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Abstract

High spin states in the neutron deficient isotopes °?'19Te have been populated, using the
P Ni(*®Ni,2pa)!10Te and 5¥Ni(*¥Ni,2pan)'%Te exit channels, respectively. The experiment
was performed at the Lawrence Berkeley National Laboratory using a 250 MeV °8Ni beam,
supplied by the 88 inch cyclotron, incident on a thin 58Ni target. The GAMMASPHERE y-ray
spectrometer has been used in conjunction with the MICROBALL charged particle detector
and an array of neutron detectors in order to provide clean exit channel selection.

A detailed spectroscopic study of the even-even ''°Te nucleus has established a number
of new low-spin band structures. Cranked shell model calculations have been used to assign
possible configurations for the newly observed structures. These structures have revealed
evidence for octupole correlation effects at moderate spin. Evidence is also cited for the
existence of specific non-collective oblate states which are able to compete with rotational
structures in this regime.

Four high-spin Al = 2 band structures showing the characteristics of smooth band
termination have been identified for the first time. Possible configurations are proposed
for these structures using calculations based on a configuration-dependent shell-correction
approach using a cranked Nilsson potential without pairing correlations.

Two AI =1 coupled band structures showing characteristic cross-over «y-ray transitions
have been identified. These bands are observed to extend up to high spin and provide the
first evidence in the A~110 region of the nuclear chart for coupled smooth terminating band
structures. These coupled bands have provided vital information regarding how angular
momentum is generated at high-spin in nuclei within close proximity of a shell closure.

The level scheme for the even-odd °°Te nucleus, has been significantly extended with
the addition of two new band structures. This nucleus has provided evidence for octupole

correlation effects and the existance of specific non-collective oblate states.
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Introduction

Information can be obtained about the structure of a complex nuclear system (such as the
tellurium isotopes studied in this work) by observing how the nucleus behaves when exposed
to extremes. Whether it be extremes of isospin, or the extreme of high angular momentum.
It allows us to test nuclear models in an attempt to understand the complex many-body
quantum mechanical problem that is a nucleus.

Recent developments in high resolution ~y-ray spectroscopy have allowed the construction
of large multi-detector arrays. In this work the GAMMASPHERE spectrometer, situated at
the Lawrence Berkeley National Laboratory, has been used to obtain a large high statistics
data set containing information about nuclei situated in the A~110 region of the nuclear
chart.

The extremely neutron deficient region of the nuclear chart with A~110, contains a
wealth of nuclear structure information. The physics of the region is dominated by the
close proximity of the Z=50 spherical closed shell, which has the consequence that nearby
nuclei have a close to spherical ground state configuration. This manifests itself with the
observation of strongly single particle level structures typified in nuclei such as °®Sn [wad96]
and 199Sb [sch96] at low spin.

These exotic proton rich nuclei provide an ideal case in which to observe the competition
between the collective and single particle degrees of freedom. With a limited number of
valence nucleons available outside the '°°Sn closed core, collective modes of excitation are
theoretically possible. In this valence space level structures may be observed up to termi-
nation. If the nucleus is excited into a high spin state the opportunity to investigate how
angular momentum is generated in nuclei close to a shell closure is afforded.

This thesis concerns the study of the extremely neutron deficient tellurium isotopes
109Te and ''°Te. Chapter one introduces the important concept of nuclear models which
are used to describe the complex nuclear system. The high-spin high-statistics experiment
performed at the GAMMASPHERE v-ray spectrometer is described in chapter 2, along with
the techniques used to isolate '°%'0Te from the total data set. The experimental results
obtained are presented in chapter 3. Chapter 4 contains a discussion of the results. Aspects
of the band structures obtained are compared with theoretical calculations in an attempt
to characterise the observed nuclear structure phenomena. Finally chapter 5 offers a brief
conclusion to this work, along with suggestions for future study. Significant proportions of

the results have been submitted to international scientific journals.

ix



Chapter 1

Nuclear Models

Introduction

The nucleus is a complex quantum mechanical object. In order to gain a full understanding
of the experimental nuclear structure information obtained in a high-spin nuclear structure
experiment, a knowledge of nuclear theory is required. Nuclear models have been developed
in an attempt to describe experimentally observed nuclear phenomena in heavy nuclei, where
the complexity of solving analytically the mathematics of the many-body problem would
be too complex. This chapter discusses the modified harmonic oscillator potential which is
used to describe a deformed nucleus as part of the Nilsson model. Collective and single-
particle rotational degrees of freedom are introduced and discussed in the context of this
work. Finally octupole deformation is introduced in an attempt to detail the more exotic

nuclear shapes that are observed in nuclei with N~Z~56.

1.1 The Shell Model

1.1.1 Introduction

One of the first models which attempted to explain the properties of the nucleus was the
liquid drop model (LDM). It relied on analogies between the nucleus and a liquid drop such
as its very low compressibility and a well defined surface. However experimental evidence
for magic numbers (N or Z = 2, 8, 20, 28, 50, 82 and 126) indicated that nuclei with these

combinations of protons or neutrons were more tightly bound than the LDM predicted.



The shell model provided remarkable clarification of the complicated details of atomic
structure, therefore it was extended into the nuclear regime. In the atomic shell model, shells
were filled with electrons in order of increasing energy, consistent with the requirements of
the Pauli principle. The transformation of this model to the nuclear case required a radical
rethink of two major assumptions.

Firstly, in the atomic case the potential was supplied by the Coulomb field of the nucleus.
In the nuclear case the fundamental assumption of the shell model is that the motion of
a single nucleon is governed by an average potential generated by all the other nucleons.
Secondly, in the atomic case the electrons move freely in orbits, relatively free from collisions
with other electrons. In the nuclear case it is assumed that collisions cannot occur. This
assumption is based on the the fact that if two well bound nucleons collide the energy
required to excite one of them to the valence band required more energy than the nucleons
are likely to transfer. Therefore the model assumes nucleons move in almost unperturbed
single-particle orbits within the nucleus.

The shell model Hamiltonian is composed of the average potential plus the sum of the

individual kinetic energies of all the independent nucleons,

A

H =7 [T; + Vi(r)]. (1.1)

i=1
T; presents the individual kinetic energies of the nucleons, V;(r) represents the form of the
potential. The choice of nuclear potential is important; it should be able to account for the
considerable differences between the motion of nucleons at the nuclear surface and those
within the interior. However, without the inclusion of a non-central component, the choice
of potential will not be able to predict the correct magic numbers. Examples of common
nuclear potentials, which have been used to model the nuclear potential include the square
well, the harmonic oscillator and the Woods-Saxon. A representation of these potentials
is shown in Fig. 1.1. The square well potential is a somewhat over simplified description,

therefore it is not discussed in the following sections.

1.1.2 The Harmonic Oscillator Potential
The harmonic oscillator potential can be written,

1



/

/ Square Well
Harmonic Oscillator /| +
/| Woods-Saxon

Figure 1.1: An illustration of three nuclear wells which have been used to model the nuclear

potential.

where V} is the well depth, M is the mass of a nucleon and w is the frequency of the simple
harmonic motion of the particle. The potential tends to infinity for large r. The eigenvalues
of the Hamiltonian are,

Ex = (N + %) B (1.3)
where IV is the total number of oscillator quanta. For each value of IV there is a degenerate
group of levels with different orbital angular momentum quantum number [, defined as

N = (2n +1), where n is the radial quantum number. The parity of the levels is given by,
= (1N, (1.4)

The levels belonging to a specific N are termed an oscillator shell and each can be occupied
by (V 4+ 1)(N + 2) identical nucleons; the total occupations and labels are shown in table
1.1. The harmonic oscillator potential predicts the first three magic numbers correctly,
however for heavier nuclei the results are poor. In order to improve the model the effect of
a spin-orbit interaction was considered.

Nucleons have an intrinsic spin, therefore a non-central spin-dependent force can be
added to the harmonic oscillator potential in the form of a spin-orbit coupling,

V) 5 V) 4 Ve 3 Vie=fls 5 f() = ALy, (1.5)

rdr
1 is the orbital angular momentum quantum number, s is the intrinsic spin angular mo-

mentum quantum number and f(r) is the strength of the spin-orbit coupling. The angular



N | Levels | En(hw) | Occupation | Total
0 s 3/2 2 2
1 1p 5/2 6 8
2 1d,2s 7/2 12 20
3| 1£2p 9/2 20 40
4| 1g,2d,3s | 11/2 30 70

Table 1.1: Harmonic oscillator potential results

momenta couple to give the total angular momentum j,
j=1+s. (1.6)

The potential splits the degenerate levels with j =1 + % The j =1+ % states are lowered
in energy relative to the j =1 — % states resulting in each j state holding 25 4 1 identical
particles. The splitting is proportional to [ which has the effect of lowering levels with the
highest 7 quantum numbers allowing them to penetrate into the major oscillator shell below
(N — 1). These states are termed intruder states and are of opposite parity to the natural
states. The inclusion of the spin-orbit force allows the model to correctly predict all the

experimentally established magic numbers. The states are now labelled by nlj, eg 2ds/,.

1.1.3 The Woods-Saxon Potential

The Woods-Saxon potential represents the most realistic nuclear potential, chosen as a
intermediate example of the square well and harmonic oscillator potentials. The potential

has the form,
~ 1+4exp[(r— Ro)/a]’

where Ry is the mean nuclear radius and a ~ 0.5fm is the surface diffuseness.

Vi(r) (1.7)

1.2 Deformation Parameters

In order to fully describe a realistic nuclear shape, the concept of nuclear deformation has
to be introduced. The most important type of nuclear deformation is quadrupole, which

corresponds to an ellipsoidal shape for the nuclear surface. This type of deformation is



denoted Xy where X is the deformation parameter. Octupole, hexadecapole and higher
degrees of freedom are denoted by X3, Xy, ... .

Two primary shape parameterisations have been developed in order to describe a de-
formed nucleus. The deformation parameter 3 is commonly used with regard to the Woods-
Saxon potential, where the nuclear potential can be defined in terms of the distance of a
point r from the nuclear surface. The deformation parameter e, used extensively in this
work, is used with the Modified Harmonic Oscillator or Nilsson potential, discussed in sec.
1.3. This formalism defines the deformed nucleus in terms of stretched coordinates, resulting

in an alternative shape parameterisation.

1.2.1 3, deformation

The surface of a non-spherical nucleus can be expressed [ben89] as the sum of spherical

harmonics Y)(0),

R(9,0) = C(B)Ro

1t zﬁm(o)] (18)
A

where Ry is the radius of the sphere of the same volume and C(f) is a conservation of
volume term. Quadrupole deformation can be represented by the deformation parameters
(2, which measures the RMS deviation of the nuclear surface from a sphere of radius Ry

and « which describes the triaxiality of the nucleus.

1.2.2 &5 deformation

The Modified Harmonic Oscillator or Nilsson potential requires the introduction of a dif-
ferent deformation parameter. This formalism defines the deformed nucleus in terms of

non-Cartesian, stretched coordinates which introduces an alternative shape parametisation

ben89)],
h 1—2e9/3+egc0820, | ,
me(Eg) (1 —262/3)(1+62/3)

where ¢ is a whole set of deformation parameters and 5 represents quadrupole deformation.

R%(0,¢) = (1.9)

For a full explanation of this parameterisation see section 1.3.
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-120°

Single-particle Prolate Collective Oblate
Figure 1.2: A schematic illustration of the (g9,7) plane showing the Lund Convention.

1.2.3 Transformation between the 3 and € shape parameterisations

Transformation between the two shape parameterisations is made possible by calculating a
series of multipole moments generated by the surface descriptions of eqn. 1.8 and eqn. 1.9
[lob70, ben89]. The shape in the §-parametrisation is considered equivalent to a shape in

the e-parametrisation if,

Qx(e) _ @a(B)
Qo(e)  Qo(B)

For small deformations the assumption that e =~ 0.9582 may be used.

A =23, . Amac- (1.10)

1.2.4 The Lund Convention

A convenient way to describe the nuclear shape uses the Lund convention [and76] to define
v, illustrated in Fig. 1.2. Values of v =0° and —120° correspond to collective and single-
particle prolate shapes respectively, while values of y=—60° and 60° correspond similarly to
collective and single-particle oblate shapes. Triaxial shapes in this regime are found about

intermediate angles.



1.3 The Deformed Shell Model

The shell model potentials discussed so far describe a spherically symmetric nuclear field.
Such a spherical configuration would be expected for ‘magic’ closed shell nuclei, or those near
a closed shell such as "'%Te studied in this work. However for nuclei away from closed shells
or excited state configurations of near closed shell nuclei the existing model is inadequate.
The concept of nuclear deformation, for which experimental evidence such as rotational

bands and large quadrupole moments exists, needs to be added to the models.

1.3.1 The Anisotropic Harmonic Oscillator Potential

Deformation is usually introduced along the z-axis such that z = y # z. For an axially
symmetric shape with z defined as the symmetry axis, the Anisotropic Harmonic Oscillator

(AHO) potential can be written,
1
Vano = gM[wi (2 + %) +w;2’), (1.11)

where w; and w, are the frequencies of the simple harmonic motion perpendicular and
parallel to the nuclear symmetry axis, respectively. Deformation is introduced using the
parameter ¢,

Wy = Wo

2 1
1—55} ;W =W {1+§E:| , (1.12)

and w3 = wﬁ_wz ensures conservation of volume. The energy difference between N major
shells, hwy defines the oscillator frequency, wy

N -7

hwo = 414713 {1 + ] (MeV) (1.13)

which due to wp having an isospin dependence must be corrected using a minus sign for
protons and a plus sign for neutrons. In order to simplify calculations the AHO model

introduces ‘stretched’ coordinates defined as,

f—u /mw%_(a); - /mw%_(a); (=2 /mwfz(e)’ (1.14)

such that p? = €2 + n? + ¢? and the angle in stretched coordinates may be defined as

cos 0y = (/p. The potential may now be written as,

1 2
Varo = Ehwg(é‘g, £4)p? [1 - gasz(cos ;) + 24 Py(cos 9,5)} . (1.15)



Q=X+A

NY

Figure 1.3: An illustration showing how the orbital angular momentum quantum number
1, the intrinsic spin angular momentum quantum number s and the single-particle angular
momentum j are related. The figure illustrates how they are projected onto the symmetry

axis in a deformed axially symmetric nucleus.

Equation 1.15 includes quadrupole and hexadecapole deformation parameters €9 and g4
respectively. The P,(cos 0;) term is a second order Legendre Polynomial, an extension to
this for the higher multipole hexadecapole deformation case is shown.

The AHO Hamiltonian eigenvalues can be written:
3 1
Enp,n, = [N + 5] hwo — 55[2712 — n Jhwy, (1.16)

where N = n, +n . The expression is simply the spherical harmonic oscillator minus a
correction term, proportional to deformation. The eigenstates are labelled by the asymptotic
quantum numbers, [Nn,A]Q2", and they are valid for large deformation, axial symmetry
and no rotation. N is the principal quantum number, n, the number of oscillator quanta
parallel to the symmetry axis, A the component of the orbital angular momentum 1 along
the symmetry axis, {2 the component of the single-particle angular momentum along the
symmetry axis (2 = A + %) and 7 is the parity of the state. j and I are no longer good
quantum numbers, but their projections €2 and A are.

Fig. 1.3 shows how the quantum numbers discussed so far are related. FEach level
[Nn,A]Q™ is two-fold degenerate because states with £() have the same energy. This is a

lower degeneracy than for the spherical case because the spherical degree of symmetry has



been broken.

1.3.2 The Modified Harmonic Oscillator Potential

Nilsson [Nil69] formulated changes to the anisotropic harmonic oscillator potential in order
to produce the correct shell structure. The Nilsson or Modified Harmonic Oscillator (MHO)

potential is written;

Vvino = Vano — khw [QIt.s + (1 — <1t2>N)] (1.17)

where k and p are adjustable coupling parameters obtained by fitting to experimental energy
levels. They are different for each major oscillator shell. The spin-orbit interaction cancels
out in the centre of the nucleus and is at its strongest at the nuclear surface where the
asymmetric distribution of nucleons is largest. The addition of an [? term flattened the
radial shape of the potential, while the inclusion of the l.s term ensured the correct magic
numbers were obtained. For this reason the MHO model is also known as the Nilsson model.

A plot showing energy levels versus quadrupole deformation is usually termed a Nilsson
diagram. Such a plot for protons is shown in Fig. 1.4. There are a few important points

which should be emphasised;

e The magic numbers are seen as regions of low level density at zero deformation.

e The onset of deformation causes the spherical levels which where obtained previously

(sec.1.1.2) to split into (N + 1) levels each of degeneracy 2(n, + 1).

e Levels with low Q quantum numbers are lowered in energy for positive € deforma-
tions, which represent a prolate shape. Conversely for negative € deformations, oblate
shapes, the levels are raised in energy. Intruder negative parity orbitals from the hy /o

subshell can be clearly identified.

Levels with the same quantum numbers (Q,7) cannot cross, instead they exchange their

trajectories and characteristics at the crossing.

1.3.3 Deformed Woods-Saxon Potential

The deformed Wood-Saxon potential can be written as;

1+ exp[dists(r, 3)/a]’

Vivs(r, 8) (1.18)
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Figure 1.4: A proton Nilsson diagram, showing single-particle energies as a function of
deformation. Positive (negative) parity levels are shown as solid (dashed) lines. Notice how

negative parity hyy/p intruder orbitals penetrate into the lower N=4 orbitals.
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Figure 1.5: A schematic illustration showing the irregular behaviour of a nuclear property

such as the nuclear binding energy. The Strutinksi shell correction terms are indicated.

where disty(r, 3) is the distance between the point r and the nuclear surface X, 3 denotes
the shape parameters that uniquely specify ¥ which will usually be limited to quadrupole
(B2) or hexadecapole (34) degrees of freedom. The Woods-Saxon potential has not been

used for this work and so this brief description is included just for completeness.

1.4 The Strutinski Shell Correction

A nuclear property such as the nuclear binding energy shows an irregular behaviour with
mass, a schematic diagram of such behaviour is shown in Fig. 1.5. The values of the
property consist of an oscillatory part AE on top of a smooth part Egnoeth- Strutinksi
[str67, str68] proposed to use the shell model to obtain AE and the liquid drop model
to calculate Fgnooth Since it represents a bulk property. The Strutinski shell correction
approach combines the advantages from both models in order to provide an accurate repro-
duction of the experimental nuclear ground state energies.

The total shell model energy can be divided into smooth (E,p,) and oscillatory (AE,)

components,

A
Ey, = Z e = FEg, + AEsh (119)
i=1
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Figure 1.6: A schematic illustration of paired nucleons orbiting an axially symmetric de-

formed nucleus in time-reversed orbits.

€; represents the nucleon single-particle eigenvalues. The total energy of the nucleus is now

treated as the sum of two components,
Eiot = Eygm + AEg, (1.20)

where Ejg,, is the macroscopic contribution from the liquid drop model and AFEy, is the
correction term derived from fluctuating part of the shell model energy. The addition of the
AF, term enabled ground state energies as a function of deformation to be determined.
Predictions from the Strutinski procedure are generally presented in the form of potential

energy surfaces.

1.5 Pairing and Quasiparticles

The Nilsson model is unable to explain a number of experimental observations such as;
e The ground states of all even-even nuclei have I™ = 0F.
e Level gaps exist in even-even nuclei which are absent in neighbouring odd nuclei.

The inclusion of pairing correlations provides an explanation to many of the outstanding
problems. The Pauli exclusion principle forbids paired nucleons from having the same set of
quantum numbers. The paired nucleons therefore orbit in time-reversed orbits interacting
twice per orbit, where they may scatter into different pairs of time-reversed orbits, illustrated
in Fig. 1.6. The scattering of the pairs of nucleons from one time-reversed orbit to another

results in a smearing out of the Fermi surface. This means that states near the Fermi surface
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Figure 1.7: Nuclear shape changes corresponding to quadrupole (A = 2) and octupole

(A = 3) deformations.

have a finite probability of being occupied or not occupied. It is useful to introduce the
concept of quasiparticles which describe a state in terms of its probability of being occupied
by a particle (V) or a hole (U,). Well below the Fermi surface V,, = 1 and U, = 0 , the
converse is true well above the Fermi surface and the probabilities are mixed near the Fermi

surface.

1.6 Nuclear Vibration

Near closed shells, where the nuclei are spherical in their ground states, the action of
a quadrupole residual interaction causes the nucleus to oscillate in shape. The nucleus
effectively has a dynamic deformation caused by quadrupole surface vibrations, see Fig.

1.7. The potential for such a phenomenon can be written,
1 2, L. o
Voiv = oy | 5Clazul” + 5 Blaa,| (1.21)

where C' is a parameter which represents the restoring potential and B is associated with

the mass carried in the vibration. The eigenvalues are:

C
E, = Ey + nhw; w= B (1.22)

Ej represents the intrinsic and zero point motion of the oscillations. The energy levels for
different n are equally spaced (Fig. 1.8). Each phonon is of positive parity and carries
two units of angular momentum. For example, in the case of a two quadrupole phonon

excitation, the maximum possible spin is 47. For quadrupole vibrations, transitions are



14

n=3 0",2%,3"4" 6

n=2 0",2"4" =1 3

n=1 2

n=0 o* n=0 0
Quadrupole A=2 Octupole A=3

Figure 1.8: A typical level structure for a spherical vibrator.

only allowed between states with An = +1. Octupole vibrations are also possible, and in
this case each phonon is of negative parity and carries three units of angular momentum.
For this case the first excited state will be 3.

For an axially-deformed nucleus collective vibrational motion is still possible. Quadrupole
vibrational motion can now be classified in terms of S-vibration, where the vibration is
aligned along the symmetry axis preserving axial symmetry and ~-vibration, a dynamic
time dependent excursion from axial symmetry. The ratio of the 4T energy levels to the 2+
energy levels can be used to classify the nucleus as a vibrator or a rotor. For vibrational
nuclei, the energy ratio is equal to 2.0 (E o n), while for rotational nuclei 3.33 is the limit

(B o I(I + 1)).

1.7 Nuclear Rotation

1.7.1 Introduction

Collective rotation of a spherical nucleus is not allowed, because rotation about a symmetry
axis is forbidden by quantum mechanics. For an axially deformed shape, collective rotation
may occur about an axis perpendicular to the symmetry axis. This has the consequence
that rotation becomes a possible mode of excitation for deformed nuclei.

The total angular momentum I of an axially symmetric deformed nucleus, rotating

about an axis perpendicular to the symmetry axis can be attributed to,

e The collective angular momentum of the core (R).

e The intrinsic angular momentum of unpaired valence nucleons (J).
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Figure 1.9: An illustration showing how I, R, J, 2 and K are related.

This can be written,

I=R+J. (1.23)

The projection of I onto the symmetry axis is the same as the projection of J and is denoted
by K, where K is the sum of the individual 2 values.. An schematic diagram illustrating

these quantities is shown in Fig. 1.9.

1.7.2 Rotational Frequency and Moments of Inertia

The rotational frequency of a deformed nucleus can be expressed as,

dE
= — 1.24
hw T’ ( )

where I, is the projection of I onto the rotation axis, I, = \/I(I + 1)2 — K?2. The collective
rotation of the nucleus is experimentally observed as a rotational band of states with energy,

2

E(I) = g (1 +1) (1.25)

where J(© defines the static moment of inertia. A rotational band consisting of stretched
quadrupole (Al = 2) transitions gives the simple relation hiw ~ E, /2.

Nuclear moments of inertia are typically less than 50% of the rigid-body moment of
inertia [Jr;4 and significantly larger than the hydrodynamic value at low spin. The effect
of pairing is to make nuclear matter behave more like a fluid. It is helpful to think of the

nucleus as a rigid core plus a fluid of valence nucleons.
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Two further moments of inertia can be introduced to describe the collective nuclear
rotation. Assuming maximum alignment on the x-axis (I ~ I), the kinematic moment of

inertia, 7, is defined as,

dET' I
70— p2p [_dl } —h* (1.26)
and the dynamic moment of inertia, 7@, is defined as,
-1
d’E dI
2) _ 2 _ T
J? =h [d—lgl =h~ (1.27)

The kinematic and dynamic moments of inertia can be rewritten for experimental measure-

ments of stretched electric quadrupole (E2) v-rays,

4T — 2
(1) _ 52
J % l 5F, ] (1.28)
412
2) _
J AE, (1.29)

where AFE, represents the difference in energy between two adjacent y-rays in a cascade.
The J@ is not dependent on the spin (I), and is therefore an extremely useful quantity
experimentally where spins have not firmly been assigned. The J® is very sensitive to

changes in the internal structure, such as particle alignment effects.

1.7.3 Particle Rotor Coupling

The coupling of extra valence nucleons to a closed core occurs between two extreme regimes,
the strong coupling limit or deformation alignment (DAL) and the weak coupling limit or
rotation alignment (RAL). Fig. 1.10 shows an illustration of the two coupling extremes. In
the deformation aligned limit the vectors precess around the the symmetry axis. This occurs
for large deformations and low rotational frequencies. The angular momentum quantum
number j is coupled to the deformation and K is a good quantum number. Single particle
energy levels in the rotating frame (Routhians) are near degenerate with small level splitting.

A rotational band has spins given by I = K, K 4+ 1, K + 2... with states of energy,

2

Baes(D) = 5775 [1(1+1) - K?] (1.30)

For nuclei with smaller deformation or rapid rotation such that the Coriolis force is so

strong that coupling to the deformed core is negligible, the particle rotor system approaches
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Figure 1.10: An illustration showing the (a)strong and (b)weak coupling limits.

the rotation aligned limit. The Coriolis force aligns the angular momentum vector with the
rotation axis, such that j precesses about the rotation axis. The spin members of a rotational

band are given by I = j,j + 2, 4+ 4 with states of energy,

2
BralD) = 5255 = 3)(T = o + D). (1.31)

1.8 The Cranked Shell Model

The Cranked Shell Model, first introduced in 1954 by Inglis, provides a microscopic descrip-
tion of nuclear rotation. It is able to describe collective as well as single-particle rotation
and combinations of these two extremes. This is important since it provides a means of
investigating the effects of the Coriolis and centrifugal forces on single particle orbits.

A rotation is externally imposed on a nuclear potential, on an axis x which is perpen-
dicular to the symmetry axis. The potential is time dependent and can be described by the

time-dependent single-particle Schrodinger equation,

dv
md—f —H, U, (1.32)

Hjy and Yy, are the single-particle Hamiltonian and wavefunction of the system, respectively.

By transforming into the rotating (intrinsic) frame of reference using a rotation operator,

(1.33)

— il wit
Rm:eXP[ wa:|7

h
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the Schrodinger equation becomes,

. d\Ijznt
h
R

= (Hp — wlp)Wipe = H Wy (1.34)
The total cranked Hamiltonian (or Routhian) can now be written,
HY = Hp —wl, (1.35)

HY represents the sum of routhians, or single-particle energies (h*) of the orbitals in the
rotating frame, over all independent nucleons. The (—wI;) term arises due to the Coriolis
and centrifugal forces in the rotating frame of reference which act to align the single-particle
orbits, increasing the angular momentum on the rotation axis. As pairs of particles are
broken, the nucleus will become less fluid, resulting in a change in the moment of inertia.
This will be observed as a discontinuity in a plot of moment of inertia against rotational

frequency.

1.9 Signature and Parity

The Nilsson model releaved the level degeneracy with states only degenerate with respect
to £Q. The time-reversal symmetry is broken by the cranking Hamiltonian which is sym-
metric for rotation about the x-axis. The only symmetries that remain are space reflections
(parity) and a transformation of 180° defined by the rotation operator. For a rotation of 27
the rotation operator (eq.1.33) leaves the wavefunction unchanged for even-A nuclei, but
changes the sign for odd-A nuclei,

R2 = (-1)4. (1.36)
R2 represents a 27 rotation. The eigenvalues are r = £1 for even A and r = +i for odd A.

The signature is hence defined by,
r = exp[—imal, (1.37)
where « is the signature exponent quantum number, which gives

I= 0,24,.. a=0,r=+1,
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Figure 1.11: A schematic energy spectrum for shell model states generated by various

nuclear potentials. Here o = +(—) means o = +1/2(—1/2).

This can be conveniently expressed by,
I = amod2. (1.39)

Cranking Routhians are generally labelled by parity and signature (m,«). The Coriolis
term in the cranking model splits each orbital into two levels of opposite signature exponent
(o = :l:%) This experimentally manifests itself by the formation of two distinct signature
partner bands. The magnitude of this signature splitting depends on the magnitude of the
angular momentum projection onto the rotation axis, j;. An orbit with high j, (low )
will have a large signature splitting. A single-particle routhian diagram can be constructed
to show how single-particle energy levels vary as a function of rotational frequency. An
illustration of the effect each of the models discussed has on the single-particle energy levels

is shown in Fig. 1.11. The right hand side of the figure shows the effect of rotation.
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1.10 The HFB formalism

The Hartree-Fock-Bogoliubov (HFB) formalism is introduced in order to include pairing
effects in cranked shell model calculations. The HFB treatment leads to quasiparticle exci-

tations in the rotating frame, where the Hamiltonian is defined as,

HY = Hy, — AP+ P) = AN —wl,. (1.40)

v

Hg, is the single-particle Hamiltonian, A represents the pairing gap which originates from
the smearing of the Fermi surface, (PJr + P) are pair creation and annihilation operators,
N is the particle number operator and wlj is term arising from the Coriolis and centrifugal
forces. The nucleus contains a finite number of particles therefore the chemical potential
(Fermi level), A and the rotational frequency, w, are used as Lagrange multipliers to conserve
the number of particles N and angular momentum I, respectively. The eigenvalues of the
HFB Hamiltonian are quasiparticle routhians.

A quasiparticle routhian diagram can be constructed in the same way as a single-particle
routhian diagram. The quasiparticle diagram is constructed relative to a reference or vac-

uum configuration which corresponds to the Fermi surface. The excitation energy of the

vacuum is the sum of the energies of the occupied states.

1.11 Transition Probabilities and Multipole Moments

The energy of an electromagnetic radiation field can be described in terms of a multi-
pole moment expansion. For example, the nuclear magnetic dipole moment (M1) is sensi-
tive to nuclear magnetic moments and hence single particle aspects. The nuclear electric
quadrupole moment (E2) is sensitive to the nuclear charge distribution and hence collective
effects such as deformation.

