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ABSTRACT

GAMMA SPECTROSCOPY OF THE DOUBLE - ODD **Ti
NUCLEUS

Tshithiwa Marius Ramashidzha
January 2006

iThemba LABS, P.O. Box 722, Somerset West, 7129, South Africa

The odd — odd TI nuclei with A > 190 have moderate oblate nuclear deformation and
show rotational bands built on different quasiparticle excitations. Several phenomena,
not yet fully understood, were observed in these nuclei, such as large signature
splitting in the yrast band (built on a mho,®vij3, configuration), possible non —
axiality of the nuclear shape, etc. In this work the high — spin states in '**TI were

181

studied. The "*T1 nuclei were produced in the = Ta (180, 5n) "1 reaction at a beam

energy of 93 MeV and the y - rays were detected using the AFRODITE array. The

obtained extended level scheme of '**

Tl is presented and discussed in this work. CSM
(Cranking shell model) and TRS (Total Routhians Surface) models were both applied
to interpret the results for band 1. The results were compared with the neighboring

isotone '*Hg.



UNIVERSITY of the
WESTERN CAPE




ACKNOWLEDGEMENTS

I wish to express my sincere gratitude to the following for making the realization of

this thesis possible. I would like to specially thank my supervisors:

Dr Elena Gueorguieva — Lawrie, a good supervisor who guided me through
this work, supporting and encouraging me to work harder;

Prof. R. Lindsay, supervisor, his important part in making this thesis a success
through his support throughout the duration of the project;

Dr J.J. Lawrie, for allowing me to pursue this project in the Physics Group and
helping with the setting up of the AFRODITE electronics;

Dr. R. A. Bark and Dr. S. M. Mullins, for their willingness to help with almost
everything, ultimately getting the experiment to work;

Mr. T. J. Sikhwari, Mrs. T.E. Sikhwari and Mr. A.R. Serongwa, for their
invaluable help during my studies (especially financial) and with so many
things. I owe them so much that it is difficult to express my sincere gratitude;
My parents (Mr. J.M. Ramashidzha and Mrs. T.E. Ramashidzha), for their
guidance, support and so many things, just being there for me in time I needed
them most and for inspiring me in my studies;

Mr. S. H. M. Murray, for his invaluable help during the data sorting using
MIDAS;

Mr. O. T. Shirinda, for helping me with the theoretical calculations;

Ms. M.P. Mamatha, for inspiring me and giving me a strong courage
especially when I am hopeless; showing me that life is a precious gift from
God and with God everything is possible;

Mr. S. M. Maliage, Mr. T. Malwela, Mr. F. S. Komati, Mr. K.P. Mutshena,
Mr. .N.E. Maluta, Ms. L.J. Mudau, Mr. V.C. Maboyi, Mr. P. Vymers, and Mr.
N. Botha, for their guidance and support throughout the duration of the
project;

Dr. I.LP. Matamba, I would like to thank you very much for your efforts
coming down from Venda to participate in my experiment;

To all staff and postgraduates within the Physics Group;

i1



e [ am grateful to my friends Takalani Setjie, N.C. Mashao, Kenny Maphaha
and Albert Ntavhaedzi for just being there, and providing much — needed
distraction;

e To all those who assisted during the many weekends of data acquisition;

e To all staff members in the Accelerator Group and cyclotron operators who
provided stable beam during my experiment;

e iThemba LABS and University of the Western Cape Town for the funding I
received;

e [ would like to thank God who makes this work to be possible;

e Last but not least, I specially thank to all my ancestors.
This work is dedicated to my grandmother Makatu Kutama. “Dzindivhuwo kha
vhathu vhothe vhe nda vha fiwala na vhe nda sa kone u vha fiwala. Ndi ri

Mudzimu kha vhatonde a dovhe hathu a vha engedzele maduvha a vhutshilo”.

