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Abstract

High-spin states in '°Bi and !°7Bi have been populated using the 131 Ta(3%Ne,6n)
and '8'Ta(**Ne,6n) reactions respectively, both at a beam energy of 125 MeV.
The v~y coincidence data associated with the above reactions were measured on
separate experiments employing the AFRODITE array, which at that time consisted
of 7 Clover and 8 Low Energy Photon Spectrometer (LEPS) detectors at iThemba
Laboratory for Accelerator Based Sciences (iThemba LABS).

The spectroscopic analysis of the !°*Bi and !'*"Bi data sets involved the follow-
ing measuments: -y coincidence relationship, Directional Correlation of QOriented
(DCO) states, Linear Polarisation, -y Intensity and Recoil Shadow Anisotropy Method
(RSAM) lifetime measurements. One dipole band was found in each of the '5Bi
and '°7Bi nuclei. The dipole band in °"Bi was linked to the low lying states and its
excitation energy, spin and parity, %4", were determined. This is the first known
and the only dipole band in any of the Bi isotopes with measured spin and parity.
Another band consisting of M1 and E2 cross-over transitions was found above the
(12—3+) level in 1°°Bi. This is the first observation, that such a band is found at
such a low spin, suggesting that shape coexistence between spherical and deformed
shapes occurs at very low spins.

195,197B; guch as the dynamic

Furthermore, the properties of the dipole bands in
moments of inertia, spin and parity of the bandhead lead to the assignment of the
miy h’; ® m&} configuration to these bands. The =i i configuration was assigned
to Band 1 in 9°Bi, supported by the results of Total Routhian Surface and the
Cranked Shell Model calculations and the %((%% ratios.

The Total Routhian Surface (TRS) model for the dipole bands in 1%5:1%7Bj pre-
dicts deformation, 8z = 0.17 much larger than that employed by the Tilted Axis
Cranking (TAC) model for the Pb nuclei, (8; = 0.1). However, the larger defor-

mation is in conformity with the one recently measured for the 11~ isomers in

194,196p}, [Vyv02, Vyv02a) and the one earlier predicted for the dipole bands in the



light Pb isotopes [Ben89, Clag3].
Therefore, it would be very interesting to further study the relative contribution of
the collective rotation and shears mechanism for the dipole bands associated with

larger deformations.



Contents

Chapter 1 Introduction 1
Chapter 2 Nuclear Properties and Models 4
2.1 Nuclear Single-Particle and Structure Models . . . . . .. .. 4
2.1.1 Single-Particle Motion . . . .. ... ... ....... 4

2.1.2 Rotational Motion . ... ................ 6

2.1.3 Nuclear Shape Parametrisation . . . .. .. ... ... 9

2.1.4 Electromagnetic Moments and Transition Probabilities 11

2.2 The Cranked Shell Model . . ... ... ... ......... 15
2.2.1 Nuclear Spinand Parity . . . .. ............ 17
2.2.2 Signature . . . . . . .. ... e e e e 17

2.3 Comparison of the Theoretical Cranking Model Predictions
with the Experiment . . . . . ... ... .. ... ....... 19
231 TheRouthian. . ... .. ... ... ... ....... 19
2.3.2 Nuclear Alignment . . . ... .............. 20
2.3.3 MomentsoflInertia . . .. ................ 20

2.4 Total Routhian Surface Calculations . . .. ... ... .... 22

25 Tilted Axis Cranking . . . . ... ... ... ... ... .... 23
2.5.1 Magnetic Rotation and Shears Mechanism . . . . . . . 27
2.5.2 Antimagnetic Rotation. . . . . ... ... ....... 30

Chapter 3 Experimental Equipment 31

3.1 Heavy-lon Fusion-Evaporation Reactions . . . . . ... .. .. 31

3.2 Interaction of y-rays with Matter . . . . .. ... ... .... 33

3.3 Experimental Equipment . ... ... ... .......... 35



vi CONTENTS
3.3.1 Plan-view of the facilities at iThemba LABS . .. .. 35
332 AFRODITE Array . . . . . . v v v i i i i i i u 37
3.3.3 Compton Suppression . ................. 41
3.3.4 The Electronics and Data Acquisition System . . . . . 45

3.4 Target and Beam Requirements . . . ... ........... 46
Chapter 4 Experiments and Data Analysis Procedure 51
4.1 The Experiments . . . . . . . . ... e 51
4.2 Energy Calibrations . . .. ... ................ 53
4.3 QGaindrift Corrections . . . . .. ... ... ... ........ 55
4.4 DataStructure . . .. .. . . . ... e 57
4.5 Doppler-Shift Corrections . . . ... .. ... ... .. .... 59
46 LEPSSpectra. .. .. ... . . ... 59
4.7 y-yMatrices . . ... .. ... e 61
4.8 Efficiency and Energy Calibration . ... ... ... ... .. 64
4.9 Construction of the Level Schemes . . . .. ... .. ... .. 66
410 DCORatios . . . . . . v v i it ittt e et e e 66
4.11 Linear Polarisation . . . . ... ... ... . ... ....... 67
4.12 Transition Intensities . . . . . . .. . ... . .. 68
4.13 RSAM Lifetime Measurements . . . ... ... ... ..... 68
Chapter 5 Results of Data Analysis 70
51 95BjLevel Scheme . . ... ................... 70
51.1 4-ycoincidences .. ................... 74
512 MWBIiDCO .. ... ... 79
5.1.3 Linear Polarisation Measurements for !**Bi . . . . .. 82
5.1.4 Transition Intensities and glg; ratios for 1Bi . .. 82
5.1.5 RSAM Lifetime Measurements for 1%Bi . .. ... .. 86

5.2 9"BiLevel Scheme . . ... .. ... ... ... ... ... 80
521 +v-ycoincidences . ... ... . ... .. 93
52.2 WBIiDCO ............. .0 102
5.2.3 Linear Polarisation Measurements for **'Bi . . .. .. 106
5.2.4 Transition Intensitiesfor "Bi .. ........... 106
5.2.5 RSAM Lifetime Measurements for 1°71%8B; . . . . . . 110



CONTENTS vii
53 1%BiLevel Scheme . . . ... .................. 114
53.1 BiDCO ............ ... ... 119

5.3.2 Linear Polarisation Measurements for 1*Bi . . . . .. 120

5.3.3 RSAM Lifetime Measurements for *®8Bi . . .. .. .. 120

54 Unassigned y-raysequence . . . . . .. ... ... .. ... .. 121
Chapter 6 Discussion 124
6.1 Introduction - DipoleBands .. ... ... ... ....... 124
62 Band1in'®Bi .. ... ... ... ... .. ... 125
6.3 Band2in'¥Bi . . . . ... ... .. 135
6.4 Systematics of Dipole Bands in the Bi isotopes . . . ... .. 141
65 Band1in!®Bi . . ... ... ... . ... ... .. 144
Chapter 7 Summary and Conclusion 155
References 157



List of Figures

2.1
2.2
2.3

2.4

2.5

2.6

2.7
2.8

2.9

2.10
2.11
2.12

3.1

3.2

3.3
3.4

Three types of nuclear shape. . . .. ... ... ........
The (a) collective and (b) single-particle types of motion.
Diagramatic representation of the (a) DAL and (b) RAL
coupling schemes. . . . . . ... ... ... ... ... ..., .

Diagramatic illustration of the multipole deformation for A =

Diagramatic illustration of the Lund convention for various
shapes (A = 2) of the rotating nucleus in the (8,,7) plane. .
Diagramatic illustrations of application of the momentum
and parity selection rules to y-ray transitions, in order to
determine their multipolarities. . . . . .. ... ... .. ...
Diagramatic representation of a dipole band. . . .. ... ..
The TRS calculations example for **Bi in the (8,,7) plane,
perfomed at a rotational frequency of 0.049 MeVA™ for the
(m,@) = (+,3) configuration. . .................
Three types (PAC, TAC and 3-D) of Cranking. . . . ... ..
Iustration of shears mechanism. . . ... ...........
Proton and neutron current loops. . . .. ... ... ... ..

Antimagnetic Rotation. . ... . ... .............

Step-by-step compound nucleus mechanism induced through

HIFE reaction. . . . ... ... ... ... ...
Compound nucleus decay. . .. ... ... ... ........
Interaction of v-rays with matter. . . . .. ... .. ... ...

Plan-view of the facilities at i{Themba LABS. . ... ... ..

5

14

25
28

33
34
36



LIST OF FIGURES ix

3.5
3.6
3.7
3.8
3.9
3.10

3.11

3.12
3.13

3.14

4.1

4.2

4.3

4.4

4.5

4.6

5.1
5.2
5.3

5.4

A schematic representation of the EXOGAM array, a Ge

array of y-ray spectroscopy at GANIL. . . . ... ....... 38
One half of the AFRODITE array with its frame, which

supports the LEPS and Clover detectors. . . .. ... .. .. 39
The three AFRODITE array detector rings. . . . . .. .. .. 39
ACloverdetector. . .. .. ... ... ... 41
The four-leaf HPGe crystals of a Clover detector. . . . . . . . 42
A BGO Compton suppression shield. . . . . ... ... .... 42
The Compton-suppressed and unsuppressed spectra for a 8°Co

radioative source. . . . . . . ... ... e 44
The AFRODITE array electronics . . . .. .. ... ... .. 45
The right and left (pulled back) major and minor caps of the

AFRODITE aluminium frame respectively. . . ... .. ... 47
Target ladder and the hydraulic positioner. . .. ... .. .. 48

Excitation functions for 195:197Bj calculated using the statistical-
model code: PACE2. . . . ... .. ... ... . ...... 52
A sample of a gainmatched in-beam reference spectrum (IRS)
(solid-line) and the in-beam gaindrifted spectrum (IGS) (dashed-

The sum of the LEPS spectra for the first and second exper-
imenmts.. . . . ... . e 60
The total projection spectra for the (a) ungated and (b) gated
Clover matrices (ExperimentI). . . .. ... ... ....... 62
The total projection spectra for the (a) ungated and (b) gated
Clover matrices (Experiment IT). . . . ... ... ... ... 63

The relative efficiency (€) curves for the summed LEPS and

Clover detectors. . . . v v v v v v v ot et e e e e e e 65
The known level scheme of '®Bi. . . . . .. ... ... .... 71
The extended level scheme for 1¥Bi. . ... ... ... .. .. 72

The -y-ray coincidence spectra gated on the 887 and 307 keV
transitions. . . . . ... ... oL e 73

The summed coincidence y-ray spectra for **Bi band 1 gates. 75



LIST OF FIGURES

5.5
5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24
5.25

The summed coincidence y-ray spectra for 1°*Bi band 2 gates. 76
The coincidence spectra gated on (a) 211.0, (b) 155.6 and (c)

112.3 keV transitions of the ungated matrix.. . . . . ... .. 77
The coincidence spectra gated on: (a) 310.9 (b) 288.0 and
(c) 248.6 keV transitions of the ungated matrix.. . . . . . .. 78
The DCO ratios for y-ray transitions associated with the 5 Bj
nuclel. . . . ... e e 81
Gated polarisation spectra for **Binuclei . . . . ... .. .. 83
Ungated polarisation spectra for ***Binuclei . ... ... .. 84
Relative total transition intensities for Band 2 in **®Bi . . .. 85
The RSAM sum and difference Clover spectra, gated on the

K. and K,z Bi X-rays detected with the LEPS detectors for
the ¥ Binuclel. . . . . . .. . v it e 87

The v-ray anisotropies (Agrsan) extracted from the gated

sum and difference Clover spectra for the **Bi nuclei. . ... 89
The known level schemeof ¥7Bi. . . ... ........... 91
The level scheme of *"Bi deduced from the present work. . . 92
The '97Bi coincidence y-ray spectra for the 999.9, 1008.8 and
11954 keVgates. . . . . . ... . i 94
The '°Bi coincidence 7-ray spectra for the 485.1, 377.4 and
500 keV gates. . ... ... ... . o 96
The *"Bi coincidence 7-ray spectra gated on the 404.2 and
367.1 keV transitions. . . ... ... . ... . 97
The y-ray coincidence spectra gated on the 218 and 627 keV

197 transitions. . . . . . v v v b h e e e e e e e e 98
The °7Bi coincidence y-ray spectra for the 222.0, 131.4 and
3108keVgates. ... .. ... ... ... ... 100
The y-ray coincidence spectra generated from the ungated
matrix, gated on the (a) 396.0 keV, (b) 355.5 keV and (c) 302.2keV
y-ray transitions. . . . . .. ... Lo 0oL 101
The summed coincidence y-ray spectra for **’Bi Band 1 gates. 102
The DCO ratios for transitions associated with 1°71%8Bi nuclei.107
Ungated polarisation spectra for '*"Binuclei . ... ..... 108
Gated polarisation spectra for '*"Binuclei . . . ... ... .. 109



LIST OF FIGURES xi

5.26

5.27

5.28
5.29

5.30

5.31
5.32
5.33

5.34

6.1

6.2

6.3

6.4

6.5

6.6
6.7
6.8

The RSAM sum and difference Clover spectra, gated on the
Kq1 and Kge Bi X-rays detected with the LEPS detectors

showing the known and new transitions in the *°"198Bi nuclei 111

The y-ray anisotropies (Apsan) for the *71%8Bi transitions
extracted from the gated Clover spectra for 197Bi.. . . . . . . 113
The known level scheme of ®8Bi. . . . . .. ... ... .... 115

The +-ray coincidence spectra gated on the (a) 345 and (b)
213 keV tramsitions. . . . . ... ... o 0oL 116
The y-ray coincidence spectra gated on the (a) 379 and (b)
372 keV transitions. . . . . . ... o0 117
The summed coincidence y-ray spectra for 1°®Bi Band D gates.118
Partial 1®Bi level scheme observed from experiment II data. 119
A sequence of four y-ray transitions found in the experi-
mentIldata. . ... ....... ... .. ... ... . ... . 121

The summed coincidence -ray spectra for the unassigned -

TAY SEQUENICE. . + + « 4 v o ¢ ¢ b o o u e e e e e e e e e 123

Spin as a function of «y-ray energy for the dipole transitions
of Bands 1, 2 in '®Pb and Band 1in *'Bi. . .. ... .. .. 126
Plots for the dynamic moment of inertia for the bands in *7Bi
and '%Pb nuclei as a function of the rotational frequency. . . 127
Single-particle levels calculated using a Woods-Saxon poten-
tial, for neutrons (upper panel) and protons (lower panel). . . 128
Angular momentum, I, along the rotational axis as a func-
tion of the rotational frequency, fw for Band 1 in '9"Bi and
Bands 1and 2in'®Pb. . . ... ... ... ... ....... 129

The experimental routhians extracted from the bands in 197Bi

and '®8Pb nuclei as a function of the rotational frequency. . . 130
TRS calculation for 1"Binucleus. . . ... ... ....... 132
The bandhead spin. . . . . ... ... ... .......... 133

The Wood-Saxon quasi-particle routhian diagram for 97Bi
with axial symmetry v = -60°, deformation 2 = 0.170 and
hexadecupole parameter, 4 =0.0. . . . .. ... .. ... .. 134



xii LIST OF FIGURES

6.9 Spin as a function of y-ray energy for the dipole transitions

of Bands 1a, 2a in *Pb and Band 2 in **Bi nuclei. . .. .. 136
6.10 Plots for the dynamic moment of inertia for the bands in !*°Bi

and '®Pb nuclei as a function of the rotational frequency. . . 137
6.11 Angular momentum, I, along the rotational axis as a func-

tion of the rotational frequency, hw for Band 1 in *'Bi and

Bands laand2ain *®Pb. . . . ... ... ... ... ... .. 138
6.12 The experimental routhians extracted from the bands in 1%5Bi

and %4Pb nuclei as a function of the rotational frequency. . . 139
6.13 TRS calculation for ®*Bi nucleus. . .............. 140
6.14 Plots for the dynamic moment of inertia for the new bands

in 195:197Bj compared with those for the known bands in

198,199,200,202,203R; o 4 192,194,196,188D} o clei ag a function of

the rotational frequency. . . . . ... ... . o L L. 142
6.15 Plots for the Routhian energy, Er as a function of Bi iso-

topic mass, generated from the TRS calculations performed

at fw = 0.321 MeV for A (+,+}) and F (-,+3) configura-

tions corresponding to i L h"é and i 1 h% 81 configurations

respectively. . . . . .. ... Lo 143
6.16 Angular momentum along the rotational axis as a function of

the rotational frequency for Band 1in ®*Bi.. . . . . ... .. 146
6.17 Plot for the angular momentum alignment as a function of

the rotational frequency for Band 1in **Bi.. . . .. ... .. 147

6.18 The experimental routhians extracted for the new Band 1 in

195B; nucleus as a function of the rotational frequency. . . . . 148
6.19 TRS calculations for **Bi nucleus performed at the following
rotational frequencies: 0.166, 0.205 and 0.127 MeV/A. . . . . 149

6.20 The Wood-Saxon quasi-particle routhian diagram for '*5Bi
with axial symmetry ¥ = -60°, deformation 8 = 0.190 and
hexadecupole parameter, 54, =0.0. . ... ... ... ... .. 151
6.21 Experimentally measured and theoretically calculated B(M1)/B(E2)

ratios as a function of spin, I for the new Band 1 in 1%Bi. . . 154



List of Tables

2.1 Parity and angular momentum selection rules for y-ray emis-

s
BIOIL. . o ¢ o ¢ v v s s s e e e e s e e e e e e e e e e e e e s e s

3.1 List of abbreviations used on the plan-view of the facilities at
iThemba LABS. . ... .. ... ... ... ..........
3.2 List of the electronic modulesused. . . . . . . ... ... ...

3.3 Heavy ion beams delivered by the SSC at iThemba LABS.

4.1 Experimentaldetails.. . . . ... .. .. ... ..., ... ..
4.2 Experiment I data structures. . . . . . . ... ... ... ...
4.3 Experiment II data structures. . . .. ... ... ... . ...
4.4 X-ray energies for Bi, Tland Tanuclei. .. ... .. ... ..

4.5 The total number of counts within the total projection of the
gated and ungated matrices and the peak-to-background (P/B)

ratio for selected «-rays for experiments Iand II. . . ... ..

5.1 The level energies (E.z), initial spins (I;), y-ray transition
energies (E.,), intensities (I,), total intensities (I;), DCO ra-
tios (Rpco), %&%’%} ratios and the spin assignments for the

1958 nucled. . . v vt e e e e e e e e e e

5.2 Thev-ray transition energies ( E.,) and the anisotropies (Arsanm)

for 8B, . ..
5.3 The level energies (FEes.), initial spins (I;), y-ray transition

energies (E.,), intensities (I,), total intensities (I;), DCO ra-

tios (Rpco), polarisation anisotropy (4p), %%1)) ratios and

the spin assignments for the **"Binuclei.. . . . .. ... ...

64



xiv

LIST OF TABLES

5.4

5.5

5.6

6.1

6.2

6.3

6.4

6.5

6.6

6.7

The ~y-ray transition energies (E.,) and anisotropies (Apsanr)
for the ®" % Bipuclei. . . ... ... ... ... ........ 112
The «-ray transition energies (E,), DCO ratios (Rpco) and
the multipolaritiesfor **®Bi. . . . .. ... ... ... ..... 120
The «-ray transition energy (E,), DCO ratios (Rpco) and
the multipolarity of the unassigned «y-ray sequence. . . . . . . 122

Deformation parameters for the **7Bi nucleus calculated from
TRS at rotational frequency, fiw = 0.282 MeV for the (7, a) =
(+,+3) configuration. . .. ....... ... ... ... .. 132
Convention for labelling the proton and neutron orbitals de-
scribed by the parity and signature quantum numbers. The
proton (neutron) configurations are described by small (cap-
ital) letters. . . . ... ... ... ... o 135
Deformation parameters for **Bi nucleus calculated from TRS.141
TRS deformation parameters, O, for several gzBi isotopes at
rotational frequency, fw = 0.282 MeV and the measured §,
194196Ph. . . . 144

Deformation parameters, §, and «, proton (neutron), I, (I,,)

for the 11~ isomers in

spin for ***Bi nucleus calculated from TRS at the following
rotational frequencies: 0.127, 0.166 and 0.205 MeVA™! for the
(m ,a)=(+,+3), configuration. . . . . ... ... ..... ... 150
Convention for labelling the proton and neutron orbitals de-
scribed by the parity and signature quantum numbers. The
proton (neutron) configurations are described by small (cap-
ital) letters. . . . ... ... ... .. e 152

Parameters employed for the calculations. . . . ... ... .. 153



Chapter 1

Introduction

Atomic nuclei in the neutron deficient Pb and Bi region, with 192 < A < 203,
are known to possess a variety of co-existing shapes. The Bi nuclei (Z = 83)
are situated just above the Z = 82 magic gap and are characterized by single-
particle excitations associated with spherical shapes at low spins (J < & 15),
and superdeformed (SD) bands as a result of collective rotation of prolate
deformed shapes at higher spins.

Studies of the neutron deficient lead nuclei at high spins first revealed the
existence of regular cascades of magnetic dipole (M1) 4-ray transitions.
These M1 cascades appeared to be associated with collective rotation since
they generally follow the J(J + 1) rule. Furthermore, collective rotational
bands were known for the oblate deformed T1 isotopes [Fir96)] built on the
whe, K = g— configuration. However, since the nuclear deformation in the
szisotopes in the spin regime where the M1 cascades are found is expected
to be small, a mechanism other than collective (electric) rotation has to
be responsible for the observations. One such proposed mechanism arising
from the Tilted Axis Cranking (TAC) model described in Chapter 2 [Fra93]
is that of magnetic rotation and the shears mechanism [Fra93]. This model
considers rotation around the total angular momentum axis, called shears
mechanism. It is usually stated that in Pb isotopes this mechanism is
dominant and the contribution of the collective rotation of the slightly
deformed core is negligible.

Recently the deformation of the 117 isomers (built on the same high-K pro-



2 Introduction

ton configuration as the M1 bands) in 1*41%Pb were measured as 8; = 0.21 (4)
[Vyv02] and B, = 0.156 (28) [Vyv02a], which is much larger than the defor-
mation used with the TAC model for the Pb nuclei, (83 = 0.10). Accepting
nuclear deformation this large, may lead to a dominant contribution of the
collective rotation and might re-open questions about the mechanism that
generates these bands.

it is known that the high-K protons are the ones that drive the nuclear
shape towards small oblate deformation. Thus, the thesis presents a y-ray
spectroscopic study of %°Bi and '°7Bi nuclei, searching for M1 bands that
contain three deformation driving protons. We consider the fact that if
such bands exist, then they may correspond to nuclear deformations even
larger than that of the Pb isotopes. Prior to the present work, studies were
conducted on the two nuclei which led to the discovery of single-particle
low-lying v-ray sequences associated with 1%°Bi [L6n86] and °7Bi [Cha86).
Subsequent studies involved, among others, investigation of superdeforma-
tion (SD) in '®5-197Bj nuclei [Cla95, Cla96] and extension of the 197Bj level
scheme up to =~ 4.025 MeV [Zho95]. The proposed spins and parities for
195B; level scheme (known only up to =~ (2.311 +A) MeV) were tentatively
assigned [L6n86]. The following three isomeric levels: 32, 80 and 750 ns at
0.888, 2.196 and (2.311 +A) MeV, respectively, were found in 195B; level
scheme [L5n86].

Thus, the rest of the thesis is organised as follows:

Chapter 2 discusses the theoretical nuclear models and properties,

Chapter 3 describes the reaction mechanism in which high-spin states in

185,197B; were populated and the experimental equipment used,
Chapter 4 outlines the experiments and methods used for data analysis,

Chapter 5 presents the results of the experimental data analysis including

the level schemes,

Chapter 6 discusses interpretation of the experimental quantities deduced
from the level schemes in relation to the theoretical predictions of the
TRS, Cranked Shell Model (CSM) and Tilted Axis Cranking (TAC)

models. Configuration assignments for the bands are suggested,



Chapter 7 contains the summary of the work presented in this thesis and

conclusion,



Chapter 2

Nuclear Properties and
Models

2.1 Nuclear Single-Particle and Structure Models

Quantum mechanical rotation of a perfect sphere shown in Figure 2.1 (a)
is not a meaningful concept, since no orientation can be assigned to it.
However, the assumption of an axially symmetric spheroidal (deformed)
nuclei depicted in Figure 2.1 (b) and (c) allows a possible nuclear rotation
about the axis perpendicular to the symmetry axis, that is, y or z axis.
Hence, the description of the experimental spectra from the rapidly rotating
nuclei [Boh79] is based on the collective type of excitations, while non-
collective (single-particle) mode of motion is shown by spherical or near

spherical nuclei.

