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Preface

This thesis describes the measurement, analysis, and interpretation of fusion
cross-sections and fission fragment anisotropies for the four reactions ¥P+1"Lu,
B1p 1761y, 288i+178Hf and 2°Si+-1"Hf, and fission-like cross-sections and anisotropies
for the reaction 1%0+-2%°U, with some overlap of previous measurements for the reac-
tion 16042381, The project was suggested by Drs David Hinde and Nanda Dasgupta.

All experiments were carried out using heavy-ion beams from the 14UD Pel-
letron accelerator operated by the Department of Nuclear Physics at the Australian
National University. All measurements documented in this work were made with
the Fusion-Fission research group, with assistance from the academic and technical
staff.

The fission measurements were carried out using the existing “CUBE” detector
array, comprising mainly two large Multi-Wire Proportional Counters, built and
operated by Dr Hinde. The analyses of these data were carried out by myself using
a variety of programs, some already written, some written by myself, some adapted
by myself or others, as described in Appendix A.

The evaporation residue measurements were carried out using a silicon surface
barrier detector mounted in the CUBE detector array. I carried out the analysis of
these data using existing programs.

The theory and computer model development to simulate the effect of ground-
state spin on fission anisotropies and quasi-fission anisotropies were carried out by
myself.

I have written two research papers, directly related to the work described in this

thesis, which were published in Physical Review C:

¢ R. D. Butt, M. Dasgupta, I. Gontchar, D. J. Hinde, A. Mukherjee, A. C. Ber-
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riman, C. R. Morton, J. O. Newton, A. E. Stuchbery, J. P. Lestone, Effects
of finite ground-state spin on fission fragment angular distributions following
collisions with spherical or deformed nuclei, Phys. Rev. C, 65 044606 (2002)

e R. D. Butt, D. J. Hinde, M. Dasgupta, A. C. Berriman, A. Mukherjee,
C. R. Morton, J. O. Newton, Measurement of the effect of large deformation-
aligned ground-state spin on fission fragment anisotropies, Phys. Rev. C, 66

044601 (2002)

No part of this thesis has been submitted for a degree at any other university.

Rachel Butt
February 6, 2003
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Abstract

In heavy-ion induced fusion-fission reactions, the angular distribution of fission
fragments is sensitive to the mean square angular momentum brought in by the
fusion process, and the nuclear shape and temperature at the fission saddle point.
Experimental fission fragment angular distributions are often used to infer one or
more of these properties. Historically the analysis of these distributions has re-
lied on the alignment of the total angular momentum J of the compound nucleus,
perpendicular to the projectile velocity.

A full theoretical approach, written into a computer code for the first time, allows
the effect of ground-state spin of the projectile and target nuclei to be correctly
treated. This approach takes into account the change in alignment of J due to the
inclusion of this spin, an effect which is shown to be markedly stronger if the nucleus a
with appreciable spin also has a Etrong quadrupole deformation. This change in
alignment of J results in a much reduced fission fragment anisotropy. In extreme
cases, the anisotropy may be below unity, and it ceases to be sufficient to characterise
the fission fragment angular distribution.

The calculations have been tested experimentally, by measuring fission and sur-
vival cross-sections and fission fragment angular distributions for the four reactions

BLP 1776y and 2829Si418Hf, where 0Lu is a strongly-deformed nucleus with

an intrinsic spin of 7 units, and "®Hf has very similar deformation, but zero spin. . = .

The reactions form the compound nuclei 2°62°’Rn. The total fusion excitation func-
tions are well-reproduced by calculations, but the fission fragment anisotropies are
reproduced only when the nuclear spin and deformation are taken into account, con-
firming the theory and supporting the recent understanding of the role of nuclear
deformation in the fusion process and of compound nucleus angular momentum in

the fission process.




Having established the effect in the well-understood fusion-fission reactions, the
effect of nuclear spin is examined for the less well understood quasi-fission reaction.
Experiments were performed to measure fission cross-sections and fission fragment
angular distributions for the reactions 6042352387 where 25U has a spin of 7/2
and 87U has a spin of zero. Both nuclei are quadrupole-deformed, and 04U
was already known to exhibit evidence for quasi-fission. Theoretical calculations
indicate that the fitted anisotropy is sensitive to the range of angles over which the
angular distribution is measured, showing that where quasi-fission is present, thé
anisotropy is not sufficient to entirely characterise the fission fragment angular dis- |
tribution. Comparison of the measured anisotropies with fusion-fission calculations
shows clearly that the reaction is quasi-fission dominated. However, although exist-
ing quasi-fission models predict a strong effect from the spin of 2357, it is shown that
the observed effect is appreciably stronger still in the experimental angular range.
This should be an important tool in evaluating future models of the quasi-fission

process.
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CHAPTER 1

Introduction

1.1 Overview

Nuclear fission, the separation of a nucleus into two fragments, is a complex
process, and significant research effort is devoted to developing an understanding of
the dynamics of the fission process. Much of this work is done by studying fusion-
fission reactions, where a rapidly-moving projectile nucleus strikes and fuses with a
target nucleus, and the resulting compound nucleus subsequently fissions. A wide
range of compound nuclear masses, excitation energies, and angular momenta are
involved. The associated heavy ion fusion reactions have applications in the areas
of super-heavy nucleus formation and gamma-ray spectroscopy.

The defining characteristic of fusion is the formation of a compound nucleus.
It was suggested by Bohr [BOH36], in the context of neutron absorption, that
once the compound nucleus is formed, the details of its formation can be ignored
when considering subsequent evolution. Thus, parameters such as the initial mass
asymmetry and the structure of the fusing nuclei affect only the probability of fusion,
and are irrelevant thereafter. The proton and neutron numbers are unchanged,
and the total angular momentum and excitation energy remain constant under
conservation laws; all these influence the fission process. This means that developing
a full understanding of the fission process requires an understanding of the fusion
process. Conversely, by observing fission following a fusion reaction, even a partial
understanding of the fission process may allow us to deduce partial information
about the fusion process.

During recent years, methods have been developed that have proved useful in

modelling these processes and predicting the outcomes of fusion-fission and fusion-




2 1. Introduction

evaporation reactions. In parﬁicular, both theoretical and experimental develop-
ments have led to an improved understanding of the subtleties of the fusion process
[DAS97]. From this has come the belief that the angular momentum distribution
may now be accurately predicted for the fusion process, and that its influence on

the fission process is well understood. The next step is to test that understanding.

Most calculations to date assume that the angular momentum brought in by
the projectile during the fusion process is the only angular momentum that needs
to be considered. However, where one or both of the reacting nuclei has significant
ground-state spin, this assumption will not be adequate. This thesis presents fusion-
fission measurements made on several heavy-ion reactions, one of which involves a
nucleus with significant ground-state spin. In attempting to predict fusion-fission
anisotropies while including the effects of ground-state spin, it is vital to understand
the influence of the fusion angular momentum distribution on the subsequent fission
process, including subtle interplays of ground-state spin and static deformation

during the fusion process.

The present understanding of fusion indicates that the fusion process is not
affected by the ground-state spin of the r'eacting nuclei. However, for statically de-
formed nuclei, the orientation of the ground-state spin is affected by the orientation
of the reacting nucleus. In turn, the orientation of the reacting nucleus affects the
fusion process [STO80]; therefore we can only predict the total fusion angular mo-
mentum distribution correctly if we fully understand the role of nuclear deformation

and nuclear orientation in the fusion process.

The present understanding of the fission process indicates that it is directly and
strongly affected by the total angular momentum J of the compound nucleus. This
differs from the collision induced angular momentum ! by the ground-state spins Iy,
I, of the target and projectile nuclei respectively; they lead to a slight increase in
the average (J2), but more importantly they may introduce components of J along
the beam direction. These can have a significant effect on the fission fragment
angular distribution, measured with respect to the beam direction, and it should be
possible to observe the effect of these ground-state spins experimentally, providing

a valuable test of fusion and fission models.

A process closely related to fusion-fission is quasi-fission [BJO81, TOK84|, in

which the projectile and target form an elongated di-nucleus, as opposed to a fully
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Figure 1.1: Schematic illustration of heavy-ion reactions, characterised by
mass split against total kinetic energy.

equilibrated, compact compound nucleus. This di-nucleus subsequently fissions into

two fragments after incomplete mass-equilibration. Quasi-fission is not yet as well

understood as fusion-fission. By measuring quasi-fission in reactions on nuclei with

ground-state spin, and comparing the results to similar reactions with nuclei without

ground-state spin, we aim to investigate whether or not quasi-fission is strongly

affected by angular momentum, and the extent to which the probability of quasi-

fission reactions is affected by nuclear deformation, as has been proposed [HIN96|.

1.2 Heavy Ion Reactions

Fusion-fission events are one of several possible outcomes of a heavy ion reaction.

Experimentally, a thin foil of target nuclei is bombarded with high-speed projectiles.

If fusion-fission is to occur, the projectile must have enough energy to overcome the .

electrostatic repulsion between it and the target nucleus; that is, energy of the order
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of 5 MeV per nucleon (depending on the target). The variety of possible heavy-ion
reactions may for the most part be distinguished in terms of the total kinetic energy
of the detected fragments and mass asymmetry, as illustrated in Figure 1.1. For

any given projectile nucleus, one of the following may occur:

Elastic Scattering Only the velocities of the nuclei change. The projectile and
target nuclei are unaltered by the interaction, and their identities are pre-
served. This is not a reaction as such, but a purely electrostatic interaction be-
tween two nuclei. In practice, at projectile energies and collision angles where
other interactions become possible, the observed differential cross-section of
elastically scattered beam particles is reduced. If this does not occur, then the
two nuclei may be treated as point masses and point charges, and the differ-

ential cross-sections may be described by the Rutherford scattering formula.

Inelastic Scattering One or both of the reacting nuclei is excited during the col-
lision, and the velocities of the nuclei are changed. If the excitation is due
solely to the electrostatic (Coulomb) field of one nucleus acting on the other
nucleus, this is referred to as Coulomb excitation. However, the nuclei may

also get close enough for excitation to occur via the nuclear potential.

Transfer Reaction One or more nucleons are transferred between the target and

projectile nuclei. This is observed in peripheral interactions.

Deep Inelastic Reaction This occurs predominantly where the inter-nuclear po-
tential is repulsive, but the kinetic energy allows strong interactions. Many
nucleons may be exchanged between the nuclei, giving substantial kinetic en-

ergy loss, although there is little mass change on average.

Quasi-fission The target and projectile nuclei form a di-nucleus, which fissions
into two fragments after a very short period of time (~ 5 x 1072! 5). The
relative kinetic energy between the colliding nuclei is, in general, completely

damped. There is a significant degree of mass equilibration.

Fusion Reactions The target and projectile nuclei fuse, to form a compact, equi-

librated compound nucleus.

Following a fusion reaction, the system may follow one of several paths, as illustrated

in Figure 1.2:
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Figure 1.2: A hot, spinning compound nucleus has several available decay
paths, proceeding ultimately to fission or formation of an evaporation residue.
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Particle Evaporation. The compound nucleus emits one or more particles; for
heavy nuclei, these are mostly neutrons. Each particle carries away consid-
erable excitation energy (~8 MeV or more for a neutron). When there is
no longer enough excitation energy available to emit another particle, the re-
sulting nucleus is called an “evaporation residue”, and the probability of the
compound nucleus forming an evaporation residue is called the “survival prob-
ability”. The nucleus sheds its remaining energy by emitting gamma rays, as

indicated in Figure 1.2(e).

Fission The compound nucleus separates into two large fragments. Fission may

occur immediately, as in Figure 1.2(a) (this is called “first-chance fission”);

~or it may follow the emission of one (Figure 1.2(b); “second chance fission” )

or more (Figure 1.2(c)) particles from the compound nucleus. The nuclear

temperature drops significantly with every particle evaporation, affecting both -

subsequent fission and evaporation processes. Where the compound nucleus

excitation energy is too low to allow fission after further particle emission

(and possibly too low to allow further particle emission) and still the nucleus
fissions (Figure 1.2(d)), then this is the “last-chance” fission.

There are two major areas of research which make extensive use of heavy-ion fu-
sion reactions. One is the quest to create super-heavy elements [OGA99] (elements
stabilised only by shell effects, often identified as elements with proton numbers
higher than 110). These nuclei can only be formed via heavy-ion fusion-evaporation
reactions—and because the compound nucleus is extremely highly charged, the fis-
sion probability following the fusion reaction is very high. Experiments attempting
to produce these elements are difficult, take a long time, and are expensive. It is thus
practically impossible to make systematic studies of reactions forming these nuclei
to understand the reaction processes better. However, if we develop a good enough
understanding of the fusion and fission processes, we should be able to predict which
reactions will produce the super-heavy elements most readily.

