
High Spin Gamma-Ray Spectroscopy 

of N=86 Isotones Around A=150 

Thesis submitted in accordance with the requirements of the 

University of Liverpool for the degree of Doctor in Philosophy 

by 

Ishtiaq Ali 

Oliver Lodge Laboratory March 1992 



To My Mother 



Abstract 

A study of the single particle excitations of the N= 86 nuclei "'Gd and ... Dy 

in both the normal and superdeformed potential wells has been carried out. 

In particular the decay schemes of both "OGd and "'Dy have been extended 

around the spins where the superdeformed bands feed into the normal yrast 

states. Calculations based on the single particle shell model have been per- 

formed in order to interpret these level schemes and a comparison between 

"'Gd and "'Dy and their Z+1 N=86 neighbours ("'Tb and 153 Ho respec- 

tively) has been made. 
The reactions 130Te("Nig, 6n)"OGd at a beam energy of 145 MeV and 

"'Pd("Ca, 4n)15'Dy at a beam energy of 197 MeV were carried out at the 

NSF Daresbury using the TESSA3 spectrometer. The level schemes of both 

nuclei have been extended up to around spin I-40h. The nuclear energy states 

of the experimental level schemes of both the "'Gd and 152 Dy are not only 

similar up to spin 34- but also their configurations look similar up to spin 

34-. 

Furthermore, the single particle structure of "OGd 15'Tb and 152 Dy in the 

second minimum has also been studied. Excited superdeformed bands have 

been observed in "OGd and "'Tb. The moments of inertia of the excited su- 

perdeformed bands in "'Gd and "'Tb are quite similar to the yrast SD bands 

in the neighbouring Z+1 nuclei. This similarity in the moments of inertia 

implies that these bands are based on the same high-j intruder configurations, 

which in turn implies tliatILAAMPJCK)Ldeformed bands are based on a IV , ITY 
on 

r low-j particle-hole excitati jjý C', Corp. 
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Chapter I 

Introduction 

The atomic nucleus is a many-body quantal system with a large but finite 

number of nucleons. These nucleons interact via a strong, short range and 

attractive nuclear force. The interaction between the nucleons is considerably 

weak to allow them to behave as independent particles, but is strong enough 
for a few nucleons moving in anisotropic orbits to produce a deformed nu- 

cleus. Thus the nucleus shows both collective and non-collective behaviour in 

the accommodation of its angular momentum. The additional stresses arising 
from the rapid rotation of the nucleus can cause transitions between prolate, 

oblate and triaxial shapes. A classic example of nuclear deformation is the 

nucleus 152 Dy, since it contains oblate, low deformation prolate and even su- 

Perdeformed shapes. 

Figure 1.1 illustrates this shape co-existence in 152 Dy. The oblate shape 
is associated with the building up of the spin by single particle configurations 
(non-collective rotation). The ground-state sequence of stretched quadrupole 
transitions develops into a rotational band with a low moment of inertia, which 
is linked with a low deformation prolate (E=0.20) shape. Finally, the superde- 
formed shape with E=0.6. 

The first evidence for superdeformed shapes came from the observation 

of fission isomers in the very heavy nuclei in the Actinide region. In this 

case their stability is due to a combination of the shell structure and the 
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Coulomb energy (due to protons). A similar stability had been predicted to 

be attained by combining the shell structure with an energy term due to rapid 

rotation in lighter nuclei. Superdeformed shapes have now also been observed 

experimentally in many nuclei in the mass A=130i-A=150 and A=190 region 
(figure 1.2). However, no linking transitions between the superdeformed and 

normal deformed yrast states have been reported so far. 

It may be noted that in the mass A=150 region, apart from 1"Dy other 

nuclei such as "OGd and "'Tb also show collective as well as non-collective 

behaviour. 

This work has been carried out in order to extend the level schemes of 
"OCd and. 112 Dy so as to have as much information as possible on the oblate 

states in the first minimum. This would give us a greater understanding of the 
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interplay between the superdeformed and normal deformed shapes in the first 

and second potential energy wells. The configurations for the high spin states 

of these nuclei are based on the excitations/ re-arrangement s of the nucleons 

in tlieVf7/2h9/2 and 7rd5/2h, 1/2orbitals. Furthermore, two new superdeformed 

bands have been reported in this work, one in `OGd and the other in "'Tb. 

These bands have been termed "excited" superdeformed bands as they are 

proposed to be based on the single proton excitations from the 130111/2 orbital 

into the 1'65113/2 iiit. -uder orbital and are thus the first observation of the 

proton excitations in the superdeformed nuclei. 

The location of the "'Gd, `Tb and "'Dy in the nuclear mass chart is 

shown in figure 1.3 and their study in the first and the second potential energy a 
wells is described in the following chapters. 
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Chapter 2 presents some of the microscopic and macroscopic models and 

concepts used to describe the atomic nucleus. 
Chapter 3 describes nuclear rotation and its characteristic properties. Some 

general methods used in the calculation of the spectra of non-collective nuclei 

are also discussed and the chapter ends with a section on superdeformation. 
Chapters 4 and 5 discuss the formation and decay of the compound nucleus 

in a heavy ion fusion evaporation reaction and the detection of the emitted -y- 

ray radiations from these reactions along with the experimental and analytical 

techniques used in this work. 
The analysis and results from the data for the single particle oblate states 

presented in chapter 6 are discussed in chapter 7 in terms of the single particle 

shell model configurations. 
Chapter 8 is devoted to the results from the data relating to the occur- 

rence of superdeformed shapes, in particular the observation of excited su- 

perdeformed bands and their interpretation are discussed. 

Important findings of the study are surnmarised in chapter 9 and different 

avenues which need to be pursued in future are also highlighted. 
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Chapter 2 

Nuclear Models 

2.1 Introduction 

In order to investigate the structure of the nucleus a number of nuclear models 
have been suggested. Before constructing any theoretical model of the atomic 

nucleus it is important to consider the properties of the force which binds 

together nucleons within the nucleus. In an atomic nucleus, the nucleons are 
held together firmly within a small volume, although there exists a repulsive 
Coulomb force between the protons. To a good approximation, for a nucleus 

with atomic mass, A, the number of nucleons per unit volume is constant i. e., 

(x constant R3 

where R is the mean nuclear radius. This implies 

R. A'13 (2.2) 

where R. - 1.2 fm. Equation 2.2 shows that the value of the nuclear radius is 

10' times smaller than the value of the atomic radius. It has also been shown 
by the experiments on electron scattering [Ja 741 and p-mesonic x-rays [En 74] 

that the density of nuclear matter remains constant throughout the nucleus, 
decreasing rapidly to zero near to the nuclear surface. The density of the 

nucleus has extremely large values (ý- 10" times greater than the density of 
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matter in bulk) giving some indication of the difficulties that may be involved 

in the reproduction of the nuclear phenomena by a single theory alone. It 

has been suggested that there exists an attractive force inside the nucleus 

which is much stronger than the repulsive Coulomb force and which binds 

the neutrons and protons together. This strong attractive force has a short 

range (of the order of t fm or less) and is charge independent and is called 
the nuclear force. Indeed, if only the electromagnetic interaction is considered 
then the nucleus would fly apart due to the Coulomb repulsion experienced 
by the protons. However, the nuclear force must also have a repulsive core at 

very short distances (ý- 0.5 fm) otherwise all nuclei would collapse. 
As noted before, it is difficult to develop a single theory to explain the wide 

variety of nuclear phenomena and the solution of the many body problem is 

awaited. It is therefore more reasonable to use separate models to interpret 

various nuclear properties and to describe the interplay between them where 

applicable. 

Among the nuclear models the Liquid drop model (LDNI) of the nucleus 

was historically the first nuclear model to be proposed as an explanation for 

nuclear properties. 

2.2 Liquid Drop Model (LDM) 

The analogy between the nucleus and a liquid drop originates from the satura- 
tion property of the nuclear force, the very low compressibility of the nucleus 

and its well defined surface. The nucleus is assumed to have a definite surface 
tension and the nucleons are expected to behave in a similar manner to water 

molecules within a liquid. Particle emission corresponds to molecular evapo- 

ration from the liquid surface and liquid fission may be viewed as the division 

of large drops into two smaller ones. 
Experiments'on nuclear binding energies revealed that the binding energy 

per nucleon is approximately constant at +7.5 to +8.5 AIeV for nuclei with A> 



8 

12. Furthermore, the nuclear force was observed to saturate with increasing 

nuclear mass (its interaction strength only extends over a few nucleons) and 

both of these properties are shown in figure 2.1 which shows a plot of the 

binding energy per nucleon B(N, Z) against the mass number A. A 

2.2.1 The Semi-empirical Mass Formula 

The semi-empirical mass formula of NVeimicker [We 351 and Bethe [BB 361 is 

a successful approach to describe the total binding energy B(N, Z), where N 

and Z are the number of neutrons and protons, and is given by, 

B(N, Z) = a,, A -a A'13 _ a. 
Z2 

aa 
(N - 

Z)2 

+ A(A) (2.3) 8 TI -/3 -A 

The five terms on the right hand side of equation 2.3 are called the volume, 

surface, Coulomb, asymmetry and pairing terms, respectively. The physical 

meaning of each of them is given below: 

e a,, A - the volume term. The volume term arises from B(N, Z) being ý 

proportional to A (where Aoc R', R is the radius of the nucleus and is 

given as R=RoA'/', Ro=1.2 fm). - 

aA'I' - the surface term. Nucleons near the surface of a nucleus are 
less bound and contribute less to the binding energy as the nuclear force 

saturates. The surface term, proportional to R2 accounts for the reduced 
total binding energy. 

2 

a a,, Z_ the Coulomb term. Protons inside the nucleus experience a A17-3 

Coulomb repulsion. The Coulomb energy is proportional to the square 

of the number of protons and inversely proportional to the radius of the 

nucleus. 
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Figure 2.1: The bindin energy per nucleon as a function of mass number A. The smooth 

curve is from a semi-empirical mass formula similar to 2.3. The figure is taken from [Le 59]. 
0 

e a,, 
(N 

A 
Z)2 

_ theasymmetry term. Because nucleons are Fermions they have 

to obey the Pauli principle. In nuclei, approximately equal numbers of 

protons and neutrons lead to stable configurations. The asymmetry term 

is needed to account for the imbalance in most nuclei of the number of 

neutrons over the number of protons ( due to the Coulomb force expe- 

rienced by protons). For N not equal to Z the reduction in B(N, Z) is 

proportional to (N 
A 

Z)2 

A(A) - the pairing term. The pairing term is due to the pairing force (see 

later). Conventionally an increase in the binding energy by an amount 
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A is associated with an even-even nucleus compared with an odd-even 

nucleus. Odd-odd nuclei have both unpaired protons and neutron and 
have relatively low binding energies. 

The Empirical fits to the binding energies give the following values for the 

coefficientsi 

and 

a,, = 15.7 

a, = 17.8 
Alev (2.4) 

a. = 0.7 

aa = 23.7 

34A -3/4 for even - even nuclei 
A(A) 0 

-3/4 

for even - odd nuclei 

I 

MeV (2.5) 

-34A for odd - odd nuclei 

The mass of the nucleus can now be written as: 

AI(N, Z) = ZAlp + NAIN - B(N, Z) (2.6) 

where Alp and AIN are the proton and the neutron masses, respectively. Z 

and N are the proton and neutron numbers. 

2.2.2 The Rotating Liquid Drop Model 

The surface of non-spherical (or deformed) nuclei may be described as [Kr 871 

00 A 
R(O, RoC(a, \m) 1+ZZ 0) 

1 
(2.7) 

A=OP=-A 

where R(O, 0) is the distance from the origin, Ro is the radius of the equivalent 

sphere (given by equation 2.1), C(a, \, ) is a volume conservation factor and 
Y. \,, (O, 0) are spherical harmonics with coefficients a, \,,. For nuclei, the most 
important deformation is of quadrupole type, for which A=2. For this case, 

and using the body fixed co-ordinate system (defined by the principal axis 

of the mass distribution), 022 ý: -- a2-2 and a2l ::: Ct2-1 --= 0 and so the shape 
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is specified by Q22 and a20 for small deformations. The parameters a2o and 

022(a2-2) can be expressed by another set of parameters, 02, ^li 

Ct20 ý 82 COS 'Y 
(2.8) 

Ct22 " 
ý202 

sin-, 

17 

where 32 is the quadrupole deformation parameter and -1 is the triaxiality of 

the system. A representation of the different nuclear shapes in the 02,11 plane 
for -120" < -f :5 60' is given in figure 2.2 using the Lund convention [An 76]. 

(Other deformation parameters are also frequently used; for the relationships 
between the various deformation parameter representation see L6bner et al., 
[LVH 701. ) Rotation is around the shortest, intermediate and largest nuclear 

axis for 0" <y< 60", -60" < -f :5 0' and -120' <I : ý- 60", respectively. Two 

types of axially symmetric shapes occur, one at -1 = 0", -120" corresponding 

to prolate (rugby ball) shapes and one at -1 = ±60" corresponding to oblate 
(earth shaped) shapes. The prolate nucleus may produce rotational states by 

rotating about the x-axis (defined as an axis perpendicular to the symmetry 

axis) since this is the axis with the largest moment of inertia. The oblate 

nucleus may not rotate collectively about its axis of largest moment of inertia 

(symmetry axis). The nucleons occupy orbitals which have a large projection 

of spin on the z-axis (symmetry axis). A comprehensive treatment of the 

classical, rotating, charged liquid drop was carried out by Cohen, Plasil and 
Swiatecki [CPS 74]. 

The model addresses the question of the stability of the drop by identifying 

stationary energy surfaces described by, 

Emac(Py, t) = E��. f (ß, -i) + E�j(0, -y) + E�, t(P, -1) (2.9) 

where the rotational energy is, 

E, >t (0, -() -- 
(hj)2 

22rigid(ß) 

and includes the rigid body moment of inertia. Two dimensionless parameters 
were introduced, the fissility parameter x and the rotational parameter y. 
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Figure 2.2: (Upper) The nuclear shapes in the 02P 'Y plane as defined by the Lund con- 

vention [. An 76]. Axially symmetric shapes are shown, the nucleus being triaxial elsewhere. 
(Lower) A prolate collective nucleus and an oblate single particle nucieus is also shown. 
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Figure 2.3: Critical urves of the rotational parameter, y, as a function of the fissility 
parameter, x. The fl. ure is taken from [CPS 74]. 
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These are given by, 

and 

Eoul (ß, -t) (2.11) 
2 Esurf (ß, -1) 

E�t (ß, -y) (2.12) 
2 Esurf (ß, -Y) 

The general features of the calculations indicate that at low angular momenta 
(low y values) the nucleus adopts axially symmetric shapes (oblate) which re- 

main stable up to some critical value yj and which depend on x (figure 2.3). 

For y> yj triaxial shapes are preferred while at higher angular momenta the 

stable shapes become more axially symmetric (prolate/superdeformed) before 

fissioning at y> yjj. When y> yri, the nucleus becomes unstable against 
fission. The model also predicts some physical quantities such as limiting an- 

gular momenta, fission barriers and stable ground state deformations for a 

range of nuclei. The height of a fission barrier is seen to depend on the angu- 
lar momentum (I), limiting the amount of spin a nucleus can support before 

fission occurs. Figure 2.4 shows the maximum angular momentum as 

a function of mass A. The line marked 1,,. it is the point above where triax- 

ial/superdeformed shapes are predicted to be the most stable configurations. 
The dashed line indicates the I ...... . value for a fission barrier of 8 MeV. In gen- 

eral the RLDNI is consistent with the experimentally observed limiting values 

of 1, the actual shape of the nucleus is, however, sensitive to the microscopic 

structure of the nucleus. 

2.3 Spherical Shell Models 

The liquid drop model of the nucleus is successful in accounting for many 

properties of the nucleus. However, there is strong experimental evidence for 

a shell structure in nuclei, analogous to the electron shell structure in atoms. 
Deviations between the curve described by the semi-empirical mass formula 

and the experimental data ( 2.1), as a function of nucleon number, indicate 

favoured values of neutron and proton numbers where the nucleus is more 
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strongly bound. The existence of especially stable nuclei at well defined magic 

numbers 2,8,20,28,50, (64), 82 ..... is indicative of nucleon shells. 

2.3.1 The Nuclear Mean field Approximation 

The mean-field approximation of the atomic nucleus has been extremely suc- 

cessful in simplifying the complicated interactions inside the nucleus. It was 
developed in analogy to the atomic model. The situation in the nucleus, 
however, is very different from the atom. Whereas the atomic electrons are 

constrained to move in an average repulsive field due to all other electrons, 

nucleons move in the attractive field of all the other nucleons. 
In the mean-field approximation the nucleons of a nucleus produce together 

an average potential V. The motion of each individual nucleon is regarded as 

mainly being determined by V. Because of the approximate character of this 

model an additional potential VR is assumed. It accounts for any residual 
interactions which are not included in V. VR is assumed to be negligible to 

first order. The Hamiltonian of the mean-field model is given by 

H" Hah + VR (2.13) 

where N 
Hsh =h, 

2m2 
VI + Vsh(ri) (2.14) 

The choice Of Vh(r) defines a model and contains parameters which can be var- 
ied to fit the experimental data. Such models are known as phenomenological 

models. 

2.3.2 The Harmonic Oscillator Potential 

The oscillator potential can be expressed as 

-I, r, Vilo- 0 
1- (R/Ro)2 

(2.15) 
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for R< RO and zero elsewhere. It can be modified in order to give a better 

representation of the 'real' potential. In this case it is referred to as the 

Modified Oscillator potential (MO). 

2.3.3 The Woods-Saxon Potential 

The Woods-Saxon potential is given as a function of the radius R by 

Vws(r) =-- 
vo 

- (2.16) 
1+ exp(f-ýR: 

-) 

where R accounts for the nuclear radius and V for the diffuseness of the 

nuclear 'surface' which determines the shape of the potential around R. 

2.3.4 Spin-Orbit Coupling 

So far, from consideration of a central potential only, it is not possible to 

predict the correct magic numbers and so it is necessary to introduce a non- 

central component to the nuclear potential. 

Similarly to the situation in the atom, the non central term is given the 

form of a spin-orbit interaction [NIa 49, HJS 49] although its origin is the nu- 

clear force unlike the electromagnetic force in the case of atoms. The spin-orbit 
interaction results in a coupling of the intrinsic spin and orbital angular mo- 

menta (s and 1, respectively) of the nucleon to give a total angular momentum 
j: 

i=I (2.17) 

and remembering s=±! for nucleons, splits a given value of 1(1ý0) into two 2 

components j=I+1 2 and j I-1 2 each containing 2j +I particles. The 

attractive force means that j I+1 2 lies lowest in energy of tlýe two com- 

ponents. The size of the splitting is proportional to 1, hence the states with 
largest values of I exhibit the greatest splitting. With the inclusion of the spin 

orbit term and a Coulomb term, the single particle nuclear Hamiltonian has 

the form 

.h 
2V2 

+V 

m I S+vo+vcouf (2.18) hsH -vs T? 
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where VS0 represents the spin-orbit interaction and Vc.. t is the Coulomb 

potential for protons and can be derived from the electrostatic potential of a 

uniformly charged drop. The spin orbit interaction is expressed as 

Vso =f (r)l. s 

where f (r) is proportional to the derivative of the central potential. The 

solution of the Schr6dinger equation 

HOP = EA (2.20) 

using a mean field potential Vo with the inclusion of spin-orbit coupling and 

a Vcýýi term leads to the shell structure shown in figure 2.5. The levels are 

now denoted by n1j. It can be noticed that in this example the negative parity 
1hil/2orbital is shifted down into the shell below. The 1hj1/2 level has opposite 

parity to the other levels in the shell and is termed a "high j intruder orbital", 

the other levels being referred to as "normal" parity states. 

2.4 Deformed Shell Models 

The assumption of essentially independent motion of nucleons in an average 

field is the basis of the shell model and of all microscopic theories of finite 

nuclei. This potential is produced by the nucleons themselves and their mutual 

interactions. 

However one has to assume a deformed shell model potential, in order 
to explain the existence of rotational bands, very large quadrupole moments, 

strongly enhanced quadrupole transition probabilities and deformation depen- 

dent single particle structure. 

2.4.1 The Nilsson Potential 

One of the simplest deformed shell models is the Nilsson model which employs 
a modified 110 potential as an approximation to the deformed mean-field. The 
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Nilsson single particle Hamiltonian is given by: 

2 
hNil +V (2.21) xfHo - 2nhw,, [It. s - A(It- < l2t>N)l 

where n and it are parameters [Ni 691 varied to fit experimental data and the 

t >N maintains the average shell energy at a constant value whilst term <V 

. Afj, 0 is the Modified the I, ' term moves the levels within the shell [Gu 67], V 

Harmonic Oscillator Potential [Ni 551, ::: ýV' is the usual K. E. operator and 2m 

lj. s is the spin orbit term. 

Plots of the single particle energy levels (usually expressed in the units 

of hwo) versus deformation for protons and neutrons are shown in figures 2.6 

and 2.7 (from[BR 851), respectively and are called Nilsson diagrams. In the 

spherical region the orbitals are labelled with their Ij values. As the nucleus 
deforms Ij no longer remains the good quantum number and the so called 

asymptotic quantum numbers [Nn, AIQ are used. The asymptotic quantum 

numbers N, n., A and S1 are referred to as the principal quantum number, 
the number of oscillations parallel to the z-axis, the component of the orbital 

angular momentum of the particle onto the symmetry axis and the component 

of the total angular momentum onto the symmetry axis, respectively. 

2.4.2 The Deformed Woods-Saxon Potential 

The Nilsson model has the advantage that the INIHO potential is separable into 

three one-dimensional oscillators and is, therefore, simple, to solve. However, 

the deformed Woods-Saxon (DWS) potential is a closer estimate to the real 
deformed nuclear potential and is given by: 

VDIVS 
vo 

(2.22) 
+ exp( 

dist[r-R(O)l 
d 

where dist[r --+ R(O)] denotes the distance from some point R to the nuclear 

surface, it is defined to be negative for points inside the nuclear surface and 

positive outside and "d" is the surface diffuseness. The single particle DWS 
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Hamiltonian takes a similar form to equation 2.18 and is now written as: 

_2 
-V2 +V hDIVS : -- 7ý DWS + VSO + VCoul (2.23) 77 j 

where the spin orbit term is now given by 

VSO 
--.,: -A( 

h)2 (VVDIVS X P)-Sj (2.24) 
2mc 

where p is the momentum vector and Aa strength parameter. 