Tshithiwa Marius Ramashidzha. January 2006

v



CONTENTS

CHAPTER 1 Introduction

CHAPTER 2  Theoretical models

2.1  Cranking shell models

2.1.1  The cranking Hamiltonian

2.1.2  Symmetries of the cranking Hamiltonian

2.1.3  Comparison of the cranking model results and experimental data

2.2  The Total Routhian Surface (TRS) calculations

N O AW

o

2.2.1 The Model

e

CHAPTER 3  Experimental techniques and equipments

3.1 Nuclear reactions

3.1.1  Heavy — ion reactions

12

12
12

3.1.2  Complete fusion reactions

15

3.1.3  Elastic scattering and direct reactions

16

3.1.4  Deep inelastic reactions and limits to fusion

18

3.1.5  Decay of the compound nucleus

19

3.2 Interaction of gamma - rays with matter

3.2.1 Photoelectric effect

20
21

3.2.2  Compton scattering

24

3.2.3  Pair production

25

322 Attenuation

26

3.3 Experimental Equipment

33.1 An overview of the facilities at iThemba LABS

27
27

332 Germanium Detectors

29

3.3.3  Compton suppression

33

3.34  The AFRODITE spectrometer array

34

3.3.5  Frame, target chamber and target ladder

35

3.3.6  The electronics and data acquisition system

36

CHAPTER 4  Experimental and data analysis

4.1 Experimental procedure

4.2 Data acquisition

4.3 Energy calibrations

4.4 Gaindrift corrections

4.5 Doppler - shift corrections

4.6 Constructing a y- ycoincidence matrix

4.7 Gating

41
41
43
43
44
45
46
47



4.8 Construction of the level schemes 48

4.9 DCO ratios 49
CHAPTER S5  Experimental results of data analysis 51
5.1  Level scheme of **TI 51
5.2 "*TIDCO (Directional Correlations from Orientated states) 60
CHAPTER 6  Discussion 64
6.1 Experimental bandcrossings and alignments 64
6.2 Routhians and signature splitting 65
6.3 Theoretical calculations 67
6.3.1  Total Routhian Surface calculations 67

6.3.2  Cranking model interpretation 69

6.3.3  CSM calculations 70

6.4  Comparison with experiment 74
6.5 Summary and conclusions 74

References 76 - 76

vi



LIST OF FIGURES

1. Figure 3-1: When projectile energies are large enough to penetrate the Coulomb barrier various
types of the heavy — ion collisions as a function of the impact parameter occur [Reg00]. .................... 13
2. Figure 3-2: In nuclear molecule formation, there is not quite complete fusion of the two particles;
they retain a “memory” of their previous character and break apart accordingly. The internal energy
of the system can show rotational and vibrational structures, just like an ordinary molecule. From Ref

JTEFABE] .ottt et e bt ettt e e aeeetaeeree e 14
3. Figure 3-3: The deuterium — tritium fusion reaction is the most efficient reaction known in terms of
energy 1eleased [HACS2]. .........cccocoii ittt ettt 15
4. Figure 3-4: An example of a massive transfer nuclear reaction between a projectile and a target
nucleus. From Ref. [VYMO3]......cccccvoviioiiiiiieieeiecieee ettt ettt et ene e enns 16

5. Figure 3-5: Effect of Coulomb repulsion on different trajectories in a heavy — ion collision.
Trajectories 1 and 2 miss the nucleus and are scattered by the Coulomb field. Coulomb-inelastic
excitation can also occur. On trajectory 3, the projectile grazes the nucleus during which simple, direct
nuclear reactions can take place (as well as elastic and Coulomb-inelastic scattering). The projectile

on trajectory 4 is shown entering the target nucleus and fusing with it. From Ref. [Lil92]................... 17
6. Figure 3-6: Sequences in the progress of a collision between the two nuclei when the angular
momentum is greater than can be sustained by the combined system. From Ref. [Lil92]...................... 18

