. In the energy range from ~10 keV to
a few MeV, there are mainly three methods of v ray interaction that are impor-
tant in gamma spectrometers: photoelectric effect, Compton scattering and pair

production.

Photoelectric effect: This is the process whereby the ~ ray interacting with
an atom, results in the disappearance of the photon and the displacement of an
electron from the atom. The kinetic energy of the outgoing photo-electron is given
by

Ee- = E, — Ey, (3.3)
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where £, is the binding energy of the electron and £, = hv. Usually, the inter-
acting electron originates from the most tightly bound K-shell of the atom. The
vacancy left in the atomic shell is filled through electron rearrangement and the
excitation energy is carried away in the form of a characteristic X-ray (of that
particular atom) or Auger electrons. The photoelectric effect is the dominant in-
teraction method for low-energy photons (up to 200 keV for Germanium). From
theoretical calculations in the expression below 3.4, the cross-section for photo-
electric absorption is larger for higher Z materials and it decreases as the v ray
energy increases. This makes high Z materials more desirable when manufacturing

v ray detectors and shields.

n

Ophoton = constant x D55 (3.4)

where n is a number between 4 and 5.

Compton scattering: Compton- scattering-also takes place between a v ray
entering an atom and interacting with-any of the-orbital electrons in the absorbing
material. In this process the incoming ~ ray photon is deflected through an angle
6 while transmitting some of itis energy to the electron, which is called the recoil
electron. The recoiling electron has the energy of the initial v ray less the final ~
ray energy. The final v ray energy F’, is dependent on the angle of interaction and
is derivable from energy and momentum conservation laws to give the well known

Compton formula

1 1 1
7 m002(1 — cos0), (3.5)

where mgc? is the rest-mass energy of the electron (0.511 MeV) and F is the initial
v ray energy. The probability of Compton scattering per atom of the absorber
depends on the number of electrons available in the interaction atom and as such
increases linearly with Zq.4e:. Compton scattering is the predominant interaction
mechanism between ~200 keV and 5 MeV.

In v ray spectroscopy Compton scattering is not always the most preferable method
of interaction. Unlike photoelectric absorption, which deposits its full energy on
interaction, in Compton scattering, the v ray deposits a portion of its energy into

the detected electron.
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Pair production: This method of interaction can only take place if the v ray has
an energy of at least twice the rest mass of an electron (i.e. 2xmgyc? = 1.022 MeV).
Therefore, pair production is strictly confined to high-energy ~ ray interactions.
The primary photon disappears in the Coulomb field of the nucleus, and its energy
goes into rest-mass energy and the kinetic energy of the electron e~ and positron

et pair produced. The energy balance of the process is
E, =2myc* + T +T,.-, (3.6)

where T,+ .- is the kinetic energy given to the positron/electron. In the above
expression 3.6 the recoil energy of the atom is neglected. The cross-section for
pair production, o, increases rapidly with energy and becomes dominant at

energies greater than 5 MeV.

3.4.1 Suppression.of Compton scattered v ray events

In nuclear spectroscopy;-the interactions that are of paramount importance are
those for which there is complete absorption of the incident v ray energy. This
gives rise to a full energy peak. However, some interactions only result in the
partial absorption of the incident photon’s energy in the detector. This gives rise
to a continuous background 'in' the'energy speetrum’referred to as the Compton
continuum and it obscures the useful.data, especially weak transitions. Therefore
the germanium crystal is normally sheathed in a second detector that can detect
these events and can be set to electronically suppress the partial energy pulse and

thus veto them.

Bismuth Germanate (BiyGe3O12), commonly referred to as BGO, is a scintillation
material that is most commonly used as Compton-suppression shielding. Each
BGO scintillator element is viewed by an individual photomultiplier tube. The
Bi element has a large proton number 7Z = 83 and high density of 7.13 g/cm?,
which are excellent features for a good quality Compton-suppression shield. The
effectiveness of Compton-suppression is generally measured by the peak-to-total
(or P/T) ratio which compares the number of counts in well-known photo-peaks
versus the total counts collected, see Fig. 3.12. Without the Compton rejection

the peak/total ratio is ~20%, and for the suppressed spectrometer it is ~50%.
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FIGURE 3.12: Spectra from a %9Co.~ rays source showing the comparison be-
tween the unsuppressed.and the suppressed spectrum measured with a clover
detectorietoed by-a - BGO suppression shield [10-12].

3.4.2 Semiconductors

Hyper Purity Germanium detectors (FIPGe) are semiconductors. Semiconductors
are solid-state materials; that possess.the properties of crystallinity with a band
structure that is neither totally insulating nor conducting. They consist of a
periodic atom lattice, with the electrons in the crystal forming energy bands. The
outermost band in which the electrons are in a bound state is called the valence
band. In the conduction band electrons are freely migrating across the crystal. In
between the valence and the conduction band is a forbidden region, band gap or
energy gap. Semi-conductor materials typically have band gaps with energies of

about 1-3 eV and ionization energies just slightly greater.