2.5 The Strutinsky Shell Correction 

It follows from the previous discussion that, for a given number of nucleons, 

the levels which are occupied change as the nucleus deforms. Obviously this is 

more pronounced for orbits near to the Fermi surface: those levels far from the 

Fermi surface will tend to remain either occupied or unoccupied. It therefore 

comes about that the total energy of the system can be written as the sum 

of two parts; a smooth part due to filled levels below the valence shell, and a 

rapidly varying part due to levels within the valence shell. 

Et,, t ` 
tshell 

+ 6Eshell (2.25) 

where 
koheit 

refers to the smooth part and 8Eh. 11 is known as the shell correc- 

tion term. 

On the whole the single particle shell model is rather poor at describing the 

effects due to the bulk of the nucleons far from the nuclear surface, although 

it does describe the contribution from the valence nucleons rather well. The 

result is that a pure shell model approach to calculate the total energy is 

unsatisfactory. Strutinsky[St 65, St 67] proposed that one should replace t8h. 
11 

with a macroscopic term (E,, 
acr,, -ELDM)) usually taken to be the liquid drop 

or rotating liquid drop (in the rotating case) 

Et,, t =+ 
SEshell (2.26) 
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One then has the problem of determining the shell correction term, which is 

the difference between the total shell energy and the 'smooth' shell energy. 
A 

8Eshell 
-, = E e,, 

V=l 

(2.27) 

where e,, represents the nucleon single particle eigenvalues. Since this decom- 

position is entirely a shell model problem, it is useful to define a level density 

concept, g(e)6e, the number of levels in the energy interval e to e+6e 

g(e) =E S(e - ei) 
i 

(2.28) 

6(e - ej) is a Dirac delta function and in this representation, the particle 

number, A may be obtained from an integration of g(e) from -oo to the 

Fermi energy, A 

A=f 
A 

g(e) Se 
00 

(2.29) 

The Strutinsky renormalisation replaces the discrete density of states by a 

smooth level density; 

j(e) =Z S(e - ei) =1 
Im 

g(e)f 8e (2.30) 
i ly -. 17 

where S(e - ej) is a smooth function and f IS: j'n is Gaussian with width 
hw., the energy difference between successive nuclear shells. Hence the particle 

number A becomes 

then 

j(e) 6e 
00 

29helt 
«"2 ej(e) Se (2.32) 1-, 

00 
This average shell energy expression represents a smearing of the Fermi sur- 
face and therefore, the occupation probabilities for the unoccupied levels. It 

restricts the effects of the interactions and crossings which are responsible for 

the fluctuating behaviour. The results of calculations using the Strutinsky 

procedure are often given in the form of potential energy surfaces (see later). 

They are energy contours in an (e - -f) plane. The Strutinsky method may 
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also be applied to rotational nuclei. In this case the method is more complex 
because the angular momentum also contains a contribution to the total sin- 

gle particle energy and this must be accounted for in an analogous method to 

above. A detailed account of the extension to include rotation is discussed in 

section 3.3. 
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Chapter 3 

Nuclear Rotation 

3.1 Pairing Correlations 

Classically, the most efficient way pairs of nucleons can interact via the short 

range strong nuclear interaction is for both nucleons to move together in the 

same orbit. This is forbidden by the Pauli principle, and the occupation of 

time-reversed orbits is the next most efficient possibility. This so-called pairing 

interaction is shown schematically in figure 3.1 (a). The angular momenta of 

the nucleons are now coupled to 1=0 via the monopole pairing force. Indeed 

the observation that even-Z even-N nuclei have a ground state of I' = 0+ is 

strong evidence for pairing correlations. The paired nucleons have a reduced 

energy due to the attractive nature of the interaction, leading to the concept 

of the pairing energy or "pair gap", A. It follows therefore that there should 

be a greater binding energy for even-even nuclei than for their odd-mass neigh- 

bours. This effect is observed experimentally, and is often used to estimate 

the magnitude of the pair gap. 

The effect of pairing correlations at low spins is to tend to drive the core 

to a spherical shape due to the isotropic nature of the interaction. Where 

the pairing interaction is large in the presence of closely spaced single particle 

energy levels, the scattering of pairs of nucleons between sets of time-reversed 

orbits influences the occupation probabilities of the individual single particle 
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Figure 3.1: (a) A schematic plot of the pairing interaction between two nucleons and (b) 

the expected effect of the Coriolis force on the nucleonic motion due to the rotation of the 

nucleus. 
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levels. This has the effect of smearing the Fermi-surface (which for an unpaired 

system would be well defined). The analogy between these effects and electron 

correlations in superconductors prompted the suggestion [Bo 581 that this mi- 

croscopic interaction may be described in terms of Cooper-pairs [BCS 57] and 
this technique has been applied with some success in the pairing model when 

considering microscopic two-body interactions. 

The effect of nuclear rotation on a pair of particles (a Cooper pair) occu- 

pying time reversed orbits is illustrated in figure 3.1 (b). The Coriolis force 

acts in opposite directions on the two particles and tends to counteract the 

pairing force and can be pictured as bending the two time reversed orbits away 
from each other thereby reducing the effectiveness of the short range pairing. 
force. When the Coriolis force overcomes the pairing for a particular pair of 

nucleons in a high-j orbit, the pair is decoupled from the rotating core and the 

spin of the pair is aligned parallel to the rotation axis. This effect, leading to 

a decrease in pairing, is known as Coriolis antipairing (CAP). 

3.2 The Cranked Shell Model 

3.2.1 Introduction 

Some nuclei are deformed in their ground states which enables them to rotate. 
Due to rotation, centrifugal and Coriolis forces come into play, which are 

responsible for the generation of the angular momentum, both by the single 

particles and the core. A microscopic description of nuclear rotations was 

proposed as long ago as 1954 by Inglis [In 54, In 551. This procedure, known 

as the cranking approximation, is frequently used and enables, within the 

same formulation, a description of both collective rotations and single particle 

excitations (occasionally referred to as non-collective rotations). 
The rotation of a nucleus about an axis perpendicular to a symmetry axis 

induces a coupling between the individual nucleon orbits and the deformed 

mean field, partially aligning the nucleon angular momenta with the rotation 



29 

axis. The total angular momentum can then be considered to be due to a 

collective contribution from all states. 
The rotation of the field introduces explicitly, a time dependence to the 

Schr6dinger equation which can be removed by transforming to the intrinsic 

(or rotating) frame of reference: 
I 

In the laboratory frame the time dependent Schr6dinger equation can be 

written as, 

ih'O"ýL = HLTL (3.1) 
Ot 

where HL and TL are the Hamiltonian and wave function of the system. The 

laboratory and the intrinsic frame are coupled through a unitary transforma- 

tion by the rotation operator, 

Rm = exp(-iJ,. wtlh) (3.2) 

where A 
J. (3.3) 

is the component of the total angular momentum along the rotation axis and 

since the x-axis is taken to be the axis of rotation J,, =J-., (prime refer to 

coordinate in the rotating frame). Hence, 

TL = R-ýV 

and 

(3.4) 

HL R., H'R-' (3.5) 
x 

The Schr6dinger equation now reads as, 

ih 
&PI 

= (H' -wJ., ) 19' =- Hd IQ' (3.6) 
at 

The Hamiltonian 

Hw = H'- wJ., (3-7) 

is called the total cranking Hamiltonian. The second term on the right hand 

side of equation 3.7 (-wJ. ) can be considered to play the part of the Coriolis 
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and centrifugal forces. In the case of a single particle, equation 3.7 can be 

written as 

hw = h' - wi-, (3.8) 

and in this case it is termed the single particle cranking Hamiltonian. The 

eigen values of h' are so called routhians and represent the single particle 

energies of the orbitals in the rotating frame. 

The total energy of the rotating system is calculated as the sum of expec- 

tation values of the real single particle energies, e'O: V 

E= < e' >= Ew+hw < I., ý > (3.9) 
v 

v 

where for a state of spin I belonging to a given K-band (where K is the 

projection of total angular morneturn "I" on the. symmetry axis), the value of 

w is chosen such that 

K 21112 (3-10) 

The sensitivity of an orbit to the rotation of the nuclear mean field can be 

examined by a direct differentiation of the single particle energies with respect 
to rotational frequency and is termed as the alignment 

ix'= 
ýe,, 

=, - < Vw li. 1vo 
dw 

The amount to which the orbital is affected by the rotation depends on its 

i value; high-j, low-0 orbitals being the most strongly aligned. To illustrate 

this, figure 3.2 shows the eigenvalues of the single particle Routhians plotted 

as a function of angular velocity for the Woods-Saxon potential. 

3.2.2 Symmetries In The Cranking Hamiltonian 

Signature 

The cranking Hamiltonian (equation 3.7) does not conserve time reversal or 

rotational invariance since the J,,, operator changes sign under these operations. 
The only symmetries that remain in H- are the space reflections (parity) and 
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the transformation' described by the R.,. operator, (a rotation about the x-axis 
by an angle of 180") which is given by: 

R, v = exp(-irj-, ) (3.12) 

For an even system the square of this operator does not alter the wave function 

while for an odd number of particles (fermions) the wave function changes sign; 

(3.13) 

Therefore, the eigenvalues, e'O and eigenstates, Ivw> of the single particle v 
cranking Hamiltonian, hw are labelled by the parity of the states, 7r(v) and by 

the eigenvalue, r,,, (v) of R-- operator, defined as 
I 

exp[-ira(v)] (3.14) 

The quantum number r., =r is called the signature of the state lv'>, and Ce 

may be defined as the signature exponent, (a(v) is sometimes preferred to 

r, (v) because a ia an additive quantity). 
For nuclei with even mass numbers 

r=+1 or a=00,2,4, 

r=-1 or a=11,3,5, 

and for odd-mass nuclei 

r= -i or a= +1 11 il 22 
2 2) 21 il 

(3.16) 
r= +i or a= -1 

37 11 
2 27 D -2 1 

Degeneracy 

The addition of the cranking term (-wj,, 
.) 

to the single particle 11amiltonians 

(described in chapter 2) removes the degeneracy of the eigenfunction for W A. 

For example, the Nilsson model eigenfunctions are doubly degenerate with re- 

spect to Q at zero rotational frequency, (±Q). For wý0, the Coriolis term 

in the cranking model splits each orbital into two levels of opposite signature 

exponent, (a = +12) and (ci = -j). The magnitude of this so called signature 2 
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splitting depends upon the angular momentum projection onto the rotational 

axis, j,.., and the magnitude of the rotational frequency. For large rotational 

frequencies, orbits with high-j,, or low 11 projections result in a large signa- 

ture splitting and are often lowered into the vicinity of the Fermi surface and 

consequently new sets of magic numbers are seen to occur. 

3.3 Cranked Nilsson- Strutinsky Calculations 

The description of nuclei at high spins (30h <I< 60h say), requires a model 

which is self-consistent with respect to the shape degrees of freedom. At 

high rotational frequencies one may consider the static pair correlations to be 

negligible, hence in these calculations pairing is neglected and a minimisation 

of the total energy is carried out with respect to f21 E4 and -y (the shape 

parameters). A successful model employing the above criteria is the Cranked 

Nilsson- St rutinsky model (CNS). 

In the previous chapter, it was observed that the total nuclear energy of a 

nucleus was inadequately described by a purely microscopic calculation. 
Generalising the Strutinsky method to rotations [An 761, the spin (angular 

momentum) density function 92(ew) is defined as 

92(e') < j. >,, S(e' - e) (3.17) 

analogous to the definition of the level density given by (equation 2.28) i. e. 

gi(e') 8(e' - ew). v 

The smearing density function is taken to be (similar to that given by equation 
2.30. ) : 

S(e' - ew) and ý2(ew) S(e' - e') vv 

where S(e'O - ew) is a Strutinsky smearing function. The total angular mo- v 
mentum (I) becomes 

A 
I : -,,: 

j 
g2 (e') de' (3.20) 

00 
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The total single particle energy obtained from the cranking formalism (equa- 

tion 3.9) can be expressed as; 

l\ E. 
p(I) = 

1,00 
e' gl (e') de' 

,+ 
hwI (3.21) 

The energy in terms of the smoothed density functions is given by (as in 

equation 3.21) 

t(w) = e'ý, (e')+hwý2(e") de' (3.22) 
J'00 

The cranked Nilsson Strutinsky single particle Hamiltonian also includes hex- 

adecapole deformation (C4) and the -y-degree of freedom 

W P2 hýNs = hNil (IE2) If) + 2h IE4 V4 (3.23) c 

where p is the radius in the stretched coordinate system [Ni 551 and V4 is the 

hexadecapole potential [BR 851. The total energy is defined as the sum of the 

macroscopic and the shell energies as described in section 2.5. 

Ei,, t(62) IE4) -J) 1) 
= 

Enac (f2) IE4 1 *7) 1)+ 8Eshell ( C2) C4 1 111 1) (3.24) 

and the minimisation with respect to Ej,, j is plotted in e versus w diagrams, 

for a constant spin, 1. The macroscopic energy contribution may be calculated 

from 
E, 

nacro = E.,,,. f + Ec,, ýj + 
h2 J2 

(3.25) 
2%igid 

The cranking term, -wj-. causes certain Nilsson orbitals to approach one an- 

other in the routhian plots of ew versus w. 

3.3.1 Potential Energy Surfaces 

The potential energy surfaces are calculated by minimising the total energy 

with respect to the shape parameters (E2,64 and -y) and the resulting energies 

are usually plotted as contours on 62,11 maps for fixed values of I. Figure 3.3 

illustrates some potential energy surfaces calculated (Anderson et al. [An 761) 

for the nucleus 160 Yb at various values of 1. 
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3.3.2 Total Routhian Surface (TRS) Calculations 

Nazarewicz et al. [NWJ 89] (and references therein) have studied the be- 

haviour of high deformation rotational bands within the frame work of a model 

which stresses the importance of both shape changes and pairing correlations. 
The cranked Woo ds- S axon- B ogolyubov- St rutinsky approach uses a Woods- 

Saxon single particle potential and a BCS pair field to 'parameterise' the nu- 

clear mean field. The total Routhian of a nucleus as a function of deformation 

is expressed as, 

(3.26) 

The quantal corrections to the total energy are given by SE, 'Oh, ll (the single 

particle shell correction) and by 8EP'd. i. (the pairing correction). 
Due to the computational difficulties involved, calculations which treat 

both the deformation and pair correlations self- consistently are not possible. 
For this reason two variations of the model are employed. The first, referred 
to as DSPA (deform at ion-self- consistent, pairing-average), minimises the total 

Routhian equation 3.26 with respect to the shape parameters, while approxi- 

rnating the pair correlations by defining the pair gap to be a smooth function 

of the cranking frequency w, (such that the pair gap is reduced by 50% at hwc= 

0.7 MeV and 0.6 MeV for protons and neutrons respectively). The second vari- 

ant, DAPS (deform at ion-average, pairing-self-consistent), combines the full 

particle number projection before variation method (keeps track of particle 

number and eliminates the sharp fluctuations in the pair gap associated with 

a purely BCS approach to pairing) plus the cranked lIartree-Fock-Bogolyubov 

(CIIFB) equations [PP 801 with an average deformation determined by the 
DSPA calculations. 
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Figure 3.4: 'The generation of angular momentum by the single particle excitations where 00 
the angular momentum is the sum of the projections on the symmetry axis. 

3.4 Non-Collective (Single Particle) Motion 

Angular momentum can be generated by the sum of the contributions from 

the single particle orb'Its of the valence nucleons where the angular momenta 

are not coupled to 1=0. The total angular momentum of the nucleus is then 

the sum of the projections of the intrinsic orbital angular momenta on the 

axis of symmetry (this is shown schematically in figure 3.4). This is often the 

method for generating angular momentum for the yrast sequences of spherical 
(or near closed-shell) nuclei. It can be seen from figure 3.4 that the orbitals 

which have the largest projection on the symmetry axis (high 11) are generally 
lowest in energy for oblate deformations when near a closed shell. This type 

of generation of angular momentum is therefore most effiLient for an oblate 

shape. 

As there is no real contribution to the angular momentum from the core 
in this picture, this type of excitation is described as "sh-gle particle". As 
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each single particle excitation has a very different intrinsic energy associated 

with it, the resulting decay scheme of a single particle nucleus shows a very 

irregular energy level pattern. This feature can be seen in the decay schemes 

of many nuclei such as in mass A=150 region. In this region, the nuclei near 

to the closed shell have only a few valence particles, they occupy equatorial 

orbits and are responsible for the generation of nuclear spin. The non-collective 

nature of these nuclei can be illustrated from a plot of excitation energy versus 

I(1+1). Such a plot for a single particle nucleus 147 Gd is shown in figure 3.5. A 

close examination of the figure shows that the individual levels do not follow 

the rotational formula as given by equation 3.35. However, over a fairly large 

spin interval it can be seen that the level energies do scatter around a linear 

dependence of excitation energy versus 1(1+1). The rotational formula may 

then be used to define an effective moment of inertia, which is usually close 

to the moment of inertia of a rigid body with small oblate deformation. The 

slope of the yrast line is strongly dependent on the neutron number or the 

number of valence nucleons and gives a measure of the ability of the system 

to increase its angular momentum by configuration changes. The steep yrast 

line of a nucleus with few valence nucleons reflects the necessity for excitations 

across a large shell gap in order to generate high angular momentum states. 

3.5 Calculation of the Spectra of the Non- 

collective Nuclei 

Grover and Gilat [GG 67] were the first to construct the high angular mo- 

mentum states by combining the shell model configuration with the orbitals 

aligned along the symmetry axis. Present calculations of the level spectra of 

non-collective nuclei follow two main methods. 

e The deformed orbital phenomenological models using either the modi- 
fied oscillator or Woods-Saxon potential together with the tilted Fermi 

surface method to define particle configurations to the levels. 
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* The spherical shell model and two body residnal interactions in the cal- 

culation of the level sequence. 

However, in the calculations of the level sequence of non-collectivc nuclei the 

approach of the two body residual interactions used in the shell model influ- 

ences the orbitals in a similar manner to the deformation used in the phe- 

nomenological models. 

3.5.1 Deformed Orbital Phenomenological Models 

In the calculation of the yrast line of a single particle nucleus the rotational 
frequency w may be introduce directly and the same formalism used as that 

which has been very successful in the description of the states of collective 

nuclei. Alternatively, w may be introduced as a parameter in the minimisation 

of the total energy with constraints on the spin, I, and the number of nucleons, 
N. This procedure is known as the tilted Fermi surface method. 

3.5.2 Cranking Model Approach 

The spherical or weakly deformed nuclei at the beginning of the rare earth re- 

gion, behave similar to the classical liquid drop and up to angular momentum 
I== 50 -70h they are oblate and rotate around the symmetry axis. To create 

a large amount of angular momentum the nucleons which lie outside the core 

must align their angular momentum along the rotational axis (z-axis). Classi- 

cally speaking these particles have to run in the equatorial plane around the 

nucleus and produce an oblate density distribution [PP 801. Since there are 

Only a few particles involved, such a configuration is certainly non-collective 

and the solution of the cranking Hamiltonian 

Hw = H- wJ, (3.27) 

becomes particularly simple as the rotation is around the symmetry axis. In 

this case each single particle wave function is an eigenfunction of j, with the 
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eigen value f2i. The component of the total angular momentum in the direction 

of the symmetry axis is given by 

N 

4 >= (3.28) 

To increase the angular momentum one has to change the occupation in the 

deformed well and to put particles from lower (for instance negative) W-values 
into those with higher (positive) w-values. This can be done by a cranking 

procedure around the symmetry axis. Since the operator j, commutes with 
h (the single particle hamiltonian), we get the single particle energies in the 

(crotating frame" 

ei = ei - wili (3.29) 

where ei are the eigenvalues of h in the non rotating frame. These are straight 
lines as a function of w, whose slope is given by 

de, ý 
dw 

(3.30) 

This can be seen in figure 3.6(a). The condition to minimize the energy in the 

rotating frame 

E(ei - wf2i) 
i=l 

guarantees that one always occupies the lowest levels e'j. With increasing 

frequency w we thus obtain a stepwise increasing of the angular momentum. 
This feature is shown in figure 3.6(b). The distance between two steps and 
the size of the steps is given by the distances of the levels ei and the angular 
Momentum value Ili. Therefore there is a statistical increase of the angular 
Momentum with the frequency w. The moment of inertia is then defined only 
01, the average (dashed line in figure 3.6(b)). 

3.5.3 Tilted Fermi Surface Method 

Since the level spacing in the case of a rotation around the symmetry axis 
has a statistical character, one expects yrast traps, first predicted by Bohr 
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and Mottelson [BM 741. Filling the levels in the rotating well always from 

the bottom, we obtain with increasing angular velocity, jumps in the angular 

momentum by several units. This can be visualised most easily in a represen- 
tation of the eigen values ei in the non-rotating oblate deformed single particle 

well as a function of the components Q of the angular momentum along the 

symmetry axis. This method has been described in detail in chapter 7, while 
an illustrative example is shown in the next section. 

