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Abstract

High-spin states have been studied in %!°'Gd using the heavy-ion fusion evap-
oration reaction *'Te(?**Mg, 6n)'*°Gd at a beam energy of 149 MeV. The resultant

v-rays were detected using the GAMMASPHERE ~-ray spectrometer based at LBL,
Berkeley. Twenty rotational bands have been observed in these data: six of them
were previously known in 1°°Gd, eight have been assigned to the nucleus *°Gd while
the remaining six have been assigned to the nucleus ®!'Gd. Prior to this experiment
being performed, no evidence of superdeformed (SD) structures was known in !Gd.

The previously-observed SD bands 1, 2 and 4a in '*’Gd have been extended to
higher rotational frequencies. The two lowest transitions of band 4b have been found
not to be in coincidence with the remaining members of this band. Band 5 in °Gd

has been extended to both lower and higher rotational frequencies, indicating a back-
bend at the highest rotational frequencies. In addition, band 10a and 10b showed
discontinuity at lower frequencies.

Details of the decay scheme around the backbend for band 2 have been established.
Additionally, a series of seven transitions has been observed linking the yrast SD
band and band 2, which have been identified as electric quadrupole (E2) transitions

with a value of B(E2) ~ 30 W.u. This is the first observation of linking transitions
between SD bands in the mass 150 region. Furthermore, previously-predicted cross-

band transitions between bands 3 and 4a have been identified and the interaction
strength of interacting orbits has been deduced to be |V| = 11 &1 keV, in good
agreement with previous data.

On the basis on the discovery of six SD bands in 1°’Gd and eight new SD bands

in "YGd , it was suggested that there are more missing bands in these nuclei. In
future experiments, an investigation to search for these missing bands would provide

important information about the properties of high-N intruder orbitals in the mass

150 region.
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Introduction

The work described in this thesis is concerned with high-spin nuclear physics:
namely, superdeformation. The main mass regions that exhibit superdeformation lie

around A =~ 80, 130, 150, 190 and a newly-discovered superdeformed mass region
associated with A = 60 nuclei. However, this thesis describes the superdeformed

nature of °°Gd and °!Gd.

A study has been made of these nuclei and each chapter is reviewed respectively

as follows:

1. A brief review of nuclear properties and the theoretical models are given. Fol-
lowing the introduction of the Shell Model, the different nuclear potentials are
discussed within the framework of both spherical and deformed nuclear shapes.

Nuclear rotation is described in terms of single-particle and collective rotation.

Finally, the Cranked Shell Model, pairing correlations and the Strutinsky Shell

correction procedure are introduced.

2. The experimental techniques and the analysis methods employed throughout

the course of this work are discussed along with the method used for populating

high-spin nuclear states. This chapter is concluded with a description of the

GAMMASPHERE 7y-ray spectrometer.

3. This chapter introduces superdeformation in the 4 &~ 150 mass region and ex-
plains the properties of superdeformed bands. Previous studies of *°Gd and

1Gd are discussed followed by the motivations behind this study and conclud-

ing with experimental details.

4. The results obtained from this experiment are presented and discussed for the
nucleus "Gd by introducing the new superdeformed bands in this nuclei with
an explanation behind the assigned nuclear configurations. This is followed by

details of the observed linking transitions between bands 1 and 2, and between

bands 3 and 4a.

Vil



Viii

'5. The first observation of superdeformed bands in "*'Gd is presented by giving

the results obtained from the experiment. These results are discussed in the

same manner as the previous chapter.

6. General conclusions and future investigative research are presented in this chapter.

Some of the results presented in this thesis have been reported by Twin et al.,

[Tw96] and Beausang et al., [Bea98|.



Chapter 1

Nuclear Properties and Models

1.1 Nuclear Properties

The most fundamental properties of the nucleus are its mass and spin. The former
can be measured using a mass spectrometer [He94|. Such measurements were first
performed in the early thirties. From these measurements it was concluded that
the binding energy per nucleon was almost invariably constant for all nuclei [Je90],
suggesting a constant distribution of nuclear matter within the nucleus.

Electron [Eh59] and Rutherford [Ch73] scattering experiments, along with the
measurements of nuclear matter distributions, have shown that the number of nucle-

ons per unit volume is roughly constant i.e :

A
4 R3

where A is the mass number and R is the mean radius of the nucleus given by

~ constant (1.1)

R — T0A1/3 I (12)

where r¢ 1s a constant. From these scattering measurements it was concluded that
ro ~ 1.2 fm (1 fm = 107!® m) for the charge radius while ry ~ 1.4 fm for the matter

radius [He94]. The nuclear volume is proportional to the number of nucleons, and, as
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a result, the density of the nucleus remains constant for all nuclei {Tu79|. The density

of nuclear matter is given by:

NuclearMass

~ NuclearVolume’

A = constant
TR3 '

colal

The properties of the nucleus can be characterised in a way similar to those of
a liquid drop, where the interaction between molecules consists of a short-range at-
tractive force coupled with a repulsive core [Je90|. Although the liquid drop model
has proved to be very useful, particularly in the description of the fission of heavy
nuclel, it does not give any information on the excitation energy of the nucleus or the
quantum properties of nuclear states.

A semi-empirical approach for determining the nuclear mass was first proposed by
Weizsicker in 1935 (We35|. One year later, Bethe and Bacher simplified Weizsicker’s

formula. The Bethe-Weizsacker semi-empirical mass formula is stated as:

M(A,Z) = Zm,+ (A - Z)m, — B(N, 2), (1.3)

where m, and m, are the rest mass of protons and neutrons respectively and B(N, Z)
1s the binding energy of the nucleus given by:
A (N — Z)°

_ B o/3 4~ U
B(N,Z) =a,A — a,A aCA1/3 Q, 1

Fach term in the equation (1.4) provides a different contribution to the nuclear bind-

+ 6(A). (1.4)

Ing energy; these individual eftects are shown in Figure 1.1.

The principal contribution to binding energy arises from the volume term (a,A);

other contributions are the surface term (a,A4%3), the Coulomb term (acjig), the
2

symmetry term (aaw—;ﬁ—), and the pairing term (6(A)). This accounts for the fact

that the most stable nuclei have even numbers of protons and neutrons. The semi-

empirical mass formula successfully describes the general smooth variation of binding
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Figure 1.1: The contribution of various terms in the semi-empirical mass formula to the

binding energy per nucleon. Adapted from citeKr88.

energy for most nuclei [Tu79]. However, discontinuities arise due to quantum shell

structure.

1.2 The Shell Model

The collective liquid drop model does not account for microscopic effects. The shell
model has provided remarkable clarification of the complicated details of atomic struc-
ture: therefore, nuclear physicists have attempted to use this model to characterise
the structure of the nucleus. There is some experimental evidence to support the
fact that this model appears to have a connection with the observed variations; for
example, the nuclear radius and the low neutron cross-sections imply that a neutron-
capture take place to deplete their numbers. However, the experimentally-observed
features showed that the sudden and discontinuous behaviour occurs at the same
proton or neutron numbers of N or Z = 2, §, 20, 28, 50, 82 and 126 for stable nuclei

[Kr88|. These are known as “magic” numbers.
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The existence of this shell structure illustrates the need for a more detailed de-
scription of the nucleus in terms of the shell model. This model has had considerable
success in explaining the shell gaps and describing the spin and parity ot nuclei 'VHT73]|.

The development of a shell model is non-trivial due to the complex form of the
nuclear potential. In the nucleus, each nucleon moves in a central potential, V(r),
which arises from the average interaction of each nucleon with all other nucleons.
The shell model Hamiltonian H for the nucleus is composed of this average potential,

V(r) plus the sum of the individual kinetic energies of all the independent nucleons,

T

(1.5)

where m; and p; represent the nucleon mass and the momentum of the :th nucleon

rey s

— 2m; sz

respectively. Accordingly, the nuclear Hamiltonian can be written as:

h?
H=T+V(r)= Z—————V2+V( ) (1.6)
1 2
where the second term describes the mean field potential. This mean field approxim-

ation is a good start for the development of a successful nuclear model.

1.2.1 The Harmonic Oscillator Potential

Early attempts to describe nuclear potentials were based on a simple square-well
model. However, these approaches were superseded by a harmonic oscillator (HO), a
useful starting point to describe the nuclear potential since it provides a first approx-

imation of the nuclear potential, which is analytically soluble.

The HO potential (Figure 1.2) is described by:

1
VH()(T') = -2—77?,&)3(?‘2 — R2), (17)

where R is the nuclear radius, V(r) = 0 for r > R and wy is the oscillator frequency.
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Figure 1.2: A schematic comparison of Harmonic Oscillator potential with the Woods-

Saxon potential and Square Well potential.

The eigenvalues of the Hamiltonian are represented by:
- 3
where N is the principal quantum number, defined as:

Here, n is the radial quantum number, (n = 1, 2, ...) and [ is the orbital angular
momentum quantum number (I =0, 1, 2, ...). The energy levels of the HO Hamilto-

nian can be labelled as NI (I = 0, 1, 2, ... are labelled as s, p, d, ...). The levels

comprising the same N are called an oscillator shell and are D(/V) fold degenerate

D(N) = %(N+ (N + 2). (1.10)

The HO potential produces equally-spaced energy levels, which are shown on the lett-
hand side of Figure 1.3, where they are labelled by the quantum number N. Levels

that arise from the same oscillator shell have the same parity, given by:
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7= (-1)" (1.11)

Therefore, shells with even N have positive parity and those with odd N have
negative parity. However, this description of HO only reproduces the experimentally-
observed magic numbers 2, 8, 20. For heavier nuclei, the shape of the simple HO
potential is incorrect. Nevertheless, the HO potential can be further modified by
adding the [* term, which makes the shape of the nuclear potential more realistic.