1.Figure 3-7: A schematic of the decay of the compound nucleus. In this example, four neutrons are
first emitted, carrying away a large amount of excitation energy, but little angular momentum. Below
the particle evaporation threshold, de-excitation continues to the ground state through y - ray emission

TGFEOI] .o P T TP Py ¢+ 11444445440 stk emes st benesstaseneentaseneons 20
8. Figure 3-8: Shows the three main processes that occur when the gamma — rays interact with matter.
................................................................................................................................................................ 21
9. Figure 3-9: Shows the process of photoelectric absorption. .......... 22

10. Figure 3-10: Photoelectric cross section in Pb. The discrete jumps correspond to the bzndmg
energies of various shells. The K — electron binding energy, for example, is 88 keV for Pb. To convert
the cross section to the linear absorption coefficient in cm™, multiply by 0.033. From Ref. [Kra88].23
11. Figure 3-11: The process of COMPLON SCAETING. ...........iieiilibiviieiiiienese sttt 24
12. Figure 3-12: The process Of DAt PrOAUCHION ..............ccc.oueiviersesiriiieieieiesiese ettt 25
13. Figure 3-13: Photon mass — attenuation coefficients for aluminum and lead as a function of photon
energy. Dashed lines show the separate contributions due to the photoelectric effect, Compton

scattering and pair production. From Ref. [Lil92]. .........ccccoiiiiiiiiiiiiiiie ittt 26
14. Figure 3-14: An overview floor — plan of the facilities at iThemba LABS. ............ccccocovvvivincninin. 28
15. Figure 3-15: A Clover detector showing the tapered rectangular cryostat and a cylindrical liquid
REFOZEN (LIN2) AEWGAT. ..ottt ettt ettt ettt 30
16. Figure 3-16: The segmented clover germanium detector crystal and how are they packed inside the
detector. A clover detector consists of four n - type coaxial HPGe crystals. ....................... .31
17. Figure 3-17: A Ge detector with tapered rectangular cryostat and a cylindrical llquzd nztrogen
dewar (LN>) and covered with @ BGO Shield. ..................ccccccocoiiiiiiiiiiiiiiiiiiiiiiiiic e 32

18. Figure 3-18: A BGO Compton suppression shield specifically designed to house a standard clover
detector and showing the tapered heavy metal collimator with a 35 mm by 35 mm entrance window for

19. Figure 3-19: (a) suppressed and (b) unsuppressed spectra obtained with a *Co source. The upper
panel shows the spectrum in full scale, emphasising the height of the two photo peaks relative to the
Compton background. The second is expanded to show the reduction in the background due to escape

suppression. The Compton edges and annihilation peak at 511 keV are labeled [Keé00]. ................... 34
20. Figure 3-20: AFRODITE array with part of the support frame retracted, exposing the target
chamber. The liquid nitrogen pipes to the detectors dewars have black insulation around them. ......... 35
21. Figure 3-21: AFRODITE array and the target chamber with its kapton windows. A camera is
mounted on the top right — hand trian@ular fACEL....................ccccooceeveieiieiiecieceeieeeeee e 36
22. Figure 3-22: The AFRODITE array electronics setup for the experiment. ...................cccocovvennn.. 37

23. Figure 4-1: The excitation functions (cross — section o) predicted by the statistical — model code
PACE4 [Gav80, Gav 93] following the "*O + "*'Ta reaction. The suitable beam energy of 93 MeV was
CHOSEN fOF tRIS @XPEFIMENL. .........c.eiiiiiiieiieit ettt ettt et 41

Vil



25 Figure 4 3 Shows the Doppler shift on the 1059 KeV.........c.cccoovveviiviiiciiiiiiieiieieeieeieee e 46
26. Figure 4-4: Part of @ 1evVel SCREME .............ccccccocciiciiiiiiiiiiiiiiest sttt 47
27. Figure 4-5: The total projection spectrum obtained from the online matrix with the known
transitions, Which are MArked DY SEAF ................cccocouoiieiviiiiiieeieee et 49
28. Figure 5-1: The known level scheme deduced from the previous studies of high — spin states
JETE@T D] oottt ettt ettt bttt et e e te e bt eeteeetaeereeenres 51

29. Figure 5-2: The proposed level scheme of "*TI based on the present work. The transition energies
are given in keV. Tentative transitions are denoted with dashed lines and brackets. 52Error! Bookmark
not defined.