The matrix element for a transition from a state |Iz, Ms) to a state |I;, M;) can be

written,

(I, M5|Oy |11 My). (1.41)

The Wigner-Eckhart theorem allows this matrix element to be expressed as,

(I M| O, | Ti My) = (215 + 1) (I My M| Ta M) (1] | O || 1), (1.42)



21

Electric Transitions (s~!) Magnetic Transitions (s~')

A(E1)=1.590x10"E3B(E1) | A(M1)=1.758x10"3E3B(M1)
A(E2)=1.225x10°E3B(E2) | A(M2)=1.355x10"E3B(M2)
A(E3)=5.708x10?ETB(E3) | A(M3)=6.313x10°E7B(M3)

w N =

Table 1.2: Transition probabilities for the lowest multipoles. E, is in MeV, B(EA) in e?fm?*,
B(M)) in p3fm?A =2,

where (IQ||OA||11> is a reduced matrix element and (I3 MyAu|l2Ms) is a Clebsch-Gordon
coefficient. The interaction and geometry are therefore separated and all the nuclear struc-
ture information is contained in the reduced matrix element. Bohr and Mottelson [BohT75]
have calculated reduced electric and magnetic transition probabilities in terms of rotating

multipoles, results for the three lowest multipoles are shown in table 1.2.

1.11.1 Magnetic Dipole Moments

The magnetic moment of a single nucleon can be represented by the sum of the magnetic
moment due to the orbiting protons pep = ¢ilpun, which can be thought of as a nuclear

current and the moment due to the intrinsic spin of the constituent nucleons pispin = gspn,

KN = fhorb + Mspin (1-43)

g; and g, are the orbital and spin angular momentum g-factors, respectively. py is the nu-
clear magneton. The magnetic dipole operator for the nucleus can be obtained by summing

over all the nucleons,

A
p=pun Y (gl + gs,50) - (1.44)
i=1

In order to simplify the process of obtaining the dipole moment of the nucleus, the magnetic
dipole moment is often separated into two components; that due to the rotating core and
that due to the intrinsic spin of any valence nucleon. The core contribution can be estimated
assuming the protons are evenly distributed throughout the nucleus, which is rotating with

angular momentum R.

1= grRun, (1.45)
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where gp is the rotational g-factor describing the collective rotation, which is approximately
equal to Z/A. This expression applies to even-even nuclei with no intrinsic excitation (K=0).
For K#£0, the contribution to the magnetic moment from the valence nucleon is important,

another g-factor gx is defined,

1
9K = 91+ (95 — 9){Qs:[ ). (1.46)

This g-factor is strongly dependent on the state which the valence nucleon occupies, it is
therefore very useful in the classification of states. The total angular momentum may be
written I=R+j, hence the total magnetic dipole moment is,

K2
I+1

p=|grl + 9K — 9R] AN - (1.47)

1.11.2 Electric Dipole and Quadrupole Moments

The electric dipole moment arises due to a difference between the centre of mass and centre
of charge in the nucleus, it can therefore only occur in a reflection asymmetric nucleus,
discussed in section 1.12.1 or for the case of Giant Dipole Resonance.

The electric quadrupole moment is defined in terms of the charge density p of the nucleus,

eQ(r) = / p(t)r(3cos? 0 — 1)dV (1.48)

where r is the radius vector which subtends the angle 6 with respect to the symmetry axis.
If the nucleus is spherical the integral over the volume is zero and there is no intrinsic
quadrupole moment. For a deformed nucleus however, a static quadrupole moment will be
observed. Positive quadrupole moments are characteristic of a prolate deformed shape and
can be related to the quadrupole deformation parameter e by,

4

1 2
Qy = ng§A2/3 [52 (1 + 552> + 551 — 264 - (1.49)

5 9
€

3371

The experimentally measured value of the quadrupole moment @); can be related to Q2 by,

cos(y + 30°)

Q=@ cos(30°)

(1.50)

The calculation of reduced matrix elements for the electric and magnetic, dipole and

quadrupole cases yields the following expressions for the reduced transition rate,

3
B(M]-) = E [gK - gR]2K2|<IlaK7 170|If7K>|2:u?V7 (151)
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B(E1) = 431)3|(II,K, 1,017, K)?, (1.52)
m
5

B(E2) = —16WQ3I(II,K,2,0|ff7K>|2, (1.53)

pn 1s the intrinsic magnetic dipole moment, Dy and )y are the intrinsic electric dipole
and quadrupole moments, respectively. (Ir, K,2,0/I;, K) is a Clebsch-Gordon coefficient

for vector addition.

1.12 Octupole Correlation Effects

1.12.1 Introduction

The neutron deficient (N ~ 58) tellurium (Z = 52) nuclei lie in a region of the nuclear
chart where states with Al = Aj =3 (hyy/y <> d5/5) are close to the Fermi surface, which
is expected to lead to octupole correlation effects [But96]. The interaction of such orbitals
occurs above each of the major shell gaps, where intruder orbitals penetrate into the shell
below. This occurs for nuclei which have N or Z close to 34, 56, 88 or 134 (octupole magic
numbers) and the interaction is particularly strong for nuclei which have both N and Z near
to one of these values. The octupole-driving interacting levels get closer together as the
particle number increases, and therefore heavier nuclei will exhibit the strongest octupole
correlations. The best studied and most well developed region is centered around the light

actinide nucleus %223 Thy4, which is predicted to have the largest octupole deformation.

Other regions of interest are centered around the lanthanide nucleus '3¢Bagy and weaker
effects are expected in nuclei such as '12Xesg with N~Z.

Quadrupole deformation is described by the parameter (B, or 2. A nucleus with a
non-zero 3 or €3 is termed octupole deformed. An axially deformed reflection-symmetric
nucleus is invariant under space inversion and a rotation of 180° about an axis perpen-
dicular to the symmetry axis, however a reflection-asymmetric shape will break these two
symmetries. This difference is required in order to explain the observation of low lying
negative-parity states in even-even nuclei such as ??*Ra. An octupole deformed shape is
reflection asymmetric or pear shaped, illustrated in Fig. 1.7.

In a similar way to quadrupole deformation, octupole deformation may be static or dy-

namic, corresponding to a true octupole deformed nucleus or shape fluctuations (vibration)
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about a reflection-symmetric shape, respectively. In order to measure the extent of octupole
deformation a measurement of the electric octupole moment B(E3) would need to be made.
The E3 v-ray decay intensity is however 10* times weaker than the E1 and E2 strengths.
The degree of octupole deformation must therefore be inferred indirectly from the obtained

nuclear level scheme.

1.12.2 Experimental Evidence

The experimental signatures for octupole deformation effects include low lying negative
parity states in even-even nuclei, alternating parity rotation bands and enhanced E1 tran-
sitions between positive and negative parity states. Typical values for B(F1) in an oc-
tupole deformed nucleus are ~ 103 Weisskopf units (W.u.). This is only a fraction of the
single-particle estimate, however the values are a few orders of magnitude larger than those
measured in other regions of the nuclear chart, ~ 107>W.u.

An intrinsic electric dipole moment, induced by the displacement of the centre of charge
from the centre of mass has been postulated to explain the enhancement of E1 strength
[Lea82]. The effect is induced by the tendency of the protons to gather at the narrow end of
the octupole shape, at the point where the radius of curvature of the equipotential surface
is smallest.

Octupole deformation is discussed in detail in Ref. [But96]. 19Te is discussed within

the scenario of octupole collectivity in sec. 4.4.



Chapter 2

Experimental Techniques

Introduction

This chapter describes the experimental techniques used to study nuclei produced at high
angular momentum. A discussion of how the nucleus may be excited is accompanied by
a description of the principles of y-ray detection. Recent developments in high resolution
~-ray spectroscopy have allowed the construction of multi-detector arrays and a description
of the GAMMASPHERE facility, from which the work presented in this thesis was taken, is
included. Finally, the techniques used to improve the sensitivity of a high-spin spectrometer

are discussed.

2.1 Compound Nucleus Formation

In order to study a nucleus at high spin, a reaction mechanism must be used which populates
states at high angular momentum with sufficient energy and cross-section. A heavy-ion
fusion-evaporation reaction is the best way of experimentally producing high spin states
with large cross-sections; this involves accelerating a beam of heavy ions (A>4) in order to
bombard a target. The heavy ions in the beam will fuse with the target nuclei to form a
compound nucleus if the impact parameter (b) is small compared to the nuclear radius and
the incident energy is high enough to overcome the Coulomb barrier. The Coulomb barrier

for a particular beam target combination can be simply calculated using,

25
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Projectile Target
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Figure 2.1: A schematic diagram showing the effect of the impact parameter b on the

angular momentum transferred to the compound nucleus.

 ZpZie?

Eeop = MeV; 1=12(A° +AY%)m (2.1)

4mepr

If P is the linear momentum of the projectile, the impact parameter b can be directly

related to the total angular momentum L of the colliding system by,

L=bxP. (2.2)

A high-spin state is populated when the impact parameter is small enough to ensure
complete fusion of the target and beam nuclei, but large enough to ensure the transfer of

large amounts of angular momentum, as indicated in Fig. 2.1.

2.2 Compound Nucleus Decay

The decay probability depends only on the total energy given to the system and not the
process of formation [Boh36]. The compound nucleus will decay by a variety of different

channels. For the reaction studied in this work,
8Ni 4 Ni — 1Ba* — X + xp + ya + 7zn, (2.3)

the process will involve the initial formation of a compound nucleus, which will occur in
~1072%. The decay of the highly excited rapidly rotating system proceeds via particle
evaporation. Protons, alpha particles and neutrons will carry away large amounts of en-

ergy but little angular momentum. For the extremely neutron deficient compound nucleus
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Figure 2.2: Excitation energy plotted versus spin showing the decay of a neutron-deficient

compound nucleus following a heavy-ion fusion-evaporation reaction.

(116Ba*) formed in this work, it is energetically favourable for charged particles to be emit-
ted and particle evaporation will continue until the particle separation energy (8-10 MeV)
is reached. At this point, after 10~ !7s, it is no longer energetically possible for a particle
to be emitted and the de-excitation continues by a cascade of v-rays. At these excitation
energies the density of nuclear states is very high, therefore the vy-rays depopulating these
states are too weak and closely spaced to be resolved. After 107125, the excitation energy
of the nucleus is lowered and the level density is reduced to a point where discrete v-ray
transitions and decay sequences can be observed. This stage removes large amounts of an-
gular momentum and energy from the system. Approximately 10~%s later the nucleus will
reach the ground state configuration.

The diagram of excitation energy against spin (Fig. 2.2) clearly illustrates the stages
described. The study of sequences of y-ray transitions which have the lowest energy for a
given spin, termed yrast, or those near yrast, termed yrare, forms the basis of high spin

nuclear spectroscopy.
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2.3 Heavy-Ion Beam Production

In order to form a compound nucleus, the incident projectile must have sufficient kinetic
energy to overcome the Coulomb repulsion of the target nucleus. The incident kinetic energy
is then converted to excitation energy and shared equally amongst the constituent nucleons
of the newly formed compound nucleus.

The purpose of an accelerator of charged particles is to enable a beam of a specific kind
of particles to obtain a chosen kinetic energy and then to focus this beam onto the target
nuclei. The 250 MeV 58Ni beam required for this experiment was provided by the 88 inch
cyclotron, located at the Lawrence Berkeley National Laboratory (LBNL), Berkeley, CA.

The 88 inch cyclotron is a third generation sector-focused cyclotron, combining the high
beam intensity obtained from first generation machines with high beam energies possible
with second generation machines. It is fed by two Electron Cyclotron Resonance (ECR)
high charge-state ion sources which enable the production of heavy-ion beams from helium
to neon with energies up to 32 MeV /nucleon. The cyclotron is a circular device, in which a
beam of particles, bent into a circular path by a magnetic field makes many cycles receiving

a small energy increment in each orbit until the particle energy reaches the MeV range.

2.4 Target Choice

The choice of target thickness for a high spin y-ray spectroscopy experiment will be a
compromise between the number of statistics obtainable and the requirement of a good
energy resolution. The possible target choices are a thin target, a thick target or a backed
target.

The use of a thin (=500ug/cm?) foil will reduce the scattering of the recoils in the
target. This reduces the spread in recoil velocities which, through the Doppler effect, cause
a degradation in the energy resolution. The residual nuclei recoil into vacuum and decay
with a full recoil velocity (see section 2.18). A thin target will decrease the maximum
obtainable event rate but short-lived, high-spin states will be observable.

A thick target (>2mg/cm?) enables a higher event rate to be obtained, however the
scattering of recoils in the target will result in a poor energy resolution for the observed

~v-rays. A backed target typically consists of a thin target mounted on a backing of several
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milligrams of Gold (Au) or Lead (Pb). This high density backing ensures the recoiling
nuclei are stopped in the target. The residual nuclei may now decay when the recoils have
fully stopped eliminating the Doppler shift and broadening effects. Short-lived high-spin
states will however be emitted while the recoils are slowing down in the target, resulting in
a smearing out of the observed v-rays.

The target for this work consisted of two thin (500ug/cm?) self-supporting *®Ni targets
of approximately lcm? in size. The target was enriched to isotope purity levels in excess of
95% to reduce the probability of creating unwanted reaction products. The choice of two
targets induces less Doppler broadening than a single 1000ug/cm? target while ensuring

maximum reaction rates and hence statistics.

2.5 Interaction of v-rays with matter

Gamma radiation is emitted from the de-excitation of a nuclear state. The measurement of
a ~-ray is achieved by allowing the y-ray to interact with a detector material. This process

may occur in three primary ways.

1. The photoelectric effect
2. Compton scattering

3. Pair production

Each process leads to the partial or complete transfer of the y-ray photon energy to the

detector material.

2.5.1 The Photoelectric Effect

The photon undergoes a reaction with an absorber atom in which the photon completely
disappears. An energetic photoelectron, usually from the most tightly bound (or K) shell,

is ejected by the atom with a kinetic energy given by

E, =hv— E, (2.4)

where hv is the incident photon energy and FEj is the electron binding energy.
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Figure 2.3: Schematic diagram of a Compton scattering interaction.

The interaction also creates an ionised absorber atom with a vacancy in one of its bound
shells. This is filled though the capture of a free electron from the medium or internal

rearrangement in the atom, resulting in a characteristic X-ray photon being emitted.

2.5.2 Compton Scattering

The interaction takes place between the incident y-ray photon and an electron in the ab-
sorbing material. The incoming ~-ray photon is scattered through an angle # with respect
to its original direction. The photon transfers a portion of its energy to the electron pro-
ducing a recoil electron, as shown in Fig. 2.3. The expression that relates the energy of
the scattered photon (ht') to the incident photon energy (hv) and scattering angle for any
given interaction is

h' = hw : (2.5)

hv
1+ - (1 — cosh)

where mgc? is the electron rest mass (0.511 MeV).

2.5.3 Pair Production

If the energy of a ~-ray exceeds twice the rest mass energy of an electron (1.02MeV) the
process of pair production is possible. In the interaction (which must take place in the
Coulomb field of the nucleus), a v-ray photon disappears and is replaced by an electron
positron pair. The excess energy above 1.02MeV goes into the kinetic energy of the electron
and positron. The positron will subsequently annihilate after slowing down in the absorbing

medium, producing two annihilation photons which may subsequently be detected.
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Figure 2.4: Photon mass attenuation coefficient plot for y-rays incident on BGO [kno89].

2.6 Attenuation coefficients

If a beam of v-ray photons was incident on a material, each of the interaction processes
discussed in section 2.5 removes a vy-ray photon from the beam either by absorption or
scattering away from beam direction. The probability per unit length that the y-ray photon

is removed from the beam as it interacts with a material can be described as,

p = p(photoelectric) 4 p(compton) + p(pair). (2.6)

1 is termed the linear attenuation coefficient and is simply a sum of the three processes. The
number of transmitted photons I after the beam has covered a distance x can be expressed

in terms of the incident number of photons I as

I =Ipe H. (2.7)

Fig. 2.4 shows the total mass attenuation coefficient for the popular y-ray detection
medium bismuth germanate (BGO) and the constituent contributions to the total [kno89].

The photoelectric effect is the predominant mode of interaction for v-rays of relatively low
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Figure 2.5: The electron band structure in insulators and semiconductors.

energy (< 400 keV). In the low energy region of Fig. 2.4 discontinuities in the curve or
‘absorption edges’ appear at energies corresponding to the binding energies of electrons in
the various shells of the absorber atoms. The highest lying edge corresponds to the binding
energy of the K-shell electron.

The ~v-ray transitions studied in this work have energies in the range of 100 keV up to
3 MeV. Compton scattering will therefore be the dominant process of interaction. In order
to reduce the unwanted background which will be obtained in a y-ray spectrum, due to the
partial deposition of energy in the detector, a technique named Compton suppression has

been developed. A discussion of this technique can be found in section 2.9.

2.7 Semiconductor Detectors

2.7.1 Semiconductor Properties

The periodic lattice of a crystalline material creates allowed energy bands for electrons
within that solid. The energy of an electron will be confined to one of the energy bands.
The bands themselves may be separated by ranges of forbidden energies, an example is
shown in Fig. 2.5.

The lower valence band contains electrons that are bound to specific lattice sites within
the crystal; these are part of the covalent bonding which constitutes the inter-atomic forces
within the crystal. The conduction band represents electrons which are free to move through

the crystal. Electrons in this band contribute to the electrical conductivity of the material.
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The bands are separated by a band gap. A large band gap >5eV will classify a material
as an insulator, a small ~1eV band gap constitutes a semiconductor. The valence band in
both cases will be full.

At a non-zero temperature, thermal energy is shared by the electrons in the crystal. A
valence electron can gain sufficient energy to be excited from the valence to the conduction
band, creating an electron-hole pair. When ~-radiation interacts with a semiconductor
the significant effect is the production of many electron-hole pairs. The average energy
expended by the y-ray to produce one electron-hole pair is called the ionisation energy ¢.
It is experimentally observed to be largely independent of both energy and type of incident
radiation. The number of electron-hole pairs produced can therefore be related to the energy
of the incident radiation, provided the radiation is fully stopped.

In order to collect the charge carriers from a semiconductor detector the application of an
electric field across the crystal is required. This will typically require an applied voltage of
the order of thousands of volts. Even in the absence of ionising radiation all semiconductor
detectors show a finite conductivity and therefore a steady state leakage current is observed.
Random fluctuations in this leakage current will obscure the small signal currents following
an ionising event, resulting in a significant source of noise.

The solution is to put a p-n junction in the semiconductor, that is p-type and n-type
semiconductors placed in direct contact. This results in a migration of charge carriers,
leaving a region empty of charge carriers in the vicinity of the interface of the two materials.
The depletion region created constitutes an active area where radiation will interact and
result in its detection. By applying a large reverse bias across the p-n junction the depletion
region can be made larger. For further information on semiconductor detectors see Ref.

[kno89].

2.7.2 High purity germanium detectors

The use of germanium of normal semiconductor purity cannot produce depletion depths of
larger than 3mm. vy-ray detectors require much larger depletion regions because ~y-radiation

is very penetrating. The thickness of the depletion region is given by
1
2eV\ 2
d= [ == 2.8
(=) 2:8)

where V' is the reverse bias and N is the net impurity concentration.
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Figure 2.6: Bulletised closed end coaxial n-type HPGe detector. Electrical contact surfaces
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By a reduction in N the depletion region can be made larger. Germanium detectors
made from ultra pure germanium are termed high purity germanium (HPGe) detectors.
They are available with depletion depths of lem or more, with impurity levels as low as 10°
atoms/cm?, which compares to 10'? atoms/cm?® for germanium of normal semiconductor
purity. If the remaining low level impurities are acceptors the electrical properties of the
crystal are mildly p-type. If donor impurities remain, high purity n-type germanium is
produced.

It is not possible to operate HPGe detectors at room temperature (300K). The small
band gap of germanium (0.7eV) would enable thermal excitation of electrons across the
band gap to produce large amounts of thermal noise. The germanium crystal is therefore
cooled to liquid nitrogen temperature (77K), greatly reducing thermal noise.

In order to produce a HPGe detector with as large an active volume as possible, which
is required for ~-ray spectroscopy, detectors are constructed using a bulletised closed end
coaxial configuration (see Fig. 2.6). Part of the central core of the HPGe crystal is removed
and electrical contacts are placed over the outer cylindrical surface and the flat front end,

forming a p+ contact. The inner core of the crystal forms the n+ contact. By manufacturing
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the crystal long in the axial direction, active volumes as large as 400cm® can be achieved.
HPGe detectors have a relatively low ionisation energy of ~ 3 eV. This produces a large
number of electron-hole pairs for a given v-ray interacting in the detector. This has two

key benefits:

e There is a reduction in the statistical fluctuation in the number of charge carriers per

pulse.

e There is a larger amount of charge created per interaction, giving a superior signal to

noise ratio.

A HPGe detector will therefore have a good energy resolution, typically the full width at
half maximum (FWHM) for a 1.3MeV ~-ray is 2 keV.

HPGe detectors are sensitive to performance degradation caused by radiation damage.
Fast neutrons increase the amount of hole trapping within the active volume of the detector.
Measured peaks in the pulse height spectrum will show a tail toward the low energy side,
resulting in a degradation in the y-ray energy resolution. The HPGe detectors used in this
work are n-type. p-type detectors, whose signals are dominated by hole collection, are much

more affected (perhaps 20 times more sensitive) by radiation damage.

2.8 Inorganic Scintillators

The mechanism for scintillation in inorganic materials depends on the energy states deter-
mined by the crystal lattice of the material. In the same way as a semiconductor, electrons
have discrete bands with a band gap between the valence band and the conduction band.
Absorption of energy results in the elevation of an electron from the valence band to the
conduction band. When it returns to the valence band a photon is emitted. This is however
an inefficient process giving photons of too high an energy to be visible.

The probability of photon emission during de-excitation is enhanced by adding small
amounts of impurity, called activators, to the scintillator. They create special sites in
the lattice which alter the normal energy band structure, resulting in energy states being
created in the band gap. The electrons de-excite through these states, which results in

visible photons being produced.
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A major limitation of scintillator detectors is their relatively poor energy resolution. In
order to convert the incident radiation to light and subsequent generation of an electrical
signal, a number of inefficient steps are required. The energy required to produce a pho-
toelectron is ~100eV. The statistical fluctuation in this number places a limitation on the

energy resolution that can be achieved.

2.8.1 Bismuth Germanate

Bismuth Germanate (BGO) is a scintillator material commonly used by ~-ray spectro-
scopists. The large atomic number (83) and high density (7.3g/cm3) of bismuth result in
it having a high stopping power for v-rays. Relative to another commonly used scintillator
for y-ray studies sodium iodide (Nal), 6cm of BGO is required to absorb a 1MeV ~-ray as
opposed to 14cm of Nal. The light yield from BGO is relatively low (15% that of Nal) so it
is used when the need for high ~-ray counting efficiency outweighs energy resolution require-
ments. BGO is a pure inorganic scintillator, requiring no trace activator. The luminescence
is associated with the optical transition of the Bi** ion, which is a major constituent of the
crystal. There is a large shift between the optical absorption and emission spectra of the
Bi3T, resulting in little self absorption and therefore the crystal remains transparent to its

own emission over many centimetres.

2.8.2 Caesium lodide

Caesium lodide (Csl) is an alkali halide like the other common scintillator sodium iodide
(Nal). It is commercially available with thallium or sodium as an activator material. CsI
has a higher efficiency for y-ray detection than Nal. CsI(T1) has the very useful property
of a variable decay time depending on the type of particle that interacts in the medium.
This allows pulse shape discrimination (PSD) techniques to be employed, to differentiate

between various types of radiation.

2.9 Compton suppression

An ideal vy-ray detector will give a single well resolved peak with no associated continuum for

each y-ray interaction. Therefore a °Co source (often used for detector calibration) placed
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in front of a HPGe detector should give two clear, well defined peaks at 1173 and 1332keV
respectively. Unfortunately, the energy region in which ~-ray spectroscopists are interested
(0.2 - 2MeV) is the region where the most common ~v-ray interaction in a detector will be
Compton scattering, as detailed in section 2.5.2. This results in the y-ray only depositing a
fraction of its energy in the HPGe detector before it scatters out, meaning a large Compton
continuum is observed in the pulse height spectrum. Other sources of background include
backscatter peaks which are observed when v-rays Compton scatter from the surrounding
material into the detector and annihilation peaks from electron-positron decay after pair-
production from high energy v-ray interactions. In order to study high spin nuclear structure

a way of improving the peak to total in the observed pulse height spectrum has to be found.

2.10 The Escape Suppressed Spectrometer

The observed pulse height spectrum can be improved if the primary ~-ray detector is sur-
rounded by another detector which uses coincidence techniques to veto events which have
not deposited their full energy in the HPGe detector. In practice a HPGe-detector is sur-
rounded by the scintillator BGO, which has a high ~-ray stopping power. A ~y-ray which
Compton scatters out of the HPGe detector will be seen in coincidence in the BGO detector,
this event can then be rejected by electronic suppression.

A schematic diagram of the escape suppression shield electronics is shown in Fig. 2.7.
The output from the germanium detector pre-amplifier, which amplifies and shapes the
signal from the detector crystal to form a negative pulse of ~100mV is split into two paths.
One signal is fed into a spectroscopy amplifier where the pulses are integrated and shaped for
~2us to form a positive signal. The magnitude of this signal is proportional to the energy
of the interacting photon. The signal can then be digitised using an analogue to digital
converter (ADC) and used for subsequent processing. The other signal is fed into a timing
filter amplifier (TFA) which provides fast amplification (~ns), producing a larger amplitude
(~V) negative output pulse. The pulse is fed into a constant fraction discriminator (CFD),
which will trigger a fixed time after the leading edge of the input pulse reaches a constant
fraction of its final amplitude. This is providing the signal is greater than the minimum
discriminator level which is set to reject unwanted noise pulses. The output of the CFD is

a negative logic pulse 1V in amplitude and 50ns in width. This signal is delayed (~ns) to
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Figure 2.7: A schematic diagram of the escape suppression shield electronics, used to veto
Compton scattered events. Only events which do not meet the coincidence unit requirements

are accepted.

ensure it will coincide with a timing signal from the BGO should it be present. A similar
process is used to extract time information from the BGO detector and a 1V amplitude
200ns duration negative output pulse is extracted from the CFD. If a coincidence between
the HPGe detector and BGO detector is registered the high resolution energy signal will
be vetoed. The HPGe - BGO combination used in this work is termed an ESS (Escape
Suppressed Spectrometer) [bea92]. Such a device as employed in the GAMMASPHERE [lee90]
detector array is shown in Fig. 2.8.

Each ESS consists of a large central n-type coaxial germanium crystal of dimensions 8cm
long by 7.2cm diameter. The detector has a relative efficiency of ~78% (relative to a 3inch
by 3inch Nal crystal, for detecting a 1.33 MeV ~-ray. The central crystal is surrounded
by a BGO Compton shield consisting of six wedge shaped crystals around the germanium
and one cylindrical backplug behind it. Each scintillator element is viewed by two 1 inch
diameter photomultiplier tubes (PMTs). The copper liquid nitrogen cold finger makes
thermal contact with the germanium crystal by a non-central route. An optional ‘hevimet
shield” made of tungsten alloy covers the front face of the BGO crystals. The purpose of

this is to prevent a ‘false veto’ which would occur if a v-ray directly interacted with the
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Figure 2.8: Schematic diagram of a GAMMASPHERE escape suppressed spectrometer.

BGO. The front 2cm of the detector construction is tapered to improve the packing of the
detector elements in the GAMMASPHERE array of ESS detectors around the target position.

The improvement in peak to total (PT) afforded by using a BGO shield in coincidence
with a HPGe detector is significant. Without a shield the germanium detector has a PT
of 0.25, this improves to 0.6 with the shield activated. An representative set of spectra are

shown in Fig. 2.9.

2.11 Large ~v-ray detector arrays

Following a heavy-ion fusion-evaporation reaction, approximately 30 ~-rays are typically
emitted. If relationships between these y-rays are to be established, knowledge of coinci-
dence information is required. In order to supply this information, large arrays of HPGe
detectors have been constructed.

The GAMMASPHERE detector array is an array of large volume HPGe detectors which
for this work was sited at the Lawrence Berkeley National Laboratory, Berkeley, Califor-
nia. GAMMASPHERE consists of up to 110 ESS detectors mounted in a 47 configuration
surrounding a target. In the array the detectors are mounted at 17 different angles relative
to the beam direction. With the full complement of 110 detectors, 47% coverage of the full

sphere with germanium is achieved, giving a total photo-peak efficiency of 9.9%. For this



40

10H WITH BACK PLUG -
8 n
44
. WITHOUT BACK PLUG
0 ' T T T Y T ' T T T T s T
[(s}]
2000 - -
| WITHOUT BACK PLUG :
1000 |- “ ¥
w o
% ]
Z ol wrHBACKPLUG |
{ L
Q8000 - UNSUPPRESSED
5000 - H
4000 - SUPPRESSED i
2000 F -
0 1 ] T E EH - [ T i T 1 [ T

0 200 400 600 800 1 OlOO 1200

ENERGY (keV)
Figure 2.9: An illustrative set of y-ray spectra obtained by placing a ®**Co source in front
of an ESS element of the GAMMASPHERE array. (a) shows the large improvement in PT
achieved when the BGO suppression shield is used. (b) shows the advantage of using a

BGO back plug (c) is the ratio of unsuppressed to suppressed spectra with and without the
back plug [bax92].

work the array contained 83 ESS detectors, 15 of the remaining positions were occupied by
liquid scintillator neutron detectors, which are discussed in section 2.15. The configuration
of GAMMASPHERE is shown in Fig. 2.10.

From a cascade emitting 30 ~v-rays the GAMMASPHERE array may typically detect 5
suppressed interactions in coincidence. This would then be called a 5 fold event (7%). High-
fold coincidence data benefits greatly from the improvement in PT (peak to total) afforded
by using an ESS detector. The relationship that the observed signal to noise o (PT)",
where n is the fold, means a suppressed PT of 0.6 in a 5 fold event gives a factor of 80

improvement over a non suppressed PT of 0.25.

The quality of the spectra obtained from a large array such as GAMMASPHERE can be
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Figure 2.10: A schematic diagram of the GAMMASPHERE array containing the MICROBALL

and Neutron detectors as used in this work.

classified by quoting the resolving power of the array. It is not sufficient to just improve
the overall efficiency of the system. It is also necessary to be able to resolve the y-rays from

the complex background obtained. The resolving power can be quoted [twi93] as,

SE !
R= 7 .PT] (2.9)
[AE7

where SE, is the average energy separation of the vy-rays, which is fixed by nuclear struc-
ture and AE, is the FWHM (full width at half maximum) of the detector. This can be
improved by limiting the opening angle of the detector, which can be achieved by detector

segmentation as discussed in section 2.18.
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2.12 The GAMMASPHERE electronics system

2.12.1 Introduction

A large array of HPGe detectors requires a complex electronics and data acquisition system
(DAQ). The GAMMASPHERE array has 110 ESS detectors associated with it, each requires
a number of signal cables and high voltage supplies. The system must be able to handle
the high data rate from the detectors (possibly 20kHz) while remaining easily configurable.