3.5.4 An Illustrative Example 

Many authors have performed the calculations to predict the values of spin 
and parity of the isomers in the oblately deformed nuclei. Among these, one 
successful attempt was made by Cerkaski et al., (Ce 79]. In the calculation 
the single particle deformed shell model potential of equation 2.23 is solved by 

numerical diagonalisation. In order to improve the accuracy in this calculation 
some parameters used by Rost [Ro 67] were modified by fitting the ground 
and excited states of 230 odd-A nuclei. Figure 3.7 shows a plot of the single 
particle energy versus angular momentum component 11 for both protons and 
neutrons. The optimal spin and parities are I,, = 0+, 11-, 20+ and Ip = 
0+, 5-, 6- as indicated on the figure. The calculated yrast line is shown in 
figure 3.8 where the doubly optimal states are indicated by I"+Ip. Several 
isomers are suggested at Pr = 16+121-, 30+ and also at I' = 27- which is 
thought to be a candidate for a structural trap as its structure differs greatly 
from the states 26-, 25-. No residual interactions have been included in these 

calculations which makes them unreliable below I- 15. Experimentally, 
isomers have been identified at I'=17+, 21-, 27-, 30+ which means that 

apart from a possible spin discrepancy of ±1 there is a very good agreement 
between experiment and theory. The experimentally determined isomers are 
in fact not true energy traps as predicted in this calculation, so the theory 
fails in this respect to reproduce the experimental data. The inclusion of two 
body residual interactions may be expected to make most of the calculated 
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traps disappear from the yrast line but its irregular character may mean that 

isomeric states due to a hindrance in the rate of electromagnetic transitions will 

remain [AK 771. The calculation of Cerkaski et al [Ce 791 also over estimates 

the effective moment of inertia by about 40% compared with the experimental 

value of TZýq f= 145h 2 MeV-1. This may possibly be due to omission of 

pairing correlations in the calculations, although such correlations are expected 

to be rather weak for I> 17. Many authors have also performed similar 

calculations to explain the yrast line of the nucleus ... Dy. Comparison of 

the calculations with the experimental yrast line for the "2Dy is shown in 

figure 3.9. These authors used in their calculations 

* No pairing, Woods-Saxon levels not adjusted i. e., Cerkaski et al. [Cc 791 

a Nilsson levels adjusted, Pairing included i. e., Leander et al. (Le 791 

Spherical shell model plus two body quadrupole forces, Faessler and 
Ploszaiczak [FP 80] 

e Woods-Saxon with the new set of levels i. e., Dossing et at. [Do 801. 
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Figure 3.10: The generation of angular momentum by collective rotation of the nucleus 

as a whole. The projections, Al and K, of the total angular momentum, 1, of a rotor onto 
the laboratory z-axis and the body-fixed 3-axis, respectively, are shown. The figure is taken 

from [PP 801. 

3.6 Collective Motion 

Rather than the angular momentum being generated by the alingment of a 
few'valence nucleons it is possible to create angular momentum from the ro- 

tation of the nucleus as a whole about an axis perpendicular to the symmetry 

axis. For axially symmetric shapes the collective motion of the nucleus may 

only be considered in the presence of a stable deformation, as rotations about 

the axis of symmetry for axially symmetric shapes are quantum mechanically 
indistinguishable from each other. 

Figure 3.10 show. -, the projections NI and K of the total ongular mumenturn 
"I" onto the laboratory z-axis and the body fixed three axis, respectively. The 

rotational energy operator is found to be given by [PP 80] 

J2 J2 J2 
2 T,. ot =("+ 

'2 + 43 )h 
2 ", l 2% 2% 
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where operators 1,, 12,13 are the projections of the total angular momentum 

"I" onto the body fixed axes and 24,2ý2 and % are the respective moments of 

inertia. For an axially symmetric case (a, 
----: a2 and a3 vanishes) equation 3.32 

becomes 
J2 

_ J2 

T, -. t = (. Tý 
3)h2 (3.33) 

and the spectrum associated with an axiaRy symmetric rotor foUows 

E, t = 
I(I+1)-K2 

h2 (3.34) 
22v 

where I is the total angular momentum, and K is it's projection onto the body 

fixed three axis. For an even-even nucleus in its ground state rotating about 

an axis perpendicular to its symmetry axis, K=0 and equation 3.34 becomes 

E,,, t (I) = 
h2I(I + 1) 

(3.35) 
TZý 

Rotating the system through an angle of 7r about the 1- or 2- axis leaves the 

system unchanged resulting in the states with odd values of I missing. The 

sequence for a pure rotating system with ground state of 0+ will therefore, have 

a very regular energy level spacing and hence the resulting spins and parities 

of the states obeying the above relation are P= 0+) 2+ ý 4+) 6+1 ... etc. An 

extremely regular sequence of de-exciting radiation would be expected with 
transition energies of 

E, v (I) = 
h'(41 - 2) 

Tý 
(3.36) 

for the specific case of collective stretched quadrupole (A 1=2,1-4-2) tran- 

sitions. An example of such a band can be found in [Ny 861 where a low 

deformation prolate band has been observed in 152 Dy up to high spins. 
Classically, the energy of a rotor is related to the rotational frequency, w, 

by LMRPOM 
UNWERSITY 

(3.37) 
-. 2 

wliercQý is the ertia: bf-11'7elotor. Comparing equations 3.35 and 
ly 3.37 one get 

, eat 1)11/2 (3.38) 
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For the specific collective stretched quadrupole transitions, (I+1 to 1-1), the 

transition energy can be shown to be 

E, y = hw (3.39) 
2 

3.6.1 Moments of Inertia 

It was suggested by Bohr and Mottelsson [BN1 811 that a useful quantity in 

the study of rotating nuclei would be the moment of inertia, ! ZO) -a quantity 

measurable from rotational bands. Two quantities are defined (assuming a 

rotational band) as follows: - the kinematic moment of inertia given by 

1 dE(I) U 
P ý-Il w 

(3.40) 

and the dynamic moment of inertia defined as 

(2) 
1 d2 E(I) R 

! Zý 
[h 

2 d(I)2 h 
dw 

(3.41) 

with the quantities linked by the differential relation 

+ (3.42) 
dw 

The moments of inertia, QP) and ! ýý(2) , are generally used to describe deformed 

rotating systems as they are classically linked to the mass and shape of a 

rotating body. For a rotational sequence of energy levels, the energies of the 

states are given by equation 3.35 and the moments of inertia for such a band 

are defined as follows 

(21 -1 )h 2 (3.43) E-y 

4 )h 2 (3.44) 
A Ey 

where AE, is the energy difference between adjacent gamma-rays. If the 

nucleus can be treated as a stiff rotating ellipsoid (or rigid rotor), then the 

moment of inertia is often estimated from the relation 

%ig 2 AMR 2(l +0.3102) (3.45) 
50 
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For a rigid rotor, both the kinematic and dynamic moments of inertia should 

equal that of the rigid body value. The quadrupole deformation can therefore 

be estimated from the measured in-band moments of inertia assuming that 

the nucleus behaves as a perfect rotor. In practice, however, the moment of 
inertia can be greatly affected by the nucleonic motion. The dynamic moment 

of inertia at low spins has been observed in many nuclei to be as low as a third 

of the rigid body value. This has been attributed to the presence of pairing 

correlations at low spins, which cause a reduction in the energy of the lowest 

excited states. 
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3.7 Part icle-p lus-Rot or Model 

In the previous sections it was shown how the nuclear angular momentum may 
be generated by both non-collective and collective rotations. These are, clearly, 
two limiting cases and it might be expected that Many nuclei may support 

some components of both types of angular momentum. To illustrate this Bohr 

and Alottelson [BNI 53] suggested a model where the rotating nucleus may 
be described as consisting of a few valence particles moving in the deformed 

potential due to a phenomenological core of particles coupled to a collective 

rotation of the core itself by the Coriolis force. Known as the Particle-plus- 

Rotor model (PRNI) the total angular momentum of the nucleus, 1, is given 
by 

I=R+j (3.46) 

where R is the collective angular momentum and j is the sum of the single 
particle angular momenta of the valence particles. The PRNI Hamiltonian is 

written as: 
IIPRAI ý-- Ilcoll + Hintr (3.47) 

Hi,,, t, the intrinsic operator, contains a term describing the single particle en- 

ergies in the deformed potential and a term to account for the interactions 

, .. 
between, valence particles. The collective part of equation 3.47 can be de- 

scribed in the body fixed coordinate system simply as 
29 2 

I 
oil +23 )ý2 

C _ýt +R (3.48) 
2Qýj 2% 2% 

where Ri are the. body-fixed components of the collective angular momentum 

of the core. Using equation 3.46 to eliminate R, from equation 3.48,11,,, 11 can 
be decomposed into three parts: 

Ht + H, + If,,,, (3.49) 

where 
221 : 21 

H,. t 
I' 

+ 
12 

+' )h (3.50) 
Tývj 2% 2Qý3 
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Figure 3.11: A schematic plot to illustrate the two extreme angular momentum coupling 

schemes. (a) The intrinsic angular momentum T is aligned along the symmetry axis. 

This represents the stron, coupling or the deformation alignment (DAL). (b) The intrinsic 

angular momentum J' is aligned along the axis of rotation. This represents the Rotational 

alignment (RAL). The fic-ure is from TP 80]. 
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is the pure rotational operator of the rotor. Here, the operators 1,, 12 and 13 

and ! V'3 are the are the projections of I onto the body-fixed axes and 

respective moments of inertia. The term 

(3 
ji2 

H, -ec =E 2% 
)h2 

i=O 
is called the recoil term. It represents the recoil energy of the rotor. This term 

is usually neglected since it acts on the valence particles, the single particle 

energies being adjusted to fit the experimental data. Finally, the Coriolis 

interaction 
3 

H, or )h2 (3.52) 

couples the valence particles to the core. The PRAI has is a powerful tool for 

explaining the experimental spectra of odd A nuclei, where the model couples 

only one valence particle to a collective core. However, the model has also been 

employed to good effect when considering multiple valence particles coupled 

to the core. In such cases, at low rotational frequencies, pairs of valence 

nucleons are constrained to occupy time-reversed orbits due to the pairing 
interaction, the Coriolis term being small compared to the intrinsic term for 

large deformations and for low values of I. In such cases the intrinsic angular 

momentum of the valence particles is strongly coupled to the motion of the 

collective core and corresponds to the deformation alignment (DAL) of the 

valence particles (figure 3.11 (a)). As the rotational frequency increases then 

it no longer remains possible to neglect the Coriolis term. In section 3.1 it was 

seen how the Coriolis force tends to break a pair of nucleons in time-reversed 

orbits and align their spins parallel to the rotational axis of the system ( 

known as rotational ali-, nment - RAL see figure 3.11 (b)). The Coriolis force 

is general proportional to j and so the high-j intruder orbitals such as thei13/2 

neutron orbital in rare-earth nuclei, feel the strongest aligning force. 
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3.8 Superdeformation 

The large gaps at closed shells of the energy level spectrum of the spherical 

nuclei are related to the magic numbers. These large gaps can also be seen in 

the single particle energy levels of the deformed harmonic oscillator where they 

correspond to the highly deformed (superdeformed) shapes having integer axis 

ratios, e. g., 2: 1,3: 2 etc (figure 3.12). These gaps even exist (although with, 

different magic numbers) when the more realistic Nilsson or deformed Woods- 

Saxon, potential are employed. Modification of the overall liquid drop energy 

with such shell corrections demands the inclusion of an extra energy term to 

generate the'appreciable minimum in the potential energy surface, which sta- 

bilises these highly deformed shapes. The highly deformed or superdeformed 

shapes are known from the observation of fission isomers in the mass A=240 

region where they were first observed in 242 Am [Po 621 and were explained 

by a theory [St 68] indicating shell structure favourable for superdeformation. 

In the case of fission isomers the superdeformed shape is stabilised by the 

Coulomb force due to the larger proton separation in the elongated shape. 

In tile case of lighter nuclei, as in the rare earth region the shell structure is 

expected to be washed out by the large fission barrier predicted [Ab 881 from 

the LDAL In this case the superdeformed shapes can be stabilised by the shell 

structure and an energy term due to the rotation of the nucleus. Figure 3.13 

shows the tilting of the fission barrier towards higher deformations for a spin 

of I=40h compared with I=Oh in 152 Dy and a second minimum appears for the 

high, spin curve similar to that observed for 236U (e. g. in the actinide region). 

3.8.1 The Ar-.. ol50 Superdeformed Region 

From calculation performed for most nuclei, it was predicted [Ra 78, Ra 80, 

Be 81, DN 851 that nuclei in the mass A=150 region were good candidates 
for superdeformation. Figure 3.14 shows the shell correction energy plotted 

as a function of neutron number and deformation (the corresponding diagram 
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Figure 3.12: Single particle spectrum as a function of quadrupole deformation for an 

axially symmetric harmonic oscillator potential illustrating the occurence of sheil closures 

for integer ratios of axe;, from [Sh 72]. 
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for protons is similar). For a value of the Nilsson quadrupole deformation 

parameter Of f2=0.6 (axis ratio 2: 1) minima are observed for close to both Z=66 

and N=86. It is important that the modifying shell effects should survive and, 

therefore, influence the nuclear structure at high spin. This is indeed indicated 

from'calculat ions [DN 851 using the deformed Woods-Saxon potential in CNS 

type calculations and is illustrated in figure 3.15. 

The lowest lying high-N orbitals at zero deformation are above the Fermi 

surface but at the 2: 1 axis ratio are moýed down to within the vicinity of the 

Fermi surface to create the new shell closures. The large shell gaps occuring 

at the same deformation for Z=66 and N=86 lead to 152 Dy being considered 

to be a doubly magic nucleus. It can be seen from the figure 3.15 that there 

are four protons in the N=6 (i13/2) 
and two neutrons in the N=7 015/2) ShellSt 

the configurations being frequently written as 7r61v7 2. The contribution to the 

dynamic moment of inertia for a particular orbital, v, is given by the curvature 

of the orbital (derived from equation 3.41): 

h 
di, 
dw 

(3.53) 

Summing over all proton and neutron orbitals gives the total dynamic moment 

of inertia. 
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Chapter 4 

The Compound Nucleus 

4.1 Heavy Ion Compound Nucleus Reaction 

Heavy ion fusion- evap oration reactions [NIG 631, [SLD 651 are the most ef- 
fective and commonly used mechanism to populate nuclear states with high 

angular momentum. The idea that a target and projectile fuse to form a 

compound nucleus and, at a given excitation energy and angular momentum, 

the subsequent decay of the system is independent of its formation was intro- 

duced by Niels Bohr [Bo 36]. Fusion evaporation reactions are generally used 

to populate the highest spins, 60h-70h. 

The necessary condition for fusion to occur is that the energy of an incident , 

projectile must exceed the Coulomb barrier height, Ecb. An empirical estimate' 
[Ho 78] gives: 

Z1Z2e 2 1.44Z1Z2 Ecb(AleV) = Rcb(fM) 

where 
Rcb ý 1-16(All /3 

+ A12 /3 
+ 2.07)(fm) (4.2) 

where Z1, & Z2, A2 are the atomic and mass numbers of the projectile 

and target nuclei respectively, and R, b is a distance parameter related to the 

radii of the two nuclei. The maximum angular momentum brought into the 

compound system through heavy ion reactions can be classically estimated 

since the heavy ion wavelengths are smaller than the size of the nucleus. If the 
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colliding nuclei are considered to be charged black spheres, the reaction cross 

section, o,,, is given as: 

ar = 7r(Ri + R2)2(1- Ecb/Em) = 7rA21,,,.. (I,... + 1) (4.3) 

where R, and R2 are the target and projectile radii, Eb is defined by equa- 

tion 4.1 and E, is the centre of mass bombarding energy, A is the de Broglie 

wavelength in the centre-of-mass system and Imam the classical angular mo- 

mentum. The value of Imam is obtained from equation 4.3 as 

Imam = 0.219&b[p(E,,,, - 
Eb)lll' (4.4) 

where R, 6 is given by equation 4.2, E,, and Eb are in MeV and it, the reduced 

mass, is given as: 
AIA2 

A, +A2 
(4.5) 

is given as: and Ec 

E, 
A2 

.mA, + A2 
Eiab 

The maximum excitation energy of the system expressed in the center-of-mass 

is the sum of the initial energy of the system and the Q value of the reaction: 

maz 
EX = E,,, +Q (4.7) 

4.1.1 The Decay of the Compound Nucleus 

The compound system is formed at high excitation energy and with a range 

of angular momenta up to the highest possible values. In this region the level 

density is extremely high and a statistical approach [BW 52, GG 671 is used 

to describe the decay of the compound nucleus. This assumption is further 

supported by the Bohr's original hypothesis (section 4.1) that the decay is 

independent of the formation process. The compound nucleus must find the 

most efficient way of losing energy (cooling). This it will do via the modes or 

channels of de-excitation open to it, namely fission, particle emission (neutrons, 

protons and a- particles) or -1-ray decay. The de-excitation of a compound 
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nucleus is characterised by four stages: 
(a) Particle evaporation, typically neutron evaporation 

(b) Emission of statistical -1-rays 
(c) Continuum -f-ray emission (usually E2 -y-rays) 

(d) Discrete dipole and quadrupole -f-ray emission which arise for yrast or near 

yrast states. 

Figure 4.1 illustrates the population of the residual nuclei formed by a typ- 

ical heavy-ion reaction, the 124 Sn(40Ar, xn) 
164-mn Er reaction while figure 4.2 

iRustrates the different phases of de-excitation of the compound nucleus. 

In this example the compound system "'Er is formed at an excitation en- 

ergy of 53.8 NIeV for a bombarding energy of 147 MeV. The first de-excitation 

of such a compound system is dominated by particle emission, since the in- 

trinsic width of the particle decay is several orders of magnitude larger than 

that for electromagnetic decay (It may be noted here that for approximately 

one cascade in 10' a very high energy gamma ray is observed to compete with 

particle emission [Ne 811. Such transitions are interpreted as the de-excitation 

of the giant resonances based on the highly excited states of the compound 

system or one of the daughter nuclei). For the rare earth region (A - 170), 

the particle emission threshold (the sum of the binding energy and the particle 
kinetic energy) strongly favours neutron emission, since there is no Coulomb 

barrier to overcome in the case of neutrons. After the emission of the first neu- 

tron, the excitation energy of the system is reduced by the neutron binding 

energy and kinetic energy of the emitted neutron. The spread in the neutron 

kinetic energy gives a distribution to the excitation energy associated with 
163 Er, the 1n reaction product. However, only one or two units of angular 

momentum is carried away by the emitted neutron. The angular momentum 
distribution of the 1n reaction product is therefore slightly reduced from that 

of the compound system, (figure 4.1). The angular momentum and excitation 

energy associated with 2n and 3n reaction channels are also shown in figure 4.1. 

After the emission of three neutrons, the population is sufficiently near to the 
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Fiaure 4.1: Schematic figure depicting the excitation energy and angular momentum 00 
distribu'tion for the formation and decay of the 114 Er system formed kv the reaction of 147 

Mel' "'Ar ions with 12 'Sn. The formation and decay of the system are illustrated as a 
function of time. The initial population of the system formed at an excitation energy of 

53.8 AleV is shown as a function of angular momentuinat the top of the insert. Populations, 

calculated in the statistical model, are given as a function of excitation energy and angular 

momentum for the system after the emission oll-5 neutrons. The shaded parts of the 3n-5n 

population cloud indicate the region of gamnia-ray competition. The entry populations for 0 
the 3n-5n evaporation residues are shown as a function ofangular momentum and excitation 0 
energy at the bottom and to the left. The figure is taken from 'Be 84]. 0 



65 

90- 

80 

70- 

(a) 
60- 

-3 40- 

30- alp 

mob 
% 

e Entry 

Nb 

le 
C) 

10- 
(d) 

0 10 20 30 40 so 60 M 
spin (A) 
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transitions) y-rays. The figure is taken from No 86, y. 



66 

yrast line' at large angular momenta that further particle emission is excluded. 

Large values of angular momentum, however, remain in the system until this 

stage. The remaining de-excitation is therefore via -y-ray cascades in the 3n 

channel, "'Er. At lower angular momentum, the particle emission is again 

favoured, since the yrast line decreases with decreasing angular momentum. 

The emission of the fourth, or even fifth, neutron is therefore possible. The 

evaporation residues for such fusion-evaporation reactions are thus distributed 

over a number of nuclei. Larger angular momenta and higher excitation ener- 

gies are associated with the residues having fewer emitted neutrons. Thus it 

is possible to select different products by selecting different angular momenta 

and excitation energies of the residual nuclei. Three types of -/-ray transitions 

can decay from the deformed residual nuclei: 

a Statistical -1-rays which remove excitation energy but very little angular 

momentum. 

Stretched (E2, AI = 2) collective cascades which remove most of the an- 

gular momentum but little excitation energy. The large number of these 

transitions from the many states with approximately constant moment 

of inertia produce a continuum 'bump' in the -f ray spectra. These -y-rays 

contain information about the particular nuclear structure, for example, 
the constant moment of inertia ([Si 77, De 78, Fo 811 and [Tr 79, Tr 82]) 

indicates they arise from fairly well defined rotational structures. In this 

way it is possible to infer whether these decays arise from collective or 

non-collective effects. 

9 As the evaporation residue cools the level density falls and less y-rays are 

emitted. This corresponds to a change from a continuum to a discrete 

-j-ray regime. This -y-ray decay is illustrated in figure 4.2. 
'A yrast state is the state with the highest angular momentum for a given energy. The 000 

locus of such states forms the yrast line. 
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4.2 Gamma Ray Directional Correlation Mea- 

surements. 

Different -y-ray multipolarities correspond to different distributions of the emis- 

sion probability in space. This can be employed to gain information about the 

niultipolarity of the detected radiation. Consider a transition Ii-If (see fig- 

tire 4.3 (a)), where Ii and If are the spins of the initial and final states having 

7ri and 7rf as initial and final parities. 

XZ 

I. 

I 

(a) 

lt. 

7T 

k b) 

Figure 4.3: (a) A ganima ray transition 1, -If, where 1, and If are the spins of tile initial 

and hnal spin states havin. - -, r, and 7rl as Initial and final parities, respectivelY and (b) The 

-ingular momentum (f) is shown perpendicular to the beam axis (z-axis). ,0 

The selection rules for -ý-ray decay are then 

I, -- If J<A< li - If (4.8) 

(where A is the multipolarity of the transition) 

and 

7r, 7rf ý -, t for Al 1, E 2, A13 etc (4.9) 

7ri 7rf -7 -1 for E t, A12, E3 etc (4.10) 

wit li usually , -nly the IoNvest multipoles having to be c, )nsid( 1-ed and with elec- 

tric t ransiti( -its (1,. mimating , over magnetIc transitions (-if the same multi Ity 'polar' 
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(EI, N11, E2, N12, etc ... 
) emitted from the same state. For an ensemble of nu- 

clei with randomly oriented spin directions, the observed 7-ray intensity is 

isotropic (that is, the same in all directions). The spins of the compound nu- 

clei populated in fusion-evaporation reactions are aligned. The spin directions 

are perpendicular to the beam axis thus displaying cylindrical symmetry along 

the beam direction (see figure 4.3 (b)). 