2.1.1 Single-Particle Motion

The single-particle mode of motion is mainly observed in spherical and near
spherical nuclei. The angular momentum is generated by the alignment of
the nucleons spins along the symmetry axis as shown in Figure 2.2 (b). This
mode leads to an irregular level scheme like the one associated with the
147Gd [Hau80)] nucleus, for example. The angular momentum vector, j; for

the individual nucleons are summed to produce the total angular momentum
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x X x
qp,
SN
v
=7 = Ny
(a) spherical (b) oblate () prolate

Figure 2.1; A diagramatic representation of three types of nuclear shape
(a) spherical, (b) oblate and (c) prolate. The z-azis denotes the symmetry
azis for the oblate and prolate shapes.

E (MeV)

L T 452
1

fomere

U :é]T_!_

L 2172
[ A =
A N
4 L 132
Deformed Nucleus g — — l k) Near Spherical
Nucleus
147
158, I I 5d
() )

Figure 2.2: Schematic illustration of the (a) collective motion around
the azis perpendicular to the symmetry azis and (b) single-particle
motion, generating angular momentum, I, by summing the orbital angular

momentum projections onto the symmetry azis.
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vector, I = 3 j;. Even-even nuclei always have a total angular momentum,

I =0, at the ground state.

2.1.2 Rotational Motion

In a collective nuclear rotational motion, the nucleons coherently rotate
around the axis perpendicular to the symmetry axis, as illustrated in Fig-
ure 2.2 (a). This nuclear mode of motion leads to a regular rotational band
of levels such as the one observed for the *®Er [Tjg85] nucleus. Hence, the
total angular momentum, I of the nucleus is given by the sum of the orbital
angular momentum projections on the rotation axis.
In the Particle-Rotor Model (PRM), the system is divided into single-particle
motion and a rotating core. Thus, it is convenient to express the nuclear
Hamiltonian as:

H = Hiny + Hypot, (2.1)

where Hj,; is the Hamiltonian associated with the intrinsic motion of the
single-particle and H,,; the collective rotational Hamiltonian of the nuclear
motion, %R’.

The total angular momentum, I of the rotating nucleus consist of two parts.
That is, the angular momenta generated by the collective motion, R and

generated by the intrinsic motion of the valence nucleons, j:
I=R+j. (2.2)

The projections of the angular momenta, I and j onto the symmetry axis (con-

ventionally referred to as the 3-axis) are respectively expressed as:
Ia =K and j3 = {}. (23)

Equation 2.1 takes the form:

hz 2 hz ey 2
H = Hip,+ ﬁR = Hins + E(I -J) (2.4)
hz 2 2 I’y
Hint + 5 (T 432 - 2(1-3)). (25)

The collective rotational Hamiltonian is given by:

I? 32 L
H=h? : P LR :
(Z 28 + T8 A (2:6)

i
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The first term in equation 2.6 is the overall rotation and the second is
a single-particle contribution. The third term provides the particle-rotor
coupling in the PRM. There is no collective rotation around the 3-axis,
hence, Rz=0. From axial symmetry we have &; = &y = §. Then, the
collective Hamiltonian in equation 2.6 is given by:

52

B . ) B . .
Hyot = 2—3‘(12 -3+ §§(J12 +j2) - "Su;'(Il]l + Ia72). (2.7)

Employing the ladder operators [Gri95], the last term, called the Coriolis
coupling is written as:

R: .
Hepr = ——§(I+.7—- + I—-.7+)1 (2‘8)

where j;. = 71 + ij2 and j_ = j; — ij2. The Hg, term couples the single-
particle motion with that of the rotating core.

The two most important limiting cases are:

e The Deformation Aligned (DAL) or strong coupling limit, whereby the
rotational motion of the core is slow compared to the motion of the
particle. The rotational motion has a small influence on the nuclear

intrinsic motion.

e The final case is the Rotation Aligned (RAL) or decoupled limit. In
this case the rotational frequency is sufficiently high that the Coriolis
force is strong enough to align the total angular momentum and the

single-particle angular momentum.

The two cases in which R and j can couple together are diagramatically
shown in Figure 2.3 and labelled (a) DAL and (b) RAL.

Deformation Aligned Limit

In the DAL scheme (Figure 2.3 (a)), the valence nucleon angular momentum,
j, tends to align with the symmetry (2) axis. DAL is the case for: (a)
large deformation 33, since the level splitting in the Nilsson Hamiltonian is
proportional to 32 whereas the rotational constant % scales as 8, 2. and (b)

for low spins I, or for nucleons with small angular momenta j; (c) for large j
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< A=Q@

x[ ------------------ )
R :

I _ L L

i i

: N

L K=8 |
(a) DAL (b) RAL
Figure 2.3: Diagramatic representation of the (a) Deformation

Aligned (DAL) and (b) Rotation Aligned (RAL) coupling schemes.

values DAL can only occur for high €2 orbitals. The total momentum, I and

its projection, K on the symmetry axis are conserved quantum numbers:
K=Y, (2.9)
i

where 2 is the z-component of the single-particle angular momentum. The

corresponding energy spectrum is given by:

EX = h—z(I(H— 1) - K?), (2.10)

I ™ ag

with spin sequence Al=1:
I=K,K+1,K+2,..

for K # % [Rin80]. The sequence normally decouples into two AI=2 bands,
characterised by different signature, o (section 2.2.2). For K = 0, for
example in an even-even nucleus in its ground state equation 2.10 takes
the form:

h2
Bt = 2—S-I(I+ 1), (2.11)

where [ is an even number.
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Rotation Aligned Limit

The RAL scheme (Figure 2.3 (b)), is the opposite extreme to the DAL
scheme. In this case, the rotational frequency is sufficiently high such
that the Coriolis force is strong enough to align the single-particle angular
momentum along the rotational axis. This case occurs when the total
intrinsic angular momentum, j and the total angular momentum, I are large.
When the intrinsic angular momentum, j is aligned with the rotational axis,
then the total energy of the nucleus will be minimised.

The spin values and the level energies of the states in a corresponding rota-
tional band are determined by the projection of the single-particle angular

momentum on the rotational axis, j;:
I'=j41,11+2,71+4,..

and
2

B= oo (I- )T~ i+ 1) (2.12)

Equation 2.12 states that, the states with complete alignment (j; = j)
have the lowest energy and the band is favoured. The band with less
alignment (j; = j — 1) is termed unfavoured (can be populated in (HI,xny)

reactions). The spin sequence for the favoured band is :
I=3j+2j+4,..
and for the unfavoured is:

I=j—1,j+1,5+3,..

2.1.3 Nuclear Shape Parametrisation

Nuclear shape determines to a large extent the possible nuclear motion
modes. Therefore, a convenient shape parametrisation for the nucleus is
necessary and can be based on the equation of the surface, expressed by the

radius vector, R:

R

R(6, ¢) (2.13)
oo A
= Ro(1+2 > aA,.Y“,\(B,qb)). (2.14)

Az=0 gz A
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R is defined in spherical coordinates to point from the centre of a nucleus to
its surface and Y,»(6, ¢) are the spherical harmonics!. The coefficients, ay,
describe the changes of the nuclear volume with A defining the deformation
type. Examples illustrating the: (A = 1) dipole, (A = 2) quadrupole, (A = 3)
octupole and (A = 4) hexadecapole deformation are shown in Figure 2.4.

f is an integer varying from —A to +A. For the axially symmetric nucleus

Figure 2.4: Diagramatic illustration of the multipole deformation for A =1,
2, 3 and 4.

with quadrupole deformation, the five:

Cgm - (21, Cag, 90, O2-1, O3-2

coefficients reduce to only two (o and aza = ag_2). The other (ay; =
ag-1) terms vanish. The coefficients, apo and g, are related to the §y and

v parameters according to:

Qtag = Pacosy (2.15)
and
1 .
gy = —ﬁﬁzsm'y. (2.16)

The parameters, 3, and vy define the extent of quadrupole deformation and
deviation from an axially symmetric shape respectively.
The equation for the nuclear surface which involves the 8, and « parameters

is given by:

R(6,6,7) = Ry (1 -+ ,321/1—:? (cos7(3cosz0 -1)

—i—w/ﬁsin'ysinzacosfw)) . (2.17)

'defined as Yi(6,¢) = Pim(cos8)e’™®, where Py is the associated Legendre
Polynomial [ArfB5].
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non-collective

@ oblate

R

\o°

collective
o
120" ~60
<
a collective
oblate
non-collective
v/ prolate

prolate
Figure 2.5: Diagramatic illustration of the Lund convention [And76] for

various shapes (A = 2) of the rotating nucleus in the (B3,v) plane.

The nuclear shapes which correspond to various (43,7) coordinates for A = 2

are diagramatically illustrated in Figure 2.5. The prolate shape corresponds
toy = 0° and -120°, while an oblate shape corresponds to y = 60° and -60°.
The maximum collectivity is observed for -60° < v <0° while non-collectivity
occurs for shapes with v = -120° and v = 60°. In accordance with the Lund
convention [And76)] rotation occurs around the smallest, the intermediate
and the largest axis which correspond to the three 0° < v < 60°, -60° <y <
0° and -120° < «y < -60° sectors respectively.

2.1.4 Electromagnetic Moments and Transition Probabilities

De-excitation of the nucleus involves interaction of states, from the ini-
tial |¢;) to the final |4f;) state. The matrix element of the electromagnetic

interaction between the two states is non-zero, that is:

(il H'|9g) # 0, (2.18)
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where H' is a small time-dependent perturbation which describes the in-
teraction between the field and the charges. If the interaction is small,
first order time-dependent theory can be employed to obtain the transition
probability, T;; between the initial and final states through Fermi’s Golden
Rule [Rae86] as:

Tip = 2|l ') () (219)

p(E)? is the density of final states. Equation 2.19 define the probability
per unit time of the decay from the initial to the final state associated with
the emission of a y-ray (of energy E., = E; — Ey).

H' can be written in terms of the electric, (Qram) and magnetic, (Mram)

transition multipole operators:

H' =Y armQrm +brmMry, (2.20)
LM
where
Qrm = /P(r)TLYLMw: ¢)dr (2:21)
and
My = / w(e)A (v Yiae (6, 6))dr (2.22)

Parity is conserved in electromagnetic transitions. In accordance with parity
selection rule, the electric multipole radiation of order L has opposite parity
to that of magnetic radiation of the same multipolarity, L and can be

deduced from equation 2.21 and 2.22 respectively as:

ﬂ__{ (-1 QLm
T = (-1)E = (1) Mo,

(2.23)
8o that transitions EL or ML of even parity are:

M1,E2, M3, ...
and transitions EL or ML of odd parity are:

E1, M2, ES3, ...

p(Bs) = %g){- where dN; is the number of final states per interval dE; lying within
the energy bend of width AE = k/t about the energy By [Mar69].
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Table 2.1:

emission. The Dipole, Quadrupole and Octupole transitions are abbreviated

as D-pole, Q-pole and O-pole respectively.

Parity and angular momentum selection rules for ~vy-ray

even % odd »
Multipolarity D-pole Q-pole O-pole | D-pole Q-pole O-pole
Type of radistion M1 E2 M3 El Mz E3
Axw 0 0 0 1 1 1
(a1 <1 <2 <3 <1 <2 <3

By conservation of angular momentum, the angular momentum carried by
a y-ray is related to the angular momenta (spins) I; and I of the initial and

final states. Thus, vectorially we have:

L=1I -1, (2.24)

which leads to the selection rule that L can have any integer value between

the sum and difference of the quantum numbers of the initial and final states:

AI=|L - I;|<L< S I=L + Iy 2.25
f f

A summary of the parity and angular momentum selection rules for the
lowest @) par and M multipole operators is given in Table 2.1. Examples
of (a) Pure M1, (b) Pure E1 and (c) Mixed M1, E2 v-ray transitions are
provided in Figure 2.6 (together with Table 2.1) to illustrate the operation
of the momentum and parity selection rules. A general formula which gives
the relationship between the transition probability, T; (¢ L) and the reduced
transition probability, B(o L) for a nucleus decaying from state I; to state

I; separated by vy-ray energy, E, is given by:

8m(L+1) ( E,
AL((2L+1)1)* \Be
where o denotes the type of radiation (electric or magnetic) and the double
factorial [Bur63]:

Tif(oL) =

{2L+1)
) B(oL, Li—Iy), (2.26)

(2L +1)!'=1.35...(2L +1).

The reduced transition probabilities for the electric and magnetic case are

given by:
1

B(EL,I;“-)I;) = oL +1

KFIQ Lali)

(2.27)
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and
1

2L+ 1

B(ML, L;—1Ij) = (£ M) ? (2.28)

respectively.

Electric Quadrupole Moments

The reduced transition strength, B(E2) for the collective E2 transitions and

the intrinsic quadrupole moment, (J¢ are related by:
B(E2) = -i-g}-Qﬁ(IK%{I - 2K)?  (eb)? (2.29)

where

Qo= %ZR%@Z. (2.30)
B2 in equation 2.30 is the deformation parameter (discussed in section 2.1.3)
and R ~ 1.234Y3 fm is the nuclear radius. For a prolate and oblate
deformed nucleus (o > 0 and Qg < 0 respectively, while Q¢ = 0 for a

spherical case (see Figure 2.1).

Magnetic Dipole Moments

The reduced transition strength, B(M1) for the stretched magnetic dipole (M1)

transitions provide information about the currents in the nucleus and it is

e r— o
[AIISLEEI,
E = E = E €1 %
Y Al=l, y Al=l, Y RS RYA
An=0 An=l An=0
+
v v "’ __¥
(a) Pure M1 transition {(b) Pure El transition (c) Mixed M1, E2 ransition

Figure 2.6: Diagramatic illustrations of application of the momentum
and parity selection rules to v-ray transitions, in order to determine their

multipolarities.
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defined in terms of the nuclear g-factors :
B(M1) = > (gx - gr)K*(IK10]I ~ 1K)? 3 2
(M1) = —(9x — gr)"K*(IK10|/] - 1K)"  pp, (2.31)

where gr estimated by:
gr~ ZJA, (2.32)

is the rotational g-factor responsible for the current arising from collective

rotation of the core. This in turn gives rise to the magnetic dipole moment:

k= pNgrR, (2.33)

where uy = % is the nuclear magneton. The intrinsic g-factor, gx de-
scribes the currents generated by the orbital motion of the valence nucleons.
The total magnetic dipole moment, u for total angular momentum, I = R-+j

of the nucleus is given by:

2

I+1

po= (yRI + {9k — 9r) ) UN. (2.34)

2.2 The Cranked Shell Model

Cranking of the nuclear Hamiltonian was first suggested by Inglis [Ing54]
in 1954. The Cranked Shell Model (CSM) was further reviewed by Har-
ris [Har65], suggesting a scheme whereby the energies of high-spin rotational
bands of deformed nuclei might be obtained by an extension of the CSM.
The model is applied to the collective rotational motion. The advantage of
the CSM is that, it describes the total angular momentum as the sum of the

single-particle angular momenta such that:

Jo(w) = ijm', (2.35)

where j, is the projection of the single-particle angular momentum on the
rotation axis. It provides a description of a rotating spheroidal nucleus
around an (z)-axis perpendicular to the symmetry (z)-axis. Assuming a
constant rotational frequency, w applied to the nuclear potential around the

z-axis then the nucleus is referred to as being cranked. Transformation of
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coordinates from the laboratory (z,y,z) to those in the rotating (z',y,2')

system is given by:

g = =z (2.36)
y = ycoswt+ zsinwt, (2.37)
2! = —ysinwt+ zcoswt. (2.38)

The time-dependent Schrédinger equation [deV83]:
s O1ab
ih 5t

is transformed from the non-rotating laboratory system to the rotating

= HiapYlas, (2.39)

system by the rotational operator:
R = e ot (2.40)

where J, = Jy is the z-component of the total angular momentum. The

wave-function of the nucleon is given by:

¢Iub - %1/}?0‘ = e_iJ"Wtibrota (241)

Assuming that the nuclear mean field is not affected by transformation to

the rotating frame then:
Hygp = RH R, (2.42)

where t)y,¢ and H,,; relates to the rotating system. The Schrodinger equa-

tion can now be written as:

6£¢rot
ot

Substituting equation (2.41) into (2.39) and subsequently taking the time

ik = RH,otrot. (2.43)

derivative yields:

ihaﬁ;"t = (Hrot = hdorw)trot, (2.44)
where
HY” = Hpop — BJpw, (2.45)

is referred to as the cranking Hamiltonian or Routhian. H,, in equation 2.45

is the single-particle Hamiltonian in the rotating (intrinsic) frame and the
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term —hJyw is refered to as the "cranking term”. It describes the effects of
the centrifugal and Coriolis force on the individual nucleons in the rotating
coordinate system. The Coriolis and centrifugal forces tends to align the
single-particle angular momenta of the individual nucleons with the rota-

tional z-axis.

2.2.1 Nuclear Spin and Parity

The total angular momentum of a nucleon, j is defined as the coupled sum
of the orbital angular momentum, [ and spin, s: j = I+ 3. The total angular
momentum (or nuclear spin), I of a nucleus is the vector sum of the total
angular momenta of all the nucleons. The following rules [Kra88] applies: I
is a half integer and I is an integer for odd-A and even-A nuclei respectively.
The parity quantum number, 7 is defined as the eigenvalue of the reflection
operator through the origin. If the parity operator # acts on a wavefunction
¥ (z), such that:

#¥(z) = U(~z) = +¥(=) (2.46)

#¥(z) = ¥(-2) = -¥(z), (2.47)

then it implies that the wavefunctions in equation 2.46 and 2.47 have even (un-
changed) and odd (changed by inversion) parities respectively. Parity quan-
tum number is expressed as w = =1, which are the eigenvalues of the parity
operator, . The parity associated to a single-particle level is determined by
its orbital angular momentum as 7 = (—1)!. The total parity of the nucleus
is determined by the product of the parities of all occupied levels.
Therefore, knowing the nuclear spin and parity, nuclear states can then be

labelled according to the notation: I™.

2.2.2 Signature

The rotation operator, R, which corresponds to a rotation around the z-axis

through an angle « is R, = R, given by:

Rar = e7™er, (2.48)
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Rotation around the z-axis is the only one apart from the parity operator
#, which will leave the cranked Hamiltonian, H* invariant, contrary to
similar rotations governed by ®, and R, operators around the y and z
axes, respectively. The square of the operator R, corresponds to a rotation

through angle 27 is given by:
®2, = (-1)4. (2.49)
The eigenvalues of R, are given by:
r=e " (2.50)

where both r and o are referred to as signature quantum numbers.
Bohr and Mottelson [Boh75] showed that the signature was related to the

total angular momentum, I by:
r=(-1). (2.51)
Therefore, for even-even nuclei we have:

r=+1 (a=0) I = 0,2,4,.., (2.52)
r=-1 (a=1) I = 1,3,5,.., (2.53)

1 159
=1 (C!— -2—) I o= ‘2‘,"2',5,..., (2.54)
. 1 3711
P = 4 (= -3 I = 53 5 (2.55)
The above four relations are expressed by the relation:
I=amod2. (2.56)

The only good quantum numbers that remain in the rotating nucleus are
those of parity (r) and signature (o). Therefore, nuclear states in a rotating

nucleus are labelled in terms of parity and signature.
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2.3 Comparison of the Theoretical Cranking Model

Predictions with the Experiment

In Cranked Shell Model {CSM]} all parameters of the nuclear system like
energy, angular momentuin, etc. are calculated with respect to the rotating
coordinate system, fixed with the principle axes of the nucleus, while the
experimentally measured values are with respect to the laboratory system.
Thus, in order to compare the CSM calculations with the experimental
results, a common coordinate system should be used. A method to transform
the experimental data from the laboratory coordinate system to the rotating
coordinate system is described in the following subsections. In a Al = 2
rotational band, the energy of a transition from one energy level to the next

is:

hz
E.y = E,-Dt(I) - E,-og(I - 2) = -2—§(4I = 2) (257)
For such a rotational band, the rotational frequency, w is defined as:
dE  E,
hw = T (2.58)
while for a Al =1, 3
E
hw = ¥ = E,. (2.59)

2.3.1 The Routhian

Having obtained the rotational frequency (equation 2.58), the experimental
Routhian is determined by transforming the measured excitation energy,
E, into the frame rotating with frequency, w. The excitation energy in the

rotating frame called the Routhian, E' is given by:
E' =E, - hwi, (2.60)

where I, is the projection of the total aligned angular momentum on the
rotational axis (z).

Furthermore, we define the experimental single-quasiparticle Routhian, ¢'(w)
and the alignment, i{w) by subsequently subtracting the energy contribution

from the collective rotation:

¢'(w) = E' - El (2.61)
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and
in(w) = Ip — Lhey. (2.62)

The ground state rotational band in a (neighbouring) even-even nucleus or
its first excited band are usually employed as the reference. The reference

functions are parametrised by means of the Harris formulae [Har65] giving:

2 4 hz
El =2 Jo- g4+ 2.63
ref 2-70 4J1+8J0’ (2.63)
where Jp and J; are the Harris parameters of a rotational band with a

moment of inertia:
S = Jo + Jiwl. (2.64)

2.3.2 Nuclear Alignment

The aligned angular momentum, or alignment describes the non-collective
part of the nuclear spin, projected on the rotation axis. The experimental
alignment, i,(w) was defined by subtracting a reference angular momentum,
I.ey from the experimental I, and is given by Equation 2.62. The alignment
is related to the Routhian through the expression:

infw) = -2, (2.65)

which is important in the assignment of a particular configuration to the

structure of the nucleus.

2.3.3 Moments of Inertia

There are three types of moments of inertia which can be defined for nuclear

rotation, namely, the:
e static (%),
e kinematic S(1) and
e dynamic §(2),

The relationship between the static moment of inertia $(%), the excitation

energy, £ and the spin, I in a K = 0 rotational band is:

n2
Erot(I) == WI(I-{— 1). (266)
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Figure 2.7: A disgremalic representalion of ¢ dipole band

The z-component of the total angular momentum projected onto the rota-

tional axis is given by,

L= I+ 1), (2.87)

The S moment of inerlia of a state can be attained by substituting

equation (2.67) into [2.66):

Rie. 0\ mp
s e Y = e 2.68
- 2 ( Ig ) 2 Ernt { 6 ]

The %'V moment of inertia which provides inlormation about the overall

maotion of the nucleus as il rodales Boh81 | is defined as:

B fdEo\
gll) = bl L ) 2 60

3 9 ( dr? ) 6%
Since, a y-ray emitted from a level of spin, I of an cven-even nucleus with

K =10 has:

EAT) — BT} — Bl —2) (2.70)
s %?ﬂ] (I 1) = (T = (T -2)) (2.71)

The ') moment of inertia is given by:

#2 h2f 1,
f"U‘j g S % i Foai .r'._:r'- 2. 2
3 7 fag. =) =z, =5 (2.72)
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Il a dipole band is considered (a sequence of M1 transitions as shown in
Figurc 2.7), then
f !
il = hFE—”“ = B2E {2.73)

1

% W
The 42) moment of incrtia Boh&1] reflects haw a nueleus responds, if it is
subjected to an applied torque. The 55(2) as a function al I, is defined as:
2 Zpry 1
T L : (2.74)
2\ 4rI2
and thus S and S moments of inertia are related by:
\ cxl1)
52 —glv | w%; : (2.75)
The (1} depends on the spin assignment and 52 does not [Shid0], There-
fore, for a rotational band consisting of K2 v-ray transitions, of energy B,

the 1) is: ,
4k%

AE,’

where AF, is the energy differonce bolwsen Lwo caonsecutive y-ray transitions

S[EJ ==

{2.76)

within the band. The dilference AE., between consecutive y-ray transilion

with cnergies E,q and E.» in a dipole band shown in Tignre 2.7 is given by

AE, = Eu-Ey (2.77)
= (E@DEI-1-(B-1) Ell-20). (278
Thus,
hﬂ

el 2]
=5 _ﬂEN a

(2.79)

2.4 Total Routhian Surface Calculations

The present work feature the Total Routhian Surface [TRS) caleulations
by H. Wyss [Wya90, Wys88 which are used in order to predicl nueclear
defortnation. The total Routhian £, (2, N,,é} of a nueleus (¥, 7] in the
rotating frame, at a rotational frequency, w and deformation, 3 (= (52, 7)) is
abtained within the cranked Wands-Saxan Bagolynbav-Sirutinsky approach

B b

B2 = BEoZ N B+ BY (2 N, B =B (Z, N, 8, (2.80)
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where EY (2, N, ﬁ}, EoalZ N, ﬁ} and B5 . (4, V), ﬁ] represents the liguid-
drop, shell-correction and pairing cnergics respectively.

