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Abstract

In recent experiments it has been observed that some discrete superdeformed bands in
the mass A ~ 150 region are more strongly populated when mass-symmetric target-
projectile combinations are used. It is proposed in this Thesis that these population
differences result from a modification of the compound-nucleus angular-momentum
distribution due to the presence of low-lying vibrational states in the target/projectile
nuclei.

Testing this hypothesis, for reactions leading to the population of super-
deformed bands in the mass A ~ 150 region, is difficult because the fission process
begins to compete with the formation of evaporation residues. This, however, is not
a problem in the mass 4 ~ 130 region and a study of the nucleus !3*Nd was there-
fore undertaken with the reactions "*Ge-+%!Ni and ®Mg+!'>Cd. Angular-momentum
distributions, when coupling to vibrational states was not considered, and excitation
energies of the compound nucleus 3¥Nd were closely matched for the two reactions.
The "*Ge-induced mass-symmetric reaction was found to preferentially populate high-
spin states, including superdeformed states in 3*Nd. This is the first report of such
an effect in the mass A ~ 130 region and the first time that such measurements have
been made as a function of spin for individual superdeformed states. Statistical-model
calculations were shown to be in agreement with the present observations provided
coupled-channel effects were taken into account.

To learn more about population mechanisms in the mass A ~ 150 region, a
study of superdeformed band population at very high angular momenta was initiated
with the reactions "®*Ge+76Ge and 22Si+!2*Sn. Both reactions formed the compound

nucleus '%2Gd at an excitation energy of 87 MeV. Relative to normally deformed

il



states, the yrast superdeformed band in the residual nucleus '*’Gd was found to be
populated 4.6 £0.2 times more strongly for the mass-symmetric reaction compared to
the mass-asymmetric reaction. Such a large difference in the population was not ex-
pected. Furthermore, the superdeformed continuum feeding the yrast superdeformed
states in '*"Gd was found to be at least 12 times stronger, relative to the population
of the channel, for the mass-symmetric reaction. Statistical-model calculations, sim-
ilar to those preformed in the mass A ~ 130 region study, could not reproduce the
experimental results. Experiments like the one presented in this Thesis may provide

valuable information about the fission barrier at very high angular momenta.
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Chapter 1

Introduction

“You are also asking me questions and I hear you,
I answer that I cannot answer, you must find out for yourself.”

Walt Whitman (1819-1892)
Song of Myself [5]

Nuclear angular momentum has been a topic of great interest and growth over the
past few decades. The angular momentum of a nucleus can be thought of as arising
from two main components. The first of these is the overall motion of the nucleus and
the second is the orbital and spin angular momenta of its individual nucleons. The
interaction between the collective and single-particle degrees of freedom makes nuclei
fascinating systems to study. By studying nuclei that exhibit high angular momenta
an even greater knowledge of the collective and single-particle motions involved in
defining their rotational structures has been gained. On equal footing, though perhaps
of greater interest, has been the discovery of new phenomena; one of the most well
known being that of superdeformation.

As the nucleus takes on large values of angular momentum it can become
energetically favourable for it to exhibit larger deformations. This is especially true

in mass regions where shell effects can help to stabilize these deformed shapes. Nu-
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Introduction

clei with superdeformed shapes, having an axis ratio of approximately 2:1:1 (cigar
shaped), were first observed, at low spin, in fission isomers in the actinide region [6].
Discrete superdeformed bands were later observed in the mass A ~ 130 [7], A ~
150 [8], and A ~ 190 [9] regions. More recently superdeformed bands have been
found in the mass A ~ 80 [10] and A ~ 60 [11] regions. In all, approximately 200
superdeformed structures (bands) have been documented [12] and much has been
learned about the relationships between these bands as well as their individual con-

figurations and properties.

The main focus of this Thesis is to use superdeformation as a “tool” to study
fusion-evaporation reactions by measuring superdeformed band population. Given
what is known about superdeformed bands, in particular their occurrence at high
spin and their well defined structures, the intent now is to use them as probes to
studv compound nucleus formation followed by particle evaporation. In particular,
superdeformed band population is examined in the mass A ~ 130 and A ~ 130
regions and ambiguities in existing interpretations of the processes governing fusion-

evaporation reactions are scrutinized.

The work in this Thesis falls into two main sections. The first section deals
with fundamental concepts needed for a complete understanding of the material pre-
sented within the body of the work. Chapter 2 gives a brief introduction to some of
the terminology used in the field of high-spin physics and chapter 3 discusses experi-
mental techniques used in the acquisition and analysis of data. Computer codes used
in the modelling of observed phenomena are described in chapter 4. The second part
of this Thesis concerns experiments performed by the author and collaborators. The
phenomenon of superdeformation is looked at in detail in chapter 5 with the discovery

of a new superdeformed band in the nucleus *’Tb being unveiled. In chapter 6 im-
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portant questions about the fusion process, for mass-symmetric and mass-asymmetric
reactions leading to the same compound system, are addressed in a comparative study
of high-spin states in the residual nucleus **Nd. Superdeformed band population at
extreme angular momenta is then examined in chapter 7. More precisely, an in depth
study of the feeding process of the yrast superdeformed band in the residual nucleus

147Gd is presented. Chapter 8 presents a brief summary of this Thesis as a whole.



Chapter 2

Excitations of the Nucleus

“ “The rules are tricky, but they are a much more efficient
way of getting the answer than by counting beans.’ ”

Richard P. Feynman (1918-1988)
QED [13]

When a nucleus is produced in a nuclear reaction various modes of excitation can
occur. If individual nucleons are raised to orbitals of higher energy than that of the
ground-state configuration then single-particle excitations are said to have occurred.
When several nucleons are involved in the excitation then the motion of the group
may be collective and the nucleus may exhibit rotational and/or vibrational motions.
The aim of this chapter is to introduce basic concepts of nuclear excitation, beginning
with an overview of collective motions of the nucleus. Brief descriptions of the Nilsson

model (single-particle model for deformed nuclei) and the cranked shell model are then

given.



Ezcitations of the Nucleus

2.1 Nuclear Shapes

One of the simplest models of the nucleus is that of an incompressible liquid drop
whose shape can be parameterized by expanding the radius R(f, ¢) as

oo A

R(0,¢) = R (1 +3° 3 anYaulo, ¢)> (2.1)

A=0 p=—2
where Y3, (6, @) are the spherical harmonics, Fj is the radius of a sphere which has the
same volume as R(6, ¢), and ), are deformation parameters. The parameters agg
and a, are taken to be zero since they represent cases where changes in volume and
displacement of the center of mass occur, respectively, and the five a;, parameters

are commonly expressed in Hill-Wheeler coordinates [14]:

g = [acosy
ay; = 0
1 ]
Qren = ﬁﬁzsm‘/ (2.2)

Figure 2.1 shows special cases of deformation in the (3,,~) plane. Superdeformed
prolate shapes having an axis ratio of 2:1:1 correspond to the coordinates (f> ~

0.6, = 0).

2.2 Nuclear Rotations

Collective nuclear rotations about any symmetry axis are quantum mechanically for-
bidden, that is, the collective angular momentum R cannot have a component on the
symmetry axis since states which undergo rotation about this axis are indistinguish-
able from one another and thus have no significance physically. Deformed nuclei can

however rotate about any axis that is not a symmetry axis.

w



FEzcitations of the Nucleus

-0BLATE

SPHERICAL

-120*

PROLATE OBLATE

Figure 2.1: Nuclear shapes represented in the (02, v) plane. Prolate and oblate shapes

v

exhibiting collective rotations occur at v = 0 and v = —Z%, respectively. Collective

3 ?
rotations are not allowed at v = —27" and vy = %, however, single-particle excitations

can occur. Reproduced from Ejiri and de Voigt[15].

Experimentally, rotational spectra are observed in many nuclei whose proton
and neutron numbers place them in regions far from closed shells. The Hamiltonian
H for such a nucleus can be separated into a sum of Hamiltonians describing its

collective rotation and intrinsic motions:
H = Hcol -+ Hint (23)

This is known as the particle-rotor model. In terms of R and the moment of inertia

J, H., can be written as

R:
H.y=—R. +
Y Pk

R, R,
2jle1,+2jlez,

(2.4)
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The total angular momentum I of the nucleus (nuclei having an axis of symmetry
will be considered in what is to follow) is a sum of the intrinsic angular momentum

j and the collective angular momentum R,
I=j+R (2.5)

Figure 2.2 illustrates the relationship between these three quantities for a prolate
shape whose symmetry axis is taken to be the z’-axis. With this choice the R,
component must vanish. Thus, the projection of j onto the z'-axis, denoted as (,
must equal the projection of I onto the z’-axis, denoted as K, which follows from the
assertion that no quantum-mechanical rotation is possible about a symmetry axis.

Also, it must necessarily be true that J = J, = J. Thus [16]

2z
x’ I
S
(l) \\ . . Z’
\\\..._. "_-'J ”’
R e
=0
y

Figure 2.2: Illustration showing the relationship between the intrinsic angular mo-
mentmum j, the collective angular momentum R, and the total angular momentum I.
Note that j = 1+s where 1 and s are the intrinsic orbital and spin angular momenta,
respectively. Note that the unprimed coordinate system is the laboratory frame and
the primed coordinate system is the body-fixed frame. The z'-axis is the axis of

symmetry.

R, R,
H. = ngl-*-ﬁR’
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2 R, .
= ﬁ(ﬁ) + g(]& + 372 — 3%) + Heoup (2.6)

The first term in the Hamiltonian depends only on the total angular momentum
and is a constant of motion. The second term acts on valence nucleons which are
not part of the collective core. The third term, H..p, which couples the intrinsic
and rotational motions, represents the Coriolis interaction. The simple structure of
rotational bands (see figure 2.3 for an illustration) tells us that terms two and three
are relatively small and can be neglected in a first approximation of the symmetric
rotor model. The Hamiltonian (2.6) then leads to the eigenvalues

h2

E=o

I(I+1) (2.7)

for a rotational band built on the ground state of an even-even nucleus. The |
quantum number is restricted to either even or odd sequences depending on the

signature (see section 2.5.1) of the states considered.

2.3 Nuclear Vibrations

Vibrations of the nucleus can be readily thought of as small oscillations of a liquid
drop about an average spherical or deformed shape. The various vibrational modes
are characterized by a quantum of vibrational energy called a phonon and are conve-
niently labeled by X of equation (2.1). A A =1 vibration, known as a dipole vibration,
represents a net displacement of the center of mass and such vibrations cannot result
from the action of internal nuclear forces’. The next lowest vibrational mode, cor-
responding to A = 2, is called a quadrupole vibration and is depicted in figure 2.4.