Assume -y, and '72 are two successive -y-rays which are emitted during the 
&-excitation of the residual compound system and are detected by two de- 

tectors placed at the directions-k, and k2 with respect'to the beam axis, the 

z-axis, see figure 4.4. If E), and02 are thp angles of ki'and k-2with -respect to 

D5ector 
I 

12 

Y2 

13 

Defector 

Figure 4.4: Illustration of the geometry employed to define the rel , ative probability 
of y2 being emitted at an angle (P with respec't to -yi. The bean] axis is cho- 

sell as z fxis. 

the be-am axis., and P is the angle between. the two planes, de fi tied. by k-1,; Fand 
k21 respectively, the relative probability 1V 61.2((D) Of 'Y2 emitted'at an angle 
(D with respect to 71 is given by [Kr 1-31, 

1Voý, 
2(«D) =ZB, \ý(I1)A*ý'. '(-YI)AX, ('/2)Hel; 02 ' 

Ax1. x( (D) A 1.2 X 

The parameters in this relation are well defined as explained in [Kr 731. By 

comparing the angular correlation fulictioll Wo, ((D) with the experimentally 

measured intensity 1; information about the -y-ray multipolarity Of 1/2 can be . 
01.27 

extracted from the data. The method is referred to as the DCO (Directional 
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Correlation of Oriented states) technique, since it detects the Directional 

Correlations of -y-rays of oriented states, see figure 4.5. Due to the particular 

Detecton 
da 

TANGUr 

Figure 4.5: The experimental set up for a DCO measurement. 

nature of this work, mainly stretched quadrupole (A I=2) and stretched dipole 

1=1) -t-ray are of interest and the results are discussed in chapter 6. 

Detectort 
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Chapter 5 

Experimental Details and 

Analytical Techniques 

5.1 Heavy Ion Beam and Target Considera- 

tions 

In section 4.1 it was seen that for a fusion reaction to take place III beams need 

to be accelerated to energies of the order of the Coulomb barrier and above. 
The heavy ion beams for the experiments performed in this work were provided 
by the Nuclear Structure Facility (NSF) at Daresbury (see figure 5.1) using 

a tandem Van de Graaff accelerator capable of reaching a terminal voltage of 

20 MV. The negative ions (usually produced with a cesium sputter source) 

are attracted towards the positively charged centre terminal, at which point 

electrons are stripped from the atom resulting in a net positive charge. The 

beam is repelled away from the terminal and accelerated to high energy. It is 

then diverted to the relevant beam line via an analysing magnet and focused 

onto the target with a series of quadrupole magnets. 
The targets are chosen to satisfy certain requirements which usually involve 

some compromise between the obvious necessity for high statistics and good 

resolution. In high spin gamma-ray spectroscopy two types of targets are used. 
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I" IgII re : -). I: ]'fiv Nuclear St ruct ure Vlicilit, ý ( N, ýF) at I )aresburv Labý)rii tý)rv. The To I, ) 

high tower contains a vertical 20 AIV tandem accelerator. Ion sources and injector equipnient 

are housed at the top of the towe. r. 'File heavy ion bearns of the accelerator are eniployed 

I. 11 tile experimental areas inside the hall at the bottonl of tile building. 
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o Thick targets 

a Thin targets 

Thick targets, although they increase the event rate (number of interactions 

between the beam and the target particles), degrade the recoil (and beam) 

energy by scattering events, within the target. In addition, Doppler broad- 

ening in the -1-ray energies may result as a consequence of the variation in 

the recoil velocity as the compound nuclei slow down within the target mate- 

rial. However, thick targets are important for lifetime measurements using the 

Doppler Shift Attenuation Methods [NS 791, where the recoil nucleus stops in 

the backing material (usually gold). 

To overcome the problem a compromise is made. Several thin targets 

with a thickness of around 400 jigcm- 2 stacked together and separated with 

a sufficient gap between them, ensure that most of the compound nuclei will 
decay whilst recoiling in vacuum, with the full recoil velocity. This results in 

a small variation in the velocity of the recoils and therefore, all 'y-rays exhibit 

approximately the same Doppler energy shifts. 

5.2 The Experimental Detection of -y-rays 

A large number of discrete -y-rays within the energy range of a few tens of keV 

to just above 2 MeV are contained in the near yrast de-excitation of a residual 

nucleus formed by the fusion evaporation reaction. To resolve these -y-rays, 
it is necessary to employ high energy resolution -1-ray detectors. Two types 

of detectors are usually employed in -y-ray measurements: the semiconductor 

and the scintillation detector. 

Semiconductor detectors have good energy resolution, but low -f-ray detec- 

tion efficiency, conversely the scintillation detectors have high detection effi- 
ciency but poor energy resolution. In high spin spectroscopy, semiconductor 
detectors are preferred in order to resolve the large number of -f-rays emitted 
from experiments. 
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Coincidence analysis techniques are essential in establishing decay schemes, 

since these decay schemes usually consist of several decay sequences and each 

sequence can contain several tens of transitions. To obtain coincidence data, at 

least two detectors are needed to make possible the recording of two events in 

coincidence. A multi-detector array will enhance the probability of detecting 

the higher fold event thus enhancing the number of measured coincidence pairs 

in the same amount of time. The number of pairs of coincident -Y-rays recorded 

is proportional to the number of detector, N 

Number of coincident pairs = 
N(N - 1) 

21 

A multi-detector array with large number of detectors can therefore consid- 

erably reduce the running time of the experiment. Likewise, high-fold coin- 

cidences can resolve accidental degeneracies in the -y-ray energy in a decay 

sequence. 
In many cases the selection of a reaction channel is important for high 

spin studies in which a large numbers of -f-rays are produced and which are 

associated with several different evaporation residues. The existence of mul- 

tiple reaction channels complicates the energy spectra with a large number 

of undesired lines, many of which may have energies overlapping those of the 

transitions in the channel of interest. The elimination of such contaminants is 

especially important for resolving weak transitions. One commonly used in- 

strument for channel selection in high spin spectroscopy is an array of a large 

number of lower resolution but high efficiency detectors subtending a solid an- 

gle approaching 47r. This device measures the total cascade energy jud -Y-ray 

multiplicity of an event. By setting restrictions on these two quantities, it is 

possible to select the events having the total cascade energy and multiplic- 

ity (the number of -1-rays emitted by the cascade) of the reaction channel of 
interest. 
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5.3 -y-ray Interaction Mechanism 

Three kinds of interactions between -j-rays and matter are the basis for the 

detection of -1-rays. 

* Photo-electric absorption 

* Compton scattering 

a Pair production 

These three mechanisms are discussed below: 

Photo-electric Absorption 

In the photo-electric absorption process, the incident -y-ray undergoes an in- 

teraction with an absorber atom in which the photon completely disappears. 

In its place, an energetic photo-electron is ejected by the atom from one of its 

bound shells. The interaction is with the atom as a whole and cannot take 

place with free electrons. For gamma rays of sufficient energy, the K shell of 

the atom is the most probable origin of the photo-electron. The photo-electron 

appears with an energy given by 

hv - 
Eb (5.2) 

where Eb represents the binding energy of the photo-electron in its original 

shell. For -1-ray energies of more than a few hundred keV, the photo-electron 

carries off the majority of the original photon energy. In addition to the 

photo-electron, the interaction also creates an ionized absorber atom with a 

vacancy in one of its bound shells. Such an electron vacancy in the inner shell 

of an atom results in the emission of characteristic X-rays or Auger electron. 
The X-rays are generally absorbed in a secondary photo-electric event and the 

total -1-ray energy is absorbed within the detector. As a result a photo-electric 

event produces a number of electron-hole pairs corresponding to the total -i-ray 

energy. 
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Figure 5.2: Linear attenuation co-efficients as a function of-f-ray energy for (a) Germa. 

nium (b) BGO. The figure is taken from [SS 88]. 
C 

Compton Scattering 

In a Compton scattering process the incoming -t-ray is scattered by the elec- 

trons of the atoms and lose only part of its energy. The energy of the photon 

scattered through an angle 0 is given as: 

E; = 
E, 

I E, (5.3) 
I+;;: j (I - Cos 0) 

where E., is the incident -y-ray energy measured in units of-MeV and M. C2 is 

the electron rest mass en'ergy (0.511 MeV). The kinetic energy of the recoil 

electron is therefore given as: 

Ge Totol 
Photoelectric 
Cofnpton 
Pairproduction 

(a) \ (b) 

E, - E,, = E, ( 
(E., /m,, c')(1 - cos 0) 

(5.4) (1 + hv/m,, cl)(1 - cc. -, 0) 

Two extreme cases can be identified: 

When 0=0. In this case. from equations 5.3 and 5.4 it can be predicted 

that E, - 0. So the recoil electron has a very smali energy and E., 

f E, 

BGO 
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a When 0= 7r. In this case the energy of the -1-ray is scattered back 

in its direction of origin and the electron recoils along the direction of 

incidence such that it has a maximum energy which can be transferred 

to it during any Compton interaction. 

Pair Production 

If the incident photon has an energy larger than 2m,, c' = 1.02 MeV, pair 

production is possible. In this process, a positron electron pair is created. 

The energy above 2m. c 2 is transferred into kinetic energy of the positrons and 

electrons. The positron can then annihilate with an electron by the emission 

of two photons moving in opposite direction with equal energies of 0.511 MeV. 

if one or both of these photons escape from the detector without further in- 

teractions, energy peaks at E, -0.511 and Ey-1.022 MeV respectively will be 

produced. Such energy peaks are called single or double escape peaks. 

Attenuation Co-efficients 

The intensity Io of a monoenergetic beam of -f-rays entering a detector of 
thickness d is reduced to the transmitted intensity I due to the interactions 

between photons and matter. The relation between I and Io is given by: 

Io(E)e-"(E)d (5.5) 

where the total linear attenuation coefficient y(E) is the sum of the three 

interaction cross sections. Figure 5.2 shows the linear attenuation coefficients 
for the above three types of processes in germanium and BGO crystals as a 
function of incident -1-ray energy. 

5.4 Germanium Detectors 

In modern -1-ray spectroscopy the semi-conductor radiation detectors are 

widely used due to their advantages over the scintillation detectors. Two 
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types of semi-conducting materials are generally used, namely silicon and ger. 

manium. Germanium is preferred over silicon in -y-ray spectroscopy due to its 

higher Z (photo-electric effect being oc Z'). A -f-ray entering the crystal may 

produce electron-hole pairs during the absorption process described in section 

5.3. For germanium the average energy, E, required to produce such a pair is 

small and constant at low temperature (for germanium, e- 3eV at T: z: ý 77K, 

i. e., liquid nitrogen temperature). When an electric bias is applied to a ger- 

manium crystal electron-hole pairs will be collected. This collection produces 

an electronic current pulse, which is'proportional to the number of pairs and 

consequently to the incident -y-ray energy. In order to minimise the leakage 

current at the high operating voltages a very high resistance is required and 

to reduce the electronic noise and the randomness in the electron-hole produc- 

tion process (which gives fluctuations in the pulse height for the photons of 

the same energy), the germanium detectors are operated in a reverse biased 

mode at liquid nitrogen temperature. The main advantage of a germanium 

detector compared with a scintillation detector lies in its higher intrinsic reso- 

lution which is a very important factor in the study of discrete line -y-rays. The 

detector energy resolution is defined as the full width at half maximum height 

and is about 2.0-2.5 keV for 1.33 MeV -1-ray emitted from a "Co source. 

The corresponding resolution of a Nal(TI) typical scintillation detector for the 

same mono-energetic -y-ray is around 100 keV and is - 180 keV for a BGO 

scintillator. The resolutions for the Nal(TI) and BCO detectors are worse 
because of the larger energy required to create an electron-hole pair and the 

low efficiency of the photomultiplier tube. Crystal growth techniques have 

improved in the recent years and it is now possible to grow hyper-pure n-type 

germanium crystals with impurity concentrations <1010 per cm3. Hyper-pure 

Germanium detectors have several advantages compared with earlier lithium 

drifted germanium detector [Ge(Li)] detectors. For example, neutron damage 

in the n-type hyper-germaniurn detector is not as rapid as in Ge(Li). A neu. 

tron may damage a germanium crystal by creating charge trapping centres. 
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Hyper pure Ge detectors also have ion implanted outer contacts, giving a much 

smaller dead layer (around 3 orders of magnitude smaller). 

5.5 Scintillation Detectors 

Scintillation phosphors convert the energy lost by ionising radiation into pulses 

of light which are detected by a sensitive photocathode attached to a photomul- 

tiplier tube. The signal from the photomultiplier tube is then a measure of the 

energy deposited in the phosphor. Typically, the energy resolutions are poor 

when compared with those from semiconductor detectors as the scintillation 

counters have larger statistical fluctuations in the number of charge carriers 

produced per interacting photon as compared with the semiconductors. Sta- 

tistical fluctuations in light production, reflection and internal absorption all 

result in varying numbers of photons reaching the photocathode. Addition. 

ally the response of the photomultiplier to the incident photons may introduce 

further variations in the final signal. These disadvantages are offset by the 

high gamma stopping powers (due to the relatively higher densities) and the 

short decay times, leading to good timing characteristics for many inorganic 

scintillators. 

5.5.1 BGO Scintillation Detector 

One shortcoming of semiconductor detectors is their low -j-ray detection effi- 
ciency. The relative detection efficiency of a detector is defined as the ratio of 
the absolute peak efficiency to the peak efficiency of a 3-inch by 3-inch NaI(TI) 

scintillation detector for the 1.33 MeV -1-ray from a "Co source at a distance 

of 25 cm. The average relative efficiency of a typical Ge detector is only about 
20 - 30%. Due to this reason scintillation detectors are used for various pur- 
poses taking advantage of their high efficiency when energy- resolution is not 
playing a crucial role. 

Because of the high atomic number of bismuth Z= 83, bismuth-germanate 
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(Bi4Ge3O12) scintillation detectors have been widely used for various purposes 

in y-ray spectroscopy. The compound has a high density -3 gM CM-3 and 

hence a large -y-ray stopping power. The volume of such a detector can be made 

16 times smaller than a Nal(TI) detector which used to be commonly in use. 

When a -y-ray enters the detector, it causes ionization as described in previous 

section 5.3. A photomultiplier tube collects the photons from the detector 

and produces a signal which is proportional to the number of electrons and 

consequently the incident energy of the gamma ray. This signal is then further 

processed by the different types of electronics depending on the requirement. 

5.6 Compton Suppression 

Because of Compton cross section, a large number of Compton scattered pho. 

tons will escape from the Ge crystal, producing a continuous background in 

the energy spectrum. A germanium counter with a peak to total ratio of 

around 20%, would give rise to a photopeak-photopeak detection probability 

of around - 4% when used in in a coincidence experiment. The remainder 

appear as Compton-Compton and Compton-photopeak coincidences resulting 

in low quality spectra. 

The very low peak to total ratio for a solitary germanium counter can 

be improved by surrounding the germanium detector with a scintillation ma- 

terial. The scintillation shield is coupled electronically (in anti- coincidence) 

to the germanium, rejecting those signals (mainly Compton scatter events) 

which do not correspond to total -y-ray absorption in the germanium. This 

"composite" detector is called an escape suppressed spectrometer (ESS) and 

typically improves the peak to total ratio from about 20% to around 50% (see 

figure 5.4), resulting in a -f--y coincidence peak to total of -25%. 
In practice it is nice to use n-type hyper pure germanium (IlpGe) counters, 

as the lack of dead layer increases the peak to total ratio. Also, due to the 

increased density of BCO over NaI, it is advantageous to use BGO as the 



80 

10 

cm 

a 

BGO 

Ge 

N aI 

Figure 5.3: An escape suppressed spectrometer (ESS) of the duet ýs, pe- The front of the 

shield is composed of Naf(TI) scintillator. The sides have BCO scintillator and the rear 
may have a BGO 'catcher' shield, (see text). The figure is from jivo 851. 
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Figure 5.44 Comparison of -y-rayspct-tra of a "'Co source- detected by (a) Unsuppressed 

and (b) Suppressed germanium detectors. The spectra (a) and (b) are normalised such that 0 

the peaks contain equal counts. 

shield material allowing a more compact design and up to 30 ESS's may then 

be placed around the target in close geometry. An ESS [No 851 is shown 

schematically in figure 5.3. Backward scattered gammas (E., : ý, 300 keV) are 

detected by Nal situated at the front of the shield, taking advantage of the 

increased light output from Nal for the low gamma energies involved. The 

NaI is a single crystal optically coupled to the BGO. The BGO comprises of 8 

optically separate -1-! ments, each having their owii photorn-iltiplicr, argled as 

shown to allow the iaclusion of a 'catcher'. This annular BGO catcher is in 4 

independent pieces and detects -y-rays scattered in the forward direction. Its 

use is restricted to the 'Duet' type of germanium counter. 

The germanium crystal is operated at liquid nitrogen temperature and is 0 

Cruargy L-1 
MP (keV) 
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thus enclosed in a cryostat while the scintillation requires a surface protection 

and light excluder. These coverings are designed to minimise, the interaction 

with scattered photons. 

5.7 Detector Arrays 

The formation of a compound nucleus at high spin and excitation energy is 

followed by the emission of large numbers of -y-rays. The study of the gamma 

decay demands an instrument of sufficient selectivity and resolution by which 

weak -1-rays (eg. 1% of the channel cross section), de-exciting these high 

spin states, may be detected. Many reaction channels and a large continuum 

background make such measurements extremely difficult. Multidetector 47r 

(ESS) arrays are used to overcome these problems. One such array is "The 

Total Energy Suppression Shield Array" (TESSA) [Tw 831, situated on the 

tandem Van de Graaff accelerator at Daresbury, combining escape suppressed 

spectrometers with a compact inner BGO ball. 

5.7.1 The TESSA3 Spectrometer Array 

The present version of TESSA (TESSA3) at the Daresbury Laboratory is an 

array consisting of 16 ESS's in two rings of six detectors at angles of ±191 in 

the vertical plane and one ring of four detectors in the horizontal plane of the 

beam along with a 50 element BGO inner ball [NT 881, see figure 5.5. Each 

ring of 6 ESS's has detectors at ±35*, ±90", ±145* to the beam direction in 

the horizontal plane whereas other four ESS's make a ring of four detectors 

at ±600 and ±120' in the horizontal plane. The resultant detector to beam 

angles are, therefore, 2x(±35', ±90', ±145"), ±60' and ±1200. 

The germanium crystals are positioned - 23 cm from the target and view 

the target through 'heavy metal' collimators giving each detector a subtended 

solid angle of around 0.26% of 47r sr. The 120 different detector combinations 

with which to record E., -E, coincidence events, in conjunction with the added 
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Figure 5.5: A schematic diagram of some of the 16 ESSs of 'The Escape Suppressed 

Spectrometer Array TESSA3'and the '50 element inner ball BGO c..! orin. eter. T'ie BGO 

ball acts as a channel selection device and can be seen in the centre of the picture surrounding a 
the target chamber. The Germanium semiconductor crystals and the corresponding BGO 

suppression shields are located in the Aluminium housin. a., The pý--)tomultiplier-tubes of 
the suppression shields and the liquid nitrogen dewars of the German; um detectors are also 

shown. 
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peak to total ratio gained in using ESS's allow for sufficient detection efficiency 

and high resolution (the ability to resolve low intensity peaks above the back- 

ground). The inner "ball" of BGO detectors is surrounded by the ESS's and 

forms a gamma ray multiplicity and total energy device. 

5.7.2 The Electronics and Logic System 

The function of the electronics is to provide a method for extracting the useful 
data from the total number of events. Coincidence experiments require at least 

two -1-rays to be detected within the resolving time of the electronic system 
(-100ns). 

The electronic setup for the TESSA3 spectrometer array can be divided 

into two major sections, the first being concerned with channel selection and 

the second with high resolution -1-ray energy measurements. The block dia. 

gram for the electronics of the TESSA3 setup is shown in figure 5.6. 

5.7.3 The BGO Ball Channel Selection 

The inner BGO ball is a 50 element filter/calorimeter device and is located 

between the target and rings of ESS's. Each BGO crystal has a hexagonal 

shape with dimensions of 3.8 cm. face to face and a length of 5.0 cm. to 7.0 

cm. These BGO detectors are arranged in a honeycomb pattern and all have 

approximately the same detection efficiency. Holes have been cut through 

some of the elements of the ball to allow the target to be viewed by the ESS's. 

The information that is recorded from the ball is the number of gamma rays 
detected in the ball (defined as the fold) and the total -j-ray energy (sum 

energy) obtained by summing the pulse heights of signals from each BGO 

detector. The pattern and number of the detectors that register (termed as 
multiplicity or fold) can also be obtained. The BGO ball is designed to operate 

at a rate of around 350 X 10' s-. The measured fold is generally less than the 

actual gamma multiplicity (fold -25 corresponds to multiplicities -30) which 
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is related to the average spin <I> removed in the cascade. 

I >= 2(< M> -8) (5.6) 

where <Nl> is the average multiplicity and 6 is the number of statistical 

transitions (ie. those that on average remove no angular momentum). It is 

assumed that the majority of the remaining gammas are stretched E21s. It 

is also possible to use the ball as a detector for decays from isomeric states, 

allowing an isomer tagging technique to be employed, and also as a high energy 

-1-ray detector. However, the principal mode of operation for the ball is as a 

channel selection device. By selecting germanium signals in coincidence with 

appropriate filters on the fold and sum energy signals, it is possible to enhance 

the required exit channel over all other exit channels. 

5.7.4 Germanium High Resolution Energy Measure- 

ments 

Two identical analogue output signals are provided by each Ge detector, one of 

which is used as a logic signal for the timing (fast- ns timing) applications and 
the other in -i-ray energy measurements (slow -its timing). The energy signal 
is amplified with a pulse shaping time of - 2-3ps. From the shaping amplifier 

a unipolar signal is produced which is fed into an analogue to digital convertor 
(ADC). This ADC is gated by an external trigger and its digital output enters 
the event manager. The event manager interfaces the electronics to the data 

acquisition system and requires a gate or an external trigger to inform it which 

events to collect. These gates are produced from the Ge detector timing and 
BCO ball signals and are called the auxiliary and the master gates. The 

gate signals arise from the -f-i events which are escaped suppressed, pile-up 

rejected, pulse shape discriminated and are in coincidence with a well defined 

BCO ball event. 
The fast timing signal contains only those events which are escaped sup- 

pressed and have been produced from a germanium detector which did not 
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register a busy signal. The shield signal is coupled in anti- coincidence with 

the germanium logic signal to veto any events which correspond to gamma- 

rays scattering from Ge to BCO shield and detector. A signal from the (slow) 

germanium spectroscopic amplifier is required to indicate the 'not busy' con. 

dition, thereby rejecting any 'piled up' events. These fast escaped suppressed 

and 'not busy' signals are then fed into a multiplicity logic unit which has 

a filter condition N>2. The coincidence between the output signal from the 

multiplicity logic unit and a fast BGO ball signal that acts as the gate for the 

rest of the electronics. 