Cranking implics that the deformed nucleus rolates around a fixed axis
with a given rotational frequency, w. Thus the total Routhian is then
minimized wl a fixed deformation and fized w by solving the eranked Hartree-
Fock-Bogolyubov equations. The solutions give the angnlar momentnm and
energy relative Lo the non-rotating state with o — {1,

The deformalion parameters, Js and v are transformed into cartesian coordi-
nates, X — fGgcos{y +30°) and ¥ = Sasin(y | 30°). The deformation latiice
has & % 11 paints in the [Ba, v) plane, stacting at X = 0.06, ¥ — —0.20 with
step length of 0.05. 'The calculations have been perfermed for 18 diffcrent
rotational frequencics, starting al hw = 0.00 MeV with a siep lengih of
.05 MeV,

At w = 0, the pairing gap, Ap is calculaled self-consistently at each geid

point employing the Bardeen, Cooper and Schrieffer (BCS) methed [Bara?!

and allowed to decrease with w in the following way:

Mg { "'lﬂ{l = %{:_c}ﬂ} i ow L we (231]

AofA(Z)) ~ if w>u,

where @, ia defined as the critical frequency at which Lhe paming gap is
reduced to half ity original value Ag.

Shown in Figure 2.8, is an czample of a TRS calculaiions performed for
the {7, &) = (+,1) proton configuration in ™ Bi (for cxperiment 1) al a
rotational frequency of 0.049 McVA™'. The energy mintmnm ocenr with
Ay = L1007 at v = —62°, indicating that at this frequency the nuclens is

oblate in this configuralion.

2.5 Tilted Axis Cranking

Rotation around the axis of rotation perpemdienlar Lo the symmetry axis
(Principal Axes {1I’A)) was reviewed Har65' and described in seclion 2.2
as Cranking, ITowever, the rolation aboul the tilted axis {other than the
principal axis) has been extensively nsed to describe the properties of the

dipale bands [Frad]. Schematic illustration of three different types of
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Figurec 2.8° The TRS calcwdoliony example for "® Bi in the (32,4 plane,
perfomed al a sotational frequency of 0.049 McVh = for the (m.a)—(+,3)

configuration.
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il pAC i otac W 3p

Figure 2.8:  Schemalie represenfation of three types of Crenking, that, s
the Principle Aais Cranking (PACY, Tilled Azis Crankug (TAC) end Theee
Iimensional Cranking {(3-D)

Cranking, that is, the Principle Axis Cranking (PAC), Tilted Axis Crank-
ing (TAC) and the 3-Dimensional (3-D) Cranking [Fra%i] are shown in
Figure 2.9, PAC is known la be associated with a rolaiional band composed
of one or two signature parlner sequences of E2 transilions. The TAC
is associated with a &fF = 1 rotational band of parity w, whose states
are directly connecled by strong M1 and weak or missing E2 cross-over
transitions [Fra93, Fra98, Fra96a, Fra97]. The following reviews [Thof2,
Har20, Ker®l, Bent3, Fraf3, Nazi2| among others, have suggested the idea
ol the three dirmensional cranking approach.

The TAC approach is restricted to the case of a uniform rotation about a
tilted axis as opposed to the 3-D} case. An additional constraint to the
TAC case is that, the angular momentum and angular velooity veciors
must be parallcl. For the parallel geometry the conergy is minimal, thus
the corresponding configurations can be assigned Lo the lowest rolational
bands. The solutions with precession of the angular velooiiy vector around

the angular momentum have a higher energy and are excluded.
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The meanfield Ronthians given by:

Wo=hapn £ Q50 - Jjow, {2.82)

are used at the onset of the eranking calenlations, where §, is the projection
of angular momentum along the tilted axis and £, the spherical part
of the standard Nilsson Hamiltonian plus a monopole pair field Traf3]
Five components of the guadrupole tensor are foumd by the self-consistency

relaticons:

Qs — (). {2.83)

The FA 1, 2 and 3 are defined as the frame in which:

G =) sl bl (2.84)

The tilting angles, # and ¢ are used to deflue the onentation of the IPA frame
with respect to the tilted axis. In the I)A frame, the Hamiltonian, A" can he

expressed as:

SIDY .
B = Rapn - hidofB(cos v — v,z— (42 + 474))
—wi{sin § cos ¢y | sin #sin ¢l | cosfis), (2.85)

The eigenfunctions of &' are the eonfigurations e, and thus we have:
{84} = 0. (2.56)
Applying equation 2.86 into cquation 2,85 then:
(@} =) —{g—ea) =0, (2.87)

provided the assumption that J and w arc parallel is valid and three of
the above relations in equation 2.83 are satisfied. In order to complete the
transformation, the deformation parameters, 9 and v, given by the relations

below have to he satisfied alse:
BuopA rosy = wighh (2.88)

and

Ry e — g, (2.89)
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Therefore, self-consistency is achieved in the following way;, The tilting
angles, # and ¢ of the angular momentum with respect to the PA are

determined by making w parallel to J at a fixed 7, v or by mirnimizing
(A

2.5.1 DMagnetic Rotation and Shears Mechanism

arlier [BohTH] it was thonght that rotational cascades are ohserved only as
a result of a subsiantial miclear deformation, with a large electric gquadrupale
moment being measured as opprsed to a small electric quadrupole moment
in near spherical nuclei. However, magnetic rotation has been proposed as a
resull from an anisolropic distribntion of nucleonic currents. The magnetic
character in nuclei is suggested to be generally indicated by the presence
of intense stretehed magnetic dipole (M1) and very weak or unchservahle
stretched eross-over electric quadrupole (E2) transitions [Fra¥6, Fra96a). In
addition, the ratio of the reduced {ransition probabilities, %%%]1 is high, for
instance = 15-30 [Iu.;.,rfeb}z for the dipole bards in Pb region, while it is
less than 1 (g /eb)® for well deformed wuclel [Hug®3, Cladd, Fra96, Frad6a,
Jend8, Wad9s].

At the bardhead of the dipole bands in the Pb nuclel the proton (j,) and
neutron (7] angular momenium veclors are apprindmalely perpendicnular
to each other. The resultant total angular momenium veclor, (J) lies along
an axis which is tilted with respect to the symmetry axis through angle, #
as shown in Figure 2.10. Simultanecus alignment of j, and 7. (indicated
by curved dotted arrows) along the tilted J axis while # is approximately
consiant, increases both J (as shown by a dotted arrow along J) and the
encrgy. 1he almost perpendicular coupling of j, and j. coutributes to a
large perpendicular component of the magnetic moment vector (ggerp) and
thus to large B{M1).

In Fignre 2.10, gradual alignment of j, and j. along J causes a rapid
decrease (indicated by dotled vectorial lines perpendicular to veclor (J})
ON fiperp. Generally, the magnetic transition probability, B(31) is propor-
tional to g2, hence, B{M1) decreases. This phenomenon is called shears

mechanism [Fra93, Mac88, Mac98a, Cla%7|, since the alignment of the j.
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Low fregueny
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Figure 2.100  Diagramaedic represenfolion of shears mechanism, The
proton and neutron enguler momentum vectors are represemted by jooand

ju respeclively.  Their respective pependicular magnelic wmoment veclor

T
prTp

ir

benpe e tofal anguler momentum

components are labelled by o and
vector is represchled by J and the angular momentum vector due o collociive
ralation by K. The solid and dashed arrows show fhe angulor momentum

coupling at low and high froguency.

and 7, vectors is analogous to closing (indicated by curve dotted arrows
in Tigure 2.10) the blades of a pair of shears. The work by Clark ef af
(a98a], showed for the first time Lhal the decrease in the B(MI1) valnes
with Lhe inereasing angular momentum signifies shears mechanism.

In order to have shears mechanism, high-K particle and low-£ hole are
peeded. This can be either high-K proton particle and low- K nentron holes,
as in this work, or high-K neutron particle and low- K proton holes, as in
the dipole bands in the 4 = 110 region. A awnber of such bands were [ound
in the mass regions 4 = 80, 130 apd 200 [Sch9g, Balgd’.

The small angnlar momentwm vector (R) is a result of the collective rotation
of the weakly defurmed core. Hegular rotation-like, J(J - 1) sequence are

predicted, provided jp and 7, are snflicienl]y long,
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in electric rotation, the electric quadrupole moment results from an anisotropy

Figure 2.11: The proton [newlron) curremt loops represented by
fitled funfilled) orrows. The engulor momentum vectors, j. and j, are
defined with the aid of the cavrent loops. The fotal enguler momonium
J i3 along the azis which the neor spherical cun rotate. The perpendiculor

eomponent of the magnetic moment is vepresented by pup e

in the nuclear charge distribution while in magnetic rotation the magnetic
dipole moment results from an anisotropic distribution of nucleonic cureents.
This leads to a description of magnetic rotation known as the current loop
description [Cla%8, Wad%8] which is shown in Piguee 2.11.

An orientation is defined along the fotal angular momenlom vector, f
allowing the system to tolate guantum mechanically about the vector J
axis. The angular momentum vectars, jp and #,. are defined by means of
ihe cnttent loops. The proton and neutron current loops are represcented
by filled and unfilled arrows reepectlively. The perpendicular component of
ihe magnetic moment is dencted by go.., and increascs provided the angle

between j, and j, vector increascs,
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2.5.2 Antimagnetic Rotation

Another shears mode referred to as antimagnetic rotation [Cla28] was pre-
dicted. This type of rotation ncenrs provided buth blades of the shears (de-
scribed in section 2.5.1) consisl of the same type of particles (that 1s, eilher

two proton {§,) or neutron (7,) blades) as illnstrated in Figure 2.12 (a). For

fal i

Figure 2,12: A diagramatic illustretion of the modes of rolation, that is,
the {a) antimagnetic rolaiion which occurs of both blades of the shears conaual
of the same type of particle (that is, either two proton (3.} or newiron {7,)
blades) and (b} one which occurs when the blades close with the decrease in

pxcitation energy.

such a combination, there is no magnetic dipole moment produced since the
individual moments are equal and opposite. TTowever, a regular pattern of
energy lovels 1 still formed although the decay between these levels is now

due {0 weak electric quadrupole (E2) transitions.

In Figure 2.12 (h), the shears mnde i invoked when the blades consist
of different type of particles and closc {rather than open) with increasing
excilalion energy. Similarly, a regular patiern of energy levels is formed and

strong M1 iransilions are nbaerved.



Chapter 3
Experimental Equipment

This chapler provides an overview of the experimental equipmient used in
this work, in order to study high-spin siatles. Tl describes the reaction
in which '**1%7Bj were populated, subsequently how emitied -rays were

detected and their energics recorded and what the target requirements were.

3.1 Heavy-Ion Fusion-Evaporation Reactions

There are several detziled reviows [Bas80, DiaB0, EjiR3, NewT71| on the
formation of excited stales in heavy-ion (HI)} reactions’, In the present work,
the M1 a(*'Ne 6n) 9 Bi and ¥11'a(?2Ne,6n)1%"Bi heavy-lon fusion evapora-
tion (HIFE} rcaetions® have been employed. The above reactions involve
interaction of the projectile and the targel nuclel. A large amount of
angular momentum can be imparted upon the target nuecleus by the incident
prejectile. Fusion occurs frem the point at which the projeclile carrying
gullicient. energy overcomes the Coulomb barrier thal exists between the
target and the projectile nuclei. The HITE process is depicled in Tigure 3.1

and described helow:

fa) The projectile nucless is acceleraled lo an energy Lhat is sullicient Lo

overcomme the Coulomb barrier betweon it and the target nucleus.

II:I]:I:I reactions: those with projeclile particles: involving heavy long, where a heavy-ion

is defined ma & muclous with mare 4 > 4 Schdl’,
*|HIFE] reactions were firsl suggested by Niels Bohr in 1936 BEoh38 and later {1963)

explored by Mornaps and Gupelat [Mar83.
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Figure 3.1: Schematic step-by-step representation of the formalion and

decay of a4 compound nuclews through an HIFE reaction.

{b} The projectile and the target nuclei fuse such that their dentity 1s

campletely lost [Sch81], ta farn a highly cxcited and rapidly rotating

componad mmeleus.

(e} The compound nuelsus initially de-execites through partiele emission [of

which the majority are neutrons (o), others are protons (p) and o-

particles) and most of its excitation energy 1s retnoved.

{d} At this stage, the corvponnd nuclens has lost sufficient cnergy so that

its excitation energy lies helow the threshold lor particle emission (<
10 MeV) above the yrast line® {(iro67]. De-excitation of the residual
muclens continmes this time by ~-ray emission which can be cate-
gorised into two phases, see Figure 3.2 statistical ("cooling”) and
diserete ("slowing-down”) emission. During the statistical emission,

large arvounts of coergy in the form of E1 <-rays are carried away,

though very little angular momeatum is rerooved from the residual

*& sequence of All states that have the lowest energy for a given angular momentim.,
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&3

nuclei, The discrcée cmission phase involves the cmission of a cascade

of y-rays along the wrast line removing a large amount of angular

momentum from the system . Sinee in this phase the density of states is

low, disercte decay scquences can be determincd, This phase continnes

until

{e) the v decay of residual nuclens terminates af its ground state as shown

in Figure 3.1 {c}
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Figure 3.2 Diagramatic representation of how an cacited compound

nuclens formed vig HIFE decays.

3.2 Interaction of v-rays with Matter

In order to measure the cuergy of the <y-radiation emitted [during the

deeay of the compound nucleus) discussed in section 3.1, interaction of

this radiation with the detector material |(il893] is nceessary. [ligure 3.3

summarises the three main interaction proccsses (discussed below) of y-rays

with matter,

1. Photaelectric Effect: The incident photon in Figure 3.3 (a) interacts

with an atomic electron {¢7) and all of its evergy (K] i3 absorhed.
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The clectron iz ejecled [rorn Lhe atom with Lhe kinetic energy {(E.)
given by:

E.=E, B, (3.1)

where Fj is Lhe binding energy of the electron. The photoeleclric ellecl
is the doeminanl mode of inleraclicn al low energies {-{ 200 keV] and

falls off rapidly with the increasing energy.

. Comupton Seattering: An incidenl pholon with energy E. scatters

off an eleclron and part of ils energy is Lranslerred Lo an eleciron as
B, (Tignre 3.3 (b]). The rernaining energy, E. is carried away from
a secondary photon, From conservation of energy and momentum the
relalionship belween Lhe energies is;

B,

B, = -
1+m£“,:-7{1_’3”53]I

b

(3.2)

where m.c® (= 511 keV) iz Lhe energy corresponding Lo Lhe eleciran
rest mass and # is the anple through which the y-ray is scattered,

Maximum energy transfor ocours at # = 1807, This process dominates
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Figure 3.3:

Interaction of y-rays with maller
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within the energy range of (200-1000) keV, and decreases slowly as the

energy increases,

3. Pair Production: This (Figure 3.3 (c)) process occurs only in the
vicinity of the Coulombic field of an atom. The "threshold” energy
requirad [or the mcident y-ray to produce an clectron-positron pair is
greater than 2m.c® (3>1022 keV). The excess energy over the "thresh-
uld” energy appears as the kinetic energy of an electrun and a pusitron
{e*). Then both the electrom and the positron will be slowed down
in the adjacent tnaterial and the positron will finally react with an
electron and annihilate. At very high energies pair production pre-

dominates and increascs slowly with cnergy.

These three processes are emploved in order to deteet -rays in the germa-

nium detectors used in AFROUITE array.

3.3 Experimental Equipment

Tn order to stndy high-spin states in nncled, the following equipments are

usually used:
¢ accelerator to produce the desired accelarated projectile particles,
# beam lines to deliver the heamn to the target,

# appropriate reactions fo produce the nuclel of intersst with sullicient

reaction rates and

s detectors with high y-ray efficicney and good resolution.

3.3.1 Dlan-view of the farilities at tThemha LABS

i Themba Laboralory fur Aceelerator Based Sciences (LABS)?* has two solid-
pole injector cyclotrons as shown in Yigure 8.4, These are the K — 8 MeV
(S1*C1) [Lut8?] used to accelerale lighl-ion and the K — 10 MeV {SPCZ)

, e . ;
FPreviously known as che National Accelerator Centre, The oew narme was olficiallr

prancunced by Dr B 5. Ngubane, Minister of Arts, Culture, Science and Technolegy in
ihe Governinent Gasrelle Mo, 22860, notice Ma. 1241, 30 Navember 2001 [South A frica).
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[ Abbrevintion  Nome B R o |

A Septtering chamber beam-line |

Iy Collimated pentron heam lacility i

ECh Blectron Cyelotron Resorance lon source (ot the basemert] |
F Migh-crergy v-ray detectors [ARODITE array) :
3 ruy angulur correluting takle

1P Ieotope production facility

L Low-energy experimental vaulk

P Polerised-ion source {basemeat)

SPCL Solid-pole injector cyclotron for light-ions i
SPC2 Solid-pole injector cyclotron heavy and polarised ions i
S3C Separated-sector eyolotron :

T Isccentric neatron therspy '

TR Horizontsl protoc therapy

TL Ispacentric protor Eherapy funder dl:‘:"!:]'l.:I_EEr_l.Ent:I

Table 3.1 Abbreviations wsed on the plan-view tn Figure 3.4,
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[BotdT] for heavy-tom and palarised hydrogen 1on bearns, The K = 200 McV
separated-sector cyclotron (S5C) [BotBTal (of dimensions: 13.2 m in diame-
ter and 7 m in height) has four sectar magnets, The 512 in conjunetion
with the S8C were used to deliver the required *™**Nec beams both with
cncrgics a2 125 MceV, During both the cxperiments beams were steered from
the S5C along the X, Py and R beam-lines (see Figure 3.4) and finally
through the F-line to the AFRODITE array (discussed in section 3.3.2) of

~-ray and X-ray detecturs shown in Figures 3.6 and 3.13.

3.3.2 AFRODITE Array

AFPRODITE, is an acronym derived from AFRican Omnipurpose Detector
for Innovative Techniques and Experimenis [NewD38]. It is comprised of Lwo
sels af High Purtly Germaninm (HPGe) delectors, namely, the TLow Bnergy
Photon Spectrometers (LEPS) and the Clovers, some of which are shown in
Figurcs 3.6 and 3.13.

The ATFRODITE array alominium frame has a rhaombicnboctahedron
shapc with 1% squarc and 8 triangular faccts. This shape is similar to
that of the EXOGAM?Y array for nuclear speetroscopy employing the ex-
otic beams delivered by the Systeme de DProduction d'lons Badicactifs el
d’'Acceleralion en Ligne (SPIRAL) facility at the Grand Accelerateur Na-
tional d'lons Lourds (GANIL) shown in Figure 3.5. The two squarc facets
al. 0% and 1807 with respeci Lo the beamn direction accormodale Lhe beam
pipe (see Figure 3.5 for EXOGAM, Figure 3.6 and 3.13 for AFRODITE).
1t is worth mentioning that tlis confignration allows eflicient shieldiug of
the detectors from radiation emanating from the seattered beam. The tap
most squarc facet {of the AFRODITE) at 80° with respect to the beam
direction supports the hydrauolic target positioner disenssed in section 3.4
The other 15 square facets are nsed for mounting the detectors as shown in
Figure 3.6 and 3.13. The Clover delectors are each housed in a Complon-
suppresston (shown in Figure 3.6 and Figure 3.10) shicld that is made of
hisrmuth germanate BigGeyOiz (BGO) (seciion §.3.3) which is a highly
ellicient seintiliator for the detection of g-rays [Emlss, Lic84].

Staken frous Adtp:/ Swww, ganil fr fezogom /bibliographic /ngfdezogam. doe
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Figure 3.5: A schematic representation of the EXOGAM, a Ge array
for y-ray spectroscopy of GANIL. The drawng 1z shown fo emphasize
Lhe rhambicebociohedron shape reminiscence of the AFRODITE array.
EXOCAM array have three detector rings {like AFRODITE array in
Figure 3.7) al 457, S°P ond 135 with respect o the beam divection ond
aecomodate {, § and § large segmented Clover detectors respectively (o tolal

of f6 large segmented Clover detectors).
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Figure 3.6: One half of the AFRODITE array with s frame,
which supports the LEPS and Clover [howsed inside the BGO shicld)
detectors, The rhombicuboctahedron-shaped target chamber has 16 kapion
windows (25 micron thick and 60 mm in diameter) in total. It is supported
by the beem pipe (42 mm tnside diemeier) and the direction of the beam in
the figure is from Right to Left {as shown in Figure 8.7).

Phonoaiar  Hamgres 1 Ey A

Vdemrior mmples = A5 i’ Las

Boarar elirec i

Al CRECYERE LY Aarracys | Tazieendewe PRoiu

Figure 3.7: The three AFRODITE array detector rings.
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LEPS and Clovers Detectors

LEPS detectors - consists of a single erystal of p-type HPGe with the
dimensions; 10 mm thick and 60 mm in diameter. Each crystalis electrically
segmented into four quadrants. The LEPS detectors are more efficient in
detecting low energy (= 30 — 300 keV) +-rays. All the 8 LEPS (of which
two can be scen in Figure 3.6) were mounted and arranged an the array at
different angles: as tabulated in Table 4.1 {with beam direction from Right
to Lelt of the reader on Figure 3.6}, The LEPS detector dewars arc topped
with liquid nmitrogen (LN;z) from the storage tank via the eouplings (with
black insulation around them in Figure 3.13) every 24 hours. Some technical

sperifieations of the AFRODITE array [New38):

#« The distance from crystal surface to the target centre, £, = 110 mm

for a 4 mm gap between the target chamber and the end-cap.

a The distance from the detector end-cap to the crystal surface, D, =

15 mm.
« The total opening angle, T, = 28.3°.
+ The Solid angle per detector, Sang = 1.57 % all 4 .

Clover detectors - one of which is depicted in Figore 3.8, consist of four
n-type coaxial HP Ge crystals arranged like a four-leaf Clover with a crystal
spacing of about 0.2 mm apart [JonD5] as shown in Figure 3.9. The crys-
tals {70 mm in length, 50 mm in diameter, 36 mm tapering length and 50 mm
crystal surface diagonal length) are packed in a common cryostat (shown in
Figure 3.8} with a tapered rectangular shape [Bea96, Duc89, Jon95] The
Clover detectors have large efficiency also for higher energy v-rays. They give
increased granularity which results in small Doppler broadening of the peaks
and the possibility of add-back [adding the energies of v-rays deposited in
mare than one crystal as a result of Compton scattering) which increases
the photopeak efficiency. During the experiments Clover detectors were
arranged in the manner tabulated in Table 4.1 to the beam direction. The
Claver deteetars are comipled te an autematic LNy filling system which top up

the dewars (via the couplings covered with a black insulation in Figure 3.13)
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wilh LN; from the storage tank every 12 hours. Some technical specifications

of the AFRGDITE array [Newd#':
« L}, =196 mm.
o D= 2 o
o Fnpy — 23.2°

¢ S0y =1.34 % of 4 7 (for a 0.2 mun dislance between crystals).

Figurc 3.8: 4 Clover delecior, showing the fapered rectangular cryostat

and a cyltndrical liguid nitrogen (LNg) dewar taken from [Duc88].

3.3.3 Compton Suppression

The BGQO (=2 26 cm in length) Compton suppression shields, one of which is
shown in Figure 3.10 are essential in reducing the unwanted y-ray Complon
background. This process is referred 1o as Complon suppression.