In nuclear spectroscopy, heavy-ion fusion-evaporation reactions are used to cre-
ate nuclei in excited states. The experimenters may then observe the gamma rays
emitted by the nucleus as it cools, and make deductions about the structure of the
nucleus under observation. For these purposes it is useful to be able to predict

the probabilities of forming the various possible evaporation residues as against the
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probability of fission, and the range of angular momenta with which each evap-
oration residue may be formed (which is also limited by competition with fission

processes).

1.3 The Fission Process

According to the transition state model [VAN73], the fission process is governed
by a critical state called the “saddle point”. Classically, the compound nucleus
is committed to fission once it elongates beyond the saddle point. This is the
compound nuclear state for which which the potential energy of the system is a
maximum in terms of the system’s elongation, but a minimum in terms of all other
parameters, such as mass asymmetry. In other words, it is a saddle-point on the
potential-energy surface. We cannot detect directly how elongated the compound
nucleus is at the saddle point, but theoretical calculations show that a compound
nucleus with high atomic number and high angular momentum has a smaller elon-
gation at the saddle-point than one with lower Z or lower angular momentum.

It is necessary, therefore, to use theoretical models to relate concepts such as
saddle-point shape to quantities we can observe experimentally, such as the total

fission cross-section and the fission fragment anisotropy.

1.3.1 The Fission Fragment Anisotropy

In the case of fusion-fission experiments, the
projectile nucleus always travels in the same di-
rection (the beam direction); the velocity vector
7 is the same for all projectile nuclei. The an-
gular momentum [ brought in by the projectile
is given by ['=m7 x 7, it is perpendicular to .

Figure 1.3: A (Where we denote angular momenta with a
projectile, colliding

with a target nucleus,
brings in some angular momentum vector specified by a set of angu-
momentum.

vector, eg f: this is shorthand for the angular

lar momentum quantum numbers, multiplied by
k. Where angular momenta are used in calcula-

tions, it is the quantum number that should be used, and if % is needed it is included
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B eam direction

AN

Detector neatr 180

target

N

Detector at 909

Figure 1.4: Each disk in this figure represents the range of probable trajec-
tories for the fission fragments for one value of the azimuthal collision angle
¢. Note how all the disks meet at 0° and 180°; more fission fragments are
detected at these forward and backward angles than at 90°.

explicitly.)

This is important because when the compound nucleus fissions, the energy re-
quired is minimized when the fragments separate perpendicular to the total angular
momentum. If all the angular momentum of the compound nucleus comes from the
collision with the projectile, then a small detector placed at 0° or 180° to the beam
direction will detect fission fragments from every possible azimuthal angle; whereas
a detector placed at 90° to the beam direction will detect fission fragments from
only a small range of azimuthal angles, as shown in Figure 1.4. Thus we observe an

anisotropy in the fission fragment angular distribution.

In experiments, we look at the fission fragment differential cross-section as a
function of the angle @ relative to the beam direction: W(f) = ﬂ;ﬂ@. The anisotropy

A is defined as the ratio of this fission fragment differential cross-section at 0° or

MR A TR L T D TR T e T R R R R T R s by e
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180° to the differential cross-section at 90° to the beam direction:

W (0°, 180°)

A= W (90°) (L1

1.3.2 Relating the Anisotropy to other quantities.

The experimental fission fragment anisotropy depends on the distribution of
total angular momentum f, the nuclear temperature T, and the effective moment
of inertia of the nucleus at the saddle point I s, approximately as [HAL58]:

()
o (1.2)

A=14

More precise expressions will be given in Section 2.2.2 and Chapter 3.

In order to use the anisotropy to infer any of the quantities on W_hich it depends,

it is necessary to determine or model each of the other quantities; and then the

“inference of the desired quantity is only as good as the models the other quantities
came from. Z.s is unavoidably model-dependent. T' can be determined from the
excitation energy of the compound nucleus, although this requires the level density
a which is also model-dependent. In fission studies, J is often taken to be the same
as the orbital angular momentum I |ﬂ may be experimentally determined using

the following variety of methods:

~-ray multiplicities The number of y-rays emitted by an evaporation residue is
roughly proportional to the angular momentum [ with which that evaporation

residue was formed.

Isomer Ratios Some isotopes have isomeric states with higher spin, which may
decay via v-ray de-excitation or via « or J emission. The isomeric state may
be identified according to the energy of the detected particle or vy-ray. The
relative cross-sections are related to the proportion of the angular momentum

distribution (I} above the spin of the higher state.

Fusion Cross-section Models show that the angular momentum distribution o({)

is related to the fusion excitation function o(Ecar). A reliable method has

been developed for calculating the distribution ¢(!) and is described in Sec- -

tion 2.1.2.3.
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1.4 How does J depend on the fusion process?

The total angular momentum J of the compound nucleus is the sum of the
angular momentum I brought in by the projectile, and the ground-state spins ff;
and I_i of the target and projectile nuclei respectively. [is always perpendicular to
the beam direction, and increases with projectile velocity.

If the reaction involves a spherical tar-
get nucleus with significant spin I_[;, then
the projection M#A of J on the beam axis ‘
is no longer zero; M will range uniformly T
from —Iy to +1Ip. If instead we have a
prolate-deformed (football-shaped) target

nucleus with significant spin [, at ener- Figure 1.5: The projection of
the nuclear elongation axis

ies below the average fusion barrier the
& & on the beam direction.

projectile will be more likely to fuse with
the tips of the target [STO80| rather than
the equator. This is important because Iy will be closely aligned with the nuclear
deformation axis, as shown in Figure 1.5. At beam energies slightly below the
average fusion barrier, fusion with the tips means the target nucleus lies with its
deformation axis on or close to the beam axis. This means Io is aligned with the

beam axis, and hence M will preferentially take the values 1.

1.5 How does J influence the fission process?

J is significant when it comes to fission for two reasons. For larger |f |, fission is
more probable. And when fission does occur, the resulting fission fragments separate
preferentially in directions nearly perpendicular to f, so that in most circumstances
the anisotropy of fission fragments varies as shown in equation 1.2.

However, equation 1.2 is approximately correct only if J is perpendicular to the
beam direction. This is not always the case, as discussed in Section 1.4. When
J makes an angle 90° + ¢ with the beam axis, the fission fragments will be dis-
tributed about « relative to the beam axis, as shown in Figure 1.6, and the observed
anisotropy is reduced. This reduction can be stronger if the reacting nucleus with

ground-state spin is strongly prolate-deformed than if it were spherical, because in
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fission /
fragment

fission
fragment

Figure 1.6: If J is not perpendicular to the beam axis, then the observed
fission fragments are most likely to separate in a plane at an angle to the
beam axis, rather than in & plane including the beam axis.

the deformed case a higher proportion of events have larger a.

1.6 Quasi-fission

(Quasi-fission events occur when the projectile and target do not form a compact
compound nucleus, but form an elongated di-nucleus which then undergoes fission.
The fission fragments emerge with a higher anisotropy compared to fragments from
fusion-fission events. However, the reason for this is unclear. Is it because the
elongated di-nucleus, with its high moment of inertia, is more strongly affected
by the angular momentum of the combined system? Or does the di-nucleus not
have time to respond to the angular momentum of the system, and does it simply
“remember” the direction the projectile came from? In the first case, one would
predict that quasi-fission anisotropies would be very strongly affected by ground-
state nuclear spins. In the second case, ground-state nuclear spins might have little
effect. In this work we examine the effect of nuclear ground-state spin on quasi-

fission anisotropies, theoretically and experimentally.
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1.7 Present work

In the present work, we seek to test our understanding of the fusion and fission
processes by varying the total angular momentum distribution o(J), and the pro-
jection M of J on the beam axis, by comparing two (or more) very similar reactions,
one of which involves a nucleus with significant ground-state spin.

The structure of the rest of this thesis is as follows:

Chapter 2: Standard Theory The basic theory of heavy-ion fusion fission re-
actions is outlined, with emphasis on the calculation of angular momentum

distributions and the probability of fission.

Chapter 3: Extended Theory This chapter covers the inclusion of ground-state
nuclear spin in calculations by examining the results of applying established
theory, and by extending the existing theory to incorporate the effects associ-

ated with nuclear deformation.

Chapter 4: Experiment and Analysis Techniques The experimental methods

and associated analysis procedures used in this thesis are described.

Chapter 5: Experimental Anisotropies from a High-spin Target The results
of measurements on the reactions 3'P+175178Ly and 28298i4-1™®H[ are exam-

ined and compared to model calculations.

Chapter 6: Quasi-fission and Target Spin Possible theoretical models for quasi-
fission are discussed, along with how ground-state spin might be incorporated,
before comparing the results of such models with experimental measurements

on the reactions 104235238,

Chapter 7: Conclusion This chapter summarizes the material presented in this

work, and highlights its most important findings.

Appendix A: Simulations This appendix covers the applicability and use of the

various programs written for and used in this project.

Appendix B: Data Files This appendix provides input data files for some of the

programs described in Appendix A, as used for calculations in this thesis.




CHAPTER 2

Standard Theory

' The major goal of this work is to predict and observe the effect of ground-
state nuclear spin on fusion-fission reactions. This constitutes a sensitive test of
our understanding of the role of angular momentum in both the fusion and fission
processes.

In this chapter, we examine the fusion process, setting out the present under-
standing, and showing that this permits us to reliably obtain the fusion angular
momentum distribution or [-distribution. We then examine the fission process, cal-
culating the total fission angular momentum distribution from the fusion angular
momentum distribution according to the competition with evaporation residues,
and relating the fission angular momentum distribution to the fission fragment

anisotropy.

2.1 The Fusion Process

Fusion is. the process whereby two nuclel merge to form a single equilibrated
compound nucleus. The existence of such a state, with multiple competing decay
paths, as opposed to a set of different states each with different decay paths, was
proposed by Bohr [BOH36]. Bohr’s independence hypothesis states that once a
compound nucleus is formed it has a particular mass, charge, excitation energy and
angular momentum (all conserved quantities), and its decay is independent of its
formation. The failure of certain nuclear reactions to conform with this hypothesis
(e.g. quasi-fission) is discussed in Chapter 6.

In the simplest picture of fusion, both projectile and target nuclei may be treated

as inert, positively charged spheres. They interact according to the repulsive elec-

13




14 2. Standard Theory

trostatic force between them, unless they get close enough to touch; in which case
they fuse, due to attraction of the nuclear surfaces. This simple model involves most
of the important concepts and is quite effective in many cases. However, there are
other effects that have significant consequences, which we will also describe in this

section.

2.1.1 The Basics
2.1.1.1 Nuclear Potential

In the absence of nuclear structure effects, the potential between two nuclei may
be described in terms of a single degree of freedom: the distance r between the
centres of the two nuclei. The total potential between two interacting nuclei is then
made up of three parts: nuclear, Coulomb, and centrifugal.

The precise form of the nuclear potential is not wholly determined; there are
various algebraic forms often used in calculations. The general features are well
established; the force is strong and attractive when two nuclei touch, but small or
zero when the nuclei are widely separated. The following “Woods-Saxon” form of

the nuclear potential is widely used, and will be used throughout this work:

-V
Valr) = 1+ exp[(r —O Ry)/ag)

where V; is the potential depth, ap the surface diffuseness, and Ry is related to

2.1)

the potential radius parameter ry according to Ry = Tg(Afl,/ 4 AY %), Z and A are
the proton and nucleon numbers for the target and projectile nuclei (denoted by
subscripts of 0 and 1 respectively).

The electrostatic component of the nuclear potential is the well-known Coulomb

potential energy:

2

Ve(r) = %ﬁ’()i— for r > R¢

ZoZie? (3R2 —p2

= T{)R%N——l for r < RC (22)
where B¢ = 1.2(Aé/3 + Aifa).

The third component of the nuclear potential comes from conservation of angular
momentum, and comprises the component of kinetic energy of the system required

to conserve the angular momentum {:
W1+ 1)R?
2ur?

(2.3)

Vi(r) =




2.1. The Fusion Process 15

250_| T 11 1 1 T 1 T T T 1 | L

2514178y

200

Coulomb

150 |

100

Total

Energy

50

LIS I S B B N B B B

Nuclear

(I B |

T TR NN NN SN TR SR U S A TR SR SR S N S SR S

0 5 10 15
radius {fm)

Figure 2.1: The Coulomb barrier.

where p is the reduced mass of the system. It results in a projectile approaching the
target with high angular momentum (i.e. high impact parameter b, as illustrated
in Figure 2.3(b}) being deflected away from its initial direction.