This effect is shown in the middle portion of Figure 1.3. However, the observed magic

numbers are still not correctly produced, even with the addition of the {* term.
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Figure 1.3: Single-particle energies for a simple harmonic oscillator (S.H.O), a modified

harmonic oscillator with [? term, and a realistic shell model potential with [? and spin orbit

(I-s) terms.
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1.2.2 The Woods-Saxon Potential

Providing a good approximation to the nuclear mean-field, the Woods-Saxon (WS)
potential [WS54] has a form which derives from experimental observations. It has,
therefore, advantages over the HO, such as classification of a finite well-depth. The
WS potential is often used in nuclear structure studies and has the form;

_V

0
= — 1.12
1 4 exp(——ﬂ""aR ) (1.12)

sz(?‘ )

where Vj is the depth of the potential (approximately 50 MeV), Ry is the nuclear
radius, and a is a term added to describe the surface diffuseness of the nucleus which
does not have a sharply-defined boundary (see Figure 1.2). With this potential the

nuclear Hamiltonian becomes:

(1.13)

The energy levels resulting from the potential in this form are similar to those shown
in the central section of Figure 1.3. Although the agreement with the experimentally-
observed magic numbers is now improved, the WS potential still does not reproducé
them well at high N, Z. However, with the addition of a spin-orbit term, this potential

can reproduce all the magic numbers.

1.2.3 Spin-Orbit Coupling

The correct sub-shell separation numbers were obtained for heavier nuclei in 1949,
with the addition of the spin-orbit term in the WS potential, by Mayer [Ma49} and
Haxel, Jensen and Suess [HJS49]. This spin-dependent term is known as the spin-orbit

coupling and is written as:

VSO — —f(’T‘)L S (1.14)

where [ represents the nucleon-orbital angular momentum quantum number and s

represents the intrinsic spin angular momentum quantum number. The spin-orbit
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coupling removes the spherical degeneracy of the potential, and states can be labelled
with their total angular momentum, 7 = [ + s. Nucleons have s = -21-; therefore, the

total angular momentum has two components, 7 = [ & —é— The levels obtained with

the inclusion of the spin-orbit term are shown on the right-hand side ot Figure 1.3.
The nuclear Hamiltonian now becomes H =T + Viys + Vso
—h?

—Vo
Hys=—V’ 4 ——————
ws = 5 + 1+ exp( =)

— f(r)l-s (1.15)
and it reproduces the experimentally-determined magic numbers.

As can be observed from Figure 1.3, states with high-j, (7 = [+ %), are lower in
energy than those with low-j states, (j = [ — 3); therefore, a high-j orbital may be
lowered 1n energy so that it intrudes on the next lowest shell. This orbital is then
known as an “intruder” orbital. Such an orbital, therefore, has opposite parity to

those states arising from the “natural” parity orbits.

1.2.4 Nuclear Deformation

The potentials described in previous sections are all spherically symmetric; therefore,
a further modification is necessary in order to describe deformed nuclei. Nuclei in

the wiass region A ~ 60, 80, 130, 150, 190 and A > 220 (actinides) are found to have

substantial deviation from the spherical shape in their ground states.
The deformed nuclear surface can be described by the length of the radius vector

pointing from the centre of the nucleus to its surface in spherical polar coordinates

o0 A
R=R(0,0)=Ro |l+aw+> 3 a},Yau(0,9)], (1.16)

A=1p=—\

where Ry is the radius of the sphere of equal volume to the deformed nucleus, Y}, (0, ¢)
are the spherical harmonics, and «y, describes changes in nuclear volume with A
defining the deformation type; ((A = 1) dipole, (A = 2) quadrupole, etc.), with p
as an integer which varies from -A to +A. For an axially symmetric nuclei with

quadrupole deformation (where A = 2 and ag» = as.2 = 0), only the Yy and Y
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harmonics are involved and the surface equation reduces to

R(g) = Rg(l + aOOY’OO ~+ O:g[))’rgo) (117)

(oo Yoo 1S @ normalisation term which ensures that the nuclear volume is conserved.
The coefficient of the Y5y term is defined as ayy = (>, where (, is the quadrupole
deformation parameter and is defined as:

4 [T AR

By = V3R _ (1.18)

where AR is the difference between the major and minor axes of the ellipsoid. It is

often more convenient to describe aqg and a»» in terms of the Hill-Wheeler coordinates

Bs and v which is the triaxiality parameter [HW53|:

(log — ﬂ‘z COS 7y (119)
and
1
(log == 'ﬁﬁg sin'y (120)

The new parameterisation of the nuclear shape in terms of 3, and « is given by;

R(6,¢) = Ro |1+ Tz_wﬁg((?) cos®f — 1) 4+ v/3sin ysin? 8 cos 2¢) (1.21)

After the definition of the B, and v coordinates, the various types of nuclear shapes
are shown in Figure 1.4. According to the Lund convention [An76|, axially-symmetric
shapes occur at multiples of v = 60°.

When the shell model needs to be extended to describe nuclei with non-spherical
shapes, the potential in the nuclear Hamiltonian must be deformed. The more realistic
deformed potentials are adapted from the HO and WS potentials and are described

next in Section 1.2.5.
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Figure 1.4: Parameterisation of quadrupole nuclear shape according to the Lund conven-

tion.

1.2.5 The Nilsson Potential

Nilsson suggested that two modifications had to be made to the standard HO potential
in order to reproduce correctly the experimentally-observed “magic” numbers [Ni55].
He started from a spherical distribution using the Cartesian coordinate system to
describe the shape of the nucleus. The total oscillation frequency, wp, can be written
in terms of the Cartesian z, y and z components, as w;, w, and w,. Hence, the HO
potential can be presented as:

m
2,.2 2,2 2.2
‘fosc — _(w:t: Xz +wy U™ Tw, 2 )

2

The deformed modified HO potential may be simplified by considering only axially-

symmetric shapes such as:
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W] = Wy = W,

and

m
Varno = '-2-[sz($2 + %) + w2 (1.22)

where w, and w, are the oscillator frequencies perpendicular and parallel to the

symmetry z-axis respectively.

Nilsson introduced the deformation parameter ¢ to allow a parameterisation of w,,

wy, W; 10 terms of wy

o1 = wn(e) (1+ %e) (1.23)

and
w, = wo(e) (1 _ %6) - (1.24)

where e is the deformation parameter related to the 8, by the formula

€ = -g (;}—) G5 (1.25)

Finally, Nilsson added a spin-orbit term to reproduce the correct magic numbers. The

Nilsson potential is defined as:

Vivii = Varro — 2khuwy [.Z_-LS. — u(l® - (12)1\;)] (1.26)

where [-s is the spin-orbit term in the stretched coordinate syStem and the (I = (I ) y)
term flattens the potential for the centre of nucleus. xk and p are constants which

define the strength of the spin-orbit interaction. These modifications reproduced the

experimentally-observed “magic” numbers.

In the Nilsson model four quantum numbers are used to classify the orbitals.

[Nn,A]Q - (1.27)
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where N is the principal quantum number of oscillator quanta, n, i1s the number of
oscillator quanta along the z-axis, and A and {2 are the components of the orbital
and total angular momentum along the symmetry z-axis. Their relationship can be
seen in Figure 1.5. Finally, 7 is the parity of the state and is given by 7 = (—1)".
The projection of the orbital angular momentum [/, intrinsic spin s and total an-
gular momentum j vectors on to the z-axis are A , ¥ and {2 respectively in Figure 1.5.

Their relationship can be summarised as:

QO=A+Y (1.28)

The projection of total coupled angular momentum j can also be defined in terms of

the KX quantum number:

Figure 1.5: A schematic diagram of a deformed nucleus showing the projection of the

orbital (), intrinsic (s) and total angular momenta (j) on to symmetry axis z.

Figure 1.6 shows a schematic of the Nilsson energy levels for the neutron of nuclei
in the region 50 < N < 82, The spherical shell model magic numbers are reproduced

at J» = 0 in regions of low-level density.
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Figure 1.6: A Nilsson diagram calculated using a WS potential for orbitals with a range

50 §N < 82. The magic numbers 50 and 82 are shown.
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1.3 Nuclear Rotation

Quantum-mechanically, a sphericél body can not rotate: this is due to the invariance
of spherical shapes under rotation. Hence, for rotation to occur the nucleus has to
exhibit some form of deformation. For example, taking the Cartesian coordinate, it
can be seen that an ellipsoid can rotate about either z or y, while rotation is not
allowed about the z-axis. In order to describe experimental spectra from rotating

nuclei, both single-particle and collective models are necessary.

1.3.1 Single-particle Motion

Closed-shell nuclei have near-spherical symmetry and total angular momentum, 7 = 0,
in the ground-state. Angular momentum is generated in these nuclei by the rearrange-
ment of valence nucleons into different sub-orbitals close to the Fermi surface. The
vector sum of the components of the orbitals occupied by these valence particles
generates the total angular momentum of the nuclear state. The alignment of single-
particle angular momenta 7 with the rotation axis gives rise to a large value of [.