The A = 2 phonon carries 2 units of angular momentum and positive parity. Adding

t1t should be noted that a collective excitation known as a giant-dipole resonance (GDR) exists
in virtually all nuclei. GDR can be thought of as quantized oscillations of the neutron and proton
densities in antiphase, the center of the two densities remaining fixed in space.
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Figure 2.3: Schematic of a rotational cascade in a -7 correlation array (also known as
a coincidence matrix). If one plots the energies of two coincident -y rays from the de-
excitation of a regular rotor the points will appear on a square lattice as shown. The
spacing of the lattice is fixed by the dynamic moment of inertia 7@, see section 3.2
for a definition of J®. Note that the lattice is symmetric about the E,, = E,,
diagonal and that no points exist on that diagonal. Taken from [17].

a single quadrupole pkonon to a 0% ground state of an even-even nucleus results in
a 2% excited state and the addition of two quadrupole phonons results in a triplet of
states with spins and parities of 0%, 2%, and 4% at an energy twice that of the first
2% excited state. The next vibrational mode is the A = 3 octupole vibration, also
depicted in figure 2.4. The A = 3 phonon carries 3 units of angular momentum and
negative parity and therefore the addition of one octupole phonon to the 0% ground

state of an even-even nucleus results in a 3~ excited state. For nuclei in the mass
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regions of interest in this Thesis, the energy of the 3~ excited state is usually some-
what higher than that of the two-quadrupole-phonon triplet. It should be pointed
out at this time that combinations of both types of collective excitations can occur.

For example, a rotational band can be built on a vibrational state.

Quadrupole Octupole

Figure 2.4: Schematic of vibrational modes of the nucleus. Shown are instantaneous
views of vibrations (solid lines) about a spherical equilibrium shape (dashed lines).

2.4 The Nilsson Model

The Nilsson model [18] is a simple modification of the harmonic oscillator that pro-
vides a means of calculating single-particle orbitals in a deformed shell-model poten-

tial. In this model the single-particle Hamiltonian is taken to be
Hpyisson = Hyg +Cl-s + DP? (28)

where the parameters C and D are empirically chosen such that the known shell-model
level sequence at zero deformation is reproduced. For the case of axially symmetric
deformations Hy can be written as

h2 2 1 2 2 2 2.2
Hy = —mv +§M (wJ_(x + vy )+(.UZZ ) (29)

where w; = w; = w, and z is the symmetry axis. It should be pointed out that z,

y, and z of equation (2.9) refer to the body-fixed axes, i.e. the primes have been
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dropped for convenience. In terms of the quadrupole deformation parameter ¢ the

oscillator frequencies can be written as
W) = Wy (1 -+ —6) (210)

W, = wp (1 — —6) (2.11)

where fiwg = 414713 MeV is an estimate of the oscillator frequency for spherical

nuclei. The relationship between ¢ for the ellipsoid and 3, for the quadruploid is

3 /5 75 g —
€= Z\/;Bz T %ar’? " 128r \/—ﬁ 2 ¥ (2.12)

In the limit of large deformation the 1-s and 12 terms of equation (2.8) can be neglected
and the wave functions are characterized by Nilsson quantum numbers, Q" [Nn, A]l.
Here 7 is the parity of the single-particle orbit, N = n; +n, + n, is the total number

of oscillator quanta, n. is the number of quanta along the z-axis, and
LQ7[Nn.Al) = AR[QT[Nn.A])
5. [07[NnA) = SAIQT[Nn.A))

Q = A+%X (2.13)

The energy spectrum is obtained by diagonalizing the Hamiltonian (2.8). A plot of
Nilsson single-particle energies as a function of deformation is given in figure 2.5.

Each single-particle level is labeled by its asymptotic quantum number Q"[Nn A].

2.5 The Cranking Model

The cranking model, first introduced by Inglis [20], provides a way of calculating

the moment of inertia by rotating a given intrinsic wave function and evaluating the

tThe Nilsson quantum numbers are sometimes written in the form [Nn.A]Q™.

11
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Figure 2.5: Nilsson diagram for the proton number Z ~ 50 — 82. Solid (dashed) lines
represent positive (negative) parity orbitals. Taken from [19].

corresponding increase in energy. Given the intrinsic wave function ¢(r,¢), which is

stationary in a rotating frame and is written in space-fixed coordinates, the time-

dependent Schrédinger equation can be expressed as

, L 0
Hsp¢(rv t) = Zhé}¢(7’, t)
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The wave function ¢(r,t) can be related to the wave function ¢(r,t), which is sta-

tionary in the stationary frame, using
¢'(r,t) = e*=¢(r, 1) (2.15)

where w is the angular velocity of the rotating frame. Substituting (2.15) into (2.14)
yields

29 (r. ) = [Hup — he] (1 (2.16)
where the operator in the square brackets and its eigenvalues are known as the single-
particle Routhians. By summing over all occupied single-particle states we get the

stationary-state wave equation
[H — hwd;] ' (r) = E(w)d'(r) (2.17)
where R = H — hwJ, is known as the total Routhian operator, J, = Zf:l(jz)k, and

¢'(r.t) = e L RG (1) (2.18)

The moment of inertia for a given state |0} is then [20]

(i J-|0)]?
J = 2r? el =100 (2.19)
,_#ZO E‘L EO

where i labels the many-particle states of the A nucleons in the deformed potential

and E; are the excitation energies.

2.5.1 The Parity and Signature Quantum Numbers

The Routhian operator R = H — hwJ, is invariant with respect to:
e An inversion of the axes r — —r.
e A rotation about the z axis by an angle of 180°.

The invariance of R for these two symmetries and the fact that it is not invariant

13
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under time reversal implies that only two quantum numbers are conserved as the
nucleus rotates. The first is the parity (7 = £1) and the second is the signature. The

signature, «, is defined by

exp (522 ) = exp (~ima) [¥) (2.20)

where 7 = 180°. States having a total angular momentum differing by 2% have the

same signature. For even nuclei:

a=0 : I1=0,24,...
a=1 : I=1,3,5,... (2.21)
and for odd nuclei:
a=1/2 = I1=1/2,5/2,9/2,...
a=-1/2 : I1=3/2,7/2,11/2,... (2.22)

2.6 Total Routhian Surface

It is possible to calculate the total potential energy for a nucleus as a function of
its deformation parameters (i.e. B, B4, and 7)' for a given particle configuration.
The resulting surface plot is known as a Total Routhian Surface (TRS) [21] and is
calculated for given values of rotational frequency w. By studying TRS diagrams
one can determine the deformation parameters and rotational frequency at which the
overall potential energy is a minimum. This provides a means by which the shape of
nuclei can be predicted and can therefore serve as a starting point in the search for

superdeformation.

tThe 4 parameter is known as a hexadecapole deformation parameter and corresponds to A = 4
in equation (2.1), just as B2 corresponds to A = 2 in that equation.

14



Chapter 3

Experimental Techniques

“Now, we have such a marvelous loss of boundaries that
your criticism of a happening could be a piece of music,
or a scientific experiment, or a trip to Japan, or a trip
to your local shopping market.”

John Cage (1912-1992) [22]

The previous chapter dealt with theoretical concepts of high-spin physics that are
helpful in the interpretation of experimental data. This chapter concerns the exper-
imental techniques of high-spin nuclear physics. It begins with an introduction to
fusion-evaporation reactions and population of high-spin states. Next, experimental
observables which can be extracted from data, and are therefore of great importance
in the analysis process, are outlined. Lastly, the various high-spin gamma-ray spec-
trometers that were used in the experiments which will be described later in this

Thesis are briefly introduced.

3.1 Fusion-Evaporation Reactions

In the first stage of a fusion-evaporation reaction heavy ions ’}:X are accelerated

towards a target of nuclei ggY The two nuclei will fuse to form the compound nu-

15



Ezpertmental Techniques

cleus (23] 7'22V* having an excitation energy E* and maximum classical angular
momentum [,,. if the following two conditions are met. The energy of the beam of
heavy ions must be sufficiently high to overcome the Coulomb barrier of the reaction
(tunneling through the barrier is of course possible as will be seen in chapter 4) and,
at the same time, the impact parameter b of the system must be sufficiently small,
otherwise the two nuclei will collide inelastically. For very large values of b elastic

scattering will occur.

The value of [, may be estimated as [24]
lmaz = 0.219Rint [1(Ecm. — V(Rine))]"* (3.1)

where 4 is the reduced mass in atomic mass units and E.,, and V' (R;,) are in units

of MeV. R;,;, the approach distance in fm, may be estimated as
Rine = 1.16 (4 + 47 + 2) (3.2)

and the Coulomb barrier V' (R;y,) is taken to be

VAV
Rint

V(Rine) = 1.44 (33)

The center of mass energy E. . is related to the excitation energy E* and the Q-value!

of the reaction by

Eem =E"—Q (3.4)
and it is related to the beam energy Ej, by

= ———FFEu (3.5)

Compound nucleus formation takes about 10?2 seconds and is depicted in the upper

portion of figure 3.1.

tThe Q-value is the difference in binding energy of the reactants and the compound nucleus.

16
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The compound nucleus will now either fission or begin to evaporate particles,
this is the second stage of the fusion-evaporation process. The fission process depends
on the height of the fission barrier which itself depends on the angular momentum,
A, and Z of the compound nucleus. Particle evaporation, i.e. emission of neutrons,
protons, and alpha particles, provides the quickest means of cooling the compound

nucleus. Fusion-evaporation reactions are usually represented either by the expression
AXAZY S In V 2 Wz (3-6)

or, in the more compact format,
ZY (X, )2 W (3.7)

where z denotes the evaporated particles. The residue corresponding to the emission
of z equal to three neutrons, for example, is known as the 3n exit channel. For the
compound nuclei of interest in this Thesis neutron evaporation occurs more readily
because protons and alphas must first overcome a relatively large Coulomb barrier. It
takes place between the approximate times of 1072 and 107! seconds depending on
E* of the compound system. Fission and neutron evaporation will have approximately
the same probability of occurrence when the fission barrier is equal to the neutron
binding energy which is about 8 MeV.

As particles are emitted the excitation energy of the compound nucleus is
reduced by the binding and kinetic energies of the particles and small amounts of
angular momentum are carried away. The kinetic energy and angular momentum
carried off by evaporated particles may be calculated by statistical models, however,
for neutron evaporation a fairly good estimate is 1.5 MeV of kinetic energy and 1A of
angular momentum per neutron. Particle evaporation can continue as long as there

are available states in the residual nuclei. The yrast state is defined as the minimum

17



Ezperimental Techniques 18

energy state for a given value of angular momentum. The yrast line connects the yrast
states in a E* versus [ plot and no states exist below this line. Residues populated
at higher spins must necessarily emit fewer particles and as a result several reaction

channels having different angular-momentum distributions will be present, as shown

in figure 3.1.
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Figure 3.1: Statistical-model calculations for a heavy-ion fusion-evaporation reaction
leading to high-spin states. Taken from [25].
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'3.1.1 Population of High-Spin States

The third stage of the fusion-evaporation reaction is y-ray emission from the residual
nucleus. Gamma-ray cooling begins with the emission of statistical v rays whose
emission probabilities are strictly determined by the nuclear level density. These
v rays are generally E1 in character and as such remove little angular momentum.
Cooling of the nucleus continues in this manner until the quasi-continuum (sometimes
referred to as the continuum) region is reached. In the continuum predominantly
stretched E2 transitions occur; these are transitions in which the change in angular
momentum is equal to the multipolarity of the transition. Although quantum states
are intrinsically resolvable in this region the vast number of paths by which v rays
can decay makes it impossible to measure individual states. It is not until the nucleus

is close to the yrast line that individual 7 rays can be resolved.