The slow timing signals are derived from pulse shape discriminating logic 

circuits with the application of the cross-over pick-off technique. Each slow 

Ge timing signal and the suppressed, busy rejected, fast Ge timing signals 

are coupled together with a coincidence box, after the fast signals have been 

delayed by a gate and delay generator. These signals are then gated with a 

delayed BGO--I--i from the fast timing circuit and produce the 'auxiliary gate'. 

A second multiplicity logic unit combines the 16 auxiliary pulses to produce a 

slow -/--y-BGO logic pulse which is termed as the 'master gate'. 

A -y-I time to amplitude conversion (TAC) spectrum may also be generated 

to distinguish between n--y and -1--t events. The start signal is provided by a 

good -1--y coincidence and the stop by a good delayed -1--t-BGO event. The 

output of this TAC is a time spectrum having a sharp peak if the events 

detected are all -y-rays. However, the measured TAC spectrum has a tail 

coming from those events for which the signal from Ge detector corresponds 

to a neutron instead of -1-ray, as the velocity of a neutron is less than that of 

photon (which is the velocity of light). Therefore the time interval between a 

neutron detected in a Ge detector and a -j-ray detected in a BGO ball is less 

than that of -1--j event. 
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5.7.5 Data Acquisition 

The event manager collects the information from the ADC's and formats the 

event prior to writing to tape. An ADC is read only if the germanium ADC 

signal, an auxiliary trigger and a master gate signal are in coincidence. The 

event manager is controlled by a GEC4070 computer. 

5.8 General Methods of Data Analysis 

5.8.1 Two Dimensional E, - Ey Correlation Matrix 

The essential data analysis technique in high spin spectroscopy is the -y - -/ 

coincidence technique. A common approach for establishing the coincidence 

relationship between the -y-rays is to construct a two dimensional E,, - E., spec- 

trum. The experimental two or greater fold coincidence data are stored event 

by event onto magnetic tape during the experiment. Each event contains the, 

-/-ray energies (channel number) detected simultaneously by two or more Ge 
I 

detectors, and the identification for these detectors. Other information such" 

as the total cascade energy, the -y-ray multiplicity and the time information, 

TAC, can also be stored depending on the equipment employed. If an event, 

contains two -f-rays with energies E., i and EY2 information is stored by incre- 

menting the two dimensional E., - E., spectrum at the positions (E. 
Y, I 

E., 2) and 

(E, 
y2l 

Eyi). If an event contains three -y-rays, E. Y1, E-y2 and E-, 3, three y- y' 

coincidences are recognised, i. e., (E.,, 
I 
E-f2))(E-fl) E-y3) and (E-, 2, Ey3). Each 'I 

coincidence pair increments the matrix at the two corresponding positions. 

By this procedure a symmetrised 2 dimensional matrix is obtained with x- 

and y-axes being -y-ray energies and containing the number of counts. Nuclear 

level schemes are then constructed by analysing the spectrum in coincidence 

with a particular gamma-ray of interest by projecting the spectrum onto the 

y-axis corresponding to the peak limits (4(gate") imposed on the x-axis and 

vice versa. Coincidences due to the background radiation under the peak of 
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interest are subtracted. The major part of the background in spectrum results 

from the Compton scattered events that are not completely removed by the 

suppression shields of the Ge detectors and from random coincidence events 

that are not completely removed by setting a gate on the TAC spectrum. 

In a complicated total projection spectrum that often has intense peaks 

appearing close in energy one after another, it is difficult to select specific 

background windows for the background subtraction for the gated spectra. To 

a good approximation the total projection can be used as a background spec- 

trum for all the gated projections. Other methods of background subtraction 

shall be discussed in the following chapters. 
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5.8.2 7-ray Energy, Efficiency and Intensity Calibra- 

tions 

The energy and efficiency calibrations are made by collecting 'singles' (the col. 

lection of those events which have a fold condition equal to one) from a 'Eu 

radioactive source before and after the experiment. The determination of the 

-y-ray energies and relative intensities require an integration of the peaks of 

interest in the relevant spectra. To integrate an energy peak, a least square 

fitting technique is used to fit the spectrum, assuming a linear background and 

a Gaussian peak shape. The peak centroid and intensity together with their 

associated errors are then computed after subtracting the fitted background. 

Figure 5.7 shows an example of the peak fitting. In the case where the y-ray 
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Figure Zn. 7: Example of fitted peaks for a gamma ra., - pectrum. 

peaks are close together, a multi Gaussian peak fitting can be performed by 

the programme. The intensity of a particular -1-ray is usually quoted 0 relative 

to the intensity of the strongest 7-ray of the particular reaction channel. For 0 

an eveti-even rotational lluclei this is generally the 2"' 0' -j-ray transitiotl 0 
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ground state rotational band. However, since these peaks are measured with 

different energies they have to be corrected for the efficiency of the detector 

system. An efficiency curve (e. g., see figure 5.8) is obtained from a comparison 

of the -y-ray intensities in the singles "Eu source spectra to the tabulated 

values, [LS 781. Other methods used to extract the y-ray intensities in this 

work are described in section'6-1 and section"U. 
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Figure 5.8: An efficiency curve for the TESSA3 detector array. 
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0 
5.9 The Experimen s 

In order to study the behaviour of ... Gd, "'Tb and '5'Dy in the first and 

second potential well, III fusion reaction experiments were performed at the 

Nuclear Structure Facility at the Daresbury Laboratory. The gamma rays 

emitting from these reactions were detected by the TESSA3 spectrometer array 

described in the preceding sections. The experimental information for the 

experiments is summarised in table 5.1. 

Table 5.1 

Reaction a) Ebeam 
_b) E, Im 

m C) Target Thickness acking 
(Mev) (Alev) 

2 [1 ý30: 
TTej(C2 6NIg, 6n)"OGd 145 90 79 2x4OO ligm/cm none 

: 130Te(2 150 90 17n n,. A 00 

Pgm/cm 
2 

none ýýAI, 6n)"'Tb 

108Pd(48 Ca, 4n)l 52 Dy 197 73 78 2x4OO ligm/cm' none 

Table 5.1: Table surnmarising the data analysed and presented in this thesis. 

a) Energy of the beam at the center of the target. 

b) Average excitation energy in the compound nucleus. 

Classical maximum angular momentum. 

5.9.1 The 15OGd and 15'Tb Experiments 

The high spin states in "'Gd and "'Tb were populated by the reactions 
13OTe(26 Afg, 6n )150Gd and "'Te(2'AI, 6n)15'Tb at beam energies of 145 MeV 

and 150 MeV respectively. The beam energies were chosen to give the required 

energy and in the final system (Program Qval) based on the Bass model 

and were provided by the tandem van de Graff accelerator at Daresbury. In 

both the experiments the tellurium targets were in the form of 2x4OO /, gCM-2 

self supporting foils and the compound systems were formed at an excita- 

tion energy of 90 AIeV and a maximum classical angular momentum 
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of around 79h. For each experiment over 230 x 10' y- -y coincidences were 

recorded. To reduce the amount of unwanted data written to tapes a high 

fold condition was introduced into the master gate: at least 10 elements of 

the BGO inner ball were required to fire. The fragile nature of self-supporting 

13OTe targets set a limit to the beam current for the experiment, a current of 

around 2-3 pnA was maintained and gated event rates of around 800 s-' were 

achieved. 

5.9.2 The 152 Dy Experiment 

High spin states in 1"Dy were populated by using the reaction 

108Pd(48 Ca, 4n) 112Dy at a beam energy of 197 MeV and a maximum angular 

momentum (Imax) of 78h. The target was in the form of two , 95% isotopi. 

cally enriched self supporting foils of 'O'Pd. The logic circuit was essentially 

the same as in the case of 1'OGd and "'Tb experiments with the exception 

that an isomer detector consisting of eight BCO elements surrounding a gold 

stopper foil placed down stream of the target and out of focus of the ESS's and 

BCO ball was used, detecting decays from the 10 and 60 ns isomers at 21- and 

17+ single particle levels in 15'Dy. An isomer TAC (shown in figure 5.9) circuit 

was used in the logic system which was started by a Ge-Ge-BGO ball signal 

and stopped by a signal from the isomer detector when two or more elements 

are registered. The isomer signal was also required to be in delayed coinci- 

dence with a prompt -j--t event. In order to maximize the amount of useful 
data recorded onto magnetic tape the BCO ball elements had thresholds of , 
500 keV set before they would fire (usually the threshold for the BGO ball is 

set at 120 keV), which artificially lowered the detected fold distributions, and 

the mastergate had a fold requirement built into it of fold > 8. A total of 136 

x 106 events were recorded. It shall be seen in the next chapter that due to 

the isomer TAC and fold filters, this experiment yielded excellent quality data 

and that the ... Dy exit channel could be selected with almost total exclusion 

of all other exit channels. 
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Chapter 6 

Analysis and Results: Single 

Particle Experimental Level 

Schemes of 150Gd and 152Dy 

This chapter is divided into two parts. Part I contains the analysis and results 

from the 130Te(26Mg, 6n)15OGd experiment, and the single particle experimental 

level scheme of "OCd is presented. Part 11 contains the analysis and results 

from the 108Pd(48 Ca, 4n)l 52 Dy experiment, and the single particle level scheme 

of 152 Dy is discussed. 

It shall be mentioned here that the data from all the experiments was sorted 
into 2-dimensional Ey-E-f correlation matrices using the method described in 

the previous chapter. 
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Part I 

Level Schemeof 150 Gd 
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6.1 Level Scheme of 15OGd 

Introduction 

Previously the level scheme of "'Gd has been studied by many authors such 

as Haenni et al. [Ha 77], Kleinheinz et al. [KI 791 and A. W. Sunyar [Su 811. 

In figure 6.1 the previously published level scheme of "'Gd by A. W. Sunyar 

[Su 811 is shown. In this work the level scheme of 1'OGd is extended up to 

higher spins than previously observed. The following sections show the level 

scheme extended up to spin 39+. 

6.1.2 Methods 

The states in "'Gd were populated using the reaction described in section 5.9. 

For the analysis two matrices were made: One with fold condition between 8 

and 17 and another with the fold condition greater than 17. The matrix 

with a fold condition between 8 and 17 will be termed the lowfold matrix 

and the one with a fold condition greater than 17 will be termed the highfold 

matrix. Approximately, 54% of the events in the highfold matrix belonged 

to the 6n (151 Gd), 44% to the 5n ("'Gd) and about 2-3% to the 7n (149 Gd) 

reaction channels while 75% of the events in the lowfold matrix belonged to 

the 6n (150 Gd), 22% to the 5n ("'Gd) and 3% to the 7n (149 Gd) reaction 

channels. The highfold and lowfold -t - -1 matrices for "OGd contained 56 x 10' 

and 132 x 106 events respectively. Results from both matrices were taken for 

comparison and were found consistent for the two matrices. It can be seen 

from the relative intensities of the 306 keV (which belongs to 151Gd) and the 

395 keV (which belongs to "'Gd) transitions in the two projections that the 

contamination of "'Gd is greater in the highfold matrix and is smaller in the 

lowfold matrix (figure 6.2). As further evidence one can observe that the 155 

keV and 521 keV transitions belonging to "'Gd are stronger in the highfold 

rnatrix and weaker in the lowfold matrix. 

In order to deduce the ordering of transitions within the level scheme of 
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Figure 6.1: The level scheme of "'Cd as published by A. Suayar tSj 811. 
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44 

be seen that the 155 keV and 306 kel' gamma-rays which belong to "'Gd are stronger in 

the highfold matrix and weaker in the lowfold matrix. This clearly n-eans that the highfold 

is more contaminated than the lowfold matrix. The insets show the low energy portion of 
the total projection. 
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150Gd it was important to look at both the coincidence relationships of individ- 

ual -i-rays and their relative intensity to one another. To find the intensities of 

transitions relative to the 780 keV transition in "'Gd, coincidence spectra for 

the 395 keV and 654 keV transitions were combined and the intensities were 

measured for the transitions of interest. It shall be mentioned here that for 

gammma ray transitions having low energies, the intensities of the gamma rays 

were corrected for the effects due to internal conversion. The total gamma ray 
intensity was then given by [Kr 87]: 

It = 4(l + ctt. t) (6.1) 

where It is the total gamma ray intensity, "L, " the experimentally observed 

intensity of the gamma ray and at,, t [RFP 781 is the total internal conversion 

co-efficient. 
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6.2 Results 

The total projections for the highfold and the lowfold matrices are shown in 

figure 6.2. The new level scheme is in agreement with the previously pub- 
lished level scheme by A. W. Sunyar (Su 811 up to spin 27- but differs above 
27-, where several transitions have been re-ordered and 20 more found. The 

energies of the new gamma-ray transitions are 129 keV, 174 keV, 178 keV, 

206 keV, 251 keV, 261 keV, 262 keV, 336 keV, 372 keV, 393 keV, 416 keV, 

816 keV, 862 keV, 977 keV, 1027 keV, 1078 keV, 1119 keV, 1164 keV, 1191 

keV and 1216 keV. The new level scheme is shown in figure 6.3 and a section 

above I= 21- is shown in figure 6.4. In figure 6.4 the thickness of the arrow 
is related to the intensity of the gamma-ray. The measured relative intensities 

are given in table 6.1. 

6.2.1 Yrast cascade from'spin 39(+) to 29(-) 

From figures 6.3 and 6.4, it is seen that the transitions around spin 33M, 

having energies 493 keV, 699 keV, 950 keV and 954 keV have been re-ordered 

compared with figure 6.1. Figure 6.5 shows that the 1164 keV and 336 keV 

transitions are in coincidence with the 699 keV and 950 keV transitions but not 
in coincidence with the 954 keV transition. The transitions having energies 372 

keV (35(l))and 174 keV (36M) are in coincidence with each other and with 

all the transitions below 33M and above 36(+), but are not in coincidence 

with the 336 keV, 1164 keV, 393 keV, 977 keV and 862 keV gamma rays. 
This is illustrated in figure 6.6. The 1027 keV and 1216 keV transitions are 
in coincidence with all the gamma rays in the level scheme. They have been 

placed in the level scheme in accordance with their relative intensity to each 

other and their coincidence relationship with the remaining transitions. 
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Figure 6.5: Gates on (a) 699 kel", (b) 950 keV, and (c) 954 keV gamma-rays. The spectra 

are background subtracted. It can be seen that the 493 keV gamma-ray is present in both 

the 950 kel' and 954 kel, 'gated spectra while it is missing in the 699 keV 0ated spectrum. 00 
This shows that the 493 kel' transition is not in coincidence with the 699 keV transition, 

while it is in coincidence with the 950 keV and 954 ke V transitions. It can also be seen that 

the 336 keVand 1164 kel' transitions are present in both the 950 keV and 699 keVgates but 

is not present in the 954 kel' gate. This shows that the 336 kel' and 1164 kel' transitions 

are in coincidence with the 950 keV and 954 kel" transitions but are not in coincidence with 
tile 954 ket' transition. 
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with the 336 kel', 1164 ket, 393 keV, 977 kel'and 862 kel'gamma rays. 
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6.2.2 Cascade from spin 35(-) to 27- 

Eight transitions have been found in this cascade. These transitions have 

energies 393 keV, 977 keV, 251 keV, 1191 keV, 178 keV, 262 keV, 816 keV, 

1078 keV and are shown on the right of figure 6.4. The 816 keV and 262 

keV gamma rays are not in coincidence with 172 keV, 1085 keV, 1078 keVI 

1172 keV, 354 keV, 493 keV, 699 keV and 950 keV gamma rays while they 

are in coincidence with rest of the transitions in the level scheme. The 206 

keV gamma ray which feeds the 32(+) level is not in coincidence with the 977 

keV gamma ray in the cascade while the 393 keV gamma ray which feeds the 

34+ level is in coincidence with all the gamma rays of the cascade. The 493 

keV gamma ray which feeds from the 32(+) level to 31+ does not coincide with 
transitions below the 32(+) level in the cascade. 

6.2.3 Cascade from spin 33(+) to 27- 

This cascade of gamma rays consists of four transitions having energies 862 

keV, 1119 keV, 354 keV and 1172 keV. The 354 keV and 1172 keV are already 
known transitions in this cascade. The 261 keV gamma ray feeds from 33(+) 

to 31M level into the cascade while the 269 keV gamma ray feeds out from 

30(+) level of the cascade into the 29+ level. This cascade is in coincidence 

with all the transitions below 27-. 



107 

6.2.4 Directional Correlation Results 

In order to study the directional correlation of the gamma rays in "OGd and 

hence to find their spin values the total 230 x 10' events were re-sorted. Twelve 

out of the sixteen detectors of TESSA3 were used to measure the angular 

distributions. 

Two correlation matrices were constructed with the following coincidence 

conditions respectively. 

e Coincidences between two transitions detected in any 35' (or equivalent 

1 145*) detectors (so called symmetrised (35" - 35*) matrix) 

a Coincidences between 90" and 35" (145') detectors (so caUed non - sym- 

metrised (90' - 35' matrix). 

Figure 6.7 (a) shows a spectrum which is a sum of the three spectra which were 

obtained after placing the gates on the 395 keV, 654 keV and 780 keV gamma 

ray transitions in the (35' - 35*) matrix. Before the generation of the "sum 

of gates" spectrum the individual gated spectra were background subtracted. 

Figure 6.7 (b) shows the "sum of gates" spectrum for the same gamma rays 

and with the same peak and background limits as in (a) but obtained from the 

(90' - 35') matrix by gating on the 35" axis. It can be seen from the figure 6.7 

that the known stretched quadrupole transitions are bigger in the (35* - 35') 

matrix as compared with the (90' - 35*) matrix while the known stretched 

dipole transitions are bigger in the (90* - 35) matrix as compared with the 

(3511 - 35') matrix. 

From these spectra, the ratio R 1(35"-35") ) for the intensities of the 1(900-350) 

gamma-rays was extracted, where 1(35* - 35*) is the intensity Of oY2 detected in 

a 350 detector while gated on -yi in another 35, detector, and 1(90" - 35") is the 

intensity Of -12 detected in a 90" detector while gated on -11 in a 35* detector. 

The ratios of the intensities, R= 1(35*-35*) 
were then normalised to the 1(900-350) 

average value of the ratios of the intensities 1(35*-35 
of the known stretched 1(9011-35 

2) quadrupole -y rays in 15'Gd and are given in table 6.1. Hence, 
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stretched quadrupole transitions were found to have values 7z2:: 1 and stretched 
dipole (Al = 1) transitions were found to have values R; ý: 0.6. 

Fig. 6.8 and table 6.1 give the summary of the results from the DCO analy. 

sis. It can be seen from the figure 6.8 that the ratio '? Z' for the newly observed 

, y-rays is consistent with those from known yrast stretched dipole (AI=l) and 

quadrupole (AI=2) transitions. The newly observed -y-ray transitions having 

energies 129 keV, 178 keV, 206 keV, 251 keV, 262 keV, 336 keV, 372 keV, 

1078 keV and 1119 keV are therefore considered as stretched dipole (AI=l) 

transitions while 977 keV, 1027 keV, 1164 keV, 1191 keV are considered to be 

the stretched quadrupole (AI=2) transitions. The 1216 keV (39(+)) is clearly 

seen in the (90' - 350) matrix but is very weak in (350 - 35') matrix, so it is 

difficult to find exact intensity ratio (R) for this gamma ray transition, but 

due to its consistency with other stretched dipole transitions which are bigger 

in the (900 - 35") matrix, and weaker in the (350 - 35") matrix, it is considered 
to be a stretched dipole transition. The 862 keV (33(+)) gamma ray transition 

is very weak in the (90' - 35") matrix but it is much stronger in the (350 - 3511) 

matrix and hence the 862 keV transition has been considered to be a stretched 

quadrupole (AI=2) transition in the present work. The transitions having 

energies 950 keV (31(+)) and 954 keV (34H) which have been considered to 
be a stretched dipole and stretched quadrupole respectively in the previous 

work, are now considered to be a stretched quadrupole and stretched dipole 

respectively, in this work. The new spin assignments for the levels decaying 

via these transitions are quite consistent with the data for the present work. 
Finally, the 372 keV (35M) transition is considered as an ambiguous transi. 

tion because it has the value of R ý--- 0.8. This ambiguity may arise from tile 

uncertainties in the mixing ratio (the ratio of the transition matrix elements 
for the higher to the lower multipole). Since the ratio R for this transition is 

close to the ratio R of the other stretched El transitions, it is considered to 
be a stretched dipole (El) transition. The 174 keV transition is considered to 
be an Ml trasition, because Nil ratios appear "low" because of mixing ratio. 
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Figure 6.8: Results from the DCO analysis for the ratio IZ 1(350-35*) for the stretched 1 (91 W- 350) 

dipole and stretched quadrupole -y-ray transitions in the ""Gd nucleus above spin 27-. The 

dotted lines indicates the value of IZ at ; ý-. 0.6 and IZ at ; -- 1. The open circles reperesent 

the ratio IV for the known stretched quadrupole transitions while the open squares rep- 

resent the ratio for the stretched quadrupole transitions which have been observed in this 

work. Similarly the closed circles and closed squares represent the ratio for the known and 

newly observed stretched dipole transitions in this work, respectively. The open and closed 

triangles represent the transitions whose previously observed spins have been changed due 

to this work. 
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Table 6.1 

a) Em 

(keV) 

b) Ej 

(keV) 

I C) 
If 

R 

1(35*-35*) 
1(90*-350) 

] 
c)pr__. ý J)pr 

aI 

100.0±2.1 1.02±0.12 23--+ 21- 

7275 654 99.0±4.0 1.10±0.13 25- --*23- 

7929 395 99.0±3.0 11 1.05±0.11 11 '27- 
--+25- 

11 8324 1085 46.3±0.5 0.46±0.04 28(+)--+27 

8324 1172 24.3±0.3 1.06±0., 14 2--9(+)--+27- 

8324 1-078 11 2.7±0.3 0.35±. 0.09 - JI T8 28M --*2 

9409 17-2 42.0±0.3 0.46±0.04 29(-)--+ 

9402 178 6.0±0.2 0.51±0.04 29(-)--+28(+) 

9496 354 8.0±0.3 0.51±0.04 30(+)--1-29(+) 

9581 ] I_ 950 44.0_± 1.2 0.94±0.06 31(+)--+29 

9850 1119 4.0±0.5 0.53±0.18 31(+) 

9581 1191 4.0±0.2 0.90±0.11 - F32 323 OM 

10531 493 Doublet -32(+)--+3 

Jý 10531 11.699 1 1 28.3±0.9 11 0.98±0,. 13 11 33(+ 

! 51 6.0±0.3 0 . 54±0.04 3-2(+)--+3 

11023 11 206 2.0±0.2 0.45±0.09 33(+I: L32(+) 

177 9.0±0.3 11 0.94±0.27] rM(+I-ýý32 ý+) 

154 
--- 

25.0±1.0. 11 0.70±0.05 11 34(-)--+33(+) 
L112L3O] 1164 

Flo 
10.0±0.5 1.1 

193--- T Doublet 35(-)--+34(+) 
12184 11 

. 
372, 9.0±0.4 0.74±0.02 11.5(+)--+34( ) ý5 =(+)3 

4H 

continued .......... 
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EX') b) Ry I C) -Rd e) pr f) pr 
f 

(keV) (keV) 1(35*-35*) 
1(900-350) 

ýj L12! 184 1416 Doublet 0 no- 1 1 (36)(+)--+35 
_ 

1 F33( 336 10.1±0.74 0.70±0.05 36(+)---+35(-) 

12556 
EE 174 E7 4.3±0.5 0 ACI. 4-f) nr, 36(+)--+35(+) 

12600 Uýi 129 - Erl 2. I An 0 03 -+35(+) 
T36(+) 

: Fý2730 V 1±0.09 38(+)--+36(+) 

13757 1216 4.0±0.2 0.51±0.03 39(+)--+38(+) 

Table 6.1: The properties of the transitions in "OGd above spin 21- as mea- 

sured in the present work. 

a) Excitation energy E,, of the decaying level. 

b) The transition energy Ey. 