By applying an electric field, the electrons in the conduction band drift to the
cathode and the resulting current can be measured. The current depends on the
number of electrons in the conduction band. At low temperatures, most electrons
are confined to the valence band, they are bound in a covalent bond between the
atoms of the semiconductor. Electrons can jump from the valence band to the con-
duction band by thermal excitation. The current created by thermal excitations is
referred to as leakage current and it is a major drawback for HPGe detectors as it

requires that these detectors be always kept cool to cryogenic temperatures of 77
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K. Electrons can also be excited by particles like v rays interacting with semicon-
ductor. Electrons that jump from the valence to the conduction band leave a hole.
A hole can move in the crystal by accepting a bound electron from a neighbouring
atom. The movement of the electron-hole pairs through the medium, under the
influence of the electric field, (electrons moving toward the positive electrode and
holes toward the negative electrode), creates a signal which corresponds to the

energy of the interaction that took place.

In reality, semiconductor materials are never infinitely pure. The operation of
a semiconductor detector depends on its having either an excess of electrons or
an excess of holes. This is achieved through the addition of small amounts of
impurities called dopants into the semiconductor material such as the germanium.
Acceptor atoms are impurities with one fewer electron in their valence band, the
group III elements of the periodic table. If they are inside a semiconductor crystal
such as germanium (a group IV element), this electron is missing in the covalent
bond with the semiconduetor atoms. This-deficieney. of one electron is a hole, and
a p-type semiconductor is formed.  Conversely, donor impurities have an extra
electron, being group V ¢lements of the periodic table. The fifth electron from the
dopant is an excess electron and i3 free to move about in the crystal and hence
participate in the flow of electric current. This type of semiconductor is referred

to as n-type.

3.4.3 Semiconductors for v ray spectrometry

A p-n junction results when n-type and p-type semiconductors are brought to-
gether into appropriate thermal contact, see Fig. 3.13. Electrons diffuse from
the n-type material migrating across the junction into the p-type material and

combine with holes, and the holes vice-versa.

As the electrons diffuse from the n region they leave behind positively charged
donor atoms. Similarly, holes diffusing from the p region leave behind negatively
acceptor atoms. The net positive charge in the n region and net negative charge
in the p region will induce an electric field near the junction, in the direction
from the n to the p region. The magnitude of this field increases as the charges
migrate through the junction and eventually reaches the value (about 0.4 V high

in germanium) preventing further charge diffusion. The action of diffusion of both
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FiGurE 3.13: Cross-section-of-a-typical reverse-biased p-n junction radiation
detector.. Modified, from [9].

charge carriers creates ‘a region' surrounding the' junction with no mobile charge

carriers referred to as a depleted region; this is the active element of the detector.

The depletion region can be effectively increased if a positive voltage (few kilovolts)
is connected to the n side of the junction. Because the positive voltage is connected
to the n type semiconductor, this is called reverse biased junction. The p —n
junction will conduct very little current when biased in the “reverse” direction. A
p—mn junction operates like a diode. The fundamental property of a diode is that it
has low resistance to current in one direction but has a very high resistance in the
other direction. Since electrons and holes are present in abundance in the n and
p regions, respectively, the conductance is greatly enhanced across the junction

when biased in “forward” direction.

Semiconductor detectors like germanium, require that a bias is placed across them.
A bias is required so that full charge collection can occur. The bias is typically of

the order of ~3000 V and is created by having a positive bias contact in the centre
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HPGe Crystal

L0}

7

BGO Shield

FIGURE 3.14: Clover detector showing a 3 dimensional-CAD view (left side)
and an exploded view (right side) [10]. Gamma rays are produced at the target
position (T) to the front face of the clover detector.

of the crystal and a negative bias-eontact _on the outer surface. This creates an
electric field in the detector.-When-an-interaction-happens, by any of the methods
explained in the previous sections, an energetic electron is displaced. This electron
is slowed down to a halt by interactions with other electrons creating electron-
hole pairs. The movement of electron-hole pairs through the medium, under the
influence of the electrie-field; (electrons toward the positive electrode and holes
toward the negative electrode),. creates a signal which corresponds to the energy

of the interaction that took place.

3.4.3.1 Clover detectors

A clover detector consists of four individual n-type germanium crystals closely
packed together in the configuration of a four-leaf clover, see Fig. 3.14. These four
germanium segments are housed in a single cryostat. Each crystal is tapered at
one end to allow better positioning of the detector to the reaction center thereby
improve the overall efficiency of the detector. The clover detector is then coupled
to an automatic liquid nitrogen filling system which top up the dewars with liquid

nitrogen from the storage tank.