The measurements for the suppresscd and unsuppressed specira were

taken with a ®Co radivactive source. The source was mounted on the
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Figure 3.9: Show how the four-leaf AP e crystals are crafted and paocked
together in o Clover detector. This figure is faken from [Jonfi)

+— B0 shield

< [eavy metal
cotiimator

Figure 3.10: A BGO Compton suppression shield teken from [Duc88),
showing the tapered heavy metol collimator fwith o 35 mm by 35 mm

entrance window for v-rays) at the front end.
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target ladder which was then placed at the target position inside the target
chamber. The trigger logic was set to {11—5} detectors, that is, whenever onc
out of fifteen (seven BGO-suppressed Clovers, eight unsuppressed LEPS)
detectors fircs the event is recorded onte the tape. The constant-fraction
discriminator thresholds were set at =2 40 keV hefore the expertment nsing
a ' Am radioactive source.

In the suppressed spectrum, the Compton scattered s-ray events from
the germanium crystal are vetoed by the BGO shicld. In Figure 3.11 (a)
the suppressed spectrum, which is alse shown in full scale on the insert,
results from the <y-ray events that were not scattered into the BGO shields,
'The unsuppresscd spectrum contains all v-ray events detected by the Clover
detector, irrespective of whether they were scattered into the BGO shields,
The unsuppressed and suppresscd spectra arc normalised such that the
number of counts in the phato-peaks recorded are the same.

The backgronnd reduction referred to as the Compton-suppression factor
(CSE) [Eml86, Lie84, ShaR8] is cbtained by taking the ratio of the unsup-
pressed spectrum to the suppressed spectrum. The CSF of about 1.4 over the
(300-800) keV energy range is achieved and illustrated in Figure 3.11 (b).
The Peak-to-Total (P/T) ratio is defined as the number of counts in the
photo-peak (N,..x) to the total pumber of counts in the spectrum {(Nygea),
that is:

hf
bl P L A {3.3)

For a *Co source suppressed and unsuppressed spectra depicted in Fig-

ure 3.11, the ratios: P/T — Nt‘r::i;""‘:”“""m';": — A2 (.27 and 0.48 were deter-
[ | aftoyue -

mined for experiment I respectively. Nii7ap1a32 ke 15 the sum of the number
of counts in the phote-pesks at 1173 and 1332 keV. While Nisiar abowe 100 £eV
is the total number of counts in the spectrum above 100 ke, The P/T was
previonsly found for a ¥70s souree (with a single photo-pesk at 862 keV)
suppressed and unsuppressed spectra to be 038 and 0.57 respectively {for

the sum of § Clovers, with all elements considered) [New88 .
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Figure 3.11: Shows the sum of all Clover elements {a} Compton-
suppressed (with @ BGO shield lo veln ihe scallered evenls) and the
unsuppressed (without a BGO shield) y-ray spectve from a %906 radicative
gaurce.  The suppressed speclrumt iz shown on the dnserd in full scale
() Indicates the Compton-suppression factor (CSF) derived from the ratio
of the unsuppressed to the svppressed spectra. Both spectra are normalised

sk thal the number of counts in the photo-peaks are the same.
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3.3.4 The Electronics and Data Acqnisition System

The standard Nuclear Instrumentation Module (NIM) and Computer Anto-
mated Measurement and Control (CAMAC) units were used to set the cir-
cuit depicled in Figure 3.12 in the AFRODITE vault marked F in Figure 3.4.
'The VAX-station 4000-V LC in the vault runs the ¥ 35 operating system and
the XSYSE [PilB2] sofiwarc package. XSYS sofiware package is cmployed for
various duties before (adjusting the ADC thresholds, zero offscts and setting
alalus words) and during the experiment (data acquisilion, momtoring on-
line spectra and event rates).

The electronic circuit diagram depicted in Figure 3.12 consist of two
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Figure 3.12: The AFRODITE wrmy electronics [Roudl].

sub-circtils, namely, an energy and a Liming circuit. The details of the

®a general purpose data acquisition system, Indiane University report (1985
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Table 3.2 Electronic modules used for AFRODITE armay.

Maodule Model

Analogue-to-Tigital Converter {Afljﬂ} Silena 4418/V

Bic Pattern Register (HPR) {{Themba LABS)
('cincidence Unit (%] coincidence (1 Themba LADE]
Conetant Praction Diecriminatar (CFD CAEN N415A or Ortec 934
Discriminatar Phillips 711 or LeCroy 821
Trual Gate Generator (DGG)Y LeCroy 223

Event Trigger {iThemba LADS)

Logic Fan-In/Fan Out {FIFO) LeCroy 4294

WNIM-ECL converter EDASY [iThemba LADS)
Ciad Four-Fald Legie Unit (QFFLU) Phillips 755

Spectroscopyr Amplifier CAEN NGgs

Slrelcher {iThemba LADRS)

Time Amplitude Converter (TAL Silenn 4918/T

Timing Filker Amplifier (TFA) Oreec 474

entire circuit with rclevant hardware as given in Table 3.2 are disoussed
i [Reull]. Tor the present work, up to 680 electronic signals from 32 Clover,
28 LEFS and 7 BGO dclecior elements (see Tigure 3.13) wete processed (see
Figure 3.12).

3.4 Target and Beam Requirements

Privr to the experiments (in section 4.1) the target thickness and material
were confirmed by performing Particle Induced X-ray Emission (PIXE)
analysis [Pro9h], al the Materials Rescarch Group at i Themba LABS. Thin”
metallic tantalum (which is 95.988 % ®'Ta and only 0.012 % '**1a) foil
targets of & 399.6 pg.om 2 and 2 333.0 pg.em~? were then cmployed during
the experiment I and experiment Il respectively. It is worth mentioning
that thin targels were employed in order o avoid Doppler broadening of the
peaks,

The target fotl {*#1Ta), alumintum oxide viewer (ruby) and an empty-frame

were loaded on the target ladder (of aluminium material) as shown in Tig-

T< 1000 pg.em™? [Adasd].
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Figurc 3.13: The right and left {pulled back] caps of the AFRODITE alu-
minium frame respectively. The frame supports the LEPS and Clover (housed
ingide the BGO shicld) detectors. The Liguid Nitrogen (LN;] couplings o

the dewars are shown [with black msulation around them).
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Figure 3.14: Diagramatic representation of (a) the manuelly adyusted
targel tadder used in ecxperiment [ and {b) target ladder mounied onlo the

awlomatically opereted hydrawlic positioner wsed in czperiment I1

urc 3.14 (a) and (b) for experiment I and II respectively. For experiment I
ihe target-ladder in Figure 3.14 (a) was mounted on the manually operated
target-ladder holder (not shown on the Figure 3.14) and controlled either
up or down in steps of 15 mm from the AFRODITE wanlt. This involved
switching off the beam from the conirol reom in order lo gel access to the
vault. A newly designed target-ladder and a hydraulic positioner shown in
Figurc 3.14 (b) (which is presently being used in the array) were employed
during cxperiment II. The target-ladder monnted on the hydranlic positioner

which can be controlled from the vault or data room via the automatic switch
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during beam tuning,

The sixteenth facet {the top one at 30° with respect to the beam direction)
of the rhombicuboctabedron-shaped target chamber [in Figure 3.5) 1s used
to support the target holder (Figure 3.14 (a)) or both the target ladder and
the kydraulic positioner depicted in Figure 3.14 (b).

The target chamber and the beam line are then evacnated prior to beam
tuning. 'Fhe beam is tuned from the control reom by focusing it first through
the centre-hole (3 mm in diameter] of the ruby. Fluorescence is observed
on the computer monitor via the camera mounted on the target chamber
(see Figure 3.8) when the beam interacts with the material of the ruby.
The beam is steered and focused to the centre-hole ou the ruby (such that
no NMuorescence is observed) through adjustments to the dipole magnets,
quadrupole magnets and the solencid lenses, Subsequently, the empty-frame
is positioned to the beam-spot in order to check the hale®. Finally, the 151 Ta
15 positioned at the beam-spot. The beam intensity is further optimised with
respect to the conuting rate of the detectors. Subsequently data aquisition
COMIITEnces.

It is worth mentioning that the SSC at i Themba LATS 1s capable of deliv-
ering various heams tabulated in Fable 3.3 which are used for the following
purposes: physics experiments (on weekends), radicisstope production, pro-
ton and neutron therapy. In addition, the decision concermng the formation
of the 51970 nuclei for the present work involved consideration of the

beams available at ¢ Themba LARBS,

fwhether the heam with maxmum intensity does not hit the targer freme and also ta

rneasure the background counting rate.
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Table 3.3: Henvy ion beams delivered by the S5C at iThemba LARBS.
= —

 Yén Chisrge state | Beam energy (MeV)
[ [ 1+ 66, 2040
2+ a2
¢ $He 2 65, 180, 200
'R 2+ 58, 60
2c 3- 58, 150
e 100, 15D, 180, 208, 230
5 300, 320, 360, 380, 400
Pc 3+ 82
UN 4+ 140
5+ 230
6+ | 400
a0 3 Lo
54 L 200, 250, 200
Bt " 400
10 4+ i B3, B0, 110
1eNe 4+ | 110, 115, 120, 135
HKw a+ 128
My )" | 5+ |
Al 7+ £130, 155
itsi B 141
s ) 114 ;
[y 25, 205
1RAr LES 280, 380
F{ACR LA T
Seke ) | 11+
¥z | 10+ 163, 260
®Br)® 14
K 13: 420
NKr 14— 462 i
15> 420, 450, 530 |
sy 22 700 '
‘a1l 21~ 730
| 9% (9 460 ;
| 22 780 ;
Bixe  18: 250 '
" Xe 24~ 757, 750
wwr s
A Hg )® | 31—

1* Nak gent thenngh the 550,



Chapter 4

Experiments and Data

Analysis Procedure

The coincidence data acquired during the !*Ta+?°Ne and '8 Ta+2?2Ne ex-
periments I and Il respectively, have been stored as raw pulse heights onto
the magnetic Digital Linear Tapes (DLT). At the end of the experiments the
tapes are replayed to transform the event data to suitable forms in order to

facilitate the analysis procedures.

4.1 The Experiments

The work reported in this thesis is based on the study of the 181 Ta(?°Ne, 6n)®5Bi
(experiment I) and '8!Ta(??Ne, 6n)'®"Bi (experiment II) HIFE reactions.
The excitation functions for these two reactions are presented in Figure 4.1,
as predicted by the statistical-model calculations using PACE2 [Gav80,
Gav93] code. These predictions were used to select beam energies suitable
to conduct the experiment using the above reactions. Fission is predicted to
be dominant and was therefore expected to contribute significantly to the
background.

Although %3T] and '%5T1 do not appear significantly in the PACE2 calcu-
lations (in Figure 4.1) for the '*'Ta + ?Ne and !®'Ta + ??Ne reactions
respectively, a significant population of these isotopes were observed in

experiment I and experiment Il data probably due to a different reaction
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mechanism such as incomplete fusion. The dominant residual nuclei at a
beam energy of 125 MeV predicted by the PACE2 calculations for both
experimental reaction are given in Table 4.1.

The experimental details are summarised in Table 4.1. Measurements of the

4OO O i i I T W | I LI W W | I i i i 1 l*l i1 I | N S . ' Lobo b} I | S0 U B |
1 ®Ta + “Ne * 51908
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Figure 4.1: The ezcitation functions (cross-section o) predicted by the
statistical-model code PACE2 [Gav80, Gav93] following the 8! Ta-+?° Ne and
18173422 Ne reactions. A beam energy of about 125 MeV was chosen for

both ezperimenis. The curve with stars represent fission in both panels.
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first and second experiment with projectiles 2°Ne and ??Ne respectively were
both conducted at a beam energy of about 125 MeV. The beam energy was
29 % and 28 % above the Coulomb barrier for first and second experiments
respectively. The beam was delivered by the SSC (in section 3.3.1). The
beam current for these experiments were varying between 9 and 10 nA for
both the 81Ta+2%Ne and '8! Ta+22Ne reactions. The beam burst separation
was 64 and 66 ns for experiment I and II respectively.

Three and four weekends, each of eight shifts (8 hours each) of beam time
were allocated! for experiment I and II® respectively. The trigger logic
adopted was (&) detectors, that is, at least three out of fifteen (seven BGO
suppressed Clovers, eight unsuppressed LEPS) detectors had to fire before
v-ray coincidence events were recorded onto tape. About 750x10° and
528x10° total y-y events were recorded (onto the magnetic DLT tapes) for
experiment I and II respectively. Only two-thirds of experiment I data were
considered for analysis. The reason for that was that, most of the runs in
the first weekend data showed a nonlinear behaviour (which was impossible
to gainmatch as described in section 4.3) in the low energy region. This was

due to an incorrect polarity setting on the amplifiers.

4.2 Energy Calibrations

The energy calibration data were acquired before and after each weekend
of the two experiments in singles mode using '*?Eu and '*3Ba radioactive
sources. Prior to these measurements, one specific source per run was
mounted on the target ladder which was then placed at the target position
inside the target chamber. The energy calibration parameters for both ex-
periments were generated from the source data acquired before each weekend
of both experiments.

The centroids of the photopeaks from the source (**2Eu and '**Ba) spectra
determined using the AUTOCAL-NEW [Law97], a peak-fitting program.

'by the iThemba LABS Programme Advisory Commettee (PAC).
inerformed during weekends from Friday night to Monday morning: 03-06 Dec. 1999,

10-13 Dec. 1899 and 17-20 Dec. 1999.
Sperformed during weekends from Friday night to Monday morning: 22-25 Sept. 2000,

29 Sept.~02 Oct. 2000, 08-08 Oct. 2000 and 13-16 Oct. 2000.
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Table 4.1: Summary of the ezperimental details.
Miscellaneous Experiment | Experiment II

45° detectors

80° detectors

135° detectors

Total pumber of BGO's
target ladder w.r.t the
beam axis

target

beam

beam current

charge state
beam-burst separation
pulse selection

beam energy, week 1
beam energy, week 2
beam energy, week 3
beam energy, week 4
recoil velocity (8)
compound system
dominant residuals

at 125 MeV (PACE 2)

fission at 125 MeV
event trigger condition
number of events
readout

2 Clovers, 2 LEPS
3 Clovers, 4 LEPS
2 Clovers, 2 LEPS
7

22.5°

84 Ta 2 390.6 pug.om™?
1oNe

(8-10) nA

4+

63 ns

none

125.70 MeV

126.83 MeV

124.40 MeV

none

0.0104 (5)

01 Bi

19 Bi (0.4%), '**Pb (0.4%),
P Bi (8.9%), **Pb (4.4%),
194B; (2.2%), 1**Pb (1.6%),
19371 (0.5%).

78.7%

>3

750%10°

Ferabus

2 Clovers, 2 LEPS
3 Clovers, 4 LEPS
2 Clovers, 2 LEPS
7

22.5°

iy 2 333.0 ug.em™?
1oNe

(9-10) nA

4+

66 ns

none

125.15 MeV

126.02 MeV

125.25 MeV

126.21 MeV

0.0100 (5)

ZOSBi

198 Bi (1.7%), '**Pb (0.9%),
1978 (12.1%), *"Pb (4.6%),
196Bi (4.3%), P51 (0.9%),
194771 (2.4%).

72.2%

>3

528x10°

Ferabus
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The program fits a linear function of the form T, = aM, + b in order to
generate a set of initial linear energy calibration parameters (LECP): a
and b, for all elements of the LEPS and Clover detectors used during the
experiments. The true y-ray energy and the measured pulse height are

denoted by T. and M., respectively.

4.3 Gaindrift Corrections

The initial LECP (in section 4.2) were then tested by loading them into
an XSYS [Gou83, Gou8l, Pil92, Pil88] event analysis language (EVAL)
code, subsequently sorting* all of the in-beam data. This sort was aimed
at tracing possible detector (LEPS and Clovers) gaindrifts that might have
occurred during the in-beam runs. Major gaindrifts within (1-3) keV range
between some of the in-beam runs were observed from spectra generated
after sorting. The cause of the gaindrifts between some of the in-beam runs
was investigated by Dowie and Mullins [Dow00]. It is likely that temperature
fluctuations in the AFRODITE vault affect the amplifiers such that the
output signals drift. Therefore, it was necessary to perform the gaindrift
corrections as part of data analysis procedure.

The remedial prescription given below was adhered to for the gaindrift

corrections:

e The in-beam reference spectra (IRS) (in most cases obtained from the
first runs) for the LEPS and Clover elements were chosen either from
the runs which were gainmatched or not gaindrifted. In Figure 4.2,
a single in-beam gainmatched reference spectrum (IRS) (solid-line)
and the in-beam gaindrifted spectrum (IGS) (dashed-line) both ex-
tracted from a single run are shown with the 57.53 keV Ta Kg; X-ray
peak (Py;) and the 1039.5 keV ™Ge peak (P;) of the IRS chosen as

reference peaks.

® The peak-shifts which are the channel differences between the reference
peaks (of the IRS) and the shifted peaks (of the IGS) are determined

*Sorting the event data from the magnetic DLT tape to the disk through the EVAL

computer software program in s more user friendly form.
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Figure 4.2: A sample of a gainmatched in-beam reference spectrum (IRS)
(solid-line) superimposed with a gaindrifted (IGS) (dashed-line) spectrum of
the same Clover element. In this case, a common shift of about S; = Sy =
~2 chn = —1 keV between the IRS and IGS peaks at the low and high energy
regions were observed respectively. The snsert depicts a mismatch at the low
energy region between IRS and IGS single Clover element spectra. The ezact
peak-positions associated with the Bi Ku» o1, Kg1 52 and Ta K,y X-rays are

indicated by solid lines.
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from (Py) — (Pa) = Siand (Pig) — (Pan) = Sp, where S; and
Sp are the peak-shifts (in channels) for the peak at the low and high

energies respectively.

e The following cases arise:
If Py > Py then S5; < 0 and similarly, if Py, > Py, then S; < 0.
If Py < Py then S; > 0 and similarly, if Py < Pap then Sy > 0.

e The final parameter a’ (slope or gain) for both LEPS and Clovers were
calculated by substituting the initial LECP (from section 4.2), peak

positions and the shifts in the equation:

I} a(Plh—'Pll)

= . 4.1
“ = P+ 1)~ (Put 5) 1
e The final parameter b’ (off-set) is given by the equation:
¥=D ( (PuSh = PinSi) ) b(Pin — Py) (4.2)
(Pin+3Sh) = (Pu+5)/  (Pin+Sk)— (Pu+85)’

where D is the dispersion, which is 0.2 and 0.5 keV/channel for the
LEPS and Clovers detectors respectively.

o The data were then sorted for the second time, each run with its own
new set of the LECP (a’ and b'), and hence these spectra were matched

with the IRS, which maintained a good energy resolution.

Therefore, each run had its own correct set of the LECP which were used

during the analysis procedures.

4.4 Data Structure

The event-by-event data in XSYS [Gou83, Gou8l, Pil92, Pil88] format were
sorted into various data structures with the aid of the XSYS Event Analysis
Language (EVAL) [Gou83, Gou81] codes. Prior to sorting procedures, the
EVAL codes were modified to produce the required data structures as tab-
ulated in Table 4.2 and 4.3. The gates may be set in order to allow selected
events to be incremented into the particular data structure generated during

sorting.
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Table 4.2: Summary of the data structures for experiment I.

Ka: (381-390) channel )°

Experiment [ j
Data structure Gate(s) Gate(s) position Detectors
matrix none none 7 Clovers
gated matrix LEPS Bi X-rays | a2 (374-380) channel )* 7 Clovers

DCO matrix

none

none

4 Clovers at 45°; 135° vs
4 Clovers at 45°; 135°

DCO matrix

none

none

4 Clovers at 45°; 135° vs
3 Clovers at 90°

1-dim. spectra, single
shadowed, unshadowed

LEPS Bi X-rays

Koz (374-380) channel }*
¥ai (381-320) chanuel )®

8 Clover elements
at 96° and 84°

doubles in hors.

or vert. elements

l-dim. spectra, LEPS Bi X.rays ditio 3 Clovers at 90°
doubles in horz.

or vert. elements

l-dim. spectra, none none 3 Clovers at 90°

}® Dispersion for the LEPS and Clovers is 0.2 and 0.5 keV per channel respectively.

Table 4.3: Summary of the data structures for experiment II.

[ Experiment 1
Data structure Gatefs) Gate(s) position Detectors
matrix none none 7 Clovers
gated matrix LEPS Bi X-rays | K. (374-380) channe] }® 7 Clovers

Ka1 (381-390) channel }*

DCO matrix none none 4 Clovers st 45°; 135° vs
4 Clovers at 45°; 135°
DCO matrix none none 4 Clovers at 45°; 135° vs

3 Clovers at 90°

l-dim, spectra, single
shadowed, unshadowed

LEPS Bi X.rays

Koz (374-380) channel )*
Kai (381-390) channel )°

8 Clover elements
at 96° and 84°

doubles in hors.

or vert. elements

l-dim. spectra, LEPS Bi X.rays ditte 3 Clovers at 80°
doubles in hor=.

or vert. elements

1-dim. spectra, none none 3 Clovers at 90°

}* Dispersion for the LEPS and Clovers is 0.2 end 0.5 keV per channel respectively.
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Table 4.4: X-ray energies for Bi, Tl and Ta.
X-ray energies (keV) }*
Element Kaa Ka Kg Kas

Bi 74.81 77.11 8734 89.86
Tl 70.83 72.87 B82.58 8498
Ta 56.28 §7.53 65.22 67.01

J* taken from [Reusd).

4.5 Doppler-Shift Corrections

The Doppler-shift corrections for the detected 7y-rays were necessary for
this work since thin 18Ta targets (in section 3.4) were employed in both
experiments. Hence, the residual nuclei recoil into vacuum so that the

detected y-rays were subjected to energy shifts according to the equation:

E! = E,(1+ Beosd), (4.3)

where E. is the Doppler shifted y-ray energy, E., is the unshifted 7-ray
energy (detected normal to the recoil nucleus velocity axis) and 8 is the
angle between the «y-ray and the beam axis.

The Doppler-shifts for the y-rays emitted by the recoiling '®51®7Bi nuclei
have been measured for the Clover elements located at 39°, 51°, 129°, and
141°. The recoil velocities were calculated using the above equation and the
average § = %, (where v is the velocity of the nucleus and ¢ the speed of
light) values obtained were 8 ~ 1.04 + 0.05 % and 8 =~ 1.00 & 0.05 % for

195B; (experiment I) and %7Bj (experiment II) nuclei respectively.

4.6 LEPS Spectra

The individual LEPS spectra were summed to produce the spectra shown
in Figure 4.3 for the '¥Ta}2°Ne and '®!Ta-+2??Ne reactions. Not many
peaks apart from the X-rays were observed. Gates on the intense bismuth
X-rays were used to construct gated -y matrices and 1-dimensional spectra
(see Tables 4.2 and 4.3) in order to preferentially enhance the bismuth -
ray transitions. During the sorting procedure two gates were set on the
Bi Kq21 X-rays (Table 4.4) as illustrated by vertical solid lines on the
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Figure 4.3: The sum of the LEPS spectra for the first (top panel) and
second (bottom panel) experiments. The inserts in both panels show the
intense Tl and Bs K,z 41 and Kgy gy X-rays observed from the two data
sets. The exact posilions where the gates were set while sorting the data
into gated matrices are shown by the vertical solid lines on both inserts. The

Ta X-rays come from the target.

inserts of Figure 4.3. The requirement adopted was that, at least one of the
two X-rays had to be detected by the LEPS detectors for the gated Clover

matrix to be incremented.
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In Figure 4.3, the observed Tl K,; and Bi K., coincide with Pb K, and
Pb K, X-rays respectively. Furthermore, when gating on the Tl K,; and
Bi K2 X-rays no contribution of Pb is observed which is not consistent with
the results predicted by PACE2 calculation yield for Pb (section 4.1).

The relative yield of the azn and zn channels were estimated from the
intensity of the X-rays observed in the LEPS summed spectra in Figure 4.3
for the '81Ta+?°Ne and '®Ta+?*Ne reactions. The ratio 222 is about 68 %

for the former and 37 % for the latter reactions.

4.7 ~-v Matrices

The Clover data were sorted into two types of 2-dimensional (E,1;E.2)
energy histograms referred to as matrices with the energy of one photon
on one axis and the energy of its coincidence partner on the other. That is,
the ungated and X-ray gated (as discussed in section 4.6) y-vy symmetrised
matrices with dimensions of (4096 x 4096) channels, with a dispersion of
0.5 keV per channel. The total projection of the matrix onto one axis is a 1-
dimensional v-ray spectrum of all the counts in the matrix. Figures 4.4
and 4.5 depicts such total projection spectra from the (a) ungated and
(b) X-ray gated matrices for the 181Ta+2°Ne (experiment I) and 18! Ta+22Ne
(experiment II) reactions respectively. The gated matrices were constructed
as described in section 4.6.