0 The intensities I, of the gamma-rays. 

d) Ratio of the intensity of the gamma-ray transition detected in a 35" detector 

while gated on another 35" detector to the intensity of gamma-ray transition 

detected in a 90' detector while gated on a 35" detector. 

e) initial spin and parity of the energy state. 
f) Final spin and parity of the energy state. 
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6.3 Level Scheme of 152Dy 

6.3.1 Introduction 

The level scheme of ... Dy has been studied by many groups since 1974. Jansen 

et al., [Ja 74a, Ja 791 established the sequence up to about 8 MeV excitation 

energy and included the discovery of two isomeric states with lifetimes of 

-r = 60 ns and r= 13 ns. The transition energy from the decay of the longer 

lived state was unobserved but was later measured by Nagai et al., [Na 80] 

to be E-y = 53.3 keV. Groups at the Argonne National Laboratory, (Khoo 

et al., [Kh 781) and at Chalk River, (Ilaas et al., [Ila 79, Ila 811) along with 

groups at Strasbourg, (Merdinger et al., [Me 791) extended the scheme up to 

spin 38h using many experimental techniques. These include measurements 

of prompt and delayed gamma rays, prompt and delayed y- -j coincidences, 

, y--y angular correlations of delayed gamma rays, excitation functions, angular 

distributions, n--j coincidences, gamma ray linear polarizations and Doppler 

shift recoil distance measurements. The lifetime, spin and parity of the isomers 

were found to be 

er= 60± 4 ns, I 
7r 

= 17+ 

o7=9.5± 0.7 ns, Ir = 21- 

er=1.6± 0.3 ns, Ilr = 27- 

The lifetime (in the range of ps), spin and parity of the other isomeric 

states can be found in [Vo 831. 

The discovery of a low deformation prolate band (B. M. Nyako el al., [Ny 861) 

and superdeformed prolate band (P. J. Twin et al., [Tw 861) made ... Dy a 

classic nucleus for the study of high spin states. 0 
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6.3.2 Methods 

In order to study various properties of the nucleus at very high spin, an ex- 

periment (see section 5.9-2) was performed at Daresbury Laboratory using the 

reaction 'O'Pd(48 Ca, 4n)152 Dy at a beam energy of 197 MeV. A two dimen- 

sional E,. r-Ey correlation matrix was created having a fold condition 8<fold<16 

with an isomer TAC filter selecting "delayed" events. It should be remembered 

that the fold data recorded in the BGO ball was artificially low in this exper- 

iment due to the elements of the ball having a threshold of - 500 keV. A 

form of background subtraction on the isomer matrix was performed during 

data sorting by subtracting events filtered by an isomer TAC gate associated 

primarily with random events. 

A portion of the total -1-ray yield from the 197 MeV thin target -1--j exper- 

iment with only the highfold (fold > 8) condition in the mastergate is shown 

in figure 6.9 (a) while figure 6.9 (b) is the total projection of the final isomer 

matrix containing - 17.5x 106 events. Figure 6.9(b) indicates the excellent 

quality of the data from this experiment as a consequence of the high statis- 

tics involved. The selection power of the TESSA3 array is clearly illustrated 

in figure 6.9 with the isomer matrix consisting of approximately 95% I"Dy 

and 4% 1"Dy with almost no 153 Dy. 

The previous decay scheme of 15'Dy is shown in figure 6.10 and illustrates 

the information gained from many of the spectroscopic methods and provides 

a good starting point for a continued study into the very high spin states of 
this nucleus. 

6.4 Results 

Gamma ray spectra were generated by gating on all the visible peaks in the 

total projection spectrum and making projections from the total E., -E. Y ma. 

trix. The total projection for ... Dy is shown in figure 6.9. New transitions 

were added to the level scheme and the order of several transitions has been 
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changed. Figure 6.11 shows the level scheme of 1"Dy which has been extended 

above spin 27- in this work. Figure 6.12 shows the level scheme expanded to 

include I>27- only. 

6.4.1 Decays Feeding the 36- Level 

Directly above 1=36- the level scheme becomes extremely fragmented which 

is probably due to the breaking of the 14'Gd core. Several new transitions 

have been observed to feed the 36- level. In order to find these new trasitions 

gates were placed on the 362 keV (36-) and 388 keV (35-) y-ray transitions. 

Figure 6.13 shows the spectrum obtained by adding the background subtracted 

gates of the 388 keV and 362 keV gamma-rays. Six new transitions have been 

observed which feed into this level. These new transitions which feed into 

the 36- level have energies 477 keV, 724 keV, 1037 keV, 1042 keV, 1078 keV 

and 1235 keV and are shown in figure 6.14 along with the previously observed 

transitions. The intensities of all the previously observed and newly observed 

transitions feeding the 36- level are obtained relative to the intensity of the 362 

keV gamma ray in 388 keV gamma ray gate and are presented in table 6.2. It 

can be seen from the table 6.2 that the intensities of the transitions feeding into 

the 36- level equals that decaying via the 36- level. From the measurement 

of the intensities of the the gamma-ray transitions which feed out of the 36- 

level and which feed into the 36- level it is evident (within the experimental 

errors) that no more transition can be observed which feed into the 36- level. 
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Table 6.2 

Eya) (keV) jr-cl b) T I%C) 11 
362 3914±148 100±3.78 

E., (kev) 1% -1 Cumulative of TOj 

348 335±20 8.55±0.51 

47 116 13 2.96±0.33 11.5, 

724: 51±8 1.30±0.20 12.80±1.04 

792 137±8 3.50±0.21 16.30±1.25 

91 333±21 8.51±0.53 24.81±1.78 

1037' 177±15 4.52±0.38 28.33±2.16 

1042' 336 20 8.58±0.51 36.91±2.66 

1071 161±21 4.11±0.53 41.02±3.19 

107 294±22 7.51±0.56 48.53±3.75 

116 ±27 12.51±0.69 61.0,1±4.44 

119 677±37 17.31±0.95 78.35±5.39 

1235' 105±22 2.69±0.56 T 81.04±6.85 

1362 835±40 21.34±1.02 102.38±7.28 

Table 6.2: The intensity of the -y-rays feeding the 36- level. 

a) The energy of the -y-ray transition emitted during the heavy ion fusion evaporation reac. 

tion. 

b) The intensity of the -f-ray relative to the intensity of 362 keV garnma- ray in 388 keV 

o, mma ray -: rate. ga 
, I) Percentage of 111". 

a 'Y 
Energy of the newly observed gamma-fay transition. 
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6.4.2 Decay of States Around Spin 27- 

The states around spin 27- are of interest because this is the region into which 

the superdeformed band decays. Figure 6.15 shows the partial level scheme 

of 152 Dy around spin 27-. In this work several new transitions have been 

identified in this spin region of which one, the 304 keV transition feeding the 

27- state, is in coincidence with the superdeformed band. It has also be seen 
from the spectrum obtained by placing a gate on the 304 keV gamma-ray 

transition that the intensity of the superdeformed peaks is very low so that it 

is difficult to find the linking transition(s) between the normal deformed and 

the superdeformed decays. However, it may be possible with high statistics 

to find the linking transition(s). The remaining new transitions (274 keV, 890 

keV, 1063 keV, 471 keV, 1021 keV ) in this spin region form a cascade feeding 

the 27- state. The 274 keV, 890 keV, 1063 keV gamma ray transitions are in 

coincidence with all the transitions above 31+ and below 27- level but are not 
in coincidence with transitions in between the 31+ --+ 27- levels. The 471 keV 

gamma ray transition is not in coincidence with the 431 keV and other yrast 

transitions above spin 31+ but is in coincidence with all the transitions below 

31+. The 1021 keV gamma ray transition which is a doublet (the transition 

having near identical energy to another transition in the level scheme) has 

been shown feeding the 471 keV gamma ray. The other transitions (191 keV, 

386 keV, 1218 keV) in the cascade were known prior to this work. Since the 

intensities of the transitions in this cascade are very weak, it is difficult to find 

the exact spins of these transitions from this data. 
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6.4.3 Decays By Passing the 36- Level 

A cascade of gamma ray transitions has already been found from spin 43+ --+ 

35- in this region of the level scheme (figure 6.15). Most of the gamma ray 

transitions in this region have been assigned as positive parity. None of the 

gamma ray transitions in the cascade (from 43+ to 35-), are in coincidence 

with the 36- energy state. The ordering and positioning of the known and 

newly found transitions in this region is discussed below: 

The 763 keV (40M) and 1912 keV (41H) gamma rays have been re- 

ordered according to their intensities, measured in the gates of the 288 

keV and 1005 keV gamma rays. In these gates we observe that the 1912 

keV gamma ray is much weaker than the 763 keV gamma ray. The 

relative intensities of 763 keV and 1912 keV gamma rays as measured in 

the 288 keV and 1005 keV gamma ray are shown in tables 6.3 and 6.4, 

respectively. 

9 The new transitions (327 keV, 450 keV, 465 keV, 570 keV, 1182 keV 

and 1573 keV) have been placed in accordance with their coincidence 

relationships with the known transitions. These -y-rays are very weak 

and it is difficult to find their relative intensities and spins. 

@ The 327 keV and 1182 keV transitions feeding into the 36(+) level are in 

coincidence with each other and are not in coincidence with the 362 keV 

transition (which feeds out from the 36- level) and all the gamma rays 

above this level. The 1573 keV gamma ray transition feeding into the 

36N is not in coincidence with the 327 keV and 1182 keV (which also 

feed into the 36(+) level) and the 362 keV gamma ray transition, and all 

the transitions above the 36- level. The 327 keV, 1182 keV and 1573 

keV gamma rays are also not in coincidence with other transitions which 
feed the 36+ level. 

a The 450 keV gamma ray transition is in coincidence with the known 983 

keV and 388 keV transitions but it is not in coincidence with the 362 
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keV transition and all the other transitions feeding the 35- level. 

e The 465 keV transition links the 35- non yrast level to the 35- yrast 

level. This gamma ray is in coincidence with all the transitions above 

and below the 35- non yrast level and 35- yrast level respectively, but 

is not in coincidence with all the transitions which feed directly into the 

35- yrast level or which are above the 36- level. 

The 570 keV gamma ray transition is in coincidence with the 288 keV 

and 257 keV gamma rays and with all the gamma rays which feed the 

(33)(+) level. But this gamma ray is not in coincidence with the 320 

keV, 386 keV, 538 keV gamma rays in this region. So this gamma ray is 

shown feeding from the 35- level to the (33)(+) level. 

Table 6.3 

E, (keV) Lf 

763 288±2 

1912 

Table 6.3: Gate on 288 keV gamma ray transition. In the table Ef represents 

the energy of the -y-ray while Ly represents the intensity of the gamma ray. 

Table 6.4 

E, (keV) Ilf 

763 710±50 

1912 415±85 

Table 6.4: Cate on 1005 keV gamma ray transition. In the table Elf represents 
the energy of the -y-ray while Ly represents the intensity of the gamma ray. 
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6.4.4 Directional Correlation Results 

The directional correlation measurements for ... Dy were carried out in a sim- 

ilar way as described in section 6.2.4. Two correlation matrices were con- 

structed with the same coincidence condition as given in section 6.2.4 i. e., 

9 Coincidences between two transitions detected in any 35"( or equivalent 
145') detectors (so called symmetrised (35" - 3511) matrix) 

Coincidences between a 90* and 350(145") detectors (so called non - 
symmetrised (90* - 35") matrix). 

A background subtracted spectrum, obtained by placing a gate on the 991 keV 

-y-ray (which is a known stretched (A 1=2) quadrupole transition in the level 

scheme) in (35' - 35") matrix, is shown in figure 6.16 (a), while figure 6.16 (b) 

shows the spectrum obtained from the (90* - 35') matrix for the same gate 

with the same peak and background limits as in (a). Figure 6.17 (a) shows 

a similar spectrum which has been obtained by placing a gate on the known 

stretched dipole (A I=1) transition in the (35" - 35") matrix while figure 6.17 

(b) shows the spectrum from the same gate as in (a) but from the (90" - 35*) 

matrix. It can be seen we get similar results for the ratio R, whether the 

spectrum used for the calculation of R is obtained from a gate on a stretched 

quadrupole or stretched dipole radiation. 

From such spectra, the ratio R 1(35"-35') ) for the intensities of the 1(900-3511) 

gamma-rays was extracted in a similar way as in section 6.2.4, where 1(35" - 
35") is the intensity Of '12 detected in a 35* detector while gated on another 
350 detector, and 1(90' - 35") is the intensity Of 'Y2 detected in a 90" detector 

while gated on a 35" detector. 

The ratios of the intensities 
,R= 

1(35*-35*) 

were normalised to the av- 1(90'1-350) 

erage value of the ratios of the intensities 1(350-350) 
of the known stretched 1(90*-350) 

quadrupole (A I=2) -1 rays in 152 Dy. Hence, stretched quadrupole (A 

I=2)radiations were found to have R -ý 1 and stretched dipole (A 1=1) radi- 

ations were found to have R ; z: ý 0.5. 
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Figure 6.18 and table 6.5 summarises the results from the DCO analysis. 

It can be seen from the figure that the ratio 'V for the newly observed as 

well as the previously observed non-yrast gamma rays is consistent with those 

from known yrast stretched dipole (A I=1) and stretched quadrupole (A 1=2) 

radiations. 
The gamma-rays having low energies are seen to possess slightly low values 

of 'V, this may be due to the uncertainties in the mixing ratios (the ratio of the 

transition matrix elements for the. higher to the lower multipoles). The 1912 

keV gamma ray for which the R value is consistent with the other stretched 

dipole transitions has been considered to be a stretched dipole transitions in 

the present work. The 851 keV and 1020 keV transitions which look ambiguous 
in the figure 6.18 have been considered to be stretched quadrupole transitions 

due to them being more consistent with other stretched quadrupole transitions. 
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Table 6.5 

E a) 

(keV) 

I'v C) 

M 

gd) 

1(35*-35*) 
1(900-350) 

e)l! r __, 
f)17r 

If 

r7882 11 C 0±1.0 11 0.49± 0.01 11 28+--*27- 1 1 

7882 274 1.2±0.1 
[884-9 1 ±2.0 0.40±0.02 29+--ý28+ 

8997 402 54.3±0.5 0.55±0.06 30+--+29+ 

. 
114 45.0±0.6 1.05±0.07 31+--+29+ 

9399 711 24.4±0.4 1 1.0.45±0.04 1 1 31+--+30+ 11 

9399 81 1 9.8±-0-2-] 
ý 

0.50±0.03-1 1 31(+)--ý30+ 11 

10111 431 47.0±0.5 1 1 0.63±0.04 32+--431+_ 

61 5.0±0.1 
., 

1.. O,. 72±0.14 32(+)--+31+ 

10257 952 2.2 ± 0.2 J ý 1.05±0.19 
_j 

j_ 33(+)--+31(+q 

11-10257 1 1.703 1 1 2.5±0.1 1 1 0.43±0.06 1 1 32(+)--+ 

! 54 41.5±0.9 0.60±0.03 33+--+32+ 

10796 780 37.0±0.7 0.50±0-03 34---+33+ 

10962 248 2.6±0.1 0.591ý0ý. 1 33(+)--*32(+) 
11 11210.. Il 1220 11 4.6±0.1 11 0.83±0.17 11 35(-)--*33(+ 

11576 388 31.0±0.4 0-50±0.03 35---+34- 

11964 
_362 

16.0±0.7 0.48±0.04 36---+35- 

170 9.1±0. 0.40±0.06 34(+)--+33(+ 
Fý12429ý 11 288 11 3.5±0.1... 11 0.56±0.08 36(+)-*35(+) 

1_17 1005 18.9±0.4 0.91±0-09 38(+)--->36(+) 

13-049 
11 724 0.46±0.13 11 37(+)--*36- 

continued .......... 
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E a) x 

(keV) 

b) E7 

(keV) 
Y') 

-Rd) 

1(35*-35*) 
1(900-350) 

f)I7r 

L1L304ý9j 1086 1 1 3.8±0.2 1 1 1.02±0.10 1 137(+)--+35- 11 

13397 
1 348 1 2.2±0.2 10. rll-Ln lf? 

1 

l `0 '7 
1e 

-+UM 
u 

13397 
g 

071 
El( 

1.7±0.3 1.02±0.14 38(-)-->36- lý 

L13722ý 763 7. l±O. 2 0.93±0.13 40 + --+38 +, 

14485 1912 I li. ý30.2 1 1 0.40±0.12 1 1 41(-)--+40(M 
-1 

16397 2 114 
TDoublet 1 ýou 1 1.00±0.16 1 1 43(+) 

Table 6.5: The properties of the transitions in 152 Dy above spin 27- as mea. 

sured in the present work. 

a) Excitation energy E_, of the decaying level. 

b) The transition energy. 
0 The intensity of the gamma-ray. 

d) Ratio of the intensity of the gamma ray transition detected in a 351, detector 

while gated on another 35" detector to the intensity of the gamma ray transi. 

tion detected in a 90' detector while gated on a 35' detector. 

-) initial spin and parity of the energy state. 
f) Final spin and parity of the energy state. 
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Chapter 7 

Discussion and Interpretation of 

the Single Particle Level 

Schemes 

7.1 Introduction 

The experimentally deduced level schemes of ... Cd and 152Dy were presented 

in chapter 6. This chapter is in two parts. In parts I and H the spectrum 

of nuclear energy states of "'Gd and ... Dy are interpreted in terms of single 

particle shell model configurations. 

In particular, similarities in these level schemes compared with those of 

their Z+l isotones are investigated. 
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Part I 

Interpretation of the Level Schemes of the 
15OCd and 

152 Dy 
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7.2 Interpretation of the Level SchemeS of 

"OGd and 152 Dy 

The nuclei ""Gd and "'Dy are even-even nuclei. The ground state spin of 

both nuclei will therefore be 0+. Figure 7.1 shows the experimentally deduced 

level schemes for "OGd and 152 Dy. The spectrum of energy states in these level 

schemes can be explained in terms of single particle shell model configurations. 

As mentioned in section 3.5, the level spacing in the case of a rotation around 

the symmetry axis has a statistical character, and consequently one expects 

yrast traps (high spin isomeric states). They are defined as the yrast states 

which cannot undergo a rapid gamma- transition and have been predicted by 

Bohr and Mottelson [BNI 741. Filling the levels in the rotating nuclear po- 

tential we eventually obtain, with increasing angular velocity, jumps in the 

angular momentum by several units. Figure 7.2 shows a plot of excitation 

energy E_, versus the spin 1. The experimental data for "'Tb and "'Ho have 

been taken from references [Cu 881 and [Ha 881 respectively. The calculated 

values are shown with an offset of 5 MeV. The plots show small parabolas 

and it is expected that at the start of each point of a parabola we have an 

yrast trap. These yrast traps are referred to as fully aligned states. It may 

be mentioned here that all the points at the start of a parabola may not nec- 

essarily be an isomeric state (yrast trap) but one may expect that this state 
has the maximum possibility of being an isomeric state. The production of 

angular momentum due to the single particle motion of the nucleons around 

the symmetry axis can also be presented in a plot of the eigenvalues (ei), in the 

non-rotating oblate deformed single particle well, as a function of the compo. 

nents (0) of the angular momentum along the symmetry axis. The eigenvalues 
(ei) for levels in the same j-shell lie on approximate inverted parabolas (see 

section 3.5). At oblate deformations (0<0) the highest mi-values, that is, 

tile most aligned states have the deepest energy, because their oblate density 

distribution in the equatorial plane has the maximal overlap with the oblate 
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Figure 7.1: Comparison of the experimental level schemes of the (a) "" Gd and (b) 152DY. 

It can be seen that states from spin 0+ to 19- show almost the similar level spacing, thus 
illustratim, almost similar mode of excitation which in this case is neutrons. Similarly, the 0 
states from spin 19- to 27- have similar level spacing, again showing that the angular 

momentum has been generated in a similar way in both the cases. The yrast states from 

spin 28+ to 33+ also show similar behaviour. The 954 keV transition at 34(-) in the 15')Gd 

level scheme is similar to the yrast transition having energy 780 keV at state 34- in 152Dy. 0 
Most of the non-yrast states in 152Dy have been assigned positive parities as predicted by 

the calculations. The transition having energy 1027.5 keV and spin 38M in '5'Gd is similar 0 
to the 1005 keV transition having spin 38+ in 15'Dy. 
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density of the core. 