30. Figure 5-3: The y- rays coincidence spectrum gated on the 293 keV transition. The insert shows
the expansion of this SPeCtrum at IOW €NE LS. .............ccceieieiiiiii et 53
31. Figure 5-4: The y - rays coincidence spectra gated on the (a) 278 keV and (b) the sum of (104 +
154 + 289 + 304) keV transitions. All the y - rays seen in coincidence with the gate in both panels are
labeled with their respective energies. The top panel shows most of the transitions in band 1 and the
bottom panel shows the transitions in DANA 2.....................cc.cccoevueviieiieiieiieeieeieeeie e 54
33. Figure 5-5: The y - rays coincidence spectra gated on the (a) 760 (top panel) and 282 (bottom
panel) keV transitions. The top panel shows the doublet of the 761 keV transition and the bottom panel

shows the other 282 keV transition in the same band 1 of the level scheme of 194TI. ......................57
34. Figure 5-6: The y — rays in coincidence with the (a) 478 keV transition (top panel) and (b) 468 keV
transition (DOTLOM PANEL). .............c.cc.oouiiiiiiiiiieieieeeee ettt 56

35. Figure 5-7: The y - rays coincidence spectrum gated on the 1058 keV transition. All the y - rays
seen in coincidence are labeled with their respective energies. The transitions from band 4 are marked

WHER STAF . ..ottt ettt bkttt ettt 57
36. Figure 5-8: The y — rays coincidence spectra gated on the (a) 687 keV transition (top panel) and (b)
362 keV transition (DOOM PANEL). ................oouiiioiiiii it 58

37. Figure 5-9: The y - rays coincidence spectrum-gated-on the 162 keV transition. All the y - rays seen
in coincidence with the gate in both panels-are labeled with their respective energies. The spectrum

shows the coincidences of the transitions in band 3. ... 59
38. Figure 5-10: The y — rays coincidence spectra gated on the (a) 342 keV transition (top panel) and

(b) 303 keV transition (DOOM PANEL). ..........c...ccooiiiiiieiiiiiiiieeiete ettt 60
39. Figure 5-11: The DCO ratios for the y - ray transitions. Open — circles are associated with the
new transitions and filled solid diamonds correspond to.the previously known transitions. ................. 63
40. Figure 6-1: The experimental alignment as a function of the rotational frequency for the 7hg,®
Vij32 yrast band of the doubly — odd MNESDERN. CAPE e 64