Possibilities include
e Detector threshold adjustments via software
e The addition of ancillary detectors
e Future system upgrades

The industry standard Nuclear Instrumentation Modules (NIM) is an impractical so-
lution for such a large detector array because each box provides only one function. The
GAMMASPHERE electronics and DAQ system is based on the VXI standard. VXI is an ex-
tension of the VME format (VME eXtention for Instrumentation). The large board size
used considerably reduces the cabling and therefore improves reliability. Each VXI board

processes the signals from two detector modules.

2.12.2 High voltage

The high voltage (HV) supply for each ESS is computer controlled. The supply comes from
a small wedge shaped box mounted on the detector dewar. This supplies the 850V for each
of the 14 PMTs corresponding to the 7 BGO elements and the —5kV required for the HPGe

detector.

2.12.3 Signal processing

Each HPGe detector provides four primary signals: two energy signals, one for the 4MeV
high resolution germanium readout and the second for a 20MeV low resolution signal; the
third is a logic pulse for timing purposes which is used to determine v — v coincidence;
the final output is the side channel energy, which is used with the electrically segmented

detectors which are described in section 2.18.
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The 7 BGO signals from each ESS are amplified separately using 10x amplifiers mounted
in the wedge shaped box attached to each dewar. The signal then enters the VXI electronics
where the signals are processed. The outputs are a BGO sum energy for each shield and
a logic pulse associated with a 100keV discriminator used for Compton suppression when
analysed with the HPGe timing signal.

Each event in the GAMMASPHERE is subjected to a multiplicity condition; if this is
satisfied the various signals produced by the event are recorded for off-line purposes. The
system 1is reset if the condition is not achieved. The master trigger system is initiated by
a Compton suppressed germanium fast signal (‘clean’ ge signal), 800ns is then allowed for

the trigger multiplicity to be met and the event readout takes 10us.

2.12.4 Data Readout

The good events pass through an event builder which formats the data and sends it to be
stored for off-line purposes on Exabyte tapes, which have a 5GB capacity and a data rate
of 450kb/s. The data can be written to two tapes in parallel giving a data rate of 900kb/s.
For each event, the information written to tape included: the event length, total Ge and
BGO multiplicities, the identification number of the detectors that fired, high resolution Ge
energies, the Ge side channel energy, Ge detector time signals and the BGO sum energy.
In addition to this any ancillary detector information added to the GAMMASPHERE signals
can be written out. At the same time, the data is sent to workstations enabling online data

analysis.

2.13 Channel Selection Techniques
The reaction studied in this work:
%8Ni+ ®Ni — "6Ba* — X 4+ xp + yo + zn,

produces the most neutron-deficient compound nucleus in this mass region that can be
formed with stable beams and targets, in order to access the light Xe and Te nuclei. Fol-
lowing the heavy-ion fusion-evaporation reaction, the total cross-section is fragmented into
a large number of exit channels, resulting in a large number of residual nuclei being simulta-

neously populated. The low Coulomb barrier combined with the pressure for decay towards
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Figure 2.11: Schematic diagram of the MICROBALL charged particle detector [sar96].

stability causes proton and alpha emission to dominate over neutron evaporation. In order

to study the reaction residues a number of methods of channel selection have been utilised.

2.14 The MICROBALL Charged-Particle Detector

2.14.1 Introduction

The MICROBALL [sar96] is a 47 charged-particle detection device, designed for use with the
GAMMASPHERE array. The purpose of such a charged-particle detector is to detect and
discriminate between light charged-particles such as protons, deuterons and alpha particles,
evaporated following a fusion-evaporation reaction.

The device consists of 95 closely packed CsI(T1) elements arranged in 9 rings with
increasing forward segmentation, see Fig. 2.11. The MICROBALL is installed completely
surrounding the target position inside the GAMMASPHERE scattering chamber, as shown in

Fig. 2.10. The non-spherical arrangement covers 97% of 47. The segmentation is required to
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Figure 2.12: Total energy (slow) against fast component for the MICROBALL from the
%8Ni 4 %8Ni reaction studied in this work. The separation for protons, deuterons, He-3

and alpha particles is clear.

distribute the counting rate nearly equally among the detectors, since most emitted charged
particles are forward focused. This allows the device to keep up with the high counting rates
(=10k) of GAMMASPHERE. The design is such that the problem of absorption and scattering
of ~-rays through the MICROBALL before they reach the ESS detectors is minimised. This is
achieved by using thin (2mm) CsI and coupling each element with Si photo-diodes to read
out the scintillation light.

Section 2.8.2 details the use of CsI(Tl) as a detection medium. Excellent particle iden-
tification (PID) is achieved by using pulse shape discrimination (PSD) to separate the two
decay components of CsI(T1). The fast component has a mean decay time 7 = 0.4 — 1.0us,
the amplitude being dependent upon the interacting particle type. The slow component
of the light has a 7us decay time but it is independent of particle type. An experimental
spectrum illustrating the quality of PID possible with the MICROBALL is shown in Fig. 2.12.
The separation between protons, deuterons, He-3 and alpha particles is clear, particularly

at higher energy where this technique works the best. If the energy of the incident protons
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exceeds ~40 MeV, then they can ‘punch’ through the CsI(T1) depositing only a fraction of
their full energy in a detector element. This effect is marked by P-punch in Fig. 2.12. These
events occur on a faster time scale than full energy proton hits and so are well separated

from such events.

2.14.2 Signal Processing

The preamplifiers are mounted 120cm from the MICROBALL, outside of the GAMMASPHERE
supporting frame structure. They are charge sensitive devices integrating to produce pulses
with a 600ns rise time and a 300us decay time placing a limit on the maximum count rate
achievable in each detector element to ~4000 counts/s. A low and high frequency 2 stage
shaper was used to recover the two light components of the CsI(T1) producing the energy
and PID signals.

The electronics were integrated into a set of CAMAC (Computer Automated Mea-
surement and Control) standard modules, which were controllable by a PC workstation,
enabling software adjustment of the discriminator and energy settings. A clean high-fold
ESS coincidence was used to trigger the MICROBALL, which enabled the number and type
of charged particles detected in coincidence with a y-ray cascade to be recorded. The sig-
nals were digitised using FERA (Fast Encoding and Readout ADCs) modules which gave a
signal output of detector number, energy, PID and zero crossover time (see section 2.14.3).
The readout of the full MICROBALL information is achieved by an interface module which
reads the FERA and attaches the information to the GAMMASPHERE readout system for

each event.

2.14.3 Particle Selection

Particle identification was achieved in two principle ways: (i) Pulse shape discrimination
(PSD), described in section 2.14.1 and illustrated in Fig. 2.12. (ii) Zero Crossover Time
(ZCT), detailed here and illustrated in Fig. 2.13.

A time signal was obtained from the crossover time of the differentiated fast signal of the
constant fraction discriminator (CFD), subtracting from this the RF time of the cyclotron.
The resultant signal enables PID to be achieved. An example spectrum obtained from

off-line sorting is shown in Fig. 2.13. The plot shows two clear peak regions, the lower
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energy peak detected with a longer time interval represents protons. The a-particles have
a better time resolution partly due to their higher energy. The PID however is not as good
as that achievable by plotting the ratio R of slow/fast against total energy, demonstrated
in Fig. 2.14. By combining both techniques and plotting ZCT against R, the optimum
particle selection is achieved, shown in Fig. 2.15. The number of equally spaced peak
regions shown on this figure originate from the beam pulsing from the cyclotron. These
MICROBALL spectra have no prompt time requirement from GAMMASPHERE and therefore
the beam pulsing is observed. Software polygonal gates were placed around the prompt
proton and « regions in Fig. 2.15 and spectra were incremented. The results of requiring
3p, 4p and 2pa gates are shown in Fig. 2.22. The clear difference between these spectra
illustrates how effectively the MICROBALL particle selection technique works.

The MICROBALL is 90% efficient for the detection of protons. Consider that for a typical
reaction exit channel such as 4p, the efficiency for the detection of these 4 protons will be
0.9* or 66%. This will mean that the reaction channel selection with the MICROBALL will

not be perfect. A further method of channel selection to enhance the MICROBALL results



Energy ———>
R

Ratio (E/PID) — =

Figure 2.14: Plot of energy against the ratio of fast to slow component (R).

Time

5
74
4

i
b
i

Ratio (E/PID) — =

Figure 2.15: Plot of ZCT against the ratio R.

48



49

Singlet Triplet
S g’j --------------- Ts
2 =20
A

T2
L
8
o)
g
2
7
&

Figure 2.16: Energy levels of an organic molecule with m-electron structure.

has been used and is discussed in section 2.17.

2.15 Neutron Detection

2.15.1 Organic Scintillators

The fluorescence process in an organic scintillator arises from the energy level structure of
a single molecule. This is an important result meaning scintillation can be observed inde-
pendent of the physical state of the material. This is very different to inorganic scintillators
where a regular crystalline lattice is required as a basis for the scintillation process.

The NE213 organic scintillator used in this work has organic molecules with symmetry
properties which give rise to a m-electron structure, which is illustrated in Fig. 2.16. Energy
is absorbed by exciting electrons into any one of a number of excited states. A series of
singlet and triplet states are shown in Fig. 2.16. Organic scintillators have energy spacings
of ~4eV between Syy and Sig states. Each of these configurations is subdivided into a
series of levels with much finer spacing (x0.15eV) corresponding to vibrational states in the
molecules.

The absorption of energy gives singlet electronic states which are excited quickly (xps),
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then de-excite to the S electron state by radiationless internal conversion. The scintillation
light (fluorescence) is emitted in transitions between the Sj( state and one of the vibrational
ground states. The lifetime of a triplet state 17y is much longer than that of a singlet state
S1o giving delayed light output, characterised as phosphorescence.

The neutron detectors used in this work contain the liquid organic scintillator NE213.
It is produced by dissolving an organic scintillator in a solvent. NE213 is manufactured by
Nuclear Enterprises Ltd and is designed for use where pulse shape discrimination between

neutrons and ~y-rays is required.

2.15.2 Fast neutron detection

The most common method of fast neutron detection utilises the elastic scattering of neutrons
by light nuclei. The scattering interaction transfers a portion of the incident neutron kinetic
energy to the target nucleus resulting in a recoil nucleus. The maximum fractional energy
transfer in neutron elastic scattering occurs for the target nucleus being hydrogen because
the mass of the target and projectile are equal. A neutron detector which utilises this

principle is termed a proton recoil fast neutron detector.

2.16 GAMMASPHERE neutron detectors

2.16.1 Introduction

For this work the GAMMASPHERE array of ESS detectors (see section 2.11) was augmented
using the MICROBALL charged-particle detector (see section 2.14.1) and an array of neutron
detectors, in order to provide the channel selection capability required. Fig. 2.10 shows
how the NE213 liquid scintillator neutron detectors were mounted into the GAMMASPHERE
frame structure. The three most forward angles relative to the beam direction had their
ESS detectors removed, reducing the array complement by 15. A total of 15 large volume
liquid scintillator neutron detectors were mounted in order to detect neutrons in the recoil
cone following the heavy-ion fusion-evaporation reaction in the target. The configuration of
neutron detectors installed for this work had a total efficiency for the detection of a neutron

of =~ 5%.
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Figure 2.17: An illustration of the anode signal from the liquid scintillator neutron detectors,

indicating how the pulse is integrated in order to achieve pulse shape discrimation (PSD).

2.16.2 Neutron - v discrimination

NE213 is a proton recoil fast neutron detector. In order to distinguish between the detection
of neutrons and ~-rays in the liquid scintillator, two methods of particle identification have
been utilised.

Pulse Shape Discrimination (PSD): this method is based on the difference in in-
tensity of the slow component of the light pulse in the organic scintillator. This intensity
is relatively larger for recoiling protons due to a neutron interaction, than electrons from
a ~-ray interaction. Fig. 2.17 illustrates how pulse shape discrimination is achieved. By
integrating the anode pulse from the scintillation detector for different periods of time,
two output signals can be extracted. The use of pulse shape discrimination assures a high
detection efficiency for neutrons since a low detection energy threshold can be set.

Time of Flight (TOF): in the present experiment, the neutron detectors were mounted
further away from the target position than the ESS detectors, which were 25cm from the tar-
get. The 40cm detector-to-target position distance enabled time of flight (TOF) neutron-y
discrimination to be used in addition to PSD. The two methods of neutron-v discrimination
provide an excellent selection capability when combined.

Fig. 2.18 shows a schematic diagram of the electronics employed for the GAMMASPHERE
neutron detectors. The anode signal from the liquid scintillator neutron detector is fed
into two separate units. One unit performs pulse shape discrimination of the output pulse,
producing pulses which were integrated for two different periods of time. A fast integration

of 400ns provides the n-v sensitive signal, a slow integration of 600ns provides the total
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Figure 2.18: Schematic diagram of the GAMMASPHERE neutron detection electronics.

energy deposited in the scintillator. The other unit uses a CFD to provide a logic pulse
which provides the stop in a TAC which uses the RF of the 88inch cyclotron as a time
reference start. This gives a time of flight spectrum. Since neutrons will travel slower than
~-rays, the TOF spectrum will contain two peaks, enabling n-vy discrimination.

Fig. 2.18 shows four output signals from the neutron electronics. A fifth signal giving
the detector numbers that fired in an event is also provided. The five signals are digitised
and readout via an interface module, the information is then added to the GAMMASPHERE
readout system. The neutron detectors are triggered by a clean high fold germanium signal
from the GAMMASPHERE enabling the number of neutrons detected in coincidence with a
v-ray cascade to be stored.

Representative spectra from the time of flight electronics are shown in Fig. 2.19. The
top spectrum is ungated and a clear separation between n-y can be seen. Notice the y-axis
is logarithmic, indicating that the number of vy-rays interacting in the scintillator is a factor
of 103 larger than the number of neutrons interacting. This is to be expected in such a
neutron deficient mass region. Placing a hardware neutron gate (from PSD) on the TOF
spectrum gives the clean TOF spectrum (Fig. 2.19(B)) showing a clear n-y discrimination
on a linear scale.

The PSD electronics produced outputs for fast and slow neutron pulse integration.
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Figure 2.19: In beam neutron time of flight results. (a) the raw TOF is an ungated spectrum.

(b) the clean TOF is hardware neutron gated as indicated in Fig. 2.18.

The fast pulse is dependent on the type of interaction in the detector and the slow pulse
represents the total energy deposited. By plotting the fast output against the slow (energy)
output, the result shown in Fig. 2.20 is obtained. The top spectrum shows how the n-vy
discrimination varies as a function of neutron energy. If a narrow region of energy (or gate)
is selected on the energy axis, the one dimensional spectrum shown in the lower plot is
obtained. The n-v discrimination obtained is clear, however for low neutron energies the
separation possible between the neutron and v-ray signals from PSD is poor.

The best PSD will be possible for high energy neutrons, where the neutrons produce a
higher energy recoil proton in the scintillator. The TOF discrimination technique gives the

best separation for low energy neutron events. A low energy neutron will arrive significantly
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Figure 2.20: In beam neutron pulse shape discrimination results. (a) shows the how n-vy
discrimination varies as a function of the energy deposited in the scintillator. (b) The result
of a gate being placed on the slow (energy) axis. Clean n-vy discrimination is not possible

for incident neutrons with a low energy.

later at the neutron detector affording better n-y discrimination. Therefore, by using a
combination of the TOF and PSD discrimination methods (similar to the MICROBALL, see
Fig. 2.15) excellent neutron selection can be achieved, as indicated in Fig. 2.21. By placing
a polygonal gate around the neutron signal and projecting out spectra, extremely clean
uncontaminated neutron channels can be extracted from the data. An example neutron
gated spectrum is shown in Fig. 2.22(d). A requirement of 3pln has been set in order to
select 1'2T; notice that this spectrum contains no contamination from 3p (*31), which is

12T spectrum for which

shown in Fig. 2.22(a). The low number of counts obtained in the
1 neutron has been requested, compared to the pure charged particle evaporation channels

can be attributed to two main causes;
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Figure 2.21: Neutron-vy discrimination using PSD and TOF combination gating.

e Charged particle emission dominates over neutron emission in compound nucleus de-

cay in this extremely neutron deficient mass region.
e The total quoted efficiency for the detection of a neutron was only 5%.

The second point means that the extremely weakly populated (~ 100ubarn) channels which
decay by the emission of two neutrons will only be detected with an efficiency of 0.05? or
0.25%. Indeed two neutron channels were incremented from the data obtained and the
statistics observed were extremely poor. However the requirement of two neutrons did not
prevent large contamination from the one neutron channels. The explanation for this came
from analysing which neutron detectors fired in a two neutron event. A large proportion
of two neutron signals came from adjacent detectors, this was due to a neutron scattering
from one detector to another. This resulted in a large number of actual one neutron events
being misinterpreted as two neutron events. A solution to this problem is to demand that

two non-adjacent neutron detectors fire in a two neutron event.
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Figure 2.23: Fold and sum energy plots for GAMMASPHERE measured with 83 BGO elements.

The sum energy calibration assumes 2.5 keV/channel.

2.17 ~-ray Fold and Sum energy

The entry point for reaction products produced in a fusion-evaporation reaction in the
excitation energy versus total angular momentum plane is different depending upon which
reaction channel formed the product, ie. it is dependent on the number of evaporated
particles, see Fig. 2.2.

Residual nuclei formed by the evaporation of fewer particles leave the nucleus in a state of
higher spin and excitation energy than channels with higher particle emission multiplicities.
If a highly efficient v-ray detection medium is placed around the target position then the
total sum energy and fold of the ~-rays emitted can be measured. The practical way to
achieve this measurement is to use a BGO inner ball, that is a detector system based on
an arrangement of a large number of small BGO scintillator elements which fit in between
the individual HPGe detectors in the array. Energy resolution is not important therefore

BGO is an ideal candidate. The number of detectors that fire (fold), k, gives an estimate
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Figure 2.24: 2D total (BGO + Ge) fold and sum energy plot.

of the total y-ray multiplicity of the cascade (related to the initial angular momentum of
the system). The total sum energy, H, emitted in a decay cascade gives information on the
initial excitation energy of the nucleus.

The GAMMASPHERE array did not contain a BGO inner ball. However, by removing
the hevimet collimators from the front of the germanium detectors the front of the BGO
suppression shields were exposed. Since each ESS has 7 associated BGO elements combined
to give one signal and the array contained 83 HPGe detectors this gives 83 BGO elements.

This arrangement will however suffer from two problems;

e It will not give the BGO coverage and therefore efficiency of a BGO inner ball.
e It will give false vetoes in the BGO shields which will effect high multiplicity events.

The substantial advantage that improved reaction channel selection provides for this work
means that these points can be disregarded.

Fig. 2.23 illustrates fold and sum energy results from the GAMMASPHERE array. The
average BGO fold (k) is 7, the average BGO sum energy (H) is 7 MeV, indicating an
average y-ray energy of 1 MeV is deposited in the BGO. The H and k observed in the
HPGe detectors can be added to the BGO values to give a total H and k for each event.
By setting software gates in off-line sorting on a two dimensional total fold and sum energy

energy plot, Fig. 2.24, the results shown in Fig. 2.25 were obtained. The figure shows 2p«
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and 5p MICROBALL gated spectra with the extra requirements of high and low Hk. The 3
particle evaporation channel 2pa selects ''%Te studied in this work. The high Hk spectrum
gives the best result because with only 3 particles being evaporated, a higher sum energy
and fold would be expected for the entrance of this channel in the excitation energy against
spin regime. The resulting spectra removes a large degree of contamination from the 4
particle channel 3pa of °?Sb, 4-rays from this nucleus can typically be seen at low energy
(180 keV). For the 5p case the low Hk gate would be the correct choice. Fold and sum
energy gating is therefore a useful technique to improve on the channel selection possible

with the MICROBALL.

2.18 Gainmatching and Doppler Correction

The v-ray events recorded on tape will have energies that depend on the incident v energy,
the amplifier gains in the electronics and the Doppler shifts of the v-ray energies. The effects
of the amplifier gains and the Doppler shifts have to be corrected for using the computer
software methods of gainmatching and a v/c correction respectively, before analysis of the
the data can begin. The method of using a computer to manipulate the data recorded on
tape is referred to as ‘sorting’ the data.

Before and after the experiment, a selection of radioactive calibration sources (*?Eu,
%Co and '®2Ta) were mounted in the target position in the array. The data collected
using these sources were then sorted into individual spectra to enable gain corrections to
be applied in order that a total projection of all the detectors could be constructed. The
sources were chosen such that a broad distribution of energies could be used to provide
excellent gain coefficients.

The recoils leave the target with a velocity 4.5% of the speed of light and decay in
flight. The observed v-rays therefore exhibit a Doppler shift in their measured energies
(E,), depending on the angle of the detector (f) which detects them given by,

E, = E <1 + 2cosB) . (2.10)
c

The Doppler correction is achieved by knowing the recoil velocity v and the angle 6 of each
detector. For this work, the GAMMASPHERE array had ESS detectors mounted in rings at

14 different angles relative to the beam direction. The recoil velocity v was determined by
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Figure 2.25: 2pa and 5p 7-ray spectra gated by high/low fold and sum energy requirements.
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Figure 2.26: Graph of measured peak energy versus cos(f) for the 688keV transition in 31
giving a v/c of 4.26%.

measuring the energy of the 688keV ~-ray in ''®I as a function of the cosine of the angle
of each GAMMASPHERE ring. The gradient of the resultant plot shown in Fig. 2.26 gives a
recoil velocity of 4.26 £+ 0.02% of the speed of light.

The intrinsic resolution of an ESS is ~2.0keV at 1.3MeV. This will not be observed in
practice from a large v-ray array. The major factors affecting the observed resolution can
be summarised as; (i) The intrinsic resolution of the detector system (AE;,: ~ 2.0keV); (ii)
The Doppler broadening due to the finite opening angle of the detectors (AE,pep),this term
is maximised at @ = 90°; (iii) Broadening caused by the evaporation of particles increasing
the recoil cone (AE,e); (iv) The target. In the target Doppler broadening arises from the
slowing down of the recoils and the angular spread of the recoils in the target (AEg,, ).

This may be summaries as;

+ AE?

open

AE, =,/(AE?

int

+AEZ, + AE2,,) (2.11)

ang

In order to help reduce the Doppler broadening resulting from the finite detector opening
angle, 70 of the 110 GAMMASPHERE detectors were electrically segmented into two D-shaped

halves (see Fig. 2.27). The high resolution total energy signal is read out from the centre
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Figure 2.27: Schematic diagram of a GAMMASPHERE segmented detector.

contact. A side channel signal is read from one half of the outer segmented contact. The
magnitude of the side channel signal may be used to determine in which side of the detector
the y-ray interacted. By examining the ratio of the side channel energy to the high resolution
energy, a reduction on the effective detector opening angle is achieved. The contribution to
the Doppler broadening from the detector opening angle is thus reduced. Further details of

this technique are outlined in sec. 3.5.2.

2.18.1 Kinematic Doppler Reconstruction

The relation in equation 2.10 assumes the recoils are emitted along the beam direction. This
assumption, while valid for fusion-evaporation reactions which result in heavy (> mass 120)
recoil nuclei, becomes less so for lighter systems. The emission of light particles has the
effect of broadening the recoil cone which results in y-rays with a poor resolution being
observed. The quality of the spectra studied in this work will benefit if an improvement on
this assumption can be made.

For reactions which result in the formation of a neutron deficient compound nucleus,
the decay is primarily by the emission of charged particles. The detection of these charged
particles can be used to reconstruct the recoil vector of the residual nucleus event by event.

For a neutron deficient reaction channel such as the one studied in this work, substantial
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Figure 2.28: A schematic diagram showing how the emission of a charged particle can alter

the direction of the recoiling nucleus relative to the beam direction.

improvements in the observed v-ray energy resolution can be achieved.

Fig. 2.28 shows the effect of particle emission on the recoiling nucleus. The emission
of a proton, or in particular an alpha particle, which has a larger mass, will change the
direction of the recoil slightly. The MICROBALL measures the momentum and direction
(0,0) of each charged particle emitted in the heavy-ion fusion-evaporation reaction. Once
these values are determined, the direction and momentum of the recoiling nuclei can be
reconstructed [sew94]. This new direction is then used to define the -ray emission angle

for each germanium detector relative to the recoil. By using

1—d,.d,
1—d2’

T

Ey = Eg (2.12)

where Ej is the observed energy, Fj,, is the energy in the lab frame, d, is the direction
of the recoil and d. is the direction of the v-ray, the measured ~y-ray energy resolution is
improved.

The relation expressed in equation 2.12 requires a knowledge of the recoil velocity. A
selection bias by the MICROBALL means the recoil velocity will be different for each reaction
channel (ie. 4p and 2p«). In order to determine the optimum value of v/c for the 2pa exit
channel which is studied in this work, values close to 4.26 obtained in section 2.18 were
used. The resolution of the 657 keV 2+ — 0% transition in ''Te was measured. The results
obtained are shown in Fig. 2.29.

The results fitted with a parabola determined 4.32% as the optimum value of v/c to use
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Figure 2.29: The resolution obtained for the 2 — 0% transition in '9Te as a function of

the v/c choice, using the kinematic Doppler correction in the MICROBALL.

for the 2pa exit channel. Using this value, the resolutions obtained with and without the
kinematic Doppler reconstruction technique were measured for the lowest seven transitions
in the ground state band of '°Te. Fig. 2.30 shows the improvement obtained.

Before the kinematic recoil correction was used, the resolution at 1MeV was 8.0keV.

This was improved to 5.5keV using the kinematic correction.
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Chapter 3

Results

3.1 Physics Motivation

The extremely neutron deficient region of the nuclear chart with A~110, studied in this
work and illustrated in Fig. 3.1, contains a wealth of nuclear structure information. The
physics of the region is dominated by the close proximity of the Z=50 spherical closed
shell, which has the consequence that nearby nuclei have a close to spherical ground state
configuration. This manifests itself with the observation of strongly single particle level
structures typified in nuclei such as '*Sn [wad96] and '°?Sb [sch96] at low spin.

These exotic proton rich nuclei provide an ideal case in which to observe the competition
between the collective and single particle degrees of freedom. With a limited number of
valence nucleons available outside the '°°Sn closed core, collective modes of excitation are
theoretically possible, and in this valence space level structures may be observed up to
termination. So called ‘band termination’ will occur when the microscopic contribution
from each valence nucleon to a collective structure is exhausted. Evidence for collective
structures at high spin in this mass region has been found in a number of Sn [wad96], Sb
[lan98a] and I [war95] isotopes. There is evidence that particle-hole excitations across the
7=>50 shell gap may stabilise the deformed collective structures observed in these nuclei.

Nuclei in this mass region lie in a region of the nuclear chart where single particle levels
differing in total and orbital angular momentum by 3% are close to the Fermi surface. This
occurs because of the close proximity to the ‘octupole magic’ number 56. An interesting

proposition is that nuclei with N~Z both near an octupole magic number might exhibit
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Figure 3.1: The mass 110 region studied in this work. Nuclei in which excited states are
known are coloured in yellow, experimental knowledge of these isotopes extends almost to
the N=Z line. Ground state alpha and proton emitters are coloured, together with the

compound nucleus '*Ba* which is indicated in the top right hand corner of the figure.
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especially strong octupole effects. Theoretical calculations have predicted octupole degrees
of freedom in the light Ba, Xe and Te nuclei [hee94]. Indeed recent experimental evidence

[lan98b] has provided further motivation for a more complete analysis.

3.2 Previous work on the light tellurium isotopes

3.2.1 '"0Te - The N=58 isotone

The neutron deficient nucleus '°Te has 52 protons (Z) and 58 neutrons (N), lying close to
the Z=50 spherical closed shell. The nucleus is therefore predicted to have a very small
prolate ground state deformation. The nucleus belongs to the set of N=58 isotones including
108Sn [wad96] and '9°Sb [sch96] which provided the first evidence for deformed collective
structures at high spin in this mass region, and '"?Xe which is predicted to show strong
octupole correlation effects.

The 2+ —0% transition in '9Te was first identified in 1985 following the 3 decay of
H4Cs [tid85] (M4Cs—14Xe—110Te). The assignment was later confirmed by mass gated
~-ray spectra obtained with the EUROGAM ~v-ray spectrometer, which was mounted at the
end of the Daresbury recoil separator, then situated at the Daresbury Laboratory, UK.
[pauUP].

The reaction *®Ni(*®Ni,a2p)!!°Te was utilised by E.S.Paul et al. [pau94] to populate
high spin states in ''%Te with a beam energy of 250 MeV. The Tandem Accelerator Super-
conducting Cyclotron (TASCC) facility at the Chalk River Laboratories of AECL Research
was used to provide a "®Ni beam incident on a 1mg/cm? *®Ni target with a thick '°TAu
backing. v — v data were collected using the 87 spectrometer, which consists of 20 (25%)
Compton-suppressed HPGe detectors plus a 71-element BGO inner ball calorimeter. Ap-
proximately 3.5x107 events were collected in just 8 hours of beam time. The level scheme
deduced from this experiment is illustrated in Fig. 3.2. Spin and parity assignments were
made following an angular correlation analysis using the method of Directional Correlation
from Oriented states (DCO), see sec. 3.5.1 for an explanation of this technique.

The use of a thick target precluded a high spin analysis, but ensured excellent resolution
for the analysis of y-ray transitions at low spin. The existence of octupole correlation effects

in this nucleus was postulated in Ref. [pau94] due to the enhanced nature of the observed
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Figure 3.2: The level scheme for 1!%Te prior to this work [pau94].

E1 transitions. However, no evidence for any collective rotational structure was observed,
the low spin level scheme instead being explained in terms of collective vibrations. In this
work the GAMMASPHERE array has provided increased statistics and the use of a thin target

has enabled a more complete high spin analysis.

3.2.2 Identification of '%Te

The first excited states of *?Te were identified in 1994 following -ray correlation with -
delayed protons (from '°?Sb) and alphas using the then novel method of recoil decay tagging
[pau95]. A 240 MeV *®Ni beam supplied by the Daresbury tandem Van de Graaf accelerator

was incident on a %*Fe target mounted in the EUROGAM array of HPGe detectors. The
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Figure 3.3: The level scheme for !°°Te prior to this work [dom95].