At zero rotation frequency (w=o), the Fermi surface is a horizontal line 

and all levels below it are occupied. At finite w-values, (section 3.5), the Fermi 

level can be represented by a tilted line. As the value of w increases, levels 

with negative mj values are vacated and those with positive mj values become 

occupied. Figure 7.3 shows this with the aid of so called "umbrella" plots for 

15OGd. Figure 7.4 shows the same plot for "'Dy. In these figures the Fermi 

surfaces are represented where a jump of 11 units of angular momentum and 

20 units of angular momentum occurs in the case of neutrons, while in the 

case of protons a jump of 10 units of angular momentum and 20 units' of 

angular momentum occurs with respect to the ground state spin. Other spin. 

values on the yrast line are obtained by constructing proton-hole configurations 

with respect to the rotated energy surface. This is usually connected with all 

increase in energy. 
Since both nuclei have the same number of neutrons i. e., N=86, the spec- 

tra of states observed in both nuclei show a similar behaviour up to spin 20+. 

Above spin 20', the states are based on excitations/re-arrangements of the 

protons in the d5/2 and 
h11/2 orbits. The level schemes of these nuclei can 

be understood by their single particle behaviour using calculations based on 

the deformed NVoods-Saxon potential. Commonly used versions of this poten. 

tial can be found for example in [Ro 67, Ch 67, Da 691. Dudek and Werner 

[DW 78] readjusted the parameters of the Woods-Saxon potential to fit the 

nuclear energy levels of the odd-A nuclei in the deformed regions of the heavy 

nuclei. Another modification in the single particle orbitals was suggested by 

[Do 80, Do 811. At certain proton and neutron numbers, orbitals which are ac- 

tive in the light neut ron- deficient rare earth nuclei are selected (1 hil/21 3SI/2) 

2d3/2,2f7/2) 1h9/2 and 1i13/2 for neutrons, and 197/2,2d5/2) 1hll/2,3sl/2, and 
2d3/2 for protons). Using the NVoods-Saxon potential, the positions of some 

of the energy levels are modified in the spherical case so as to best fit the 

experimental data. 
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The calculations used in the present work employ a deformed Woods-Saxon 

single particle Hamiltonian [Du 82]. The total angular momentum is taken to 

be the sum of the single particle angular momenta along the symmetry axis. 
The parameters are nearly identical for neutrons and protons and are close to 

the parameter values obtained by optimising the potential to high spin spectra 

in the vicinity of ... Pb [Du 811. 

As mentioned earlier, the experimental level schemes of "Gd and 152 Dy 

are very similar. Indeed the single particle configurations for the yrast states 

of these nuclei are also very similar. A summary of the calculations of the 

single particle configuration, above spin 11- is presented in table 7.1 for "'Gd 

and in table 7.2 for 112 Dy. The experimentally deduced level schemes of 110cd 

and 1.12Dy along with their configurations, from spin 17+ to 34-, are shown 

in figure 7.6 (a) and (b) and from spin 34- to above in figure 7.7 (a) and (b), 

respectively. 
It can also be seen from figures 7.3 and 7.4 that both the nuclei have spin 

zero at their ground state as the neutrons and protons are fully paired. It call 

be seen that the maximum obtainable spin by aligning all the four valence 

neutrons is I='20h. The angular momentum up to spin 9- is obtined by re- 

arranging the neutrons in theVfT/2and vh9/2orbitals. Spin 11- is obtained by 

promoting one neutron from A9/2 tO Vi13/2 and two neutrons in tlievf?, 12orbit 

re-arrange themselves to give spin from 11- to 17-. Up to this stage there is 

no contribution to the spin from the protons for both the nuclei. Figure 7.5 

shows the experimentally deduced energy states from spin 11- to spin 17- 

along with their configurations. 



1111 

is 

16 

14 

12 
Ld 10 

a 

6 

la 
la 

, IA 
12 

LU 

E 
4 

Ld 

Ld 

(a) 
150 

Gd 

C 111-0-w--ý 

(b) 
151 

Tb 

(C) 152 Dy 

2 

D 

B 

6 

8 (d) 
153 Ho 

6 
4 
2 
0 
8 
6 
4 

14 16 18 20 24 --26 28 300 32 34 36 38 40 42 44 
- 4- 

Spin (tij 

Figure 7.2: A plot of excitation energy vs spin for (a) ""Gd, (b) 15'Tb, (c) 152Dy and 0 
(d) 15311o. The experimental curves for I"Tb and 153ffo are based on the data taken from 

references Vu 88jand III'a 83j' respectively. For all figures the experimental values are shown 

by squares and calculated values by circles (note that the calculated values are offset by 5 

, I[eV). In addition filled symbols refer to +ve parity while open kymbols refer to -ve parity. 



142 

4 
(d ýI,. 

jr- 10 
+ 

e/MeV 

efN4eV 

(a) Protons . 
*- -* S112 

// 

80 

M 

................ 

(1512 
V2 

. 10 

50 
97/2 

(b) Neutrons 

....... .......... ................... ............. ...... .... .......... ...................... 

100,119/2 

f7il 

oe 'oe 82 

Ile 
S 1/2 

[(hl, 
l2) 

2 ], 
0+ 

[(h1112) 2 lo+ 

[(f7,2)'(h,, 2)'(i l3r. 
)2120+ 

3,2)'] 11- 

-1312-1112 -9/2 -7/2 -612 -3/2 -1/2 112 312 5/2 712 9/2 1112 1312 

M. 
i 

Figure 7.3: Schematic representation of the single particle orbital energies versus angular 

momentum component (the eigen-value of j,, ) at deformation 02 =0.14 f or 8'ý`Gd 6 54. The 

dotted line shows the Fermi surface at w=O and all levels below it are occupied. The dashed 

lines show tilted Fermi surfaces. Tilted Fermi surfaces correspond to the different optimal 

confla, urations and are shown at I= 10+, 20+ for protons and at I= 11- CO and 20+ for 
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Fermi surfaces. Tilted Fermi surfaces correspond to the different optimal configurations 

and are shown at I= 10+, 20+ for protons and at I=II- and 20+ for neutrons. 
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Table 7.1 

Lp Neutron Configuration Proton Configuration 

v(hg/2, il3/2)11- /2)0 
+ 

ýýý 
17 ýv(hý912, ilý3/2)11- (&V(f'tl2)(O+-6+) 

-2 

7r(h 11/2)0+ 

17 
=+-: I 

v( 
=hg 

12, i13/2)ý11L h9/2)iil3/2)11- 
T 31 -(97r(d 3 7r(hl /2)9/2 5/2)3/2+ 

E1=8+ 7v(h9g//22), 
il3/2)11 il3/2)11- 7r(h, 

3 
1/2)9/2 

3 (gr(dS/2)5/2 

=19- Ev, (h /2)2il3/2 1 v(h9/2, il3/2)11 
9 

) 
1- 

24 
7r(hl, /2)8+(gr(d6/2)0 

11- 
T F-2 T V( 

2 
vv((hql2i i13/2)1ý r(h . /2,1113/2ý 1 hq/2, il3/2)11 1 /2)10+ 

13/2)11-(& V(f7/2)(O+--6+) 
-T7r(h2l, 

/2)10+ 

++ (f7/2, hg/2)8+ r(h7 V('213/2)12 11/2)13+ 

F28+ 
--+ 30+ V('213/2)12+ 

(f7/2, h9/2)8+ 
T7r(h2l 

1 /2)8+ --010+ 

V(i2, j w(h2l lo+or(d4 33+ 
1 /-%)12+(f7/2, 

hg/2)8+ 
1 /2) 5/2)1+--*3+ 

h3 3 
1 51 

33+ ýýV(j2 
11/2)25 Orr (d3qý, h9/2)8+ 

--T7r(h, 
v(i2l3/2)12+(f7/2, hg/2)s+ 7r(h,, /2)25/2-(97r(d, /2)3/2 

L)l 
2=+ 

=(fý 
7/ ý2) I /2)25L/2 (97 )ý3 

2+ L34 13/2 2 

V35- V('213/2)12+(f7/2, h9/2)8+ 31 -07r(d 3 
7r(h, /2)27/2 5/2)3/2+ 

ýý 

36- 
:: 

V 
j(i2 

13 V('213/2)12+(f7/2, h9/2)8+ 
2 

1)12: 
+ 3 

r(h /2)27/2 7r(d'/2)9/2 11 -0 5 

ý 
34+] 

2 
9 

l 
v(h'9/2)8+(02(f7/21i13/2)10- +(2 33 

5/2)5/ 11 -0 r(h /2)27/2 7r(d 
. 2 2 

7 
o(h9/2)i13/2)11- V(f7/2)6+ 

33 
ir(h 1 -0 7r(d 5 /2)9 1 /2)27/2 

36' v(h29/2)8+0(f7/2)i13/2)10 
ý 

3 -01r(d3 
ý 

7r(hl, /2)27/2 5/2)9/2+ 

lý 

38- V(i2 1 112)12+(&(f7/2, 
hg/2)8+ 3 

-07r(d 3 r(hll/2)27/2 512)9/2+ 

+1 (hl j2 7r(h 
33 2/2)6 

2-12ýý7r(l 11 - (9 7r (d 12 L/2 
H7 

9/2) 13/2)l 3 /2)27/2 5 
)3/2 

12+ 
(ýT/2y h9 

ý/2 

) 

=8 
r(h 1,112)15 S/ 

+ fT/2, h9/2)8+ 41 L2 'VV (213 
/ 21ýJ 

+I 
/2)ls, +(&7r(d 5 2)4! 

Table 7.1: Single Particle Configuration for the nucleus "'Gd. I' represents 

the spin and parity of the nuclear energy state. 



145 

Table 7.2 

utron Configuration Proton Configuration 

v(hg/2, il3/2)11- 
-7 

2)+ 
rrC(hll/2 0 

17- 
I 2 

7 
-v(h9l2til3l2)11-OV(fTI2)(O+-6+) 11 

(rh2ll/2)0+ 

17+ 13/2)11- r(h'1/2)9/2- 5 (gr(d'/2)3/2+ 

18+ v(h 9/2)il3/2)11 
3 -(&7r(d', 7r(h 1 1/2 2 

ý)5 
/ 
=2 

7r(h3,1/2)9/2 + 

19- v(h9/2, il3/2)11- 2 
r(h 11/2)8+(&r(d'5/2)0+ 

21- v(h9/2, il3/2)11- 7r(h 
2 
11/2)10+ 

21- --*27- 
_0 V(f712)(O+--ý6+) 

1 
v(h9/2, il3/2)11 

1 
7r(h 2 

11/2)10+ 

28+ V(i2 13/2)12+ 
(f7/2, h9/2)8+ 7r(h2,1 /2)8+ 

28+ 30+ 3/2)12+(f7/2, 
h9/2)8+ 

r(h, 
2 

1/2)8+ --10+ 

31+ 33+ L, (i2 
13/2)12+ 

(f7/2, h9/2)8+ 44 
T7r(hl 

1/2)8+ -9+ (&7r(d5L2)3+--+4+ 

34- V(i2 9/2)8+ 13/2)12+ 
(f7/2, h 

7r(h 
31 

2712-(&7r(ds 1 /2) 5 

35- L, (i2 
13/2)12+ 

(f7/2, h9/2)8+ 31 
7r(h, /2)2712-07r(d555/2)3/2+ 

36- 2+ 
(f712, h9/2)8+ 

T-7r(h 
3 
11/2)27/2-(&7r(d: 

)s 
5/2 /2 

+ 34 
2 v(hg/2)8+(&(f7/2, il3/2)10- 35 

7r(h, 1 /2)27/2 (9 7r(d 5/2)5/2+ 

35+ 
[36+ 

--+40+ L, (i2 
13/2)12+ 

(f7/2) h9/2)8+ 44 7r(h 1 1/2)16+ 07r(d 
5/2)0+ "4+ 

Table 7.2: Single particle configuration for the nucleus 152Dy. P represents 

the spin and parity of the nuclear energy state. 
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The maximum spin obtainable from the two protons which lie outside the 

Z=64 core, when they are fully aligned, is 10h. When these two fully aligned 
I 

protons which he in the 7rh2j, /2 orbit are coupled with the v(h, 1/2, ', 
3/2)11-, We 

obtain spin 21- (an optimal state). 

Similarly the spins from 21- to 27- are obtained by re-arranging the neu- 
22 

trons in the f7/2)(O+--*6+) orbit and coupling them with 7r(h, 1/2)10+. 2 

Spin 28+ is obtained by maximally aligning four neutrons outside N=82 
2+ 

core to give spin 20h i. e. )V('213/2)12+0 
U7/2, hlg/2), 

3 and then these neutrons 
2 

are coupled with the two protons, which lie outside the Z=64 core, in the 

7r(h211/2) orbit, so that we get a contribution of 8h of angular momentum. 

The spins from 28+-49+--+30+ are obtained by coupling the maximally 

aligned neutron spin i. e., 20h, to the proton spins. The proton spins are made 

by re-arrangning the two protons in the 7rh2,112 to get spins from 8 to 10h, i. e., 
2 

7r(h 1 1/2)8+ý10+ 

In order to generate higher angular momentum the Z=64 core must either 

be broken or the protons be re-arranged in the same orbit, as desired by the 

situation. For example, in the case of 1"Dy the core must be broken while in 

the case of "'Gd the protons are re-arranged within the orbit while they are 

also promoted to higher orbits to produce spins higher than 33+. 

Configurations for spins greater than 30+ in the case of 15OG(I 

if we refer to table 7.1 and figure 7.3, we can see that the four protons in the 

d5/2 orbit re-arrange themselves to give a contribution of 1 to 3 units to the 

total spin and coupled to the maximally aligned two protons in the 7r(h11/2) 

orbit. These protons then couple with the maximally aligned neutrons (1=21-) 

to give spins from 31+ to 33+. 

In order to produce spin 34- the one proton from the d5/2 orbit (mj = -3/2 

orbital of d5/2 orbit) can be promoted to the 7r(hil/2) orbit to make spin 

25/2-. When the protons in the 7rhj1/2 orbit are coupled to the protons 

of the d5/2 orbit, they give a total spin of 14-. This proton configuration 
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Figure 7.7: Comparison of the experimentally deduced level schemes of (a) "'Gd (from 

spin 33+ to 39+) along with its configuration (above spin 34-) with the (b) experimental 

level scheme of `Dýr (from spin 33+ to 40+) along with its configuration (above spin 34-). 
Q. 

It can be seen that the neutron configuration "V("13/2)12+(f7/21 h-3/2)S+ " is present in all 

the states. 
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33 
r(hi 1/2)25/2-(gr(dS/2)3/2+ 

is then coupled with the maximally aligned neu. 

tron's configuration V(i2j 3/2)12+ 
(f7/2, h9/2)8+ to give spin 34-. Similarly the 

states from 34- to 36- are based on the re-arrangement of the protons in the 
rd5/2 and 7rhil/2orbits. 

Configuration of the non-yrast states (34(+) to 39M) in "'Gd 

The non-yrast states are a little more complicated to describe, since the num. 
ber of possible configurations for a given spin become much larger than for 

yrast the states. 

The 34M state may be produced by 
12 il 31 3 1- (9[7r(h /2)27/2 7r(d, VU7112, h9/21 

13/2)18 1- /2)5/2+]16- 

Similarly the 35(+) state can be produced by 
22 1 il 31 -7r(d 3 

VU712, h9/21 
13/2)17-0[r(h, /2)27/2 5/2)9/2+118 

The 36+ state may be considered to arise from 
1 12 il -0 [r(hal (d 3 

V(f7112, h912) 
13/2)18 1 /2)27/2-lr 5/2)9/2+118 

It is difficult to assign a parity to the state having a spin 38. However, 

due to experimental similarity of this state to the 38+ state of the nucleus 
151Dy, it may be assigned a positive parity. If this state has a positive par- 
ity, then according to the calculations a neutron from the d3/2 

orbit may be 

promoted to the i13/2 
orbit. This would give the neutron configuration as 

212 3M (h -123 which is coupled to the proton con- 
2/2)6+ 

1 
)12 [V((d3l2)112 7 9/2) 

'13/2 

3 -(& 7r(d 
3 figuration [7r(hil/2)27/2 
5/2)3/2+115 But if we assign it negative parity, 

1 j2 then the configuration may be described as VU712, h91/2) 
13/2)20+ coupled to 

33 [7r(h 11/2)27/2- 
(&7r(d5/2)9/2+118-. The large energy gap between the state 36(+) 

and state having spin 38, is consistent with promoting 1 neutron from the d3/2 

orbit to the i13/2 orbit. It is therefore concluded that the parity of the ene rgy 

state 38 is more likely to be positive, hence this state is written as 38(+). 
The configuration of the 39(+) state is assigned as 

fI j2 7r(d'5/2)4+119+ V( 71/ 2, 
hg/21 

13/2)20+ 
9 [7r(h',, 

/2)15+ 
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The Configurations of the spins having values greater than 30+ in 

the case of 152 Dy 

Referring to the figures 7.3 and 7.4 along with the tables 7.1 and 7.2, it can 

be seen that the states up to spin 30+ have a very similar configuration to that 

of "OGd. However, due to a different number of protons in the7rds/2orbit, the 

theoretical configuration changes above spin 30h although the experimental 

states look similar in both the nuclei even at such higher spins. The configura- 

tions for states above spin 30+ are shown in table 7.2 and can be explained in 

a similar way as in the case of "OGd. For example, the yrast states from spins 

31+ to 33+ have the same neutron configuration while the protons re-arrange 

themselves in the d5/2 and h11/2 orbitals as shown in the table 7.2. Similarly 

the yrast states from spins 34- to 36- have the same neutron configurations 

[V(i2 13/2)12+ 
(f7/2, h9/2)8+120+which are coupled to various proton configurations 

as shown in table 7.2. It can be seen that above 36- level, the population is 

severely fragmented. There are no states produced by the calculations which 
have spin 35(+). Hence the non-yrast trasition having energy 1220 keV is as. 

signed a negative parity and is written as 35(-). The cascade from spin 36(+) 

to 40(+) has the same neutron configuration 
[V(i2 

3/2)12+ 
(f7/2, h 1 9/2)8+120+ COU- 

pled to different proton configurations 7r(h 3 -07r(d' 11/2)27/2 5/2)1/2+-5/2+- It can 
be seen from the calculations that a proton from the 7rd5/2 orbit is promoted 
to the 7rhil/2 orbit to make spin 38(+) in 152 Dy. Spin 40(+) is made from a 

re-arrangement of the protons in the rd5/2 orbit, which should not 'cost' too 

much energy (i. e., < MeV). In order to produce the spin 41(-), a neutron from 
theV(Sl/2) orbit, is-promoted to the h9/2 

orbit, which costs ; ý: 2N[eV energy. A 

big energy gap of 1912 keV from spin 40N to 41(-) in the experimental level 

scheme of 152 Dy is indicative of this fact. 

A comparison between the experimental and the theoretical partial level 

schemes of "OGd and 152 Dy along with their configurations is shown in fig. 

ures 7.8 and 7.9 respectively. The similarities between the theoretical and 
experimental level schemes of both "OGd and 152 Dy are very striking up to 
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spin W. Above spin 34-, although very similar energy gaps are observed in 

the experimental level schemes of "'Gd and 152 Dy, the configurations for the 

energy states are not similar. This difference in configurations is mainly due to 

the different re-arrangement (due to different number of protons) of protons in 

the d5/2 and hil/2 orbits at very high spins; the neutron contribution generally 

remaining the same even for higher spins. 
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Figure 7.8: Experimental and calculated spectrum of states for "'Gd along with the 

configuration for each nuclear energy state above spin 25-. 
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Part 11 

Comparison of the Level Schemes of the 15'Gd 

and 15'Dy with their Z+l N=86 Neighbours 
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7.3 Comparison of the Level Schemes of 15OGd 

and 15'Dy with Z+1 N=86 Neighbours 

When the level schemes of "OGd and 152 Dy are compared with their Z+1 

neighbours i. e., "'Tb and 153 Ho, we observe some remarkable similarities in 

the spectra of energy states of these nuclei. The similarities in the spectra of 

energy states of these nuclei can be explained in terms of the single particle 

shell model. Figures 7.10 and 7.11 show "umbrella" plots for `Tb and 153110 

while tables 7.3 and 7.4 show the single particle configurations. 

It turns out that a few single particle configurations play a very special 

role and they generally correspond to the maximum- ali gned configurations. 

For example, the neutron configuration (h9/2, i13/2)11_ is present in the wave 

functions of all strongly populated high-spin states lying between 11- to 27- 

in case of "'Gd and 152 Dy and also those lying between 33/2+ to 57/2+, and 

31/2+ to 61/2+ in the case of 15'Tb and 113 11o, respectively. 