The total number of counts (in the 0 — 3000 channel range) within
the total projection of the gated and ungated matrices for experiments I
and II, (depicted in Figures 4.4 and 4.5) respectively, were measured and
are provided in Table 4.5. The background subtracted total number of
counts (P) within the 344 and 311 keV peak region were measured for
experiments I and II respectively. The estimate of the total number of
background counts (B) beneath the 344 and 311 keV peak region were
determined. The peak-to-background (P/B) ratios are calculated for peaks
and tabulated in Table 4.5. It can be noted that the P/B is much better
for the gated matrix, however, the total number of events in the matrix is
much lower.

It is worth mentioning that the LEPS-LEPS and the Clover-LEPS matrices
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Table 4.5: The total number of counts within the total projection of the
gated and ungated matrices and the peak-to-background (P/B) ratio for
selected v-ray peaks for ezperiments I and II.

Clover Tot. no. of counts P/B (%)

Matrices within the matrix

Experiment [ 344 keV (685 - 691) channels }°
gated 25 x 10° 38.2

ungated 512 x 10° 18.7

Experiment II 311 keV {618 - 627) channels }*
gated 72 x 10° 26.5

ungated 1317 x 10° 13.8

}* Dispersion for the Clovers is 0.5 keV per Channel.

were also created in this work. However, they were not useful since no other

peaks apart from the X-rays were observed in the LEPS data.

4.8 Efficiency and Energy Calibration

The efficiency calibration measurements for the AFRODITE (LEPS and
Clover) detectors were performed at the end of each experiment with the
152Fy and '33Ba radioactive sources. These sources were mounted on the
target ladder (at the target position in Figure 3.14 (a) and (b)), subsequently
placed inside the target chamber (in Figure 3.6) at the target position. The
trigger logic adopted for these measurements was (35) detectors.

Separate relative efficiency (€) curves for the 8 LEPS and the 7 Clover
detectors are depicted in Figure 4.6. The curves were constructed from
the summed singles data for the two types of detectors using the RadWare
software Effit-program [Rad95]. The energy calibration parameters neces-
sary to be used in RadWare software ESCL8R-program [Rad95a] were also
generated from the source data with ENCAL-program [Rad95] discussed in
section 4.2. The efficiency of the LEPS and Clover detectors dropped below
40 keV and 110 keV for LEPS and Clover detectors, respectively, due to
absorption and CFD thresholds. The maximum detection efficiency occurs
at 40 keV and 110 keV for the LEPS and Clover detectors respectively, and
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Figure 4.6: The relative efficiency (¢) for the 8 LEPS and 7 Clover
detectors measured with the “*2Ey (filled-circles) and *3Ba (open-circles)
radioactive sources mounted on the target ladder at the targel position.
The measurements were carried out with the trigger logic set to ( 11—5 )
detectors (singles mode). The mazimum detection efficiency occurs at =~
40 keV and ~ 110 keV for the LEPS and Clover detectors respectively. The
efficiency decreases sharply at lower energy due to y-ray absorption and the
CFD thresholds.

decreased smoothly as the energy increases. This common behaviour in both

types of detectors is caused by the decrease in:
(a) Photoelectric effect and
(b) Compton scattering cross-sections,

with increasing energy of the y-rays.

The calculated energy and efficiency calibration parameters were provided
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to the ESCL8R-program which was used in searching for -y coincidence

relationships.

4.9 Construction of the Level Schemes

Construction of the level-scheme involves studying -7 coincidence relation-
ships between the detected «-rays from the background subtracted [Rad95]
coincidence spectra (with the aid of the ESCL8R [Rad95a] software pro-
gram). Following this procedure, several new transitions were placed in
the 195197 level schemes. Apart from !°®'%"Bj 4-rays, several known
transitions associated with *®Bi [Zwa00] were observed. A sequence of four
new -ray transitions was found in experiment II data, however, it could not

be associated with a particular nucleus.

4.10 DCO Ratios

In order to determine the multipole order of the v-ray transitions, two
Directional Correlation from Oriented nuclear states (DCO) [Kra73, Dri90]
-7 matrices were constructed from the Clover detectors, for experiment I
and II (summarised in Tables 4.2 and 4.3 respectively). In either experiment,
the first matrix consisted of coincidence where both v-rays were observed
at 45° or 135°. The second (asymmetric) matrix consisted of coincidence
between <y-rays detected at 45° or 135° (y-axis) and those detected at 90°
(x-axis). The same gate on the y-axis was made in both matrices and gated
spectra S(90°) and 5(45° 135°) were produced.

The DCO ratios for the y-rays of interest were determined as:

A(45°;135°)

Rpco = — A0 (4-4)

where A(45°; 135°) is the area of the peak in 5(45°; 135°) and A(90°) is the
area of the peak in S(90°).
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4.11 Linear Polarisation

The presence of Clover detectors at right angles to the beam direction on the
array made it possible for linear polarisation [Fag59, Lit70, But73, Sim83,
Sch94, Sch98] measurements to be conducted, in order to determine the
parities of the vy-ray transitions associated with the observed structures.

The degree of linear polarisation, P is related to the measured experimental

anisotropy, A, of the y-rays by:
1
= A
Q(E,)™™

where Q(FE,) is the quality factor of the polarimeter which corresponds to

P (4.5)

the polarisation sensitivity of the detector. The magnetic or electric nature
of the transitions are deduced from the sign of the anisotropy, 4, given by:
Ny — aNg

Nv + aNg'
where Ny is the number of y-rays scattered in a plane perpendicular to the

A, = (4.6)

beam direction, Ny the number scattered in the plane parallel to the beam
direction and « is the relative efficiency ( = 1.0 and 1.05 for experiment I and
II respectively). Hence, on the basis of the determined linear polarisation
anisotropies and the Rpgo (section 4.10), y-ray transitions were assigned
the multipolarity, mostly either M1 or E2.

The 1-dimensional y-ray spectra from the Clover detectors at 90° have been
generated for the ungated horizontally (H) and vertically (V') scattered
events for experiments I and II (Tables 4.2 and 4.3). Smooth background
spectra (with the " bg” - automatic background subtraction command) using
RadWare software GF2 program [Rad95] were subtracted from the V and
H spectra. This was done in order to achieve a flat background in the V- H
spectrum. Since the background in the V' and H spectra have their maxima
in different channels. Their direct subtraction leads to a background with an
"§"-shape (for instance positive and negative at the low and high energies
respectively). Subsequently, the difference (V' — H) between the V and H
scattered events was also determined. For the gated spectra (Tables 4.2 and
4.3) the H, V and V — H spectra were also generated for both experiments
following the same procedure as above and are discussed in sections 5.1.3
and 5.2.3.
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4.12 Transition Intensities
The intensity, I, of a y-ray transition is given by:

Iy, = e’ . (4.7)

where S is the area of the vy-ray transition and ¢ the detector efficiency® for

the y-ray. The total intensity, I; of a transition is given by:
S
It = I,y(l + a) = _6—(1 + a), (48)

where a is the electron conversion coefficient® (for example which can either

be a(M1) or a(E1) for the M1 or E1 y-ray transitions respectively).

4.13 RSAM Lifetime Measurements

The Recoil Shadow Anisotropy Method (RSAM) [Gue01] was employed to
search for isomeric states with lifetimes in the range of a few nanoseconds.

The anisotropy (Arsanm) for the v-ray transitions were determined by em-

ploying:
Ny — alNg

Apsam = Nyt aNs'

where Ny is the number of the v-rays detected in the unshadowed Clover

(4.9)

element (96° with respect to the beam direction), Ns the number detected
in the shadowed elements (84° with respect to the beam direction) and
o is the relative efficiency. Only single hit events were considered. The
three Clover detectors positioned at 90° with respect to the beam direction
were considered, since they are the most sensitive to the shadow effect. In
addition, there were more Clovers at 90° than at 45° and 135°. The Clover
spectra were generated (for experiments I and II) by gating on the K43 Bi
X-rays (Table 4.2 and 4.3) detected with the LEPS detectors. The elemental
Clover spectra at 84° and 96° were extracted and separately summed into

two Clover spectra at corresponding angles (the two Clover elements are

5for the present work, the relative detector efficiency was considered {and discussed in

section 4.8).
*defined as a = i+

Ty

emission and ranges from very small (=2 0) to very large [Kra88].

which gives the probability of electron emission relative to v
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offset from 90° by about 6°, see Table 4.1).
There is a separate on-going project at tThemba LABS which does not form
part of this work, in order to determine the AFRODITE RSAM calibration

curve which will be used in measuring lifetimes of the isomers.



Chapter 5
Results of Data Analysis

This chapter presents the experimental results of the y-v coincidence rela-
tionships, DCO ratios, linear polarisation measurements, transition inten-
sities and the RSAM lifetime measurements for the 1°°197Bi nuclei. Fur-
thermore, the results for 1®®Bi nucleus and the unassigned v-ray structure

observed in our data are discussed.

5.1 19Bi Level Scheme

The level scheme of °°Bi deduced from the previous study [Ln86] known
only up to the (2311 + A) keV state, is shown in Figure 5.1. The 114.6,
150.8, 343.7, 391.7, 421.0 and B886.8 keV transitions associated with the
known 1%5Bi level scheme in Figure 5.1 [Lén86] were observed in the ungated
and gated total projection spectra shown in Figure 4.4 of Chapter 4. The
intensities of the delayed transitions in these total projections were hindered,
since the nuclei recoiled out of focus of the detectors. Our data confirm the
previously known ?°Bi level scheme [L5n86] and the energies agree well with
the previous measurements. However, in our data the known 887.9 keV
transition is found a bit less in energy. In the present work, two y-ray
cascades labelled Band 1 and 2 in Figure 5.2 have been found and assigned
to 19Bi. This lead to a considerable extension of the level scheme up to
the I + 4 state in Band 2, with Band 2 feeding Band 1 at level 2889.0 keV

through one or more unobserved transition(s) marked X.
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Figure 5.1: Level scheme of °® Bi taken from [Lon86].
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Figure 5.3 (a) and (b) shows the examples of the background subtracted
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Figure 5.2: The extended level scheme for 1%® Bi deduced from the present
work (ezperiment I).

v-ray coincidence spectra extracted from the ungated matrix. The gates
have been set as indicated by the dashed-lines on the (a) previously known
886.8 keV [Lon86] ground-state and (b) newly observed 306.9 keV Band 1
v-ray transitions.

The 886.8 keV gate in Figure 5.3 (a) display a coincidence relationship
with all (343.7, 391.7, 421.0 keV) previously known transitions above the
(12—3+) (32 ns) isomeric state. The new 306.9 keV Band 1 candidate seen in
coincidence with the 886.8 keV was gated as illustrated on Figure 5.3 (b).
The 306.9 keV gate unfolded the 155.8, 325.5, 331.9, 336.6, 357.6 keV
Band 1 transitions together with the 668.5, 683.1 and 689.5 keV cross-over
transitions. However, the 689.5 keV transition is observed weakly in this

spectrum. The 155.8 keV transition is in coincidence with itselve. The



5.1 195Bi Level Scheme 73

900 nnnnnnnnn Lo siiias besoasaaartasas e sas o lidaad sadadaasaasad e s
L m 4 4 I 5.
- (G> 3 Bi X-rays -
800 h Aakikd o i
700 2000 b bl R
] I 1
600 A s ! i .
] § o0 i
2
3 |
[
3
0
&)

500 A o ! 1
g’) G-m-“ﬂ-“L Pree i mHLL:‘- §,

!

I

}

I

|

|

I

8000 ! L

B Xoroys | -

0 * L

§000 4 !‘ -

| P! L

£ ' y ! o

34000 !‘ L

1 N

L ¥ g
I 2000 i r
3 -
0 »
o o < 3
8 y” eV w r

a E,{g} ~F

jags

o

........ A e e N S RSASNA AL aEasnEmRy

100 200 300 400 500 600 700 800 900
E, [keV]

Figure 5.3: The background subtracted spectra eztracted from the ungated
matriz and gated on the: (a) 886.8 keV and (b) 306.9 keV vy-ray transitions.
The position of the gates are indicated by dashed-lines in both panels. In (a)
and (b), the insert show the ezact positions of the Bi X-rays observed in the
low energy region of the two spectra. The presence of the Bi X-rays and
the known yrast transitions in % Bi within the 306.9 keV gated spectrum
confirm that the 306.9 keV transition belongs to 1% Bi.

112.3, 155.6, 211.0, 248.6, 288.0 and 310.9 keV transitions are in coincidence
and form a cascade of 7-rays labelled Band 2.
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5.1.1 ~-v coincidences
Dipole Band 1

The 4-ray coincidence spectra for Band 1 representing the sum of single
gates set on 306.9, 336.6, 331.9, 357.6 and 325.5 keV transitions are shown
in Figure 5.4 for the (a) ungated and (b) gated matrices. The known 886.8
and 343.7 keV 4-ray transitions in Structure A can be clearly seen while
the 114.5 and 150.8, 391.7 and 421.0 keV transitions are not observed. The

Band 1 E2 cross-over transitions are weakly observed in both spectra.

Band 2

The 4-ray coincidence spectra for Band 2 representing the sum of 310.9,
288.0, 248.6, 211.0 and 112.3 keV gates are shown in Figure 5.5. These
spectra have been generated from the (a) ungated and (b) gated matrices.
Most of the v-ray transitions from Band 1 as well as Structure A are
observed. Furthermore, the 643.5, 650.6, 668.5, 683.1 and 689.5 keV cross-
over v-ray transitions are weakly seen. No linking transition (denoted by X
in Figure 5.2) was found, thus making it impossible to measure the spins,
parities and excitation energies of the levels of Band 2.

Figures 5.6 and 5.7 depicts the y-ray coincidence spectra extracted from the
ungated matrix for Band 2. The gates are shown by dashed-lines and the
v-ray transitions are labelled with their respective energies. The 112 keV
gate shown in Figures 5.6 (c) is in coincidence with itself. The other y-rays
with energies near 100 keV next to the 112 keV 4-ray are not observed when
the same gate is made in the spectrum extracted from the gated matrix.

The decay of Band 2 proceeds:
(i) through the 620 keV transition and
(ii) towards Band 1, populating the (%§+) level at 2889.0 keV.

It looks like the decay path through the 620 keV transition ends up on an
isomeric level, since no coincidence with low energy transitions are seen (see
Figure 5.7 (d)). It was not possible to find the transitions linking the

Band 2 with Band 1. Thus, no excitation energy, spin and parities could
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Figure 5.4: The summed coincidence y-ray spectra for band 1 in °°Bi.
They are generated from the (a) ungated and (b) gated (on the K3, Koy Bi
X-rays detected with the LEPS detectors) matrices by summing the 306.9,
3386.6, 331.9, 357.6 and 325.5 keV gates.
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Figure 5.5: The summed coincidence v-ray spectra for 1% Bi Band 2 gates.
These spectra are generated from the (a) ungated and (b) gated (on the K,3,
K1 Bi X-rays detected with the LEPS detectors) matrices by summing the
310.9, 288.0, 248.6, 211.0 and 112.3 keV gates.

be determined for Band 2. It looks like that one decay path from Band 2
goes to Band 1 and another one goes to the yrast sequence, since we see the
coincidence between Band 2 and the 421 and 392 keV transitions.

The second component of the 156 keV doublet was not placed in the level
scheme, but it is likely that this transition is included in the decay path
connecting Band 2 to Band 1.

A cross-over 650.6 keV, was found in parallel to the new 306.9 keV and
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previously known 343.7 keV transitions. Thus, M1 multipolarity was as-
signed for 343.7 keV transition in contrast to its previous tentative El
assignment. However, this does not contradict the calculation presented
in Figure 5.1, since it considers single-particle excitations in a spherical
nucleus. The calculation does not predict the rotational behaviour of the
deformed nucleus. Although it is possible that we can have A7 = 0 and
AT = 2 for the 650.6 keV (153+'-) - (li?+) or (177-") — (173+) respectively,
however, the DCO ratio will be the same. However, the E2 assignment of
650.6 keV is more likely because: (i) we did not observe Al = 0 M1, E1
or Al =1 M1 transitions like (l.f+ o %4’), (12—5+ -2 )or (12—5+ g 12f3+)
respectively which could link Band 1 with Structure A, for instance between
the 1874.0 and 886.8 keV, 2205.9 and 1230.5 keV levels and (ii) in this case,
the excitation energies of the levels with the same spins of Structure A and
Band 1 are close, for instance the (l}+) levels in Structure A and Band 1
are at 1622.2 and 1537.4 keV respectively, which explains the high intensity
of Band 1.

5.1.2 !°°Bi DCO

Firstly, the Rpco for a number of transitions with known multipolarities
in 1%3T1 [Rev92] were measured. Two coincidence spectra were obtained by
gating on the K,y Tl X-ray (in Table 4.4 of Chapter 4) on the y-axis of
the two DCO matrices. Subsequently, subtraction of a background spec-
trum (created by gating on the background region near the T1 X-ray peak)
was performed. The Rpco for a number of known dipole and quadrupole
transitions in %3T1 [Rev92] were calculated from these background sub-
tracted spectra. Average Rpco values of 0.69 + 0.04 and 1.23 £ 0.08 were
obtained for the stretched dipole (A7 = 1) and the stretched quadrupole
(AI = 2) transitions respectively and are marked by dotted lines in Fig-
ure 5.8. The results for the multipole order of the known transitions in
193T] were in agreement with those reported by Reviol et al., [Rev92].

The v-ray Clover spectra S(45° 135°) and S(90°) gated on the K, Bi X-
ray (in Table 4.4) were generated from the two DCO matrices (Table 4.2).

The results of the Rpco determined for the °®Bi transitions are given in
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Table 5.1: The level energies (E.,.), initial spins I;, y-ray transition
energies (E. ), intensities (I,), total intensities (I,), DCO ratios (Rpco =

o. o . . R B .
! 4;'9';‘,3 > , gg; ratios and the spin assignments for the 1% Bi nucles.

Eene L E, I L | Boco | % | Assignment
(keV) (keV) | (%) | (%) (1w /eb)’?
886.8 | Lt | 8s6.8 (BH ¢
1230.5 | (%) | 3437 ) | 47(3) | 82 | 0.79(6) () 5 (2t
1537.4 | (%) | 3068 | 15(4) | 21 | o77(8) | 7r(12) | (XM o (2h
1537.4 | (&%) | es05 | 17(3) | 17 | 1.05(35) (1) 5 (2t
16222 | (&%) | 3017 | 7(2) | 15 (2% - (21
1874.0 | (%) | 3366 | 24(3) | 26 | 0.71(5) | 4.6(9) | (&%) (&N
1874.0 | (12%) | 6435 | 21(3) | 14 | 1.16(39) (i2%y = (1)
2043.2 | (B*) | 4210 | 36(2) | 36 (Bt - (&h
2194.0 | (£%) | 1508 ) (Bty - (2
2205.9 | (%) | 3319 [15(2) | 12 | 0.636) | €.1(11) | (B*) (L)
2205.9 | (&%) | 6685 | 11(3) | 11 | 1.72(26) (21 5 (2t
2308.6 | (X*) | 1146 ) (ZH - (2N
25635 | (2%) | 3576 | 14(2) | 10 | 053(7) | 33(9) | (V) (BY
25635 | 2% | 6895 | 8(2) | 9 | 1.44(15) Bt Lot
2889.0 | (%) | 3255 | 10(2) | 11 | 0.66(10) | 3.5(8) | (BN (BY
2889.0 | (%) | 6831 | 8(2) | 8 | 1.47(21) (%) 5 (2t
6200 | 5(2) | 14
1123 | 10(2) 0.67(16) ) )
I | 155.6)* | 17(2) | 58 | 0.66(8) ) Band 2

I+1 | 2110 |13(2) | 23 | 0.55(8) ) Band 2

I+2 | 2486 | 14(2) | 21 | 0.55(8) ) Band 2

I+3 | 2880 |13(2) | 17 | 0.48(7) ) Band 2

I+4 | 3109 | 7(1) | 8 |0.53(14) )¢ Band 2

}* Measurement for the unresolved peak.
1® Could not be determined due to lack of enough statistics.

J* Could not be determined - linking transitions not found.
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Table 5.1 and depicted in Figure 5.8. The Rpco for the °°Bi transitions
indicates that the structure shown in Figure 5.2 includes a sequence of
stretched dipoles with associated stretched quadrupole ”cross-over” transi-
tions (Band 1) which are fed on top by a cascade (Band 2) of stretched dipole
transitions. The dashed-lines in Figure 5.8 indicates the average Rpco
values determined for the stretched dipole and the stretched quadrupole
transitions and are 0.63 £ 0.04 and 1.37 £ 0.08 respectively.

2 O ll!illlll[lllIlll!xllllllllll}llllllxIIlIlllIllxlllllll!lllllllll]xll
1958!
Rm:17(45°,135°)/:7(90")
1.5
3708 oo Quadrupole
A 1) SO § SO
3
a 1.0
e

0.5

llIIllllK“lIl|lITTlIlll‘lllllllfliliTlli

l)llllJ]L[LLlillJllIlllllll!l.lllilllll

0,0 lI!llllllllIIIl‘lY?T]l[l]llllIIllllll‘l!'llllll?llll![lllll|l|Illll|||

0 100 200 300 400 500 600 700
£, [keV]

Figure 5.8: The DCO ratios (Rpco) for the vy-ray transitions from
the two new (open-circles) structures associated with the **®Bi nucleus
together with a previously known (filled-circle) transition. The dashed-
lines correspond to the average Rpco values obtained for the new stretched
dipole (0.63 = 0.04) and the stretched quadrupole (1.37 + 0.08) transitions.
The dotted-lines correspond to the average Rpco wvalues determined from
the selected ®3 T1 [Rev92] v -ray transitions.
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5.1.3 Linear Polarisation Measurements for °°Bi

The data set of Experiment I had insufficient statistics to infer the electric
or magnetic character for the «y-ray transitions. Thus, we could not measure
parities neither for the known <-ray transitions close to the ground-state
nor those for Bands 1 and 2 in 195Bi (Figure 5.2). Clearly, the V-H spectra
shown in Figure 5.9 gated on the Bi X-rays and in Figure 5.10 ungated
(Tables 4.2 and 4.3) are of no use in determining the magnetic or electric
character of the transitions labelled with their energies in the H and V -

Clover sum spectra.

5.1.4 'Transition Intensities and %%%%) ratios for *°Bi

The relative total transition intensities for Band 2 (Figure 5.11) were studied
in order to infer the character of the transitions. The «y-ray coincidence spec-
trum gated on the top most 310.9 keV transition of Band 2 was generated
from the ungated matrix. Subsequently, the relative gamma intensities for
the 156, 211, 249 and 288 keV lines were determined. The relative total
intensities were obtained when the areas of the peaks were corrected for
the detector relative efficiency (assuming a 5 % uncertainty) and internal
electron conversion. Assuming M1 and E1 multipolarity respectively the
v-ray transition intensities were normalised to that of 288.0 keV transition
and shown in Figure 5.11. The points within the rectangles represent the
155.8 keV transition observed as a doublet in the spectrum depicted in
Figure 5.6 (middle panel).

Figure 5.11 shows the relative total transition intensities for these transi-
tions. In the absence of decays out of the band, gating on the transition
lying at the top of the band ensures a constant total intensity down the
cascade. Though this was not found to be so for either the M1 or E1 case,
the assignment of magnetic dipole character to the transitions of Band 2 is
favoured, because it gives approximately constant intensity.