This characteristic behaviour can be seen in Figure 1.7.(b) for the nucleus *7Gd.

1.3.2 Collective Rotation

In collective rotation, angular momentum can be generated by the coherent con-
tribution of the individual nucleons. A deformed nucleus can rotate about an axis
perpendicular to its symmetry axis (see Figure 1.7.(a) for the deformed nucleus '*°Hf).
In this case, the sum of the projections on to the rotation axis gives the total angular
momentum of the nucleus. In a rotational model, the collective rotational energy
level can be given as:

52

Epo(I, K) = i I(I+1) - K? (1.29)

where 1 1s the total collective angular momentum, K is its projection on the symmetry

axis, and J 1s the moment of inertia of the nucleus. For high-spin nuclear structure
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Figure 1.7: (a) collective rotation where the collective rotation happens around an axis
perpendicular to the symmetry axis, (an example for '°*Hf), and (b) single-particle excita-
tion where the angular momentum 7 is the sum of the projections on the symmetry axis,

(an example for "*7Gd).

studies, K ~ 0 (I > K); therefore, the above equation may be simplified to:

Erot(l) v —I(I T 1) (130)
In a rotational cascade, a transition from one energy level to the next results in the
emission of a y-ray with energy

h?
Ey = Ev(D) — Exu(I - 2) = 5=(41 = 2) (1.31)

Nuclear rotation is usually described as a function of frequency and is defined as:

hw = — =

dE _ E,
i)

(1.32)
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1.3.3 The Routhian and Alignment

The Routhian is obtained by transforming the measured excitation energy E. into the
rotating frame and subtracting the energy contribution from the collective rotation.

The excitation energy in the rotating frame is given as:

E = E, — hwl, * ' (1.33)

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

Similarly, an experimental alignment i.(w) can be defined by subtracting a refer-

ence angular momentum, I,..s(= —%ﬁ), from the experimental I.(= -—%) and is
given by:
56f _
@) = I~ Loy = =52 (1.34)

The alignment is related to the Routhian through the expression:

B de (w)
dw

The alignment information can be used to assist in the assignment of the structure

(1.35)

ith (w) =

of the nucleus.

1.3.4 Moments of Inertia

The excitation energy E of a nuclear state of spin I in a rotational band can be

written as in equation( 1.30):

2
" I
27"

where JY is the static moment of inertia of the state, and I is the angular momentum

E,o(I) = (1+1) (1.36)

of the state. The z-projection of the angular momentum I, in the rotational system

1s defined as:
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I, =/I(I+1) (1.37)

The static moment of inertia can be derived using equations (1.36) and (1.37) and

can be expressed as:

g0 - 2% (1.38)

There are two other moments of inertia: namely, the kinematic, J(!), and the dy-

namic, J?, which can be used to explain the behaviour of the nucleus. Both moments
of inertia (J(1), 7)) originate from the first and second derivatives of equation (1.36)

respectively. Therefore, the kinematic moment of inertia is given as:

w2 (dE\"" T
(1) _ — ] — = __3:
J 2 (dlx) hw ' (1.39)

The 7V, moment of inertia provides information on the overall motion of the nucleus,

while the 7® moment of inertia is responsive to single-particle alignments. The J‘?)

moment of inertia i1s defined as:

| 2 2 -1
T = Z_ (d E) = hd_I.‘:"._ (1.40)

The kinematic and dynamic moments of inertia are related by:

d.7(1)
72) 3(1)+w_~(i7w_ (1.41)

For a rigid rotor, J( does not depend on rotational frequency w; so, 7 = J (2) =

JoY) | If rotational states are assumed to decay by electric quadrupole moment (E2)

v-rays, J1) and J? can be expressed as:

41 — 2)h°
70) L_Q_.E_)__ (1.42)
Y
and
4h°
T = = (1.43)

AE.,
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where AFE, corresponds to the energy separation between two consecutive y-rays in
the band. The J® dynamic moment of inertia is a useful quantity in the study
of nuclei at high spin. It is also a useful parameter for interpreting superdeformed

bands, where the excitation energy and spin are generally ambiguous quantities.

1.3.5 Band Crossing and Backbending

It has been shown that the first backbending which occurs in light rare-earth nuclei
is probably due to the crossing of a pair of aligned i;3/2 neutrons [Gr73|. The band

crossing arises when the Coriolis force becomes large enough to overcome the pairing

force between the two 7,3/, neutrons and is able to align their angular momenta with
the axis rotation. Subsequently, it becomes energetically favourable to generate an-
gular momentum by the alignment of the two ¢;3/» neutrons rather than by collective
rotation.

The backbend phenomenon was first observed by Johnson et al., [Jo71] in the
ground-state rotational bands of '*“Er, 1**Dy and '%®Dy. This observation was inter-
preted as the crossing of two bands of different internal structures. In several cases,
backbending has been observed due to the crossing of a second band below the ground

state rotational band. For the nature of this second band, three possible explanatiois

have been given. They are:

1. A sudden change in nuclear deformation [Th73].
2. A collapse of the pairing correlation [MV60].

3. An alignment of the angular momentum of two high-j nucleons with the rota-

tional angular momentum [Ste75|.

For example, in the case of the yrast band in nucleus *°Er [Le77|, the I(I + 1)
rule breaks around hw = 0.3 and around hw =~ 0.4 and produces a large backbend
in its alignment plot, as is shown in Figure 1.8. The “sharpness” of a backbend is

dependent on the interaction strength of the band crossing. The anomalous behaviour
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Figure 1.8: The alignment 7, plotted versus rotational frequency for the yrast band in

138Fr to show neutron and proton crossing in this band.

of the interacting superdeformed band is observed in »®Er. The backbend is observed
very sharply for a weak interaction i.e. for 7,3/, neutrons around hiw =~ 0.3 MeV
(see Figure 1.8). At higher spins, a second discontinuity (upbend) is due to either
additional 7,3/2 neutrons or the crossing of a pair of aligned jy;/2 protons. This second

crossing is much smoother and occurs around fiw =~ 0.4 MeV (shown in Figure 1.8).

This is a characteristic of a much stronger interaction.

1.4 The Cranked Shell Model

The Cranked Shell Model gives a microscopic description of a rotating nucleus. The

Cranked Shell Model was first described semi-classically by Inglis {In54] through the

introduction of a “cranked coordinate system” that rotates around a fxed axis in
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space with a constant angular velocity, w. The advantage of the Cranked Shell Model
is that it describes the total angular momentum as the sum of the single-particle

angular momenta which is described as:

L(w) =Y js (1.44)

1=1

where 7, is the projection of the single-particle angular momentum on to the rotation
axis. The rotation of the nucleus about the z-axis perpendicular to the symmetry
z-axis with a rotational frequency (w) can be represented by the rotation operator R,
which describes the transformation ffom the laboratory frame to the rotating frame.

R is given by:

- —1wt]

R = exp [ - Jz (1.45)
so that, in the rotating frame, the wave-function of the nucleon is given by:

- —1wtg

Voot = Ryqp = EXP [ B .7:1:] Viab. (146)
The general time-dependent Schrodinger equation in the rotating frame is
L d
— thi—t'll’rot = H\I,rot (147)

Differentiation of equation (1.46) and substituting into equation (1.47) reveals the

cranking Hamiltonian

)

Hrot — ﬁlab — wj:n | (148)

where the first term, ﬁmb, corresponds to the Hamiltonian in the laboratory system,
and the second term, wj;, accounts for the effects of the centrifugal and Coriolis
forces on the individual nucleons. The Coriolis and centrifugal force tend to align the

single-particle angular momentum with the rotation z-axis and the symmetry z-axis

respectively.
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1.4.1 Parity and Signature

The cranking Hamiltonian does not conserve time-reversal symmetry or rotational
invariance. The parity 7 and signature o are the only valid quantum numbers which -
remain in a rotating nucleus. Therefore, nuclear states in a rotating nucleus are
labelled in terms of the parity of the state and the quantity of the signature.

If the parity operator 7 acts on a wave-function ¥ (), then for odd parity it needs

to be

70 (z) =¥Y(-z) = -¥(z) (1.49)

and for a nucleus of even parity
¥ (z) = ¥(—z) = +¥(x). (1.50)

Parity is expressed as X1, which are the eigenvalues of the parity operator, #. Hence,
nuclear states are labelled + or — depending upon the effect of the reflection operator
on the nuclear wave-tunction. Therefore, the total parity of the nucleus is determined
by the product of the parities of all occupied levels.

The signature of a particular state can be similarly obtained by the effect of the

rotation operator R, which acts on the nuclear state Uq and is given by:

.y

R(uy) = exp (—imar) u,. (1.51)

The signature a can be related to the angular momentum I by:

o = Imod2 (1.52)

Thus,

o = 0 or 1 for even-A nuclel

a = +3 for odd-A nuclei.

For a non-rotating deformed nucleus, the nucleons’ orbits are doubly degenerate

with respect to {2. However, these levels are split by the rotation into two states of
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signature 4 or —, and these two energy levels are known as signature partners. For a
rotating nucleus, each energy level is split into two energy levels of opposite signatures:
o = —l—é- and o = —%. The magnitude of this so-called “signature splitting” depends
on the angular momentum projection on to the rotational axis, j,, and the magnitude
of the rotational ifrequency.