The total is simply given by:

V(r) = Vo(r) + Vo(r) + Vi(r) (2.4)

2.1.1.2 The Coulomb Barrier

In order for two nuclei to fuse, the nuclei must get sufficiently close together that
the nuclear force overcomes the repulsive “Coulomb” (electrostatic) force between
the charged nuclei. Because the energy tied up in conserving angular momentum,
Vi(r), is positive or zero, fusion will be easiest when the angular momentum is zero
(i.e. a head-on collision). Figure 2.1 shows the individual Coulomb and nuclear
potentials, and the total potential for [ = 0. '

Classically, the projectile will fuse with the target if it comes in with enough
energy to pass over the local maximum into the potential pocket. The local max-
imum is called the Coulomb Barrier; it has a height By and a barrier radius Ry.
For | > 0 the barrier is at a higher energy, and a slightly smaller radius, as shown

in Figure 2.2 for four nuclear potentials for different angular momenta, calculated
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Figure 2.2: [-dependent fusion barriers for a spherical system.

according to Equation 2.4. But at sufficiently high angular inomentum (I > lmez),
the fusion pocket disappears, and even if the projectile has sufficient energy, fusion
doesn’t occur.

Quantum-mechanically, there is a probability that the projectile may tunnel
through the barrier even if its energy is too low, or be reflected from the barrier

even though its energy is high enough to pass over it.

2.1.1.3 Angular momentum

The angular momentum [ brought in by the projectile has a strong influence on
the probability of fusion, as is obvious from Figure 2.2. For a given beam energy,
the projectile velocity ¥ is fixed, and we would like to know the distribution (/)
of angular momenta = m¥ x 7 for fused systems; where 7 is the vector between
the centres of the two nuclei, as shown in Figure 2.3(c). The impact parameter b is
defined as the perpendicular distance between the velocity vector at infinity and a
parallel line through the centre of the nucleus, as illustrated in Figure 2.3(b); then
we obtain the simplified equation |I] = muvb.

For small b we get small [ as illustrated in Figure 2.3(a), but there is a larger area

associated with larger b and hence larger [ (Figure 2.3(b)). When b gets too large
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Figure 2.3: Angular Momentum Distributions for a reaction involving spher-

ical, inert nuclei.
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the projectile does not get close enough to the target to fuse with it (Figure 2.3(c)).
This gives us a roughly triangular distribution, with a cut-off at high {, as shown
in the upper part of Figure 2.3. (The distribution would be precisely triangular
if the classical description applied, meaning that there was neither below-barrier

tunnelling nor above-barrier reflection.)

2,1.1.4 Cross-section

The cross-section ¢ is a measure of the probability of a reaction occurring. From
the experimenter’s perspective, it is related to the number N of times that reaction

occurs by:

N= UNpmjectz'les Ntargets /Abea.m (25)

where Nprgjectites is the number of incident particles in the beam, and Nigrgess is the
number of nuclei in the target in the area Apeg illuminated by the beam. However,
in practice (a) not all events are detected, simply because available detectors rarely
have 47 steradian coverage; and (b} detectable particles may emerge.with some
angular distribution, so that the same detector may see different numbers of particles
for the same reaction rate, depending on the angle at which it is placed. It is
therefore often desirable to work with the differential cross-section _tig_c(l?],_qﬁl_

The differential cross-section is simply the cross-section per unit solid angle.
Most heavy ion experiments involving a beam of projectiles striking a target have
cylindrical symmetry. Detector areas are defined in terms of solid angle, so the
quantity %@ is readily measured. Rutherford scattering is an example of a reaction
where ﬂ;ﬂ@ does vary with #; most incident projectiles are scattered through very
small angles, with only a few particles being scattered into backward angles. Fusion-
fission events also exhibit a strong variation in the differential cross-section with 6.

One type of cross-section important in this work is the fusion cross-section.
Once two nuclei touch, collisions between individual nucleons rapidly convert kinetic
energy into internal excitation energy. This is why, the two nuclei do generally
fuse rather than re-separating {or are at least “captured”; see Chapter 6), once
inside the Coulomb barrier. This justifies the assumption, in the one-dimensional
barrier penetration model and some other models, that the nuclei will fuse with unit

probability if the projectile penetrates inside the barrier.

3
3
i
3
H
3
]
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The fusion cross-section is given by:

2
Th® &

Y =
o(B) = 5>

(2l + 1)T(E) (2.6)

where p is the reduced mass of the system, F is the centre of mass energy, and T;
is the barrier transmission probability for a given angular momentum I.

For many purposes what is required is not the fusion cross-section at a sin-
gle energy, but the fusion cross-section as a function of energy; this is called the
“excitation function”. The energy used is generally not the “lab” energy Ejy (mea-
sured in the reference frame where the target nucleus is stationary, which is usually
the laboratory reference frame) but is the centre of mass energy E.,, (measured,

of course, in the centre of mass reference frame). The two are related simply by

E _ _BrapAege
e, Aggi+Apri”

2.1.1.5 Reduced Cross-section

For certain applications, the reduced cross-section may be defined. The reduced
cross-section has a reduced dependence on the projectile and target combination

used, and is related to the total cross-section according to:

2B S ym(E) 27)

(B) = o(B) iy =3

and retains dependence only on T;(E'}. T}(E) is bounded in the range 0 < T}{E) < 1,
and should saturate at 1 when { is small and F is large.

The reduced cross-section is most applicable when considering formation of evap-
oration residues, which only appear at low [ in fairly fissile systems. (See Sec-
tion 2.2.1.3.) Because Bohr’s independence hypothesis states that the decay of a
compound nucleus is independent of its formation, at high beam energies where
the relevant T;(E) should approach unity, the reduced cross-section for evaporation
residue formation should be independent of the reaction used to form the compound

nucleus.

2.1.2 Coupled Channels model of Fusion

The one-dimensional barrier penetration model, where T;{E) depends only on [

and E, may be appropriate in situations where the probability of fusion occurring
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Figure 2.4: The calculated fusion barriers for Slp 17141, corresponding to
two extreme orientations of the prolate deformed target nucleus. Collisions
with the tip of the deformed nucleus results in a lower fusion barrier (green
line) than collisions with the sides (black line).

depends on only one degree of freedom (the relative separation 7 of the target and
projectile). However, this is not always the case. Where other degrees of freedom are
significant, sub-barrier fusion cross-sections are typically increased by a few orders

of magnitude,

2.1.2.1 Nuclear Deformation

Consider a reaction in which one of the nuclei has a prolate deformation. As-
suming that the nuclei are not excessively heavy, fusion will occur when the nuclei
get close enough to touch. Classically, the nucleus can be described as having an
arbitrarily well-defined shape, and in this picture we can easily see that there is less
Coulomb repulsion when the nuclei touch at the tip of the deformed nucleus, as
illustrated in green in Figure 2.4, as the centres of charge are separated by a larger
distance than when the projectile strikes the target at its narrower equator (Fig-
ure 2.4, black line) where the Coulomb repulsion is higher. Thus there are different
fusion barriers for these different nuclear orientations. In a collision the target and

projectile can be oriented at any angle between these two extremes, giving rise to
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barriers which lie between the two barriers described above.

In the language of quantum physics,

e ] there is a coupling to a series of rotational
400 [ 28 lu .

excited states of the deformed nucleus.

The distribution of barrier heights encoun-

tered in the collision is centered about the

Relative Probability

average barrier B,,, as illustrated in Fig-

T

Bay

ure 2.5. In this case B,, is equal to the

IDDII"IITUII'IIZrUK‘IIlZ;UIII . .
O Energy (oY) barrier that would be encountered if both .

target and projectile nuclei were spherical.
Figure 2.5: The effective
fusion barrier distribution,
corresponding to all different fusion will occur for a spherical target and
orientations of a deformed
target nucleus, and including
quantum-mechanical there exist barriers lower than B,,.

tunnelling effects.

Thus, at an energy E < B, classically no
projectile. However, for a deformed target,

Because the tunnelling probability de-
pends exponentially on the difference be-
tween the barrier height and the projectile energy, the fraction of projecti]és en-
countering the lower barrier result in significantly more tunnelling than would be
observed if all particles encountered the average barrier. The sub-barrier fusion
cross-sections are therefore dramatically increased.

Similarly, couplings to vibrational excited states or to nucleon transfer channels

also enhance the probability of fusion at low energies.

2.1.2.2 Mathematics of coupled-channels calculations

The coupled-channels equations may be written [DAS98]:
(L4 V(r) — (B = e)iilr) = 3 Vi (r)(r) (2.8)
j

where r is the target-projectile separation, and T' is the kinetic energy operator.
The label ¢ enumerates all possible combinations of states of the target and the
projectile, and ¢; is the total excitation energy above the ground states, while the
state 1;(r} describes the relative motion of the two nuclei. V(r) is the internuclear
potential (Vx(r)+ Vn(r), usually evaluated according to Equations 2.2 and 2.1} and

the matrix elements V;(r) specify elements of the coupling Hamiltonian between
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the states ¢, 7.

In theory, then, there are an infinite number of channels to consider. In practice
only a limited number n of channels have significant strength, and the rest may
be neglected, truncating the problem. This strength consideration has the effect of
excluding all single-particle inelastic channels, selecting only collective excitations
(rotation and vibration) and certain nucleon transfer channels.

For the purp.oses of practical calculations, several simplifying assumptions are
often used [HAG97]. The purpose of these assumptions is to reduce the problem
by either reducing the number of coupled channels to be considered, and/or find-
ing a way to decouple the equations into several single-channel equations, thereby

- drastically reducing the complexity of the calculations. These assumptions are:

ZEero excitati.on energies. The excitation energies ¢; are treated as zero. This
means, effectively, that the reaction occurs much faster than the nuclei can
respond, so this approximation is also called “sudden” or “sudden tunnelling”.
(The opposite assumption applies where the excitation energy €; associated
with a channel is large, and therefore the target and projectile nuclei can
be thought of as continuously rearranging themselves into the lowest energy

configuration. This is called the adiabatic limit.)

no-Coriolis. The kinetic energy operator 7; depends on the channel i through the
centrifugal term [;(I; 4 1)/2ur?, where the total angular momentum J = [; +I;
is the same for all channels. If the channel spin I; is not too large, we make
the no-Coriolis approximation I;(l; + 1)/2ur? ~ J(J + 1)/2ur? [KRU93], or,
equivalently, T; &~ Tp. This is also called the iso-centrifugal approximation or

orbital sudden approximation.

linear coupling. The nuclear coupling potential Vj;(r) is assumed to be linear
with respect to the coordinate 8 of the nuclear vibrational excitation. (In
the simplified calculations employing this assumption, the calculations for
rotational nuclei are usually done in the classical limit.) This assumption is
applied when determining V;(r) from § from existing nuclear data; it affects
both the input strength and the radial dependence of V;;(r). This assumption
has no impact on the decoupling of the coupled channels (see the next two

points), although it reduces computational complexity. The importance and
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limitations of this assumption are discussed in [HAGI7B].

constant coupling. The coupling potential V;;(r) is assumed to be constant over

the interaction range. It is usually taken to be the value at the barrier radius

B

CCMOD, a simplified coupled-channels code. The CCMOD program used
in this work to generate coupled-channels cross-sections and angular momentum
distributions uses the no-Coriolis approximation, and the linear coupling approxi-
mation for vibrational excitations. Rotational excitations are handled by using a
statically deformed potential, evaluating cross-sections in one degree steps in target
and projectile orientations. This use of a statically deformed potential amounts to
coupling to all orders of rotational excitation (the linear coupling approximation is
not used), and to all states in the rotational band, using the zero excitation en-
ergy approximation. This treatment has been shown to closely correspond to the
exact quantum-mechanical calculations as long as the excitation energy of the first
rotational state is low [MOROL]. In contrast, for vibrational excitations, coupling is
only done to first order in 8. The transfer channels are treated in an approximate
way by using the 1-nucleon transfer form factor as given in {POL83]. CCMOD uses
an approximate treatment of excitation energies as described below.
We define a matrix:
Mi(r) = —€6i; + Vi (r) (2.9)

as this, together with the no-Coriolis approximation (which is generally reasonable

[ESB87)), allows us to rewrite Equation 2.8 as:
(To + V(r) — EYlr) = D> My(r)s(r), (2.10)

i
Decoupling the coupled channels usually amounts to finding a unitary matrix A(”ﬁ)

that diagonalizes M;;(r). If each excited channel couples only to the ground state;

and not to other coupled channels, then M;;(r) is mostly zero:

0 Vo1(r) Voo(r) ... Voa(r)
Vv]_,()(r) €1 0 0

M= (2.11)
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Once A(r) is calculated, a new set of basis states may be defined from linear

superpositions of the physical channels, according to:
o= Auithi (2.12)
giving us the de-coupled equations:
(To+V(r)— Ay(r) — E)T,=0 (2.13)

where A, (7) are the eigenvalues of Mj;(r) (AL(r)Mi{r)A;5(r) = Aa(r)das). From
these decoupled equations we obtain fusion cross-sections o, in the same manner as
o would be obtained from the Hamiltonian in a single-barrier calculation. The fusion
cross-section for the physical (ground-state) entrance channel 4 is then obtained

according to:
=3 |Aval*0a (2.14)

(21

This last step gives rise to difficulties when A depends on r. At what » should
A(r) be evaluated? If the constant coupling approximation had been used, M;;
would be independent of r and therefore so would A. If the zero excitation energy
(sudden) approximation were used, and also if the elements of M all had the same
dependence on r (so that M;;(r) = Ty, F(r) for some form factor F(r)), again
A would be independent of r. However, the approach taken in CCMOD is to
determine weighting factors Ag(r) at the average barrier radius r = 7, although
Ao 18 evaluated as a function of r. This works for moderate excitation energies
because the coupling strengths V;;(r) vary only slowly near the average barrier
position, meaning that the weightings w, = |Ag.{? also vary only slowly (and
are very similar to those obtained using the constant coupling approximation). In
contrast, the barriers obtained from Equations 2.13 appear at different radii and
have slightly different heights to those that would be obtained using the constant
coupling approximation. The fusion cross-sections ¢, are very sensitive to this
variation in barrier height.