Daresbury recoil separator and the Edinburgh Double-sided Silicon Strip Detector (DSSD)
were used to separate the beam from the recoils and detect G-delayed protons respectively.
A decay scheme for 1%9Te populated by the 2pn exit channel was hence constructed.
Another experiment established '°Te by in-beam spectroscopy in 1994 using the reac-
tion 5*Fe(°®Ni,2pn)!'%°Te. The experiment was performed at the Niels Bohr Institute using
a 270 MeV ®®Ni beam incident on a 10mg/cm? thick *Fe target. The NORDBALL detector
system which consisted of 15 Compton suppressed HPGe detectors was augmented with a
30 element BaFs calorimeter, a 21 element Si ball for the detection of charged particles and
11 liquid scintillator neutron detectors in order to provide a clean channel selection capa-
bility. 4.2x10%y — v events were collected and sorted into particle gated v — v 2D spectra

(matrices). The level scheme deduced from this work is shown in Fig. 3.3. v — v angular
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Figure 3.4: The v-ray fold distribution recorded for this work, illustrating a maximum for

fold is 3, 4 and 5.

correlation intensity ratios were used in an attempt to determine the multipolarity of the

v-ray transitions.

3.3 Data analysis techniques

High spin states in 19Te were populated using the *®Ni(**Ni,2pa)!'Te fusion-evaporation
reaction and '9Te using the *Ni(*®Ni,2pan)!%Te reaction. The data were written to tape
for events containing a minimum of 3 suppressed v-ray events in coincidence with a charged
particle being detected in the MICROBALL, together with the number of associated neutrons.
This ensured that clean exit channel selection was possible. A total of 1.4 x 10° events were
recorded in four days of beam time. The number of suppressed HPGe detectors that fired
within 50ns of the trigger, referred to as the germanium fold, recorded for this work is
shown in Fig. 3.4. It illustrates that quadruple suppressed ~y-events represent the largest
single fold contribution, however there is a significant contribution to the data set from
much higher fold events.

Each event may be unpacked into several lower fold events. An event that contains

three y-rays (E,,, E,,, E,) can be unpacked into three v-v coincidences (E,,, E,,) (E,,,
E.

vs) and (E,,, E,;). In the same way a quadruple event may be unpacked into 4 triples
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or 6 doubles and so on. Clearly the unpacking procedure will result in a large increase in
the effective number of lower fold (triple and quadruple) events. A typical example is that
the largest contribution (28%) to unpacked quadruples (y*) comes from fold 6 events even
though these represent less than 6% of the data.

The high statistics, high fold coincidence data set obtained from the GAMMASPHERE
spectrometer in this work, allows the possibility of placing multiple selection criteria, re-
ferred to as gates, on «y-ray transitions in order to enhance weak features in the data set. An
example of demanding higher fold from a list of 16 ~-ray energies for terminating band 1 in
U137 which is one of the strongest channels populated in this work involving the evaporation
of three protons, is shown in Fig. 3.5. As the required number of energies is increased from
a minimum of one up to four, the contamination from other structures is reduced and the
apparent intensity of the band improves. Note that no background subtraction has been
performed. However the total number of counts in the spectra are reduced as the fold is
increased and when four coincident y-rays are required the spectrum shows a large degree
of statistical fluctuation. In order to maximise statistics and minimise contamination a
compromise must be reached between the gating fold and the required statistics.

In order to utilise the GAMMASPHERE array to its fullest extent, computer software
which allows the high fold analysis of y-ray data has been written. RADWARE[rad95] allows
the high fold data to be unfolded offline into constituent single, double, triple or quadruple
coincidence events. The data can then be replayed into a multi-dimensional spectrum for
analysis.

An event which consists of two ~-rays detected in coincidence is termed a v — 7 coinci-
dence. Such an event can be sorted into a two-dimensional spectrum, termed a matrix. The
event is sorted by incrementing the matrix at positions E,,, E,, and E,,, E, . A higher
fold event such as one which contains 3 ~-rays is first decomposed into constituent v — y
coincidences, three in this case, which are then incremented twice into the matrix, totalling
six increments. A so called symmetric matrix is produced by this procedure, because the
matrix is symmetrical about its main diagonal. If one sets a gate on one axis of the matrix,
everything that is in coincidence with that vy-ray will be projected into a 1d spectrum for
the user to view. The RADWARE program ESCL8R provides a graphical interface to facilitate

a detailed analysis.
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Figure 3.5: Terminating band 1 in '31. The effect of requiring higher fold from a list of
16 ~-rays is illustrated. The figure indicates that sums of triple gates from 7* coincidences

provide the optimum choice. No background subtraction has been performed.
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The analysis of higher fold data is afforded by the use of the RADWARE package LEVIT8R.
The data can be unfolded into constituent triple coincidence events and incremented into
a three dimensional spectrum, termed a cube. Such a method of data storage enables two
gates to be required, only «-rays which are coincident with both gates are projected onto
the third axis of the cube to form a 1d spectrum.

The fold distribution obtained for the GAMMASPHERE array shows that fold four events
represent the peak fold. This high fold data can be unfolded into constituent quadruple
coincidence events and replayed into a RADWARE format hypercube. The analysis of the
hypercube was afforded by the use of the 4DG8R graphical analysis program. The program
allows three gates to be set, events which are coincident with all three gates are then
projected onto the fourth axis of the hypercube to form a 1d spectrum.

The increasing number of dimensions needed to store the v events has the effect of
increasing the storage requirements. A typical ¥? matrix may require 30MB of disk space,
while a v* hypercube can require 10GB of storage space, however the combination of the
GAMMASPHERE array and the powerful RADWARE analysis software enables the full potential
of a data set to be investigated.

All the 1d spectra projected from the multi-dimensional arrays obtained in RADWARE
possess a background which results from Compton scattering, random coincidence events
and unresolved statistical y-ray transitions. The contribution to the spectra from such
sources is unwanted and may swamp weak structures. RADWARE uses a simplified variant
of the automated method of Palameta and Waddington [rad95] in order to account for

background in the multi-dimensional arrays.

3.4 Efficiency calibration

In order to extract meaningful intensity values from the data set, the data must first be
corrected for the efficiency of the detection device. The relative efficiency of a HP Ge detector
is generally expressed relative to the response of a 3x3inch cylindrical Nal(T1) detector to
the 1.3MeV ~-ray from a %°Co source placed 25cm from the detector. The GAMMASPHERE
HPGe detectors are quoted as 75% efficient.

The pulse height spectra obtained in this work contain y-rays with energies ranging

from ~100keV up to 3MeV. The response of a HPGe-detector to y-ray photons of varying
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Figure 3.6: Efficiency calibration curve for the GAMMASPHERE array with 83 HP Ge detectors

obtained using '%?Eu, %Co and '82Ta sources.

energy has therefore to be calibrated. The total photopeak efficiency of the GAMMASPHERE
array has been measured using a selection of radioactive sources chosen such that a broad
distribution of energies from keV to MeV was available. The sources %?Eu, 6Co and '82Ta
were mounted in the target position of the array and data were acquired for offline analysis.
A total projection of the pulse height spectra for each source was obtained after the initial
gainmatching procedure was completed.

An energy calibration was performed on the source spectra, the peaks were then fitted
using an automated peak fitting routine to obtain the peak intensities. The peak fitting
routine assumed the peaks to be composed of three primary components; a Gaussian; a
skewed Gaussian and a smoothed step function increasing the background on the low energy
side of the peak. The transition intensities were compared with known standard source data
using the EFFIC code [orn] from which efficiency information was extracted.

The efficiency curve obtained for the GAMMASPHERE array with 83 HPGe detectors is
shown in Fig. 3.6. The curve has a characteristic shape, with a sharp drop off at low energy
and a continuous drop with increasing energy, explained with the knowledge that a HPGe

detector is very poor at detecting low energy ~-rays, with energy <70keV, because these
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will be absorbed in the aluminium can surrounding the Ge-crystal. At higher energies there
is a larger probability that the y-rays will not interact in the crystal. The efficiency curve
obtained has a turnover point of 260keV. The presence of the MICROBALL charged particle
detector results in the turnover point being slightly higher in energy than expected. This
results in a reduction in the low energy y-ray detection efficiency due to increased absorption
of low energy transitions in the thin CsI(T1) elements. The efficiency fit obtained allows

valid intensity information to be extracted from the data.

3.5 Level scheme construction

The ordering of transitions in the level schemes obtained in this work relies on knowledge
of coincidence relationships between the v-ray transitions and their relative vy-ray inten-
sities. To assist in assigning spins and parities to transitions in the level schemes, the
multipolarities were extracted from the data by conducting an angular correlation analysis.
A measurement of the linear polarisation for some of the transitions has been attempted,

enabling the electric or magnetic character of the y-ray transitions to be determined.

3.5.1 Angular Correlations

Following a heavy-ion fusion-evaporation reaction, the residual nuclei are aligned with their
spin directions in a plane perpendicular to the beam direction. The population of the
magnetic substates is usually assumed to form a Gaussian distribution about the direction
of alignment. For two v-rays which are detected at angles 6 and 6> with respect to a plane
perpendicular to the beam axis, where the angle A¢ = ¢ — ¢ is defined as the angle
between the planes subtended by this axis and the outgoing v-rays, then the intensity of a

~-transition defined using these terms is given by the angular correlation function,
W (01,602, Ag). (3.1)

A complete angular correlation analysis has not been attempted in this work, instead the
method of Directional Correlation from Oriented states (DCO) [fle89] was used to assist
with the assignment of transition multipolarities. By a comparison of the intensities of
the y-rays observed at backward angles and those observed at angles near 90° sufficient

information can be obtained to distinguish between v-rays of multipolarity one and two.
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Figure 3.7: Illustrative experimental DCO ratio results for ''°Te from this work. Clear
separation between stretched dipole and quadrupole stretched quadrupole transitions is
evident. Transitions with a degree of multipole mixing are illustrated for the purpose of

completeness.

Two matrices containing v — v coincidences from detectors at 6 ~ 90° and all angles
and 6 =~ 130° (backwards) and all angles respectively, were constructed. It was possible
to project out 1-d spectra by placing gating requirements on the all axis of both matrices,

allowing the experimental DCO ratio,

R _ W(61,0 =all,Ap = all) _ 1,,(61,0[gate])
PCO = W (05,0 = all, AO = all) ~ I,,(05,0[gate])”

to be determined for each ~-ray transition. One drawback of the DCO method is the

(3.2)

Rpco, defined in equation 3.2, which depends on the multipolarity of the gating transi-
tions. For this work only stretched E2 transitions were used as gates. The intensity ratios
obtained were compared to values of known stretched quadrupole > stretched quadrupole
and stretched quadrupole <+ stretched dipole transitions simplifying an otherwise compli-
cated analysis and providing an essential calibration. This approach yields Rpco for pure
stretched quadrupole and pure stretched dipole transitions of 1.0 and 0.63 respectively.
Representative experimental DCO ratio results obtained in this work are shown in Fig. 3.7.

A positive or negative mixing ratio () will perturb the measured value from that of
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its pure counterpart. Knowledge of the electromagnetic character of a v-ray transition can
be inferred from the extent of the multipole mixing. A pure stretched dipole transition
should have a DCO value of 0.63, however a magnetic dipole transition is likely to contain
a degree of multipole mixing. Non stretched E2 decay can compete producing a mixed
M1/E2 transition with a perturbed DCO value. This assumption allows a measured pure
dipole DCO ratio to be inferred as an El because E1/M2 mixing is not significant. The
electromagnetic character of transitions which have been inferred in such a way should be

regarded as extremely tentative assignments.

3.5.2 Linear Polarisation

In this work a determination of the electric or magnetic character of the emitted v radiation
has been attempted by using the GAMMASPHERE array as a Compton polarimeter. The
technique uses the knowledge that a ~-ray will always Compton scatter preferentially in a
direction which is perpendicular to its electric field vector. The GAMMASPHERE segmented
HPGe detectors provide a facility to observe the fraction of clean events which share their
energy between both sides of the detector (shared S) and those which confine themselves
to one side (confined C), see Fig. 3.8.

The classification of a ‘confined’ or ‘shared’ event depends on interaction position of a
~v-ray in the HPGe crystal. The high resolution total energy signal is read out from the
centre contact. A side channel signal is read from one half of the outer segmented contact.
The magnitude of the side channel signal may be used to determine the interaction point of
a y-ray in the detector by examining the ratio R of the previously calibrated side channel
energy to that of the high resolution energy. If the ratio is more than 90% or less than 10%
the event can be considered ‘confined’ to the right or left respectively. An intermediate
value implies a ‘shared’ event.

The experimental linear polarisation for the GAMMASPHERE array is defined as [sch95],

11 {nC—S} (33)

T QunlC+S
where C and S represent confined and shared events respectively, @) is the v-ray polarisation
sensitivity and 7 is the relative efficiency for the detection of confined and shared events. The

number of confined and shared events can be used to calculate an experimental asymmetry,
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Figure 3.8: A schematic diagram of a GAMMASPHERE segmented detector. Notice how
events which are confined to one side of the detector (C) or scatter (S) between both sides

of the detector are determined.
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Figure 3.9: Measurement of the relative efficiency for the detection of confined and shared

events (1), obtained using a '52Eu radioactive source.
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Figure 3.10: Experimental linear polarisation results obtained in this work. Transitions
electric in nature have a positive polarisation, magnetic transitions have a negative polari-

sation. Mixed M1/E2 transitions provide values close to zero.

which is used to determine the linear polarisation using the above relation. A measurement
of the polarisation sensitivity of the GAMMASPHERE segmented detectors from [sch95] has
been used, with values that range between 0.052 at 415 keV to 0.043 at 1368 keV. The
magnitude and energy dependence of () were interpolated using a Monte Carlo simulation.

In this work a measure of the detection efficiency for confined and shared events 7 has
been obtained. Total projection spectra for a '2Eu source mounted in the GAMMASPHERE
target position were analysed for shared and confined events. ~-ray intensity measurements
were extracted using the RADWARE program GF2 using the standard peak fitting procedure
previously discussed in sec.3.4. The ratio of shared events to confined events was obtained
and plotted, the result is shown in Fig. 3.9.

The figure shows a smooth variation with incident -ray energy. At low energy, the
probability of an event Compton scattering is low, therefore the relative efficiency rapidly
decreases. The curve approaches a value of ~0.3 for increasing energy. The curve indicates
that for low energy y-rays (E<200keV) it will be difficult to extract any useful polarisation

information.
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Knowing the relative efficiency for the detection of confined and shared events, the po-
larisation sensitivity and the ratio of confined to shared events from the experimental data,
it is possible to extract linear polarisation information. The method involved constructing
two matrices from the coincidence data, which was first unfolded into v? doubles. One axis
of the matrix corresponded to single hits in any detector, the other axis corresponded to
shared events in one matrix and confined events in the other matrix. The single hits axis
was used to apply specific '9Te gates in order to obtain good quality spectra.

An example of the experimental linear polarisation results obtained for '9Te is shown
in Fig. 3.10, a full set of results are quoted in table.3.2. The values averaged ~0.4 for
stretched E2 and E1 transitions, and are closer to zero or negative values for mixed M1/E2
dipole transitions. The reader should note that the GAMMASPHERE segmented detectors
were not primarily designed for use as a Compton polarimeter. The polarisation sensitivity
is poor in comparison to the EUROGAM clover detector, a composite detector containing 4
HPGe crystals. This detector design allows scatters which are parallel or perpendicular to
the reaction plane to be investigated simultaneously, significantly improving polarisation
sensitivity.

The experimental results are observed to show large uncertainties. Only modest success
in achieving reliable linear polarisation results was therefore achieved. Linear polarisation

results are hence only quoted for the strongest transitions.

3.6 Relative yields

In order to access the most neutron deficient residual nuclei, a symmetric reaction (Ni+Ni)
has been used to form the compound nucleus. An extremely neutron deficient compound
nucleus such as ''®Ba* can decay via a large number of exit channels. The use of ancillary
detectors to enable channel selection is paramount and the techniques used were discussed
in detail in chapter 2. The choice of stable beams and targets is somewhat limited, with
the reaction 8Ni + %®Ni the only choice in order to access the most neutron deficient xenon
and tellurium isotopes.

Prior to the experiment, statistical codes were used to predict evaporation-residue
cross-sections. These codes are generally unreliable at correctly predicting the evapora-

tion residues in such a neutron deficient mass region, typically over estimating the number
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Residual Nucleus | Exit Channel | ALICE yield (i) Experimental Yield (ii)
mb % arb.units (£10%) | % (£10%)

H4xe 2p 72 14 8 3
H3Xe 2pn 9 2 3 1
H2Xe 2p2n 6 1 <1 <1
1131 3p 100 20 76 24
127 3pn 13 3 26 8
12T 4p 93 19 100 31
HlTe 4pn 8 2 5 2
10T 2pa 81 16 70 22
109e 2pan 8 2 2 1
109G} 3pa 71 14 13 5

Table 3.1: Relative evaporation-residue yields obtained from; (i)the statistical code ALICE

(ii) estimated experimental yield.

of neutrons emitted. However, the code ALICE [pla75] has provided reasonable estimates
previously for this beam and target combination. The beam energy choice of 250MeV
was based on the results from the ALICE calculations, detailed in table 3.1, combined with
previous knowledge of this reaction [pau94, pau95].

Table 3.1 also details the estimated relative yields extracted from an all against all
2D matrix replayed into the RADWARE program ESCL8R from the total ungated data set.
ESCLS8R like the other RADWARE analysis programs determines energy and intensity values
using a least squares fitting routine. The intensity values are corrected for the efficiency
of the array automatically by the program once an appropriate efficiency curve has been
extracted.

The results in table 3.1 show a representative selection of the exit channels populated
in this experiment and clearly demonstrate the need for a channel selection capability.
Experimentally the strongest three exit channels are shown to involve pure charged particle
evaporation; 4p (1'2Te), 3p (*'*I) and a2p (*!°Te) respectively. This indicates that 4 particle

evaporation is most likely for the beam energy of 250 MeV. The ALICE calculation obtains
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the correct three strongest exist channels, but somewhat under estimates the number of
particles emitted, indicating 3p as the strongest channel. ALICE also predicts 2p ('4Xe)
will carry a significant amount of the reaction cross-section, this prediction is found to
be an overestimate of the experimental yield. If the experimental and theoretical results
are considered together the choice of beam energy to access the light tellurium isotopes is
vindicated.

In order to approach the N=Z line further neutron evaporation is required. The evap-
oration of one neutron producing a more neutron deficient residual nucleus has a much
smaller cross-section since charged particle evaporation is more likely, this is clearly demon-
strated experimentally and theoretically. Two neutron exit channels are populated with an
extremely low cross-section. Experimentally the yield of such evaporation residues as the
N=58 isotone '2Xe, recently identified from this data [smiG], is observed to be somewhat
smaller than that predicted by theory. Indeed the most effective way to approach N=Z is
by the evaporation of an a-particle. This implicitly removes two neutrons. The neutron
deficient nucleus, '9Te is accessed in this way and it represents the third strongest exit

channel in the data.

3.7 Results for 19Te

3.7.1 The sorting procedure

In order to extract the optimum quality data for ''°Te from the total data set, a detailed
analytical procedure was followed. The raw data was first extracted off the magnetic tape
and sorted to ensure the y-ray spectra were correctly gainmatched and Doppler corrected
(sec.2.18). A time constraint was then placed on the GAMMASPHERE TAC (Time to Ampli-
tude Converter). The TAC records a spectrum indicating the time after the master trigger
at which the y-ray interacted. The constraint ensured only prompt events were incremented
at this stage of the sort. Therefore bad events or those events which were delayed, such as
isomeric transitions, were rejected.

The sort then ensured that only events associated with the a2p exit channel were con-
sidered, by placing constraints on charged particles detected in the MICROBALL (sec.2.14.1).

An inspection of representative 1d v-ray spectra obtained showed a small amount of parti-
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cle mis-identification in the MICROBALL. The primary source of unwanted events, termed
contaminants, came from a3p (!°?Sb). This occurred because one proton was being missed
by the MICROBALL due to its reduced efficiency when considering multiple particles.

The BGO elements in the GAMMASPHERE array were used as a calorimeter to provide
some degree of fold and sum energy selection. By setting a high threshold, the contamination
from channels with a larger number of evaporated particles than '°Te such as '°?Sb was
greatly reduced (sec.2.17).

The resolution of the observed v-ray transitions can be significantly improved for this
reaction by attempting a kinematic Doppler reconstruction using the MICROBALL. This
technique, detailed in sec.2.18.1 uses the knowledge that when a particle such as a proton or
an alpha is emitted, the direction of the recoiling nucleus can be changed. By reconstructing
each event knowing the interaction point of the charged particles associated with it, the

resolution for a 1 MeV 7-ray in ''°Te was improved from 8.0keV to 5.5keV.

3.7.2 Analysis Techniques

The initial 1.4x10° events were reduced to 6.2x107 after the sorting procedure was com-
pleted. This represents 5% of the total data recorded. The data were then unfolded into
constituent quadruple (y*) coincidence events and replayed into a RADWARE format 4-D
hypercube with a non-linear gain compression of 2 channels/FWHM. Transitions between
33 keV and 2.8 MeV were stored in the hypercube which had 891 channels per dimen-
sion. A total of 2.4x10% events were incremented, indicating an average of 4 quadruples
per event. The hypercube occupied 1GB of disk space. The 4DG8R package facilitated a
detailed analysis of the data. The package enabled one to set y-ray gates on three axes of
the hypercube and project out 1-D spectra onto the fourth axis. A RADWARE format triple
coincidence (v3) cube was also incremented. A total of 4.2x10% events were incremented
with an average of 7 triples per event. The same non-linear gain coefficients were used as

previously discussed.

3.8 Band Structures in °Te

The level scheme proposed for ''°Te is illustrated in Fig. 3.11. The transition energies

are given in keV and their relative intensities are proportional to the widths of the arrows.
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The multipolarities of the majority of transitions were determined following a DCO angular
correlation analysis. The electric or magnetic character of the y-ray transitions was, where
possible, determined using results from a linear polarisation analysis. A number of transi-
tions have had their electromagnetic character inferred from DCO results. The measured
transition energies and the relative intensities of the low spin y-rays in ''°Te are listed in
table 3.2. This table also contains a summary of the DCO and linear polarisation results
together with the assignments concluded from this analysis. High spin results can be found
in tables 3.3 and 3.4.

In order to simplify the discussion of the level scheme proposed for '19Te the bands have
been assigned numbers. The numbering system will be used to refer to a specific structure
throughout the rest of this work.

The level scheme deduced in this work generally confirms the assignments of [pau94]
shown in Fig. 3.2. Differences occur between the published work and the current analysis
above the 15~ state in band 3 and above 16~ state in band 4. The improved statistics of the
present analysis disprove the assignment of two bands feeding 15~ in band 3 and significantly
change band 4. The DCO ratio results are generally in good agreement with those obtained

in Ref. [pau94], with linear polarisation results further supporting the existing assignments.

3.9 Low spin positive parity structures

3.9.1 Band 1

The low spin '%Te level scheme is in general a complicated collection of many irregularly
spaced levels, containing a number of doublet or near doublet transitions. The ordering of
transitions is based primarily on coincidence relationships and intensity arguments. The
sequence of levels labelled as 1 includes 5 members and is yrast up to spin 8. A background
subtracted coincidence spectrum generated by gating on the 657 keV 27 — 07 transition
in a symmetric v — v matrix of ''%Te is shown in Fig. 3.12. The transitions in band 1 are
clearly visible along with a large number of other y-rays associated with this nucleus.
Inspection of this gated 1-d spectrum reveals the quality of the spectra observed in
this work. The energy resolution obtained following the use of a thin target with a large

v/c (4.5%) reaction, improved by the use of detailed analytical techniques 2.18.1, is still
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Figure 3.11: The proposed level scheme deduced for ''°Te following an analysis procedure

using a RADWARE format hypercube. The transition energies are given in keV and their

relative intensities are proportional to the widths of the arrows.
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Figure 3.12: A coincidence spectrum generated from the RADWARE matrix analysis code

ESCL8R gated on the 657keV 27 — 0T transition in ''°Te. Yrast transitions in bands 1,2
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somewhat poor. This has the important consequence that states with a similar energy, ie.
those separated by ~2 keV, will not be resolved properly if they are coincident with each
other. The term doublet in this work will therefore be used to describe both exact energy
doublets and those transitions which cannot be resolved from each other due to the limited
energy resolution.

At low spin, sequences of positive parity states observed to the left and right of band 1
have been confirmed and extended. The band to the left now has a 2% bandhead consistent
with the DCO results, following the addition of a new 607 keV E2 transition. This transition
is observed to be fed by a 296 keV M1 transition indirectly carrying intensity from negative

parity band 4.
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3.9.2 Band 1la

A new structure labelled band 1a which consists of 8 stretched E2 transitions has been
identified extending up to a proposed spin of 26%. A very weak transition of 1368 keV and
assumed E2 nature, is observed to directly link band la to band 1. The band has been
assigned with positive parity following inferred confirmation through DCO ratio results of
the E1 nature of the 6 linking transitions observed to decay to negative parity band 3. The
intensity profile of band 1a is such that below 127 the structure contains almost no intensity
suggesting the configuration is strongly unfavoured at this spin. Indeed it is only with the
greater selectivity afforded by a v* analysis, that the 533 and 1368 keV transitions could be
placed with some confidence. Above spin 121 positive parity band la carries a significant
amount of intensity and is easily identifiable in coincidence spectra, see Fig. 3.13(c). It is
observed to be fed by a number of structures which, due to the existence of self coincidence

doublet transitions, made the correct positioning of y-rays somewhat time consuming.

3.9.3 Band 2

Band 2 is built on a 16" bandhead. The positive parity assignment has been inferred using
the DCO ratio results which suggest an E1 character for the linking transitions to nega-
tive parity band 3. Unfortunately the insensitivity of the linear polarisation measurement
precluded a meaningful analysis, which would have provided a definitive answer. Band 2 is
observed to be yrast above spin 18". In the present analysis an additional transition has
been added extending the structure to 28%. Intensity is seen to feed into this band above
24F, by two proposed E2 transitions connected by a 875 keV ~-ray. A spectrum showing
band 2 projected from a RADWARE format 73 cube requiring the sum of members of band

2 as double gates is illustrated in 3.13(a).

3.9.4 Band 6

The structure labelled band 6, which strongly feeds yrast band 1 via a number of stretched
and non stretched E2 transitions has been significantly extended. Band 6 is built on a
proposed 4% bandhead, it extends up to a tentative spin of 16T, with the addition of four
new in band transitions. Proposed E1 decays link this structure to negative parity bands 3

and 4. Intensity is observed to rapidly reduce in band 6 above 8 making firm spin/parity
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assignments difficult above 10%. A new 494 keV proposed E2 transition is observed to feed
the 81 state in yrast band 1.

3.9.5 Bands 7 and 8

Band 7 is observed to be built on a proposed (20%) bandhead. The 16T — 14" 763 keV
transition in band la has been identified to be a self-coincident doublet with the 762 keV
transition linking band 7 to band 1a. Band 7 is also observed to decay into another structure,
labelled 8 through a 525 keV self-coincident triplet transition. This confirms 762 keV as the
linking transition to band la and therefore the excitation energy of the bandhead for band
7 can be confidently assigned. However it has been difficult to establish the multipolarity
of these linking transitions, so the spins of band 7 should be considered tentative. An
intense 884 keV transition is observed above the bandhead which is itself fed by a number
of structures.

Band 8 was established after the observation of a relatively intense 1075 keV transition
above 147 in band la. Above the bandhead a single 870 keV transition is observed. The
structure decays back into band la via two M1 transitions of energy 238 and 311 keV which
firmly establish the spins of band 8.

3.10 Low spin negative parity structures

3.10.1 Bands 3 and 4

Band 3 was postulated in [pau94] to be built on a 9~ bandhead. This assignment has been
confirmed after the electric dipole nature of the 389 and 448 keV transitions which link
band 3 to band 1 was established from linear polarisation results. Band 3 is observed to be
yrast at moderate spin, indeed transitions in band 3 are clearly visible in Fig. 3.12 which
shows 7-rays in coincidence with the 2% —0% transition in ''Te. An additional transition
assumed to be E2 in character has been added to the top of band 3, extending this structure
to 237. There is no further evidence for additional transitions, which is to be expected since
the new transition is extremely weak and the structure is rapidly becoming non-yrast. At
spins 15~ and above, a positive sequence of states, labelled band 2, decays into the negative

parity yrast structure.
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Figure 3.13: Gated spectra projected from a RADWARE format cube from the sum of double

gates for relevant band members. Bands 1a, 2 and 4 are illustrated, constituent transitions

are labelled. Non-band transitions are labelled with their respective band number. (d)(t)

denotes a self-coincident doublet (triplet) transition. The strong unlabelled y-rays are the

positive and negative parity yrast structure.
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Band 3 is observed to be weakly coupled to another negative parity structure, labelled 4,
by a number of M1 transitions. Band 4 is built on a confirmed 8~ bandhead, which decays
out through three different routes consisting of 325, 519 and 525 keV transitions populating
band 1 in two places and band 6 respectively. The El1 nature of these transitions has
where possible been confirmed. The 525keV transition is however a self coincident triplet
precluding a firm assignment for this y-decay. Band 4 continues above 16~ with the addition
of 1043 and 1116 keV E2 transitions up to a spin of 20~.

Below the 9~ bandhead of band 3, a further 7~ state is observed. It decays to the
positive parity yrast structure via a 1281 keV El transition. A relatively intense 228 keV
E2 connects the 97 and 7~ states. There is no evidence for a transition connecting the
the 8~ bandhead of band 4 to the 7~ state. This transition would however be very low in

energy, which provides a possible explanation why it may not have been observed.

3.10.2 Band 5

Above the 16~ transition in band 4, intensity is observed to feed in from another structure
of undetermined parity, labelled band 5. The 671 keV transition in band 4, is observed to
be a self-coincident doublet with a 669 keV ~-ray that is proposed to link band 4 to band 5.
The choice of the 669 keV transition as the link to band 4 was confirmed by the observation
of a weak 549 keV transition linking the 19(~) state in band 5 to the 18 state in band 4.
The 924 keV transition previously assigned to band 4 is now assigned to band 5. Band 5

continues to higher spin with reducing intensity, up to a probable spin of 23(-).