Some v rays are Compton scattered from one segment to another, of the clover
detector. The energy detected in both segments can be added to obtain the full
energy of the v ray. This enhances the photo-peak efficiency of the clover detectors
especially for the « rays with high energy. The process is called “addback”.
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3.4.4 The AFRODITE array

FiGURE 3.15: The AERODITE -array coupled—to'the neutron detector wall

comprising a 2 x 6 set of plastic scintillators. The neutron wall, which is placed

2 m away from the target, is ‘¢coveréd.with a‘black! fabric to prevent the ambient
light, disturbance of the pulse signal generated.

In this experiment « rays were detected in coincidence with neutrons (detected
with neutron wall) using an array of 8 HPGe Clover detectors, the AFRican Om-
nipurpose Detector for Innovative Techniques and Experiments (AFRODITE) ar-
ray [85], Fig. 3.15. Each detector is surrounded by its own Compton suppression
bismuth germanate, BGO shield. These detectors are mounted in a rhombicuboc-
tahedron frame made of aluminium. The frame was originally designed to accom-
modate a maximum of 16 detectors. The two square facets at 0° and 180° with
respect to the beam direction accommodate the beam line. The topmost square
facet supports the target mechanism. For this experiment the 8 detectors were
arranged such that, four of them were placed at 90° and the other four were at

135° to the beam direction.
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The efficiency of the AFRODITE spectrometer is of order 1%. Typical energy
resolution of each crystal is realistically about 3 keV full-width-half-maximum
(FWHM) at 1 MeV.

3.4.5 Detector efficiency of the AFRODITE ~ ray spec-

trometer

Gamma ray intensity, I,, is one of the most important experimental results of -y ray
spectroscopy. In order to compare the intensity of detected v rays it is important
to understand the detection efficiency of the AFRODITE array as a function of
detected v ray energy. The intensity of a v ray is a measure of the probability
of the transition between two nuclear states. The intensity can be determined by

using the formula

) (3.7)

where A, is the fitted area of a y ray' (using EFFIT radware program|88]), and
€, is the calculated efficieney of the corresponditig peak. The relative detection
efficiency of a v ray in a single germanium detector is a function of the energy of
the transition. The ~ ray detection efficiency as a function of v ray energy was
measured using a calibrated source "?Eu. The activity of the source was measured
to be 367.15 kBq on 06-January 2004-

The activity on the day of efficiency calibration measurement, 29 April 2013, is
projected from the activity measured in 2004, which is a period of about 3341.25
days. The half-life of 1»2Eu source is known and is 13.33 y. The decay constant, A
is calculated utilizing Equation 3.8. The activity on the future date can then be

calculated with Equation 3.9

(3.8)

A= Ager. (3.9)

From the known activity, the number of decay events per second for the source can
be simply calculated. By adjusting the expected number of decays for acquisition
live time, the number of decay events which are expected to occur during the time

period of the run is determined. The number of counts expected in each of the
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calibration peaks, assuming a 100% detection efficiency, can thus be calculated.
By dividing the number of counts detected during the calibration for each ~ ray
by the total number of counts expected for each v ray; a measure of absolute
detection efficiency of the AFRODITE array is obtained at the v ray energies
used. The efficiency at each energy measured is shown in Fig. 3.16. The array has
a maximum efficiency around 150 keV. The efficiency curve decreases at higher
energies, as the probability of absorption decreases due to the limited detector
size. Below this energy, the efficiency drops rather rapidly due to absorption in

the aluminium casing of the germanium detector.

350

N
o))
o

150

Rel. eff. (arbitrary units)

(&)
o
T
]

600 1000 1400

E, (keV)

200

FiGure 3.16: Efficiency curve for the AFRODITE ~ ray spectrometer. The
experimental data obtained using the known intensities of transitions in a »?Eu
calibration source.
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DATA ANALYSIS AND
RESULTS

The aim of the experiments-is to make high-resolution experiments to measure the
relative strength of two-proton transfer to-excited 0, " states in 1°Cd, *2Cd and
168y, and excited ng staties in] "Sb. The heam energy of 25 MeV for the (3He,
n) reaction has been chosen so that high-resolution data can be compared with
the low-resolution time-of-flight-data-of Fielding et al. [2] and Alford et al. [3]
taken at the same energy, The targets used in the experiments were isotopically
separated foils of %Pd (5.0 mg/cm?), M9Pd (1.3 mg/cm?), 1*Cd (3.0 mg/cm?)

and In (3.6 mg/cm?) with the average béam intensity of ~1 nA.