There are known limitations with this procedure and the other approximations
used by CCMOD [HAG97]. However, for the purposes of this work we are inter-
ested in the angular momentum distribution; and, as shown in Section 2.1.2.3 and
Refs. [BAL96, ROW93], if the excitation function is well reproduced, the angular
momentum distributions will also be well reproduced, irrespective of whether or not

the channel couplings are identified and treated accurately.
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2.1.2.3 Relating the angular momentum distribution to the excitation

function

With or without coupled channels, fusion excitation functions appear to be rel-
atively smooth and featureless. In contrast, the fusion angular momentum distribu-
tions show structure which depends on the coupled channels that are significant in
that reaction. We show here how the fusion angular momentum distribution o;{ £)
may be related to the first derivative of the excitation function. '

At any given energy E the fusion cross-section o comprises the sum of all the

partial waves o;(E):

o(E) = im(E) _ 2’% l:(zz +1)TY(E) (2.15)

The key step in the reversal of this equation to yield o;(E) is the reduction of the

countably infinite set of functions T;(F) to a single function Ty(E), by assuming:
TE) = Ty(E — I(1 + 1)R*/2ur?) (2.16)

This assumption will fail for sufficiently high I, because the fusion pocket disappears
{as shown in Section 2.1.1.2), so T}(E)} becomes zero irrespective of E. This is
important at energies well above the Coulomb barrier. Tt also fails at low energies,
where quantum-mechanical tunnelling effects dominate. However, it does hold near
the Coulomb barrier. In that case we are dealing with the transformation between
To(E) and o(E):

o(F) = h 2 (21 + DTo(E — I{I + 1)A*/2ur?) (2.17)
2LE 15

This transformation exists, is continuous, and has no pathological behaviours pre-
venting it being “one-to-one” and “onto”, which allows the existence of a continuous
inverse to be demonstrated mathematically. Thus, if the excitation function is re-
produced sufficiently well, the angular momentum distribution o; is also correct
within a corresponding uncertainty.

Pragmatically, obtaining such an inverse transformation is non-trivial without

making approximations like the following:

Th? & 2 2
Th? oo 2 2
~ (2L + DTH(E — I(I + 1)K /2ur?)dl (2.18)

2uFE Ji=0
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Given this approximation (which is good if T4(E} is slowly varying on the scale of
Al = 1, which is reasonable around the Coulomb barrier), we can use the dummy
variable B’ = E — I(I 4+ 1)A?/2ur?, obtaining:

Th? [E=0 (21 + 1)Ty(E")dE'

E) = -
o(B) QE Jp=p —(20 + 1)h*/2pr?
T aE 2.19
" E Jm=o (&) (2.19)
And in this case the inverse that obtains T5(E) from o(E) becomes obvious:
1 d(Eo)
ToE) = =7z (2.20)

where 7 takes its value at the fusion barrier radius.

One detail that has been neglected in this derivation is the fact that the fusion
barrier radius + may vary for each fusion channel c. As all these operations are
linear, we may independently relate Ty o(E)} to o,(E) for each channel o, encoun-
tering difficulties only when relating the total cross-section to the total transmission
probability using Equation 2.20, as r, takes slightly different values for the different

channels.

2.1.2.4 The Barrier Distribution

It has been shown that the transmission probability Ty(E) is related to the first
derivative of the fusion excitation function o{E). The derivative of the transmis-
sion probability in turn gives us the barrier distribution. It has been shown that
the barrier distribution is a sensitive and useful method for examining structure as-
sociated with coupled channels [DAS98, and references therein]. We examine here
the applicability of the barrier distribution.

The effect of coupled-channels have already been discussed in terms of fusion
barriers, and it has been established that a useful “barrier distribution” may be
obtained from experimental data, according to [ROW91, DAS98]:
#(50)

dE?
Let us first establish the validity of this expression in the case of classical or

Degp(E) = (2.21)

quanturn-mechanical single barrier systems. By taking the derivative of Equa-

tion 2.20 with respect to E we observe that:

1 d®(Bo)  d(Th(E))
72 dE? ~  dE (2:22)
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Classically, for a single barrier at energy B:

To(E)=1,E > B (2.23)

and the first derivative of Ty{E) is a delta-function 6( £ — B). This may be inter-
preted as one barrier of height exactly B, encountered with unit probability.
Quantum-mechanically, consider a single parabolic potential barrier of height B

and width characterised by hw, where w is the oscillator frequency of the inverted
barrier. The transmission coefficient To(F) is [DAS98]:

1 1

To(E) = = 2.24
o) 1+exp(ZEEl)  1+er ( | )
where we define z to simplify the algebra. Then we obtain:
d(To(E 2 =
UhlE) 2 & _ q5-B) (2.25)

dE hw(1+e®)?

To compare the quantum mechanical result to the classical result, we consider
G(E — B) in the limit as A — 0. The integral under this probability distribution
remains unity independent of #; ¥ G(E — B)dE = 1. The distribution gets
arbitrarily narrow as i — 0; this is one of the definitions of 6(E — B). In other
words, as i — 0, G(E— B) — §(E— B) and the classical result is returned correctly.

If coupled channels are significant, the projectile nucleus may encounter one of
a range of barriers, with some probability D(B). The total cross-section is given

~according to:

o(E) = / o(E, B)D(B)dB (2.26)
and if we approximate all the barriers as parabolic barriers, we then have:
1 d*Eo) .
= ] G(E — B)D(B)dB (227) |
which in the classical limit returns:
1 d?(Eo)
= f §(E — BYD(B)dB = D(E) (2.28)

This is where the strength of the barrier distribution approach becomes evident.

It is extremely useful for reactions where coupled channels have a significant effect.
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The calculated (or measured) barrier distribution will extend over a larger range
than the corresponding single barrier. It also has a particular shape which is char-
acteristic of the energies and types of coupled channels which are important in that
reaction [DAS98].

So far in this section we have discussed the barrier distribution in terms of
the transmission coefficients. However, what are available in practice are cross-
sections, so what is used is Equation 2.21, where De,,(E) differs from D(E) by a
constant factor mr? and the quantum-mechanical smoothing G(E — B). Henceforth
we refer only to Deyp(E). Experimentally, the cross-section is measured with only
finite accuracy at a finite number of energies. The barrier distribution is therefore
evaluated numerically. At the energy (E| + 2F; + E3)/4 it is given by:

digg:) =9 ((E??i : gzah _ Eﬂézz:(gflﬁ)l) (Es i El) (2.29)

This introduces some further smoothing, as shown in Figure 2.6, so for the purposes
of comparing experimental and theoretical barrier distributions, we calculate theo-

retical cross-sections and use the above equation to generate the theoretical barrier

distribution.
If the energy steps are equal (E3 — o =
* :' S T g iy ': E; — E4) then the calculation simplifies to:
300 w s ) MGV SEEPS _:
PN g d*(Eo) 5 (Eo)s — 2(Fo)s + (Eo)
dE? AE?

(2.30)
and the associated statistical error § is approxi-
mately:

Il[IiD‘II<11rIJIII‘12IDII.I13IUI E
Energy (MeV) 1/2

52 (55 ) [00)2 + 4000+ (00)3] " (2.3)
Figure 2.6: Barrier
distributions calculated This equation, describing the propagation of
from the same uncertainties, has the following practical conse-
theoretical
cross-section with quences: At high cross-sections, where the slope
different energy steps. becomes almost constant, a 1% error in cross-

section gives rise to a large error in barrier dis-
tribution. Larger energy steps result in smaller error bars. However, less of the

barrier structure may be apparent, as shown in Figure 2.6. Quantum tunnelling
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effécts mean that the true underlying barrier distribution is already smoothed over
the 2-3 MeV scale. Therefore, when studying the barrier distribution in detail, it
is common practice to measure the fusion cross-section to high precision in steps
of approximately 1 MeV, and calculate the barrier distribution using 2 MeV steps.
(Thus alternate points in the barrier distribution are entirely independent of one

another.)

2.1.2.5 Relating the Barrier Distribution to the Angular momentum

distribution

The structure of the barrier distribution and the angular momentum distribution
are closely related, as described above. For the simple case of a single barrier, the
angular momentum distribution will be a smooth, rounded-triangle shape, as shown
in Figure 2.3.

If there are significant couplings, the angular momentum distribution may show
more structure. Figure 2.7 illustrates this for the case of a two-peaked barrier
distribution. In this case, the system sees two barriers at separate energies, and the
total I-distribution is simply the sum of the [-distributions for each barrier. This
linearity applies for all barrier distributions.

This then leads to one of the other major consequences of channel coupling
interactions. In the presence of a barrier at lower than average energy, we have
already observed that the fusion cross-section is greatly enhanced at sub-barrier
energies. At above-barrier energies the cross-section is not so greatly enhanced—
but because much of the cross-section comes from the lower barrier, the average

angular momentum / is significantly increased.

2.2 The Fission Process

Once fusion has occurred, a compound nucleus is formed. Such compound nu-
clear systems, when formed by heavy ion reactions, tend to have a significant excess
of energy, and often significant angular momentum. In the previous section the
calculation of the fusion angular momentum distribution has been covered. The
next step is to examine the subsequent evolution of the compound nucleus.

There are two main decay modes of the compound nucleus. It can emit a light
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Figure 2.7: Angular Momentum Distributions from a structured distribu-
tion. Each barrier effectively contributes as if it were a single barrier, with
the higher-energy barrier giving rise to the lower [-distribution; the total /-
distribution is then the sum of these components.
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particle (neutron, proton, or a-particle, or a «y-ray), or it can fission into two frag-
ments. In this section we examine the angular-momentum dependent competition

between these processes, and the subsequent evolution of the fissioning events.

2.2.1 Statistical Fission Decay

All calculations in this work involving fission probabilities and particle evap-
oration were performed using JOANNE, as developed by Lestone [LES90B] and
extended by Berriman [BERO1C]. In this work JOANNE has been modified to

track additional information, but the probability of fission occurring is unaltered.

2.2.1.1 The Fission Barrier

Consider a spherical compound nucleus. The potential energy of the nucleus
may be well described by the liquid drop model. There are two terms in this model
which are sensitive to the shape of the nucleus; one describing the increase in po-
tential energy with surface area, and one describing the Coulomb repulsion between
the protons, which decreases as the nucleus elongates. For small deformations, the
surface area dominates; as the elongation increases, the potential energy increases.
For larger deformations, the Coulomb repulsion is more important, and the po-
tential energy decreases with elongation, favouring fission. In between, there is an
elongation where the potential energy reaches its maximum; this is called the saddle
point, and the maximum energyr is called the fission barrier. Once a nucleus has
evolved over the saddle point, it is very likely to proceed to fission.

In this work we use the transition state model [VAN73], which assumes that
fission is governed by the saddle-point properties. In particular, the fission width,
the fission fragment angular distribution and the fragment mass distribution may

all be determined from conditions at the saddle point.

Fission Width According to the statistical model [STO85] the probability of fis- |
sion is dependent primarily on the level density at the saddle point. This is schemat-
ically illustrated in Figure 2.8. The fission width used in this work is [BER01C]:

U2 Ei—ks By exp(2+/a;U.
Tjis = i =L f ~ %—f—i)desp (2.32)
27 exp(Z\/aeq UI) Oeq /O Usp

where:
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Figure 2.8: A schematic illustration of the fission barrier as a function of
nuclear elongation. The compound system is sketched at three points; the
spherical, equilibrated compound nucleus, where the level density (illustrated
above) is quite high; the saddle point, where the potential energy is highest,
and the level density lowest; and the scission point, where the compound
system has split into two fragments.
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By is the fission barrier height,

€sp 18 the kinetic energy of separation at the saddle point,
ks is the fission barrier scaling factor,

E; is the excitation energy of the parent nucleus,

U; is the thermal energy of the parent nucleus: U; = E; — E,,:(J;), where J; is the

angular momentum of the parent nucleus,
Usp is the thermal energy at the saddle point: Uy, = E; — €5 — £ By,
ay is the level density at the fission saddle point, and

Geq is the level density of the parent compound nucleus at the equilibrium deforma-

tiom.