Since the Coriolis force has little effect on low-j, orbitals, signature partners,
therefore, show very little signature splitting. However, the Coriolis force has a much
greater effect on the orbits with high-j, and low-(}; therefore, there is large signature

splitting. In this case, the effects of deformation and rotation on the energy levels ot

different nuclear potentials are summarised in Figure 1.9, showing from left to right
the N = 2 state in a HO potential, the splitting effects in a WS potential, the addition

of spin-orbit coupling, and then the effect on the nucleus of deformation and rotation.

1.4.2 Pairing

The pairing force is the short-range attractive interaction which exists between nuc-
leons of the same angular momentum state, 7. There is considerable experimental
evidence to show the existence of this force. For example, it is observed that all
even-even nuclei have ground-state spins of I = 0/, which indicates that the nucleoas
are arranged in such a way that their angular momenta cancel out. In the case of
cdd-A nuclei, the ground-State spin is determined by the spin of the orbital occupied
by the odd nucleon. The total binding energy of odd-A4 nuclei is found to be less than
the mean binding energies of the two neighbouring even-even nuclei. It is also found
that the energy-spacing between the ground-state and the first non-rotational excited
state in even-even nuclei is greater than 1 MeV, whereas this gap is very small in
odd-A nuclei.

Paired particles occupy time-reversed orbits, those orbitals close to the Fermi
surface, are in another pair of time-reversed orbit, also resulting in a smearing ot
the nuclear Fermi surface (see Figure 1.10). In the independent particle shell model

(Broken curve), the levels are occupied up to a specific energy, A. If ‘the energy
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Figure 1.9: A schematic energy spectrum of N = 2 shell generated by various potentials.

For each potential, the characteristic quantum numbers are indicated as 7 for the parity,
N for the total oscillator quantum number, 1 for the orbital and j for the total angular

momentum. For the axially symmetric case, n,, A and  are the components along the

nuclear symmetry axis of N, | and j respectively. The signature exponent « is related to

the signature eigenvalue.

1s greater than A, the occupation-probability suddenly drops to zero. The pairing
interaction allows configuration-mixing in such a way that the states close to A are
only partly occupied. The broken curve in Figure 1.10 shows that the Fermi surface
loses its sharpness and is replaced by a diffuseness parameter 2A (where A is the
pairing gap). I

The similarity between the structures of super-conducting materials and nuclei
has been proved ([BCS57] by the BCS theory [BMP58]). By considering paired nuc-

leons, the theory changes from an interacting particle-hole system to a non-interacting

“quast-particle” scheme.
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Figure 1.10: Ground-state occupation-probability as a function of shell energy. Solid
line : no pairing interaction between shells. Dashed line: with pairing interaction between
time-reversed states. A is the Fermi energy; 2A is a diffuseness parameter { = 2 X pair
gap). The left-hand side figure shows scattering between paired nucleons in orbit (a) into a

second time-reversed orbit (b) which causes smearing of the Fermi Surface (right-hand side

figure).

1.4.3 The Strutinsky Shell-Correction Method

The LDM 1is appropriate for describing the bulk properties of a nucleus, but it ignores
the effect of the single-particle structure. The shell model reproduces single-particle
effects but fails to reproduce bulk properties. On the other hand the Strutinsky Shell
Correction Method [St66, St67] combines both these models to give a total energy

description of the nucleus. In this procedure, it is convenient to separate the total

energy, Eyo¢, Into two terms:

1. a macroscopic term, which describes the bulk properties of the nucleus and

represents a smooth density of states, F; p.

2. a microscopic term, which corrects the oscillation in energy due to valence

nucleons. These corrections are calculated from the shell model.
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Therefore, the total energy can be given as:

Eiot = Epp + 0 Egpen (1.53)

The shell-correction energy is obtained by the sum of all the single-particle contribu-

tions, e;, which divide into an oscillating part, 0 E'shell, and a smoothly-varying part,

FEnen, and 1s given as:

A
Esheu — Z Ci = 6Eshe!l + Eshell (154)
1=1

Since energy levels occur 1n shells, the level-density is not constant and does not show

regular variations. It is useful to define the level-density concept, g(e), as:

g(e) = Z 6(e — ;) (1.55)

where 6(e — e;) is a Dirac delta function. This definition allows the calculation of the

particle number, A, which is given as:

A= [_; g(e)de (1.56)

where ) is the chemical potential. The normalisation procedure replaces the discrete

level-density with a smooth level-density given by:

— 00

i(0) = ¥ (e - e) = -}; [ s (6 - 6') s (1.57)

f

where S(e — e;) is a smooth function and f (e‘;‘f ) is a Gaussian of width v = hwy.

In order to provide a complete description of the nucleus, pairing should also
be included in calculations. The E;p term in equation (1.53), already includes the

macroscopic part of the pairing energy. The correction, 0£,,i,, 1s calculated from the

BCS model and is given as:

Epair — 6Epair 1 Epair (158)

The total energy can be expressed as:



Nuclear Properties and Models 27

Etot —_ ELD -+ 6Eshe” -+ 5Epair (159)

A detailed calculation of the above term and the inclusion of nuclear rotation para-

meters can be found in the relevant references [St66, St67].



Chapter 2

The Experimental Details and
Analysis

2.1 Heavy-lon Fusion-Evaporation Reactions

The heavy-ion fusion-evaporation reaction provides the best method of populating
states at the extremes of both spin and exact energy. This method was first proposed

by Niels Bohr in 1936 [Bo36]. The mechanism of the heavy-ion fusion-evaporation

reaction is illustrated in Figure 2.1 and is described below:

1. Projectile nuclei are accelerated to an energy Ey..,, using a particle accelerator,

such as a cyclotron, and directed towards a target.

2. The beam nuclei interact with the target nuclei and, =~ 107%” seconds later, they

may fuse to form a highly-excited rapidly-rotating compound nuclear system. In
order to produce this highly-excited compound system, the projectile must have

sufficient kinetic energy to overcome the Coulomb barrier that exists between

the two nuclei. In the laboratory frame, the size of this barrier Vjg, is given by :

Viﬂb _ (Ap -+ flt) 1;44ZpZt

n _ (2.1)

1.2(A)% + AP + 2)
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Figure 2.1: A schematic diagram of the process involved in the de-excitation of a compound

nucleus formed in a Heavy lon Fusion-Evaporation Reaction.

where A represents the mass number, Z represents the atomic number, and the

subscripts p and ¢ reter to the projectile and target nuclei respectively.

3. Once the compound system is formed, it can fission (if the excitation energy

or total angular momentum or both is greater than the fission barrier) or it
can lose energy via particle evaporation. This involves protons, neutrons and «

particles being lost from the compound system and removing a large amount ot

energy but very little spin (e.g. neutrons remove = 10 MeV of energy and 1-2

h of angular momentum).

4. When the excitation energy of a compound nucleus falls below the energy
threshold for particle emission 10 MeV above the yrast line (defined as the
sequence of states which have the lowest excitation energy at a particular spin

value), the nucleus loses energy via a cascade of y-rays. These -rays remove a

large amount of energy but very little angular momentum.
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5. When the excitation energy of the compound nucleus has decajred to 2 to 3 MeV
above the yrast line, it starts emitting mostly quadrupole ~-rays which each
remove 2 hi of angular momentum from the system. This mode of de-excitation

continues until the nuclear ground state is reached (at F,, = 0 MeV).

2.1.1 Target and Beam Requirements

Although each experiment requires a specific target, there are some general features
that need to be considered when choosing the target. The target material used for
the foils should be isotopically enriched to a high purity-level (95%-99%) in order
to reduce contamination which may cause unwanted reaction products. The target
needs to have a high melting-point (> 500 K); this ensures that the target thickness
and, therefore, the radiation rate remain constant throughout the experiment. Beam
energy also reduces as it passes through the targét.

The choice of target thickness i1s a compromise between obtaining high statistics
and good energy <y-ray resolution. A thick target provides high statistics because
there is a high probability of a heavy-ion fusion reaction occurring between the pro-
jectile and the target nuclei. However, thick targets cause poorer resolution due to
broadening effects caused by the slowing down of the recoiling nuclei. This is only
true for high-spin states. Thin targets are used to ensure that all y-rays are emitted
from recoiling nuclei which are not slowed down in the target material. They are
often backed with a suitable backing to provide support, if such a backing is required.
Thin targets are generally stacked together, allowing good energy resolution and high

statistics.

2.2 Interaction of v-rays with Matter

There are three main types of interaction mechanism by which a y-ray can interact

with matter. These methods of interaction are illustrated in Figure 2.2 and are

described below:
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(a) The Photoelectric Effect (b) The Compton Effect
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Figure 2.2: The three main interaction processes of y-rays with matter: (a) the Photo-

electric effect, (b) the Compton effect, and (c) Pair production.

The Photoelectric effect : This occurs when a «-ray photon ionises one of the ab-
sorber atoms, transferring all its energy to an atomic electron (called a photo-
electron) (see Figure 2.2.(a)). This process is the most likely method of interac-

tion for y-rays of low energy (< 200 keV). The energy (T') of the photo-electron

1s given by:

I = hv — Eb (22)

where hv is the energy of the incident v-ray photon and FEj is the binding-energy

of the photo-electron.
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The Compton Effect : The incoming ~-ray photon scatters off an atomic electron

Pair

through an angle # with respect to its original direction (see Figure 2.2.(b)). In
this process, a portion of the y-ray energy is transferred to an atomic electron.