Immediately following the experiment, calibration data were collected using a
152Fu source. The energies and intensities of the decaying v ray peaks present
in the coincidence spectra were measured by the fits to the spectra. Peak cen-
troids and areas were determined by employing the Radware program [88]. The
peak areas were converted into counts. During the analysis, the time width for
data sampling was done at a period of 2 us. The data were sorted into 1 and
2-dimensional histograms using the MTsort sorting program. Direct reactions are
characterized by low multiplicities so that level schemes cannot be usefully con-
structed for the one neutron channels. However, all decay schemes are well known

for the residual nuclei being studied here.

64
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4.1 1%Pd(°He, n)'°Cd

Fig. 4.1 shows the total singles projection spectrum generated through the

18Pd(*He, zn)'"!1~*Cd fusion evaporation reactions. About 8 x 10 events were
generated over a beam time period of ~106 hr during this reaction. The spectrum
is dominated by fusion evaporation channels, which have high cross sections as
shown by the PACE4 cross section calculation in the inset, Fig. 4.1(b). The
fusion evaporation reaction channel '“®Pd(*He, 3n)!®Cd is the most dominant

with the ground-state band showing yrast states up to spin 67.

Time-correlation gates were placed on the time spectra shown in Fig. 4.2, to re-
move random events. A narrow time-window gate of about 20 ns width was further
placed on the time-of-flight spectrum, Fig. 4.3, to select v rays that are coincident
with fast-neutrons. This generated a ~ ray spectrum with approximately 2 x 10°
n —y coincident events. A high neutron-energy gate at E, > 10.0 MeV was placed
on the spectrum to select-+-rays-in-coincident-with-high-energy neutrons, see Fig.
4.4. Taking the ratio of counts for a peak in the direct reaction channel to fusion
evaporation channel such as the 656.5 keV in "Cd to the 633.1 keV in %8Cd,
show an increase in the ratio of the yields as you increase the neutron energy gate.
That is consistent with-what is-expected that for-an increase in the energy of
the gated neutrons; the fusion-evapoeration-channel should decrease relative to the
direct reaction channel. The spectrum in Fig. 4.5 is gated with time-of-flight and
high-energy neutrons, and a background spectrum in coincidence with low energy
neutrons normalised to the 634.0 keV peak from the fusion evaporation channel
1%8Pd(3He, 3n)'"®Cd, was subtracted. This has removed the fusion evaporation
channels to get a relatively clean spectrum, which show two dominant peaks at
204.0 and 656.5 keV.

In spite of the geometry only favouring L = 0 transfer, the data is showing an
L > 0 transition; a weak 656.5 keV 27 — 0% transition is from the direct reaction
channel '®Pd(*He, n)'"'°Cd. A strong peak at 204.0 keV has been observed in
the spectrum. This ~ ray is the second excited state with spin %Jr in 199Cd. It
has been populated through the (*He, 2n) reaction channel. The 2n channel is
more favoured than the 4n channel (as this  ray appears in both 197Cd and *°Cd
nuclei) in terms of the PACE4 calculations, see inset in Fig. 4.1(b). There are no
L = 0 transitions observed in the spectrum, Fig. 4.5. The measured photo-peak
areas of the 204.0 and 656.5 keV transitions are given in Table 4.1.
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FIGURE 4.2: Time-correlated spectrum fromitimesstamp differences between
neutron and clover defiectors generated /during the '%*Pd(*He, n)'1°Cd reaction.
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FIGURE 4.3: A scatter plot of the time-of-flight mapped against the energy of
the particles generated in the “Pd(3He, n)''%Cd reaction. The rectangular
box is used for gating on the fast neutrons.
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TABLE 4.1: Extracted »y-ray eounts for apeak-iit1°Cd. The other properties
of the states are [included for completeness; and are taken from [13].

Eiever JT | IEyans  JE 7-peaklarea  Multi-

i f

(keV) (keV)) (Counts)  polarity
656.5 107 L656.5._0F 346 E2
f204.98 17 2040 37 762 M1

T The state has been identified to be originating from (3*He, 2n) channel
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FIGURE 4.6: A scatter plot of the time-of-flight mapped against energy of the
particles generated in the experiment-"CPd(*He, n)''?Cd. The rectangular box
is“used for-gating on the fast neutrons.

4.2 Pd(3He, n)2Qd

The target nucleus has“two more neutrons than *%Pd and the residual nucleus
populated in the direct reaction channel 1'°Pd(*He, n)"2Cd has a slightly lower
excitation energy of the first 2" state than in the "'°Cd nucleus. Fig. 4.7(a) shows
a 7 ray singles spectrum generated i1t the reactions °Pd(3He, xn)'3=*Cd. The
spectrum is dominated by the fusion evaporation channels, with the 3n channel
being the most dominant one, as also shown by the PACE4 calculation in the
inset, see Fig. 4.7(b). The yrast band states in the fusion evaporation channel
can be seen up to the spin 6 level. A total of approximately 6 x 10° counts were

generated over a beam time of ~77 hr in this experiment.