3.2 Experimental Observables

When analyzing experimental data it is often useful to make analogies to classical
rotating systems. The rotational frequency w is a useful quantity to extract from a
rotational band, however, since it cannot be measured directly it must be inferred

from the classical relation

w = dE/dI (3.8)

where E is the rotational energy and I is the angular momentum of a rotating body.

When equation (3.8) is quantized the following expression is found:

_E(I)-E(I-2)

W= L LI -2

(3.9)

where

L = \JI(I+1) - K2 (3.10)
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is the projection of the total angular momentum on the rotation axis.
In a similar fashion to the above, moments of inertia (denoted by Js) can be

inferred from classical analogues. The kinematic moment of inertia is expressed as

K2 ( 0E \ ! I
(1) _ — =
TV =3 (a(,rg)) h (3.11)

and can be estimated from the difference £, = E(I) — E(I — 2) for a stretched E2

v-ray transition between the states of angular momenta 7 and I —2. It can be shown

that a good approximation is

TJO = ﬁ_2(41 —2) (3.12)
2F. ]

-

The dynamic moment of inertia is expressed as

2 SANC)

(2) — B2 = h—=
71 (ZE) " a2 1
and can be evaluated from a two <-ray cascade (I +2) — I — (I - 2) with the

expression
4h?
(2) —_

J AE, (3.14)

where AE, = E,, — E,,. The independence of J? on the spins of the states makes it
a desirable quantity to extract from experiments dealing with superdeformation since
in most cases one cannot experimentally determine the spins of superdeformed states

unambiguously.

3.3 High-Spin Gamma-Ray Spectrometers

The experiments described in this Thesis were performed at three different institutes
with three different y-ray spectrometers. Given below are brief descriptions of the
arrays used with emphasis made on the differences between the spectrometers. De-
tailed descriptions of detector operations can be found in the references cited in the

following sections and in references [17, 26, 27].
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3.3.1 The 87 Spectrometer

The 87 Spectrometer [28, 29], shown in figure 3.2, was located at AECL Chalk River
Laboratories at the time of the experiment presented in chapter 6. It comprises 20
hyperpure germanium (HPGe) detectors designed to measure the energies of two co-
incident - rays from a fusion-evaporation reaction. Germanium detectors are renown
for their ability to detect v ray energies with high resolution, but they have a low
detection efficiency. Most of the interactions of a ~ ray hitting a detector occur via
the Compton effect. Thus, v rays often scatter out of HPGe detector crystals and
deposit only some of their energy in the crystals. Such events are of little interest
in experiments and are therefore rejected using anti-Compton shields. Compton sup-
pression is done with highly efficient bismuth germanate (BiysGe3O;5 or simply BGO)
detectors that surround the HPGe detectors. Only events for which a given HPGe
detector fires in anti-coincidence with the BGO shield are collected.

The 87 Spectrometer also comprises a 71-element BGO ball that is used as
a -y-ray calorimeter and multiplicity detector. Since the HPGe detectors have high
energy resolution but low efficiency it is complimentary to have an inner ball that
has a high efficiency. The HPGe detectors make up about 5% of the total solid angle
with the BGO ball covering the remaining 95%. The target is viewed by the HPGe
detectors through perforations in the BGO ball and detected -y rays are doppler shift

corrected according to the relationf
B (1 + ﬁ”cos(ﬁ)) E,

" Ny
(1 + Bycos(8)) E, (3.15)

Q

Here E. is the y-ray energy in the laboratory frame, E., is the v-ray energy in the

fGamma rays that are detected with the GammaSphere and GASP spectrometers are also dopgler
shift corrected according to this relation.
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frame of the recoiling nucleus, and 8 is the detector angle with respect to the beam
axis. The velocity of the recoiling compound nucleus is v = B¢ (where c is the speed
of light in vacuum) and f) is the component of  along the beam axis.

Energy and efficiency calibrations of the HPGe detectors are performed with
the standard radioactive sources 52Eu and '*®Ba. The absolute photopeak detection
efficiency [27] for the HPGe detectors of the 87 Spectrometer is ~ 0.8% [30] for 1
MeV « rays. Beams used to bombard targets placed at the center of the array were

provided by the Tandem Accelerator Superconducting Cyclotron (TASCC) facility.

3.3.2 The GammaSphere Multi-Detector Array

At the time of the experiment presented in chapter 7 the GammaSphere [31] multi-
detector array was located at the Ernest O. Lawrence Berkeley National Laboratory.
GammaSphere was designed to have high efficiency detection for high-fold events, i.e.
events for which three of more + rays have been detected. This is done by maximizing
the solid angle viewed by the detectors that make up GammaSphere. GammaSphere
has an absolute photopeak efficiency of ~ 10% for 1.33 MeV +« rays. The array has
no inner ball like that of the 87 Spectrometer but when completed will consist of
110 large-volume Compton-suppressed HPGe detectors (at the time of the experi-
ment presented in chapter 7, 97 of the possible 110 detectors were in place). Energy
and efficiency calibrations of the detectors are performed with standard radioactive

sources. Beams were provided by the 88-Inch Cyclotron.

3.3.3 The GASP Spectrometer

The GASP [32](Grande Array per SPecttroscopia) spectrometer is located at the
Legnaro National Laboratory. It is similar to GammaSphere in that high efficiencies

can be obtained for high-fold events and it resembles the 87 Spectrometer since it too
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Figure 3.2: Photograph of half of the 87 Spectrometer. Visible are a number of the
Compton-suppressed HPGe detector view ports (seen as the small black holes) and
half of the BGO ball.
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has an inner ball of BGO crystals. More specificaily, GASP consists of an array of
40 large-volume Compton-suppressed HPGe detectors and an inner ball of 80 BGO
crystals which cover about 10% and 80% of the total solid angle, respectively. The
absolute photopeak efficiency for the HPGe detectors of the GASP spectrometer is
~ 3% for 1.33 MeV « rays. The charged-particle detector ISIS {33], developed by
a Padova-Legnaro collaboration, was also implemented in the experiment discussed
in chapter 5. It consists of 40 AFE-FE silicon telescopes (130 ym and 1000 pym thick
respectively) covering a geometrical solid angle ~ 90% of 4%. Beams used to bombard

targets placed at the center of the array are provided by the Tandem-Alpi accelerator.



Chapter 4

Computer Modelling of
Fusion-Evaporation Reactions

“Logic is the art of going wrong with confidence.”

Joseph Wood Krutch (1893-1970) [34]

In this chapter the modelling of fusion-evaporation reactions via the use of computer
simulations will be described. Each section is designed to provide the reader with
an introduction to the codes emploved in this Thesis as well as supply a complete
reference list for any further reading that may be of interest. The chapter opens with
a discussion of dissipative collision calculations. Next, coupled-channel calculations
and the study of barrier penetration in the fusion of heavy ions are examined. Lastly,

statistical-model particle-evaporation calculations will be touched upon briefly.

4.1 Dissipative Collision Calculations and the Code
HICOL

Dissipation is the irreversible transformation of accessible energy into another form.
The conversion of kinetic and potential energies of a nuclear reaction into intrin-

sic energy (i.e. single-particle excitations) is partly irreversible and is an example of
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dissipation. Heavy nuclei are quantal systems that have too many particles to be con-
sidered few-body systems, yet too few particles to be considered statistical systems.
As such, concepts like friction and diffusion were never incorporated into the theory
of atomic nuclei. However, experimental measurements, although largely incomplete,
have shown evidence for dissipative behaviors in observables such as excitation en-
ergies of target/projectile nuclei in inelastic scattering experiments and new theories
were needed.

Elastic scattering
Direct reactions

Compound-nucleus
formation

. .. Inelastic scattering
Distant collision Dissipative collision

\

Elastic (Rutherford) scattering
Coulomb excitation

Figure 4.1: Schematic of various types of collisions. Each collision is associated with
a different impact parameter, b, and angular momentum [ = b(2uE.m. ) 2. The
trajectory at which nuclear interaction between the target and projectile becomes
considerable is determined by the grazing impact parameter, b,-. Dissipative colli-
sion calculations are necessary whenever close collisions (i.e. b < by.) are involved.
Adapted from [35].

Depicted in figure 4.1 are various types of collisions, it is necessary to take

dissipation into account whenever close collisions (i.e. b < b,-) are involved. Dissi-
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pative effects are known to delay fusion and fission processes of heavy-ion reactions.
Calculations based on dissipative dynamics [36, 37} provide a means of determining
the fusion time of a given reaction. The fusion time may be defined as the time
required for the thermal energy of the system to reach some specified fraction of its
final value (see for example [38]), where time zero is taken to be the time at which
the nuclei of interest first make contact. It has been found [36] that fusion times are
strong functions of the mass asymmetry of the entrance channel as long as the fissility
of the system is large, where the fissility is taken to be proportional to Z2/A of the
compound nucleus.

The theory behind dissipative collision calculations is far beyond the scope
of this Thesis. However, detailed derivations of the equations of motion needed to
describe the collisions can be found in reference [37]. In this Thesis dissipative collision
calculations were performed with the computer code HICOL [39] which is based on

the wall-plus-window dissipation formalism (36, 37].

4.2 Coupled-Channel Calculations and the Code
CCFUS

The study of barrier penetration gained interest in low energy heavy-ion fusion reac-
tions when it was noted that cross sections were drastically underpredicted by stan-
dard potential barrier penetration calculations, see for example reference [40] and
references therein. Since the fusion of heavy nuclei is too complex to be described
by the collision of rigid spheres, a model that has been successful in lighter mass
systems, it is necessary to consider how the nuclei vibrate and/or exchange particles
as they approach one another in the fusion process. Figure 4.2 depicts a collision

in which the target nucleus is considered to be a good vibrator. As the projectile
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approaches the target, excitations may occur which result in changes in the Coulomb
barrier of the reaction. The lowering of the Coulomb barrier obviously results in
easier compound-nucleus formation.

Projectile Vibrating Target
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Figure 4.2: Schematic of a heavy-ion collision involving a target nucleus that is con-
sidered to be a good vibrator. The bottom left of the figure, adapted from [41], shows
how the Coulomb barrier of the reaction changes as a function of the orientation of the
two nuclei. The right-hand side of the figure depicts the resulting compound-nucleus
spin (angular-momentum) distribution.