From a conservation of energy and momentum, the final energy of the scattered

photon (hv') can be shown to be :

B hv
1+ (%5)(1 — cosb)

where hv is the incident y-ray energy, moc*(= 511 keV) is the clectron rest-mass

hy'

(2.3)

energy, and @ i1s the angle through which the ~v-ray is scattered.

Note that from the equation (2.3), a wide range of energy-transfer is possible
in the scattering process, depending on the scattering angle, §. For example,
maximum energy-transfer occurs for § = 180° . The Compton effect is the most

likely process by which «-rays in the energy range 200 - 1000 keV interact with

matter.

Production : If the incident «-ray energy is greater than 1.022 MeV, then
a y-ray can produce an electron-positron pair (but only when in the vicinity
of the Coulomb field of an atom). The excess energy (hv— 1.022 MeV) 1s
equally-divided between the clectron and positron as kinetic energy. When the
positron slows down to an energy comparable with that of an atomic electron,

annihilation takes place, creating two annihilation photons each of energy oll

keV, {(Figure 2.2.(c)).

2.3 ~-ray Detectors

There are two different types of detector used today in «-ray spectrometer arrays:

scintillation and semiconductor.



The Experimental Details & Analysis 33

2.3.1 Scintillation Detectors

Scintillation detectors work by converting the energy deposited by ionising radiation
into pulses of light via electron excitation. This process occurs because electrons
in the valence band of the scintillator are excited to the conduction band due to the
interaction of ionising radiation, such as a y-ray. These electrons can then decay back
to the valence band with the emission of a photon. A photomultiplier tube is used

to convert this optical radiation into an electric current proportional to the energy
deposited in the scintillator material.

The energy-resolution of scintillation detectors is poor in comparison with a semi-
conductor detector; this is due to statistical fluctuations in the number of photo-
electrons and discrepancies within the photomultiplier tube. However, the advantages
of a scintillator detector are their transparency to their own photo-emission, linear
energy conversion, and short decay-times. The advantages of a scintillator material
are its high density and high atomic number (since they derive good photoelectric
absorption). |

There are different types of material that can be used as a scintillator: these in-
clude bismuth germinate, Bi4Ge3O;2 (BGO) or sodium iodide activated with thaelium
(NaI(T1)). These materials are not usually used in primary detectors, but are used
more commonly for anti-Compton shielding [BS96|. In the case of the GAMMASPHERE

[Lee90] detector array (see Section 2.4.1), the detector shields utilise BGO.

2.3.2 Semiconductor Detectors

Semiconductor detectors essentially work as solid state ionisation detectors. In pure
semiconductors, a valence band (full of electrons) and an empty conduction band

arc separated by a band gap. Electrons can be excited from the valence band, leav-

ing behind a hole as they move across into the conduction band. In an intrinsic

seiniconductor, the number of electrons and holes is equal.
The semiconductor detector material used for detecting ~y-rays in y-ray spectro-

scopy is high-purity germanium (HPGe) crystals. The germanium detector is based
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on a reverse-biased p-n junction diode {Kn89|. As p- and n-type semiconductors are
brought into contact, there is a migration ot charges which results in a depletion-
region (where there are no free charge carriers) between the two semiconductors.

This depletion-region constitutes an active volume where radiation can interact and
be detected. Furthermore, the depletion region can be increased by applying a reverse
bias voltage to the semiconductor material, in our case HPGe. A typical bias voltage
is between 1-3 kV.

Ionising radiation interacts with the semiconductor materials in the depletion-
region, creating electron-hole pairs. These charge carriers are swept towards the +ve
and —ve electrodes due to the electric field generated by the bias voltage. As the
number of particle-hole pairs is directly proportional to the energy deposited, the
v-ray energy can be determined from the residual current pulse. The main advantage
of using a semiconductor material is the relatively small ionisation energy (= 3 eV),
which ensures a large number of charge carriers per interaction. This means that the
the statistical fluctuations in the number of charge-carriers are reduced and a large
amount of charge per pulse leads to a good signal-to-noise ratio. The HPGe detectors

are operated at liquid nitrogen (LN,) temperatures in order to reduce the thermal

noise.

2.3.3 Compton Suppression

Photoelectric events are the most important interaction between the incident -ray
and the detector for the y-ray energies studied during the course of this work. When
an incoming -~y-ray interacts with the detector material, it can scatter out of the
detector, leading to incomplete energy deposition in the detector. Background gen-
erated In this manner can be minimised by surrounding the germanium detector by
scintillator material to detect the Compton Scattered -y-ray (this type of detector
is known as an escape-suppressed spectrometerj. A typical escape-suppressed spec-
trometer consists of two parts: the HPGe detector and the BGO suppression shield

with a BGO backplug. Figure 2.3 illustrates a GAMMASPHERE escape-suppressed
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Figure 2.3: A schematic diagram of an escape-suppressed germanium detector used in a

GAMMASPHERE array.

[f v-ray scattering occurs in both the germanium and BGO detectors, then a
Compton scatter can be electronically suppressed and the event is rejected. Unsup-
pressed HPGe detectors typically have peak-to-total value (PT) of ~ 20%. With the
use of the escape-suppression system, the PT will improve to =~ 60% [BS96|, and
this system has a resolution of AE, ~ 2.5 keV at 1300 keV. The spectra obtained
with a %°Co source taken with and without Compton suppression of the germanium
detector are compared in Figure 2.4.(a). Ideally, such a spectrum would consist of
just two ®“Co photopeaks at the energies of 1173 keV and 1333 keV (two thin peaks
on the right side of the spectrum in Figures 2.4.(a),(b)). It has been shown by Baxter
(Ba92| that, when a backplug is incorporated, the PT values are ~ 10% better than
the suppressed values without the backplug (see Figure 2.4.(b)). In addition, in the

same figure, the Compton edges (two broad peaks just below the photopeaks) can be

clearly seen.
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Figure 2.4: The v-ray spectra for a ®*Co source shows (a) the effect of using Compton

suppression with a °°Co source; (b) suppressed spectra with and without backplug contri-

bution to the suppression; (c) the ratio of the unsuppressed to the suppressed spectrum

with and without backplug contribution to the suppression.
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2.4 Arrays of Ge Detectors

High-spin nuclear spectroscopy 1s performed by measuring the properties of y-rays
emitted following heavy-ion fusion-evaporation reactions. This reaction tends to form
the nucleus of interest in a high-spin state which decays by emitting a cascade of

mutually-coincident y-rays. The detection of these y-rays by a single detector provides

minimal information about the properties of the transitions (the energies and intens-

ities). The ideal tool for y-ray spectroscopy would be one capable of measuring all
the individual ~-rays in a cascade with 100% efficiency. However, in practical terms,
this is not possible; but there have been significant advances in the development of ~-
ray spectrometers consisting of large numbers of germanium detectors (or “arrays”).

Today, the most advanced arrays are EUROBALL [No94, BS96] and GAMMASPHERE
(Lee90).

2.4.1 The GAMMASPHERE Array

In this thesis, the GAMMASPHERE spectrometer was used to measure the energies,
intensities and correlations between y-rays. The GAMMASPHERE array is designed to
hold up to 110 escape-suppressed HPGe detectors, packed closely in a 47 arrangement.
The support frame is based on a configuration of a 122 element polyhedron comprising
110 hexagonal and 12 pentagonal faces. The 12 pentagonal faces are for beam access,
support structures and specialised detectors while the 110 hexagonal faces are used
for mounting the escape-suppressed HPGe detectors. The suppression performance
of this type of escape-suppressed HPGe detector has been reported in {Ba92].
Figure 2.5 shows a close-up photograph of the array with one quarter of the
detectors installed. The tull GAMMASPHERE array is composed of two hemispheres,
each of which can rotate &= 90 degrees, thereby allowing casier access to the detector
positions at the top and bottom of the array. In both hemispheres, the Ge detectors
are positioned at the following angles relative to the beam axis : 5 detectors at

17.3° , 5 at 31.7° , 5 at 37.4° , 10 at 50.1° , 5 at 58.3, 10 at 69.8, 5 at 79.2° . 5
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at 80.7 and 5 at 90°. When the array is closed, the distance between the target
and detector is =~ 25 cm. The tull implementation of the GAMMASPHERE array will
have 80 segmented [Mac94| detectors in the central section. Increased segmentation
enhances the resolving-power of the array. The resolving-power (R) of the array can

be expressed by the equation (2.4):

- [ SE,
R = (AE,, X PT) . (2.4)

SE, is the average peak separation and AE. is the resolution of detectors.

The high resolving-power provided by the GAMMASPHERE reveals new scientific
opportunities for a broad range of nuclear studies, such as superdeformed |Tw86] and
hyperdeformed states. The full GAMMASPHERE array with 110 detectors will have a
total photopeak efficiency of 9.4% and a resolving-power of 9.4 which will provide a

limit of observation of ~ 3 x 10~° [BS96).
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Figure 2.5: A close-up of the GAMMASPHERE array with one quarter of the detectors

installed, showing escape-suppressed germanium detectors.
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2.4.2 Electronic and Data Acquisition System

The electronics and data acquisition (DAQ) for the GAMMASPHERE array are briefly
described in this section; more detailed descriptions can be found in [Lee90].