A 2-dimensional scatter plot of the time-of-flight as function of neutron energy is
shown in Fig. 4.6. The spectrum in Fig. 4.8 was generated using a time difference
spectrum of the neutron and clover detectors and gating on high-energy neutrons,
with E, > 10 MeV. A total of 9 x 10° n — ~ coincident events were generated in
the time gated spectrum. A weak 617.2 keV 2T — 07 state is populated in the
direct reaction ''°Pd(*He, n)''2Cd channel of interest. A background spectrum
(in coincident with low-energy neutrons) was subtracted from the spectrum, nor-

malized to the strongest peak 657.7 keV in the fusion evaporation channel. The

300
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TABLE 4.2: Extracted v ray counts for a peak in '2Cd. The other properties
of the transition are taken from [13] for completeness.

7

(keV) (keV) (Counts)  polarity
617.2 2 617.2 0f 43 E2

Eiwa JT Euans J}r v-peak area  Multi-

obtained spectrum after gating and background subtraction is shown in Fig. 4.9.

The measured photo-peak area for the 617.2 keV transition is given in Table 4.2.
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FIGURE 4.10: A scatter plc > ti1 ;I light g apped against the energy of

the partlcws—geﬁeiﬁaﬁeé—m—meLGd-EH@n )116Sn reaction.
UN I‘t E RSITY of the

4.3 114Cd(3HﬁlQ PBN CAPE

The target nucleus "'*Cd is 2 protons away from the closed Z = 50 proton shell,

the residual nucleus populated in the direct transfer has a closed proton shell, Z =
50. The 2-dimensional scatter plot shows no separation of the expected centroids
of the target v rays, the beam dump ~ rays or fusion evaporation neutrons due to
the poor timing structure of the spectrum, see Fig. 4.10. A ~ ray singles spectrum
generated in the reactions '*Cd(*He, zn)""~*Sn is shown in Fig. 4.12(a). The
spectrum is dominated by the fusion evaporation channel '4Cd(*He, 3n)'4Sn,
with the yrast band members seen up to 4% spin. A total of about 4 x 10 events
were generated in the total projection spectrum. The data was taken over a beam
time of ~40 hr.

A time-correlation spectrum, shown in Fig. 4.11 was used to remove the dominant

fusion evaporation channels. The generated v ray spectrum had approximately

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



Chapter 4. Data Analysis and Results 7

120

100

» 0
o O

N
o

Time Coincidence Counts

N
o

850 900 950 1000 1050 1100 1150 1200 1250

Time Difference [10 ns]

o
?

FIGURE 4.11: A time difference spectrum between the RF and clover detectors
generated in the 14Cd(*He, n)!!6Sn reaction.

2 x 10* n — 7 coincident events.—This is-a-faitly low statistics data set. There
are no peaks in the channet-of unterest i the normalized background subtracted

spectrum shown in Fig. 4:13.
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TABLE 4.3: Extracted « ray counts for peaks in 1'7Sb. The other properties of
the transitions are taken from [13] for completeness.

(2

Eiever  J Eyans J; L 7 peak area Multi-

(keV) (keV) (Counts) polarity
5272 1T 5212 3T 2 308 M1(+E2)
1535.0 LT 3745 27 2 104 M1, B2
1160.7 27 1160.0 27 0 212 E2
14880 27 9609 I' 0 37 E2
13120 97 13120 27 0 47 E2
*3377.4 4T 14808 27 2 167 B2
*1887.6 2+ 1887.6 0% 2 127 B2

* The peaks are from the contamination by *O(*He, n)!®Ne reaction.
4.4 YIn(°*He, n)''’Sh

Fig. 4.14 shows a 7 ray singles spectrum showing transitions of v rays from a
wide range of fusion evaporation channels in the ' In(*He, 2n)'8-*Sb reactions.
These reactions have high'cross sections compared to the direct reaction channel.
A PACEA4 calculation, in the inset Fig. 4.14(D) predicts M°Sb to have the highest
cross section of about 719 mb at 67% relative'td’all other channels. Approximately
8x 10? events were genérated in the total projection spectrum. The data was taken

over a beam time of ~53 hr.