Coupling to inelastic excitation channels (i.e. vibrations) can significantly
modify the angular-momentum distributions of compound nuclei and since these dis-

tributions are essential for describing the decay of a given compound nucleus, it
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is vital to determine them accurately. The computer code CCFUS [42] solves this
problem by treating the various inelastic excitation and transfer reaction channels as
independent modes which couple to the initial ground states of the nuclei involved
in a reaction. Diagonalization of the interaction, at the Coulomb barrier, uncouples
the wave equations corresponding to these modes and by summing over the trans-
mission probabilities for the eigenbarriers a total transmission probability can be
obtained. An illustration of how channel coupling affects the transmission is shown
in figure 4.3. Detailed explanations of the theory involved in calculating transmis-
sion coefficients and compound-nucleus angular-momentum distributions are given in
references [43, 44, 45, 46].

Coupling strengths, F', for inelastic excitations to vibrational states are cal-

culated following the formula [42]:

B U 32,Z.e2 R*
F= Var [ RE(TB) + (2 + 1) rytt (4.1)

Here 3, is the deformation parameter, A is the multipolarity of the transition, R
is the radius of the excited nucleus, and Z; and Z, are the atomic numbers of the
two nuclei. The empirical nuclear potential, U, is taken from reference [47] and the

position of the Coulomb barrier, rp, is determined by [47]
a Z,2-€e>

U(rg) = R—

(4.2)

In other words, U is used with an adjustable strength a to define the Coulomb barrier.
Given in table 4.1 are energies and deformation parameters for the first 2+ and 3~
excited vibrational states (see references [48] and [49], respectively, for example) of

nuclei of interest in this Thesis.
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Figure 4.3: Schematic of how channel coupling (e.g. a two-channel problem) affects
the transmission probability. Note that the transmission increases at energies below
the barrier and decreases at energies above the barrier. The upper portion of the
figure represents the classical limits while the lower portion shows the smoothing
effects of quantum mechanics. Adapted from [43].

4.3 Statistical-Model Particle-Evaporation Calcu-
lations and the Code evapOR

Throughout this Thesis the results of the various heavy-ion fusion experiments are
compared to predictions made with the Monte Carlo evaporation code evapOR [50]
which is an extended version of the code PACE2 (Projection Angular-momentum
Coupled Evaporation) [51]. Presented below is an outline of how particle-evaporation

calculations are performed. Details of this can be found in references [51, 52].

The partial cross section for compound-nucleus formation at angular momen-
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Table 4.1: Energies and deformation parameters for the first 2% and 3~ excited vi-
brational states of nuclei of interest in this Thesis.

Nucleus f; : Energy (MeV) 3 : Energy (MeV)

Mg 0.48 : 1.81 0.18 : 6.88
28Gi 0.40 : 1.78 0.24 : 6.88
64N 0.22: 1.34 0.23 : 3.56
“Ge 0.29 : 0.60 0.16 : 2.54
6Ge 0.27 : 0.56 0.15: 2.69
112Cd 0.18 : 0.62 0.17 : 2.01
124gn 0.11: 1.13 0.12: 2.61

tum [ may be determined by

9

)2

where A is the reduced wavelength. The transmission coefficients 7; may be approxi-

mated by
T, = (4.4)
1= :
1 +exp (—'Mi"’d )
where ln,, [53] is chosen such that the measured total fusion cross section
o0
Ofus = Z g (45)
=0

is reproduced. The diffuseness, d, is obtained from optical-model calculations. The
total fusion cross section oy, is similar to the sharp cut-off approximation but with
some diffuseness at high angular momenta. The input fusion cross section for evapOR
may also be taken from the output of CCFUS calculations. In cases where coupled-
channel effects are important this is of course preferable.

The decay rate, R.dFE., for emitting a particle z from an excited nucleus :

with excitation energy E;, angular momentum I;, and parity =;, to form a product
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nucleus f (at Ey, Iy, my) is [52]

l']-f-s; If+5

S 3 TA(EdE.  (46)

§=|I;~sz| =1=S]

pi(Es, Iy, my)

RJ:(EI'? [l; Ef’ [f' Sz)dEI = QWhpi(Eia Ii) 7T'i)

Here E; is the kinetic energy of particle z having a spin of s, and an orbital angular

momentum of [. The channel spin is given as
S=I1;®s; (4.7)
and conservation of energy states that
E; = Ef + E, + separation energy of z (4.8)

The transmission coefficients TF for the scattering of particle z on nucleus f are
obtained from the optical model and may be used in equation 4.6, to calculate particle
emission probabilities, by virtue of the reciprocity theorem [54].

For a v decay [52]

T _ ps(Eg I, my) 2+1
By (B I Bp, Ip)dEy = 2rhp;(E;, I;, 73) Zz: Ex {(Er)dE, (49)

where [ is now the multipolarity of the v ray and E2*'F;(E,) are energy dependent
transition strengths.
The level density used in the above expressions, given as a function of energy

E and spin I, is

p(E.I) = po(U) 21 + 1) exp (2y/a (U = Era(D)) ) (4.10)

where U = E — P. P is the pairing energy and a (known as the “little-a” parameter)
is a parameter which determines the energy dependence of the level density. The level
density at zero spin is denoted as po(U) and E,.;(I) determines the yrast line; in this

Thesis these two parameters are taken from the Gilbert and Cameron formalism [55].
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The decay rate for fission Rjy;; does not depend on the level densities (or
other statistical properties) of the residual nuclei, in contrast to R, and R,. Instead
it depends on properties of the nucleus at the point where fission occurs; this point
is known as the saddle point. The transmission coefficients are taken to be equal to
one if the total available energy is greater than the fission barrier (or the saddle-point

energy), otherwise they are set to zero. Thus, for fission [56]

Ryis(Ei I By, I5) = 2mhp(E;, I;)

with
Ef = E; — Efis(I;) — E; (4.12)

Here Ey;5(1;) is the fission barrier (or the saddle-point energy) and E; is the kinetic

energy at the saddle point.



Chapter 5

Superdeformation in 147p

“What this country needs is a good five-cent cigar.”

Thomas Riley Marshall (1854-1925) [57]

Stable nuclear shapes are often related to the existence of shell gaps, with super-
deformed shapes being no exception. The systematic study of the gadolinium iso-
topes illustrated how the phenomenon of superdeformation may be related to the
presence of intruder orbitals and shell gaps [58]. The work presented in this chapter
begins to establish a link between superdeformation in **Tb and superdeformation
in 130151Th. The yrast superdeformed band in 5Tb is known {59] to have one pro-
ton in the N = 6 intruder orbital while the yrast superdeformed bands in '3%!51Tb
are known (60, 61] to have three protons in the N = 6 intruder orbitals. Thus, a
change in the particle configuration must take place somewhere along the chain of
the terbium isotopes. Such a change does not occur in the gadolinium chain (the
known yrast superdeformed bands in the gadolinium isotopes all have two protons
in the N = 6 intruder orbitals). The systematics of particle configurations in the

terbium isotopes are expanded in this chapter by studying the properties of a newly

discovered superdeformed band in the nucleus '*"Tb. One purpose of this chapter is

34



Superdeformation in 47 Tb

to provide an introduction to superdeformation. Much of the material presented in

this chapter has been published in Physical Review C {2].

5.1 Experimental Setup

The experiment was performed at the Legnaro National Laboratory with the GASP
spectrometer in conjunction with the charged-particle detector ISIS. The reaction was
51y 410000 at a bombarding energy of 230 MeV producing " Tb after the evapora-
tion of four neutrons. The target consisted of two foils of ~500 pg/cm? of *°Mo.
Approximately 10° y-vy-y Ge coincidence events were collected in eight days of beam

time.

5.2 Data Analysis and Results

In the off-line analysis events were selected with the conditions that no charged par-
ticles were detected in ISIS and that at least three Compton-suppressed HPGe detec-
tors and ten detectors of the inner BGO ball fired in coincidence. The computer code
ANDband [62] was used to search the resulting y-y-v data set for regularly spaced
bands and the data analysis program LEVIT8R [63] was employed for building level
schemes. Known superdeformed bands in 3Eu [64], '*’Gd [58, 65], and possibly
146GGd [58, 66] were found in the ANDband search, indicating that some channel leak-
age had occured even with ISIS being employed, as well as a new superdeformed band
consisting of 9 transitions with an average spacing of ~ 57 keV. The new band was
also observed in an analysis of two-fold coincidence events. This band was assigned
to a neutron exit channel (often refered to as an zn channel) because its strength was
greater than any of the known bands of the charged particle channels. Furthermore,

the new band was tentatively assigned to either the 4n or 5n exit channel, correspond-
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ing to 7Tb or “6Tb, respectively, since the entry conditions for other zn channels
were not suitable for significantly populating superdeformed bands 58, 67]. No other

new superdeformed bands were found.

No high-spin transitions have yet been identified in “®Tb and it was therefore
useful to perform a second set of experiments to assign the new band to either “6Tb
or 'Tb. The two nuclei were studied with the reactions '3Cd(3’Cl, 4n)'¢Tb and
14Cd4(37Cl, 4n)'*"Tb at bombarding energies of 179 and 176 MeV, respectively. The
13Cd and !'*Cd targets each consisted of a stack of two foils ~600 pg/cm? thick,
and v rays were detected with the 8m Spectrometer. The 87 Spectrometer data sets
provided information regarding the K distributions (where K is the number of BGO
elements that fired) which are dependent on the number of evaporated particles.
Gamma-gamma coincidences were collected with the HPGe detectors and correlation
arrays were formed for each reaction, with the condition that K > 15. The number
of y-v coincidences in the matrices for the 37Cl+!'3Cd and the 3'Cl+!'*Cd reactions
totalled approximately 9 x 10® and 6 x 108, respectively. The identification of a set of
mutually coincident v rays belonging to “6Tb was then possible; the transitions were
390, 591, 706, and 818 keV (and have not been identified prior to this study). Also, a
set of mutually coincident « rays belonging to " Tb [68] was confirmed; namely 4053,
697, 772, and 1266 keV. Lists were formed with the four 7 rays associated with *6Th

and with those associated with ¥ Tb.

In replaying the particle-vetoed (mainly the neutron exit channels) GASP
data, cuts of K > 10 and K > 20 were made. With the gate lists given above, y-ray
spectra were obtained for the most intensely populated structures in 8Tb and 47Tb
by summing the appropriate combinations of the two-dimensional energy windows set

on three-fold coincidence events and the intensities of the 818 keV line in “*Tb and
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of the 697 keV line in “7Tb were measured. Relative to the 818 keV line in 6Tb,
the intensity of the new superdeformed band was found to increase by a factor of
about 5 between the data sets corresponding to the cuts K > 10 and K > 20 yet
relative to the 697 keV line in *"Tb, the superdeformed band intensity was found to
be independent of the K-cut. Given that K distributions for normally deformed and
superdeformed states are normally very similar [58], the ratio of the superdeformed
band intensity in a given residual nucleus relative to normally deformed states in that
same nucleus should be nearly independent of the K-cut. For this reason the new
band, shown in figure 5.1, was assigned to the nucleus *"Tb. The intensity of the
band was determined to be approximately 0.4% relative to the 4n exit channel. In
comparison, optimum values typically measured for other yrast superdeformed bands
in the 4 ~ 150 mass region are about 1%.