3.11 High spin decoupled Bands

Four decoupled bands in '9Te have been identified which extend up to high spin. The
level scheme proposed for these bands is illustrated in Fig. 3.11 in the context of the
complete ''9Te level scheme, and clarified in Fig. 3.14. The spectra for the decoupled
bands, illustrated in Fig. 3.15 and Fig. 3.16, were created from the sum of coincident
double gates for all listed members of each band. The resulting spectra projected from a v3
RADWARE format cube provide excellent insight into the structure of the bands. The non-
linear gain compression used in the v* hypercube and 73 cube, which have fewer channels

at high energy where the experimentally observed energy resolution is relatively poor, has



E, (keV)' | L, (%)? | Rpco® p Multipolarity | Assignment | Band
122.9 1.4 0.33(4) — M1/E2 9~ =8~ | 34
186 <1% - - (M1/E2) 117 =10~ | 3—4
214.2 3.6 0.56(3) — M1/E2 67 — 6t | 61
228.0 5.2 0.89(2) - E2 9= — 7 3
238.0 3.4 — — (M1/E2) 187 — 181 | 8—1a
242.9 2.0 0.47(2) — M1/E2 137 =127 | 34
252.8 2.3 0.60(2) — M1/E2 8t — 7t 1
262.0 1.8 0.81(15) — M1/E2 197 — 18~ | 3—4
265.7 1.7 | 1.19(5)%3 — El 8~ — 8T | 41
293.4 9.8 0.84(1) | -0.02(10) M1/E2 67 — 6T 1
295.8 1.3 0.40(4) — M1/E2 7t 6" 1
307.2 1.4 0.56(2) — M1/E2 157 — 147 | 3—4
308.3 1.2 — — (M1/E2) 177 =17 | 53
311.0 4.5 — — (M1/E2) 16T — 161 | 8—1a
318 <1% - - (M1/E2) 177 = 16~ | 3—4
324.6 1.0 0.84(1) — El 8§~ =8t |4-la
328.0 6.4 0.93(2)618 — E2 67 — 4T 1
335 <1% - — (E1) 127 — 12+ | 46
383.7 1.1 — — (E1) 10~ — 101 | 46
388.8 23.4 0.64(1) | 0.39(11) El 9- — 8t | 351
430.9 2.9 0.75(1)* | 0.20(19)5 M1/E2 10 =9 | 43
447.4 41.5 0.64(1) | 0.02(9) El 9= =8+ | 31
466.6 4.3 0.59(2) — El 22t 217 | 23
478.6 2.5 0.33(4) — M1/E2 14~ =13~ | 4-3
483.7 1.5 0.16(1) — M1/E2 127 =117 | 4-3
493.9 1.1 — — (E2) 107 — 8+ | 61
512.7 6.5 | 0.51(3)%53 — M1/E2 4t 4% | 61
519.0 8.3 0.59(2) — El 8§~ =7t | 41
524.7 11.8 0.88(1)* | 0.21(17)5 E2 6 — 47T 6

Table 3.2: Summary of low spin experimental results for 119Te.

92
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E, (keV)' | I, (%)? | Rpco® p Multipolarity | Assignment | Band
525.0 7.2 0.88(1)* | 0.21(17)5 El 8§~ — 87 4—6
525.0 6.1 0.88(1)* | 0.21(17)5 E2 20T — 18T | 78

533 <1% — — (E2) 121 — 10t la
549 <1% - — (M1/E2) 197 — 18t | 54
552.8 14.5 1.09(1) - E2 107 — 8~ 4
571.4 1.2 — - (E1) 11~ =10t | 3-6
573.3 10.0 0.39(1) — M1/E2 7t 6" 1
578 <1% - — (E1) 13- =12t | 3—6
592.8 10.3 0.58(1) - El 200 - 19- | 23
606.5 1.5 1.03(3)53 - E2 6+ — 4t 1
613.0 2.4 | 0.96(3)%3 — E2 4+ — 27F 1
617.7 78.5 1.04(1) | 0.55(9) E2 11" =9 3
646.8 11.3 0.89(2)* | 0.22(17)5 El 9= — 8+ 3—6
648.2 15.6 0.89(2)* | 0.22(17)5 E2 8t — 67T 6
657.2 100.0 | 0.85(1) | 0.01(12) E2 2t — 0F 1
668.6 5.9 0.91(2)* - M1/E2 177 =16~ | 5—4
670.9 9.5 0.91(2)* - E2 127 = 10~ 4
676 <1% - — (M1/E2) 16~ — 15~ | 4—3
687.5 9.0 0.99(1) | 0.61(33) E2 14T — 12+ la
693.2 2.5 — - (E2) 10t — 8+ 6
721 <1% - — (E2) 12T — 10t 6
722.0 16.0 1.02(6) - E2 14~ — 12 4
723 <1% — - (E1) 18t =17 | la—3
725 <1% - — (M1/E2) 18~ = 177 | 43
725.1 11.1 1.09(1)* | 0.65(11)* E2 18(H) = 16(H) | 2
727.8 68.0 1.09(1)* | 0.65(11)* E2 137 = 11~ 3
744.3 91.3 0.86(1) | 0.39(13) E2 4t — 2t 1
762.2 4.3 1.29(2)* — E2 20t — 18T | 78
762.8 14.0 | 1.29(2)* - E2 167 — 14+ la




E, (keV)! | I,(%)* | Rpco® p Multipolarity | Assignment | Band
766.9 18.7 | 0.56(1) - El 18t = 177 | 23
772.3 4.4 0.63(2) — El 161 - 15~ | la—3

77 <1% — — (E2) 14T — 127+ 6
785.8 63.0 1.00(1) - E2 15~ — 13~ 3
789.3 4.4 | 0.53(7)53 — M1/E2 4+ — 4t 1
794.3 5.1 0.65(3) — El 14T - 13~ | 1la—3
812.5 16.2 1.03(1) | 0.46(12) E2 20(H) — 18(H) | 2
824.0 61.3 | 0.96(1) | 0.34(8) E2 6t — 4t 1
826.3 22.7 | 0.98(1) — E2 8t — 6+ 1
835.5 4.2 0.59(1) - El 12t = 117 | la—3

847 <1% — — (E2) (16T — 141) 6
862.1 3.0 |0.73(6)%18 — E2 8t — 6% 6—1
870.0 6.1 — — (E2) 187 — 16F 8
875.0 1.2 1.07(4) — E2 28(H) — 26(+) | 2
884.0 4.1 1.26(2) - E2 22+ — 20t 7
897.5 4.0 — — (E2) 26T — 24+ 2

921 <1% — - (M1/E2) 2t - 2t 1

921 <1% — — (E1) 10t -9~ | la—3
924.0 3.9 1.12(4) — E2 19) 51760 | 5
943.3 12.5 1.26(2) — E2 18T — 16F la
970.6 21.3 1.05(2) | 0.41(16) E2 22(H) - 20(+) | 2
983.4 1.9 | 0.99(2) — E2 16~ — 14~ 4
986.9 17.6 | 0.98(1) — E2 19- — 17 3
993.3 42.1 1.05(1) | 0.55(11) E2 17- = 15~ 3

999 <1% - - (E2) 28(H) — 26(+) | 2
1007.7 1.0 | 0.97(2) — E2 20t — 18+ la
1031.8 2.9 0.97(5) - E2 22+ — 20t la
1035.4 8.6 0.63(2) - El 16T — 15~ | 23
1038.1 4.1 — — (E2) 6t — 4t 6—1
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E, (keV)! | I, (%)? | Rpco® P Multipolarity | Assignment | Band
1039.4 2.1 — — (E2) (24T —227) | 1a
1043.4 8.1 | 1.14(4) - E2 18~ — 16~ 4
1047.0 4.0 — — (E2) 28(+) - 26(+) | 2
1056.0 1.7 — — (E2) 21) 5190 | 5
1061.8 48.0 | 0.95(1) | 0.28(8) E2 8t = 6F 1
1062.2 16.58 | 0.97(3) — E2 24(+) - 22(+) | 2
1071.4 9.3 | 1.22(2) — E2 26(H) — 24(+) | 2
1075.0 3.2 - — (E2) 167 — 147F 8
1087.7 2.5 - - (E2) (24T — 227F) 7
1094.4 11.5 | 1.00(3) - E2 22+ — 20t la
1096.2 3.9 ]0.98(2) — E2 217 — 19~ 3

1103 <1% — — (E2) 23~ — 21~ 3
1106.0 7.6 | 1.04(3) - E2 23~ — 21 la
1113 <1% - — (E2) 230) 5210 | 5
1116.2 4.1 | 1.01(5) — (E2 20~ — 18~ 4
1118.0 154 | 0.99(2) - E2 67 — 4t 1
1122.5 2.0 | 0.94(6) - E2 24+ — 22+ la
1258.2 4.8 |0.92(2) — E2 4T 2t 6—1
1281.1 4.5 | 0.50(1) - El 7T 6" 3—1
1293.1 1.1 - - (E2) 26 — 247+ la
1368 <1% — - (E2) 10T — 8+ la

[1] Energies are estimated to be accurate to +0.3 keV for strong transitions (>10%) rising to +0.6
keV for weaker transitions. Energies quoted as integers are estimated to be £1 keV.

[2] Errors on relative intensities are typically <5%.

[3] DCO ratios were obtained from the sum of gates on the 657 and 745 keV quadrupole transitions
unless otherwise indicated.

[4] DCO ratio obtained from composite peak.

[5] Linear polarisation result obtained from composite peak.
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aided the observation of the less intense high energy transitions. The weak population
of these bands has precluded a successful angular correlation analysis, therefore transition
multipolarities are assumed. A detailed results summary for these bands is included in table

3.3.

3.11.1 Band 9

Band 9, illustrated in Fig. 3.15(a), is observed to carry 8% of the ''°Te channel intensity.
It is a sequence of 10 ~y-ray transitions, assumed stretched E2 in character, increasing in
spin up to a tentative (467). The intensity of the ~ transitions is observed to decrease
rapidly at high spin (E, > 1626 keV), coinciding with an increase in the spacing of adjacent
transitions. Below 36" in band 9 a 1587 keV transition is observed in coincidence. The
transition is visible in the spectrum of band 9 shown in Fig. 3.15(a) and is included for
completeness.

Below spin (341) in band 9 there is no evidence for intensity feeding out over several
transitions, indeed the most intense transition is observed to be the 1109 keV ~-ray. This
implies band 9 must decay out to the low spin level structure at approximately spin (267).
Following a detailed analysis procedure involving the v* hypercube, the tentative assignment
of a discrete y-ray transition linking band 9 to the low spin level scheme at spin (247) in
band 2 has been made. The 994 keV ~-ray is observed in coincidence spectra obtained from
the sum of double gates containing members of band 9, shown in Fig. 3.15(a). The 994 keV
transition is observed to be a self coincident doublet which enhances the apparent intensity
of transitions in band 9. This unfortunately had the consequence that the multipolarity
of the link could not be determined. The spins and parities for band 9 have therefore to
be considered tentative and are based on lowest estimates from the observed coincidence
spectra. Arguments which use the theoretical interpretation discussed in chapter 4 have
been used to provide confidence that the suggested assignment of positive parity even spin
is indeed correct.

No further discrete transitions were observed linking band 9 to the low spin level scheme,
therefore the requirement that the list of members of decoupled band 9 (A) were in coinci-
dence with the list of members of the ground state bands 1 and 3 (B) was used. The gated

spectrum was only incremented if a sum of triple gates meeting the requirement [A/A/B]



97

[22,2] 10

.

(469)
221/ 72
(2750)
2545
(449, _ 11 ’]2
1457 [22,3]
(447 [21,3]
2468 2271 (43
wn | e 2267
2345
(4204
2242 2041 Lm
(o) len 2002
I (407 2082
1837 [
2010 74@9+)
_ (39 1739
(38*
P Gl 1870
1659
1805 743;77) b4 7£7+>
T 1533 (80 g 1649
349y -
. G4y 1489
1464 «kp) I 1452 (339
G204 A (320 1302
1331 GOl 1372 —
(3094 ds0- 126
1316 29%)
ﬂ():“:" ﬂISIE‘- R , 55
(26*)! 2z 1 ll". 55

Figure 3.14: The high spin level scheme obtained from this work. Illustrated are the

decoupled bands and the possible routes for decay out, determined from investigation of

the coincidence spectra.
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E, (keV)! | L, (%)? | Multipolarity | Assignment | Band
1109.0 | =100 (E2) 28+ = 26%) | 9
1216.6 | 82(3) (E2) (30" —281) | 9
1330.7 | 80(3) (E2) 32+ = 30%) | 9
1463.5 | 64(3) (E2) 34+ —320) | 9
16255 | 54(3) (E2) (367 = 34+) | 9
1805.4 | 38(2) (E2) (381 = 36%) | 9
2010.0 | 22(2) (E2) 40+ —387) | 9
2242.1 8(4) (E2) 42+ —40t) | 9
2468.2 1(1) (E2) (44t —421) | 9
2750) | <1% (E2) (467 — 447) | 9
1587.0 | 17(3) (E2) (367 — 34%) | 9
1177.7 | 62(5) (E2) (29~ —277) | 10
13164 | 62(6) (E2) (317 —297) | 10
14450 | =100 (E2) (33~ =317) | 10
1532.9 | 188(7)* (E2) (35~ —337) | 10
1533.0 | 188(7)* (E2) (37 —=357)| 10
1658.6 | 92(5) (E2) 39~ =377)| 10
1837.3 | 76(5) (E2) (41- = 397) | 10
2041.1 | 36(4) (E2) (43~ = 417) | 10
2271.1 | 13(2) (E2) 45~ —437) | 10
2545.0 1(1) (E2) 47" —457) | 10
1372.0 | 74(7) (E2) (32 —307) | 11
1452.0 | 92(7) (E2) (34~ —327) | 11
1540.0 | =100 (E2) (36~ —347) | 11
1654.0 | 70(6) (E2) (38~ = 367) | 11
1799.0 | 46(5) (E2) (40~ —387) | 11
2002.0 | 23(4) (E2) (42~ —407) | 11
2267.0 | 9(2) (E2) (44~ —427) | 11

Table 3.3: A detailed summary of experimental results for the decoupled bands in 'Te. In-
tensity values are quoted as a percentage of the strongest single transition in each structure.

The spins, parities and multipolarities of the transitions should all be considered tentative.
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E, (keV)! | L, (%)? | Multipolarity | Assignment | Band
1125.6 | =100 (E2) 31+ — 20%) | 12
1302.1 | 99(8) (E2) (33+ — 31%) | 12
1489.0 | 53(5) (E2) (35 —33%) | 12
1649.3 | 64(8) (E2) (37 = 35%) | 12
1869.8 | 16(4) (E2) (397 — 37t) | 12

2082 <1% (E2) 41+ —39%) | 12
2345 <1% (E2) 43+ = 41%) | 12

[1] Energies are estimated to be accurate to £0.3 keV for strong transitions (>10%) rising to £0.6

keV for weaker transitions. Energies quoted as integers are estimated to be £1 keV.

[2] Errors on relative intensities are typically <5%.

was met. This approach has revealed possible unobserved decay paths from band 9 into the
low spin level structure of ''9Te. The possible decay path is indicated in the detailed level

schemes illustrated in Fig. 3.11 and Fig. 3.14.

3.11.2 Band 10

Band 10, Fig. 3.15(b), was populated with a lower intensity than band 9, comprising
approximately 6% of the total channel intensity. It is observed to consist of 10 assumed
stretched E2 ~-ray transitions increasing in spin up to a proposed (477). The remarkable
feature of this band is the 1533 keV self coincident doublet transition clearly illustrated
in Fig. 3.15(b). The placement of adjacent 1533 keV ~-ray transitions was made using
intensity arguments following a detailed analysis procedure. The intensity of the band,
similar to band 9, is seen to decrease rapidly at high spin above the 1837 keV transition
with the spacing between adjacent transitions increasing. Below the 1533 keV self-coincident
doublet transition, intensity is observed to feed out of the band structure over the lowest
three transitions of 1178, 1316 and 1445 keV. Band 10 is seen to strongly feed band la and
band 2, however no discrete transitions are observed carrying this intensity.

The tentative spins and parities assigned to band 10 are based on lowest estimates from

the observed coincidence spectra with allowances for the angular momentum of the linking
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transitions, and the results of theoretical calculations run to determine the configurations
of these structures. Using this argument band 10 has been tentatively assigned negative

parity and odd spin.

3.11.3 Band 11

Band 11, Fig. 3.15(c), consists of 7 assumed stretched E2 transitions increasing to a pro-
posed tentative maximal spin of (447). The structure is populated with an intensity of ~5%
that of the total channel intensity. Band 11 shows many similarities to band 10. The band
is observed to decay out over the lowest three transitions, although there is no evidence
for discrete links between this structure and the low spin level scheme. Assigned spins and
parities are based on the same assumptions as for the other decoupled structures. Band
11 is observed to feed band 2 particularly strongly. Above the (40~ — 387) 1799 keV
transition the intensity of the band is observed to decrease sharply with increasing ~-ray

spacing.

3.11.4 Band 12

Band 12, Fig. 3.16(a), consists of 7 assumed stretched E2 transitions, increasing in spin up
to a tentative (43%) state. The intensity profile of the band is similar to that of band 9,
maximal at low spin, with no evidence for the intensity feeding out over several transitions.
At higher spin above 1870 keV the intensity rapidly decreases as the y-ray spacing increases,
above the 2345 keV transition, a lack of statistics precludes the observation of any further
states. Band 12 is observed to strongly feed the positive parity structure band la. Intensity
reaches band la through the structures labelled 7 and 8. In particular, intensity is observed
to flow through a 1088 keV transition into the relatively intense 884 keV state. With this
knowledge the spins and parities of band 12 have been assigned to be consistent with those
of the other decoupled structures, in particular the assignment must explain the relatively

weak population of 3% the total channel intensity.



102

6-
© ~ (@) band 12
— o
o~ . o
g 4
)
=
)
g 2 |
il
Lol
0 _Jﬂ. IO T
NSZ' 8
2 9 o
wn To) — ™ ™~
- [e)) 00 (QV <o}
S T8 7 F 8
5§ T 5
W n%v v
AR
O 1T IRy ]
3 N (c) band 14
- 3
3 o & o
g 2 ‘” 3
S v v
(@]
O 11
flJ v
0 l\l -t uu,niJvJuﬂw |
2

08 10 1.
Energy (MeV)
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created from the sum of double gates on labelled members of the bands. (a) decoupled
band 12, (b) quadrupole transitions in bands 13 and (c) band 14. The position of the E2
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3.12 High spin coupled bands

Two strongly coupled band structures have been observed in ''°Te extending to high spin.
The term ‘coupled band’ in this context is used to describe a pair of strongly coupled AT = 2
band structures with strong Al = 1 cross-over transitions. The decay schemes determined
for these structures are detailed in Fig. 3.11 in relation to the complete level scheme and
illustrated in Fig. 3.17 with more detail. Spectra for the coupled bands are shown in Fig.
3.16(b)(c), Fig. 3.18 and Fig. 3.19. The spectra shown were obtained using a variety of
gating techniques in order to enhance the apparent intensity of the observed structures. A
sum of double gates from the stretched E2 transitions in each labelled band, projected out
from a RADWARE format 73 cube was used to create the spectra shown in Fig. 3.16(b)(c)
and Fig. 3.18(a)(b). The spectra in Fig. 3.19, which show the quadrupole and dipole
members of the interleaved bands, were created using the RADWARE format v* hypercube.
The dipole «-ray transitions (A) were required to be in coincidence with members of the
H0Te low spin level scheme (B), satisfying the triple gate requirement [qA/A/B] such that
the sum of approximately 350 triple gates were projected into 1-d spectra. The quality of
the observed spectra greatly facilitated the analysis of these structures.

Confirmation of the multipolarity of a number of transitions in the bands was made
possible following an angular correlation analysis using the method of direction correlation
from oriented states (DCO). The DCO results for the most intense transitions in the coupled
bands along with relative intensity measurements and assignments can be found in table

3.4.

3.12.1 Band 13

Band 13, illustrated in Fig. 3.16(b) and Fig. 3.19(a), consists of 10 assumed stretched E2
transitions increasing in spin up to a tentative (38 ). The intensity of the ~-ray transitions
is observed to decrease with increasing spin, coinciding with an increase in the spacing of
adjacent transitions. A discontinuity in this description is however observed above spin
(347). The energy of the (36~) state appears depressed relative to what might be expected.
A high energy ~ transition of 2162 keV is hence observed decaying from (38~) which is the
highest observed spin state.

The intensity of band 13 is seen to reduce sharply over the bottom two observed E2
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transitions of 677 and 773 keV. This observation corresponds to intensity feeding out into
the low spin negative parity band structures. The observation of reducing intensity in band
9 is clarified by observing the intensity profile of the dipole transitions linking band 9 to
band 10. The intensities of the quadrupole in band transitions are confused because these
E2 transitions are doublet or near doublet vy-rays with the more intense members of the low
spin level structure.

Following a detailed analysis procedure a single high energy discrete link into the low spin
level scheme has been observed. The 1569 keV transition of undetermined multipolarity and
electromagnetic character decays directly from (187) into negative parity band 4 feeding it
at spin 16~. This transition was weak in intensity, and was ascertained following a detailed
analysis using a RADWARE format hypercube. Further decay out routes which undoubtedly
feed the low spin level structure could not be determined. The tentative spin and parity of
the bandhead of band 13 was assigned with reference to the calculations detailed in chapter
4. The agreement between experiment and theory obtained in sec. 4.7.1 is used as a strong

argument for the suggested assignment in the absence of experimental results.

3.12.2 Band 14

Band 14, illustrated in Fig. 3.16(c) and Fig. 3.19(a), consists of 10 stretched E2 transitions
and is observed up to a probable spin of (377). The intensity profile of the band is similar
to that of band 13, with decay out observed over the lowest two E2 band members. A single
discrete 1860 keV ~-ray transition of undetermined spin and parity is observed linking band
14 into the low spin level scheme at 15~ in negative parity band 3.

A similar intensity profile and structure is observed in band 14 to that of band 13.
The intensity of the y-ray transitions decreases with increasing spin coinciding with an
increase in 7-ray spacing. A discontinuity is observed at high spin because the (357) state
is depressed in energy, resulting in a high energy transition of 1920 keV depopulating the
(377) maximal spin state. The assignment of the bandhead spin and parity was made from
lowest estimates and with reference to the theory discussed in chapter 4, therefore all quoted

spins and parities should be considered tentative.
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3.12.3 Coupled bands 13 and 14

Bands 13 and 14 are observed to be strongly coupled, linked by a cascade of 20 M1 transi-
tions, extending up to the highest observed spin limit. The intensity of the M1 transitions
is observed to be at a maximum near spin (227). At higher spin values the reduction in
intensity of the M1 transitions is offset by an increase in the E2 transition intensity, enabling
the coupled bands to be observed to unusually high spin.

The strongest dipole transitions were confirmed M1 in character following the angular
correlation and linear polarisation analysis, the remaining dipole transitions therefore have
inferred character. Fig. 3.19(a) shows an example of a 1-d projection created from the
sum of 325 triple gates from a RADWARE format hypercube. The quadrupole and dipole
transitions which make up the coupled band structure and their associated intensity profiles
are clearly visible. The coupled band structure consisting of bands 13 and 14 is observed to
carry approximately 14% of the ''%Te channel intensity. This high population intensity per-
mits the structure, particularly the low spin dipole transitions which are especially intense,
to be easily observed in low spin gates, see Fig. 3.13(b).

Below the 397 keV dipole transition, the coincidence data suggests that there are three
possible routes of decay from the (217) state. A weak 719 keV E2 transition carries a small
proportion of the intensity, the remainder is shared between the 373 and 377 keV transitions.
This observation requires the existence of a second (207) state, which is confirmed by the

observation of a further 346 keV transition decaying back to band 14.

3.12.4 Band 15

Band 15, illustrated in Fig. 3.18(a) and Fig. 3.19(b) is observed to consist of 7 proposed
stretched E2 transitions. Inspection of Fig. 3.19(b) reveals that band 15 is populated some-
what less intensely than either bands 13 or 14. The reduction in statistics has complicated
the analysis procedure. It has proved impossible to establish discrete links between this
structure and the low spin level scheme, however possible routes of decay are indicated on
Fig. 3.11. Band 15 is observed to preferentially feed the negative parity low spin structures,
in particular bands 3, 4 and 5.

The assignment of spins and parities for band 15 must be considered very tentative.

It has been made using lowest estimates, with reference to bands 13 and 14, and with
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theoretical predictions provided by the calculations detailed in chapter 4. The reduced
population intensity of band 15 implies that bands 13 and 14 should have spin units which
are lower and therefore make them energetically favourable to populate relative to band
15. The high spin structure is hence proposed to be built on a (247) bandhead, with in
band transitions extending to (38"). The intensity profile of the band 15 is similar to that
of bands 13 and 14, with a reduction in intensity observed over the lowest two transitions,
1043 and 1143 keV, where the structure is found to feed intensity into the low spin level
scheme. The spacing between adjacent ~-ray transitions is seen to increase as a function
of spin. A similar discontinuity in the ~-ray spacing is found to that of bands 13 and 14.
The (36™) transition appears energetically depressed, resulting in a high energy 2098 keV
transition depopulating the highest observed state at (38%).

3.12.5 Band 16

Band 16 is illustrated in Fig. 3.18(b) and Fig. 3.19(b). It consists of 6 assumed stretched
E2 transitions increasing from a tentatively assigned bandhead spin of (25%) up to (371).
The intensity profile is similar to that of the other coupled structures. No discrete links to

the low spin level structure could be ascertained.

3.12.6 Coupled bands 15 and 16

Bands 15 and 16 are observed to be coupled structures. They are linked by a cascade
of 11 M1 transitions of varying intensity which are proposed to extend up to the highest
observable spins. A number of the M1 v-rays are near doublet transitions with low spin
band members. Inspection of Fig. 3.19(b), illustrates the problem of extracting reliable
information regarding the intensities and multipolarities of the transitions. The strongest
M1 transition, through which a large proportion of the intensity of the band flows, is the
27t —26T 561 keV ~-ray. Placing a single gate on this transition produced the spectrum
shown in Fig. 3.18(c), which shows clearly the E2 transitions which make up bands 15 and
16.
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E, (keV)! | I, (%)? | Rpco® | Multipolarity | Assignment | Band
335.3 46(1) | 0.93(2) M1/E2 (19~ — 187) | 13/14
341.8 34(1) — (M1/E2) | (20~ — 197) | 13/14
346.1 21(1) - (M1/E2) | (201 —197) | 13/14
372.3 50(1) | 0.71(1) M1/E2 (21 = 207) | 13/14
377.3 74(1) | 0.67(1) M1/E2 (217 —207) | 13/14
397.2 =100 | 0.70(1) M1/E2 (227 —217) | 13/14
432.0 76(1) | 0.72(1) M1/E2 (23~ —227) | 13/14
463.4 66(1) | 0.72(1) M1/E2 (24~ — 237) | 13/14
488.4 46(1) | 0.73(1) M1/E2 (25~ — 247) | 13/14
539.7 25(1) | 0.85(2) M1/E2 (26 — 257) | 13/14
542.0 14(1) | 0.85(2) M1/E2 (277 — 267) | 13/14
577.6 31(1) — (M1/E2) | (28~ — 277) | 13/14
611.1 32(1) - (M1/E2) | (29~ — 287) | 13/14
628.7 14(1) - (M1/E2) | (30~ —297) | 13/14
674.0° 38(1) - (M1/E2) (31= —307) | 13/14
691.0* 26(2) - (M1/E2) | (327 = 317) | 13/14
777.0% 13(2) — (M1/E2) (33~ —327) | 13/14
790.0% 16(2) - (M1/E2) (34~ — 337) | 13/14
847.0 7(1) — (M1/E2) | (35~ —347) | 13/14
850 <1% — (M1/E2) | (36~ —357) | 13/14
1070 <1% — (M1/E2) | (37 —367) | 13/14
677.0 25(1) — (E2) (200 — 187) | 13
719.1° 66(1) - (E2) (217 —-197) | 14
719.9° 66(1) — (E2) (19 = 177) | 14
774.0 14(1) — (E2) (227 —207) | 13
829.0% 52(3) - (E2) (23~ —217) | 14
895.0 27(1) - (E2) (24~ —»227) | 13
951.9 29(1) — (E2) (25~ —237) | 14

Table 3.4: Detailed summary of the experimental results for the coupled bands in 11°Te.



E, (keV)! | L, (%)% | Rpco® | Multipolarity | Assignment | Band
1027.8 20(1) — (E2) (26~ —247) | 13
1083.2 42(1) - (E2) (27 = 257) | 14
1119.5 35(1) - (E2) (28~ —267) | 13
1189.4 24(1) — (E2) (29 —277) | 14
1239.4 20(1) - (E2) (30 - 287) | 13
1302.6 17(1) - (E2) (317 - 297) | 14
1367.0 16(1) — (E2) (32~ —=307) | 13
1469.5 14(1) — (E2) (33- = 317) | 14
1567.8* 12(1) - (E2) (34~ —»327) | 13
1569.24 12(1) — (E2) (18~ —167) | 13
1638.2 8(1) — (E2) (35~ —337) | 14
1697.2 7(1) - (E2) (36~ —347) | 13

1860 <1% — (E2) (17" = 157) | 14
1920 <1% - (E2) (37— —=357) | 14
2162 <1% - (E2) (38~ —367) | 13
519.94 150(5) - (M1) (261 — 25T) | 15/16
560.5 =100 — (M1) (27 — 26T) | 15/16
582.1 71(2) — (M1) (281 — 27T) | 15/16
609.7 88(3) - (M1) (291 — 28%) | 15/16
649.8% 122(3) — (M1) (307 — 297) | 15/16
671.6* 184(4) — (M1) (31 — 30T) | 15/16
723.65 236(3) — (M1) (327 — 31%) | 15/16
775.2 45(2) - (M1) (331 — 32%) | 15/16
824.2° 213(6) — (M1) (34T — 33T) | 15/16
845.1 13(2) — (M1) (35F — 34T) | 15/16
894.2 <1% — (M1) (351 — 34T) | 15/16
1043.3 56(3) — (E2) (267 —24T) | 15
1079.8 37(2) — (E2) (27t = 25T) | 16
1142.5 25(1) - (E2) (281 —267) | 15

111
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E, (keV)! | L, (%)% | Rpco® | Multipolarity | Assignment | Band
11915 | 14(1) - (E2) (207 — 27%) | 16
1259.8 | 26(1) - (E2) (30" — 28%) | 15
13224 | 16(1) - (E2) (31F = 297) | 16
13944 | 15(1) . (E2) (327 = 30%) | 15
1497.4 | 16(1) - (E2) 33+ = 317) | 16
1598.5 | 11(1) - (E2) 34+ = 320) | 15
1668.1 8(1) - (E2) 35+ = 337) | 16
17384 | 6(1) - (E2) (367 — 347) | 15
19115 | 5(1) - (E2) (37T = 35%) | 16
2098 <1% - (E2) (38F = 36) | 15

[1] Energies are estimated to be accurate to +0.3 keV for strong transitions (>10%) rising to +0.6
keV for weaker transitions. Energies quoted as integers are estimated to be £1 keV.

[2] Errors on relative intensities are typically <5%.

[3] DCO ratios were obtained from the sum of gates on the 657 and 745 keV quadrupole transitions
unless otherwise indicated.

[4] Energy doublet : Intensity measurement is that of composite peak.

[5] Energy triplet : Intensity measurement is that of composite peak.