A time window gate was placed on the prompt peak of the time difference spec-
trum, see Fig. 4.15, in order to generate a spectrum of n — v correlated events,
and to remove the dominant fusion evaporation channels. This generated a total
of about 2x10° n — v coincidence events, Fig. 4.14(a). A further gate using high-
energy fast neutrons E, > 10 MeV, was used and the spectrum was normalized
(to the 497.0 keV ~ ray peak) with a spectrum tagged with slow neutrons for
background subtraction. This lead to an improved peak to background noise ratio
in the spectrum, shown in Fig. 4.17. Due to the poor time structure of the time-

of-flight spectrum shown in Fig. 4.16, no gates were placed on the time-of-flight.

The target nucleus *°In (an odd-even nucleus) is one proton hole in the g 9 closed
shell, which is an intruder orbit at the top of the major shell below Z = 50. Its

ground state spin is %+. In terms of the shell model, the orbitals above Z = 50 are
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FIGURE 4.15: Time difference spectrum between the time-stamp of neutron
and clover detectors generated in the °In(*He, n)!1”Sb experiment.
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FIGURE 4.16: A scatter plot of the time-of-flight mapped against the energy of
the particles generated in the 5In(*He, n)'7Sb reaction. The neutron energy
gate was set at E, > 10 MeV.
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the lg%, Zd%, 1hL21, Qd% and 38%. The correlated pair of protons stripped onto %In
target can only pick orbitals above Z = 50 mainly states with spin %+ as there is

no angular momentum being transferred in the process for L = 0 transitions.

The 1534.0 keV State

The 1534.0 keV with spin %Jr is the highest energy level that has been populated
in this reaction. This is an L > 0 proton transfer, which is less favoured by this
experimental set-up. The population of this state may be attributed to Coulomb or
inelastic interactions of the incoming *He and /or outgoing neutron with the target
and /or residual nucleus [89]. This state depopulates by a 374.2 keV transition to
the 1160.0 keV 2 level, which is the band head of a deformed K™ = §" band.

The 1160.7 keV State

The shell structure of the target miclens °Tn with Z = 49 is 1 proton short to
the closed Z = 50 shelll In terms of its proton configuration, it has a hole in
its deformation upsloping 7[404]9/2" Nilsson lorbital intruding from below the Z
= 50 proton shell. The two protons that are transferred to the target can only
be placed in the orbitals above the 'Z = 50 c¢losed shell, thereby creating a 2p-1h
configuration. The 1160.7 keVj-levelsis, the lowestrof these ng states that were
populated in this reaction, **°In(*He, n)*'"Sb. Only 50% of the strength of the
1160.7 keV peak comes from contributions of the 374.0 keV 7 ray transition. The
rest of the strength could be from the direct 2-proton transfer population as there

are no other evident transitions feeding this state in the spectrum, see Fig. 4.17.

The 1488.0 keV state

This is the other %Jr state that has been populated through a direct reaction

transfer method. The 1488.0 keV level is the highest of the §+ states that were

populated through an L = 0 two proton transfer in this spectrum. This state
depopulates by a 960.9 keV transition to the 527.2 keV level.
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The 1312.0 keV state

There is also a direct reaction population of the 1312.0 keV state with spin %+
possible through an L = 0 two proton transfer. The band configuration for this
state is formed by the coupling of the 2p-2h deformed structure known in the
H6Sn core to the single particle low-K valence de orbital [90, 91]. The population
strength of this state is not strong. It decays directly to the ground state.

The 527.2 keV state

The 527.2 keV state with spin %+ is an L > 0 two proton transfer. Part of the
strength of this state is from contributions from feeding through the 960.9 keV
~ ray transition which possible contribute about 10% of the strength. Also this
state may have been populated via.the Coulomb or inelastic interaction of the
beam with the target and/or residual nucleis as the yields are significantly large
to have contribution from-only the 960.9 keV decay. There are no other observable

feeding transitions to this state in the spectrum.

All the extracted ~ ray yields for the transitions in the spectrum Fig. 4.17 are
given in Table 4.3.

10 (*He, n)'®*Ne.

Another reaction channel observed in this reaction was the O(*He, n)'®*Ne, the
level scheme is given in Fig. 4.18. The two transitions observed are the 1489.8 keV
4T — 2% and 1887.6 keV 2T — 0T. The 1489.8 keV state has a relatively longer
half-life (¢ 1=3.0 ps) compared to the lower level state 1887.6 keV with a half-life,
t% = 0.46 ps. Their photo-peaks are labelled in blue colour in the spectrum, see
Fig. 4.17. These states have possibly been excited through Coulomb or inelastic
interactions of the beam with the target O and/or the residual nucleus ®Ne as
these are L > 0 transfer. The peak 1887.6 keV has an asymmetric distribution,
being broader to the left low energy tail end, possibly due to the Doppler shift of
the peak. Clover detectors were placed at 90° and 135°, thus some ~ rays decay
from this 41 state as the target recoils, causing the shift in energy (to low energy)

for the clover detectors at 135°. The 4% state also has a longer half-life. Some =
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FIGURE 4.18: The level-scheme of **Ne popiilated through the direct reaction
channel, %0 (3He, n)'*Ne from-the contamination of the target by oxygen.

ray events produced after the target recoil will not be energy shifted. Extracted

~ ray yields in this channel are given in Table 4.3 (marked in asterisk).