Total Routhian Surface (TRS) calculations were performed for '’ Tb and par-
ticle configurations were studied. The TRS for the (parity, signature) configuration of
(m,a@) = (—,+1/2) in "7Tb is shown in figure 5.2. In these calculations, neutron and
proton configurations were fixed to (7,a) = (—,0) and (7,a) = (+,+1/2), respec-
tively. Evidence of a superdeformed minimum located at (52, 84, v) = (0.54,0.07,2.3°)
is clear. The TRS plotted corresponds to a value of Aiw ~ 0.7 MeV and the super-
deformed band in *7Tb is predicted to become yrast between I ~ 50% and I ~ 65h.
Shown in figure 5.3 is the proton single-particle Routhians for *’Tb generated from
Cranked Shell Model (CSM) calculations [21] with a Woods-Saxon potential, the de-
formation parameters being fixed to those of the minimum seen in the TRS. The
proton single-particle Routhians suggest that, for the yrast configuration, the 6;' in-

truder orbital should be occupied in the feeding region above hw ~ 0.5 MeV. There-

tThe 63 label corresponds to the Nilsson quantum number [651]%+. Also, the 6; and 6, labels
correspond to signature partners with the Nilsson quantum number [660]:,}"'.
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Figure 5.1: The superdeformed band that has been assigned to '*“Tb. The partial
~-ray spectrum was obtained by summing all combinations of two-dimensional energy
windows set on three-fold coincidence events and a small fraction of the single-gated
spectrum was used for the background subtraction. The energies of the nine transi-
tions marked by the inverted triangles are 826, 884, 941, 998, 1055, 1111, 1167, 1224,

and 1281 keV.
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Figure 5.2: TRS for the (7, a) = (—, +1/2) configuration in *"Tb showing evidence
of a superdeformed minimum located at (8;,8s,7) = (0.54,0.07,2.3°). This TRS
corresponds to a rotational frequency of Aiw ~ 0.7 MeV. The superdeformed band in
147TD is predicted to become yrast between I ~ 50A and I ~ 65h.

fore, the proton (7) intruder configuration of *'Tb may be assumed to be 762, which
means that the first three V = 6 proton intruder orbitals are occupied, as opposed
to the configuration 76' ® [404]2 /2+T observed in *3Tb.

To assign the neutron configuration of the *'Tb superdeformed band the
J® moment of inertia was considered. The J® moments of inertia calculated
from vy-ray transitions of superdeformed bands in *6Gd [66] and *’Tb are shown in
figure 5.4. The peak in the J® of 1*6Gd(a), due to the crossing of two N = 6 neutron
orbitals [58], is not observed for either *¢Gd(b) or " Tb. Therefore, the neutron (v)

intruder configuration of "Tb is most likely the same as that of “6Gd(b) and the

"The label 76' ®[404]? /o+ Means that one proton is in the N = 6 intruder orbital and two protons
are in the [404]2" orbital.
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Proton Single-particle Routhian (MeV)

Figure 5.3: Proton single-particle Routhians for *'Tb generated from CSM calcula-
tions based on the Woods-Saxon potential. The intruder orbitals 6,, 62, and 65 and
the particle number that corresponds to the energy gap have been labeled. Solid lines
correspond to parity signature (7, ) = (+, +1/2), dotted lines to (+, —1/2), dashed
lines to (—, —1/2), and dot-dashed lines to (—, +1/2). :
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Figure 5.4: Experimental 7® moments of inertia for 146Gd(a), '*®Gd(b), and *"Tb.

configuration is assigned as v7*, which means that one N = 7 neutron intruder orbital
is occupied. The signature partner of the new band, corresponding to the neutron
configuration of *6Gd(a), should be populated with similar intensity but was not

discovered in the present work.

5.3 Summary

A new superdeformed band has been found and assigned to the nucleus **"Tb. This
is the first superdeformed band to have been found in #’Tb. The proton intruder
configuration is suggested to be w63, like that of the heavier terbium isotopes and
unlike that of 3Tb, and J® moment of inertia suggests that the neutron intruder

configuration of 47Tb is probably v7!. Therefore, the band configuration is assigned
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as 637! with a total parity and signature of (7, ) = (—, +1/2).
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Chapter 6

Enhancement of Superdeformed
Band Population in 13°Nd

“Everything has been thought of before,
but the problem is to think of it again.”

Johann W. von Goethe (1749-1832) [34]

Up to this point the material that has been presented has focused on providing a
clear description of the phenomenon of superdeformation. However, as mentioned
in the introductory chapter, the main focus of this Thesis is not only to discuss
superdeformation but to use it as a tool to study fusion-evaporation reactions. Over
the past few years much work has been done on so-called entrance-channel effects
in the mass A ~ 150 region (see for example [69, 70, 71, 72]). Specifically, mass-
symmetric reactions have been noted to enhance the population of superdeformed
states compared to mass-asymmetric reactions forming the same compound nucleus at
the same excitation energy. These enhancements are, however, not fully understood.
In this chapter it is shown that enhancement of superdeformed band population
in ®Nd results from a modification of the compound-nucleus angular-momentum

distribution due to the presence of low-lying vibrational states in the target/projectile
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nuclei. Much of the material presented in this chapter has been published in Physical

Review Letters [3] and in Journal of Physics G [73].

6.1 The History of “Entrance-Channel Effects”

It has been observed that the population of superdeformed bands in the mass A ~ 150
region is enhanced for mass-symmetric fusion-evaporation reactions [69, 70]. No such
effects have been measured for superdeformed rotational bands in nuclei with mass
A ~ 130 [74, 75] and A ~ 190 [76, 77]. Smith et al. [69] suggested that, in the mass
A ~ 150 region, entrance-channel effects associated with an increase of the fusion
time for mass-symmetric reactions, as compared to mass-asymmetric reactions, were
responsible for the observed enhancements. In other words, neutron emission could
compete more favorably with fission thus increasing the maximum angular momen-
tum leading to evaporation residues and subsequently resulting in a higher probability
of decay into superdeformed states. However, dissipative collision calculations per-
formed [75] with the code HICOL predicted extremely small differences in the fusion
times of the compound nucleus 6Dy formed with the reactions studied by Smith et
al.. Moreover, measurements of the «y-ray decay of giant dipole resonances suggested
that no increases in the fusion time existed in the formation of the compound nucleus
146Gd [78]. This suggests that the feeding enhancement of superdeformed bands is not
an entrance-channel effect associated with increased fusion time for mass-symmetric
reactions and alternative explanations should be investigated.

The possible existence of entrance-channel effects in the decay of a compound
nucleus has been investigated in the past and it is worthwhile to briefly review the
work that has been done on the subject. One of the first studies to suggest the

presence of entrance-channel effect was performed by Kithn et al. [79]. Neutron mul-
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tiplicities measured for the nearly mass-symmetric reaction **Ni+°?Zr were found to
be drastically overestimated by statistical-model calculations. It was suggested that
this was due to trapping in a superdeformed minimum and that the neutron multiplic-
ity for a given spin interval should depend on the mass asymmetry of the entrance
channel. A later study by Janssens et al. [80] concerned similar measurements of
neutron multiplicities for the reactions 5*Ni+°2Zr and ?C+!**Sm. An agreement be-
tween statistical-model calculations and experimental measurements of the neutron
multiplicities was reported for the mass-asymmetric reaction but not for the mass-
symmetric reaction. With the same two reactions, Ruckelshausen et al. [81] measured
the ratio of 2n to 3n cross sections as a function of compound-nucleus spin. In that
particular study it was noted that the 5¢Ni-induced reaction evaporated fewer neu-

trons. The interpretation of the results for the latter two studies followed that given

by [79].

It is well known that fusion-barrier fluctuations [82] broaden the compound-
nucleus spin distribution [41, 46, 83] (see section 4.2), thus resulting in an increase
of the rotational energy and a reduction in effective temperature of the compound
nucleus. It was soon realized that such fluctuations might provide an alternative
explanation for the reduction of the neutron-evaporation probability noted to occur
in mass-symmetric reactions. For example, Haas et al. [84] concluded that nuclear-
shape vibrations were necessary to explain measured -ray multiplicities of individual
exit channels for more mass-symmetric reactions and that, near the barrier, the av-
erage angular momentum transferred greatly depends on the mass-asymmetry of the
entrance channel. Also, Love et al. [85] were able to explain the observed neutron
multiplicity for the reaction 8Ni+92Zr with calculations that incorporated coupling

to inelastic channels. By studying the feeding pattern of collective states they were
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also able to conclude that trapping in superdeformed states at low spin did not occur.

Recently, Barreto et al. [86] readdressed the discrepancies between the above
two interpretations. The decay of the compound nucleus '*Yb, formed in the reac-
tions 4Ni+1%Mo and '60+!8Sm, was examined and it was found that vy-ray fold
distributions of the various evaporation channels showed differences depending on
the entrance channel. The results were consistent with fusion models that predict an
increase in the width of the compound-nucleus spin distribution in the *Ni-induced

reaction.

6.2 Motivation for this Study

The work presented in this chapter establishes a relationship between the enhance-
ment of superdeformed band population and the modification of the compound-
nucleus spin distribution due to the presence of low-lying vibrational states in the
target/projectile nuclei. The so-called entrance-channel effects observed in the mass
A ~ 150 region could possibly be explained by this phenomenon. In order to compare
any two reactions, their excitation energies should be matched as closely as possible.
It is equally important that the uncoupled spin distributions, i.e. fusion cross sec-
tions when no coupling to low-lying vibrational states is included, be matched for the
two reactions. For the reactions leading to the population of superdeformed bands
in the A ~ 150 mass region such a matching usually occurs at very high angular mo-
menta where the fission process begins to compete with the formation of evaporation
residues. Unfortunately, little is known about the height of the fission barrier and its
spin dependency for compound nuclei produced at extremely high angular momenta.
However, superdeformed bands in the mass A ~ 130 region become yrast at relatively

low spins and they can therefore be populated by fusion reactions for which the fission
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probability is negligibly small.

For a first study, the search for coupled-channel effects can be simplified by in-
vestigating a superdeformed band in a nucleus around A = 130. Furthermore, linking
transitions between superdeformed and normally deformed states have been observed
in many cases and therefore experimental spin assignments have been performed for
a number of superdeformed bands in this mass region. Reactions ideally suited for
this particular study were "*Ge+5¢Ni and 26Mg+!12Cd forming the compound nucleus
138Nd with excitation energies of 50.5 and 50.7 MeV, respectively.