The GAMMASPHERE DAQ system is based on the VXI (VME eXtended for In-
strumentation) standard bus. This standard bus uses electronic cards which contain
high-density analogue signal processing and digital circuitry. The VXI crates reduce
the amount of cabling and improve the reliability of the electronics. Furthermore,
VXI cards host the front-end electronics with highly-integrated electronics cards for
the different detectors. One VXI card also hosts a master trigger card; therefore, it
is more reliable than those units based on the NIM electronics. Both analogue and
digital signals for the two germanium detectors and their fourteen BGO suppression
elements can be processed by each VXI card. Additionally, electronic cards contain
the master trigger, a histogrammer, an event builder and a data storage interface
system.

Further details of the Ge and BGO VXI cards and the data acquisition system
for the GAMMASPHERE array are given in [Lee90]. The whole system, connected by
fibre-optic links to workstations, is controlled by a master trigger that validates the
operation of the VXI cards, where each of the cards has its own local trigger. Each
event is transformed 1nto a suitable format for storage and online sorting by the event

builder using a software routine. The data are then passed via an optical cable to

the tape-server where they are stored on magnetic tape. Furthermore, the data can

be written on up to eight magnetic tapes at a rate of up to ~ 4 megabytes/second.

2.4.3 Energy Calibration and Efficiency of the Array

Energy and efficiency calibration were obtained using standard *¢Co, %°Co and **En
radioactive sources, which emit vy-rays in the energy range 80 < E, < 3500 kcV.
The efficiency curve shown in Figure 2.6 was obtained from the spectra of **Eu and

6.80Co generated from the sum of all the detectors in the GAMMASPHERE array. The

intensity of the transitions was fitted in single (one dimensional 1-D) spectra and

\
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normalised with the known relative intensities of the ?Eu and **%°Co transitions
using the EFFIC Oak Ridge computer program.
From Figure 2.6 it can be seen that there is a rapid decrease in the detection

efficiency at low energies because of poor penetration into crystal and, therefore,
poor charge collection. Additionally, the low-energy events drop rapidly outside the
coincident time window because their smaller rise-time means that the electronic

processing 1s less reliable than for those with energies above 200 keV. The relative
intensities of the transitions can be obtained by correcting measured peak areas using

this efficiency curve.
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Figure 2.6: The efliciency curve obtained for the GAMMASPHERE array taken with 52Eu

and °%%?Co source.
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2.5 Data Analysis Methods

The energy, intensity and multipolarity of a v-ray can be obtained when it interacts
with one of the detectors in the array. In order to obtain such measurements, a one-
dimensional (1-D) spectrum must be produced. However, this can be achieved in two
ways: either directly or indirectly from a two-dimensional (2-D) coincidence “matrix”
or a 3-D “cube”.

For the purposes of this theéis, the most statistically-significant high-fold coincid-
ences were from a double-gated, triple-gated and quadruple-gated matrix. In order
to make use of these data, a series of gated 1-D and 2-D spectra were constructed.

In the 2-D spectrum (matrix) sort, gated matrices are sorted by using double and
triple gates with a gate-list (which has lower and upper limits for each transition
and consists of 6-20 transitions): for example, in a double-gated matrix, each pair
of v-rays in an event (7y;, ¥2) is considered in turn and incremented at the position

(E,1, E,2) only when there are two other y-rays in the event which satisfy the gating

conditions. Such matrices are analysed by setting gates on one axis of the matrix and
projecting out the -rays observed in coincidences on the other axis.

In the cube sort, each triple coincidence event (7 1, ¥ 2, v 3) iIs incremented as
a single count at a position (E,;, E,2, E,3). A 1-D spectrum is then extracted by
gating on the cube in a two-stage process. Firstly, a gate set on the z-axis projects
out a 2-D matrix in the z — y plane and, subsequently, another gate can then be
set, on the projected matrix to produce a double-gated 1-D spectrum. 3-D analysis
has proven to be powertul in discovering the long cascades of v-rays associated with

superdeformed bands. Some of the new superdeformed bands were found using this

method, and these will be presented in Chapters 4 and 5.

2.5.1 Angular Correlation Sorting

Although 1t is possible to deduce information about the multipolarities of the ~-

rays by measuring the angular positions of detection with respect to the beam, a



The Experimental Details & Analysis 43

complete analysis of angular distributions was not undertaken in this present work.
However, the Directional Correlation Orientation (DCO) method [Dr90] was used to
compare the y-rays observed at forward and backward angles and those observed at
90° angles, which is sufficient to distinguish between 7y-rays of multipolarity 1 and
2. The multipolarity of the y-rays (stretched dipole transitions (Al =1) or stretched

quadrupole transitions (Al =2) can be deduced from the ratio shown below:

L(fb)
7,(90°)

where I,(fb) is the intensity of the v-ray detected with the detectors positioned at

Rpco = (2.5)

forward and backward angles while the I,(90°) is the intensity of y-ray detected at
angles close to 90°. This ratio depends upon many things, such as the difference in
the efficiencies of the different types of detector and the difference in the number of
detectors at each angular position. However, this complicated analysis can be avoided
by using the known ~y-rays of the determined multipolarity of the stretched dipole and
the stretched quadrupole transitions for calibrations. For the angles and efficiencies

of the detectors in the GAMMASPHERE array, typical values of Rpco for stretched

quadrupole transitions and stretched dipole transitions are 1.0 and 0.7 respectively.



Chapter 3

Superdeformation

3.1 Introduction

Superdeformation was first introduced to explain the observation of fission isomers in

the actinide nuclei (for example, ***Am) [Po62, St67]. These isomers were associated
with a second minimum in the nuclear potential energy surface, due to the shell

effects which help to stabilise the deformation. This deformation is also enhanced

by electrostatic stress; the tormer is primarily a result of the Coulomb repulsion due
to the abundance of protons. These heavy nuclei were seen to decay from excited

states with abnormally short hali-lives of spontaneous fission from nuclear ground

states; however, this half-life is longer compared to the half-life of spontaneous fission
from excited states. These fission isomers have very short fission decay lifetimes

because the second minimum has a thinner potential barrier (which means increased

tunnelling probability); this can be seen in Figure 3.I1. However, further calculations

[BeT75] showed that superdeformed (SD) shapes can occur at high angular momentum

in lighter nuclei.

The first experimental evidence for superdeformation was found in '25Dygs [Ny84].
This arose from the analysis of the y-ray continuum in an E., — E, correlation mat-

rix where “ridges” were observed. It was suggested that these ridges resulted from

SD states and came fromm moment of inertia measurements. The first discrete line
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Figure 3.1: A schematic illustration of the behaviour of the potential energy as a function

of deformation to show fission from ground state and isomeric state.

spectrum of an SD band was discovered in 22Dygs by Twin et al., in 1986 [Tw86]
occurring in a nucleus with an axis ratio of 2:1:1 (abbreviated to 2:1). At about the
same time, evidence for a highly deformed nucleus (with an axis ratio of 3:2) was

found in '$5Ce7; by Nolan et al., No85]. To date there are five regions of the Segré

chart in which superdeformation has been discovered : these are the mass A ~ 80
region (nuclei close to ®3.Sryy [Sm95]), the A =~ 130 region (nuclei close to '32Cery
[No85]), the A = 150 region (nuclei close to '3Dygs [Tw86]) and the A =~ 190 region
(nuclei close to '35Hgi2 [JK91]). Recently an SD structure has been observed in

62 Zngz, [Mac97]. For this study, the SD region of interest is the A ~ 150 mass region

and in particular the nucleus 2)Gdgg.

3.2 Superdeformation in the A ~ 150 Region

Calculations were pertormed for most nuclei in the Segré chart [Ra80, Be81, DN85)

and it was found that one of the best cases for observing an SD structure lay in the



Superdeformation 46

region of N = 80-86 and Z ='064-66. These predictions were determined from analysis
of the calculated nuclear potential energy surfaces, where a strong minimum was
observed at G, =~ 0.62. A detailed description of how this procedure was performed
is explained in [DN85]. A lifetime measurement of the rotational structure in **Dy
[Ben87] confirmed the SD nature of the band, with a quadrupole moment of @, =
1943 eb indicating an axis ratio of 2:1 in agreement with the theoretical predictions.

To date, SD bands have been identified in 21 nuclei [Si96] in this region of the
Segré chart. Furthermore, the discovery of SD bands in g Ergs [Ber95] and §3°Hogg

7
[Ap97] have pushed the borders of superdeformation in this region to higher proton

numbers and into the next intruder shell (N = 7).

3.3 Properties of Superdeformed Bands

An SD band is characterised by a sequence of highly-collective E2 transitions with a
constant energy separation. The yrast SD band is formed by the occupation of all
energy levels below the nuclear Fermi surface. Thus, this band is the most strongly-

populated SD structure. In the A &~ 150 mass region, every nucleus exhibits at least

one excited SD band (except the '23Erge nucleus, which has only one observed SD

band). Some of the properties of mass 150 SD bands are outlined below:

1. In-band v-ray energy separation (A E,) is regular and between ~ 40 and 60
keV.

2. The ~-ray transitions range from = 550 to 1700 keV.

3. The magnitude of the J'® moment of inertia lies in the range ~ 75 to 90

MeV /h?.

4. The population intensities of the bands are very small, being between = 0.047%
and 2% of the total fusion-evaporation cross-section for the production of the

nucleus. In the A = 130 region, this value can be up to 5%.
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5. Excited SD bands are built on particle-hole excitations close to the nuclear

Fermi surface.