Chapter 5

DISCUSSION

The (3He, n) reactions allow the two protons to be added to the target nuclei and
compliments the much more common experiments using two neutron transfer (¢, p)
and (p, t) reactions. It provides-an important probe.for the study of nuclear shell
structure. The (*He, n) direet reaction channel-has a low cross-section compared
to fusion-evaporation reactions. Its eross section is nearly 1000th of the main

fusion evaporation channels making the experiments very challenging.

The Nuclei '"112Cd

A wide range of experimental probes have been used to study the cadmium nuclei
over the years; the fusion evaporation reactions [39, 43-45, 92, 93], transfer and
inelastic scattering reactions [94-102], S-decay [92, 93, 103-105] and (n, n'y) reac-
tion [106-114]. This has enabled the development of comprehensive level schemes
of the stable Cd isotopes. The data here seek to complement these previous efforts
by looking at the 2 proton parentage of the "%12Cd levels especially of the low-
lying excited 07 states. The nature of these low-lying excited 0T states is key in
determining the nature of collectivity that characterises this nucleus. The B(E2)
values for the decay excited 07 states to the one-phonon 2;% state show some
discrepancies. The B(E2;07—2;") values for the decay from 037 are extremely
lower than expected for a possible two-phonon candidate. Instead, this state show
enhanced B(E2) decay values to one of its two-phonon 2, triplet members. How-
ever, for the intruder band head, the 0, show enhanced E2 decay strength to the

one-phonon state. In all cases, the collective strength for the decay of an excited

87
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1473 0* 4+ 1415 0+ 1433
2t 1313

99(16)

<40 63(8) ) 0:0120)

1.4(2) 0.6(1)

1 IOCd 27.0(8) 1 12Cd 30.3(2)

0 0+ 0 0+

FIGURE 5.1: Low-lying levels in '1%112Cd isotopes. The arrows represent B(E?2)
transitions labelled in W.u. with the uncertainties given in parentheses [41, 42].

0" state to the one-phonon 2,1 state appears to be concentrated in the intruder
band head rather than the two-phonon 03" state, see Fig. 5.1. It is these facts

that have required furtherinvestigation of these states.

Previous data on the ''?Cdmnucleus populated through the two-proton stripping
(*He, n) reaction was collected by|Fielding et al.| [2] using a 9 m time-of-flight
baseline. About 5 excited 0" states were identified in that measurement albeit with
poor energy resolution of greater than 400 keV, see Fig. 5.2. The 1440 keV 0" state
should decay to the 656.5 keV'2T state, however there is no evidence of this peak
in the spectrum. Unlike in Fielding’s measurement, the ground-state transition
cannot be populated in this measurement as it cannot decay by ~ rays. Only the
first excited 2% state at 656.5 keV has been populated in the present experiment,
see Fig. 4.5. The positions of the peaks at 816.0 and 1074.0 keV, the first and
second excited 0" states, respectively, have been indicated in the spectrum and it
is clear that neither of these is present in this data. This is in direct contrast with
Fielding’s measurement which show strong strengths for the populated 0% state
at 1.44 MeV. The 656.5 keV state populated is an L = 2 transfer, which shows
relatively low strengths compared to the 1.44 MeV 07 in Fielding’s measurement.
If the two states were collective phonon states, the expectation is that the 2% (in
our measurement) as the first phonon state would at least be comparable in terms
of population strengths to the 2 phonon state in [2]. There are no high lying states
observable in the data that would decay into this lower state. If the population of

2, " state is through the direct reaction process, it must be through the coupled

____________ | S
T

1

1224

(14)

0+
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FIGURE 5.2: A time-of-flight spectrum from Fielding et al. [2], generated during
the 1%8Pd(3He, n)'9Cd reaction.

channel method, as this-is-an-L-= 2 transfer prohibited by the selection rules for

this experiment set-up.