The fission barrier By depends on the proton number Z and the nucleon number N

of the compound nucleus; it is lower in the case of high Z, low N nuclei.

Angular momentum and rotational energy The fission barrier also decreases
as the total angular momentum J increases. Consider a prolate-deformed compound
nucleus. The moment of inertia 7 measured about an axis parallel to the axis of
symmetry, through the centre of mass, decreases as the deformation 3 increases. The
moment of inertia 7, measured perpendicular to the axis of symmetry increases as
8 increases. For § = 0 (a spherical nucleus) the two moments are equal.

The rotational energy E,.(J) of the compound nucleus is given by:

(R?/21.)(J* — K*) + (h*/2T)) K*? (2.33)
= (R*/2T0)J% + (R*/2T.4)K* (2.34)

E'rot ('])

"t

where K is the projection of J on the nuclear symmetry axis, and the effective

moment of inertia I s is defined according to:
Yoy = 1/1) — 1/1. o (2.35)

Z.5; is non-negative; it is infinite when the elongation is zero. Therefore, tilting

the nucleus relative to J requires no energy for a spherical nucleus {where the tilt
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is meaningless), but at a non-zero elongation, if the nuclear deformation axis is not
orthogonal to f, more energy is tied up in rotation.

If K = 0, when the nucleus elongates, Z, increases and therefore E,(J) de-
creases; this leads to a reduced fission barrier height and more fission. For K = |f|,
E,o.(J) increases with elongation. This variation in barrier heights gives rise to a dis-

tribution of fissioning fragments about K = 0, described further in Section 2.2.2.2.

2.2.1.2 Particle evaporation decay width
The particle evaporation widths for neutrons, protons, and a-particles are de-
termined according to [BERO1C]:
o it U2(2s +1)(2J5 + 1) U

Trpa = 2, 2.

1=0 Jg=|J;—| 21?(2.]7; + 1) exp(2 aeqUi) g
Ei—Frot(J¢)—Bnp,a €exp 2‘\/(1,71, ,G:U
! Ti(€) ( pals) de (2.36)
o U?

where:

By p« is the binding energy of the particle,

J; is the angular momentum of the parent nucleus,

J; is the angular momentum of the daughter nucleus,

[ is the orbital angular momentum carried off by the particle,
s is the intrinsic angular momentum of the particle,

E,»+(J;) is the rotational energy of the daughter nucleus,
Gnpe 18 the level density of the daughter nucleus,

U; is the thermal energy of the daughter nucleus, and

Ty(E) is the particle emission probability for the angular momentum I.

Because of their charge, the binding energies of protons and a-particles are less
than those of neutrons; however, the charged particles must overcome a Coulomb
barrier in order to escape, which means that for the reactions of interest in this
work, neutron emission is dominant. When the charged particles do escape, they

carry off more kinetic energy than the neutrons do.
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2.2.1.3 Competition between fission and evaporation

The competition between fission and particle emission depends on the relative
heights of the barriers for each process. As particle emission barriers don’t change
with compound nucleus angular momentum, and fission barriers do reduce as an-
gular momentum increases, fission is more probable than survival at higher angular
momenta. This is schematically illustrated in Figure 2.9. This results in a “spin
fractionation” effect; the angular momentum distribution of the events leading to

fission is not the same as the fusion angular momentum distribution.

Fission and particle emission are not mutually exclusive processes. Fission may
follow particle emission. As each evaporated particle carries away significant ex-
citation energy, both the fission and particle evaporation widths are changed for
the daughter nucleus compared to the parent. Further, the angular distribution of
fission fragments is affected by the change in excitation energy. This effect and the
effect of the angular momentum carried away by the evaporated particles are both

included in all calculations in this thesis, except as indicated.

2.2.2 The Fission Fragment Angular Distribution

The fission fragment angular distribution is an experimentally accessible quan-
tity which depends on several parameters which are interesting theoretically. Its
dependence on the ground-state spin of the target and projectile nuclei is the main
focus of this thesis, and will be discussed in Chapter 3. Here, we describe the fission

fragment angular distribution in the absence of nuclear spin.

Quantitative calculations of the fission fragment anisotropy depend on two as-
sumptions. Firstly, that the fission fragments separate along the line of the nuclear
clongation axis. Secondly, that the projection K of the total angular momentum J
on the nuclear elongation axis (later the fission axis) does not change as the system
evolves from the saddle-point to the scission point and beyond. (Minor corrections

to this assumption will be discussed in Chapter 3.)

For the purposes of these calculations we rely on the transition state model,

deriving all information from the conditions at the saddle point.
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Figure 2.9: The fusion angular momentum distribution schematically illus-
trated in the top half of this figure is partitioned between fission and survival,
with the low-! component being more likely to survive, as indicated in the
graph at the bottom of this figure.
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2.2.2.1 Angular momentum dependence

In the absence of ground-state nuclear spin of the reacting nuclei, the total an-
gular momentum J differs from the fusion induced angular momentum l_; calculated
as per Section 2.1.2.3, according to (a) spin fractionation effects, and (b) angular
momentum carried away by evaporated particles, for fission events following parti-
cle emission. Both effects, as mentioned in Section 2.2.1.3, are taken into account
in the computer code JOANNE. For the purpose of this discussion we assume that
calculations such as JOANNE have provided us with a nuclear temperature 7" and
either an associated angular momentum distribution o{J), or equivalently a set of
transmission coefficients T7;.

For a given J we define projec-
tions as illustrated in Figure 2.10. J
is invariant, so M, the projection of
J on the beam axis, is also constant.
In contrast, K, the projection of J

on the nuclear elongation axis, may

change, by way of the orientation of

the nuclear elongation axis changing.

K is therefore a measure of the tilt-

ing of the nucleus relative to .J.

Figure 2.1G: A nucleus at the

:2.2.2.2 Nuclear Tilt saddle-point elongation. The
nucleus is tilted with respect to J,
Since fission fragments separate so that J has a projection K on

. th I 1 ti is.
along the line of the nuclear elonga- # nficlear elongation axis

tion axis, it is important to deter-

mine the distribution of angles the

nuclear elongation axis can take, rel-

ative to the beam axis. We assume that all possible saddle-point Stafes are equally
likely; this is the statistical approach, and is equivalent to assuming that the distri-
bution of parameters at, the saddle-point corresponds to a thermal equilibrium.

The density of states is governed by the amount of thermal energy available:

p x exp[(E — E.u(J, K))/T) (2.37)
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where T is the nuclear temperature and £ is the total energy. The rotational
energy Er.(J, K) depends on the total spin f, and its projection K on the nuclear

symmetry axis, according to Equation 2.34:
Eooi(J) = (B2/22)J* + (A?/2T.41) K*

For fixed J, then, the density of K states is:

—h2K2Ieff ]

. (2.38)

Pl ocexp |
We assume that Z. s depends only on |f |. Then p(K) takes a pure Gaussian form:

p(K) oexp(—K?[2K3), K<J
=0, K>J (2.39)

where [HAL58):
K2 =TT /R (2.40)

(In fact, Z.g should depend on both J and K, because according to the potential
energy surfaces, the elongation of the saddle-point should increase with K for a
given J. However, this would make subsequent calculations far more complex, and
is outside the scope of this thesis. In any case the additional increase in E,; at the
saddle-point for high-K states simply leads to a narrower K-distribution for higher
J, which we can approximate by using a smaller Ky overall.)

Note that these conditions at the saddle-point may have arisen from or been fixed
before the saddle-point is reached. It is not that the compound nucleus hovers on
the saddle-point while everything equilibrates. Rather, the probability of a nucleus
reaching the saddle-point in any assault on the barrier depends on parameters that
hold for that oscillation. So, for example, a spherical compound nucleus may start
an oscillation with the elongation axis developing in any direction with uniform
probability, but when the elongation axis is well defined, if K = 0 the nucleus is
far more likely to elongate all the way to the saddle-point than if K = J. These
probabilities are dependent on the energies involved; an elongated nucleus with
K = J has more energy tied up in rotation than a nucleus with the same elongation
and K = 0. This is why we can talk about things in terms of conditions at the
saddle-point, rather than trajectories through phase-space that pass through the
saddle-point.
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From the known orientation of J (as specified by its projection M on the beam
axis) and the distribution of projections K onto the nuclear orientation axis, we
deduce the distribution p(J, M,8) of the angle between the fission axis and the

beam axis according to:
L, (2] +1)|di x (0)]°p(J, K)
P M 0) = > T TR
K=—J Yk=—g P(J, K)
L (27 +1)|d3; x (0)] exp(— K?/2K3F) |

= 2.41
K;J Yke—y exp(—K?/2K3) ( )
where df; ;(0) is the well known “little d-function” [VAN73, ROS61]:
a1 (@) = {(J+MJ - MW + KN(J — K)}?
(—1)X[Sin(9/2)]K_M+2X [008(9/2)]2J—K+M—2X (2 42)

X T K= XN+ M= XNX + K =X

where the summation is performed over all integer values of X where all factorial
arguments are non-negative.

Since we have assumed that the fission fragments separate along the nuclear
elongation axis, p(J, M, #) also specifies the angular distribution of fission fragments

from an initial compound nucleus state |J, M).

2.2.2.3 Fission Fragment Anisotropy

For a given distribution of fissioning compound nuclei w(J, M) the total fission

fragment angular distribution W (@) may be determined using Equation 2.41 as:

W) i _i w(J, M)p(J, M, 0)
T (2 +1)|dyy (0)]? exp(—K?/2K7)

- S wiM) Y

J=0 M=—J K=—J EJK:—J exp(—K2/2K§)

(2.43)

In most cases it is assumed that M is always zero; in other words, w(J, M) is zero
unless M is zero, simplifying the calculations considerably. Situations where M is
significant are discussed in Chapter 3. W(6) is symmetric about 90°.

In general it is convenient to characterise W (8) by the anisotropy, defined as:

W (0°, 180°)
W(90°)

A= (2.44)
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Figure 2.11: Testing the primitive anisotropy approximation; the solid line
2 .

gshows A = 1+ i‘%. The points show anisotropies calculated using Equa-
0

tion 2.43 for various single values of J and two J-distributions.

Experimental anisotropies may be determined by ftting measured fission fragment
angular distributions, and compared with theoretical anisotropies.

The importance of the parameter KZ, which is commonly used in the inter-
pretation and discussion of fission angular distributions, is made clear from the

approximate expression [HALS8] for the anisotropy A:
A~ 14 (J%)/4KE (2.45)

We use Eq. 3.1 to assess the accuracy of the above approximation; Figure 2.11
shows the difference between this approximation and calculations performed using
Equation 2.43 as a function of Kg/J, for single J values and two J-distributions.
This shows that the approximation is only good to about 0.3 over the range where

most anisotropies arise.

tKailas & Singh use only Eq. 2.45, rather than more exact calculations, in an investigation of

fission anisotropies [KATI94].
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Figure 2.12: Fission fragment angular distributions calculated for J=26. The
solid line shows a curve generated from a realistic J-distribution; the dashed
line shows a curve with the same Kj, generated using only J = 26.

2.2.2.4 Examples of angular distributions

Figure 2.12 illustrates two fission fragment angular distributions calculated using
Equation 2.43. The general shape of these distributions is characteristic of fission
fragment angular distributions in general; the anisotropy varies, but all the distri-
butions follow the same kind of monotonic curve as shown in Figure 2.12. If the
angular momentum J took a single value, as per the dashed curve in Figure 2.12,
the range of possible curves would be confined to a family parameterized by the
ratio Kp/J, and approaching the limit E;El(JT) as Ky/J — 0. However, in practice J
comes from a distribution, and the corresponding fission fragment angular distribu-
tion has a slightly different shape (solid line in Figure 2.12). If data points selected
along this curve were fitted using distributions generated with a single J-value, it
would introduce some systematic error in the resulting anisotropy. The shape of
the FFAD is not very sensitive to variations in the shape of the angular momen-
tum distribution, if only because the shape of the angular momentum distribution

doesn’t vary much; it is generally roughly triangular.

The practical consequence of this cbservation is that experimental fission frag-
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ment angular distributions should be fitted using distributions generated with as

accurate an angular momentum distribution as is available.

2.3 Other Heavy Ion Reaction Processes

2.3.1 Transfer-Fission

Some naturally abundant nuclei (especially the actinides) are fairly fissile in
themselves, and fission may be induced by heavy-ion reactions that simply transfer
sufficient excitation energy to the heavy nucleus. So, for example, if a heavy projec-
tile transfers a nucleon to a target nucleus like 28U, the target nucleus may fission.
This fission event should be distinguished from true fusion-fission events, where the

projectile has been fully captured.

2.3.1.1 Experimental signature

There are several differences between a transfer-fission event and a fusion-fission
event. A transfer-fission event involves a smaller fissioning nucleus, and the rest
of the projectile nucleus must still go somewhere. In this work it is the linear
momentum of the projectile remnant that is used to distinguish the transfer fission
events from fusion-fission events.