41. Figure 6-2: Experimental routhians extracted for the band 1 in "*TI nuclei as a function of the
rotational frequency. The Harris parameters of- Jy = 8i°MeV"' and J; = 40k*MeV? [HUbSS] were used
AS FEICTEIICE. ...ttt h et h ekt h ettt h b h ettt 65
42. Figure 6-3: Plot of the experimental signature inversion before and after the band crossing....... 666
43. Figure 6-4: Total routhian surfaces for band 1 (eA band 8) in "*TI calculated for configuration.
The left panel is calculated at hco = 0.127 MeV which is before the vi,;, band crossing and shows a
minimum at B;= 0.148, f,=-0.022 and y = -55.9. The right panel is calculated at how = 0.206 MeV
(after the vi3, band crossing) and shows a minimum at f, = 0.158, ,=-0.021 andy = -61.1.........67
44. Figure 6-5: The Total routhian surfaces for band 1 (fA band 9) in "*TI calculated for
configuration before and after vi;;; alignment. The left panel is before the band crossing
corresponding to hw = 0.049 MeV with the deformation parameters of f,= 0.148, f,=-0.022 and y =
-56.0 and the right panel is after the band crossing to hw = 0.206 MeV with the deformation
parameters of f, = 0.072, f,=-0.001 and y = -82.4.... . e e e e e e, 08
45. Figure 6-7: Calculated signature splitting and znverszonfor band 1 in ]94TZ .................................. 72
46. Figure 6-8: Quasiparticle routhians for protons plotted as a function of the rotational frequency of
U1 The calculations were done using B, = 0.148, 8; = 0.022 and y = -55.8 predicted by TRS for the
eA configuration. The parity and signature (7, &) of the routhians are represented as follows: (+, +1/2)
solid lines, (+,-1/2) dotted lines, (-,+1/2) dash — dotted lines and (-,-1/2) dashed lines......................... 73
47. Figure 6-9: Quasiparticle routhians for protons plotted as a function of the rotational frequency of
YUTI. The calculations were done using 3> = 0.148, B; = 0.022 and y = -55.8 predicted by TRS for the
eA configuration. The parity and signature (7, @) of the routhians are represented as follows: (+, +1/2)
solid lines, (+,-1/2) dotted lines, (-,+1/2) dash — dotted lines and (-,-1/2) dashed lines.....................73

viil



LIST OF TABLES

1. Table 1.2: The databases of the TRS calculations. ...................cccoiiiiiiiiiiiiiiiiiiiiiiini, 9
2. Table 3.1: Abbreviations and descriptions used on the plan — view shown in Figure 3.14............. 28
3. Table 3.3: Electronic modules used in an AFRODITE array.............c..c..cccoveeeveeeeeevee e vne e 38
4. Table 4.1: Summary of the experimental details... .............c..coccueeseeeiieseee e ee e e vee e vee 42
6. Table 5.1: Present the DCO ratios calculations....................ccoceceveiviiene v vivee e e e 01 - 63

7. Table 6.1: The deformation parameters of the '**TI nuclei, calculated with TRS for band 1. The even
and odd — spin level from band 1 form two E2 sequences, which correspond to eA and fA

configurations respectively. In this notation the parity and signature quantum number are as follows: e

(- -172), A (+, +1/2), f (-, +1/2) and A (F, F1/2)cccuee et et et et e e et et e e et e e e ee 20 09
8. Table 6.2: The deformatzon parameters for eA and fA conf igurations extracted from the TRS
CACUATIONS ... ..o ettt et et et e et e e e et et e e .70

9. Table 6.3: The data extracted from CSM, which predicts signature splitting. Quasiproton routhians
R (f), quasineutron routhian R (A) and the total quasiparticle routhian (R (f) + R (A) = R (fA)) of the 9
sequence of band 1. The quasiproton routhian R (e) and the total quasiparticle routhian (R (e) + R (A)
=R (ed)) of the 8 sequence of Band 1 ... ... .....c.coocvioiiiime e it e et e et e e e e e e nn T2

10. Table 6.4: Comparison of experimental and calculated band crossing frequencies and alignments

in T and PP Hg ..o T T e et eers et en e es sen ens seren seens 74

1X



CHAPTER 1

INTRODUCTION

This work presents a spectroscopic investigation of the high — spin states of the '**TI
isotope. The odd — odd TI nuclei with mass A > 190 have moderate oblate nuclear
deformation and show rotational bands, built on different quasiparticle excitations
[Kre77, Kre78, Kre79, Kre80, Kre80, Kre81]. The yrast bands in these nuclei are
associated with the mhy, ® vij3, configuration and include low — energy transitions
near their bandheads. Since it is very difficult to detect such transitions with standard
gamma — ray spectroscopy some uncertainty about the low — lying levels exists. (A