Similarly, the 1°Pd(*He, n)''2Cd direct reaction has populated only the 617.2 keV
2,7 state with even weakerstrengths than-the %Cd.data. There are no high-lying
peaks observable in the spectrum that would decay into this lower state. The only
possible conclusion is that the population of this'peak is through the same reaction
mechanism as in the data of *°Cd, which is'an [, =2 transfer which possible take
place through Coulomb or inelastic interaction of the 3He beam with the target.
In the previous "Pd(*He, n)'?Cd measurement, also done by Fielding et al. [2],
they populated 4 excited 0" states, see Fig. 5.3. There is no peak at 617.2 keV in
those data. The 2 neutron transfer measurement, °Cd(t, p)!'*?Cd reaction done
by Medsker et al. [115], they achieved high yields for the populated states. They
populated about 5 low lying excited 0 states at 1223, 1431, 1873, 2640 and 2829
keV with most of them at fairly large population strengths. They did not observe
the excited 0" at 2640 keV. The population of the 1223 keV state believed to be
the possible candidate for the 2p-4h proton intruder band suggests the importance
of mixing of the normal g.s. and intruder *0 states in "'2Cd. The 617 keV 2+

state in that measurement shows a relatively large population strength.

It is rather surprising that in both measurements, *!19Pd(*He, n)!%112Cd the
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FIGURE 5.3: A time-of-flight spectrum from Fielding et al. [2] generated during
the MO9Pd(3He, n)*'2Cd reaction.

excited 0T is not populated,-espeecially the-intruder.states with a proton configu-

ration of 2p-4h structure.
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The Nucleus '°Sn

The results obtained in this measurement show no states in the direct reaction
channel of interest. It is possible that there were bad timing coincidence settings
with the electronics. The 2-dimensional scatter plot, Fig. 4.10, shows no struc-
ture of the different centroids from the target, beam dump v rays and the fusion

evaporation neutrons.

The Nucleus ''"Sb

With the odd-spin target nucleus, all the transfer strength should go to the ex-
cited g+ states, as the ground state of the residual nucleus has a different spin to
that of the target nucleus in the direct reaction channel. Just as with the cad-
mium isotopes measurements,-soine states-im this edd nucleus have been populated
through L > 0 transfer. There are 5 states identified in the "'°In(*He, n)''Sb re-
action channel with better yields relative to the éven nuclei data measured here.
The better energy resolution in this measurement has made it possible to resolve a
number of states that could not possibly be distinguished in Alford’s time-of-flight
low-energy resolution experiment. The 374.0 keV v ray peak that feeds the 1160.0
keV level has been clearly”identified! The energy spacing between states, does

indeed prove the assignment 'of this band as a deformed rotational band.

In the previous (*He, n) reaction measurement for ''’Sb done by Alford et al. [3],
they identified 3 excited ng states, see Fig. 5.4. In this measurement the 1160 keV
state has been populated, however the other two %Jr states at 2280 and 3000 keV
cannot be identified. The enhanced population of the deformed 2p-1h band head
state at 1160 keV suggests that the wave function of the ground state of *°In has

a deformed component.
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FIGURE 5.4: A time-of-flight spectrum from Alford et al. [3] generated during
the M5In(3He, n)''"Sb reaction.
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CONCLUSIONS

All four of the experiments reported on here were carried out before I started on
my Ph.D. My task has been to treat the raw data and analyse the outcomes. Fur-
ther development of thediquid semntillator detector was stopped, as the results were
not encouraging with low light-output-from the PMTs possible due to high atten-
uation of light by the scintillator material.” Neither the shortening of the length
of the detector cylinder made any |significant improvements in the spectrum. A
time-of-flight measurement-using-the (*He,-n) two-proton stripping reaction has
been addressed by combining a high resolution v ray spectrometer and coupling
it with a neutron detector array placed at small angles less than 10%. The four
series of measurements have been performed at iThemba LABS, some with good
results produced from the measurement such as the data from "5In(*He, n)''"Sh
reaction and also the data (of 2P, ®1Cu, 1%2Dy, '“'Ru and '*°Sm) from previous
measurements [89, 116]. However, the 11°Sn data seems to have had timing prob-
lems with the electronics, as there appears to be no observed states in the direct
reaction channel. Synchronization of the neutron and 7 ray detectors is necessary
in order to have a good time correlation of the events coming from the same reac-
tion event in these measurements. Quite frequently, it is reported in the run-book
that there were issues with the RF stability during the experiment, especially with

the 1*Cd(*He, n)''%Sn measurement.

The population of the L = 2 states in both even and odd target nuclei is con-
firmation that the *He beam is inelastically exciting the target nucleus. In the
HOU20q only the 2, states were populated with relatively low yields. With the

odd target nucleus '°In, spin J = Jyu4e have selectively been populated with

93
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fairly high yields. The yields for each reaction have been extracted by measuring
the peak areas of state populated. These type of measurements have challenges,
the n — v discrimination ability still needs to be improved. Systematics of two-
proton stripping reactions across the nuclear chart is still one of the areas not
yet fully explored in nuclear physics. For future development, a proper neutron
wall with better v shielding is needed and also with an array of neutron detectors
capable of n — v discrimination. This should also include upgraded flash ADCs
with high sampling rates at 500 MHz.
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