6. The first excited SD band carries =~ 30-50 % intensity relative to the yrast band
in Z < 66 nuclei. However, there is one exception for the nucleus 2Dy, where

the excited bands carry 4-9 % intensity relative to the yrast band because the

nucleons have to be excited across the large shell gaps.

7. The rclative in-band intensity profile for this mass region has three distinct
parts (see Figure 3.2): first, the de-population region (A), where the intensity
of the SD band is lost by three or four transitions (lowest energy ~-ray ) into
the normal-deformed (ND) states; secondly, the plateau region (B), where no
distinguishable feeding or decay-out occurs; thirdly, the feeding region (C),
where the band is populated from continuum transitions (high energy ~v-ray )

until it reaches a limit where the band has a 100 % intensity.

8. It is estimated that the SD states lie approximately 3-5 MeV above the ND

states. There have been no discrete links observed between the SD states and
the ND states in this mass region. However, links have been observed between

the SD states and the ND states in neodymium isotopes (133135137Nd) [Baz94,

Del95, Lu95], 13*Nd [Pe96] and 3*Eu [At93]. Similar links have been observed
in "*Hg [Kh96].

High-IN Orbital Assignments:

The spectroscopic properties of SD bands in different nuclei can be characterised
by the number of occupied high-N intruder orbitals. In the A =~ 150 region, these
orbitals arise from the N = 6 proton states (originating from the 7,3/, sub-shell)
and the N = 7 necutron states (originating from the j;5/, sub-shell) [Tw90]. The

occupation of specific high-N intruder orbitals can have dramatic effects which result

in contributions of varying magnitude to the 7'¥) [Be88]. The Gd isotopes are one of
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Figure 3.2: The relative in-band intensity of the yrast SD band in '*°Gd , normalised
to the average intensity in the plateau region (B). This figure illustrates the de-population

region (A), plateau region (B) and feeding region (C) (see text).

the best examples to show shape-eflects and pairing correlations in this mass region.

These effects in Gd isotopes will be discussed later in Chapters 4 and 5. As a general
conclusion, the variations of J* with rotational frequency, w, show that the few
nucleons in high-N orbitals play an important role in all SD bands in this mass
region. Hence, the configuration assignment of the SD bands involves single-particle

states 6P 7", where p and n represent the number of protons and neutrons in the N

— 6 and N = 7 intruder orbitals respectively.

Identical SD Bands:

After the discovery of multiple SD bands within a single nucleus *°Dy [Joh89], it

became possible to investigate further the microscopic structure of both single-particle

states close to the nuclear Fermi surface in the second potential well. It was observed

that SD bands in one nucleus (e.g. mass A) could sometimes have similar properties
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(c.g. J?# ) to the SD band in a neighbouring nucleus (e.g. mass A 4 1). The first
reported case of the pair of identical SD bands was in the °Gd and "' Tb nuclei
[By90]. The first excited SD bands in these nuclei were identical to the yrast bands
in their Z+1 neighbours to within 2 keV. The similar 7 moments of inertia can
be understood if the identical bands have the same high-N configurations. When the
particle-hole excitation in the excited SD partner takes place from low-N to a high-N
orbital, (in the case of the 1°°Gd -®!Tb pair) the particle was excited from the low-N
orbital ([301]1/27) into a strongly-curving orbital ([651|3/27). The [301]1/2~ orbital
is flat and, thus, a hole-state occupying such a level had little effect on the moment
of inertia J® .

Further examples of identical SD bands observed in this mass region are discussed
in Ref. [Bak95]. A pair of SD bands with similar transition energies were observed
at the 1, 1 and 2 energy points of the partner bands. By using high efficient y-ray
arrays (EUROBALL and GAMMASPHERE), more identical SD bands were discovered,

some of which were to be found in Gd isotopes. This will be discussed in Chapters 4

and 9.

3.4 Previous Studies of °°Gd & °1Gd

Bengtsson et al., suggested that the J(® moments of inertia for °Gd and '*'Tb
would vary as a function of rotational frequency [Be88|. This prediction is in strong
agreement with the discovery of the SD bands in these nuclei [Fa89], and with vari-
ations in the J() moments of inertia. Further experimental work by Byrski et al.,
[By90] showed that excited SD bands exist in '°°Gd and in " Tb. It was found that
the properties of these SD bands closely resembled those of the yrast SD bands in
their neighbouring nucleil. From those studies, it appears that the first excited band
in 1%9Gd is identical to the yrast SD band of **Tb, and that the first excited band
of 1°1Tb is identical to the yrast SD band of '°?2Dy. These SD bands were interpreted

from proton particle-hole excitations as lying between low-N 1301]1/2~ orbital and

LIVERPCOL
UNIVERSITY
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the high-N [651]3/2% intrudei orbital. The yrast SD band in °°Gd has been assigned
the 76°v7* intruder configuration where the lowest two N = 6 proton and N = 7

neutron orbitals are occupied [Fa89].

Six SD bands have been previously reported in Gd , using data from the
EUROGAM #-ray spectrometer [C195]. SD bands 2 and 4 interact due to the near-
degeneracy of the two levels. Even though crosstalk was observed between these two
bands, the inter-band linking transitions could not be identified [Bea93|. However,
analysis for the present study has confirmed the crosstalk between the two bands and

also identified the linking transitions. Further information will be given in Chapter

4,

One of the SD bands, namely, band 5, exhibits a pronounced discontinuity (back-
bending) in the ~-ray transition energies [Fa94|, which is interpreted as the band
crossing. It was suggested that this band decays primarily into band 1 at the band
crossing, but no linking transitions were observed. However, sufficient statistics in
the present work have enabled these linking transitions between the two bands to
be observed. This is the first observation of linking transitions between the two SD
bands in the A = 150 region and further details will be discussed in Chapter 4.

The quadrupole moments and deformations were measured for six SD bands in

150Gd [Bea98], and it was found that deformation drives both the high-N intruder

iad low-N natural parity states.
There has been no SD study for *'Gd to date; hence, no SD structures have been

found in this nucleus. Six SD bands were observed and assigned to '*'Gd for the first

time in this nucleus from this work. The results will be presented in Chapter 5.

3.5 Motivation for the study of "°Gd & Gd

The overiding objective of this study is to investigate and understand in more detail

the decay mechanism of SD bands in the 150 mass region. The other aims are outlined

ds.
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1. To search for SD linking transitions and thereby to establish the spins and

excitation energies of SD bands in °YGd.

2. To study the ND to SD decays and to permit an understanding of the nature

of collective excitations in the second minimum.

3. To discover further examples of excited SD structures.

3.6 The Experiment

An experilﬁent was performed at the Lawrence Berkeley National Laboratory (LBL)
using the GAMMASPHERE ~y-ray spectrometer [Lee90| to populate high-spin states in
150Gd. The reaction used was ¥%Te(?**Mg, 6n)"°?Gd with a beam energy of 149 MeV
provided by the 88-Inch Cyclotron accelerator. The target consisted of two tellurium
foils of 500 ug cm™2 thickness on a 500 pug cm™? la.yér of gold with a thin layer of
aluminium between the tellurium and gold to prevent any migration of tellurium. To
compensate for varying detector gains, the data were gain-matched online to fully-

stopped peaks in ®’Gd. During the experiment, an unsuppressed Ge fold > 5 was
required before accepting an event, and the event-rate was ~ 5000 events per second.

Under these conditions, a total of 1.4 x 10” events was accumulated.
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Superdeformed bands in 1°YGd

Investigation of New Superdeformed Bands

The ratio of population intensities was obtained by measuring the intensity flow

through the ground-state transitions in their respective level schemes in a Radware
Cube[Rad95]. The relative intensities of 1*>1*%1°1Gd are 16%, 66%, and 18% respect-

ively, within an uncertainty of £ 5 % on each figure.
An automatic search routine was employed to search for rotational structures with

an y-ray energy separation appropriate to superdeformation in the mass 150 region
(45 - 60 keV).

4.1 Results

4.1.1 New Superdeformed bands in °°Gd

Analysis has revealed fourteen rotational v-ray cascades with properties consistent

with superderformed shapes. Six bands have been assigned to °!Gd and will be
discussed in Chapter 5; the remaining eight bands have been assigned to '°Gd and

are presented 1n this chapter. The bands have been assigned to particular isotopes

in view of their relationships with the low-spin transitions of %®!51Gd. Furthermore,

the close relationships between transition energies of the new bands with those in

52
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neighbouring nuclei has been used to suggest configurations.

On the basis of the observation of new SD bands and their measured relative

intensities, the convention for labelling has been amended according to Table 4.5.

l Old Scheme | New Scheme
l Band 1 Band 1 —I

Band 2 Band 3
Band 3 Band 4b
I Band 4 Band 4a
Band 5 Band 2
| Band 6_ Band 5

Table 4.1: Reclassification of known SD bands in °°Gd .

The spectra of the six previously-known SD bands [C195] and the eight new SD

bands observed during the progress of this work are presented in Figures 4.1, 4.2,
4.3, 4.4 and 4.5. These spectra are generated from a 1-D spectrum sort using a gate-

list for each individual SD band. During the sort, 4 gates had to be satisfied before
the remaining 7-rays in the event were incremented into the spectrum (quintuples)
(as described in Section 2.5). Furthermore, a double-gated spectrum was subtracted

from the quadruple-gated spectrum in order to avoid contamination and produce

clean spectra of the SD bands.
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Figure 4.1: Background subtracted quadruple-gated spectra of band 1 (a), band 2 (b),
band 3 (c) in *°Gd. '
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Figure 4.2: Background subtracted quadruple-gated spectra of band 4a (a), band 4b (b),
band 5 (c)in *°Gd.