3.13 Results for PTe

3.13.1 The sorting procedure

The sorting procedure used to select ''9Te which was discussed in sec.3.7.1 was followed.
In order to isolate '%Te, which forms as a residual nucleus through the a2pn exit channel,
the extra requirement of one neutron detected in coincidence with a vy-event was added.
The BGO elements in the GAMMASPHERE array were again used as a calorimeter. A low
energy cut was placed on the fold and sum energy, which corresponded to a four particle
exit channel.

The initial 1.4x10° events were reduced to 4.7x10° following the sorting procedure. The
data were then unfolded into constituent double (2) coincidence events and replayed into a

RADWARE format matrix. A total of 2.2x10% v — v events were incremented, indicating an
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Figure 3.20: The proposed level scheme for '%°Te. The transition energies are given in keV

and their relative intensities are proportional to the widths of the arrows.

average of ~5 doubles per event. The data set was also incremented into a v* cube in order
to provide an improved selection capability. A total of 2.2x10° events were incremented,
which in itself is a very low number of statistics to justify the construction of a cube. The
data was of sufficient quality however, that the v cube greatly facilitated the analysis.
The requirement of one neutron detected in coincidence with a ~-ray event was found
to significantly reduce the number of statistics obtained. Following the sorting procedure,
the exit channel populating % Te yielded just 2% of the statistics obtained for 1'°Te, which

involved pure charge particle evaporation.
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3.13.2 Band structures in " Te

The level scheme proposed for '%?Te from this work is illustrated in Fig. 3.20. Transition
energies are given in keV and their relative intensities are proportional to the widths of
the arrows. An angular correlation analysis using the method of directional correlation
from oriented states (DCO) was used to determine the multipolarity of the majority of
transitions in the data. The large error in the angular correlation intensity ratios obtained
for the weaker transitions does not allow precise spin assignments for the higher lying states.

The weak population intensity of the 19°Te exit channel precluded the successful determi-
nation of linear polarisation results for this nucleus, therefore the electromagnetic character
of a number of y-rays was inferred using DCO results from the degree of multipole mixing
obtained. The measured transition energies, relative intensities and DCO results together
with band and spin assignments concluded from the analysis are summarised in table 3.5.

Inspection of the level scheme proposed for '°9Te reveals a structure containing a com-
plicated pattern of many irregularly spaced levels, containing doublet or near doublet v-ray
transitions. Such a level structure is typical of nuclei in close proximity to the Z=50 shell
gap. In order to facilitate a discussion of the band structures illustrated in Fig. 3.20, a
unique number has been assigned to each band, which will be used throughout the rest of
the discussion.

The level scheme presented here significantly extends that proposed in Ref. [dom95].
This work confirms the positioning of y-ray transitions proposed in Ref. [dom95], however
a number of transitions have differing parity.

A selection of coincidence spectra included to demonstrate the quality of the data ob-
tained are illustrated in Fig. 3.21. These spectra illustrate the total ungated projection, of
the 42 matrix, Fig. 3.21(a). The effect of placing one coincidence requirement (gate) on
the 494 keV 15/2~ — 11/2~ transition in the matrix, Fig. 3.21(b), and a double gating
requirement on the 494 and 609 keV transitions in the v cube Fig. 3.21(c). The later plot
shows that there are a sufficient number of counts in the 3 cube to enable an enhanced
selection capability.

The selection procedure used to isolate '%Te is responsible for the remarkably clean
ungated spectrum obtained, Fig. 3.21(a). Transitions in band 1 are particularly strong and

have been labelled. It is evident that as the number of coincidence requirements is increased,
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there is a significant fall in the number of statistics obtained. However the quality of the
observed spectra improves with a reduction in contamination from ~v-ray transitions in
nearby nuclei, such as '98Sb. 198Sh represents the strongest contaminant observed in this
data set. It is produced through «3pn exit channel and is incremented because of mis-
identification in the MICROBALL, due to the reduced efficiency for the detection of many

charged particles, see sec. 2.14.1.

3.13.3 Bands 1 and 3

The sequence of levels labelled band 1 is built on an 11/27, 1.09 MeV bandhead. It has been
extended from 35/27 up to 47/27 with the addition of three new transitions. Band 1 now
contains nine proposed stretched E2 transitions following confirmation of their E2 character
from the DCO analysis. It also may contain a further two tentative ~-rays extending the
structure to (55/27) which, due to a lack of statistics, could not be firmly assigned. Band
1 is observed to be yrast up to spin 39/27 and therefore it is clearly visible in the selection
of coincidence vy-ray spectra obtained for '9°Te, illustrated in Fig. 3.21.

~-ray sequences 2 and 3 decay into band 1 via a number of stretched dipole transitions.
Indeed the newly identified band 3 is proposed to be the signature partner to band 1. Band 3
is built on a 13/2~ bandhead at an excitation energy of 1.95 MeV. It contains four proposed
stretched E2 transitions extending in spin up to 29/2". Band 3 is linked to band 1 via three
weak AI=1 transitions. The 861 keV transition is a direct decay from 13/27 — 11/27, the
304 and 271 keV ~-rays are tentatively proposed as up-hill stretched M1 transitions. Five
inferred E1 transitions are observed to feed intensity out of band 3 into a structure labelled

4.

3.13.4 Band 2

Band 2 has been extended from 37/2% up to a tentative (49/2%). The structure is built
on a 29/2% bandhead below which all the intensity feeds into band 1. Band 2 is now
assigned with positive parity because of the four inferred E1 dipole transitions which link

this structure to band 1.
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Figure 3.21: Coincidence spectra illustrating the spectrum quality obtained for *°Te. (a)
represents an ungated projection of the symmetric 2pan v — v matrix used for the analysis,
a number of '®°Te transitions are labelled. (b) the spectrum obtained once a single gate on
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3.13.5 Band 4

Band 4 has a 7/2 bandhead and decays directly to the ground state of 1%Te. The 98 keV
transition which carries the intensity of band 4 into the ground state has a confirmed M1
character, firmly establishing the spins and positive parity of band 4. The structure has
been extended from 19/2% up to (31/2") with the addition of three new proposed stretched
E2 transitions. Band 4 is fed by band 3 through a number of AI=1 transitions of assumed

E1 character.

3.13.6 Bands 5, 6 and other low spin structures

A number of stretched dipole and stretched quadrupole transitions feed intensity from bands
1—4 into the 5/2% ground state of '%Te. The majority of these low spin transitions are
relatively intense, allowing their multipolarity to be determined from angular correlation
results. Using these results the low spin decay scheme was constructed.

Bands 5 and 6 present themselves naturally out of the large number of y-ray transitions
observed at low spin. Band 5 may represent tentative evidence for a pair of positive parity
signature partner bands, based on 5/27 and 7/2% bandheads. Band 6 is a positive parity
structure which consists of two stretched E2 transitions. It is based on a 5/2% bandhead,
linked to the ground state of '““Te by a proposed non-stretched magnetic dipole (M1)
transition of 265 keV.

Several weak transitions were observed in coincidence with band 1. These transitions
could not be unambiguously placed in the level scheme, the appropriate levels are shown

dashed in Fig. 3.20.



E, (keV)! | L, (%)% | Rpco® | Multipolarity |  Assignment | Band
98.4 8.1 | 0.90(10) M1/E2 7/2t = 5/2F | 46
152 <1% — (M1/E2) 9/2% —7/2% | 65
225.3 13.1 | 0.75(4) M1/E2 9/2+ — 7/2% 5
265.5 11.0 | 0.71(6) M1/E2 5/2 — 5/2F 6
271 <1% — (M1/E2) | 21/27 —23/2" | 3—1
304 <1% — (M1/E2) | 17/27 —19/27 | 3—=1
317.2 16.8 | 1.02(8) El 11/27 = 11/2% | 14
326.5 56.7 | 0.61(3) El 11/27 = 9/2% | 1=5
382 <1% — (E1) 29/27 — 27/2% | 3—4
399.2 61.0 | 0.64(3) El 11/27 = 9/2F | 126

424.8 9.8 0.97(5) E2 9/2+ — 5/2F 6
494.5 | =100.0 | 1.10(4) E2 15/27 = 11/2 | 1
530.7 3.3 - (E1) 25/27 — 23/2% | 3—4
538.5 10.7 | 0.80(6) M1/E2 7/2% — 5/2F 5
547 <1% — (E2) 17/27 = 13/2 | 3
580 <1% — (M1/E2) | 13/2t — 11/2F | 6—4
592.1 33.5 | 0.69(3) M1/E2 9/2+ — 7/2F 6
609.1 89.5 | 1.02(3) E2 19/27 = 15/2= | 1
632.6 3.3 0.58(8) El 41/2F = 39/27 | 21
661.3 4.4 0.98(8) E2 13/2+ — 9/2F 6
663.3 7.2 1.03(7) E2 21/27 —17/27 | 3
672.2 4.4 | 0.88(7)* El 37/2T = 35/2T | 21
674.8 27.0 | 0.88(7)* E2 11/2+ — 7/2+ 4
695.2 80.1 | 1.00(3) E2 23/27 —19/27 | 1
760.3 18.3 | 0.88(3)* E2 15/2+ — 11/2+ | 4
763.2 43.7 | 0.88(3)* E2 9/2+ — 5/2F 5
775.3 2.7 — (E1) 21/27 — 19/2F | 3—4

Table 3.5: Detailed summary of the experimental results for 1% Te.
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E, (keV)' | L, (%)% | Rpco® | Multipolarity |  Assignment | Band
796.2 5.2 - (E2) 25/2~ = 21/27 | 3
839.6 8.6 | 0.80(7) El 33/27 — 31/2- | 21
848.8 20.2 0.90(7) E2 37/2F — 33/2% 2
853.8 12.1 | 0.94(9) E2 19/2+ - 15/27 | 4

861 <1% - (M1/E2) | 13/2= = 11/2- | 31
877.4 145 | 0.89(6) E2 33/2 — 29/2+ | 2
886.7 3.0 - (E2) 29/2- —25/2= | 3
889.6 62.7 | 1.01(5) E2 27/2- = 23/27 | 1
895.7 147 | 0.62(8) El 29/2+ 5 27/2~ | 231
933.7 34.3 | 1.01(4) 2 31/2- »21/2- | 1

949 <1% - (E2) 33/2- —29/2 | 3

966 <1% - (E1) 17/2- — 15/2% | 34
973.4 9.3 | 0.93(6) E2 45/2F 5 41/2 | 2
989.4 306 | 0.93(6) E2 412+ 37720 | 2
1008 <1% - (E2) 37/2- —33/2~ | 3
1015.8 18.0 0.96(5) E2 35/27 — 31/2~ 1
1029.2 7.8 | 1.19(13) E2 39/2- > 35/2- | 1
1035.3 4.9 - (E2) 27/2t — 23/2+ | 4
1042.1 10.1 0.98(6) E2 23/2T —19/2% 4
1151.6 1.1 — (E2) 31/2F — 27/2% 4
1179 <1% - (E1) 13/27 — 11/2% | 34
1227.0 3.6 | 1.20(9)% E2 47/27 432 | 1
1232.2 41 | 1.20(9)* 2 43/2- —39/2- | 1

[1] Energies are estimated to be accurate to +0.3 keV for strong transitions (>10%) rising to +0.6
keV for weaker transitions. Energies quoted as integers are estimated to be £1 keV.

[2] Errors on relative intensities are typically <5%.

[3] DCO ratios were obtained from the sum of gates on the 495 and 609 keV quadrupole transitions

unless otherwise indicated.

[4] DCO ratio obtained from composite peak.



Chapter 4

Discussion

Introduction

A numerous variety of nuclear structure phenomena are associated with nuclei in close
proximity to the Z=>50 closed shell. Even-even tellurium isotopes manifest behaviour typical
of vibrational structures at low spin, here multi-phonon excitations describe the observed
band structures. At higher spins however, certain two quasiparticle configurations coupled
to the underlying vibrational structure become yrast. Specific non-collective oblate states
composed of aligned single particle angular momentum are observed in this regime, where
such a structure is energetically favourable. At high spin, particle-hole excitations across
the Z=50 shell gap have been observed to stabilise deformed collective structures. These
structures extend up to the highest values of angular momentum available for their specific
configurations.

The tellurium isotopes have their neutron and proton Fermi surfaces located in the main
50-82 shell, consequently inspection of a relevant single-particle Nilsson diagram illustrates
N=4 orbitals sy/9, d3/2, d5/2 and g7/ with positive parity and the N=5 negative parity
intruder orbital i11 /o will play an important role in explaining any observed band structures.

This chapter attempts to explain the rich variety of nuclear structure phenomena ob-
served within the single and quasiparticle Nilsson formalism. Theoretical calculations which
use a configuration-dependent shell-correction approach with a cranked Nilsson potential
without pairing [afa95] have been used to provide additional interpretation for the collective

high spin structures in ''°Te observed for the first time in this work.
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Figure 4.1: Total aligned angular momentum plot for the low spin band members in '!0Te.

Positive parity states are labelled with filled symbols.

Throughout this discussion experimental and theoretical configurations are labelled us-
ing the [p1p2, n] nomenclature where the number of particles relative to the Z=N=>50 doubly
closed shell are considered such that, p; represents the number of wgg/o holes, ps represents

the number of 7hy; /, particles and n represents the number of vhy;/, particles [afa95].

4.1 Low spin band structures in ''°Te

4.1.1 Experimental alignment plots

The rotational behaviour of ''°Te has been investigated by observing the total aligned

angular momentum along the rotation axis, which can be expressed as,

L=/ +1/2)? - K2 (4.1)

Where [ is the angular momentum (spin) and K is the projection of the total angular

momentum onto the symmetry axis. By plotting I, as a function of rotational frequency,
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Figure 4.2: Alignment plot for the low spin band members in '10Te. Positive parity states

are labelled with filled symbols.

the plot shown in Fig. 4.1 was produced. The rotational frequency can be defined by
hw = dE/dI, which approximates to iw ~ E., /2 for stretched quadrupole transitions.

Fig. 4.1 indicates that a number of quasiparticle alignments are taking place. In order to
investigate further the differences between the various configurations it is useful to introduce
the relative quantities ¢’ and i, the experimental routhian and alignment respectively. In
order to obtain these quantities it is necessary to transform the experimental data into the
intrinsic frame of the nucleus. This requires the subtraction of a core contribution, leaving
the single particle energy and spin contributions solely from the valence nucleons. The

experimental alignment can be written,

ig(w) = Iz (w) — Im,ref(w)' (4.2)

The reference I ,.f(w) is generally obtained from the ground state band of a rotational
even-even nucleus. The assumption at low spin that the nuclear moment of inertia is

proportional to the square of the rotational frequency is used to define an energy reference



123

based on a variable moment of inertia,
T} = Jo+ Fiw? 43
ref — 0 1w . ( . )

Jo and J; are Harris parameters which are obtained by a fit to the reference band.
The nucleus ''°Te has a vibrational ground state band structure which prevents the
extraction of good Harris parameters, therefore a reasonable fit has been made to transitions

in band 3 above the neutron alignment. The rotational reference, I, s is hence defined by,
Ix,ref(w) = W(jo + j1w2) —ip. (4.4)

The Harris parameters 3'0218.67321\/[&/_1 and j0:31.3h2MeV have hence been extracted
together with 79=5h. These values provide a reasonable reference over the whole frequency
range. The resulting alignment plot for low spin band members in ''°Te is shown in Fig.
4.2. The behaviour of the I, — w plot for these low spin structures shows that ''9Te is not
a good rotor.

The experimental routhian can simply be expressed as,

e'(I) = Egypi(I) — Efpp(I). (4.5)

A routhian represents energy levels in the rotating frame. It is a useful quantity to plot be-
cause it provides precise information about crossing frequencies, enabling the configuration
of a structure to be more readily determined from comparison with theoretical cranked shell
model calculations. A plot showing the routhian €’ as a function of rotational frequency hw

for band 1/1a is illustrated in Fig. 4.6 which can be found in sec. 4.2.1.

4.1.2 Low spin rigid-rotor plot

In order to provide further information about the structure of a specific configuration it
is useful to plot the excitation energy (E(I)) of band members minus a rigid rotor (core)
reference (E,;4(I)), such a plot is referred to as a rigid-rotor plot. This is achieved using

the relation,

h2

Erig(I) = W
rig

I(I+1) (4.6)
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Figure 4.3: A rigid rotor plot showing the low spin band members in !°Te. Positive parity

states are labelled with filled symbols.

Where J(,;4), the rigid body moment of inertia, is expressed by convention relative to 158y
calculated at g9 =0.20 [sim94] such that,
72
2T(rig)

5/3
= 0.007 {%] : (4.7)

A rigid-rotor plot for low spin band members in ''°Te is shown in Fig. 4.3.

4.1.3 Cranked shell model calculations

Shell model calculations using a cranked Nilsson potential have been performed for ''°Te,
in order to provide further theoretical interpretation for the low/medium spin regime. The
calculations were performed for both protons and neutrons using a set of input parameters
derived from deformation self-consistent cranking calculations, based on the total routhian
surface (TRS) formalism [naz87, wys88, naz89]. The TRS calculation for the vacuum con-

figuration, which describes the ground state band in '°Te, produced invaluable information
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Rotational Frequency | Deformation | Deformation | Q¢ | Trixiality

[MeV/h] [52] [e2] [eb] ]
0.000 0.149 0.135 2.00 | -0.04°
0.065 0.146 0.132 1.95 -0.2°
0.129 0.141 0.127 1.88 -0.2°
0.194 0.146 0.132 1.95 -1.3°
0.259 0.148 0.134 1.98 -0.9°
0.324 0.152 0.137 2.04 0.9°
0.388 0.169 0.151 2.27 3.1°
0.453 0.173 0.154 2.32 6.6°
0.518 0.171 0.153 2.30 7.0°
0.582 0.167 0.150 2.24 9.3°

Table 4.1: Theoretical values of the Woods-Saxon quadrupole deformation parameter (s,
the Nilsson quadrupole deformation parameter €9, the associated quadrupole moment and
the triaxiality v presented as a function of rotational frequency. [ and v values were

extracted from TRS calculations performed for the vacuum configuration in '*0Te.

about the deformation and triaxiality of ''Te as a function of rotational frequency. These
results are summarised in table 4.1. Note that the TRS calculations are based on a Woods-
Saxon potential where the nuclear shape is characterised by the (3) deformation parameters.
In contrast, the cranked Nilsson calculations use the ¢) parameterisation. For small defor-
mations o &~ 0.9502, and these inferred values together with an associated value of the
quadrupole moment (@) are also shown in table 4.1. For further details see sec.1.2 or Ref.
[lob70, ben89].

The results show that ''Te has a small but finite deformation at low spin which gradu-
ally increases as a function of rotational frequency. The triaxiality parameter is close to zero
at low spin, becoming finite and positive for higher values of rotational frequency. For the
purpose of the cranked shell model calculations ''°Te can therefore be described as having
a weakly prolate energy minimum with deformation parameters €9 ~0.135 and vy ~-0.04°.
The pairing gap obtained from the TRS calculations was A,=1.030MeV for protons and
A,=1.420MeV for neutrons.



126

Protons Neutrons
Shell model | Nilsson orbital (7, @) Label | Shell model | Nilsson orbital (m,a) Label
9772 [422]3/2+ | (+,+1/2) | A 972 [413]5/2+ | (+,+1/2)
o2 u22j3/2+ | (+,-1/2) | B g2 W13s/2 | (+,-1/2)
ds 2 [420]1/2+ | (+,+1/2) | C ds [411]3/2F | (+,+1/2)
ds /2 [420]1/2+ (+,-1/2) D ds /2 [411]3/2% (+,-1/2)
hi1/s [B50]1/27 | (= -1/2) | E hi1/2 [550]1/27 | (=, —1/2)
hi1/2 [550]1/2~ (=, +1/2) F hi1/2 [550]1/2~ (—,+1/2)
hi1/2 [541]1/2~ (—,—1/2) G hi1)2 [541]1/2~ (—,—1/2)
hi1/2 [541]1/2~ (—,+1/2) H hi1/2 [541]1/2~ (—,+1/2)

o o 0 T oo

-

=]

Table 4.2: Labelling of the quasiparticle levels adopted in this work.

The chosen input parameters produced the quasiparticle plots shown in Fig. 4.4(a)(b).
These plots are drawn relative to the proton or neutron Fermi surface and therefore provide
excellent insight into which orbitals are aligning and at what frequency such an alignment
may occur. Such knowledge greatly aids the assignment of a configuration for an experi-
mentally observed band structure.

In Fig. 4.4(a) and Fig. 4.4(b) frequencies at which alignments take place are labelled
by the aligning orbitals. The notation that is adopted represents the lowest energy proton
(neutron) orbitals of positive-parity as A, B, C... (a, b, c...) and the corresponding negative-
parity proton (neutron) orbitals as E, F, G... (e, f, g...). The parity and signature (m, «)
of the levels are: (+,41/2) - solid lines; (+,—1/2) - dotted lines; (—, —1/2) - dashed lines;
(—,+1/2) - dot dashed lines. The labelling of the quasiparticle orbitals is clarified in table
4.2.

Brief inspection of the quasiparticle diagrams reveals that for the vacuum configuration
neutrons will be the first particles to align. The theory predicts the first neutron alignment
will occur at wey = 0.44 MeV/h. The first proton alignment is predicted to occur at
wap = 0.54MeV /h.
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Figure 4.4: Cranked shell model calculations for 1!%Te. [a] for protons [b] for neutrons. The
calculations use the Nilsson potential with deformation parameters €2=0.135, £4=-0.04 and

v=-0.2°. The pairing gap used was A, =1.030 MeV and A,, =1.420 MeV.
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4.2 Low spin positive-parity states in ''°Te

4.2.1 Band 1

The proximity of the neutron deficient tellurium isotopes to the Z = N = 50 doubly closed
shell has the consequence that the sufficient number of valence particles outside of the
closed core required to induce low-spin collectivity are not available. Tellurium isotopes are
therefore expected to have a small quadrupole ground state deformation (¢ ~ 0.135) and
hence a low-spin decay scheme dominated by single-particle effects.

In common with other even tellurium isotopes, band 1, the ground-state band in ''°Te
is vibrational rather than rotational in character. The E(41)/E(2") energy ratio (2.13) in
H0Te is much closer to the pure vibrational limit (2.00) than the rotational limit (3.33). Fig.
4.5 shows the E(41)/FE(2") energy ratio systematics for even tellurium isotopes between
108Te and '?*Te, the vibrational nature of these isotopes is clearly illustrated by the close
proximity of the E(47)/E(2") energy ratio to two. The excitation energy of the 2% state
is observed to be at a minimum for '?°Te, near the middle of the neutron N=50—82 shell.

The low-lying states with I™ <8* in the even tellurium isotopes have been interpreted
in terms of phonon states where 7[g; /2]2 or g7 /2 ® d5 2] proton configurations are coupled
to the spherical (Z=50) tin core states [lon86, cho82]. Indeed in ''9Te several positive-
parity states are observed at low spin, shown to the left and the right of band 1. These
structures consist of even-spin and odd-spin members connected by both quadrupole and
dipole transitions, characteristic of such structures.

The band illustrated to the left of band 1 in Fig. 3.11 is an interesting case. Prior to this
work this structure was assigned with odd spin with a 3% bandhead feeding the 2% yrast
state by a stretched M1 transition. The presence of a low lying 37 level can be interpreted as
a three-phonon harmonic vibrator 3" state. This state should however appear at an energy
equal to that of the yrast 67 state contrary to experimental observations. A low lying 3%
state would however be observed if ''9Te was a triaxial rotor, a difficult interpretation given
the accepted vibrational nature of the tellurium isotopes. The current analysis reassigns
the bandhead as 2T, the state is now interpreted as part of a two-phonon multiplet. Such
a state would have an excitation energy similar in energy to that of the 4™ state and would

consistent with the expected vibrational interpretation.
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Figure 4.5: Even tellurium systematics. The close proximity of the F(47)/E(2") energy

ratio to two illustrates the vibrational nature of the tellurium isotopes.

4.2.2 Band 1la

Above spin 8", a sharp drop in intensity is observed in band 1 coinciding with the structure
becoming non-yrast, a feature illustrated in the low spin rigid-rotor plot of Fig. 4.3 where
negative parity band 3 is observed to become yrast at spin 97. Inspection of the low-spin
alignment plot illustrated in Fig. 4.2, reveals that a sharp backbend is observed indicating
that a particle alignment has taken place. The non-yrast positive parity structure labelled
band la continues above the backbend.

In common with other even tellurium isotopes the positive parity states above 10 can be
interpreted in terms of an aligned v[hy; /2]2 configuration. These low-{2 hyy /5 orbitals close

to the Fermi surface will be among the first to align. Confirmation of this interpretation is
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Figure 4.6: Experimental routhian plot for '9Te band 1/1a. The plot shows the frequency
(wey=0.44 MeV/h) at which a pair of hy; /o quasineutrons align.

afforded with reference to Fig. 4.2, the low spin alignment plot, which reveals band 1 gains
10A in alignment before continuing as positive parity band la. This increase is consistent
with that expected for a v[hy;/5]* alignment.

Precise determination of the experimental crossing frequency for the alignment in bands
1/1a was possible through the construction of an experimental routhian plot. The plot
shown in Fig. 4.6 indicates a crossing frequency of w.=0.44 MeV /f. Comparison with the
cranked shell model calculations discussed in sec.4.1.3 shows that a pair of hyy/, quasineu-
trons are predicted to align at w,y=0.44 MeV /h. This confirms the accepted interpretation,
in which band 1la may be characterised as a weakly deformed prolate rotor, is applicable
for 10T,

In other even tellurium isotopes the positive parity v[hiy /2]2 configuration is observed
yrast up to high spin. However this is not observed in ''°Te where the positive parity

band structure is observed non-yrast. Here the neutron Fermi surface (N=>58) lies below
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the vhyy /o subshell. This makes the vihiy /2]2 configuration less energetically favourable
allowing negative parity structures to compete.

The low spin rigid-rotor plot, Fig. 4.3, shows positive parity band la, is well above
yrast until spin~ 20". This explains the weak population of this configuration above the
alignment at w.;=0.44 MeV /R, 107 and why it has only been established from this new
data set. Band 1a is observed to behave as an almost perfect rigid-rotor up to 24", above

which the observed intensity of the structure is greatly reduced.

4.2.3 Band 2

The structure of band 2 is discussed within the scenario of octupole collectivity in sec.4.4.

4.2.4 Band 6

Band 6 is a positive parity structure with a 4 bandhead extending in spin above the
vihiy /2]2 alignment with decreasing intensity up to a tentative (167). The alignment plot
illustrated in Fig. 4.2 implies band 6 is rotational in nature with the y-ray energies increasing
smoothly with spin. This structure can be tentatively interpreted in terms of a deformed
4-particle 2-hole [22,2] structure (discussed in sec. 4.6.1) involving a w[(gg/2) % (h11/2)?] ®
v[(hy /2)2] configuration. This provides possible evidence for shape coexistence at low spin
in "0Te. Inspection of a rigid-rotor plot, Fig. 4.3, for band 6, shows it yrast above spin 8*.
The intensity observed in the structure is however not consistent with this interpretation,

further supporting the shape coexistence argument.

4.3 Low spin negative-parity states in '°Te

4.3.1 Bands 3 and 4

Negative parity bands 3 and 4 are populated with significant intensity in 1'°Te, in marked
contrast to other even tellurium isotopes. This observation is explained because the position
of the neutron Fermi surface makes the v[hq; /2]2 configuration less energetically favourable
allowing these negative parity structures to compete. '9Te provides a unique opportunity

to investigate these negative parity structures since their population intensity has allowed
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a detailed spectroscopic study of the bands, which included the observation of a number of
interlinking magnetic dipole transitions.

Band 3 which is negative parity and odd signature (—,1) is yrast at moderate spin.
Inspection of the low spin rigid rotor plot for 1'°Te (Fig. 4.3) illustrates clearly that band
3 is favoured energetically over band 4 throughout and is therefore the favoured signature
for this particular configuration. The experimental alignment plot, Fig. 4.2, shows bands 3
and 4 have similar alignment, which is typical of signature partner bands. Both structures
show an initial alignment less than that of the v[h; /2]2 configuration. This implies a two
quasineutron configuration involving one i/, neutron coupled to a positive parity orbital,
which gives the negative parity for this structure.

Below the 9~ bandhead of band 3, a low-lying 7~ state is observed which decays back to
the yrast low spin structure via a 1281 keV El transition. Such low lying states have been
observed in a number of even tellurium nuclei (}'2Te—!32Te) and they have been explained
in terms of a low-lying two quasiparticle state. This involves the hy;/, orbital in a two
quasineutron v[hq; /2 @ ds /2]7_ configuration, which explains the confirmed negative parity
of the state. It might therefore be expected that bands 3 and 4 are built on a V[h11/2 ® d5/2]
configuration. Indeed inspection of a relevant single particle diagram, similar to that shown
in Fig. 1.4 but calculated for neutrons, implies this configuration is probable.

In this mass region the ds/5[411]3/2" and g7/,[413]5/2% Nilsson orbitals are almost
degenerate. The cranked shell model (CSM) quasineutron diagram calculated for ''9Te and
illustrated in Fig. 4.4(b) shows clearly how close the d5/; and g7/, orbitals are at low spin.
The most energetically favoured orbital from the CSM calculations is the g7/, orbital, for
which the positive parity negative signature level is lowest in energy, which agrees with
what is observed experimentally.

Further experimental evidence to clarify the configuration of these structures was col-
lated. The ratios of the reduced transition probabilities, B(M1;1 — I—1)/B(E2;1 — I—2)
can be extracted by measuring the intensity ratios of competing Al = 1 and Al = 2
transitions. The M1/E2 intensity ratios were measured by placing a double coincidence
requirement on the two transitions lying above each state of interest, in order to ensure

good quality spectra were obtained. The ratios of the reduced transition probabilities were
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E, | I" |Band| Rpco | BOM1)/B(E2) | BOM1) | B(ML) | lgx—grl
(keV) | Initial ([1en /eb)?) (13) (W.u.)
123 9~ 3 0.33(4) - - - -
4310 | 100 | 4 | 075(1) 0.05(1) 0.006(1) | 0.003(0.5) | 0.12(1)
186 | 11— | 3 - 0.17(5) 0.021(6) | 0.012(4) | 0.22(4)
484 | 127 | 4 |016(1) | 0.12(3) | 0.015(3) | 0.009(2) | 0.19(2)
243 | 13~ | 3 |047(2) 0.19(8) 0.025(8) | 0.014(4) | 0.24(3)
479 | 147 | 4 | 0.33(4) 0.20(4) 0.027(5) | 0.015(3) | 0.24(3)
307 15~ 3 0.56(2) 0.11(4) 0.015(4) | 0.008(3) | 0.18(3)
318 | 17 | 3 |0744) | 015(2)  |0.020(3) | 0.011(1) | 0.21(1)

Table 4.3: Measured magnetic dipole strengths in ''°Te coupled bands 3 and 4 assuming

Qo = 200efm? for g5 = 0.135. [1] 431 keV is a self-coincident doublet.

then determined as,

B(M1;1 —1—1) 1 1 [E(E21—1-2)P

B(E2T —1-2) 143 x 104 Aoy [B (M1 — T —1)P3

(ke 2fm 1) (4.8)

where the AI=1 transitions were assumed to have no E2 admixture. B(M1) values were
extracted using a quadrupole moment of Qp=200efm? to obtain the B(E2) rate from the
rotational model, eqn.1.53 [Boh75]. This @y value was chosen based on the predicted low
spin quadrupole deformation of 5 ~ 0.135 for the light tellurium isotopes, a value obtained
from cranking calculations using the total routhian surface (TRS) formalism [wys88]. An
estimate of |gx — gr| was obtained from the equation,

3
B(M1) = = g — gnl? K2|(TK10]T — 1K)*u%. (4.9)

B(M1)/(E2) values together with the DCO ratio results obtained for the dipole transitions
are summarised in table 4.3.