The 887 keV ((-1.‘.—3+) — (27)) coincidence gate was used, in order to measure
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Figure 5.9: The top and the middle panels depicts the Bi X-ray gated
(Table {.2) and background subtracted double-hit-events spectra of the
horizontal (H) and vertical (V) scattered events exztracted from Clover
detectors at 80° respectively. The boliom panel displays the difference
spectrum, which had insufficient counts to allow the electric or magnelic
character of the y-ray transitions to be determined. In both the top and
middle panels the open and filled-circles represent the vy-rays from Bands 1, 2
and the ground-state band, respectively.
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Figure 5.10: The top and the middle panels depict background subtracted
double-hit-events spectra of the horizontal (H) and vertical (V) scattered
events extracted from Clover detectors at 90° respectively. The bottom panel
displays the difference specirum which has insufficient counts to allow the
determination of the electric or magnetic character for the ®® Bi y-ray
transitions. In both the lop and middle panels the open and filled-circles
represent the v-rays from Bands 1, 2 and the ground-state band, respectively.
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Figure 5.11: Relative total transition intensities for Band 2 in %5Bi
assuming M1 (filled-circles) and E1 {open-circles) multipolarity. The gate
was set on the 310.9 keV transition situated at the top of Band 2. The points
within the rectangles indicate the 155.8 keV transition which is observed as
a doublet. The dashed-dot line highlights the 100 % relative intensity mark.
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the relative intensities of the transitions in **Bi from structure A (below
the (%H) level) and Band 1.

The relative intensities for the transitions within Band 2 were measured
from 344 keV coincidence gated spectrum. From this 344 keV coincidence
gate we extracted the relative intensities of the 156, 211, 249 and 288 keV
transitions of Band 2. The intensities of the top most 311 and the lowest
112 keV transitions of Band 2 could not be determined due to insufficient
counts in this gate. However, the 211 and 326 keV coincidence gated spectra
were used in extracting the intensities for the 311 and 112 keV transitions
respectively and were afterwards approximately normalised. The 156 keV
transition is a doublet and its total intensity is included in Table 5.1.

Only one part of the intensity of Band 2 goes towards Band 1. In order to
obtain the total intensity of Band 2 the relative intensities of the different
decay paths were estimated. From the spectrum gated on 249 keV transition
it was found that the relative intensity of 620 keV transition is 22 6.6 units,
the total intensity in Band 1 is a 7.0 units, while the total intensity inside
Band 2 (measured for 211 keV transition) is = 15.4 units. Thus, it is
likely that below 211 keV transition, the intensity of Band 2 splits into
two approximately equal parts, one going towards Band 1, the other one
passing through 620 keV transition and probably ending up on an isomeric
level. No evidence is found for other decay paths. Thus, the intensities of
the transitions of Band 2, found from 344 keV gate were doubled in order
to account for the intensity passing through 620 keV transition. The results
obtained for the intensities of the y-rays in ***Bi are listed in Table 5.1.
The %&% ratios were measured for the transitions in Band 1. The branch-
ing ratio for each level was accurately measured gating on the transition just
above it. The results for the %((%—3 ratios are listed in Table 5.1.

5.1.5 RSAM Lifetime Measurements for 19°Bi

The previously known (filled-circles) transitions in Figure 5.13 from Struc-
ture A (in Figure 5.2) all lie below the known isomeric states [L6n86]. That
is, the 114.6 keV transition below the 750 ns isomer at 2308.6 keV level.
The 150.8, 343.7, 391.7 and 421.0 keV transitions lie below the 80 ns isomer
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Figure 5.12: The sum (difference) spectrum gated on the Ky and K
Bi X-rays (Table 4.4) detected by the LEPS detectors generated for the

Ny -+

aNg (Ny - aNg) of the y-rays detected by the Clover detectors at

96° (Ny) and 86° (Ng). The y-ray transitions marked with filled-circles
and open-circles highlights the known (delayed) and the new (prompt) **° Bi

transitions.
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Table 5.2: The energies (E, ) and the anisotropies (Apsam) for the y-ray

transitions in 195 B,

Ey (keV) | RezeRe (%) )
112.3 »
114.6 16
150.8 >
155.6 )° 4
211.0 3
248.6 6
288.0 3
306.9 3
310.9 4
325.5 4
331.9 3
336.6 4
343.7 9
357.6 4
391.7 12
421.0 16
643.5 ¥
650.6 >
668.5 8
683.1 7
689.5 »
886.8 25

}* a = 1.05, error bars were
estimated to s 4 % (see text).

¥*  Could not be determined due to
lack of enough statistics.

}° Mensurement for the unresolved

peak doublet.
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Figure 5.13: The vy-ray anisotropies (Apsam) extracted from the Clover
sum (Ny + aNg) and difference (Ny — aNg) spectra gated on the K, and

Ky2 Bi X-rays (Table 4.4) detected by the LEPS detectors.

The open-

circles (closed-circles) depict the new (old) transitions found in 1% Bi for

Band 1 and 2. A dotted-line marks the { % anisotropy line.



90 Results of Data Analysis

at 2194.0 keV level while the 886.8 keV transition is situated below the
32 ns isomer at 886.8 keV level. The intensities of these delayed transitions
are hindered since the nuclei recoil out of the focus of the detectors. The
anisotropies for the !%5Bi transitions were measured and listed in Table 5.2.
The Clover sum (Ny + aNg) and the difference (Ny - aNg) spectra have
been generated and shown in Figure 5.12. The relative efficiency was mea-
sured as: o = 1.05 and has been used in generating these spectra. Table 5.2
lists the energies (E,) and the measured anisotropies (Arsan) of y-ray
transitions associated with the **Bi nuclei.

Firstly, we estimated the error bars on the measured anisotropy. Thus, the
anisotropy for few prompt peaks, that is, transitions which do not appear
in the difference spectrum as peaks was measured. The anisotropy for
such transitions is < 4 %, which was accepted as the error bars on the
anisotropy in general for experiment I. The transitions which are known to
be delayed show peaks in the difference spectrum and have large anisotropy
(in Table 5.2) which confirm their delayed nature. In Figure 5.13 the Apsam
for the known delayed transitions fall within 9 — 25 % range. The Arsam
values for most of the Band 1 and 2 (Figure 5.2) y-ray are below 6 % and are
considered therefore, to be prompt. Therefore, on the basis of these results
there is no evidence of the existence of nanosecond isomeric states in the

two new bands.

5.2 197Bj Level Scheme

The previous level scheme of *"Bi [Zho95] known only up to 4.025 MeV
is shown in Figure 5.14. The low-lying states (below 4.025 MeV level)
in the 1°7Bi level scheme arise entirely from the single-particle excitations.
However, a band labelled Band 1 in Figure 5.15 has been found and assigned
to 1*7Bi in the present work. The discussion of the '*7Bi level scheme shown
in Figure 5.15 is divided into several parts which presents the analysis
performed on the -y coincidence relationships, DCO ratios, polarisation

measurements and the nanosecond isomer search.
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5.2.1 ~-v coincidences

The discussion is divided into three parts, that is, the:
e low lying levels,

o levels above the 22" isomer and

25+

e levels above the 5 isomer.

Low lying levels

Isomers with long lifetimes made it difficult to establish y-ray coincidences.
No new levels were found in this part of the level scheme. However, our

analysis confirmed the previously suggested level scheme [Zho95].

The 999.9, 1008.8, 1195.4 keV coincidence gates

In the present work the y-vy coincidence relationship analysis did not con-
firm a coincidence between 97.3 and 294.5 keV transitions as reported by
Chapuran et al., [Cha86]. However, it supports the order of the transitions
in the 197Bj level scheme by Zhou et al., [Zho95], shown in Figure 5.14. The
999.9, 1008.8, 1195.4 keV gates are shown in Figure 5.16 (a), (b) and (c)
respectively. No new lines are seen in these gates. These gates indicate the
ordering of the transitions with regard to their intensities down the cascade.
The 999.9, 1008.8 and 1195.4 keV transitions are observed in the coincidence
spectra gated on the 404.2 and 367.1 keV transitions depicted in Figure 5.18.

Levels above the £~ isomer at 2381.8 + X keV

Few new levels were deduced from this work and those known were con-
firmed.

The 485.1, 550.0 and 377.4 keV coincidence gates

The 485.1 keV coincidence gate in Figure 5.17 (a) revealed eight new transi-
tions (775.4, 504.4, 266.5, 372.3, 550.0, 770.9, and 127.0, 815.9 keV) together
with the known (377.4, 438.5 and 404.2 (' — 13%) keV) transitions
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associated with the %"Bi nucleus. The 550 keV coincidence gate in Fig-
ure 5.17 (c) shows that it is self-coincident. This is an indicative of the
existence of another 550 keV transition in ®’Bi which is not placed yet
in the level scheme. It is also in coincidence with the lower-lying (186.6,
195.5, 367.1, 377.4, 438.5, 404.2 and 923.6 keV) '*'Bi transitions. The
266.5, 372.3 and 770.9 keV transitions in the 485.1 keV coincidence gate
shown in Figure 5.17 (a) are weaker and close to less intense transitions.
The 377.4 keV coincidence gated in Figure 5.17 (b) yields three (127.0,
266.5 and 550.0 keV) new transitions in 197Bi. The 330, 345 and 630 keV
transitions observed within the gate belong to '**Bi nucleus. The 404.2,
438.5, 485.5 and 923.6 keV transitions below the 327 at (3305.4 + X) keV

level are observed.

Levels above the 275+ isomer at 2064.0 keV

All the transitions above the %;- isomer at 2927.7 keV are new, apart from
the 628 and 311 keV transitions. The v-ray coincidence spectra extracted

from the gated and ungated -y matrix (see Table 4.3 in Chapter 4) gated

25+
2

sitions are discussed. Furthermore, summed coincidence spectra produced

on various transitions above the at 2064.0 keV showing these new tran-

by gating on new transitions from Band 1 are also discussed.

The 6828 keV coincidence gate

The intensities of all of the low-lying transitions are hindered by the existence
of the 209, 37 and 16.2 ns isomers at 2927.7, 2064.0 and 1599.6 keV respec-
tively. Some low-lying 999.9, 1008.8, 97.3, 623.0 and 863.7 keV transitions
are not seen in the 628 keV gated spectrum, while other previously known
low-lying (195.5, 367.1 and 404.2 keV) transitions [Zho95, Cha86] can be
observed in Figure 5.18 (b). The 389.5 and 345.0 keV transitions placed
above the 3866.1 keV level are tentative, and are thus bracketed. These
transitions, together with the 131.4 keV line are seen in coincidence with
the 628 keV transition in Figure 5.19.

The new (218.2, 254.8, 292.3, 327.4, 264.2, 302.2, 355.5 and 396.0 keV)

transitions which constitute Band 1 in Figure 5.15 are in coincidence with the
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Figure 5.19: The background subtracted spectra eztracted from the ungated
matriz, gated on the: (a) 218.2 and (b) 627.6 keV vy-ray transitions. The
position of the gates are indicated by dashed-lines in both panels. In (a) and
(b), the insert show the ezact positions of the Bi X-rays observed in the low
energy region of the two spectra. The presence of the Bi X-vays, 311 and
628 keV transitions in the 218.2 keV coincidence gate emphasise that the
newly observed 218.2 keV transition belong to *"Bi. The ~-ray transitions

marked with arrows belong to °8 Bi.
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311 and 627.6 keV transitions (in Figure 5.19 (b)) and are therefore placed
in %7Bi. The 302.2 and 396.0 keV transitions are weak in the 627.6 keV
gate, but their placement is confirmed by gating on transitions belonging
to Band 1. The 628 keV gate yields also some transitions in 1%8Bi, but the
relative transition intensities of these transitions with respect to those of
197Bi are relatively low. Therefore, in the following study when we measure
the DCO ratio and linear polarisation for the 628 keV <-ray, we consider
the obtained results as applicable to the 628 keV transition in *'Bi.

The 222, 131 and 311 keV coincidence gates

The 222, 131 and 311 keV +v-ray coincidence spectra extracted from the
ungated -y —+y matrix are shown in Figures 5.20 (a), (b) and (c) respectively.
A coincidence relationship between the new 222 and 131 keV transition and
the known transitions below the 375— level at 3866.1 keV is observed. The
311 keV «v-ray coincidence spectrum extracted from the (d) gated matrix
show that it is in coincidence with the Band 1 (218, 255, 292, 327, 264 keV)
transitions and also in coincidence with the transitions of *’Bi. Compar-
ing the spectra in Figure 5.20 (c) and (d) one can see that many strong
peaks from the former spectrum do not appear anymore in the latter one,

indicating that they belong to a T1 nucleus.

Gates on Band 1 transitions

The coincidence spectra in Figure 5.21 (a) and (c) are gated on the 396.0
and the 302 keV transitions respectively. The 396.0 keV transitions is in
coincidence with the low-lying 186.6, 195.5, 367.6 and 404.2 keV transitions
and the 311 and 627.6 keV. The 302.2 keV gate yields some (186.6, 404.2 and
627.6 keV) low-lying transitions. Band 1 transitions are in coincidence with
themselves and with with the low-lying 186.6, 195.5, 367.1 and 404.2 keV
transitions as well as the 311 and 628 keV transitions as shown in Figure 5.21,
5.22 and 5.19 (a). Thus Band 1 was assigned to '®’Bi. In Figure 5.19 (a)
seven new (254.8, 292.3, 327 .4, 264.2, 302.2, 355.5 and 396.0 keV) transitions
are revealed and placed in Band 1 (above the 32—7+ at 4019.2 keV level). The

new 605.1, 486.4, 153.1, and 141.2 keV transitions are seen in coincidence
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Figure 5.20: The °"Bi coincidence v-ray spectra generated from the
ungated v~y mairiz by gating on the (a) 222.0, (b) 131.4 and (c) 310.8 keV
transitions. The vy-ray spectrum (d) gated on the 310.8 keV transition was
extracted from the gated v~y matriz. The arrows in panel (c) indicates the

198 B{ 4-ray transitions.
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Figure 5.21: The y-ray coincidence spectra generated from the ungated
malriz, gated on the (a) 396.0 keV, (b) 355.5 keV and (c) 802.2 keV ~y-ray
transitions of Band 1. In all panels, the position of the gates are sndicated
by the dashed-lines and the vy-ray peaks are labelled with their respective

energies.
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with the 218 keV gate.
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Figure 5.22: The summed coincidence y-ray spectra for Band 1 in **"Bi.
These spectra are generated from the (a) ungated and (b) gated (on the Ky,
Ko1 Bi X-rays detected with the LEPS detectors) matrices by summing the
218.2, 254.8, 292.3, 327.4, 264.2, 302.2, 355.5 and 396.0 keV gates.

5.2.2 YBi DCO

A similar procedure to the one followed in section 5.1.2 was adhered to, in
performing the Rpco measurements for experiment II. The y-ray Clover

spectra gated on the K,; Bi X-ray on the y-axis of the DCO matrices were
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Table 5.3: The level energies (E.,.), initial spins I;, vy-ray transition
energies (E. ), intensities (I,), total intensities (L), DCO ratios (Rpco =

ﬁ%—w@ ), polarisation anisotropy (A, =

spin assignments for the 1°7 Bi nuclei.

Ny—alN,
Nv+:7vf;

) ggzl ratios and the

Eeoe L Ey L L Rpoo | 4p g 1:; Assignment
(keV) (keV) | (%) | (%) (prv/eb)’
999.9 £ 999.9 > > B- o, 8-
1008.8 37 | 10088 ) ) u- o8-
11954 | L% | 11954 oo Bt 8-
1195.4 nt | 1866 0.74(8) | )* pt o, u-
1195.4 Bt | 1955 0.70(14) | )* pt o, n-
1599.6 vt 4042 117(9) | ) - 2t
1966.7 at 367.1 0.88(7) | -+0.06(1) ut , ut
2064.0 w 97.3 1.24(28) | )* Bt ., ut
2087.9 &t | 1212 s+ 2+
21269 + X | &7 | 160.2 0.77(16) A N
2357.4 293.4 )* 0.55(8) | )*
2382.4 | 2045 ) 0.63(10) | )* IR A
2381.8 + X | 27 254.9 ) B- o, 2
2496.8 432.8 0.65(15) | )*
2635.4 278.0 ) > )
2687.0 s 623.0 ) ) e, at
2866.9 + X 485.1 )" 0.54(9) | -0.04(4) Ty T
2927.7 . 240.7 0.47(31) nw oy ue
2027.7 & 863.7 ) > n- oy et
3070.4 1006.4 ) ) - %
3305.4 -+ X | 27 438.5 0.54(14) | -0.02(1) BT B
3305.4 + X | 27 923.6 1.11(25) | +0.26(2) BT 8T
34141 | (8Y) | 486.4)° 0.54(9) | )* (2t) - 2~
3585.3 8= | 6276 )° 0.54(7) | -0.03(1) BT 8T
3555.3 e 141.2 > > 8-y (2t
3642.3 + X 775.4 ) ) 5 a-
3677.7 + X 372.3 > » - BT
3682.8 + X | ¥~ 377.4 0.55(14) | )* £- o, 8-
3682.8 + X 815.9 > > B 8-
3809.8 + X | (¥° 127.0 )* | 0.63(19) (2% - &~
3809.8 + X | (¥° 504.4 > > (L) > 2~
(3831.6) (155.7))° > >
3866.1 B 310.8 | 70(4) | 100 | 0.49(10) | -0.08(1) BT 87
3997.5 ae 131.4 » 0.55(25) A
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...continues from Table 5.3.
Eene L E, I L | Rpco | 4, ot | Assignment
(keV) (leeV) (%) | (%) (s /eb)?
4019.8 12 163.7 38(6) | 44 | 0.56(22) | )* ut_, u-
4019.8 et | (187.6))° )» at
4019.8 . 605.7 44(6) | x4 ) ) at L, (ut
4076.3 + X 266.5 > ) - (2%
4076.3 + X 770.9 ) ) - 8-
4219.5 E 222.0 > | 0.66(14) | )* E
4237.4 2t 1 2182)® | 26(8) | 58 | 0.54(6) | )* w_, ard
(4255.6) (389.5) ) 0.58(12) | )* (32t) - 8t
(4359.8 + X) (550.0))° 0.64(18) | )* - (£
4492.2 at | 9548)% 20(8) | 35 | 0.64(7) | )* > 184 | 4% 2t
(4600.6) | (F°) | (345.0) )" )’ r (2% = (X%
4784.5 8t 1 292.3)" 18(9) | 28 | 0.59(9) | )° > 123 | %, at
5111.8 A 327.4)%* 14(10) | 20 | 0.47(17) | -0.05(2) | > 13.8 | &t ., @t
5376.1 i1+ | 264.2)®* | 05(17) | 9 | 0.46(18) | )° > 30.3 | 4+ a8t
5678.3 £+ 1 3022)® | o03(13) | 4 |0.52(16) | )* >93 | gt ut
6033.8 at 355.5)%* | 0.2(13) | 3 | 0.48(23) | )* Bt o, at
(6429.8) | (F") | (396.0) )™ > ) -y B
& = 1.05

& Could not be determined due to lack of enough statistics.

b Measurement for the unresolved doublet.

¢ Tentative.

Bl Band 1.
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generated.

The Rpco of the previously known E1 (160.2, 186.6 and 195.5 keV), M1
(254.8, 294.5, 438.5 and 485.1 keV) and the E2 (97.3, 367.1, 404.2 and
923.6 keV) transitions in *7Bi [Cha86, Zho95] were determined and are
marked with filled-circles and the doublets with stars in Figure 5.23. The
Rpco of these transitions are consistent with the previously suggested mul-
tipolarities [Cha86, Zho85].

The average -Rpco for the known M1 (224.8, 294.5, 438.5 and 485.1 keV)
and E1 (160.2, 186.6 and 195.5 keV) transitions in '*"Bi [Cha86, Zho95]
was determined as 0.65 + 0.09 while for the E2 (97.3, 404.2, 923.6 and
367.1 keV) transitions was 1.10 £ 0.09. These average values are marked
by the dashed-lines in Figure 5.23 for *’Bi and the insert of this figure for
198Bi (discussed in section 5.3.1).

The multipolarity for the known 310.9, 432.8 and 627.6 keV transitions
marked with empty-squares in Figure 5.23 were not determined previously
[Zho95]. However, the present work revealed that they are dipole in char-
acter. The new (131.4, 153.1, 218.2, 222.0, 240.7, 264.2, 302.2, 327 .4, 355.5,
389.5 and 550.0 keV) transitions (marked with empty-circles in Figure 5.23)
were found to be dipole in character. The Rpgo (Table 5.3) for the known
97.3keV (2% — 2L¥) transition found in this work confirm the quadrupole
nature previously determined by [Cha86).

The Rpco measurements were made cumbersome by the presence of the
doublets (transitions which are close to each other in energy). For instance,
in order to measure the Epgoo for the 292.23 keV (%+ -3 471'*') line without
bringing in the 293.4 keV transition at 2064.0 keV level, the coincidence
spectra gated on the intense 310.8 keV (37 — 27) transition was gener-
ated. The Rpco for the 131.4, 222.0, 2564.8 and 292.3 keV were determined
from this coincidence gated spectra and are given in Table 5.3. Similar
values for the Rpco for the 292.3 keV (42_3+ 3 %+) and 254.8 keV (%ﬁ' -
5’.‘,2+) transitions were found gating on the 218.2 keV (§zg+ — 32—7+) transition.
The Rpco for these four new transitions are close to the average value for
the dipoles.

The Rpco for the total peak, 293 keV when gated on the X-rays was mea-
sured to be = 0.55 (0.09). This is consistent with the previously suggested
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dipole nature of the 294.5 keV ("’2—7+ —$ 22—5+). The coincidence spectra gated
on the 222.0 keV transition were used to extract the Rpco for the new
486.4 keV ((32—3+) — 2L7) transition which is close in energy to the known
485.1 keV (321- - %—) transition. The Rpgg found for the 486.4 keV
transition suggest a dipole nature for this transition.

Two ways were employed to measure the Rpco for the known 367.1 keV

21+ 17+
(" -3

the Rpco was measured from the K,; Bi X-ray gated coincidence spectra

) transition previously assigned an E2 multipolarity. Firstly,

and found to be 0.88 4 0.07, which is a bit low for a quadrupole transition.
Subsequently, a similar Rpco (0.88 £ 0.07) was obtained, when a sum
of spectra gated on the 195.5 keV (27 — 187) and 186.6 keV (12" —
%‘) transitions were used. Thus, the Epgo of 367.4 keV measured from
the present work lies in between the average values for the dipoles and

quadrupoles (see Figure 5.23).

5.2.3 Linear Polarisation Measurements for 1*"Bi

Measurements to determine the sign of the A, were performed for the
ungated and gated Clover spectra depicted in Figures 5.24 and 5.25 respec-
tively. The signs for the A, in Table 5.3 for the known (367.1, 438.5, 485.1
and 923.6) transitions are in agreement with the multipolarities suggested
in the previous [Zho95] study. In the present work the A, (Table 5.3) for the
310.9 and 627.6 keV transitions were determined for the first time showing

magnetic nature.

5.2.4 Transition Intensities for *"Bi

Due to the presence of the isomers in the level scheme **7Bi [Cha86, Zho95),
it was rather cumbersome to determine the intensities for all transitions dis-
played in Figure 5.15. However, the gamma intensities and total intensities
(corrected for internal electron conversion) for the transitions above the 32—1°
isorner were determined, normalised to the 310.8 keV (3£~ — 37) transition
intensity and listed in Table 5.1. The gamma intensities for the 153.1, 218.2
and 310.8 keV transitions were extracted from the ungated y-ray coincidence

spectrum. The spectra gated on the 153.1 keV (377+ ~ 2£7) and 327.4 keV
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Figure 5.23: The DCO ratios (Rpco) for the new (open-circles) and
the known (filled-circles) vy-ray transitions in °"Bi [Cha86, Zho95] and
188 i [Zho96, Zwa00] (insert). The stars represent the doublets while
the empiy-squares mark the known transitions which their multipolarities
were not determined in the earlier studies [Zho95, Lon86]. The dashed-
lines (also in the insert) correspond to the average Rpco values obtained
using the known siretched dspole (0.65 £ 0.09) and the stretched quadrupole
(1.10 + 0.17) transitions. All the new transitions are found to be dipole
n nature. A good reproduction of the previously measured dipole and

gquadrupole transitions is obtained in both cases.
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Results of Data Analysis
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Figure 5.24: The ungated and background subiracted double-hit-events
spectra of the horizontally (H) and vertically (V) scattered y-rays detected.

The difference (V-H) spectrum display the sign of the anisotropy.

In

particular the magnetic nature of 310.8 and 627.6 transitions can be seen.
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Figure 5.25: The gated and background subtracted double-hif-events spectra
of the horizontally (H) and vertically (V) scattered v-rays, detected. The
difference (V-H) spectrum display the sign of the anisotropy. In particular,
the magnetic nature of the newly found 310.8 and 627.6 keV transilions can

be seen.
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(%5+—+ %3-+) transitions and extracted from the ungated matrix were used
to measure the gamma intensities for the 254.8 keV (»451-+ b %‘—’»+) and the
355.5 keV (8" — 2% transitions respectively.