In the laboratory reference frame, the total momentum of the projectile+target
system is known; initially the momentum is all carried by the projectile. Following
the detection of two fission fragments, their masses and velocities are deduced from
experimental data. The velocity of the fissioning nucleus is reconstructed, and
compared to the centre of mass velocity. Where there is a significant difference, the
event can be recognized as a transfer-fission event. Where the two velocities are in

agreement, the event may be described as “Full Momentum Transfer” Fission.

2.3.2 Quasi-fission

Full Momentum Transfer (FMT) Fission does not necessarily constitute fusion-
fission. The other process that produces FMT events is Quasi-fission, in which the
target and projectile nuclei meet and form a di-nucleus, undergoing significant mass

equilibration without forming a fully equﬂibrated compound nucleus. (This is not
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expected to be significant for the reactions of P+Lu and Si+H{, as these reactions
form compound nuclei only slightly more fissile than lead.)

A detailed discussion of Quasi-fission and related theories is given in Chapter 6.

2.4 Nuclei with Significant Ground-State Spin

Where nuclei have significant ground-state spin, several of the assumptions
widely used in calculations of fission fragment angular distributions must be re-
examined. When considering the fusion process, the existence of a ground-state
spin might influence couplings to rotational states, and couplings to rotational states
may influence the orientation of the ground-state spin. When considering the fission
process, the changes to the total angular momentum due to the ground-state spin of
reacting nuclei may affect both the fission probability and the angular distribution

of the fission fragments.

2.4.1 Fusion
2.4.1.1 The effect of ground-state spin on the fusion process

It is conceivable that ground-state spin could affect the fusion process. However,
in the classical limit one can show that the fusion cross-section is independent of
the ground-state spin, as follows.

The total fusion cross-section in the classical limit is given by:

I; 1

o(E) =
MZ;L_ o, + 1

2w T 2w
/ do f sin 40 f dx [Uh (8,6, o(B,6)  (246)
0 ¢ 0 !

where o(F, 0) is the cross-section at a given energy E and nuclear orientation angle
0, calculated using a statically deformed potential, and I; is the ground-state spin
of the target nucleus. lIIf\;_, x (9,6, x) is the normalised eigenfunction [DES90, (eqn
3.30)] of the zeroth order Hamiltonian [DES90, Equation 3.28] for axially symmetric

rotational nuclei:

2I+1

W re(8,8,%) = Piey| “o 5~ Dhe (6,6, ) (2.47)

where ¢, § and x are the Euler angles. Using Equation 2.47 and the following
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Figure 2.13: The distribution ‘w(J) calculated for 3'P+17Lu  at
Eem. =123.27 MeV (E/By =1.008). ¢

identity on Wigner’s D-matrices Dﬁ,LK(d), ,x):

Z\D Mx} =1 (2.48)
we obtain:
1 2n T 2w
o(E) = 5 fo do f sin 80 fo dy o(E,0) (2.49)

which is independent of I.

2.4.1.2 Selection of ground-state spin alignment during the fusion pro-

Ccess

Spherical nuclei Consider the case where a projectile fuses with a target nucleus,
and the target nucleus has ground-state spin. If the target nucleus is spherical, that
ground-state spin f;) will be randomly oriented—isotropic—and unrelated to I. The
total angular momentum Jis given by J=1+ f(;. Since we know how both [ and I,
are distributed, we can calculate how their sum is distributed. A sample calculation

for moderate beam energy is shown in Figure 2.13, calculated according to:

0 +Ig

My=3 3 @+DTICH5uI (2.50)

=0 po=—1Ip
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The orbital angular momentwmn [, together with fj, determines J=1+ fé, the total
angular momentum of the fissioning nucleus. M is the projection of J onto the space-
fixed axis. C’fg{b{M is a Clebsch-Gordan coefficient. 7; is the fusion transmission
coeflicient for a given orbital angular momentum [.

For ground-state spins I smaller than
(I) we observe that the J-distribution has a
slightly higher average and slightly greater
width than the l-distribution—if J were
confined to the same plane as f: this
would give rise to a very slightly higher
anisotropy. This slightly higher average J
may be explained using Figure 2.14; in or-
der to add [ and I to give a vector J of
the same length as (or shorter than) [, the
angle between I'and I must be less than

90°, which occurs less than half the time.

Figure 2.14: When you add

one isotropically oriented . o
spin Iy to another spin 7, the oriented, so the angle between Iy and [ is

To put it another way, Iy is isotropically

angle for Jo such that equally likely to be above or below 90°; and

et i ot 90°, |7] = /B + 13 > [l
The orientation of J is also significant;
its projection M on the beam axis varies
nearly uniformly from +I to — I, as illustrated in Figure 2.15, where in the absence

of nuclear spin M would always be zero.

One nucleus deformed. If a deformed nucleus has non-zero spin in its ground
state, that spin is aligned with the nuclear deformation axis. The significance of this
alignment in the context of fusion-fission anisotropies is the subject of Chapter 3,
however we give a brief overview here. The orientation of the nuclear deformation
axis also governs the probability of fusion; in particular, at low beam energies, if
fusion occurs, the nuclear deformation axis must have been aligned with the beam
axis; and therefore the ground-state spin I_{) is also aligned with the beam axis, as
illustrated in Figure 2.16. '

If the beam energy is low enough that fusion would not oceur with a spherical
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Figure 2.15: The distribution w(J, M) calculated for *'P+!"Lu at
Eqm =123.27 MeV (E/Bp =1.008), assuming that 176, is spherical and
inert, and ignoring the 1 unit of spin of *'P.
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Iy beam axis >

projectile ) target

Figure 2.16: Collision of a spherical projectile with the tip of a deformed
target nucleus. The ground-state spin Iy of the target nucleus is aligned with
the nuclear deformation axis, and therefore perpendicular to the collision-
induced angular momentum .

nucleus, but does occur with the tip of the deformed nucleus, the projection M of
J on the beam axis takes mainly the maximum values.

At high beam energies, in contrast, fusion can occur whatever the orientation
of the target nucleus, so at low J the distribution of M is uniform or nearly so;
but the high-I events correspond only to collisions with the tip of the nucleus, and

therefore still correspond to high M.

2.4.2 Fission

The effect of ground-state spin on J has two consequences. Firstly, |f| is on

average slightly larger, reducing the height of the fission barrier and making fission

more probable. This is a small effect. Secondly, the fission fragment anisotropy is

reduced when J is not orthogonal to the beam direction. This topic is discussed in

detail in the next chapter, however a brief explanation is given below.
When fission occurs, the resulting fission fragments fly off in directions nearly
perpendicular to J. The distribution of fission fragment angles relative to J depends

on the nuclear temperature 7" and the elongation of the nucleus at the saddlepoint,

e O T T P PP PRI
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characterised by I.f. In most circumstances the observed anisotropy varies as shown
in equation 2.43.

However, equation 2.43 is normally simplified on the assumption that Jis per-

pendicular to the beam direction. This is not always the case, as discussed in the

previous subsection. When J makes an angle 90° + « with the beam axis, the fission

fragments will be distributed about « relative to the beam axis, and the observed

anisotropy is reduced.




CHAPTER 3

Extended Theory of Fission
Fragment Angular Distributions

In this chapter the fission fragment angular distribution in the presence of
ground-state nuclear spin is discussed. An existing description [VAN73] of fission
fragment angular distributions in the presence of nuclear spin (Equation 3.1) is
presented and evaluated. The most significant limitation of this formulation is
its assumption that the ground-state spins of the reacting nuclei are isotropically
oriented. This assumption may be expected to fail in the presence of nuclear defor-
mation, since the nuclear spin should be aligned with the nuclear deformation axis,
and the orientation of the nuclear deformation axis in turn affects the fusion barrier
energy. This correlation has been pointed out by Lestone et al. [LES97] in a paper
on pre-equilibrium fission effects,r but their calculations are not appropriate to full
fusion-fission reactions.

Development of an effective method for calculating the influence of nuclear spin
on fission fragment angular distributions in the presence of nuclear deformation is
the major focus of this project. We will detail some methods for accounting for

nuclear deformation, in order of increasing complexity and physical accuracy.

3.1 Spherical Nuclei With Spin

To determine the influence of the ground-state spins of nuclei on the fusion
angular momentum distribution and the fission process, we need to know both the
magnitude and the orientation of the spin. The magnitude is generally available

from publications such as Nuclear Data Sheets. If the nuclei with significant ground-
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state spin are spherical, it should be appropriate to assume that in fusion the spin

is isotropically oriented.

3.1.1 Existing Quantum-Mechanical Theory

The influence of nuclear spin on the fission fragment angular distribution has
long been recognised.

In quantum mechanical calculations of the angular distribution of fission frag-
ments, it is assumed that fission fragments separate along the nuclear symmetry
axis, and that K, the projection of the total angular momentum J onto the nuclear
symmetry axis, is a good quantum number at and beyond the fission saddle point.
For an isotropic distribution of spins Iy and [y, the angular distribution of fission
fragments is given [HUI69, VANT3] by:

Z Z K,

J=0 M="(Io+h) \i=0 $=|lo—h|po=—To . Tino(20+ )T

8 ZJf (2J + 1)|dyy (0)| exp(—K?/2K7)
K=—J Zé:—JeXP(“K2/2K3)

o ALobh {oo Il o (9] 4+ V)T|Criiy PICRS m,Mlz}

(3.1)

Here, Iy is the spin of the target nucleus, and pp its projection upon a space-
fixed axis (in experiments, the beam axis). The channel spin 5 is the vector sum
of Iy and I, where I; is the spin of the projectile nucleus. The orbital angular
momentum {, together with S, determines J=1+8§ , the total angular momentum
of the fissioning nucleus. M is the projection of J onto the space-fixed axis. K7 is
as defined in Section 2.2.2. C’f,_,loJM and Cﬁg’ M- o1 8re Clebsch-Gordan coeflicients.
The function dj x(#) is the well known d-function, as defined in Equation 2.42. T;
is the fusion transmission coeflicient for a given orbital angular momentum .

The quantity in curly brackets in Equation 3.1 is w(J, M), the weighting for each
possible fission channel (J, M). The quantity in square brackets in Equation 3.1
specifies the fission fragment angular distribution p(J, M,0) for a given channel
(J, M).

Equation 3.1 is rarely, if ever, actually used in full. There are two reasons for

this. Firstly, the equation is computationally demanding; while calculations may

be performed in reasonable times on modern computers, ten years ago they were

much more difficult. Secondly, in practice, nuclear spin is rarely significant, and the

:
¢
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equation may be simplified to the M = 0 special case, with a substantial reduction in
computational requirements. Where nuclear spin has been recognised as significant, -
an approximate correction has been used [KAI94]. We will evaluate the validity of
this approximation, used by Kailas and Singh [KAI94], by comparing it to the exact

equation it approximates, in the next subsection.

3.1.2 An existing approximation

Equation 3.1 is appropriate for calculations involving spherical nuclei, whose
ground-state spins are expected to be isotropically oriented. To examine the effect
of spin on fission fragment angular distributions, we start with the simplest case of
a spherical target nucleus with appreciable ground-state spin, and a projectile with
no spin. There are a number of reactions that fit this description, e.g. *0+42%°Bi.

Kailas and Singh [KAI94] avoided the complexity of exact calculations by using
an effective K to predict the anisotropies for reactions involving nuclei of non-zero
spin. The effect of a ground-state spin I (belonging to either projectile or target)
was approximated [KAI94] by replacing Ko with Koesr, where Koess is given'by the
ansatz:

K3 = K¢+ I7/3. (3.2)

This ansatz is credited to a private communication from R. Vandenbosch. Al-
though in Ref. [KAI94] the explanation for the factor 1/3 is not given, presumably it
arises from the assumption that I is isotropically oriented, which gives (I2y = I?/3.
Changes in {(J?} (Equation 2.45) due to the presence of finite ground-staté spin are
small, and in any case {J?) is rather bigger than K¢, so changes in {J*) are therefore
expected to have a much smaller effect on the anisotropy than the effect of I2 on
K2

Here we examine the accuracy and the range of validity of the approximation in
Equation 3.2. This approximation was used [KAI94] when calculating anisotropies
for the reaction **0+2%Bi (J, = 9/2). The anisotropies were in the range 1.3 to 3.0;
Ky was in the range 9 to 13, and ({2)'/? was in the range 7 to 30. Figure 3.1(a) shows
fission fragment angular distributions calculated using Equation 3.1 at a near-barrier
and an above-barrier energy, with and without target spin. Figure 3.1(b) and 3.1(c)
show the ratio R of W(#) calculated with spin to that calculated without. The
distributions obtained using the I = 0 limit of Equation 3.1, but replacing Ky with
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Koeps as given by Equation 3.2, are drawn with a short-dashed-line; for this case

the accuracy of the approximation far exceeds that required for most expériments.