A comparison of the level schemes of 15OGd and "'Tb above spins 21- 

and 49/2+, respectively, is made in figure 7.12. A close examination of the 

figure 7.12 shows that not only are the experimental energy levels of "'Cd 

and "'Tb very similar but their single particle configurations are similar 

as well. For example, the neutron configuration v(h9/2)il3/2)11- is present 

in the wave functions of all the states having spins from 25---*23- and 

23---421- in "OGd and the same neutron configuration is also present ill tile 

wave functions of the energy states of "Tb with spins 57/2+--+53/2+ and 

53/2+--+49/2+. The proton configuration for states in both nuclei looks dif. 

ferent as they have different numbers of protons. Similarly, the neutron con. 

figuration 13/2)12+(f7/2, 
h9/2)8+ is present in all the states having spins 28+ 

to 34- in "OGd while the same neutron configuration is also present in the 

wave functions of states having spins from 65/2+ to 77/2(-). A compaison of 
the level schemes of 152 Dy and 153110 can be seen in figure 7.13. Similarities in 

the experimental level schemes for these nuclei can also be explained in terms 
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of single particle shell model configurations. For example, the neutron con. 

figuration v(h912, il3/2)11- is present in the wave-function of aH states having 

spins from 21- to 27- in ... Dy and in those states having spins from 49/2+ to 

61/2+ in Ho' 53. Similarly, the neutron configuration V(j2 3/2)12+(fT/2, 
h9/2)8+ 

1 

is present in the wave function of the states having spins from 34- to 36- in 

152 Dy and also in those of the states having spins from 73/2(+) to 77/2(+) in 

153 Ho. 

However, the states having spins 33+ and 71/2- in "'Dy and 163 Ilo re- 

spectively, have different neutron as well as proton configurations. A big gap 

between the states 33+ --* 34- in ... Dy and between the 71/2- --+ 73/2(+) 

in 153 Ho is indicative of the promotion of the nucleon(s) from lower to higher 

orbits and for this energy has to be supplied. The energy cost for promotion of 

one proton from 7rd5/2 to 7rhil/2 for both the 112 DY and 113110 is ý- 1NIeV. The 

small energy gaps between the states 34---* 35---4 36- in the experimental 
level scheme of .. Dy indicate that no promotion of any nucleon from lower 

to the higher orbit has taken place; indeed the nucleons (protons) re-arrange 
thernselve in the rd5/2 orbit and in doing so cost only a few hundred keV 

energy. In the case of "'Dy, the 36- level is severely fragmented which is 

probably due to breaking up of the 1"Gd core. 
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Table 7.3 

Neutron Configuration Proton Configurati 

3i3/: 2: +: = 

v(h 9/2jil3/2)11- 7r(hlll/2)11/2- 

L2), + --+ 4 i/27+ E33/- 45/2+ i0 V(fT12)(O+--, 6+) 
11 

v/(hg/2,, 13/2)Ell-ý /21il3/2)11 7r(hl, /2)11/2 1 

+ 
F49/2+ --- 

v(h912, 
il3/2)11 34 T7r(h 

1 
-0 7r(d 5/2)0 1 /2)27/2 

53/2+ v(h912, 
il3/2)11- 34 

7r(hl, /2)27/2-0 7r(ds /2)2+ 

7--ý- 
57/2+ 9/2, vj(hqp, 

i7,3/2)1 il3/2)11 
1 Oir(d 

77 
r ((hýj 4 3 

1/2)27/2 5/2)4 

61/2+ V('213/2)12+(fT/2, 
h9/2)8+ 2 7r(hll/2)20/2-(& 7r(d'5/2 

65/2+ V(i2 )+ 
-- 

13/2 12 
(f7/2, h9/2)8+ 

F7r(h 
25 
11/2)20/2-(g 7r(d, /2)5/2+ 

[6=7/2(-) V(i2 
+ 

13/2)12+(fT/2, 
h9/2)8 34 7r(hll/2)2T/2-0 7r(d5/2)0 

/2( /2(-) 7 
=1 

2 2ý13/2)12+(fT/2, h9/2)8+ V( r(h 
3 (9 7r(d 11 /2)27/2- 

4 )2 
5/2 

[ ý75 /2 
=(-) 

V(i2 1312)12+(fT/2) 
h9/2)8+ 31 4 

r(h, /2)2T/2-(& 7r(d5/2)4+ 

F77-/2(+) V(i2 
+ 

13/2)12+(f? /2) h9/2)8 7r(h4, 1 /2)32/2-(g 7r(d35/2)5/2 +1 

Table 7.3: Single particle configuration for the nucleus ... Tb- P represents 

the spin and parity of the nuclear energy state. 
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Table 7.4 

Neutron Configuration Proton Configuration 

31/2+ il3/2)11- 3 
r(h 1 1/2)9/2- 

31/2+ --* 43/2 v(h9/2, il3/2)11 -(&V(f7l2)(0+, 6+) 

I 
3 (7rhl, 

/2)9/2 

49/2+ v(h912, 
il3/2)11 -7 

7r(h 
3 
11/2)27/2 

49/2+ --+61/2+ v(h9/2, il3/2)11-(& V(f7l2)(O+-, 6+)_I 
3 

l 

7r(h 1 1/2)27/2- 

63/2+ -(&V (h2 -- V(f7/2) il3/2)10 
9/2)8+ 7r(h3 T7r(h 

11/2)27/2- 

67/2- V(i2 13/2)12+(f7/2, 
h9/2)8+ 7r(h3l 1 /2)27/2- 

71/2- 
2 

v(h'12, 
'1,3/2)11 

9 
-(f7/2)6+ 7r(h 

4 
1 /2, 

d5/2)37/2 
1- 

-1 

73/2(+) V(i2 13/2)12+(f7/27 
h9/2)8+ 4 

r(hll/27 d5'/2)33/2- 

75/2(+) V(i2 13/2)12+(f7/27 
h9/2)8+ 4 

r(hll/2, d'5/2)35/2- 

77/2(+) V(i2 13/2)12+(f7/2, hg/2)s+ 41 
7r(hl /2, d5' 5/2)37/2- 

Table 7.4: Single particle configurations for the nucleus IIIIIo. P represents 

the spin and parity of the nuclear energy state. 
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The respective yrast energy levels for "'Gd, "'Tb, 15'Dy and "'Ho above 

spins 11- to 17-, 33/2+ to 45/2+, 11- to 17- and 31/2+ to 43/2+ are shown 

in figure 7.14. It can be seen that not only is the configuration v(h9l2 ,i 13/2)11 - 

present in the wave function of all states in "'Gd, "ITb) 152 Dy and 
153 110 

2 I shown in figure 7.14, but the contribution from the configuration 7 V(fTI2)0+ -6+ 

is also present in the wave function. The contribution to the wave functions 

of "'Tb and 153 Ho from the odd proton is quite obvious, both the ... Tb and 

153 Ho nuclei having one more proton compared with Z-1 neighbours i. e., "OGd 

and 152 Dy. 
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Chapter 8 

Results and Discussion on 

Superdeformed Bands 

This chapter is in two parts. Part I is about the results from the 

130Te(26Njg, 6n)11OCd and 130Te(27AI, 6n)"'Tb experiments and the observation 

of the identical superdeformed bands in the "OGd and "'Tb. In part II the 

excited superdeformed bands in "'Gd and "'Tb are discussed and interpreted 

in terms of single particle shell model configurations. 
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Part I 

Excited Superdeformed Bands in "'Gd and 
15'Tb 
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0 8.1 Intro uction 

It has already been mentioned that the first discrete line superdeformed 

states in the mass A=150 region were reported by Twin ef al. [Tw 86]. 

The occurrence of exotic nuclear shapes with large prolate deformations 

(, 82 -- 0.6) stabilised by microscopic shell effects confirmed the many cal. 

culations [St 67, NPS 76, Be 81, DN 85]. With the discovery of several other 

examples of superdeformation in neighbouring nuclei [Ila 88, Ra 88, De 88, 

Fa 89, De 89, Jo 89, BAR 881 it soon became apparent that some properties 

of these bands differed considerably. In particular the dynamic moments of 

inertia 2P) and the de-excitation frequencies were seen to vary from one ex. 

ample to the next. Bengtsson et al. [Be 88] proposed that the properties of 

the superdeformed bands would be influenced by the occupation of high-N 

intruders. Indeed they calculated the contribution to the total V) from the 

intruder orbitals and found that over the frequency range of interest each in- 

truder orbital contributed almost uniquely to ! ýS(2) 
. 

Furthermore, TRS (Total 

Routhian Surface) calculations [NWJ 891 have confirmed these results. 

Thus from the slopes of the ý(2) (w) curves it is possible to assign configU- 

rations to the superdeformed bands in terms of the high-N intruder occupation 

scheme. It is expected that excited superdeformed bands would be built on 

particle-hole excitations and it is not clear how these particle excitations should 

affect the properties of the superdeformed bands. 
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8.2 Excited Superdeformed Bands in 15OGd 

and 15'Tb 

The yrast superdeformed bands in "'Gd and "Tb were reported by Fallon 

et al., [Fa 891. More recently, a second superdeformed band in "'Tb was 

observed. Following this observation work was carried out to identify a second 

superdeformed band in "'Gd. The excited superdeformed band in "'Gd was 

found in the same data set (see section 5.9) which were used to develop the 

level scheme of "'Gd presented in this work. 

Figures 8.1 and 8.2 show background subtracted spectra for these new 

superdeformed bands in IIOCd and "'Tb. Background subtraction was per. 

formed by generating a spectrum in coincidence with a wide gate from 600 to 

1450 keV (covering the entire energy range of the band) but not in coincidence 

with any superdeformed or intense oblate single particle transitions within this 

range. 

8.2.1 The Intensities of the Excited Superdeformed 

Bands 

The energetically favoured superdeformed bands (yrast superdeformed) ill 

15OGd and "'Tb [Fa 891 are found to each carry around 1% of the reaction 

channel intensity. 

The new superdeformed bands are very weak and are found to be a fac. 

tor of three weaker than the yrast bands [By 901. Assuming that yrast states 

are usually fed more intensively than excited states, for rotational band struc. 

tures, it is concluded that the new bands are energetically unfavoured and 

are referred to as excited superdeformed bands. The intensities of the excited 

superdeformed band peaks in "'Gd and "'Tb (relative to the maximum in- 

tensities of the yrast bands in "OCd and ... Tb respectively) are plotted in 

figure 8.3 for "OGd and in figure 8.4 for "'Tb. 
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transitions not in coincidence with the band. The energies of the -V rays in the excited 

superdeformed band are also show'). 
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C Figure 8.5: The dynamic moment of inertia , 1(2) as a function orrotational frequency for 

excited SD in ""Gd. 

8.2.2 The Dynamic Moments of Inertia of the Excited 

Superdeformed Bands 

The entry point of the superdeformed band into the yrast states'could not be 

clearly identified and hence no definite spin assignments to the superdeformed 

levels could be made. The dynamic ! a(') moments of inertia for excited SD 

bands in "OCd and "Tb were determined as described in section 3.6.1 (equa. 

tion 3.45). They are shown as a function of rotational frequency (figures 8.5 

and 8.6). 
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8.2.3 Comparison of the Excited SD Bands with Z+l 

N=86 Isotones 

These new bands are essentially identical to the yrast superdeformed bands 

in their Z+1 N=86 isotones i. e., the excited superdeformed band in 5OGd is 

similar to the yrast superdeformed band in "'Tb and the excited SD band in 

I"Tb is similar to the yrast superdeformed band in 152 Dy. 

Figure 8.7 shows (a) the "sum of gate" spectrum in coincidence with tran. 

sitions in the yrast superdeformed band in "'Tb and (b) the "sum-of-gate" 

spectra in the excited superdeformed band in "'Gd. Figure 8.8 shows (a) 

the "sum of gate" spectra in coincidence with transitions in the yrast su. 

perdeformed band in "'Dy and (b) the "sum-of-gate" spectra in the excited 

superdeformed band in 15 'Tb. 

The excited superdeformed bands in "'Gd and "'Tb are seen to be in 

coincidence with known -f-rays in 15'Gd and ... Tb , respectively. The excited 

superdeformed bands in 1`Gd and "'Tb are seen to have similar properties to 

the previously observed yrast superdeformed bands in their Z+1 isotolics. In 

particular the transition energies are almost identical. However one may rule 

out the possibility of these identical (twiii) bands being one and the same as 

the Z+1 isotones cannot be produced in the reactions used. 
The remarkable similarities between the excited superdeformed bands and 

the previously observed yrast superdeformed bands in the Z+1 isotones are' 

further illustrated when direct comparisons of the -y-ray energies are made. 

Figure 8.9 a) and b) shows the differences between the -1-ray energies observed 

in the identical bands in the pairs of nuclei "'Tb - "'Dy and `Gd - "'Tb 

respectively. It can be seen that on average the deviation is less than 1 keV 

for the 151Tb - "'Dy pair and slightly larger for the "'Gd - "'Tb pair. Since 

the -y-ray energy for a given spin (angular momentum) is dependent on the 

kinematic moment of inertia W') 
,a1 part in 1000 difference in the -y-ray 

energies corresponds to a difference in WO of the same order. This very small 
difference is extremely surprising since a simple All scaling (ýa oc AIR') would 
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Figure 8: 10: The dynamic moment'of inertia c, 1(2 ) as a function of rotational frequency 

for the excited superdeformed band in "'Tb (circles) together with the 1,10) curves for 

the yrast superdeformed band in "'Tb (dashed line) and the yrast superdeformed band in 

CV(2) 152Dy (solid line). Clearly the , values for the excited superdeformed bands are very 

similar to the yrast superdeformed bands in their Z+l N=86 isotone. This implies similar 

hi, gh-N intruder configurations. 

in, ply differences in -j-ray energies of the order of AE ý- 10 keV for E, ; -, - 1 

-(2) (W) for the excited superdefornied band in '"Tb figure 8.10 MeV. A plot of ýS 

gives a-curve that is practically constant and which closely follows the %(2) 

curve traced out by the yrast superdeformed band in 152 Dy (solid line) but 

which is very different from the yrast superdeformed band in "'Tb (dashed 

line). Similarly the I"Gd excited superdeformed band (figure 8.11) has %(2) 

values which resemble those observed in the "'Tb yrast superdeformed band. 

(solid line). 

It is ioticed fron, these comparisons that the excited surer&furmcd ban I* ds 

in "'Tb and "'Gd have the same high-N orbitals occupied as the Yrast su. 

perdeformed bands observed in ... Dy and 's'Tb respectively. 
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Part II 

Interpretation of the Excited Superdeformed 

Bands in 150Gd and 15'Tb 
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8.3 Interpretation of the Excited Superde- 

formed Bands in 15OGd and 15'Tb 

In the previous chapters the non-collective rotational spectra of energy states 

of "'Gd and ... Dy and a comparison with their Z+1 neighbours was described 

in terms of single particle shell model configurations. 

It shall be re-called that in the presence of a stable deformation and for 

axially symmetric shapes (-j=O'; Lund convention [An 761) angular momen- 

tum can also be generated due to collective rotation of the nucleus as a whole. 

The rotation in this case shall be about the axis which is perpendicular to the 

symmetry axis (z-axis) of the nucleus, since for axially symmetric shapes the 

rotations around the symmetry axis are quantum mechanically indistinguish. 

able from each other. 

In this section the excited superdeformed bands (which are produced due 

to the collective motion of the nucleus) in "'Gd and "'Tb are intrepreted in 

terms of the shell model single particle configurations. It has been mentioned 

that the excited superdeformed bands have almost identical gamma-ray ener. 

gies to the yrast superdeformed bands of their Z+1 neighbours i. e., 15'Tb and 
152Dy respectively. Hence, the excited superdeformed bands were observed to 

have almost the same dynamic moments of inertia of their Z+1 neighbours. 
The calculated configuration for the superdeformed shapes can be written 

in terms of the high N intruder orbitals, N being the principal oscillator quan. 

turn number. In the case of "'Gd, 15'Tb and 152 Dy the intruder orbitals are 

N=6 proton states (originating from the 1i13/2 subshells) and the N=7 neutron 

states (originating from the 1j15/2 subshells) [NWJ 891, the configurations fre. 

quently written as 7r(i13/2)nV(j15/2)7n with n and m being the number of proton 

and neutron intruder states occupied. 
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proton single particle levels as a function of deformation J32(, 64) is shown. 0 
At 32--U. 6 the 

, [301'112 orbital and the prolate driving ý651]312 intruder orbital cross e, c oblate driving 10 -1 11 

otlier, hence a proton excitation from the [301,1112 to the [6511312 level is energetically 

ravourable. 
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Table 8.1 

Band Proton Configuration 11 Neutron Configurali 

Yrast SD in 15 'Tb 7r(il3/2 )3 V(j1512 )2 

Excited SD in 15'Gd 7r(il3/2 )3( [301]1/2)-' V(j1512 )2 

Yrast SD in 152 Dy 7r(il3/2 )4 V(jl5/2 )2 

Excited SD in 15'Tb 7r(il3/2 )4( [301]1/2)-l V(jl5/2) 2 

Table 8.1: Single particle shell model configurations for the yrast and excited 

superdeformed bands in ... Tb) ... Dy and "'Gd, "Tb, respectively. 

In the case of "'Gd, "'Tb and 152 Dy there are two, three and four protons, 

respectively in the N=6 (i13/2) and two neutrons in the N=7 U15/2) 
shells 

(as explained in figure 3.15 from [NWJ 891): the single particle shell model 

configurations for "'Gd, "'Tb and 
112 Dy can be written as 7r(il3/2 )2 VU1512) 2 

7r(il3/2 )3 V(j1512 )2 
and 7r(il3/2)4 V(j, 5/2)2 respectively. The contribution to the 

dynamic moment of inertia for a particular orbit, v, is given by the curvature 

of the orbital (derived from equation 3.41): 

! ýý(2) di, 
to dw (8.1) 

The total dynamic moment of inertia ((! ýS(2)" is then obtained by summing 

over all proton and neutron orbitals. 

Figure 8.12 presents the calculated [NWJ 89' single particle levels for pro. 

tons as a function of deformation )32while table 8.1 presents the single particle 

shell model configurations for the yrast and excited superdeformed bands in 
15'Tb) ... Dy and '5'Gd, ... Tb, respectively. A close examination of figure 8.12 

shows that at P2 -- 0.6 a strongly prolate deformation driving intruder orbital 

originating from the N=6 (1i13/2 subsliells) oscillator shell is crossed by the 

equally deformation sensitive but oblate driving orbital labelled [30111/2. The 
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slope of the [30111/2 orbital is unaffected by the rotation and hence this orbital 

does not contribute to the moment of inertia ý(2). 

It is therefore possible to excite a proton from the [30111/2 orbital into the 

[65113/2 intruder orbital and hence the excited superdeformed band in 15OGd 

can be associated with the configuration7r(il3/2 )3( [30111/2)-l (gv(ji5/2)2 ( i. e., 

the same proton and neutron intruder configurations as the yrast SD band in 

... Tb) and the excited band in "'Tb can be associated with the configura. 

tion 7r(il3/2)4Q301j1/2)-'0V(jl5/2 
)2 (i. e., the same proton and neutron intruder 

configuration as the yrast SD band inI52 Dy). These configurations have been 

presented in table 8.1. 
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Chapter 9 

Summary 

9.1 Non Collective Rotations 

The experimental level schemes of "OGd and "'Dy, describing the normal 

deformed single particle excitations in the first potential energy well, have been 

extended up to spin-40h and calculations have been performed to interpret 

these level schemes. 
The yrast nuclear energy states of "OGd and 1"Dy look very similar up to 

spin 34- whereas there are differences in the energy levels above spin 34-. The 

differences in the nuclear energy states in latter cases are due to the brcaking 

up of the N=82 and Z=64 cores and subsequent excitations/re-arrangements of 

the protons and neutrons. Since both nuclei have different numbers of protons, 

their different behaviour at very high spins may be due to the excitations/re. 

arrangemengts of protons in the d5/2 and hil/2 orbits. 

The feeding of the yrast energy level at 36- in 152 Dy is severely fragmented 

in contrast to the 36+ non-yrast level. This fragmentation may be due to 

breaking up of the N=82 and Z=64 core with a resultant increase in the level 

density. 

By comparing the experimental level schemes of "'Gd and 1"Dy with the 

respective calculations, it appears that up to spin 34- it is not only the experi- 

mental level schemes of "'Gd and 1"Dy that are similar but their single parti. 



186 

cle configurations up to spin 34- are also very similar. These configurations are 
2/2V 2 based mainly on the excitation/ re- arrangements of neutrons in the Ag f7/2 

orbitals and protons in the 7rhil/2 and d5/2 orbitals. The configurations above 

34- are predicted to be different due to the different re-arrangement of neu. 

trons and protons in these nuclei at very high spins. 

Furthermore, a comparison of "OGd and 152 Dy with their Z+1 neigh. 
bours (i. e., "'Tb and 153 Ho, respectively) reveals some remarkable similarities 

amongst these nuclei. From the single particle configurations of IIOGd, "'Tbi 

152 Dy and 153 Ho it appears that a few configurations play a very special role 

and they generally correspond to the maximum-aligned configurations. These 

maximum aligned configurations are generally associated with yrast traps (iso- 

meric states). For example the configuration such as 
35 [v(h9l2, i13/2)jj-(&7r(hj 

I /2)9/2_7r(d5/2)3/2+117+, 

[v(h9/2)il3/2)11-07r(h2ll/2)10+121- and 

[v(h9l2, i13/2)11- V( 2 (&7r(h2j1/2)10+127_ f7/2)6+ 

in the case of 150Gd and 
152 Dy, 

and 
[v(h9j2ji1312)11_(& 7r(h' -133/2 + 

11/2)11/2 

[v(h9l2 , 
i13/2)11- (97r(h 

3-4 
11/2)27/2 7r(d5/2)0+149/2+ 

in the case of "'Tb, 

and [v(h9/2, iI3/2)11-(&r(h 3 -131/2+) 
11/2)9/2 

-3 161/2 + [v(h912)iI312)11 V(f7/2)6+(&7r(h11/2)27/2 

in the case of 153 Ho. 

9.2 Collective Rotations 

A particle-hole excitation in the second potential energy well of "'Gd and 
I-"Tb has been identified. The single particle shell model configuration for the 

excited SD bands in "'Gd and ... Tb are similar to the yrast, SD bands of their 
Z+1 neighbours. This means that the excited SD bands in 15'Gd and "'Tb, 
have the same intruder orbitals occupied as the yrast superdeformed bands in 
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their respective Z+l neighbours, "'Tb and 1"Dy. Hence the contribution to 

the QP) from the excited superdeformed bands in ... Gd and "'Tb is the same 

as from the yrast superdeformed bands in the Z+l isotones. 

By comparing the experimental y-ray energies for the pair of bands with 

the same intruder configurations it can be seen that the -y-ray energies are 

almost identical; hence the bands have same moments of inertia. Why they 

are so identical is still a matter of debate. 

9.3 Future Developments 

At present no linking transitions have been observed between the superde- 
formed to normal deformed states. This work may further be extended and 

one may expect that this problem will be solved with the help of the new 

generation of arrays such as Eurogam, Euroball and Gamma-sphere. 

Furthermore, an experiment is proposed in order to find the experimen. 

tal parities of the high spin states of "'Gd and "'Dy. The single particlc 

shell model configurations for both the "'Gd and ... Dy nuclei are mainly 

based on the excitation of protons and neutrons in the 7r(d5/2)r(hj1/2) and 

V(fT12 )2 v(h9l2 )2 orbitals respectively. It is expected that the experimental 

parities at higher spins would be very similar for both the "'Gd and 152Dy 

nuclei and we could make a more solid comparison between the predicted and 

the experimental level schemes of 15'Gd and 112 Dy. 
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