4T] is presented from both the

description of the high — spin phenomena in
experimental and theoretical points of view). The characteristic features of collective
nuclear rotation motion, such as rotational bands, signature splitting, band crossing
and backbending were studied. Many rare ecarth nuclei have been extensively
investigated up to high spin by means of the (HI, xn) reactions. However, only states
lying on or close to the yrast line can be observed in such reaction and no information
about non — yrast low spin states can be obtained. The '**T1 nuclei were populated via

"“T1 at beam energy of 93 MeV and the y

the complete fusion reaction ¥iTa (180, 5n)
- rays were detected using the AFRODITE array. The purpose of this work was to
extend the existing level scheme of **T1 to higher spins and to test the predictions of
the TRS and CSM models for the yrast whg, ® vij3, band. The level scheme was
established up to spin of 27 h and several new bands were found. About ~ 90 new
transitions were placed in the level scheme. The experimental methods and results
shall be presented in chapters 4 and 5 respectively. The cranked shell model (CSM)

P4T] isotope with the aid of the TRS model.

was successfully applied to the
Calculated routhians, band crossing frequencies and aligned angular momenta were
found in good agreement with the experimental values. However these models were
unable to satisfactorily reproduce the observed signature inversion. The rest of the

thesis is arranged as follows:



Chapter 2 contains two theoretical models describing the rotational behaviour
of the nucleus which are the TRS and CSM models.

Chapter 3 explains the experimental equipment and techniques as well as the
electronic set up. This chapter also mentions several types of nuclear reactions.
Chapter 4 includes details on how the experiment was performed and on the
data analysis.

Chapter 5 contains the experimental results obtained on the level scheme of
the "**T1 nucleus and shows the extended level scheme of '*TI.

Chapter 6 shows the experimental quantities calculated in a rotating coordinate

4T1. The theoretical

system which were deduced from our level scheme of
calculations performed with the TRS and CSM models are also presented in
this chapter. A comparison of both experimental and theoretical results as well

as a comparison with the neighboring '**Hg isotone is also presented.



CHAPTER 2

THEORETICAL MODELS

2.1 Cranking shell models

The cranking shell model gives a fully microscopic description of the influence of the
rotation on the single — particle motion of the nucleus. It provides a good description
of the independent — particle motion in a rotating nucleus with both static deformed
shape and pair fields [Nil95]. In such a rotating system fictive centrifugal and Coriolis
forces emerge, resulting in important consequences for the shape and pair correlations

[Ben85].

The cranking model has the following advantages:

(1) It provides a fully microscopic description of the rotating nucleus. There is no
introduction of redundant variables, therefore, we are able to calculate the rotational
inertial parameters microscopically within this model and get a deeper insight into the
dynamics of rotational motion.

(i1) The collective angular momentum is described as a sum of single — particle
angular momenta. Therefore, collective rotation as well as single — particle rotation,
and all transitions in between such as decoupling processes, are handled on the same
footing.

(i11)) The model is correct also for very large angular momenta, where classical

arguments apply [Ben83, Rin80].

The shortcomings of the model are:

(1) It is basically a nonlinear theory. Only in the limit of small angular momenta can
one linearize it using perturbation theory (cranking formula for the moment of
inertia). In general the calculations are therefore complicated, especially in cases

where one has several solutions.



(i1)) The resulting wave functions are not eigenstates of the angular momentum
operators. It is therefore not clear a priory how one has to calculate, for example,
electromagnetic transition probabilities. In fact, the cranking model wave functions
are in a sense only internal wave functions and one has to use projection techniques to
get the wave functions in the laboratory system.

The cranking model is one of the most useful, among theoretical models aiming at the
description of high spin states in nuclei. It was originally proposed by Inglis [Ing54,
Ing55], and was further developed by Bengtsson and Frauendorf [Ben79]. It combines
in the same formalism the description of collective rotational bands and high — spin
single — particle configurations, which are the two kinds of structures that are most
important in the vicinity of the yrast line at high spins. In the following sections we
shall discuss some aspects of the cranking model and show how it can be applied in

some particular situations.