Shown in figure 6.1 are theoretical fusion cross sections as a function of the
compound-nucleus spin calculated with the code CCFUS. The accepted deformation
parameters, 3y, for the first 2+ and 3~ excited states of "*Ge, 5¢Ni, Mg, and !'2Cd
(see table 4.1) were used as inputs to CCFUS. Target thicknesses (see section 6.3)
were taken into account for all calculations by integrating over the appropriate energy
spreads. The upper panel of the figure presents the cross sections when no coupling
to low-lying vibrational states are included in the calculations, illustrating the closely
matched spin distributions. Having similar uncoupled spin distributions is essential
for the present investigation. The lower panel gives the cross sections when coupled
channels are taken into account, showing a 10% increase in spin for the "*Ge-induced

reaction.

6.3 Experimental Setup

As mentioned above, the reactions *Ge+5Ni and ?Mg+!'2Cd were studied at bom-
barding energies of 239 and 94 MeV, respectively, with the nucleus 3°Nd being pop-
ulated through the 3n exit channel. The 5¢Ni and ''?Cd targets consisted of foils of

~380 and ~500 pg/cm?, respectively; the loss of beam energy through the targets was
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Figure 6.1: Calculated compound-nucleus spin distributions. Upper panel: spin dis-
tributions when no coupling to low-lying vibrational states are included in the cal-
culations. Lower panel: spin distributions when coupled channels are taken into
consideration. Target thicknesses (see section 6.3) were taken into account in the
calculations and the curves were normalized at their maxima for each panel.
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about 8 MeV for the "“Ge-induced reaction and about 2 MeV for the *Mg-induced
reaction. Thus, the excitation energy of the compound nucleus ¥¥Nd was E* = 50.5
MeV (at mid target) for the mass-symmetric reaction and E* = 50.7 MeV (at mid
target) for the mass-asymmetric reaction. The appropriate beams were provided by
the TASCC facility and ~ rays emitted by the de-exciting nuclei were detected with
the 87 Spectrometer. In order for an event to be recorded on tape, two or more HPGe
detectors and three or more BGO elements had to fire in prompt time coincidence.

A total of 19 x 10% and 11 x 10% v-v coincidences were collected for the "*Ge+5!Ni

and 26Mg+'12Cd reactions, respectively.

6.4 Data Analysis and Results

As a first step in the analysis of the data collected, K distributions were extracted for
each reaction, where K is the number of BGO elements that fired for a single event.
This was done by double gating on the appropriate lists of v rays, i.e. histograming
only those K values for which two members in a given list where in coincidence, given
in table 6.1.

Presented in figure 6.2 are the K distributions for exit channels leading to the
residual nuclei ¥¢Nd, 13°Nd, and **Nd. For comparison, the K distribution for super-
deformed states in 3°Nd (88, 90] is also shown. A large centroid shift between the two
reactions is evident for the 2n channel and becomes less apparent when the neutron
multiplicity increases; this feature has been noted in earlier studies [81, 84, 86]. It
should also be pointed out that similar centroid shifts have been reported for other
superdeformed bands [75, 77]. Figure 6.3 gives weighted sums of the K distributions,
corresponding to normally deformed states in the individual zn channels, shown in

the previous figure. The larger centroid and high-K tail seen for the ™“Ge+%*Ni re-
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Table 6.1: Lists of -y rays used to obtain the K distributions shown in figure 6.2.

Residual E, II'>1I/
nucleus [Ref.] (keV)

BING [87] 295  2F — 0F

495 4+ — 2+

632 6t — 4%

135Nd [88] 199 Y7 %7
595 27 L7
728 2T = 27
136Nd [89] 374 2¥ - 0F

603 4t — 2*
771 6+ — 4*

action are indicative of the fact that higher spins were reached in that reaction when

compared to the 26Mg~+!12Cd reaction.

To gain an understanding of coupled-channel effects at relatively high spin,
nuclei exhibiting discrete superdeformed states may be studied. Shown in figure 6.4
are background-subtracted coincidence spectra for the superdeformed band in 35Nd,
for the two reactions, obtained by summing clean coincidences. As predicted by
coupled-channel calculations, the superdeformed band is seen to higher spin in the
"Ge-induced reaction than in the 2 Mg-induced reaction. More precisely, the band
is seen up to the 1147 keV 32.5h — 30.5% transition for the former reaction, whereas

the last discernible transition for the latter reaction is 1011 keV 28.5hA — 26.5A.

One could try to unfold the above K distributions in order to obtain exper-
imental spin distributions. However, such an unfolding procedure would generate

large uncertainties and it is much easier to study the population of discrete states.
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Figure 6.2: Total number of firing BGO elements, K, measured for the individual
zn channels. Shown are the K distributions corresponding to transitions between
normally deformed states in }**Nd, 3°Nd, and '3Nd and for superdeformed states in
135Nd. All distributions have been normalized to 100 at their maximum.
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Figure 6.3: Total number of firing BGO elements, K, measured for the zn chan-
nels for the two reactions studied. These spectra correspond to weighted sums of
the K distributions, corresponding to normally deformed states in the individual zn
channels, shown in the previous figure. Measured cross sections for the zn channels
(see table 6.2) were used in the weighting procedures. Each distributions has been
normalized to 100 at its maximum.
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Figure 6.4: Partial coincidence spectra for the superdeformed band in ®°Nd for the
two reactions studied. In both cases the spectra were obtained by summing coinci-
dences of the 546, 677, 749, 818, 882, 947, 1011, 1077, and 1147 keV lines. A small
fraction of the total projection, of the appropriate -y coincidence matrix, was used
to subtract background for each reaction.
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To do this a ratio of intensities is defined

_ T!(Mg + Cd)

k= T!(Ge + Ni)

(6.1)

where Z! is the intensity of a given y-ray transition measured for the stated reaction
and [ is the spin of the state emitting that v ray. Shown in figure 6.5 is a plot of
R versus spin I. It should be pointed out that the intensities of the lowest spins
measured, for the various exit channels, have been normalized to unity for each re-
action. Intensities were obtained with the data analysis program ESCL8R [63]. The
difference in the population of high-spin states between the two reactions is quite re-
markable. At spin 16.5A, for example, the enhancement of the “*Ge-induced reaction
relative to the 2Mg-induced reaction (i.e. 1/R) is equal to about 2 while at spin
26.5% the enhancement is considerably larger having a value of ~ 20. It should be
noted that this is the first reported case of any sort of enhancement to be measured
as a function of spin for superdeformed states.

The theoretical spin distributions, shown in figure 6.1, were used as inputs to
the code evapOR. With the level density formalism of Gilbert and Cameron and a
level density parameter of a = A4/9.0 MeV ™!, cross sections of various exit channels
were calculated and compared to values extracted from experiment (see table 6.2). It
is clear that the inclusion of coupled-channels is necessary in order to reproduce the
experimental measurements. Two different level density parameters are usually used
in statistical codes when modelling the population of normally deformed and super-
deformed states (see for example [91, 92]). This level density difference is however
known to mainly influence the statistical spectra and most likely does not affect the
enhancement of interest here.

With the coupled spin distributions as input to evapOR entry-spin, i.e. the

spin of the state emitting the first v ray immediately following particle evaporation
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Figure 6.5: The ratio of intensities R, see text for details, as a function of spin, where
spin refers to the state emitting a given v ray. The smooth solid line is a theoretical
simulation done with the code evapOR. The coupled spin distributions calculated
with CCFUS were used as inputs to the statistical code.

for nuclei surviving fission, distributions were calculated. The results are shown in
figure 6.6. A theoretical value for R as a function of I was then calculated using the
theoretical entry-spin distributions and is represented as the solid curve (normalized
to unity at spin 4h) in figure 6.5. The agreement between theory and experiment
is excellent. However, it should be pointed out that the code CCFUS is a relatively
simple approach to the coupled-channel problem and more refined calculations should
probably be performed for the systems investigated in the present work. It is interest-

ing to note that the theoretical enhancement compares equally well to the trend seen
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Figure 6.6: Calculated total cross section of all events surviving fission as a function
of entry spin for the two reactions studied. Note that the two curves have been
normalized such that the total cross section (total area under each curve) is the same
for each reaction.
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Table 6.2: Measured and calculated relative cross sections (C.S.) for the various
channels observed. Note that the cross section for the 3n channel has been normalized
to unity. All experimental uncertainties are within one percent of the stated relative

Cross section.

Reaction Residual Exp. C.S. Calc. C.S. Calc. CS.

nucleus (uncoupled) (coupled)

1Ge+%Ni 135Nd 1.00 1.00 1.00
136N d 0.45 0.13 0.45

134N d 0.08 0.21 0.11

132Ce 0.11 0.18 0.17

BMg+112Cd  '13°Nd 1.00 1.00 1.00
136N d 0.25 0.10 0.17

134Nd 0.09 0.21 0.15

132Ce 0.12 0.17 0.16

for superdeformed states in 3°Nd as it does to the trend seen for normally deformed
states. This is an indication that the trend in the enhancement is purely a spin effect
and that a time delay in the fusion of the mass-symmetric system probably does not

occur.

6.5 Summary

It has been proposed that the differences in superdeformed band population observed
in recent experiments result from a modification of the compound-nucleus angular-
momentum distribution due to the presence of low-lying vibrational states in the
target/projectile nuclei. To test this hypothesis the nucleus *°*Nd was studied with
the reactions *Ge+%*Ni at 239 MeV and 2Mg+!'2Cd at 94 MeV. The uncoupled
spin distribution and excitation energy of the compound nucleus *¥Nd were closely
matched for the two reactions. Of the two reactions, the "*Ge-induced reaction was

found to preferentially populate high-spin states, including superdeformed states.
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This is the first report of such an effect in the mass A ~ 130 region and the first time
that such measurements have been made for discrete superdeformed states as a func-
tion of spin. The results are consistent with coupled-channel calculations that predict
a broadening of the compound-nucleus spin distribution for the mass-symmetric re-
action. A similar explanation may be applicable to the enhancement observed for
superdeformed states in the mass A ~ 150 region. However, the situation is more
complex in the mass A ~ 130 region due to the competition between fission and
particle evaporation at high spin and more experimental work is needed. In par-
ticular, it would be important to obtain reliable feeding patterns of superdeformed
bands for the reactions where population enhancements have been observed. Such a
study, which can only be done with y-ray spectrometers of the third generation (like

GammaSphere), will be presented in the next chapter.
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Chapter 7

Population of Superdeformed
Bands at Extreme Angular
Momenta

“ ‘But, alas,’ the Director shook his head,
‘we can’t bokanovskify indefinitely.’ ”

Aldous Huxley (1894-1963)
Brave New World [93]

In the previous chapter enhancement of superdeformed band population in the nucleus
I35Nd was observed for the mass-symmetric reaction "*Ge+%Ni compared to the
mass-asymmetric reaction 2Mg+'2Cd. The results were attributed to differences
in compound-nucleus spin distributions brought on by coupling to inelastic channels
in the fusion process. Although that particular study dealt with nuclei in the mass
A ~ 130 region, where the fission of compound nuclei is negligible, the coupled-
channel effects could also play a major role in the mass A ~ 150 region. The primary
difference in the heavier mass region is that one would have to properly account
for the competition between fission and particle evaporation. The present chapter
attembts to establish a link between coupled-channel effects and observed increases

(see section 6.1) in the population of high-spin states for mass-symmetric reactions
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in the mass A ~ 150 region. Much of the material presented in this chapter has been

accepted for publication in Physical Review C [4].