Furthermore, a coincidence spectrum gated on the 218.2 keV (%9-+ — %4')
transition was employed in determining the intensities of the 264.2 (‘%’4’
- 45%) 2923 (487 47y 3022 (2% 5 £7) and 327.4 (£F - 27T,
Measuring the branching ratios of the 153 and 605 keV transitions from the
spectrum gated on 218 keV transition and correcting for detector relative ef-
ficiency, internal electron conversion and the "true” intensity of the 153 keV

v-ray the total intensity of the 605.1 keV transition was found.

5.2.5 RSAM Lifetime Measurements for 1971%8B;

The Apsaym measurements for experiment II were conducted in a pro-
cedure reminiscent to that discussed in section 5.1.5. The relative effi-
ciency: a = 0.91 was measured and employed to generate the spectra de-
picted in Figure 5.26. Table 5.4 lists the +y-ray energies (E.,) and the
anisotropies (Aprsam) for most of the transitions in '°'Bi. Figure 5.27
highlights the distribution of the y-ray Apsam.

Only the known delayed (97.3, 160.2, 186.6, 195.5, 293.4, 367.1, 404.2 and
999.9 keV) transitions appear in the difference spectrum and have large
ARrsanm values (Table 5.4) in agreement with the previous studies [Cha86,
Zho95). The measured Agsan are displayed in Figure 5.27. Only the
known delayed (97.3, 160.2, 186.6, 195.5, 293.4, 367.1, 404.2 and 999.9 keV)
transitions appear in the difference spectrum and have large Aggan val-
ues (Table 5.4) in agreement with the previous studies [Cha86, Zho95). The
measured Apsam are displayed in Figure 5.27 with the error bars estimated
within 4 %. The new transitions, shown by open circles, together with
the known (310.8, 438.5 and 485.1 keV) transitions shown by solid-dots are
prompt because such peaks do not appear in the difference spectrum. The
anisotropy for some of the y-rays associated with the °®Bi nucleus is listed
in Table 5.4 and displayed in Figure 5.27. The results show that 242 keV and
672 keV transitions are prompt and delayed respectively and corroborates
the previous studies [Zwa00, Zho96]. The 143 keV transition, a member of
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Figure 5.26: The sum (difference) spectrum gated on the K,; and K,z Bi
X-rays (Table §.4) detected by the LEPS detectors generated for the Ny +
aNg (Ny - aNg) of the y-rays detected by the Clover detectors at 96° (Ny)
and 86° (Ng). The «y-ray transitions marked with filled-circles and open

circles highlight the known and the new *°7'%8 Bi transitions respectively.
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Table 5.4: The y-ray transition energies (E.,) and anisotropies (Apsam)

for the 1°*T198 Bi nuclei measured in the Bi X-ray gated spectra.

Ey (keV) | fuzele (o) e
97.3 12
142.8 )° 2
153.1 2
160.2 29
186.6 25
195.5 15
218.2

242.1 )¢

254.8 )® 7
293.4 )° 17
310.8 4
345.0 )* 16
367.1 28
404.2 20
432.8 10
438.5

485.1

627 )® 10
672.0 )¢ 15
99.9 15
® a=081

}® Messurement for the
unresolved peak

J¥ v-ray transition in coincidence
with members of the unassigned
sequence (in section 5.4)

¥® 4-ray trensitions associsted
with the '*3Bi nucleus.

¥ error bars are within 4 %
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Figure 5.27: The y-ray anisotropies (Apsam) extracted from the Clover
spectra gated on the K, and K,y Bi X-rays (Table {.4) detected by the
LEPS detectors. The filled-circles and triangle represents the known °7 Bi
and '3 Bi transitions respectively. The, open-circles (except the 242 keV
transition in '98Bi [Zwa00]) depicts the new transitions in °7Bi. The
filled-squares indicates the known doublets in both *°"Bi [Zho95] and *®Bi
[Zho96]. Error bars are within { %.
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the unassigned sequence in section 5.4 has been observed as prompt.

The 628 keV line in this spectrum has contributions from the 627.6 keV
transition in '°7Bi and from the delayed 625 keV transition in !*®Bi. Thus,
it is a bit cumbersome to determine where the 627.6 keV vy-ray is prompt
or not. Some other weak transitions have relatively large Arssar, but do
show peaks in the difference spectrum and are thus considered not delayed.

In summary, no evidence for new isomers was found in our data.

5.3 198Bj Level Scheme

The first observation of excited states in the nucleus **Bi was made by
X. H. Zhou, et al., [Zho96] and they deduced the level scheme shown in
Figure 5.28. Three dipole bands associated with 1®®Bi were found in a later
work by Zwartz et al., and reported [Zwa00]. One of these three dipole
bands was observed in our experiment II data. This band is labelled D
in Figure 5.32 and consists of seven 4-ray transitions. A cascade of y-rays
labelled A, B, C and D above the 1877 keV (5%) isomeric (8.0 ns) state in
188p; [Zho96) was observed in the present work as shown in the figure and
is in conformity with the previous work [Zho96, Zwa00].

Figure 5.29 display the v-ray coincidence spectra generated from the
ungated -y matrix gated on the (a) 345.1 and (b) 213 keV transitions.
In both panel (a) and (b), the known +-ray transitions associated with %®Bi
in coincidence with the gates are labelled with their respective energies and
marked with arrows. The !%7Bi transitions observed in the (a) 345.1 keV
coincidence gate, the low-lying 404.2, 367.1 and possibly 627.6 keV tran-
sitions, are very weak, showing that the main component of 345 keV line
come from '98Bi. Furthermore, the 379, 372 keV gates shown in Figure 5.30
and the summed coincidence y-ray spectra for Band D in Figure 5.31 clearly
confirm the presence of the known '®®Bi transitions in experiment II data.
The 116, 107, 672 and 990 keV transitions which lie below the the 15t
isomeric state at the 1877 keV level [Zho96] in !%®Bi were also observed.
These were the only transitions observed below the 15% (8.0 ns) isomeric
state in coincidence with the 345.1 keV transition.

A portion of the '%8Bj level scheme (in Figure 5.32) was constructed from
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Figure 5.28: The known level scheme of ®® Bi taken from [Zho96].
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Figure 5.29: The v-ray coincidence spectra gated on the (a) 345 keV and

(b) 213 keV transitions. All the vy-rays seen in coincidence with the gate

in both panels are labeled with their respective energies. Those marked with

arrows represent the known transilions above and below the 157 isomeric
state in 8 Bi [Zho96]. The inserts show the ezact positions of the Bi X-

rays (as in Table 4.4).
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Figure 5.31: The summed coincidence y-ray spectra for Band D in °8Bj
(Figure 5.32). These spectra are generated from the (a) ungated and
(b) gated (on the K.z, Kn1 Bi X-rays detected with the LEPS detectors)
matrices by summing the 372, 213, 242, 295, 297, 319, 345 and 379 keV

gates.
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the y-ray transitions observed above the 15% isomeric state. It confirms the
known '98Bj level scheme (Figure 5.28). Attempts were made to find the
linking transition(s) between structure D and the transitions above the 15%
isomeric state (8.0 ns). However, the low statistics in our data did not allow
to unfold a decay path between these structures (Figure 5.32). For instance

spectra gated on 345 and 213 keV are displayed in Figure 5.29

288
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Figure 5.32: Partial 1°®Bi level scheme observed from ezperiment II data.

5.3.1 !%Bi DCO

The y-ray transitions associated with the 1%8Bi [Zho96, Zwa00] nucleus have
been observed in the experiment II data. These transitions are listed in
Table 5.5 with their energies and where possible the corresponding Rpco.
The insert of Figure 5.23 depicts the Rpgo for four (212.6, 345.1 and
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Table 5.5: The v-ray transition energies (E,), DCO ratios (Rpco) and
the multipolarities for Y% Bi [Zho96].

Ey (keV) | Rpco = i(%:‘o—l—:‘rol Multipolarity
212.6 0.56(19) dipole
242.1 0.55(31) dipole
287.5 0.56(19) dipole
204.5 0.55(31) dipole
297.0 ) )
318.0 ) )
330.4 » »
345.1 )* 0.56(10) dipole
371.8 )» »*
378.9 0.68(9) dipole
402.4 » »
500.5 ) >
576.5 ) >
592.1 )»* )
630.0 »® )

® QCould not be determined due to lack of enough statistics.

b Unseparated doublet - mensurement for the total peak.

378.9 keV) transitions. The 212.6, 242.1, 345.1 and 378.9 keV transitions
represented by filled circles show a dipole character, thus consistent with
the previous results [Zho96, Zwa00]. The Rpgo for the 242.1 keV transition
shown by an open circle was found for the first time in the present work and

clearly indicates the dipole nature of the transition.

5.3.2 Linear Polarisation Measurements for '*°Bi

There were no transitions from '%8Bi for which it was possible to measure

the sign of polarisation anisotropy, due to very low statistics.

5.3.3 RSAM Lifetime Measurements for **Bi

As shown before in the Figure 5.27 we did observe the known delayed
transitions of 198Bi in the difference spectrum. Considerable anisotropy was
found for the 345 keV transition, showing its delayed nature. The 345 keV

transition in '®®Bi is very strong while it is very weak if it at all exists in
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197Bi, as seen in Figure 5.29 (a). Thus, there is no doubt that when gating
on the Bi X-rays the 345 keV peak belongs to 'Bi. This suggests that the
(16%) level at 2222 keV is a new nanosecond isomer. In order to measure
its lifetime, the difference and sum spectra gated on 630 keV transition
have to be generated. However, the statistics in these gated spectra were
not sufficient to allow such measurements to be performed. Since no new
transitions were found in !*®Bi and also that this channel is relatively weak,
no v-intensity measurements were done. Intensity balance measurements
were however done for the (16%) level in **®Bi, by gating on the 379 keV
and comparing the intensities of the 630 and 345 keV transitions. Similar
intensities have been found. Thus, the intensity measurements do not show
an isomer, while it can be observed with RSAM. Indeed, this method is

much more sensitive to isomeric levels than the intensity balances.

5.4 TUnassigned y-ray sequence
399
281
143

Figure 5.33: A sequence of four vy-ray transitions found in the experiment I
data.

Four (142.8, 281.1, 399.4 and 513.6 keV) «-ray transitions in coincidence

with each other were found in the experiment II data. The coincidence
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Table 5.8: The v-ray transition energy (E.), DCO ratios (Rpco) and the
multipolarily of the unassigned «y-ray sequence (in section 5.4).

E, (keV) | Bpoo = ﬂ%‘;—:}eﬂ- Multipolarity
142.8 0.62(12) dipole
281.1 0.59(26) dipole
355.4 0.69(18) dipole
513.6 0.59(14) dipole

®  Could not be determined due to lack of enough statistics.

structure of these transitions is depicted in Figure 5.33. The transitions
show a coincidence relationship with a 485 and a 367 keV transition, but
not with the other low lying '97Bi transitions as shown in Figure 5.34. There-
fore, the structure (in Figure 5.33) could not be assigned unambiguously to
either 198Bi, 1°"Bi or !°®Bi nuclei. However, it might be lying above the
317 (2920 keV) level in 1°7Bi.

The DCO analysis showed that the 142.8, 281.1, 399.4 and 513.6 keV transi-
tions are dipole in nature. The summed 142.8, 399.4 and 513.6 keV (142.8,
281.1 and 513.6 keV) coincidence y-ray spectra generated from the DCO
matrices were used to determine the DCO ratio tabulated in Table 5.6 for
the 281.1 keV (399.4 keV) transition.
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Chapter 6

Discussion

Interpretation of the experimental results in relation to the theoretical pre-
dictions of Total Routhian Surface (TRS) calculations, the Cranked Shell
Model (CSM) and the Tilted Axis Cranking (TAC) model are discussed in

the present chapter.

6.1 Introduction — Dipole Bands

Dipole bands have been discovered at high excitation energies in the near
spherical 1°2-2°1pp and 198-292Bj puclei [Plo93, Dag93, Dag94, Hug93, Fan91,
Van86, Clag94, Cla93, Por94, Bal92, Bal92a, Duc96, Cla92, Cla92a, Kac02,
Sin02, Kuh92, G6r01]. They exhibit several common features:

(i) The bands consist of M1 transitions and are regular (that is, follow the
I(I + 1) rule);

(ii) No or weak E2 cross-over transitions were observed for these bands;
(iii) The %%} ratios are large (~ 20 — 40 (un/eb)?);

(iv) The dynamic moments of inertia, S(2) are small and vary between
10-30 A% /MeV;

(v) No or very small signature splitting is observed for the dipole bands;

(vi) Transitions connecting some of these bands with the low-lying states

were not identified in many Pb and Bi nuclei. Thus, their excitation
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energies, spins and parities were not known and therefore, made it
cumbersome for precise identification of configurations involved in
these bands. As a result, interpretation of the structures were on the
basis of analysis of the %&%’2%2 branching ratios, mixing ratios derived
from the DCO and lifetime measurements. The 4-ray transitions
linking some of the bands to the low-lying states have been found
for 193-198ph [Duc96, Gor0d1, Kac02, Sin02, Por94].

The dipole bands have been assigned with a high-K proton configuration
and associated with small oblate nuclear deformation. These bands have
been first interpreted with the aid of the Total Routhian Surface (TRS)
and Cranked Shell Model (CSM) calculations assuming collective rotation
of an oblate core. Within these models, the dipole bands were interpreted
as strongly coupled bands or high-K bands. Later the structures have been
interpreted in the framework of Tilted Axis Cranking (TAC) model [Frag3]
suggesting a.gradual alignment of the proton and neutron spins into the
direction of the total angular momentum. This behaviour is dubbed the
"shears mechanism” since it resembles the closing of a pair of shears. Within
this formalism, magnetic rotation has been suggested for the dipole bands
[Frag7].

In this chapter a discussion on the new dipole bands we found in *?°Bi and
1978 nuclei will be presented. This is the first time M1 dipole bands have

been observed in these nuclei.

6.2 Band 1 in ¥"Bi

It is expected that Band 1 like all the dipole bands in this mass region is built
on high-K proton and low-K neutron states. Since the excitation energy
is consistent with 4 quasiparticle excitations, it is suggested that Band 1
includes three proton and two neutron configurations. In the Pb isotopes,
the configuration suggested for the most intense dipole bands involve high-
K mig [505]2" and wh%[GOB}%+ orbitals with K = 117. In the heavier Bi
nuclei, configurations involving the same n[505]2~ and =[606] 12—3+ orbitals,

with a third proton in the 81 orbital were assigned resulting in a w(hy $13 8 1 )
2 3 2
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Figure 6.1: Spin as a function of v-ray energy for the dipole transitions of
Bands 1, 2 in 198 Pb [Sin02] and a new Band 1 in %7 Bi.

configuration [Cla93a, Dag94]. The s 1 proton configuration was suggested
for the third proton, because the ${2) for the dipole bands in Pb were
similar to those in these Bi and also because it is known that adding a
particle in a normal parity orbital does not change the properties of the
band. We also compared the properties of the Band 1 in *7Bi with the two
most intense bands in *8Pb assigned to w(hy i) @ v(is )? for Band 2 and
’.’l‘(h% 3;23) ® V(ixz_s)llj' for Band 1, where j = P, f% respectively.

Comparison of the spin, I as a function of v-ray energy, E. for the dipole
transitions of Bands 1, 2 in !%Pb [Sin02] and the new Band 1 in '*7Bi is
shown in Figure 6.1. A much steeper increase in spin with respect to y-ray
energy is observed for Band 1 in **7Bi as compared to Band 1 and 2 in *6Pb.
This means that the dynamic moment of inertia of the Band 1 in *'Bi is
much larger than those in ®®Pb. This can be seen in Figure 6.2, where the
&(?) are displayed. The §{(?) observed for Band 1 in *7Bi is almost twice that
of Band 1 and 2 in '®8Pb before the backbend. It is known that the $(2) is
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Figure 6.2: Plots for the dynamic moment of inertia J (2) (denoted by s(2)
in the text) for the bands in 1°" Bi and '°6 Pb [Sin02] nuclei as a function of
the rotational frequency. Abbreviation BB in the legend refers to a backbend.

very sensitive to the proton and neutron configurations. It is expected that
such big differences in $(2) can be caused only by involving an intruder
orbital in the configuration of the band in °’Bi. Since the only other
available intruder orbital close to the Fermi level is high-K 1rh_:_ (514]1°, we
suggest that the third proton is occupying the intruder high-K wh% [514]%—
orbital. Shown in Figure 6.3 are the single-particle levels calculated using a
Woods-Saxon potential, for neutrons and protons as a function of f,.

The high-K proton configuration of the dipole bands in this mass region
is supported by the large values of %((AE%)) ratios. In '®7Bi, since E2 cross-
over transitions were not observed for Band 1 the lower limits for the %(é‘%)
values were obtained and are tabulated in Table 5.3 of Chapter 5. The values
are greater than 9 (uy)?/(eb)? which supports the involvement of high-K
proton orbitals.

In earlier studies, it was observed that the ground bands in even Hg and the
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Figure 8.3: Single-particle levels calculated using a Woods-Sazon potential,

for neutrons (upper panel) and protons (lower panel). Orbitals are labelled
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dipole bands in Pb bands exhibit similar behaviour of the projection of the

angular momentum along the rotational axis, I, as a function of rotational
frequency, hw [Duc96, Gr01, Hiib86). Thus, it was suggested that the Pb

have similar small oblate deformation like Hg and that the dipole bands in



6.2 Band 1 in 97Bi 129

Pb are generated by collective rotation of the core while the high-K protons
act like spectators. In order to investigate whether similar considerations
hold for %7Bi and ?8Pb dipole bands, I, as a function of fw curves were
generated as depicted in Figure 6.4 for the new Band 1 in *’Bi and Bands 1
and 2 in '%Pb [Sin02]. K = 11 and K = 14.5 values were used for '*¢Pb
and '°"Bj bands during construction of the plots respectively. The following
Harris parameters were used (initially used for the Hg core [Hiib86] and later
for some dipole bands in Pb [Plo93, Moo95]) as reference: Jo = 8 h?/MeV,

J; = 40 A*/MeV®. We also used these Harris parameters in our case. The
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Figure 6.4: Angular momentum, I, along the rotational azis as a funciion
of the rotational frequency, hw for Band 1 in ®"Bi and Bands 1 and 2
198 pp [Sin02]. The curves were generated for K = 11 and K = 14.5 in the
case of bands in % Pb and '°7 Bi respectively.

steepness of ‘*7Bi curve is again much larger than that of Pb. This implies
that either we do not have similar nuclear deformation or the consideration
of dipole bands generated as a result of a collective rotation with the high-K

protons acting as spectators is not applicable in this case.
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In order to measure signature splitting in the new Band 1 in '*7Bi, the
experimental routhians, é as a function of the rotational frequency, fiw were
plotted together with those for Bands 1 and 2 in 'Pb [Sin02], as shown in
Figure 6.5. K = 11 and K = 14.5 values were used to generate the plots
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Figure 6.5: The exzperimental routhians extracted from the bands in
197Bi and '®8Pb [Sin02] nuclei as a function of the rotational frequency.
The plots were gemerated for K = 11 and K = 14.5 values and the
following Harris parameters were used as reference: Jo = 8 h?/MeV,
Ji = 40 h*/MeV® [Hib86, Plo93, Moo95].

for °Pb and !°7Bi respectively. No signature splitting was observed for
Band 1 in '¥7Bi, which is an indication of a configuration involving high-K
orbitals.

An irregularity is observed for Band 1 in '°’Bi at about 0.3 MeV (see
Figure 6.1). However, the curve of the angular momentum as a function
of rotational frequency exhibits a very small gain in angular momentum of
a2 2 k. This gain is too small compared to what is expected for CD or BC

alignment in this mass region. For instance, we observe a backbend in both
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Bands 1 and 2 of 1%Pb (see Figure 6.1) with a CD crossing for Band 2 at
~ 0.34 MeV (see Figure 6.5) with a gain in angular momentum of ~ 8 A,
and a BC crossing for Band 1 at = 0.24 MeV (see Figure 6.5) with a gain in
angular momentum of & 10 h. Therefore, in %’Bi band, the irregularity at
a2 0.3 MeV is not likely to be an alignment of CD or BC neutrons. Further
studies are needed in order to address the question about the nature of these
irregularity.
It is known that the high-K 1r[606]—1§+ and m[505]2 intruder orbitals are
deformation-driving. Thus, involving a third high-K deformation-driving
orbital might result in larger nuclear deformation than this in the °¢Pb
isotone. Hence, in order to estimate the deformation corresponding to
the newly found Band 1 in '®7Bi, TRS calculations were performed. Fig-
ure 6.6 shows the results of such calculations performed for (7, @) = (+, +31)
configuration at a rotational frequency, w = 0.282 MeVA™!. Four energy
minima which correspond to spherical, superdeformed, non-collective oblate
and collective oblate deformation develop along the (f3,7) plane and their
corresponding values are summarised in Table 6.1. Considering the collective
oblate minimum revealed by the calculation, it is rather difficult to determine
whether the minimum corresponds to a proton configuration with K = 14.5
or to a different configuration, because TRS gives only the projection of
the spin on the rotational axis. However, we can find more information by
considering the non-collective oblate minimum [Wys02]. For this minimum,
the spin, I, = 14.01 given by TRS is the projection of the proton angular
momentum on the symmetry axis of an oblate nucleus and thus, this mini-
mum should correspond to the nuclear deformation generated by the three
high-K i 1 h’g [Wys02]. Considering this minimum, it is not possible to
estimate any changes to the deformation which might be involved by the
alignment of the neutron pair along the collective rotational axis. However,
it is expected that the neutron orbitals lying close to the Fermi level for
these nuclei are not deformation-driving, and thus will not lead to changes
of the nuclear deformation. The results of TRS calculation thus, predict
that the nuclear deformation is fg = 0.171.

In Pb isotopes, the most yrast dipole bands include neutron excitations

such as u(i;zg)2 or uizz_auj where (7 = p%,fg_...). Figure 6.7 shows the two
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Figure 6.8: TRS calculation for °7Bi in the (Ba,7) plane, performed
at a rotational frequency of 0.282 MeVR™' for the (m,a) = (+,+3),

configuration.

Table 6.1: Deformation parameters of the °7 Bi nucleus calculated from
TRS. The values correspond lo rotational frequency, hw = 0.282 MeV for
the (m,a) = (+,+3) configuration.

Shape B2 7 L In
Spherical 0.044  -35.7° 5.67 12.59
Non collective oblate/Triaxial | 0.171 > 44.2° | 14.01 2.14
Collective oblate 0.142 -64.0° | 164 15.78
Superdeformed 0.481 0.2° 12.10 1843
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possible configurations for Band 1 in *7Bi, ‘n'izz_a h% ® vil, resulting in a
2 2

bandhead spin of I ~ %H' and 1rz'12_a ki ® ui% vj corresponding to I =~
2

33~
2

(i (h%)z) ® u(i:z_a)2 is suggested for Band 1 in ¥"Bi.

We expect that at higher spins a CD band crossing will occur corresponding

. Since our experimental data favours the first case, the configuration

| 3R

145 : 14.5

(a) (b)

Figure 8.7: The bandhead spin obtained by the coupling of (i 1 (h% )?) to
(a) u(i%)z and (b) vigs vj.

to the alignment of a second pair ¢ 1 neutrons along the axis of collective
rotation. Studies with a larger array might be needed in order to observe
this band crossing.

Although CSM calculations might not be suitable for describing dipole bands
since they assume collective rotation, we performed such calculations in
order to search for a possible explanation of the irregularity, observed at
hiw = 0.3 MeV for Band 1 in '*’Bi. Deformation of #3 = 0.17 and an axial
symmetry, ¥ = -60° were used in the CSM calculation for Band 1 in %7Bi.
The hexadecupole parameter, 34 was set to zero for the calculations. Thus,
plotted in Figure 6.8 are the predicted Wood-Saxon quasi-particle energies
in the rotating frame or Routhians, as a function of rotational frequency,
hw. The convention for labelling the orbitals in Figures 6.8 is summarised
in Table 6.2. In the top panel of Figure 6.8, it can be seen that closest to
the Fermi level, proton routhians originate from the ‘ﬂ"h% [514]1, ‘ﬂ"h% [505)2

and mi B [606]% orbitals. This is consistent with their involvement in the
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Table 6.2: Convention for labelling the proton and neutron orbitals
described by the parity and signature guantum numbers. The proton

{(neutron) configurations are described by small (capital) leiters.