The B(M1)/B(E2) results can be used to assign single-particle configurations, therefore
the observation of dipole transitions has aided the assignment of this structure. A plot of the
experimental B(M1)/B(E2) values against spin is shown in Fig. 4.7(a). The plot also shows
theoretical configurations calculated using the Donau and Frauendorf semi-classical formal-

ism [don87, fra81]. The theoretical plots illustrated are for the v[[413]5/2" ® [550]1/27]
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Figure 4.7: Experimental and theoretical (a) B(M1)/B(E2) ratios of reduced transition
probabilities. (b) |gx — gr| values, assuming Qo =200efm?. (a)(b) Band 3 is labelled
with square symbols, band 4 with circles. Calculations are for the v[[413]5/2% ®[550]1/27]
(¥[g97/2®h11/2]) and v[[411]3/2F ®[550]1/27] ([d5 /2 @11 2]) two-quasiparticle configurations.

(v[g7/2 @ h11/2]) and v[[411]3/2% © [550]1/27 ] ([d5/2 © hq1/2]) configurations.

The B(M1)/B(E2) values obtained for the dipole transitions in bands 3 and 4 show a
small but pronounced signature effect or ‘stagger’. The calculated B(M1)/B(E2) values
show a staggering effect because an experimental estimate of 0.147 MeV for the signature
splitting of bands 3 and 4, extracted from an experimental routhian plot, was included in
the calculation. The experimental B(M1)/B(E2) values are observed to be a factor of ten
smaller than what would be expected for a pure v[h; /2 ®ds /2] configuration. The values
appear to be in better agreement with the estimate for a v[hq; /2 @ g7 /2] configuration.

The DCO results obtained are in general below 0.63, a value which would be expected
for a pure stretched dipole transition. This observation implies that transitions in bands 3
and 4 have a negative mixing ratio (0). The sign of § is related to the structure of a state

by,

sign(g9x — gr)
Qo '

In order for § < 1 then g — gr < 0. The observed DCO ratios imply that bands 3 and 4

sign 6 = (4.10)
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are based on a neutron configuration, in agreement with CSM calculations which show no
interacting proton levels at low spin.

An estimate of the experimental |gx — gr| values extracted from the B(M1)/B(E2)
results is shown in Fig. 4.7(b) together with smoothed theoretical values. |gx — gr| gives
the contribution to the magnetic dipole moment from a valence nucleon (gx) minus that of
the collective rotation of the core (gr). gr can be approximated to Z/A which gives 0.47
for 1'0Te. The experimental |gx — gr| results which average ~ 0.2 imply a g value of 0.67
or -0.27. The low DCO ratio results imply a negative mixing ratio and therefore a value of
gk = —0.27. The theoretical configurations overlayed on Fig. 4.7(b) strongly imply bands
3 and 4 are based on a v[h;/, ® g7/2] configuration.

It is therefore proposed that bands 3 and 4 are built on a v[h;/; ® g7/2] configuration
with a degree of mixing from the v[h; /2 @ ds /2] state necessary to explain the observation
of a low lying 7~ state and specific non-collective oblate states which are discussed in detail

in sec.4.5.

4.4 Evidence for octupole correlation effects

Positive-parity bands la and 2 are connected to negative-parity band 3 by a number of
inferred electric dipole (E1) transitions. Band 3 has been interpreted in terms of a v[h;/, ®
g7/2/ds)2] configuration. Since these orbitals differ in both [ and j by 3 it is proper to
consider the possibility of octupole correlation effects. It should be noted that for all
tellurium isotopes, there is no definitive evidence that the dipole transitions, which infer
octupole correlations, are electric in nature. Confirmation of their electromagnetic character
is therefore paramount.

In this mass region the strongest octupole effects have been calculated for barium
(Z=56), xenon (Z=>54) and tellurium (Z=52) isotopes with Z=56. These nuclei are pre-
dicted to show a softness with respect to octupole deformation in their ground states [ska90].
The Strutinsky calculations of Ref. [ska90] also exhibit octupole deformed minima for the
ground states of both °Te and 19Te.

In order to investigate the configuration of band 2, the magnitude of the intrinsic electric
dipole moment (Dyg) for ''9Te has been extracted by measurement of -ray branching ratios.

The ratios of the reduced transitions probabilities, B(E1;I — I —1)/B(E2;I — I —2) can
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E, I | Band | Rpco | B(E1)/B(E2) B(E1) B(E1) IDo|
(keV) | Initial (10=%fm=2) | (1073e?fm?) | 1073(W.u.) (efm)
767 | 18t | 2—3 | 0.56(1) 0.63** 0.89** 0.60** 0.087**
593 | 20t | 2—3 | 0.58(1) 1.31(11) 1.86(15) 1.25(10) | 0.126(10)
467 | 22t | 23 | 0.59(2) 1.69(53) 2.41(74) 1.63(52) | 0.144(46)
794 | 14% | la—3 | 0.65(3) 0.15(2) 0.21(3) 0.15(2) 0.060(9)
773 | 16T | la—=3 | 0.63(2) 0.12(1) 0.16(1) 0.11(1) 0.037(3)

Table 4.4: Measured electric dipole strengths in 19Te assuming Qo = 200efm? for ey =
0.135. DCO results are included to illustrate the pure nature of these dipole transitions.

(**Measurement from [pau94], uncertainly <10%).

be extracted by measuring the intensity ratios of competing Al = 1 and Al = 2 transitions.
The E1/E2 intensity ratios were measured by placing a double coincidence requirement on
the two transitions lying above each state of interest, in order to ensure good quality spectra
were obtained. The vy-ray branching ratio A = I,(AI = 2)/(I,(AI = 1) was hence extracted

and the ratio of the reduced transition probabilities calculated using,

B(EL;I —1-1) 1 1 [By(EZTI—T1-2)P,,. _,
= (fm™7) (4.11)
B(E2;I —1—2) 1.3 x105 Ay py [EL (BT — T —1)]3
assuming the Al = 1 transitions were pure stretched dipole in character, with no E2
admixture.

The experimental B(E1) values were obtained using a quadrupole moment Q¢ = 200efm?
to obtain the B(E2) rate from the rotational model (eqn.1.53)[Boh75]. The use of an
assumed value of @)y means the absolute values for B(E1) and Dy should only be considered
accurate to within +25%.

The results, including B(E1)/B(E2) ratios extracted for band la and band 2, are sum-
marised in table 4.4 together with deduced B(E1) strengths and an estimate of the size of
the intrinsic dipole moment Dy, obtained using the approach of [Lea86] with eqn. 1.53. The
associated errors shown in table 4.4 are only due to the measured branching ratios. The
B(E1) strengths extracted from this work for ''9Te and %°Te, together with the systematics
of B(E1) strengths extracted in this mass region are shown in Fig. 4.8

The magnitude of Dy results obtained for ''°Te band 2 agrees with values listed in
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Figure 4.8: B(E1) results for ''°Te and neighbouring nuclei.

[pau94], the use of a backed target to provide excellent spectrum resolution in this reference
afforded the measurement of the 18" transition which was not possible here. Table 4.4
includes new Dy values for band 1la.

Inspection of Fig. 4.8 reveals the strongest B(E1) strengths are observed for the near-
spherical tellurium isotopes with B(E1)~10"3W.u. Indeed the B(E1) strengths obtained
for "'0Te are the largest of all the tellurium isotopes. This value is similar to those found
in the neutron rich barium isotopes which lie on an octupole magic number (Z=56). The
values obtained are slightly smaller than those observed in the Ra-Th region [But96] the
most well developed region for octupole effects. In comparison the B(E1) strengths for the
light xenon isotopes are considerably weaker. The B(E1) strengths obtained for band 2 are
one order of magnitude higher that those obtained for band 1la, although the results for
band 1la are still considerably enhanced when compared to B(E1) values measured in other
regions of the nuclear chart, ~10~°W.u.

The enhanced E1 strength observed in ''%Te is cited as evidence for octupole correlation
effects. The octupole character of the nucleus may be induced by either static deformation or

dynamic vibrational effects. In order to try to determine the origin of the E1 enhancement
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Figure 4.9: Ai, plot for bands la and 2 in ''Te. A value of zero is expected for a nucleus

with stable octupole deformation. A value of three is expected in the vibrational case.

a plot of Ai,, the difference in aligned angular momentum between two structures, has
been plotted against the rotational frequency of the nucleus, hw. A plot of Ai, against
hw illustrates the behaviour of octupole nuclei at high spins. Ai, has been calculated by
subtracting from the value of i, for each positive parity state an interpolated smoothed
value for the negative parity states at the same value of Aiw. The resultant plot is shown in
Fig. 4.9.

The coupling of an octupole phonon to the negative parity v[h1/9 ® g7/2/ds/2] states
should yield a Ai, value of three, marked by the dashed line. Here the octupole phonon
quickly aligns with the rotational axis as hw increases [roh88]. A value of zero is expected
for nuclei which possess stable octupole deformed shapes.

The strongly enhanced E1 strengths for band 2 in ''°Te coupled with the evidence from
Fig. 4.9 that an octupole phonon coupled to the core may be responsible for the observed
structure provides strong evidence that '9Te may have an octupole degree of freedom at
high spin. Recent results obtained for !%8Te [lan98b] agree with the results obtained for

H0Te, 198Te shows a pronounced spin dependence of the E1 transition moment, which



139

increases as a function of spin. Such a dependence is also observed in ''Te, however it
is not as marked as in 1°8Te. It has been postulated that rotation may stabilise octupole
deformation at high spin [smi95]. The spin dependence of Dy could be considered as evidence
for this interpretation.

The calculations of [ska90] exhibit octupole deformed minima for the ground states of
both %Te and ''°Te, however the energy gains of the octupole minima compared to the
reflection-symmetric minima are only 60 and 10 keV respectively. It is therefore predicted in
Ref. [ska90] that the tellurium isotopes should show at best the characteristics of octupole
vibration rather than rigid rotation of a reflection-asymmetric shape. The results obtained
in this work would support this interpretation. These results are also in agreement with
calculations using Hartree-Fock+BCS (static correlations) and generator-coordinate (dy-
namic correlations) methods [hee94] which suggest that octupole collectivity is enhanced
by dynamical correlations.

The weaker E1 strengths (and hence smaller Dy) obtained for band 1a when considered
alongside the A, plot does not provide such compelling evidence for octupole correlation
effects. The transitions link bands involving the v[h1 /5 ® g7/2/d5/] and V[h11/2]2, states
with Aj = Al = 3, where the single-particle matrix element would be expected to be

enhanced.

4.5 Evidence for aligned non-collective oblate states

Isotopes of tellurium with A>112 show characteristic favoured oblate states at medium
spin [pau9ba]. Tellurium is two protons above the Z=50 closed shell, allowing it to break
spherical symmetry and have a small but finite deformation (g2 = 0.135). The induced small
deformation requires a high angular velocity to generate collective angular momentum, this
has the consequence that specific non-collective oblate states, representing the maximal
alignment of a subset of the valence particles, may become yrast.

Inspection of the low-spin rigid-rotor plot for 119Te, illustrated in Fig. 4.3, reveals dips
at 14~ and 16" which may be interpreted as energetically favoured aligned single-particle
states. With the aid of recent work [pau95a] which investigated the structure of aligned
single-particle states along the yrast line in light tellurium isotopes, using self-consistent

cranking calculations based on the TRS formalism, it is possible to make an assignment of
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these states with reasonable confidence.

An unexpectedly low lying energetically favoured state is observed at I™ = 16T in
band la, a structure based on the v[h; /2]2 configuration. This state can be assigned as a
fully aligned m[(g7/2)?l6+ @ v[(h11/2)?]10+ Oblate configuration. Such a low lying 16 state
based on the same configuration has been experimentally observed in the heavier tellurium
isotopes 14 Te, 116Te, 118Te and 120Te. In 19Te, the 167 state is observed to be non-yrast
(see Fig. 4.3) unlike its counterparts in the heavier tellurium isotopes. This observation
can possibly be explained by considering the neutron Fermi surface in ''°Te is now below
the v[hy /5] subshell (see section 4.2.2). It is therefore energetically unfavourable, but not
improbable, for such a configuration to exist. No evidence has been found for such a state
in the heavier even-even isotope ''2Te, however the availability of the good high-fold data
set used in this work will enable a more detailed analysis of this nucleus.

A further low-lying non-collective oblate state with negative parity is predicted at 14~.
This configuration is based on the aligned 7[(g7/2)?6+ ® v[(d5/2)(h11/2)]s- arrangement of
valence particles. Such a state is observed in ''°Te in band 4. The configuration depresses
the 14~ energy in the negative parity band structure and it is clearly observable in Fig.
4.3, the low spin rigid-rotor plot. Previously ''?Te was the lightest tellurium isotope were

evidence for this oblate state had been observed.

4.6 High spin band structures in ''?Te: Terminating bands

This section discusses the high spin properties of '9Te. Prior to this work no collective
high spin structures had been observed in this nucleus, the following discussion offers an
interpretation of the new results. Calculations have been performed using a configuration-
dependent shell-correction approach with a cranked Nilsson potential, neglecting pairing
correlations. These calculations described in Ref. [ben85, rag95, afa95], using the Nils-
son parameter set [zha89], have been used to provide a theoretical interpretation of the

experimentally observed band structures.

4.6.1 Band 9

A number of band structures which extend up to high spin have been observed in ''0Te.

The most intense of these structures, labelled band 9, extends up to a tentative spin of
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Figure 4.10: Schematic diagram illustrating the differences between (a) favoured and (b)

unfavoured or smooth band termination.

(467). The v-ray spectrum of band 9 (Fig. 3.15), manifests a gradual increase in the
energy spacing between adjacent y-ray transitions with increasing transition energy. Such
an observation shows the characteristics of smooth band termination.

A band structure will terminate when all the valence particles which describe a particu-
lar configuration have aligned with the rotation axis and therefore contribute the maximum
alignment consistent with the Pauli exclusion principle. Terminating bands were first ob-
served in nuclei around 2§ Er [sim94]. Here the terminating configuration is only yrast, and
therefore observable, over the last couple of transitions. Such termination is often described
as ‘favoured’ because the terminating state is energetically favoured, this is schematically
illustrated in Fig. 4.10(a), a high spin rigid-rotor plot.

The theory of smooth band termination describes the nucleus in a form of collective-

rotational behaviour, where the nuclear shape gradually evolves from a collective prolate

shape (v ~ 0°) to a noncollective oblate shape (y = +60°) over a number of ~-ray transi-
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Figure 4.11: Kinematic 7" and dynamic 7 moments of inertia extracted for band 9.
The dashed line indicates the rigid-body moment of inertia (J(”-gid)) calculated for two
possible quadrupole deformation values. The dotted lines represent theoretical 7 and
J @ values obtained from calculations [afa95]. The shaded area represents the region in

which pairing correlations are important.

tions. The specific configuration is generally yrast throughout, enabling a particular con-
figuration to be observed all the way to termination. Typically it is energetically expensive
to make the final terminating state, manifest as an upturn in the rigid rotor plot, which
leads to this kind of termination being referred to as ‘unfavoured’, this is illustrated in Fig.
4.10(b).

Nuclei near the Z=N=50 doubly closed shell, such as "'%Te, are particularly good can-
didates for observing smooth terminating structures up to termination. Here only a limited
number of valence nucleons are available outside of the doubly closed shell, and therefore
the angular momentum necessary to reach termination is accessible using a conventional
heavy-ion fusion-evaporation reaction. !°Te can be considered as a '%Sn doubly magic
core plus 10 valence particles.

Band structures which have been understood within the framework of smooth band ter-
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mination, such as those discussed in the Sb [wad93, wad94, jan94, sch96, tho95, lan98a] and
Xe [pau98a, scr98] nuclei, share several experimental features. One characteristic feature is
a gradual decrease in the value of the dynamic moment of inertia (7)) to unusually low
values (~ Jrigia/3) with increasing rotational frequency. The J (2) measures how transition
energies change with increasing spin, therefore it is a very sensitive indicator of nuclear
behaviour.

Fig. 4.11 shows a plot of the kinematic moment of inertia J (1) and J (2) as a function
of rotational frequency for band 9 in '9Te. The plot also shows the predicted rigid body
moment of inertia J(;;4iq) corresponding to two possible values of the deformation parameter
€2, and theoretically calculated J (1) and J (2) values obtained from calculations detailed
in [afa95], discussed later. The rigid body moment of inertia can be simply related to a

deformed nuclear shape using the expression,
Tirig) = 0.1284%/3[1 + 0.2925] [R2MeV Y. (4.12)

A value of £9=0.135 represents the deformation calculated using the TRS formalism for the
ground state band in ''%Te, see sec.4.1.3. The larger value of deformation is predicted at
the bandhead of band 9. This number arises from the configuration-dependent calculations
performed for '9Te which predict the deformation for a specific configuration. The larger
configuration-specific value is therefore considered in this discussion.

For a rotating rigid-body the dynamic and kinematic moments of inertia should be
approximately equal (J @ ~T (1)). This is clearly not an appropriate description of band 9
where the J (2) is observed to be much smaller than theJ (1), The dynamic moment of inertia
is also observed to fall to 40% that of the predicted rigid-body value. The large difference
(7 W _7 (2)) implies that a substantial amount of the angular momentum is generated by
non-collective single-particle contributions [afa95], implying a terminating configuration.
The experimental evidence therefore suggests that band 9 represents the first example of a
smooth terminating band in '°Te.

In order to help determine a possible configuration for band 9, a comparison with theory
has been made. The calculations of Ref. [afa95] enable individual configurations to be
followed over a large spin range, up to their maximal termination spins. They provide
information about a number of properties associated with a particular configuration, which

facilitated a detailed comparison with experimental results.
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Figure 4.12: Theoretical rigid-rotor plots for the most energetically favoured configurations

in ""0Te, obtained from calculations based on a configuration-dependent shell-correction

approach using a cranked Nilsson potential without pairing [afa95]. The plots are divided

into the four combinations of parity and signature [7,«]. Individual configurations are

labelled [p1p2, n] as described in the text. The large open circles indicate band termination

states (v = +60°) for specific configurations.
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Figure 4.13: Experimental and theoretical rigid-rotor plot for band 9. Experimental points
are marked by circles and connected by a solid line, theoretical results are indicated by a

dashed line.

Theoretical rigid-rotor plots were constructed from the output of the calculations for the
most energetically favoured configurations in ''°Te. The plots were divided into the four
combinations of parity and signature. The individual configurations are labelled [p1p2,n|?,
where p is the number of proton holes in the gg/5 orbital, ps is the number of hy; /o protons
and n is the number of hy; /5 neutrons and « is the total signature. The resulting plots are
illustrated in Fig. 4.12.

By plotting the excitation energy of band 9 minus a rigid-rotor reference, an exper-
imental rigid rotor plot was constructed, as illustrated in Fig. 4.13. The shape of the
experimental and theoretical rigid-rotor plots for the high spin structures illustrated here
are consistent with the theory of smooth band termination.

Inspection of Fig. 4.12 reveals a large number of possible configurations which are ener-
getically favourable are predicted to exist. Comparison of the relative excitation energies of
the theoretical structures indicates that the [22,2]° configuration is predicted to be the lowest

energy, and therefore strongest populated configuration in the spin range of band 9. It is rea-
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sonable therefore to assign band 9 as the positive parity even signature [22,2] configuration.
This configuration involves the two particle-two hole excitation of two gg/» protons across the
Z=>50 shell gap into the hy;/ orbital. This scenario is often referred to as a core-excitation.
[22,2]° terminates with a, 7[(go/2)s > (h11/2)70 (97/2d5/2)§l24 © ¥[(h11/2)T0(97/2d5/2)$a]22 With
respect to the Z=50 closed shell. The maximal spin possible with this configuration is
therefore 46%, when all the valence particles have aligned along the rotation axis. This
represents the maximum spin experimentally observed for band 9.

Confirmation of this assignment is provided if the theoretical and experimental rigid-
rotor plots are overlayed on the same plot, as illustrated in Fig. 4.13. Absolute energy
values should not be considered in this comparison since the experimental and theoretical
ground states are not related, therefore the theoretical plot has been shifted vertically to
overlap the experimental configuration at 35 < I'45h.

The comparison between the theory and experiment can be seen to be excellent. The
minima and slopes of the rigid-rotor plots are in good agreement. At spins of < 30A devia-
tions between theory and experiment can be attributed to the neglect of pairing correlations
in the theoretical calculations. Regions of the plots for which pairing correlations are im-
portant are indicated by a grey shading. The upbend in the rigid-rotor plot is believed to
be related to the difficulty in aligning the proton gg/» holes when they are surrounded by
aligned particles and because the neutron g7/ and ds/o subshells are half filled so the spin
contribution from the last particles in these subshells is close to zero.

Further confirmation of the [22,2]° assignment is afforded with reference to the 7
and J(Z) plots for band 9 illustrated in Fig. 4.11. The theoretical values of j(l) and j(2)
for the [22,2]° configuration extracted from the calculations are overlayed on top of the
experimental values. Some of the discontinuities in the theoretical moments of inertia are
numerical in nature, and will be magnified in the calculations, especially for the theoretical
values of () [afa95]. The theoretical plots therefore show the calculated values of 7
and a polynomial fit to the theoretical values of 7). As an illustration the theoretical and
smoothed theoretical values of the J (2) are shown in Fig. 4.11.

Good agreement is observed between theory and experiment. The slope and magnitude
of the experimental 72 is reproduced well by the calculations. The theoretical value

of 7MW shows the same trend as experiment, it is however consistently larger than the
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Figure 4.14: Kinematic 7™ and dynamic 7 moments of inertia extracted for bands 10
and 11. The flat dashed lines indicate the rigid-body moment of inertia calculated for two

possible quadrupole deformation values. The dotted/dashed lines represent theoretical J )

and 7 values obtained from calculations [afa95].

experimental value. This observation may imply a misassignment of the tentative spins
for the band 9, however the present assignment justified through coincidence and relative
intensity arguments would seem probable.

In conclusion band 9 represents the first observation of a smooth terminating band in
H0Te. Tt has been a assigned a [22,2]° configuration confirming the experimental parity of
band 9, which assumed the 994 keV transition tentatively linking this structure to the low
spin level scheme is stretched E2 in nature. The high quality data obtained in this work

has enabled band 9 to be observed up to predicted termination.

4.6.2 Bands 10 and 11

Bands 10 and 11 also show the characteristics of smooth band termination. The increase in

v-ray spacing which is apparent in their v-ray spectra (Fig. 3.15(b)(c)) produces a decrease
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Figure 4.15: Experimental and theoretical rigid-rotor plot for bands 10 and 11. Experimen-
tal points are marked by symbols and are connected by a solid line. Open symbols represent

the even signature component. Theoretical results are indicated by a dashed/dotted line.

in the dynamic moment of inertia (7(?)) to unusually low values, see Fig. 4.14. A charac-
teristic minimum is also observed in the experimental rigid-rotor plots produced for these
structures, Fig. 4.15. The position and shape of the minimum observed is configuration-
dependent, so thought must be given to the excitation energy and spins of these structures
before a firm assignment of a configuration can be made.

Approximate spins were assigned to bands 10 and 11 using relative intensity and co-
incidence arguments. With reference to the calculations the estimate of the spins can be
quoted with more confidence. Band 10 represents the second most intense high spin ter-
minating band in ''°Te. From knowledge of the relative theoretical excitation energies,
this implies the negative parity, odd signature [22,3]' configuration is the most proba-
ble interpretation of its structure. This configuration which involves three h;;/5 neutrons
terminates with, 7((go/2)s > (h11/2)70(97/2d5/2)8]24 © v[(h11/2)35.5(97/2d5/2)71 5)25- The total
possible spin/parity available with this configuration is 49 .

A more confident assignment of the spins for band 11 has been made possible using
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the assumption that band 11 is the signature partner to band 10. Inspection of the v-ray
spectra for these structures (Fig. 3.15(b)(c)) together with knowledge of their kinematic
and dynamic moments of inertia at high spin, implies this assumption is reasonable.

Fig. 4.14 shows a comparison of the theoretical and experimental values of J (1) and
smoothed values 7@ for bands 10 and 11. The agreement at high spin can be considered
reasonable for both 7 (1) and J (). For lower values of spin where pairing becomes more
important the agreement is less satisfactory. Band 10 is observed to undergo a structural
change, illustrated as a large discontinuity at w.=0.76 MeV/h on the J ) plot, and as
a slope change in the rigid-rotor plot (Fig. 4.15) at spin (35%). This observation is not
observed in the theoretical 7, because this is a configuration-dependent calculation.

The reason for the discontinuity is difficult to place within the theory. One possible
explanation is that band 10 represents the [22,3] even-signature configuration, which is
observed to be crossed by the [21,2]° configuration, illustrated in Fig. 4.12. However this
interpretation is not supported by the experimental evidence. Firstly, the [22,3]° configu-
ration should represent the weaker signature of the [22,3] configuration and secondly, the
discontinuity is theoretically predicted at a much higher spin than is experimentally ob-
served, even allowing for an uncertainty in the spin assignments of these structures. The
most probable explanation is that band 10 is indeed the [22,3]! configuration, as previously
alluded. This structure will be crossed by a [21,2]! configuration which is not illustrated in
Fig. 4.12 because it is less energetically favourable. Such an interpretation would explain
the experimental observations.

A sharp discontinuity in the dynamic moment of inertia is not observed in band 11, see
Fig. 4.15. However the slope of the 72 is observed to increase. One might have expected
to observe a discontinuity because of the theoretically predicted [21,2]° crossing. The reason
for the absence of an effect is unclear.

The comparison between the experimental and theoretical rigid-rotor plots, illustrated
in Fig. 4.15 is very good. The slopes and relative position of the minima are seen to be in
good agreement. This provides further evidence that the band assignments are reasonable.
Fig. 4.15 shows neither band 10 nor 11 is observed to termination. Band 10 is observed up
to (477) a further transition is required to reach termination. Two further transitions are

required to extend the more weakly populated band 11 to termination. The non-observation
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Figure 4.16: Kinematic J (1) and dynamic J (2) moments of inertia extracted for band 12.
The flat dashed lines indicate the rigid-body moment of inertia calculated for two possible
quadrupole deformation values. The dotted/dashed lines represent theoretical J (1) and

J @ values obtained from calculations [afa95].

of the extra transitions is purely due to the statistical uncertainties apparent at such high

spin.

4.6.3 Band 12

Band 12 represents the most weakly populated of the high spin decoupled bands in 1%Te.
The structure remains unlinked to the low spin level scheme leaving the spins, parity and
approximate excitation energy of the band uncertain. Inspection of the v-ray spectrum for
band 12, Fig. 3.16(a) reveals an increase in the spacing between adjacent ~y-ray transitions
as a function of spin. This manifests itself as a decrease in the value of the 72 consistent
with the scenario of smooth band termination, Fig. 4.16.

With reference to the theoretical calculations one might expect to observe a further

positive parity structure, the most probable configuration for this structure is therefore



151

3.0

2.5

E—Eld [MeV]
N
<

=
o
1

1.01

0.5 . : : :
30 35 40 45

Spin [N]
Figure 4.17: Experimental and theoretical rigid-rotor plot for band 12. Experimental points
are marked by symbols and are connected by a solid line. Open symbols represent the even

signature component. Theoretical results are indicated by a dashed/dotted line.

[21,3]'. Using the theoretical calculations as a guide, together with experimental coincidence
and relative intensity arguments, a very tentative assignment of spins and parities was made
for this structure. A comparison of the experimental and theoretical J (1) and J (2) values
is shown in 4.16.

The results show a reasonable agreement between the experimental and theoretical val-
ues of the 7 and J@. With reference to Fig. 4.17, which shows the experimental and
theoretical rigid-rotor plots assuming the [21,3]' configuration, the agreement is again rea-
sonable. The position of the minimum in the rigid-rotor curve is observed to be one unit of
spin different between theory and experiment. On this basis, the assignment of band 12 as

a [21,3]! configuration must therefore be described as tentative.
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4.6.4 Summary

Four high spin terminating bands involving two-particle two-hole excitations across the
Z=50 shell gap have been established in '%Te. One of these structures has a tentative link
to the low spin level scheme and has been observed up to termination. The other three
structures have been assigned very tentative spins and parities based on lowest estimates
from coincidence relationships and comparison between theory and experiment.

The four high spin structures show similar trends in the J (1), J 2) and rigid-rotor plots
which have been constructed from the experimental data obtained. The trends observed
are explained within the scenario of smooth band termination, where as the nucleus rotates
the valence particles gradually align their spins along the rotation axis. Changes in the
intrinsic nuclear shape for the [22,2]° configuration are plotted on the e5 — 7 plane in Fig.
4.18. They show a gradual shape change over the spin range from 127 up to termination at
467" as the nuclear shape traces a path through the triaxial y-plane from collective prolate
(v = 0°) to non-collective oblate (y = 60°).

Low to medium spin states in nuclei close the the Z=>50 shell gap, such as ''9Te, are
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Figure 4.19: Calculated intrinsic quadrupole moments (Qp) for a number of energetically

favoured configurations in 0Te.

based on a near spherical nuclear shape. Indeed '9Te which has 10 valence particles relative
to the %9Sn core, has the small but finite deformation of g5 = 0.135. The core-excited
configurations which involve two protons being excited from the upsloping 7[gg/o] orbital
into the deformation driving downsloping m[h /2] orbital mean it is energetically favourable
for the nucleus to adopt a more deformed shape. Particle-hole excitations across the Z=>50
shell gap also increase the effective number of ‘valence’ particles, with the addition of two
holes in the 7[gg /o] orbital. This increase in the effective number of valence particles allows
the collective rotational degree of freedom to compete with the underlying single-particle
nature of M0Te.