7.1 Motivation for this Study

Consider the reactions *Ge+"Ge and 28Si+!?'Snat bombarding energies of 323 and
152 MeV, respectively. Shown in the upper panel of figure 7.1 are coupled-channel spin
distributions in the compound nucleus (histogram and left ordinate) calculated with
the code CCFUS. In each case coupling to the first excited 2% quadrupole vibrational
state and the first excited 3~ octupole vibrationalstate, see table 4.1, was taken into
consideration for both the target and projectile nuclei. Also shown in the upper panel
of the same figure (circles and right ordinate) are the fusion times for each system
as a function of angular momentum, calculated with HICOL. For the average spin of
each distribution, indicated by the vertical lines, one finds that the fusion times are
approximately equal to 300 x 10~2? and 50 x 107*? seconds for the mass-symmetric
and mass-asymmetric reactions, respectively.

Entry-spin distributions were calculated with the code evapOR with the above-
mentioned coupled-channel spin distributions as input to the code; recall that this
particular combination worked extremely well in modelling the experimental results
in chapter 6. The level density formalism of Gilbert and Cameron and a level density
parameter of a = A/8.0 MeV~! were employed. Also, the Sierk fission barrier [94]
was used and the ratio of a at the saddle point to the ground-state value was set to
unity [50]. The results of the calculations are shown in the lower panel of figure 7.1,
normalized such that the cross section of all events occurring above 50h, taken here
to represent the lowest spin feeding superdeformed states, is the same for each reac-

tion. The predominant feature that one notices is the similarity of the two entry-spin
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Figure 7.1: Upper panel (left ordinate): calculated compound-nucleus spin distribu-
tions. Target thicknesses (see section 7.2) were taken into account by integrating
over the appropriate energy spreads. Note that the curves have been normalized to
their maximum and that the vertical lines represent the average of each distribution.
Upper panel (right ordinate): fusion times as a function of angular momentum for the
"6Ge-induced (filled circles) and 28Si-induced (open circles) reactions. Lower panel:
calculated total cross section of all events surviving fission as a function of entry spin
for the two reactions studied, normalized such that the cross section of all events
occuring above 50# is the same for each reaction.
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distributions, the mass-symmetric reaction losing much of the extra spin it had in its
compound nucleus to fission. According to these calculations, for the production of
the 5n evaporation channel (which corresponds to a favored channel for population of
superdeformed states) an increase of only 13% is expected for the cross section above
50h, relative to the total cross section, for the mass-symmetric reaction. It should
be pointed out, however, that the statistical calculations do not take into account
dynamical effects in the fusion or fission processes.

The purpose of the work presented in this chapter is to measure the popula-
tion of superdeformed states in gadolinium isotopes, formed with the above-mentioned
mass-symmetric and mass-asymmetric reactions, to determine if the predicted simi-
larity in the entry-spin distributions of the two reactions studied is indeed present.
The gadolinium isotopes are ideal for such a study because the normally deformed
and superdeformed structures which will be populated have been previously identified

to very high spins and excitation energies.

7.2 Experimental Setup

The reactions "°Ge+7%Ge and 28Si+!24Sn were studied at bombarding energies of 323
and 152 MeV, respectively, with the nucleus *”Gd being populated through the 5n
exit channel. The "®Ge target was a self-supporting foil of thickness 430 ug/cm? and
the 2Sn target consisted of two foils with thicknesses of 250 and 400 ug/cm?; the loss
of beam energy through the targets was 10 MeV for the ®Ge-induced reaction and
4 MeV for the 28Si-induced reaction. Thus, the excitation energy of the compound
nucleus 52Gd was E* = 87 MeV (at mid target) for both reactions. The experiment
was carried out with the GammaSphere multi-detector array. For this experiment

GammaSphere was comprised of 97 HPGe detectors. A total of 5.5 x 10® and 1.7 x 108
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events consisting of four or more coincident ~ rays were collected for the "®Ge-induced

and ?8Si-induced reactions, respectively.

7.3 Data Analysis and Results

Shown in figure 7.2 are the «-ray spectra obtained for the yrast superdeformed band
in 47Gd [58, 95] for the two reactions. These spectra were created, in accordance
to reference [96], by triple gating on the band (i.e. histograming only those ~-ray
energies in coincidence with at least three members of the superdeformed band) and
the “spike-free” method [97] of spectrum incrementation was employed. Furthermore,
uqcorrelated background was minimized by ellipsoidal gating [98, 99, 100] and the
backgrounds subtracted from the spectra were constructed according to the operator
method of reference [101]. Details of background subtraction can also be found in
reference [17].

The area under each of the peaks of the superdeformed band shown in fig-
ure 7.2 was measured and plotted as a function of assumed spin [102] to obtain peak-
area profiles for each reaction, see figure 7.3. The average peak area in the plateau
region, taken here to be represented by the bottom nine transitions of the band, was
normalized to one for each reaction. The similarity of the peak-area profiles for the
two reactions is obvious, however, a small difference is seen at high spin. The total
intensity of the '*Gd yrast superdeformed band was determined by averaging the
peak areas of those transitions in the plateau region. In order to obtain an intensity
measurement for normally deformed transitions in ’Gd double gating on the 919,
373, and 809 keV lines, directly above the 550-ns isomer (42—9+) [103], was performed.
The intensities of the 919 and 373 keV lines, as well as the intensities of the 304,

239, and 618 keV lines occurring higher up in the level scheme, were measured. It
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Figure 7.2: Portion of the triply-gated spectra for the yrast superdeformed band in
147Gd for the two reactions studied. These spectra were obtained by setting gates on
the bottom 17 transitions of the band.
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should be noted that efficiency corrections were not required since ratios of intensi-
ties were extracted. Relative to normally deformed states, the band was found to be
populated 4.6 £ 0.2 times more strongly for the mass-symmetric reaction compared
to the mass-asymmetric reaction. Such a large ratio could not be explained by the
statistical code used. Peak-area profiles for other superdeformed bands could not
be extracted with confidence from the data set associated with the mass-asymmetric
reaction due to insufficient statistics. This made a comparison of the two reactions
extremely difficult for any of the other bands observed in the zn channels (i.e. yrast
superdeformed bands in *Gd and *8Gd and the first excited superdeformed band
in '*7Gd). However, an estimated increase of about 4 to 5 times was extracted for the
population of the yrast superdeformed band in 8Gd [58, 65, for the mass-symmetric
reaction in comparison with the mass-asymmetric reaction. [t is therefore believed
that the population increase of superdeformed states seems to be a general feature
and is not limited to the yrast band in 7Gd.

True relative intensity profiles for the yrast superdeformed band in *"Gd
were extracted by taking into account the effect of triple gating. An iterative fit was
performed to the efficiency corrected peak-area profiles shown in figure 7.4, created by
triple gating on the plateau region (the bottom nine transitions), with the following

relation:
I;i)‘a. — Z I;max(i,j,k,[) (71)
(j<k<l)#i

Here j, k£, and [ are gate indices, ¢ is a v-ray index, and I;'a are obtained from the
peak-area profiles shown in figure 7.4. A Woods-Saxon function was assumed for the

true intensity profile Z;:
a1

1 + exp (%:2)

A (7.2)

where the coefficients a;, a3, and az are to be determined numerically [104]. The
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Figure 7.3: Peak-area profiles measured for the yrast superdeformed band in 47Gd.
Note that the error bars for the "®Ge-induced reaction are no larger than the points
plotted and have therefore been omitted for clarity.
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Woods-Saxon function is ideal for extracting true intensity profiles of superdeformed
bands since it has characteristics which resemble a feeding region and a “plateau”
region, see figure 7.5. The result of the fit, normalized to one at the lowest spin,
is shown in figure 7.6 for each reaction. Also shown are the error bands associated
with the true relative intensity profile for the 28Si-induced reaction. It is immediately
evident that, within uncertainty, the a, and a3 coefficients are equivalent for the
two reactions studied. It should be pointed out that the actual value of the a;
coeflicient carries no physical significance and that it is merely related to the number
of counts in the relevant spectrum. As a check, the profiles shown in figure 7.6 were
substituted back into equation (7.1) to give the fitted forms shown in figure 7.4; the
fits appear to be exceptional. The similarity of the two true intensity profiles, even
at high spin, indicates that extra feeding of the superdeformed band in the mass-
symmetric reaction occurs not only at the top of the band, as one might expect,
but also continues through to the lower spins. Further investigation was therefore
-prompted in an attempt to determine the origin of the extra feeding measured for the

mass-symmetric reaction.

A study of the superdeformed continuum feeding the yrast superdeformed
states was undertaken. Gamma-gamma. correlation arrays were constructed by double
gating on the yrast superdeformed band in *’Gd. Gates were only set on the bottom
nine transitions (the plateau) of the band to ensure that all of the intensity of the
continuum feeding the band would be measured and elliptical gates were used with
the “spike-free” method of matrix incrementation. The resulting y-y matrix for the
"5Ge-induced reaction is shown in figure 7.7. A similar matrix was constructed for

the 28Si-induced reaction.

The operator method of reference [101] was extended such that background
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Figure 7.4: Efficiency-corrected peak-area profiles obtained by gating on the plateau

(the bottom nine transitions) of the superdeformed band in '*’Gd. Experimental
data points are shown as circles and the solid lines represent fits to these points.

subtraction of the -y matrices could be performed. The resulting background-
subtracted symmetrized matrices for the *Ge-induced and #Si-induced reactions are
shown in figures 7.8 and 7.9, respectively. One immediately recognizes the regular

two-dimensional representation of the superdeformed band. The dark clusters are
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Figure 7.5: The Woods-Saxon function and its defining coefficients.

two-dimensional gaussians that correspond to «-ray transitions of the superdeformed
band. Also recognizable, for the mass-symmetric reaction, is the superdeformed con-
tinuum ridge that is in coincidence with the yrast superdeformed band in *7Gd. The
continuum ridge can be seen as a faint haze running along the first off-diagonal yrast
superdeformed band transitions. A quantitative study of the ridge was undertaken

as shall now be described.