2.1.1 The cranking Hamiltonian

In the cranking model, the rotation is treated in the classical sense with the rotation
vector coinciding with one of the main axes of the nucleus. The nucleus can be
described as independent particles moving in a rotating potential. The calculations are
then performed in the intrinsic coordinates of the rotating potential. A very direct way
of investigating the properties of a rotating nucleus is to force it to rotate with some
fixed frequency, o, or in other word to “crank” the nucleus. The theoretical model
emerging from this concept is therefore called the cranking model. The original
derivation of the single — particle cranking Hamiltonian is based on a transformation
of the time — dependent Schrodinger equation from the space fixed coordinate axes to
the axes fixed with the rotating body. It is shown [Ing54, Ing55] and in many
textbooks, for instance [Szy83, Voi83] that the Schrodinger equation in the rotating

system can be solved in the standard way as an eigenvalue problem:

he =(h, —hay, )P =e” P 2.1)
where
h is the single particle hamiltonian in the body — fixed non — rotating basis,

o 1s the rotational frequency of the nucleus,



J, 1s the expectation value of the projection of the nucleon angular momentum along
the rotation axis,

e” is the eigenvalue of the cranking hamiltonian for fixed rotational frequency ®. The
eigenvalues are referred as single — particle energies in the rotating basis, or more

properly as single — particle routhians. They can be found by taking the expectation

value of the single — particle Hamiltonian A" as follows.

e/ =¢,—haj, (2.2)

1

The total cranking Hamiltonian H® of the nucleus can be obtained by summing the

single — particle cranking Hamiltonians /. Thus

H®=Y"h=H - hol (2.3)

where I, is the aligned angular momentum 1i.e. the sum of the expectation values of

individual angular momenta projected onto the rotational axis:
1= ja (2.4)

The eigenvalues E® of the total cranking Hamiltonian H® can correspondingly be

written in terms of the independent single — particle contributions:

E? =) e’ (2.5)

loce

The total energy of the nucleus E® in the body — fixed frame system E® can

consequently be called the routhian of the system and can be written as.

E° =E-haol, (2.6)
The lowest eigenstate E“ corresponds to an yrast state and the sequence of these
states obtained by enlarging o constitutes the yrast line.
It should be noted that the operators H and /,do not have simultaneous
eigenfunctions, implying mixing of the single — particle wave functions for ® # 0.

Further, the total spin I is not a good quantum number in these calculations. However

an important advantage of CSM is that it provides a microscopic treatment of both



single — particle and collective phenomena and hence is very useful in the

interpretation of experimental data [Ing55, Ben 79].

2.1.2 Symmetries of the cranking Hamiltonian

The theoretical treatment becomes simplest if we determine the quantum numbers
necessary to describe a rotational state in a nucleus. It is important to discover the
constants of the motion in the rotating system. This is done by noting which of the
system observables commute with the cranking Hamiltonian H“. The symmetries of
the Hamiltonian H “, describing the non — rotating nuclear system are apparent: there
is invariance with respect to space and time inversion. By implication therefore, the
parity = and the projection of nuclear spin QQ onto the symmetry axis are good
quantum numbers in the absence of rotation. The space inversion yields the parity
quantum number, whereas the time inversion gives rise to a two — fold degeneracy in
nuclear systems, Kramer’s degeneracy. Other symmetries can occur in nuclei,
depending on the symmetries of the nuclear potential. Depending on the nuclear shape
an invariance of the nuclear potential with respect to the rotations of 180° about the

three principal axes of the system can occur. The rotation operators are given by:

R =€ @7
where k denotes the 1, 2 and 3, and j, the projection of the single particle angular

momentum j on the k axis.