[ Convention for labelling the orbitals l

Shell model Nilsson ™, 0 edopted
Protons
iy x606]2T  (+,41) a
iy n6o6]2T  (+-3) b
hg_ 1[514]%— (-,+%) e
hy w514} (-3 f
hy =[505]37  (+3) 8
hy 7[505]127  (--}) h
Neutrons
iy v[eoo)it  (+,41) A
i v[600li*  (+-1) B
in vies1)it  (+,41) ©

configuration of Band 1 in 1%7Bi. The bottom panel of the same Figure 6.8
shows that the neutron Fermi surface is close to the low-K vi ] [600]3 and
vi B [651)3 orbitals, as well as orbitals originating from the low-j ps and
f‘;— shells. It should be noted that at frequency of =~ 0.3 MeV a (-,-%

routhian (originating from a h u orbital) interacts with the h routhian. This
type of interaction is expected to lead to a change of the configuration of
one proton only, which would occur at fiw = 0.3 MeV with a gain in aligned
angular momentum of = 5 fi. Although the results of CSM calculations
when applied to dipole bands should be taken with caution, the suggestion
that the irregularity in Band 1 could be related not with a pair breaking but
with a change in the proton configuration of the band, seems very interesting

and worthy of further study.

6.3 Band 2 in *°Bi

The spins for the levels in Band 2 of ***Bi could not be determined since the
de-excitation transition(s) from this band could not be found (see Chap-

ter 5). However, we took advantage of the similarity in the behaviour of
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the dynamic moments of inertia observed for Band 1 in !®’Bi and Band 2
in 1%5Bi, in order to gain knowledge about the configurations upon which
this Band 2 in % Bi is based. The spin as a function of y-ray energy for
Band 2 in '*®*Bi was compared with Band 1 in '*’Bi and Bands 1a and 2b in

194pp [Kac02] as depicted in Figure 6.9. In order to simplify the comparison,

35 bttt bttt b b o b s o b ol gi g
1|-®— *8i Band 2 I
“41—— "'Bi Band 1 B or
30 _‘ - ::Pb Band 1o EI’ET '_
1|~ EF ®Pb Band 2b e i
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™20 -
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10 | LI ] Ty Ty | LI T—l T 0 1 ¥ ‘ LA I ¥ LA R B ) ! LI A ) I LI | LA I | I

100 200 300 400 500

E, (keV)

Figure 6.9: Spin as a function of vy-ray energy for the dipole transitions of
Bands 1a, 2a in '®*Pb [Kac02] and the new Band 2 in '*® Bi nuclei.

an initial spin of &’ & is assumed for Band 2 in '®Bi. The slope of the curve
for Band 2 in % Bi is much steeper compared to those of Bands 1a and 2b
in 1%4Pb before the backbend. However, it has the same slope as the curve
for Band 1 in 197Bi.

A comparison of the dynamic moments of inertia, $* as a function of
rotational frequency, fiw for Bands la and 2b in Pb (below the back-
bend) [Kac02] and for Band 2 in 195Bi were made as shown in Figure 6.10.
The $? were calculated from the difference in spacing of the band levels,
AE.,, employing the formula $? = g{; == ALE‘, (as described in Chapter 2)

which is level spin independent. The $? observed for Band 2 in 1%Bi is
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Figure 6.10: Plots for the dynamic moment of inertia J(2) (denoted by gl2)
in the tezt) for the bands in 1% Bi and 1%*Pb [Kac02] nuclei as a function of
the rotational frequency.

almost twice that of Band 1a and 2a in ®4Pb [Kac02]. A rapid increase of the
G2 at a frequency of &2 0.3 MeV is observed for Band 2 in '*5Bi. Generally,
such an increase in $? is an indicative of band crossing or breaking of a pair
of nucleons. However, due to insufficient experimental data at high spin it is
not possible to deduce the nature of this irregularity. However, it appears at
about the same rotational frequency as the irregularity observed in Band 1
in '®"Bi and might thus have very similar nature. We suggest that as was
the case with Band 1 in '®7Bi the larger values of the & of Band 2 in '%°Bi
are caused by the involvement of the intruder rh% [514]%— orbital resulting
in a proton configuration of i 1 hzg.

A comparison of the angular momentum along the rotational axis, I, as a
function of Aw is shown on Figure 6.11 for Band 2 in '**Bi and Bands la
and 2b in **Pb [Kac02]. The plots for the bands were generated for K = 11

and K = 14.5 values in ®¥Pb and °7Bi respectively. Although the curve
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Figure 6.11: Angular momentum, I, along the rotational azis as a function
of the rotational frequency, hw for Band 1 in *®Bi and Bands 1a and 2a
194pp [Kac02]. The curves were generated for K = 11 and K = 14.5 in the

case of bands in *¢Pb and %° Bi respectively.

for Band 2 of '®5Bi consists of only three points it seems that as was the
case with Band 1 of 7B its steepness is still larger than that for the bands
in 1%Pb. This implies again that either the deformation of 1%°Bi is different
from that of 1%4Pb or that the assumption that the collective rotation is
responsible for this dipole band is not applicable.

In order to measure signature splitting for Band 2 in !*®Bi, the experimental
routhians, é as a function of the rotational frequency, hw were plotted
together with those for Bands 1a and 2b in '**Pb [Kac02] as displayed in
Figure 6.12. The curves for the bands in **Bi and '**Pb were generated for
K = 11 and K = 14.5 values respectively. The absence of signature splitting
is an indication of a configuration involving high-K orbitals.

The TRS calculations were performed for the (, o) = (+, +3), configuration

at a rotational frequency, w = 0.283 MeV#™! for 195Bi, in order to estimate
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Figure 8.12: The ezperimental routhians eztracted from the bands in
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following Harris parameters were used as reference: Jg

Ji = 40 ht/MeV® [Hib86, Plo93, Moo95].

8 h?/MeV,
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Figure 8.18: TRS calculation for 1% Bi in the (B,, v) plane, performed at a
rotational frequency of 0.283 MeVR™ for the (r, &) = (+,+}) configuration.

the deformation corresponding to Band 2. The results for this configuration
are depicted in Figure 6.13 which predicts the development of four energy
minima corresponding to spherical, non-collective oblate, superdeformed
and collective oblate deformation on the (8,, ¥) plane and are summarised in
Table 6.3. Considering the non-collective oblate minimum (because of simi-
lar considerations as for Band 1 in 1°7Bi) oblate deformation with 83 ~ 0.19
is suggested to correspond to Band 2 in !95Bi.

Although the spin and parity of Band 2 in ‘**Bi were not measured and this
makes it impossible to assign configuration to this band, the nearly identical
y-ray energies of this band and Band 1 in '*7Bi suggest that Band 2 might

have the same configuration, that is wiys A3 ® vid,.
1 El
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Table 6.3: Deformation parameters, B, and v; proton, I, and neutron, I,
spins for %8 Bi nucleus calculated from TRS. The values correspond to the
rotational frequencies, fuw tabulated for the (7, a) = (+, +%) configuration.

Shape Ba 57 L L hw (MeV)
Spherical 0.044 -34.0° 5.87 17.15 | 0.283
Non collective oblate/Triaxial | 0.189 > 46.6° | 16.76 0.42 | 0.244
0.177 > 45.6° | 13.38 6.41 0.283
0.192 > 44.7° | 14.42 7.04 0.322
Collective oblate 0.154 -64.6° | 2.3¢  18.23 | 0.283
Superdeformed 0.488 0.3° 12.08 19.28 | 0.283

6.4 Systematics of Dipole Bands in the Bi isotopes

In previous studies the proton configuration m'xz_.-. h% 8L was involved for
the bands in heavier 1°8-203Bj isotopes [Dag94, Cla93a]. In this work we
suggested that three high-K protons, n4 B and whzg participate in the con-
figuration of the newly found dipole Bands 2 and 1 in !**Bi and '97Bi
respectively. In order to investigate how the ﬂ'h,a h:s; and i 1 h, COTi-
figurations compete along the Bi isotopic chain, we extracted the 8(2) for
the most intense bands (before the backbend) in 192:184.196,188p}, [Gor01,
Kac02, Sin02, Plo93], and compared them with those for the bands in
195,197p; apd 198,199,200,202,2038; [Clag3a, Dag94, Zwa00], as shown in Fig-
ure 6.14. A similar behaviour of ${?) as a function of fiw and a value
of §() ~ 12 K%/MeV for fuw > 0.2 MeV is observed for the bands in the
Pb isotopes and for Bands 1 and 5 in 2°?2Bi [Cla93a] and 2%3Bi [Dag94]
respectively. A larger &(?) value of ~ 20 h?/MeV is observed for Band 5 in
200B;. A much larger value of §{?) is found for the Bands 1, 2 and 2 in 97Bi,
195B8; and 199Bj respectively. These bands have $(2) values of ~ 28 h2/MeV
over the frequency range 0.22 < hw < 0.28 MeV, about twice as large as
those for the bands in the Pb isotopes. The large value of &() for Band 2
in 1%8B;, similar to those of 1#%:1%7B; bands indicates that similar proton
configuration, that is i 1 h would be involved, as compared to the initially
proposed mi L hn 81 conﬁguratlon [Dag94, Cla93a). Thus, it looks like for

the lighter B1 1sotopes the mi 1 h% configuration becomes yrast while for the
]
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Figure 6.14: Plots for the dynamic moment of inertia J(2) (denoted by $(?)
in the tezt) as a function of the rotational frequency for the new bands in
195,197 By compared with those for known bands in 198:199:200,202203p; (014984

Dag94, Zwa00] and 192:184198,198 by, (05001, Kac02, Sin02, Plo93] nuclei.

heavier ones the i 1 h% 51 configuration is the lowest.

Furthermore, we employed the TRS model in order to check whether it
will be able to predict the above mentioned configuration competition in
the Bi isotopic chain. The calculations were performed for A (+,+1) and
F (-+1), routhians for 195:197:.198,201B; jsotopes. We searched on the non-
collective oblate axis for the energy minimum of the proton which would have
I, = 11%. However, among the obtained minima for 1®®2°1B;j we could not
find the one that could be unambiguously associated with the oblate shape,
and 7i B h% 51 configuration with K = 11. Shown in Figure 6.15 are the plots
for the Routhian energy, Er as a function of Bi isotopic mass predicted by
TRS for the A (+,+3) and F (-+31) routhians, and corresponding to i 1 Rk}

and 7§ 1 h 281 configurations respectively. They predict well that the 7 1 hgg
23
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minimum shown in Figure 6.15 is more yrast than 73 he 81 one in 195197B4,

3 3 2

However, it was not possible to predict if the wiis hs s, configuration will
3 ]

2
2
become yrast for the heaviest isotopes.

We studied the behaviour of the deformation parameter, 8; predicted by
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Figure 6.15: Plots for the Routhian energy, Er as a function of Bi isotopic
mass, generated from the TRS calculations performed at hw = 0.321 MeV
for A (+,+}) and F (-,+}) configurations corresponding to i h"é and

winh 281 configurations respectively.
2

the TRS calculations performed for the ¢ 1 h?; and 7§ 1 h% 81 configurations
in 195,197,199,201p; j5otopes. These results are summarised in Table 6.4. The
measured S, for the 11~ isomers in 194196Ph, [Vyv02, Vyv02a), corresponding
to mi L h : configuration are also included in Table 6.4. From these results it
is observed that f; increases with the decreasing N. This trend is consistent
with the earlier predictions that the deformation of the oblate minima in
the Pb isotopes increases with decreasing N [Ben89, Cla93]. Relatively
large deformations are predicted for both configurations. The values are

similar to the measured quadrupole deformations of the 11~ isomers in
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Table 8.4: TRS deformation parameters, B, for gsBi al rotational
frequency, hw =~ 0.282 MeV and the measured B, for the 11~ isomers in
184,198 pp, [Vyw02, Vyv02a).

N B2 values
from TRS for ss Bi | measured for o2 Pb
'm';:;h’;_ m';agh;_u% m’%h%
112 | 0.191 0.186 0.21 (4))*
114 | 0.171 0.186 0.156 (28))°
116 | 0.165 )
118 | 0.152 )

}* teken from [Vyv02].
1P taken from [Vyvo02a].

}¢ could not find the corresponding minima.

194,196ph, [Vyv02, Vyv02a] and also to the earlier predicted values of £,
for the dipole bands in Pb [Ben89, Cla93].

The deformations predicted for 195:197B; dipole bands are much larger than
those used with the TAC model for the Pb nuclei, (8 = 0.1). Within the
TAC model, the dipole bands are described as a consequence of the shears
mechanism. The particle and hole spins, initially coupled perpendicularly
to each other, align towards the direction of the total angular momentum.
During this re-orientation of the spins, strong M1 transitions are emitted
and states with excitation energy F — Epandhead ¢ [ (I +1) are formed. This
shears mechanism competes with the collective rotation of the oblate core.
It has been suggested in the framework of Particle-Rotor Model (PRM),
that the shears mechanism dominates only if the quadrupole deformation
is € < 0.12 [Mac99, Mac98]. It would be very interesting to perform TAC
calculations at higher quadrupole deformation, in order to further study the

nature of the dipole bands in lighter Bi isotopes.

6.5 Band 1 in 1°°Bi

An irregular structure called Band 1 in 1%5Bi, consists of M1 and E2 y-ray
transitions and looks like a strongly coupled rotational band built above

the ( 1—.}-") level. Indeed, it is known that among the lowest lying proton
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orbitals in the Bi isotopes are the 7iys and why orbitals. Low lying (3~) and
(12—3+) levels in many Bi nuclei were 2associate:1 with whs and wiis orbitals,
but always nearly spherical nuclear shape was suggest;d. This :i's the first
case, when it looks like the i 1 [(’306]-1.4_,§+ orbital induces a deformed nuclear
shape in a Bi nucleus. Such a behaviour is not very surprising. Indeed, it is
well known that the high-K i B and wh; orbitals are deformation-driving,
inducing oblate-deformed shapes in the Pb isotopes. It is also well known
that the oblate deformed minimum becomes more yrast with respect to the
spherical one, when lighter Pb nuclei are considered (when going away from
the N = 126 closed shell). Thus, finding oblate deformation induced by
the miss [606] %+ orbital in the most neutron deficient Bi isotopes studied
to date at high spins is consistent with these considerations. We therefore,
tentatively assign the ws¢ 12_3[606] 32?4' configuration to Band 1 in !%°Bi and
study if the theoretical predictions for this configuration are consistent with
the experimental results.
In order to investigate the behaviour of the angular momentum, the projec-
tion of the angular momentum along the rotational axis, I, as a function
of rotational frequency, fiw shown in Figure 6.16 and the aligned angu-
lar momentum, i, as a function of rotational frequency, hw depicted in
Figure 6.17 were generated for K = 6.5. The Harris parameters, Jy =
8 h?/MeV and J; = 40 h*/MeV® which were used for the oblate bands
in the Hg isotopes [Hiib86], were used in order to produce the i, curves
represented by dashed lines. One can see that these Harris parameters are
not appropriate for Band 1 in '®5Bi, since the obtained curves of i, are steep.
This implies that a larger deformation than that in Hg might be involved.
Subsequently, we varied the above Harris parameters to Jo = 8 i%/MeV and
Ji = 200 A*/MeV? in order to obtain a flat curve (to estimate single-particle
alignment) for i, which were also used in order to calculate the experimental
routhians.
The experimental routhians, ¢/ as a function of the rotational frequency,
Fiw for 195Bi shown in Figure 6.18, were generated for K = 6.5. Signature
splitting of & 20 keV is observed for Band 1 in '*®Bi.

In order to compare these experimental results with the theoretical predic-

tions for the mi u [606]12—3+ orbital, we first studied the nuclear deformation
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Figure 8.16: Angular momentum, I, along the rotational azis as a function
of the rotational frequency, hw for Band 1 in %5 Bi. The K -value of 6.5 was
used for generating the plot.
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Figure 8.17: Plot for the angular momentum alignment as a function of
the rotational frequency for Band 1 in ¥*Bi. The K-value of 6.5 and the
following Harris parameters were used as reference: Jo = 8 B /MeV; J; =
40 h*/MeV? (dotted lines) [Hib86, Plo93, Moo95] and Jo = 8 h®/MeV;
Ji = 200 K*/MeV® (solid lines).
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Figure 6.18: The ezperimental routhians eziracted from the new Band 1 in
195 Bi nucleus as a function of the rotational frequency. The K -value of 6.5
and the following Harris parameters were used as reference: Jy = 8 h? /MeV;
Ji = 40 h*/MeV? (dotted lines) [Hib86, Plog3, Mood5] and Jo = 8 h? /MeV;
Jy = 200 A*/MeV? (solid lines) for generating the plots.
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that corresponds to Band 1 in '?®Bi. TRS calculations were performed for
the (r,a) = (+,+3) configuration. The results obtained for the rotational
frequencies of 0.166, 0.205 and 0.127 MeVA™! as shown in the top left,
top right and bottom left panels of Figure 6.19 respectively. In each of
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Figure 6.19: TRS calculations for 1°®Bi in the (82,7) plane, performed
at the following rotational frequencies: 0.166, 0.205 and 0.127 MeVh™! for
the top left, top right, and bottom left panels respectively. The plots are
calculated for the (m,a) = (+,+1), configuration.
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Table 6.8: Convention for labelling the proton and neutron orbitals
described by the parity and signature quantum numbers. The proton

(neutron) configurations are described by small (capital] letters.

Convention for labelling the orbitals ]
Shell model  Nilsson T, 0 adopted
Protons
iy x606]2F  (+,41) o
i =[606)2%"  (+-1) b
hy wf614]2"  (-+3) e
hy n[514]L (-} f
hy #[514]3"  (-,+}) g
hy #[605]27 (-} h

Neutrons
i vies1]3t  (++1) A
iy v[es1]3t  (+-1) B
i v[6a2]3"  (++}) C©
i V64287 (+-1) D
f3 V50387 (--4) E
fy V50387 (+1) F

experimentally.

The bottom panel depicts that the neutron Fermi surface is close to the low-
K levels of the ¢ 1, f% and ps shells. Further support for this configuration
assignment is supplied by the study of the %%%%) ratios, which were calcu-
lated with the aid of the semi-classical Dénau-Frauendorf formula [Doén82,
Do6n87]. The reduced magnetic dipole transition probabilities for in-band

transitions are given by:

B(M1) = 8% [(gp ~ gR)JpL + (gn — yn)ju]z, (6.1)

where gg is the collective gyromagnetic factor (g-factor) for the collective
rotation, g, (gn) for protons (neutrons). The proton and neutron g-factors
are denoted by g, and g, respectively. The perpendicular component for the
proton (neutron) to the total angular momentum, I is given by jp1 (jni).

In this case the j,; was calculated from the expression:

JpL = Kp8ind — i,cos0, (6.2)
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where €080 = —mt B

. Vislie+1)’
The expression for the B(E2) is given by:

B(E2) = i-ggezczo(mzo]f ~2K)?, (6.3)

where Qg is the quadrupole moment.

. B(M1 : . 195p:
In order to measure the experimental f((ml ratios for Band 1 in *°°Bi,
the «-ray intensities were measured from the ungated -y matrix, gated
on the v-ray transitions above the E2 cross-over transitions. The following

expression was used:

B(M1) _ 0.697 E5E2) 1

B(E?2) Bom e A/ eb)?, (6.4)

where F., is the y-ray energy, the branching ratios, A = 1%"{1%% and the y-ray
intensity, I,(M1) (I,(E2)) for M1 (E2) transitions have been tabulated in
Table 5.1 of Chapter 5 for ***Bi. The mixing ratios, §* = Q{M} could
: P . 8 » 07 = L (Io1-1) o

not be determined due to lack of angular correlation data. It was neglected
because it is expected that §%2 < 1.

The comparison between the experimental (open squares) and theoreti-
cal (filled squares) %&!—3 ratios is displayed in Figure 6.21. The parameters
employed for the theoretical calculation are listed in Table 6.7 while the

measured g Ig; ratios are tabulated in Table 5.1 of Chapter 5. The excellent

Table 8.7: Parameters employed for the calculations.

| Parameters employed for the calculations

gp g Wwp b K, gn E &L B2
1.264 00 20 65 65 0.426 65 155 -0.180

correspondence between the experimental and theoretical %‘é‘—;} ratios for
Band 1 gives strong support for the assigned ﬁili" configuration. Thus, it
looks like in the '**Bi nucleus the high-K i% proton orbital is able to induce
considerable oblate deformation and rotational behaviour at very low spins

in a nucleus, known to be mostly spherical.
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calculated (filled squares) %((AE%% ratios as & function of spin, I for the new
Band 1 in *5 By,



Chapter 7

Summary and Conclusion

The work presented in this thesis is based on the study of the y-coincidence
data acquired in two experiments performed using the AFRODITE v ray
spectrometer array. High-spin states in 1?°Bi and ®7Bi nuclei produced in
the 181Ta(?%Ne,6n) and 181Ta(??Ne,6n) reactions, were studied. The data
analysis consists of analysis of the - coincidence relationship, Directional
Correlation of Oriented (DCO) states measurements, linear polarisation
measurements, y intensities and Recoil Shadow Anisotropy (RSAM) lifetime
measurements.

One new M1 dipole band has been discovered for each isotope. The dipole
band in !°’Bi was linked to the low-spin states and its excitation energy,
spin and parity, §§7—+, were determined. This is the first and the only dipole
band in any of the Bi isotopes with known spin and parity. Several other
new states were found and assigned to !*’Bi. The dipole band in '®8Bi which
has similar y-ray energies like the M1 dipole band in *"Bi was not linked to
the low lying states, since its decay path could not be found. Another band
consisting of M1 and E2 cross-over transitions was found above the (—lf—+)
level in **8Bi. This is the first observation when such a band is discovered
at such a low spin, thus suggesting that shape coexistence between spherical
and deformed shapes occurs at low spins in this nucleus. The analysis of
197Bi data also revealed: (a) confirmation of the previously known 1%8Bi
level scheme [Zho96, Zwa00] even though no new transitions were found

and (b) a sequence of four y-ray transitions which could not be assigned
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unambiguously to either 1%6Bi, *"Bi or '**Bi nuclei.

The i1 configuration was assigned to Band 1 in 1%Bi. This is the only Bi
isotope zin which the 7 1 orbital is able to induce oblate deformation giving
rise to a rotational band at low spins.

The configuration mi 1 hg ® Vi"{T, was assigned to the dipole bands in 1#8:197B},
This is the first time in the Bi isotopes that three high-K protons are
involved in the configuration of the dipole bands.

The dipole bands we found in *®97Bi nuclei are very similar to the Pb
bands interpreted within the framework of shears mechanism. The high-K
protons could correspond to larger deformation. In this work we could not
measure the B(M1) values. Further study of lifetime measurements would
be necessary for this work.

We also studied the competition of the configurations assigned to the dipole
bands in the Bi isotopes involving two and three high-K protons based
on their dynamic moments of inertia. It seems that the i 13 h% s1 con-
figuration is involved in the heavier Bi isotopes as was previously sug-
gested [Dag94, Cla93a|, while the 7 1 hz,_ configurations should be associated
with the lighter Bi isotopes. Considering the predicted routhian energies
from the TRS model for these proton configurations we found that the
ri? h’g minimum is more yrast than m'u he 81 in 195,197B; which supports
the involvement of the w1 1 h, conﬁguratlon

The Total Routhian Surface (TRS) model for the dipole bands in 195:197B;
predicts deformation, 82 = 0.17 much larger than that employed by the
Tilted Axis Cranking (TAC) model for the Pb nuclei, (8; = 0.1). However,
the larger deformation is in conformity with the one recently measured for
the 11~ isomers in *41%8Pp [Vyv02, Vyv02a] and the one earlier predicted
for the dipole bands in the light Pb isotopes [Ben89, Cla93].

Considering the systematics of the dipole bands in this region, Bands 1 and 2
n %7Bi and '®®Bi respectively, are purely shears bands. However, they have
larger deformation which arises questions about the relative contribution
of the collective rotation and shears mechanism for the dipole bands which
need to be further studied. In contrast to these bands, Band 1 in '®®Biis a

collective rotational band.
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