Superdeformed bands in **°Gd 56

200=

Number of Counts

5C | : : X

| |
|

K

| ® sk
700 ' 900 1000 1100 1200 1300 1400 1500 1600 1

Energy (keV)

Figure 4.3: Background subtracted quadruple-gated spectra of band 6a (a), band 6b (b),
band 7 (¢)in *°Gd.

00



Superdeformed bands in **°Gd 57

10C

>1< (a)

l I 1 ‘I *
e
I A | Ll J.u. ﬂi |.i.| 4o ‘i SELE TR

¥ 4 % (C)

Number of Counts

|

700 80 90 10 110 1 0 1 0 1 0 1 0 10 1

Energy (keV)

00

Figure 4.4: Background subtracted quadruple-gated spectra of band 8a (a), band 8b (b),
band 9 (c) in *°Gd.
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Figure 4.5: Background subtracted quadruple-gated spectra of band 10a (a), band 10b
(b) in '*°Gd.
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4.1.2 Transition Energies and Relative Intensity

The transition energies were measured using the peak-fitting routine in the analysis
software Scana [Ur92| and GF2 [Rad95]. Uncertainties were extracted for the energies
of each transition based on the individual statistical and calibration contributions.
For very clean uncontaminated spectra, such as that of band 1, the uncertainties
are typically 0.1 keV or less, although this value does increase with increasing ~-ray
energy due to the effects of Doppler broadening and the efficiency of the array. The
uncertainties are greater for those transitions which exhibit some degree of contam-

ination, especially those in the weakly-populated SD bands. Tables 4.2, Table 4.3

and Table 4.4 contain the transition energies and associated errors of the fourteen SD
bands in ’°Gd.

The statistics obtained in the present experiment have allowed four of the six

previously-known SD structures in *°Gd to be extended to both lower and higher

energles.

1. One new transition at an energy of 1601.7 keV has been observed in band 1.
2. Band 2 has a new <y-ray transition at an energy of 1595.9, 1645.5 keV.
3. Band 4a has a new transition at an energy of 1658.4 keV.

4. Band 5 has four new transitions: one at the lower energy end of-the band (771.6

keV) and three at higher-energy (1516.7 keV, 1536.0 keV, 1589.9 keV, the latter
suggesting a backbend taking place at the top of band 5).

5. Two previously-identified transitions (618.0 keV, 665 keV) in band 4b [Bea93]

were identified as members of the low-lying transitions of °Gd, and were not

observed in coincidence with the remaining band members. They are, therefore,

not members of band 4b.

Eight new SD structures have been observed in *°Gd and furthermore, analysis

has revealed linking transitions between several SD bands:
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1. Linking transitions have been observed between bands 1 and 2 and between
bands 3 and 4a. These will be dealt with in Section 4.3 and Section 4.4 respect-

ively. This is the first observation of such linking transitions in the A =~ 150

reglol.

2. Two of the new bands (namely, band 10a and band 10b) show a discontinuity
(backbend) at lower energies. Further studies are required to investigate and

understand this behaviour in these bands.
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Tran31t10n Energies (keV)

| | B2 | I Bda l Bdb -

815.0(1

- 849.1(1 )
887.9(1)
928.9(1)
970.9(1)
1013.5(1)
1056.5(1)
1100.1(1)
1144.6(1)
1190.5(1)
1237.9(1)

910.2(2)

966.1(3)
995.6(3)
968.6(3)
999.0(2)
1046.8(2)
1097.6(2)
1148.7(2)
1199.9(2)
1250.9(2)
1301.2(2)

1351.6(2)
1401.0(2)
1450.4(2)

727.9(2

771.5(2)
814.3(2)
857.3(5)
900.7(2)
045.3(2)
990.6(2)
1036.7(2)
1083.3(2)
1131.4(3)
1179.3(2)
1229.8(2)

1273.4(2) |

1328.6(2)
1378.6(2)
1430.3(2)
1482.2(3)
1535.4(4)
1587.8(7)

688.1(3)
735.8(4)
785.2(5)
334.4(3)
885.3(3)
936.6(4)
088.6(2)
1040.9(2)
1095.3(2)
1149.3(2)
1203.9(2)
1259.3(2)
1313.7(2)
1377.3(2)
1428.3(2)
1486.4(3)
1543.2(4)
1600.1(6)
1658.4(6)

712.5(3)
761.2(3)
810.5(3)
360.0(3)
910.6(4)

062.5(4)-

1014.9(3)
1068.2(2)
1122.4(3)
1177.1(3)
1232.2(3)

1287.7(3) |
1343.8(3)

1400.5(3

771.6(4)
817.1(3)
362.9(2)
008.4(2)
053.2(2)
008.3(2)
1042.4(3)
1087.7(4)
1133.1(2)
1179.4(2)
1227.1(4)
1275.1(2)
1325.2(3)
1375.1(3)
1426.1(3)

Table 4.2: Transition energies of SD bands 1-5 in *®Gd obtained from this work.
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Transition Energies (keV)

733.2(2) | 711.2(5) | 800.6(4) | 827.8(5) | 804.1(4)
778.2(2) | 758.5(7) | 850.0(3) | 875.4(4) | 851.7(4)
829.0(2) | 806.4(2) | 902.4(2) | 924.4(3) | 900.2(3)
370.8(2) | 855.6(2) | 955.3(3) | 974.4(4) | 951.3(4)
030.2(2) | 905.4(2) | 1010.2(2) | 1025.1(3) | 1001.5(3)
081.4(2) | 956.4(2) | 1066.2(2) | 1076.9(4) | 1053.8(4)
1033.9(2) | 1008.2(2) | 1122.2(2) | 1128.9(4) | 1098.1(3)
1087.0(2) | 1060.8(2) | 1179.8(2) | 1182.5(5) | 1161.8(3)
1141.4(2) | 1113.9(2) | 1238.0(3) | 1236.1(4) | 1212.4(3)
1195.6(3) | 1168.4(2) | 1206.6(3) | 1200.1(4) | 1265.9(5)
1250.9(2) | 1222.6(2) | 1355.7(3) | 1345.0(4) | 1320.6(5)

(3) | 1400.1(5) | 1375.6(5)
1362.7(3) | 1333.7(2) | 1474.0(4) | 1455.9(6) | 1430.7(8)
1419.0(3) | 1390.2(3) | 1534.0(5) | 1511.8(7) | 1485.4(9) |
1475.3(4) | 1446.8(3) | 159:.1(7) | 1567.3(9) | 1538.9(9) |

(

Table 1.3: Transition energies of SD bands 6-8 in *°Gd obtained from this work.

allFy—
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B9

830.1(5)
876.6(4)
022.6(5)
970.0(3)
1016.6(4)
1064.3(4)

1351.7(5)
1400.1(5)

1448.9(5) |

Transition Energies (keV)

815.1(7)
349.1(4)
889.1(8)
877.7(6)
922.7(5)
969.4(5)

1218.8(6)
1271.4(6)
1326.9(5)
1382.4(7)

1495.0(9) | 1438.4(6)

|
1496.1(8)

1556.6(9)

308.9(5)
858.6(7)
009.8(8)
856.5(8)
900.7(5)
045.7(5)
991.6(5)
1040.3(8)
1093.0(9)
1140.3(5)
1192.0(5)
1244.9(6)
1299.1(6)
1354.8(8)

1411.4(6) |

1468.6(8)
1530.8(8)
1592.1(9)

63

Table 4.4: Transition energies of SD bands 9-10 in *°Gd obtained from this work.
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Relative Intensity Measurements

Relative intensity measurements reflect the intensity of a rotational band relative
to the band with the maximum intensity. Such measurements were performed by
setting clean (uncontaminated) gates (typically 7 - 12 gates) on each SD band, then
measuring the peak area of an individual y-ray in the band. After gate adjustments,
these areas were corrected for efficiency using an efficiency curve (Figure 2.6) which
was produced for this experiment.

The relative intensity profiles of SD bands are often characterised by three major
regions: the feeding region, the plateau region, and the de-population region (Sec-
tion 3.3). The relative intensity distributions for the SD bands in **Gd are illustrated
in Figures 4.6 and 4.7. These plots have been normalised to the plateau region, which
is defined as carrying 100% of the total intensity of the band.

The main features of the relative intensity diagrams are:

1. The feeding region starts at 1200 keV and extends to =~ 1600 keV for the

previously-known SD bands (typically 5 - 7 transitions). In band 9, the feeding
starts at 1400 keV.

2. A plateau region extends to =~ 850 keV in bands 3, 4a, 4b, 5, 6a, 9 and ~ 900

keV in bands 1, 6b, 7, 8a, 8b, 10a, 10b, and an anomalously-high energy range
of 1100 < E, < 1250 keV in band 2.

3. De-excitation over several transitions in bands 1, 3, 4a, 4b, 5, 6b, 7, 8a, 10b, or
very fast decay-out 1n just one or two transitions in bands 6a, 8b, 9, 10a. The

decay-out intensity observed for band 2 confirms the backbending assignment.
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Figure 4.6: The relative intensity measurements for band 1, band 2, band 3, band 4a,
band 4b and band 5 in '°Gd. They have been normalised to the average intensity of the

plateau region.