Studying the symmetries of the cranking Hamiltonian H “, one can observe that:

(a) When the system is constrained to rotate, the time reversal symmetry is broken.
This implies that the Kramer’s degeneracy is broken and therefore another additional
quantum number is needed to describe the system;

(b) Due to the rotation of the coordinate basis the invariance of the nuclear potential

with respect to the rotation operators R, is not valid in all cases. In particular, it is
broken for R, and R, operators, since they do not commute with the operator j, of

equation (1.1). On the other hand, the R, invariance still holds true and therefore one

can introduce an additional quantum number, r, called signature, as the eigenvalue of

this operator. Often another quantum number, «, is used, which is related to » by:



r=e (2.8)

The R/is equivalent to a rotation of the system through the angle 2. For odd — mass

system, with anti — symmetric total wave function, (R’y =—y ), such a rotation
T _ . _1
implies that r = + i, corresponding to « = +5. For an even — mass system the

wavefunction is symmetric and similarly » = %1, corresponding to o =0 and a =1
respectively. In practice the o quantum number is commonly used, since it is an
additive quantity. A simple relation can be found between the total nuclear spin 7/ and

a [Boh75, Szy83].

1=0246,.., r=1, a=0 (2.9)
I1=1357,.., r=-1, a=1 (2.10)
I:l,é,g..., r=—i,a=12 (2.21)
222
IZE,Z,E..., r=+i, a=-172 (2.22)
222
In summary:
I=a, a+2, a+4, ... (2.22)

The only remaining good quantum numbers after introduction of the cranking
Hamiltonian are parity and signature (w, o). The classification of rotational spectra in
terms of signature as a quantum number is essential in the high spin region. A band,
classified for instance by the projection K of the intrinsic spin on the symmetry axis at
low spin, separates in two bands at higher spins, each one labeled with a different

value of signature « .

2.1.3 Comparison of the cranking model results and experimental data

In Cranked Shell Model (CSM) all parameters of the nuclear system like energy,
angular momentum, etc. are calculated with respect to the rotating coordinate system,
fixed with the principle axes of the nucleus, while experimentally measured values are

obtained with respect to the laboratory system. In order to transform the experimental



data to the rotating frame, the total experimental Routhian must be defined. An

expression for the total experimental Routhian is:

E® (I)= 1 [E(1+1)+ E(1-1)]- (1) (1) (2.23)

expt - E
where /_is the aligned angular momentum, given by the square — root term in the

denominator of

dE(I
how = ( ) = (2.24)
dyI(I+1)-K
where 1 (] +1)—K ? is the projection of the total angular momentum onto the

rotational axis, known as angular momentum,/ . For K =0 rotational band of

stretched E2 transitions this can be approximated by:

E -E E
ho = L 12 ~— when I>>K. (2.25)

JI(T+1) = (1 -2)1-1) 2

Comparison between the total experimental Routhian and the theoretical quasi-
particle Routhian requires the subtraction of an energy reference. A subtraction of this
kind removes the contributions from the core, and leaves the experimental behavior of
the quasi-particles. The experimental quasi-particle Routhian and alignment are

defined by :

eo, (I)=EZ (I)-E2 (1) (2.26)

expt expt
and
i (0)=1.0-1"" (o). (2.27)

The energy reference of the core can be calculated using a variable moment of inertia

fit to the low-lying transitions as a function of @°;

0]
Iref'

(0)=J, +0J, (2.28)
Where J, and J, are known as the Harris parameters [Har65]. The aligned angular

momentum reference is given by



' (@)= %(JO +0’J, )% (2.29)

and the reference energy by:

ref 1 2 1 4 1 hz
EY(0)=——a’J,——0"J, +—— (2.30)
2 4 8.J,

. . o
The integration constant —— is introduced to ensure that the ground state reference
0

energy is set to zero. The experimental alignment i (@) and Routhian Corp (@) can be

compared directly with the theoretical alignment and Routhian.

2.2 The Total Routhian Surface (TRS) calculations

The TRS calculations performed by R. Wyss [Wys90] were employed in this work.
They were performed for the nuclei with 30 < Z < 84, and for all possible
combinations of the 16 low