The calculations used in this work predict the quadrupole moment associated with a
particular configuration as a function of spin. This reveals a typical quadrupole moment at
the bottom of a 2p-2h terminating band in '°Te of 4.4eb, corresponding to a €5 deformation
of 0.27. This represents a strongly prolate shape, which explains why the terminating
structures initially appear very collective in nature.

The collective nature of these bands is predicted to decrease as the band spin increases



154

towards termination. This manifests itself as a decrease in the quadrupole moment (Qg)
with increasing spin as the band approaches the non-collective terminating state. A direct
measurement of Q; (see sec. 1.11.2) for 1%Sn and '99Sb indicated a gradual decrease in
Q; consistent with predictions [wad98]. This measurement should be followed up for ''°Te,
in order to verify what is proposed in this work. Theoretical values of @)y as a function of
spin for a number of different configurations involving differing numbers of particles being
excited across the Z=50 shell gap, are shown in Fig. 4.19. Fig. 4.19 indicates that the

2p-2h configuration represents the most deformed system observed in ''0Te.

4.7 High spin AI=1 bands

Four band structures which are linked by a number of magnetic dipole transitions have been
observed extending to high spin in '%Te. These so called ‘coupled’ structures provide an
important insight into how angular momentum is generated in nuclei close to Z=50 doubly

magic closed shell.

4.7.1 Bands 13 and 14

Bands 13 and 14 represent a strongly coupled band structure, with a cascade of 20 M1
transitions extending up to high spin. This structure has been tentatively linked to the low
spin level structure by two high energy transitions of undetermined multipolarity. In order
to try to determine a configuration for these band structures, the experimentally observed
transitions have been compared to calculations which use a configuration-dependent shell-
correction approach without pairing [afa95].

The significant population intensity of bands 13 and 14 suggests the configuration which
best describes the bands should be energetically favoured at spins 20—30A. With reference to
the theoretical rigid-rotor plots illustrated in Fig. 4.12, and using relative excitation energy
arguments a number of probable configurations can be identified. The theory predicts
configurations which involve the excitation of one g9/ proton across Z=50 shell gap, such
structures are required in order to explain the observation of strongly coupled bands. These
configurations produce structures which extend up to moderately high spin, similar to what
is experimentally observed. The most energetically favoured of these configurations is the

[11,2], negative parity assignment.
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The [11,2] configuration requires that the vy-ray transitions which link bands 13 and
14 to the low spin level scheme are E2 in nature, ensuring the necessary negative parity
configuration. This assignment establishes a bandhead spin of 16~ and 17~ for bands 13
and 14 respectively. With this knowledge, a comparison between the experimental and
theoretical values of 7 and J@ for this configuration was constructed, the resultant plot
is illustrated in Fig. 4.20. It should be noted however, because a reliable experimental
determination of the multipolarity of the linking ~-ray transitions could not be made, the
spins are uncertain by 1A and the parity is inferred from the configuration.

The experimental and theoretical values of 7 are shown to agree remarkably well.
The theory is able to reproduce almost exactly the experimentally observed numbers at
higher values of rotational frequency, where the inclusion of the pairing interaction is less
important. The smoothed theoretical value of the 73, reproduces the general trend of the

experimental values. However it is clear that structural features evident in the experimental
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Figure 4.21: Experimental and theoretical rigid-rotor plots for coupled bands 13 and 14.
Band 13 [—,0]: open circles, dotted line. Band 14 [—,1]: filled circles, dashed line.

results are beyond the scope of the current theoretical interpretation.

Theoretical values of the excitation energy minus a rigid-rotor reference are compared
to experimental values in Fig. 4.21. Theoretical plots for the two signature partners of the
[11,2] configuration are shown alongside theoretical results for the somewhat less energet-
ically favoured [11,3] positive parity configuration. The [11,3] configuration is included to
allow a proper comparison.

The agreement obtained between experiment and theory for the [11,2] configuration is
less than satisfactory. The theory is observed to reproduce the slope of the experimental
values well, it is however unable to reproduce the position of the experimental minimum
with 3 units of spin separating the experimental and theoretical minima. Indeed the position
of the experimental minimum is a better match with that of the [11,3] configuration, giving
a 2 h separation. The assignment of a [11,3] configuration for this structure would however
be in strong disagreement with the experimentally observed intensity of bands 13 and 14.

There is strong experimental evidence to suggest that the coupled structure made up of

bands 13 and 14 may be described within the scenario of smooth band termination. Firstly,
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E, | L =y | Band | Rpco | B(M1)/B(E2) | B(M1) | B(M1) | [(gx—8r)|
keV | initial ([1en /eb)?) (13) | (W)

397 | 22 13 | 0.70(1) 12(1) 3.4(3) | 1.9(2) 1.1(1)
431 | 23 14 | 0.75(1) - - - —
463 24 13 | 0.72(1) 19(3) 4.8(7) | 2.7(4) 1.3(2)
488 25 14 | 0.73(1) 10(2) 2.6(5) | 1.4(3) 1.0(1)
540 | 26 13 | 0.85(2) 10(2) 2.5(5) | 1.4(3) 0.9(1)
5431 | 27 14 | 0.85(2) 7(1) 1.6(2) | 0.9(1) 0.7(1)
578 28 13 - 26(5) 5.009) | 2.8(5) 1.3(2)
611 29 14 — 17(3) 3.1(5) | 1.8(3) 1.1(1)
628 30 13 — 9(2) 1.6(4) | 0.9(2) 0.7(1)
674 | 31 14 - 17(5) 2.4(7) | 1.3(4) 0.9(2)

Table 4.5: Measured magnetic dipole strengths for coupled bands 13 and 14 in ''9Te.
B(M1) and |gx — gr| results assume a variable (g extracted from configuration-dependent

calculations. [1] Energy doublet : Intensity measurement is that of composite peak.

the general shape of the experimental rigid-rotor plot, which shows a steady decrease to a
minimum and then upbend in the data points and secondly, the dynamic moment of inertia
(J@) results, which are observed to fall to unusually low values relative to the kinematic
moment of inertia (7). If this interpretation is correct than '*Te provides the first
evidence for coupled smooth terminating bands extending to high spin in any region of the
nuclear chart.

In order to provide further insight into the experimentally observed band structures,
the ratios of the reduced transition probabilities; B(M1;1 — I —1)/B(E2;I — I —2) have
been extracted by measuring the intensity of competing AI =1 and Al =2 transitions.
The results, collated in table.4.5, were calculated using the recipe described in sec.4.3.1.
Appropriate values of the quadrupole moment were used to obtain the B(E2) rate from the
rotational model, in order to extract B(M1) values. The values of @)y were obtained for the
[11,2] configuration from the configuration-dependent calculations, described in [afa95]. A

plot of the theoretical values of @y as a function of spin, is illustrated in Fig. 4.19 for a
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probabilities. (b) |gx — gr| values assuming a variable Qg extracted from configuration-
dependent calculations. (a)(b) Band 13 is labelled with square symbols, band 14 with
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number of configurations in 1'°Te. Table. 4.5 also contains a summary of the DCO ratio
results extracted for a number of the more intense dipole transitions.

A plot of the experimental B(M1)/B(E2) values against spin is shown in Fig. 4.22(a).
The figure also shows theoretical values for the [11,2] configuration calculated using the
Doénau and Frauendorf semi-classical formalism [don87, fra81]. A very good agreement
is observed between the theoretical calculations and experimentally observed values. The
experimental numbers are a factor of ten larger than those obtained for the M1 transitions
in the negative parity low spin structure of bands 3 and 4 (sec. 4.3.1). This implies
bands 13 and 14 are much more strongly coupled than the low spin structures. Indeed the
B(M1)/B(E2) values obtained for bands 13 and 14 are sufficiently large to be comparable
with those values obtained for N=>58 isotone '°¥Sn [jen98a], a nucleus where the coupled
bands have been interpreted within the Tilted Axis Cranking (TAC) formalism [fra93], this
scenario is discussed in sec. 4.7.3.

The DCO ratio results obtained are in general above 0.63, a value which would be ex-

pected for a pure stretched dipole transition. Such a positive mixing ratio implies a positive
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gr value, which would mean that bands 13 and 14 are based on a proton configuration.
In order to try to clarify this interpretation, values of |gx — gr| have been extracted for
bands 13 and 14, by using a variable quadrupole moment (Q)y) obtained from the theoretical
calculations illustrated in Fig. 4.19.

The average value of |gx — gr| obtained is approximately 1.0, giving gx values of 1.47
or -0.53. The agreement between experiment and theory for the [11,2] configuration is good
which implies g = 1.47, allowing bands 13 and 14 to be interpreted in terms of a proton
excitation across the Z=50 shell gap.

The evidence provided from the experimental and theoretical analysis of these cou-
pled structures has led to the tentative assignment of bands 13 and 14 as the two signa-
ture partner bands of the [11,2] negative parity configuration. The [11,2] structure has
a terminating configuration which may be written as, w[(gg/Q);é(h11/2)51)_5(g7/2d5/2)f25]16 ®
V[(hu/Z)%O(97/2d5/2)f152]22. It involves the excitation of one gy, proton from below the Z=50
shell gap into the hy; /5 deformation driving intruder orbital. This configuration gives sig-
nature partner bands with maximal spins of 38~ and 37~ for bands 13 and 14 respectively.
This interpretation means that both bands 13 and 14 have been observed up their termi-

nating spins.

4.7.2 Bands 15 and 16

Bands 15 and 16 represent another coupled structure, which is populated with a much lower
intensity than that observed in bands 13 and 14. Following an inspection of the theoretical
rigid-rotor plots illustrated in Fig. 4.12, another structure involving a one gg/o proton
excitation was identified. This structure is somewhat less energetically favoured than the
[11,2] configuration. This intensity argument is the primary reason why bands 15 and 16
have been tentatively assigned as the [11,3], positive parity configuration. Interestingly the
calculations predict one [11,2] configuration and two [11,3] configurations, all showing a
small signature splitting. The two energetically favoured [11,3] configurations result from a
differing arrangement of the valence particles within the same orbitals.

Bands 15 and 16 remain unlinked to the low spin level scheme leaving the spins, parity
and approximate excitation energy of the bands uncertain. However arguments involving the

population and relative excitation energies of bands 13, 14, 15 and 16, place limits to their
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Figure 4.23: Kinematic 7" and dynamic 7(®) moments of inertia extracted for coupled
bands 15 and 16. The dashed lines indicate the rigid-body moment of inertia calculated for
two possible quadrupole deformation values. The dotted/dashed lines represent theoretical

JM and 7@ values obtained from calculations [afa95].

values. Using these assumptions a comparison between the theoretical and experimental
kinematic 7 and dynamic J (2) moments of inertia was made, the resulting plot is shown
in Fig. 4.23.

The results show in general a reasonable agreement between experiment and theory is
obtained. The observed trends are similar to what was seen for bands 13 and 14. Again
the theory does not reproduce structural features evident in the experimental results.

A comparison of the experimental and theoretical rigid-rotor plots is shown in Fig.
4.24. This figure also shows the results for bands 13 and 14 for comparison. The agreement
between experiment and theory for bands 15 and 16 is reasonable. The relative excitation
energy of bands 15/16 and bands 13/14 is reproduced well by the theory. Implying that
bands 15/16 should indeed be weakly populated relative to bands 13/14 as experimentally
observed.

The experimental data shows a well defined minimum in the rigid-rotor plot, with an
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Figure 4.24: Experimental and theoretical rigid-rotor plots for coupled bands 15 and 16.
Band 15 [—,0]: open squares, dotted line. Band 16 [—,1]: filled squares, dashed line. Bands
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upbend following the minimum. The position of the minimum is however two units of
spin different from that predicted by the theoretical calculations. The experimental plot
also has a slightly differing slope from that of the theory, providing a further discrepancy
between theory and experiment. The conclusion that has to be drawn is that the theoretical
calculations do not reproduce the experimental results particularly well for structures based
on one-particle one-hole excitations across the Z=50 shell gap.

By using the relative intensity arguments and with comparison to theoretical exci-
tation energies bands 15 and 16 are tentatively assigned as the two signature partner
bands of the [11,3] configuration. The [11,3] configuration has a terminating spin given
by, 7[(9o/2) 15 (P11/2)3 5(972d5/2)8116 @ [(h11/2)35.5(97/2d572) 71 5)25- This configuration gives
signature partner bands with maximal spins of 40" and 41" for bands 15 and 16 respec-
tively. Using this interpretation band 15 is observed up to 38", one transition short of
termination and band 16 is observed up to 37" two transitions away from the terminating

state. The non-observation of the additional transitions can be explained by the low number
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of statistics observed in these structures at high spin.

4.7.3 Summary

10Te has provided the first evidence, in the A~100 region of the nuclear chart, for coupled
smooth terminating bands extending to high spin. One of the coupled structures has been
tentatively linked to the low spin level scheme and is observed up to termination. The
calculations performed using a configuration-dependent shell-correction approach with a
cranked Nilsson potential without pairing have been used to provide a basic theoretical
interpretation for the observed structures. The agreement between theory and experiment
obtained for the coupled band structures was however not as good as was observed for the
AI=2 decoupled band structures, which involved two holes in the proton gg/, orbital.

The coupled band structures structures require a 1p-1h excitation involving a gg /o high-{
proton hole, which results in coupled AI=1 bands with a small signature splitting. Similar
structures have been observed in 96198y [jen98a] and '°Sb [jen98b] isotopes. These
structures have been interpreted in terms of tilted axis cranking (TAC) calculations, which
predict that magnetic rotation should exist around proton or neutron closed shell regions.
Magnetic rotation involves the rotation of a large magnetic dipole moment which breaks
the spherical symmetry of weakly-deformed nuclei, as opposed to the conventional view
of nuclear rotation, where the symmetry is broken by quadrupole deformation induced by
distortion of the electric charge distribution.

The theory predicts that bands might be expected to exist based on the near perpendic-
ular coupling at the bandhead of the angular momentum vectors from proton configurations,
involving g5 holes and aligned neutrons in the hy;/5 orbitals. Such a configuration for a
[11,*] configuration has an angular momentum projection on the symmetry axis of K = 5.
Higher angular momentum states may be generated by the shears mechanism, where the
gradual alignment of the two component vectors with the tilted total angular moment vec-
tor I increases the total aligned angular momentum. The suggestion is that in a weakly
deformed system a high angular velocity would be required to generate collective angular
momentum, which allows magnetic rotation to compete.

The weakly deformed even-even N=58 isotone '%Sn, which has 50 protons and 58

neutrons contains two band structures interpreted within the TAC formalism. It shows
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the characteristics of the shears mechanism, where the strongly enhanced B(M1) values
decrease with increasing angular momentum, since they are proportional to the square of
the perpendicular component of the magnetic dipole vector. This manifests itself as a rapid
drop off in M1 intensity as a function of spin. It would be reasonable, therefore, to expect
that the coupled bands observed in the weakly deformed ''°Te nucleus could be described
within this formalism.

The coupled bands observed in '9Te are observed to have strong M1 transitions which
extend up to near termination. This implies that these structures have a larger deformation
and certainly show a significant stability against the shears mechanism. This may be ex-
plainable with the knowledge that the AI=1 bands interpreted within the TAC formalism
are based on a v[hy; /3] ® 7r[g7/29;/12] high-K (K = 5) configuration. In '%Te the two extra
protons result in the proton from the gg/5 orbital being excited into the deformation driving
hi1 /2 orbital giving a v[hy; /2]2 @ 7[h11/297/2 gg_/IQ] configuration. This extra deformation may

be enough to stabilise the AI=1 bands observed within this regime.

4.8 10Te discussion

4.8.1 Introduction

The level scheme proposed for the extremely neutron deficient nucleus 29 Tes; has been

significantly extended in this work, see Fig. 3.20. In order to offer an interpretation of
the existing and newly identified structures, the rotational behaviour of '°Te has been
investigated by observing the total aligned angular momentum along the rotation axis I.
Following the same recipe used for ''°Te (discussed in sec. 4.1.1), a plot of I, as a function
of rotational frequency (w) was constructed and is illustrated in Fig. 4.25.

Inspection of Fig. 4.25 reveals data points with irregular spacings, this indicates that
the transitions identified in ©Te are not rotational in nature. Indeed it was not possible
to extract a suitable set of Harris parameters for this nucleus and therefore it is impossible
to present an alignment plot in this discussion.

Theoretical cranked shell model (CSM) calculations have been performed for %9 Te using
the prescription described in sec. 4.1.3, in order to provide further interpretation of the

observed experimental band structures. The resulting quasiparticle plots for protons and
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neutrons are are shown in Fig. 4.26. The labelling of the quasiparticle orbitals is detailed
in table 4.2. The neutron quasiparticle diagram Fig. 4.26(b) shows the most energetically

favoured orbital for the odd neutron to residue in at moderate values of rotational frequency.

4.8.2 Low spin transitions in '”Te - bands 5 and 6

Inspection of a single-particle Nilsson diagram similar to the one shown in Fig. 1.4, or the
quasiparticle routhian diagram illustrated in Fig. 4.26(b), reveals that the neutron Fermi
surface for 199Te lies in the degenerate v[d5/5/g7 /2] subshells. This is just below the v[hyy /o]
intruder orbital which represents the ground state of odd tellurium isotopes with A>113.
The ground state of °2Te was assigned in Ref. [dom95] as I™=5/2" on the basis of the
systematics of light N=>57 nuclei. The present analysis supports this interpretation which
allows the ground state of °°Te to be assigned as the dj /2 quasineutron configuration.

In common with other tellurium isotopes '°9Te is expected to have a small quadrupole
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Figure 4.26: Cranked shell model calculations for *Te. [a] for protons [b] for neutrons.
The calculations use the Nilsson potential with deformation parameters €2=0.135, £4=-0.04

and y=-0.2°. The pairing gap used was A, =1.030 MeV and A, =1.420 MeV.



166

2.4
2.21
207
1871
16T
1.4
1271
1.0

E—Eld [MeV]

067
0471
0.2'_'
007
_0.2 —_—
0 5 10 15 20 25

Angular momentum [h]
Figure 4.27: Experimental rigid-rotor plot for 199 Te. Positive parity states are labelled with

filled symbols. Specific non-collective oblate states are indicated.

ground state deformation (g9 ~ 0.135) and hence a low spin decay scheme dominated by
single-particle effects. The complicated pattern of positive-parity irregularly spaced ~y-ray
transitions observed below the 11/2~ state in '°°Te have been interpreted as quasineutron

excitations involving the ds/5 and g7/, orbitals coupled to quadrupole vibrations [dom95].

4.8.3 Bands 1 and 3

Experimental evidence provided from relative intensity and coincidence arguments implies
that bands 1 and 3 are based on a similar configuration. The total aligned angular momen-
tum plot, illustrated in Fig. 4.25, shows bands 1 and 3 have similar values of I,. Such an
observation would be expected for a pair of signature partner bands.

Fig. 4.27 shows the excitation energy minus a rigid-rotor reference, termed a rigid-rotor
plot, for the band structures observed in '%°Te. With reference to this plot, band 1 is

observed to be yrast from spin 19/27 up to spin 39/27. The plot shows that band 1 is
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strongly energetically favoured over band 3, which explains the weak population of this
structure and hence why it was only observed for the first time in this work. Band 1 can
therefore be considered as the favoured signature for this particular configuration.

The assignment of an 11/2~ bandhead for band 1, was made with reference to other
N=57 nuclei and odd tellurium isotopes [sea98], together with information provided from
the CSM calculations. The calculations illustrated in Fig. 4.26(b), show that for increasing
rotational frequency a N=5 neutron hy;/, intruder orbital becomes strongly energetically
favoured. The close proximity of this vhyy /o orbital to the Fermi surface manifests itself
with the observation of a low lying 11/2" state, representing the negative parity negative
signature (m,«) = (—, —1/2), which is energetically favoured for such a configuration. This
interpretation is supported by experimental coincidence and angular correlation results. It is
therefore possible to assign bands 1 and 3 as a one quasiparticle configuration based on both
signatures of a negative parity v[hy; /2] intruder orbital. With reference to the quasiparticle
diagram it is the [550]1/27 Nilsson orbital, labelled as e, where the odd neutron resides.

Bands 1 and 3 show values of I, Fig. 4.25, consistent with a non-rotational interpreta-
tion. This allows these structures to be explained in terms of the v[h; /2] orbital coupled

to the vibration-like states in the underlying even-even core (1%Te) [lan98b).

4.8.4 Band 2

Band 2 is discussed within the scenario of octupole collectivity in sec. 4.9.

4.8.5 Band 4

Band 4 has a firmly assigned 7/2" bandhead based on an angular correlation measurement
of the 96 keV transition, which carries intensity into the 5/2F ground state of *Te. With
reference to the neutron CSM calculations, illustrated in Fig. 4.26, it is observed that at low
rotational frequency the odd signature v[g; /2] orbital, labelled b, is energetically favoured.
With increasing rotational frequency the negative parity v[h;; /5] orbital rapidly becomes
the most energetically favoured.

The experimental rigid-rotor plot, shown in Fig. 4.27, shows a similar trend. Band 4 is
observed to be yrast at low spin up to 15/2%7 where negative parity band 1 is then observed

yrast. This excellent agreement between theory and experiment allows band 4 to be firmly
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E, I | Band | Rpco | B(E1)/B(E2) B(E1) B(E1) |Do|
(keV) | Initial (107%fm=2) | (107%e*fm?) | 1073(W.u.) | (efm)
633 | 41/2% | 2—1 | 0.58(8) 1.01(9) 1.42(10) 0.96(9) | 0.111(10)
6721 | 37/2% | 2—1 | 0.88(7) 1.09(8) 1.52(10) 1.03(8) | 0.115(10)
840 | 33/2% | 2—1 | 0.60(7) 1.02(7) 1.40(8) 0.95(6) 0.110(8)
775 | 21/27 | 3—4 - 0.08(4) 0.11(5) 0.08(4) | 0.031(15)
966 | 17/2 | 3—4 — 0.05(3) 0.06(3) 0.04(2) | 0.024(12)

Table 4.6: Measured electric dipole strengths in '%°Te assuming Qo = 200efm? for ey =

0.135. [1] Energy doublet : Intensity measurement is that of composite peak.

assigned as built on a v[gy ;] configuration.

4.9 Evidence for octupole correlation effects

Band 2 has been assigned positive parity following the establishment of inferred electric
dipole (E1) transitions linking this structure to band 1. A number of inferred electric
dipole transitions are also observed to link band 3 to band 4. Table 4.6 contains a summary
of the DCO results, which suggest a pure dipole nature to these transitions, implying they
have an electric character. Confirmation of the electromagnetic nature of these dipole
transitions, perhaps through a measurement of the linear polarisation of the v-rays, is
therefore paramount in order to firmly establish their character.

The magnitude of the intrinsic electric dipole moment (D) for '°°Te has been extracted
by measurement of «-ray branching ratios, using the recipe described in sec. 4.4, in order
to try to determine a possible configuration for band 2. The experimental B(E1) values
were computed using a quadrupole moment estimate of Qy=200efm?, obtained from TRS
calculations [wys88]. The results including B(E1)/B(E2) ratios of reduced transition prob-
abilities, B(E1) strengths and estimated Dy values are summarised in table 4.6. The results
are plotted together with the systematics of B(EL) strengths extracted in this mass region
in Fig. 4.8, which can be found in sec. 4.4. The use of an assumed value of )y means the
absolute values for B(E1) and Dy should only be considered accurate to with +25%.

The magnitude of the Dy results obtained for '°Te band 2 are remarkably similar to
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the those measured in ''Te, see Fig. 4.8. The B(EL) strength of ~ 1073W.u. obtained
for band 2 in '%9Te is similar to results in the neutron rich barium isotopes which lie on an
octupole magic number (Z=>56) and is slightly smaller than results obtained in the Ra-Th
region [But96] the most well developed region for octupole effects.

The enhanced E1 strength observed in 1%Te is cited as evidence for octupole correlation
effects, see sec. 1.12.1. The vibrational character of '°°Te has prevented a meaningful Ai,
plot from being constructed. Ai, shows the difference in alignment between two structures
and can be used to determine the static or vibrational character of the octupole enhance-
ment. Therefore with reference to the results obtained for '9Te, sec. 4.4, it is tentatively
concluded that positive parity band 2 can be described in terms of an aligned octupole
phonon coupled to the v[h; /2] core. Such a conclusion is not unreasonable given the close
proximity of orbitals differing in Aj/l by 3, namely the hq; /2 <> ds )2 orbitals.

The Dy results obtained for band 2 in ' Te do not show any noticeable spin dependence.
It has been postulated that rotation may stabilise octupole deformation at high spin [smi95].
The results obtained here however have a large associated uncertainty so it is not possible
to draw any conclusions from this observation.

The inferred electric dipole transitions which link bands 3 and 4 have values of B(E1) a
factor of ten smaller than those observed linking bands 1 and 2. These transitions are not

cited as providing evidence for octupole correlation effects.

4.10 Evidence for aligned non-collective oblate states

109Te manifests similar unexpectedly low lying energetically favoured states similar to those
observed in ''%Te (sec. 4.5). Inspection of the rigid-rotor plot for % Te illustrated in Fig.
4.27, reveals 23/27, 35/2" and 19/2% as low-lying states, which are labelled for clarity.

The 23/2~ state is shown to be particularly favoured. The state can be assigned as a
fully aligned 7T[(g7/2)§+] @ v[(h11/2)11/2-|23/2- oblate configuration. Such a low lying 23/2~
state based on the same configuration has been experimentally observed in a number of
heavier odd tellurium isotopes.

The excitation energies of the v[hy/5] yrast sequences in the odd-A 109-121Te [sea98]
isotopes are compared in Fig. 4.28. There is a smooth behaviour observed between all these

isotopes, supporting a similar understating of the configuration of the low spin transitions.
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Figure 4.28: Odd tellurium systematics, showing the v[h;; /o] yrast band structure.

It is noticeable that the 23/27 level is depressed in all of these cases.

The 39/2 state is another particularly low lying point on the rigid-rotor plot. It may
present evidence for an aligned state based on the 7[(g7/2)%]g+ @ l/[(hu/Q)gY/Q,]gg/T oblate
configuration. This state is similar to that observed in other heavier odd mass tellurium
isotopes such as '5Te [pau95a], wehere a low lying 37/2~ state based on this configuration
is observed.

A third low lying state is observed in band 4 at 19/2T this state is believed to be based
on a fully aligned W[(g?/2)5+] @ v[(g7/2)7/2+]19/2+ oblate state which is predicted using TRS

calculations [wys88] to be a particular favoured configuration.



Chapter 5

Conclusions and further remarks

The GAMMASPHERE ~-ray spectrometer when used in conjunction with the MICROBALL
charged particle detector and a number of neutron detectors, has been shown to be an
extremely powerful tool for the purpose of high-spin v-ray spectroscopy studies.

High-spin states in the neutron deficient even-even ''°Te nucleus have been populated
using the a2p exit channel. The level scheme of this nucleus has been significantly extended
from what was previously known. The large number of statistics obtained has allowed
extremely weak structural features to be discerned, allowing a significant insight into how
nuclei in close proximity to the Z=50 shell gap behave with increasing values of angular
momentum.

At low spin, the "9Te level scheme has been completely reconstructed with the addition
of several new band structures. The vibrational nature of the near-spherical tellurium
nucleus has been confirmed by the observation of a characteristically single-particle like
decay scheme. Evidence has been cited for possible co-existence of a spherical and deformed
nuclear shape at low spin. With increasing spin the onset of octupole correlation effects,
induced by the close proximity of the hyy/5 <> d5/o orbitals to the Fermi surface has been
postulated. It is suggested that the octupole correlations are induced by the coupling of an
octupole phonon to the core.

Evidence for the existence of specific aligned non-collective oblate states has been pre-
sented, implying that in a weakly deformed nucleus such as ''°Te these oblate configurations
can indeed compete with states built on nuclear rotation.

Evidence has been cited for the first time for collective high-spin band structures in this
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nucleus. Four new Al = 2 bands showing the characteristics of smooth band termination
have been identified. One of these structures has been tentatively linked to the low-spin
level scheme and has been identified up to its terminating spin. The three other structures
have been assigned tentative spins and parities based on excitation energy and coincidence
arguments.

These smooth terminating structures have been interpreted using theoretical calcula-
tions which use a configuration-dependent shell-correction approach with a cranked Nilsson
potential without pairing [afa95]. These structures have been shown to be based on two-
particle two-hole excitations across the Z=50 shell gap. Such a configuration establishes
a moderately deformed structure which can be traced all the way to termination where it
terminates as a non-collective oblate state.

Two strongly coupled Al =1 band structures with characteristic cross-over E2 transi-
tions have been established extending to high spin. These structures involve a one particle
- one hole excitation involving the gg/, high-K proton hole which results in coupled AT = 1
bands with a small signature splitting. The bands show a significant stability against the
shears mechanism, implying that they have a moderate deformation. Indeed it is proposed
that these AT = 1 bands show the characteristics of smooth band termination and therefore
represent the first observation of such structures in any region of the nuclear chart. The
configuration-dependent calculations which provided an excellent reference for the AT = 2
bands structures did not reproduce the experimental results for these structures well.

High-spin states in the neutron deficient even-odd '%Te nucleus have also been popu-
lated using the a2pn exit channel. The low yield obtained with this exit channel precluded
the observation of any collective high-spin band structures, however the low spin level
scheme has been significantly extended. Evidence is cited for octupole correlation effects
and the existence of specific non-collective oblate states.

The thin target data obtained in this experiment and discussed in this thesis has provided
a wealth of new information on the light neutron deficient tellurium isotopes. It is essential
now to follow up this work in order to provide firm experimental evidence for a number of
the conclusions proposed in this work.

Firstly a measurement of the linear polarisation of the inferred E1 transitions which

have been used to provide evidence for octupole correlation effects in the tellurium isotopes
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is required. Without this fundamental information about the electromagnetic character of
these transitions the octupole scenario must remain tentative.

The majority of the high spin bands observed in '%Te have no discrete links to the low
spin level structures, hindering a firm assignment of spins and parities for these structures.
It is observed that some of the unlinked structures feed into the yrast or near yrast levels
with moderate spins. It is therefore reasonable to expect that the lifetimes of the linking
transitions are long enough to be observed as stopped lines in a backed target. The use
of a large high efficiency array of HPGe detectors combined with a backed target, in order
to provide an excellent energy resolution, will therefore provide the data set necessary to
establish and characterise the weak linking transitions.

The high-spin band structures in ''°Te have been interpreted as showing the characteris-
tics of smooth band termination, a scenario where the nucleus shows a gradual shape change
from collective prolate to non-collective oblate as the available valence particles align. This
is manifest as a decrease in the transition quadrupole moment (@) with increasing spin as
the band approaches the non-collective terminating state. A direct measurement of @; for
108G and '%9Sb indicated a gradual decrease in Q; consistent with predictions [wad98], this

measurement should be followed up for the heavier tellurium and iodine isotopes.
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