To assess the general accuracy of Equation 3.2, its predictions were compared
with those obtained using Equation 3.1. Fission fragment angular distributions
were calculated using Equation 3.1 for single values of [, Ip, and Ky. A value of
Koegs, to be compared with that from Equation 3.2, was then obtained by fitting the
distribution in the spin-zero limit of Equation 3.1, using Koes as & free parameter

in place of Kj.

A comparison of the two methods is presented in Figure 3.2 by plotting y =
(K% 5 — K2)/I¢ against Ko/l for representative values of Ip. If Equation 3.2 were
in close agreement with the exact calculations, the points would all lie on a straight
line at y = 1/3 (solid line). However, it is clear from the figure that there is some
dependence on K/, as well as a dependence on Iy, arising from spin quantization.
We conclude that the approximation of Equation 3.2 will not hold good under all

circumstances.

More complex normalizations, like y = (K5 — K3)/(I§ + Io), or y = (Kgops —
K3)/(Io(Iy + 0.5)), or plotting against Ko/4/(1?) + I, improve the appearance of
the graph, but are least accurate where the effect is most important, at low Ko/l
The complex dependence on [ and I appears to prohibit a simple parameterization.

Since exact calculations can be performed, a better approximation was not sought.

Experimental situations involve a distribution of angular momenta !, meaning
that Kp/l spans a range of values, and the errors in the simple approximation
cancel out to some extent. For spherical nuclei it may still be adequate to use
Equation 3.2. This depends on the precision required, and upon the relative values
of Ky, I, and I; the deviations A,pprox — Aexact are shown in Figure 3.3, for a realistic
fusion 7T} distribution with (I} = 26. Approx is determined using Equation 3.2 and
Equation 3.1 with I; = 0. We have verified that if Ky, I, and Iy are scaled together,
the anisotropy Aexact remains unchanged. Figure 3.3 shows that the approximation
holds good to AA = 0.03 for Ky/l > 0.3. However, this approximation does not
include the effect of nuclear deformation, which has previously been shown [LES97]

to change anisotropies significantly, and is discussed in Section 3.2.
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Figure 3.1: The fission fragment angular distribution for ©0Q-+-20°Bi, cal-
culated for energies above and below the barrier (average barrier height
By = 75.8 MeV). (a) shows the fission fragment angular distributions, cal-
culated for zero spin (dotted line}, Iy = 4.5 (long-dashed line), and the ap-
proximation (Equation 3.2) for Iy = 4.5 (short-dashed line). The long-dashed
line and the short-dashed line can hardly be distinguished. In (b) and (c) we
show the ratio R of the distribution from Equation 3.1 and from Equation 3.2,
compared to the zero-spin limit of Equation 3.1, for below and above barrier
energies, respectively.
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Figure 3.2: The difference between ng if and K2, normalized by I2, according
to exact calculations {Equation 3.1). ! takes single values in the range 10—
40. We show the points corresponding to Iy = 0.5,1.0,1.5,2.0,5.0 and 10.0;
points corresponding to Iy in the range 2-10 all fall in the region occupied by
Iy = 2.0,5.0,10.0, with some scatter due to the complex interaction between
I and I. Tt is clear both that the difference does not behave as predicted
by Equation 3.2 (solid line) and that there is some further dependence of the
difference upon [y and on Kg/i.
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Figure 3.3: A contour graph of the difference between the anisotropy Aasppros
predicted by Equation 3.2 and Aggee calculated for the same Ky, Ip, and
(I) = 26, using the exact quantum mechanical expression (Equation 3.1).
Contours are at intervals of 0.005.
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3.1.3 Limitations of the existing formula

Equation 3.1 is derived using a number of assumptions which are not always
appropriate. The assumption that fission fragments separate along the nuclear
symmetry axis is not appropriate for large values of compound nucleus angular
momentum, which cause the fragments to follow hyperbolic trajectories after scis-
sion. Back et al. [BACS5] showed that this post-scission reorientation results in a
J-dependent reduction in K, and estimated the change based on the assumption
that the system may be treated as two touching spheres at the scission point. The

apparent variance K7 of the K-distribution after post-scission reorientation is given
by [BAC85]:

K?~ K21 122—”T2 - 3.3
=Ry | L+ Lo s (3:3)

where J is the total angular momentum of the compound nucleus, and A and Z
are the nucleon and proton numbers of the compound nucleus. This formula will
be used in full calculations as described in Section 3.2.7.

It is implicit in Equation 3.1 that all compound nuclei proceed to fission. In
practice, the fission probability is less than unity, and depends upon J. 1 should
be multiplied by the fission probability Py(J). The effects of particle evaporation
preceding fission must also be considered. An evaporated particle carries away
energy and angular momentum, affecting Ky, J, and M. A statistical model code
such as JOANNE [LES93] may be used to account for all of these effects. Of
these, the changes in M usually have the smallest impact, and are often neglected
[MOR95].

It is also implicit in Equation 3.1 that all possible projections of the target or
projectile ground-state spin onto the beam axis are equally likely. In the presence
of nuclear deformation, this assumption can break down, as described in the next

section.

3.2 Deformed Nuclei with spin.

For nuclei with large ground-state spin and deformation, the ground-state spin
is aligned with the deformation axis. The fusion barrier energy is correlated with

the angle between the deformation axis and the beam axis. At beam energies below
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the average fusion barrier, fusion only occurs when the nuclear deformation axis is
aligned with the beam direction, which in turn means that the ground-state spin
is aligned with the beam direction. Thus Equation 3.1 must be generalized for

deformed nuclei with finite ground-state spin.

3.2.1 The Effect of Deformation on Fission Anisotropies

Counsider the special case of a perfectly aligned target nucleus, with I pointing
along the beam axis as shown in Figure 3.4(a). After fusion with a projectile, when
the compound nucleus splits into two fission fragments, the fragments separate in
directions close to the plane perpendicular to J. The larger the ground-state target
spin Iy, the further this plane is from the beam axis, and the less probable it is
that fission fragments will be detected at 0° or 180° to the beam axis, reducing the
anisotropy.

This situation is more likely to arise if the target nucleus is prolate-deformed, as
follows. Consider the collision of a spherical projectile with the high spin, strongly
deformed prolate target nucleus. Af energies below the average fusion barrier, only
the lowest barriers will give rise to fusion. These barriers (Figure 2.4) correspond
to the nuclear deformation axis being closely aligned with the beam axis, which
in turn means that the ground-state spin is closely aligned with the beam axis
(and orthogonal to the collision-induced spin, as illustrated in the classical limit in
Figure 2.16). Thus the height of the fusion barrier and the orientation of the ground-
state spin are both governed by the angle between the nuclear deformation axis and
the beam axis. Therefore at beam energies below the average fusion barrier, for
a prolate nucleus with ground-state spin, the configuration where the ground-state
spin is aligned with the beam axis is strongly favoured over configurations where Iy
is orthogonal to the beam axis (e.g. Figure 3.4(b)).

At higher beam energies, although collisions are possible for all orientations of
the target nucleus, there still remains a correlation between the ground-state spin I
and the angular momentum { brought in by the projectile, since at all energies the
highest { introduced can only occur in collisions with the tips of the target nucleus.

The fact that fusion with a deformed target nucleus selectively populates states
where the ground-state spin is aligned with the nuclear deformation axis means

that the reduction in anisotropy due to ground-state spin is greater if the target
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Figure 3.4: (a) At beam energies well below the average fusion barrier, the
projectile collides with the tip of the prolate-deformed target nucleus. This
results in alignment of the target spin Iy, so that up takes its maximum values.
The total angular momentum J will not lie in the plane perpendicular to the
beam direction. Fission fragments will separate in or near the plane at right
angles to J; this plane does not include the beam axis. (b) At higher beam
energies, collisions with the equator of the prolate-deformed target are also
energetically permissible. For these events where Ip is parallel to [, the larger
(or smaller} J results in an angular distribution of fission fragments with a
larger (or smaller) anisotropy than if Iy were zero.
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is deformed, rather than spherical. In the spherical case, the spin is isotropically
oriented and can actually increase the anisotropy in some configurations, partially
compensating for the reduction in anisotropy for other configurations. So, for ex-
ample, if Iy is parallel to f: this results in a larger J for the same Ky, as illustrated
in Figure 3.4(b), and the corresponding contribution to the fission fragment angu-
lar distribution will have higher anisotropy, unlike the configuration illustrated in
Figure 3.4(a). Thus, in the absence of nuclear deformation, the overall effect of
nuclear spin on the anisotropy is not as large as it might be, whereas fusion with
a prolate-deformed nucleus selectively populates the states where Iy is aligned with
the beam direction; that is to say, precisely those states where the effect on the

anisotropy is maximal.

3.2.2 Modelling the effect of ground-state spin

We have established that the ground-state spin of a strongly deformed, prolate
nucleus need not be isotropically oriented; that for fusion-fission events where the
beam energy is below the average fusion barrier, the fusion process selects configura-
tions where the ground-state spin is aligned with the beam axis. One possible model
of this process involves characterizing this alignment using the distribution w(M)
of projections M of the spin I onto the beam axis, as discussed in Section 3.2.3.

H_owever, by using this characterization, we are ignoring potentially important
information. In particular, M is correlated with [, the orbital angular momentum
brought in by the projectile. Consider collisions at above-barrier energies. At
low [, the projectile may fuse with the equator or the tips of the target, and M
is distributed fairly evenly, as illustrated in Figure 3.5. However, the highest [
populated at this beam energy correspond only to the lowest fusion barriers; which
means collisions with the tips of the deformed nucleus, and that in turn means that
the spin [ is aligned with the beam axis (M takes its extreme values, as shown for
high J in Figure 3.5). A second model, taking into account the correlation between
I and M, is described in Section 3.2.4.

Both the models mentioned above rely upon a semi-classical method of determin-
ing the projection M of the ground-state spin on the beam axis. This semi-classical
method assumes that the ground-state nuclear spin is perfectly aligned with the

nuclear deformation axis. However, quantum-mechanically, there is an inescapable
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Figure 3.5: The distribution w(J, M) calculated for 3'P+'Lu at

E.m =144.54 MeV (E/By =1.182), taking into account the deformation

of '"Lu, and ignoring the % unit of spin of *'P,
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degree of uncertainty in the orientation of any angular momentum. A third model,
taking this uncertainty into account, is discussed in Section 3.2.5. For completeness,
these three formalisms all take into account significant deformations for both target

and projectile nuclei, although in the reactions studied, none of the projectiles have

either significant deformation or significant spin.

The three models are compared in Section 3.2.6. The agreement between the
models is fairly good, so that the choice of which model to use should depend.on the
trade-off between completeness and the time it takes for calculations to complete.

We then describe a calculation which also addresses the issues of J-dependent

fission probabilities, pre-fission particle emission, and post-scission re-orientation.

3.2.3 Semi-classical un-correlated M-distributions

The simplest generalisation of Equation 3.1 to include the effects of aligned

nuclear spin is as follows:

W) o« 3 > X 2 X

J=0 M=—(Iy+I1) I=0 S=|Ii—5| po=—1o Z?io (Ql + l)ﬂzﬁ;t?igﬁ-l'l) Oo (M)

x |: . (2J+ 1)|dﬁ,K(9)|2exp(_K2/2K§)

o, Hoth {°° el o 6a(M)(2z+1)Ta|Oi}fs,’M|2|Oi2:ﬂifio,Ml2}

(3.4)
K;-J Yoy exp(—K?2/2K3)

where we have introduced the M-distribution do (M), the weighting of each value

of M, assumed to be independent of [. The normalization in the denominator in

the curly brackets is constant. It might perhaps have been simpler to introduce two

distributions, doo(up) and Ooq (1), describing the alignment of target and projectile

spins directly; in which case Equation 3.4 would reduce to Equation 3.1 when both
doo(po) and Ooy() are constant. However, since do(M) = 3, Ooo(po)do (M —
o), this is a largely cosmetic issue.

The next step is to calculate do(M). We perform a coupled-channels cross- - ‘

section calculation, specifying the static deformation of both target and projectile
nuclei. (Naturally the resulting cross-sections should reproduce the observed excita-
tion function, where such experimental information is available.} The deformations
are treated classically, assuming that the angles 0 and 6, between the beam axis and
the deformation axes of the target and projectile respectively are well defined within

1° steps. The calculation yields 7; and the cross-section distribution do(6y, 6;).
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-k
cos™H (=F2)

Beam Axis

Figure 3.6: If the nuclear spin I makes an angle # with the beam axis, the
classical projection of I on the beam axis is taken as p if g — § < Jcos(f) <

p+i

We then assign 8c (8, 6:1) to o (M):

min(fo,M+17) cos—1 (“0_ 21 ) cos—1 (M—.uo— 1 )

[ n

80'(90, 91)d90d91 (35)

where the limits of the integrals are assigned according to the projections of the
target and projectile nuclei on the beam axis, as illustrated in Figure 3.6. In practice,
the integrals are evaluated numerically in 1° steps, using linear interpolation at the
boundaries.