The spectra shown in figures 7.10 and 7.11 were obtained by summing 27 keV
wide slices taken perpendicular to and projected along the E,, = E,, diagonal. These
slices were made in two energy regions, namely, 997 keV < (E,, + E,,)/2 < 1241 keV

and 1265 keV < (E,,+E,,)/2 < 1585 keV. In the first energy region, windows centered
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Figure 7.6: True relative intensity, Z;(I), profiles for the "®Ge-induced and *Si-

induced reactions. Each curve was normalized to one at the lowest assumed spin,

the values listed for the a; coefficient correspond to values before normalization was

performed. Also shown are the error bands associated with the 2Si-induced reaction.
It should be noted that a; is unitless and that a, and az have units of A.

around 1010, 1065, 1121, 1175, and 1228 keV were summed together. The resulting
spectra are shown in figure 7.10 for the ®Ge-induced reaction (upper panel) and for
the 28Si-induced reaction (lower panel). In the second energy region, windows centered
around 1278, 1323, 1368, 1414, 1464, 1517, and 1571 keV were summed together. The
resulting spectra are shown in figure 7.11 for the ®Ge-induced reaction (upper panel)
and for the *Si-induced reaction (lower panel). By following this procedure the first
off-diagonal yrast superdeformed band transitions were avoided (see figure 7.8 for a

clear visualization of this) and a study of the first superdeformed continuum ridge
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Figure 7.7: Portion of the doubly-gated - matrix for the yrast superdeformed band
in 7Gd, for the ®Ge-induced reaction, obtained by setting gates on the bottom nine
transitions of the band.
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Figure 7.8: Portion of the doubly-gated background-subtracted -y matrix for the
yrast superdeformed band in *7Gd, for the ®Ge-induced reaction, obtained by setting
gates on the bottom nine transitions of the band. The solid lines perpendicular to
the E,, = E,, diagonal illustrate how slices where chosen in order to avoid the first
off-diagonal yrast superdeformed band transitions in the ridge analysis.
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could be done. If this technique were not employed then the slices made would be
dominated by the yrast peaks at the position where the continuum is expected and a
ridge analysis would have been extremely difficult. The second, fourth, sixth, etc. off-
diagonal yrast peaks are of course still seen in figures 7.10 and 7.11 and correspond

to the largest peaks.

As is evident from figures 7.10 and 7.11 no statistically significant continuum
could be seen for the mass-asymmetric reaction, however, a clear view of the first ridge,
determined to be 55 keV from the diagonal, was obtained for the mass-symmetric
reaction. The intensity of this ridge over the two energy regions specified above was
measured (taking into account the fact that not all channels were summed over)
and compared to measured intensities of -y coincidences occurring in the plateau
region. A lower limit of 2.5 was placed on the intensity ratio of the superdeformed
continuum (in the first ridge), relative to the yrast superdeformed band in '47Gd,
for the mass-symmetric reaction relative to the mass-asymmetric reaction. In other
words, the superdeformed continuum feeding the yrast superdeformed band is at
least 4.6 x 2.5 ~ 12 times as intense in that reaction (relative to normally deformed
states) as compared to the mass-asymmetric reaction. It is therefore clear that, for the
mass-symmetric reaction, at least part of the extra feeding of the superdeformed yrast
states is associated with an increase in the superdeformed continuum. Thus, cascades
feeding the discrete superdeformed band probably originate from a higher average
entry point in the mass-symmetric reaction. Also, the large continuum intensity
feeding the yrast superdeformed band in the mass-symmetric reaction could partially
explain why the intensity profiles are nearly identical for both reactions. It should
be pointed out that the ridge was not seen at high energy, as would be expected for

continuum at extremely high spin, perhaps suggesting that the width of the ridge

74



Population of Superdeformed Bands at Extreme Angular Momenta 75

600 r 7
55

keV
400 - | 1

200 - 1

Counts

60 - m .

30

100 0 100
(E, -E,) = AE, (keV)

-300  -200

Figure 7.10: Sum of projections of the background-subtracted -y-v matrices shown
in figures 7.8 and 7.9. Projections were made along the E, = E., diagonal in the
energy range 997 keV < (FE,, + E,,)/2 < 1241 keV. Upper panel: sum of projections
for the mass-symmetric reaction. The arrow represents the centroid of the ridge,
measured to be 55 keV from the diagonal. Lower panel: sum of projections for the
mass-asymmetric reaction.
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Figure 7.11: Sum of projections of the background-subtracted -y-v matrices shown
in figures 7.8 and 7.9. Projections were made along the E, = E,, diagonal in the
energy range 1265 keV < (E,, + F,,)/2 < 1585 keV. Upper panel: sum of projections
for the mass-symmetric reaction. The arrow represents the centroid of the ridge,
measured to be 55 keV from the diagonal. Lower panel: sum of projections for the
mass-asymmetric reaction.
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increases with increasing energy. Reliable measurements to confirm this could of

course not be made.

7.4 Summary

A study of superdeformed band population at very high angular momenta was under-
taken with the reactions °Ge+7%Ge at 323 MeV and 22Si+!24Sn at 152 MeV. Both
reactions formed the compound nucleus *2Gd at an excitation energy of 87 MeV. Rel-
ative to normally deformed states, the superdeformed band in the residual nucleus
147(3d was found to be populated 4.6+0.2 times more strongly for the mass-symmetric
reaction compared to the mass-asymmetric reaction. Such a large difference in the
population was not expected and prompted further investigation. Intensity profiles
indicated that, for the mass-symmetric reaction, the extra feeding occurs down the
entire band and not just at the top of the band; one might expect extra feeding at
the top of the band if the population difference observed for the two reactions was
simply due to differences in their spin distributions. This result led to a study of
the superdeformed continuum, in coincidence with the yrast superdeformed band in
147Gd, in an attempt to determine the origin of the extra feeding. It was determined
that the superdeformed continuum feeding the yrast superdeformed states in *'Gd
was at least 12 times stronger for the *Ge-induced reaction.

Dissipative collision calculations performed with the code HICOL suggest that
the fusion time for the mass-symmetric reaction is about 6 times longer than that of
the mass-asymmetric reaction; these calculations were carried out at the average spin
of each compound-nucleus spin distribution. However, “time-dependent” statistical-
model calculations of similar systems [105] suggest that an increased fusion time of

even this amount may still not be long enough to explain the results of the present
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study. One remaining concern is that perhaps the fission barrier used in theoretical
calculations is not known well enough to understand what is happening at very high
spins. If this is the case then experiments such as the one presented in this chapter
are most likely the best means of learning more about the probability of surviving

fission at extreme angular momenta.
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Chapter 8

Conclusion

“But why shall I say more? ...
To-morrow I shall be fetterless!”

Edgar Allan Poe (1809-1849)
The Imp of the Perverse [106]

The main goal of this Thesis was to utilize the phenomenon of superdeformation as
a “tool” to study fusion-evaporation reactions. In particular, ambiguities in existing
interpretations of the processes governing fusion-evaporation reactions in the mass
A ~ 150 region were scrutinized. Alternative explanations for measured increases in
the population of superdeformed structures formed with mass-symmetric reactions
compared to mass-asymmetric reactions were sought.

The idea of using superdeformation as a means of examining properties of
fusion-evaporation reactions was first realized in a study that dealt with population
enhancement of superdeformed states in 3*Nd. The compound nucleus *8Nd was
formed with the reactions "“Ge+%Ni and #Mg+!'?Cd at bombarding energies of
239 and 94 MeV, respectively, ensuring that the excitation energies and uncoupled
spin distributions of the reactions were properly matched. Coupled-channel calcu-

lations predicted dramatic increases in the population of high-spin states for the
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mass-symmetric reaction compared to the mass-asymmetric reaction. Experimental
measurements of normally deformed states in ¥*Nd, ¥Nd, and *°®Nd and super-
deformed states in 3°Nd proved these predictions to be true and so-called entrance
channel effects were ruled out as a interpretation of the results. Statistical-model
evaporation calculations were able to nicely reproduce the experimental results. Al-
though the study dealt with nuclei in the mass A ~ 130 region, at spins for which the
fission of compound nuclei is negligible, the coupled-channel effects could also play a
major role in the mass A ~ 150 region. The primary difference in the mass A ~ 150
region is that one has to properly account for the competition between fission and

particle evaporation.

A study of superdeformed band population in the mass A ~ 150 region was
undertaken with the reactions ®Ge+7°Ge and 8Si+!?*Sn at bombarding energies of
323 and 152 MeV, respectively. Coupled-channel calculations of spin distributions
showed large increases in the population of high-spin states for the mass-symmetric
reaction when compared to the mass-asymmetric reaction. However, statistical-model
evaporation calculations predicted similar entry-spin distributions for the two reac-
tions due to the fact that the compound nucleus 3°Gd formed in the mass-symmetric
reaction losses much of its extra spin to fission. Thus, minimal differences in the popu-
lation of superdeformed bands in the gadolinium isotopes were expected. Surprisingly,
experimental measurements of the intensity of the yrast superdeformed band in *'Gd
showed a very large increase for the mass-symmetric reaction. Even more surprising
was the fact that the intensity profile of that superdeformed band was independent
of the reaction used. This discovery prompted a study of the continuum ridge feeding
the yrast superdeformed band in *"Gd. The presence of a continuum ridge measured

in the mass-symmetric reaction and the apparent lack of one in the mass-asymmetric
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reaction suggested that at least part of the extra feeding of the superdeformed yrast
states measured in the mass-symmetric reaction is associated with an increase in the
superdeformed continuum. A complete explanation for the origin of the extra feeding

is, however, still lacking and further investigation is needed.

Perhaps one of the most important ingredients missing from many of the
evaporation codes available is the inclusion of time dependence in the fusion and
fission processes. Codes like evapOR can be modified such that time dependence
is mimicked (see for example reference [105]) but the manner in which this is done
is arguable. The combination of true time-dependent evaporation codes along with
coupled-channel calculations may be what is needed in the modelling of experimental
results like those presented in this Thesis. Furthermore, it is possible that the fission
barrier used in theoretical calculations is not known well enough to understand what

is happening to nuclei that are produced at very high angular momenta.

In an upcoming experiment [107] the compound nucleus **Hg will be pro-
duced at an excitation energy of 38 MeV via the reactions 8°Se + !'9Pd and *8Ca
+ 142Nd at bombarding energies around their Coulomb barriers. Calculations pre-
dict that these two reactions should populate identical compound-nucleus spin dis-
tributions when coupling to inelastic channels are not taken into account. However,
coupled-channel calculations predict large differences in these spin distributions and
even when fission of °Hg is taken into account measurable differences in the popu-
lation of high-spin states are expected. In other words, for the upcoming experiment,
fission is not expected to affect the compound-nucleus spin distributions as drastically
as it did, for example, in the mass A ~ 150 region study presented in this Thesis.
Differences in spin distributions will be measured experimentally by studying the

population of discrete states in the evaporation residues and the vy-ray multiplicities
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with the 87 Spectrometer. The data collected will hopefully provide further tests for

existing fusion and fission models.
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