This approach captures the essence of the nuclear deformation effect, and fur-
ther refinements do not give very different results, as shown in Section 3.2.6. One
weakness of this approach is that it assumes that [ and M are not correlated. How-
ever, as shown in Figure 3.5, [ and M are correlated. This refinement is taken into

account in the next Subsection.

3.2.4 Semi-classical correlated [, M-distributions

If | and M are correlated, then using Equation 3.4 is not completely physi-

cal. We could improve our calculation by using the matrix of partial cross-sections
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30’(1,,&0, Ju‘l):

o0 +Io+1I1 %] To+11 +I 6 1 M — Sl J Ig 6L, 9
ORI MDD {Z 7 3 2olne Mo o)l Chtiae 1Chaiii s

+-Io I
J=0 M=—(Io+I1) |I=0 S=|Io—I| po=—To 220 E =—Ip Zm—-h Ao (1, po, p1)

X |: : (2'] + 1)|dﬂ4}K(9)|2 exp(_K2/2Kg)

2

K=—J Sh__ exp(—K2/2K¢) (3.6)

where in the top line we substitute uy = M — up, and as with Equation 3.4 the
denominator in the curly brackets is a constant normalization.

To evaluate da (I, po, 1) we use a semi-classical coupled-channels calculation as
described in Section 3.2.4, extracting the distribution do{(l,,6:1) and calculating
o (l, to, t1) according to:

do(l ol N i s AR
a\t, Lo, = 1 2 y 3.7
(1, po, p11) /eo=cos—1("01ﬁ) fel=cos—1(“1+2) (1, 8o, 61 )dodb (3.7)
0
using the same classical partitioning of € into y as illustrated in Figure 3.6.
We can then perform an angular momentum addition using the three angular

momenta {, Iy, I1:

oo IptIh +TIp & l ,M SIJ Io n,s 2
{Z Z Z U JU‘O |u’0)| | | 0MH}L0,M| (38)

+1
1=0 S=|Iy-I1| po=—Io Ea =0 2#03_10 Eﬂl___[l 30’(11, Ho, Nl)

where § = I_(; + I_i and J = f(; + I_i +1 (We distinguish between various matrices do
and the matrices w according to whether or not the angular momentum additions
have been performed; in other words, 8o corresponds to a quantity evaluated before

addition using Clebsch-Gordan coefficients, whereas w has been evaluated after an

addition using Clebsch-Gordan coefficients. This notation is slightly at variance
with that used in [BUT02, BUT(02B].)
It is worth examining the effect of nuclear ground-state spin on the angular

momentum distribution w(J, M) itself. Figure 3.7 compares w(J, M) at E.p = g

123.3 MeV (the average fusion barrier energy is F,m =122.3 MeV) for the reaction
81P4+1761,u (1y=T), assuming zero spin (solid line), isotropic spin (dotted line), and
deformation aligned spin {dashed line) respectively. In the presence of ground-state
spin Iy, the J-distribution w(J) = X5 w(J, M) shown in Figure 3.7(a) is depleted

for J < Iy compared to the Iy = 0 case (the cross-section reappearing at higher J).

Since the fission probability increases with J, this depletion should slightly reduce
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Figure 3.7: {(a) The distribution w(J) calculated for *P+17Lu at
Eom. =123.27 MeV. The distribution w(J, M) for (b) J = 50 and (c) J = 10.

the total ER cross-section. The J-distributions resulting from isotropic or aligned
ground-state spins are almost indistinguishable; however, the M-distribution at
any .J in the presence of nuclear deformation is far from isotropic, as shown in
Figure 3.7(b) and Figure 3.7(c). Differences between isotropic and aligned FFAD
calculations are therefore due almost entirely to this distribution of M.

The fission fragment angular distribution W (#) may be determined from w(J, M)

according to:

>, rn L. (2 4 1)|d3s k() exp(—K?/2K5)
W(8) w(J, M) % : - (3.9)
Jz=:OM=—%£+I1) ) K§J Eg{:—.} exp(—K?/2K§)

3.2.5 Quantum-Mechanical correlated {, M-distributions

The ground-state spin of a nucleus usually lies in the range 0-9%. This spin can-
not be perfectly aligned with the nuclear deformation axis, contrary to assumptions
made in Subsections 3.2.3 and 3.2.4. Quantum mechanically, if we are dealing with
a nuclear spin I, it may have a projection x on any axis of at most « numerically
equal to I—since the length of the vector Tis /I (I +1)h. So, for example, if I =7
and k = 7, the classical angle between I and the axis along which s is measured is

22°. The projection i of I onto the beam axis may then take a range of values, as

shown in Figure 3.8.
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Distribution of u

Figure 3.8: (a) A schematic diagram of a deformed nucleus with ground-state
spin. Because the ground-state nuclear spin Ip cannot be perfectly aligned
with the nuclear deformation axis, up may take a range of values. (b) The
calculated distribution of ug is illustrated for the case In = 7, kg = 7, 0p = 45°.
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This then breaks down into two problems. One is that we need to determine &,
the projection of the nuclear spin along the nuclear deformation axis. In the cases
of interest (high deformation, high ground-state spin I) the odd nucleons will be in
high-Q2 Nilsson orbitals, where {2 is the projection of the particle angular momentum
on the nuclear deformation axis, and the strong-coupling (deformation aligned) limit
[NIL95] is applicable. In this limit, & is a good quantum number and has the value
= I (the ground-state spin is aligned with the nuclear deformation axis). During
the collision between projectile and target nuclei, the nuclei will be excited up their
ground-state rotational bands, which can lead to increased x-mixing for the excited
states. However, the total angular momentum J is determined before the nuclei
collide. Thus, for nuclei with spin I in their ground state, & is numerically equal to
I

The second question is, given a spin I with projection & on the nuclear defor-
mation axis, what projection u does I have on the beam axis? In other words, how
does angular momentum transform under rotation? We assume an angle 8 between
the two axes. Rose [ROS61} shows that the angular momentum eigenfunction |I, s},
expressed in terms of the basis of eigenfunctions |7, u) relative to the beam axis, is

as follows:

|1, k) = E RO (3.10)

Hence, to obtain the partial cross-sections 9o (!, o, 11 ), we must invert the above us-
ing the partial cross-sections 8o (I, g, 61). CCMOD has calculated this distribution

in one-degree steps. The inversion is as follows:

8o (l, oy pir) = 3 a2 s, 4o 60} |dl . (8?80 (1,00, 0:) sinbpsin 6y (3.11)

0,6

- The resulting distributions are compared with the classical projection of I on the
nuclear deformation axis, 1/fo(fp + 1) cos(fy), in Figure 3.9. At most angles the
average of the QM projections corresponds closely to the classical projection. How-
ever, at small angles the reduced alignment of the quantum-mechanical case becomes
significant; the average of the QM projections is lower than the classical estimate.
The importance of this difference is examined in Section 3.2.6.

From 8o (1, o, tt1) we determine w(J, M) precisely as given in Equation 3.8; that
is to say, we add the three angular momenta from ground-state target spin, ground-

state projectile spin, and collision-induced angular momentum, according to the
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Figure 3.9: For a given state {I,x), where semi-classical calculations as-
sign all the weighting from one angle 6 to the nearest M (hollow points),
quantum-mechanical calculations spread the weighting between several M
(solid points). This distribution is illustrated at various angles 6.
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Clebsch-Gordan coefficients.

This quantum-mechanical treatment still uses the semi-classical assumption in-
herent in CCMOD, namely that the angle 8 between the beam axis and the nuclear
deformation axis is well defined. This is not expected to introduce significant er-
ror for the silicon and phosphorus induced reactions. This is because states in the
rotational band built on the ground state are excited with significant probability
to angular momenta >~ 147 above the ground state. The angular uncertainty
[NAGS&6] will thus be considerably smaller than that associated with the projection
of the 7 units of spin. Since the latter effect results in only a minor correction
to the anisotropies (Section 3.2.6), the classical assumption of an arbitrarily well-
defined angle should result in negligible error for these reactions. For much lighter

projectiles, however, this need not be the case.

3.2.6 Comparing the calculation methods

So far, in Sections 3.2.3, 3.2.4 and 3.2.5, we have described three increasingly
sophisticated methods of handling the interaction between nuclear deformation and
the effect of ground-state nuclear spin on the fission fragment angular distribution.
The results from these methods should be compared to find out the importance of
the refinements to the model.

First we examine the validity of the assumption which distinguishes the corre-
lated and uncorrelated semi-classical models (Sections 3.2.3 and 3.2.4). That is to
say, we consider the degree to which w(J, M) differs from a separable distribution
(one which could be written as w(J, M) = f(J)g{M), for suitably chosen f(.J) and
g(M)). When we consider the correlation between J and M, we see that, as ex-
pected, at higher J-values the ground-state spin is strongly aligned with the beam
axis, as shown in Figure 3.7(b), whilst it is weakly aligned for lower J-values, as
shown in Figure 3.7(c). The weak alignment at low J explains the similarity of the
depletions of w(J) for J < I for isotropic and aligned calculations in Figure 3.7(a).
The alignment ultimately serves to decrease the fission fragment anisotropy. The
effect on the anisotropy is greatest at lower beamn energies, because the alignment
is stronger and the maximum J is smaller.

The effect of the correlation between J and M on the anisotropies is actually

quite small; Figure 3.10 compares anisotropy calculations at a range of energies
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Figure 3.10: Anisotropy calculations using w(J, M) distributions calculated
using semi-classical and quantum-mechanical methods. The numbers in
brackets specify the sections describing each type of calculation.
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Figure 3.11: The difference between semi-classical and quantum-mechanical
calculations is at its greatest when the alignment is at its greatest. M-
distributions displayed using solid points are taken from correlated distribu-
tions w(J, M) at J=50, whereas hollow points show M-distributions averaged
over the whole range of J. All calculations are for the reaction *P+7Lu at
E.m.=114.8 MeV (E/Bp=0.939).

spanning the Coulomb barrier for the system 3'P+!"Lu. The uncorrelated (long-
dashed line) and correlated (short-dashed line) semi-classical calculations are barely
distinguishable, observable differences arising largely from statistical fluctuations in

the Monte Carlo program used to calculate anisotropies as per Section 3.2.7.

In contrast, the quantum-mechanical calculation has a larger impact on the cal-
culated anisotropy, especially at low energies. Because the ground-state spin of
the nucleus is not perfectly aligned with the nuclear deformation axis, the overall
alignment of the ground-state spin with the beam axis is also reduced, as illustrated
in Figure 3.11. (We examine the overall alignment using w(M) = ¥ ;w(J, M).)
Figure 3.10 shows the fission fragment anisotropy calculated with the quantum me-
chanical calculation (solid line); it is slightly higher than semi-classical calculations

(dashed line) would yield, although still lower than an isotropic distribution of M
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would yield (dotted line).

3.2.7 Incorporating other effects

For the calculations used in the rest of this thesis, we adopt the approach de-
scribed in Section 3.2.5, determining the partial cross-sections 9(1, ug, ¢41) according
to Equation 3.11 and the fusion channel weighting w(J, M) according to Equa-
tion 3.8. |

We are, however, interested in the fission channels, Until now we have assumed
that all fusion channels proceed immediately to fission. However, Figure 1.2 illus-
trates a variety of possible outcomes for a given fusion event. In particular, fission
probabilities and pre-fission particle emission must be considered.

Fission probabilities are significant because survival is more probable for low
angular momenta, changing the shape of the distribution w(J, M) for fission to
favour larger angular momenta.

Pre-fission particle emission has a number of effects. The evaporating particle
carries away energy (typically about 8 MeV) and angular momentum. The energy
is far more important as far as the effect on the anisotropy is concerned; second
chance fission, where one particle has evaporated, occurs with significantly lower
nuclear temperature (and hence lower Kj) than first chance fission (where no particle
emission occurs). This results in an increased anisotropy.

The angular momentum carried away by evaporated particles may change both J
and M. In practice the effects are small; changes in M in particular are insignificant,
as shown in Figure 3.12. They are, nevertheless, included in our calculations for
completeness.

Post-scission reorientation is treated simply as a J-dependent correction to Kj,
as given in Equation 3.3.

The J-dependence of Z.¢ may also be included in calculations. For larger J,
the saddle-point appears at smaller elongations, and so Z. is larger. This gives
rise to a gradual increase in Ky with J. While this effect has been included in the
calculations described below, we have not included the variation of Z.¢ with K
(Section 2.2.2.2, [LES99]), that narrows the K-distribution. The dependence of the
rotational energy F,, on elongation is appreciably different if K is large, so the

change in the saddle point position is difficult to determine. However, since J is
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Figure 3.12: Anisotropy calculations with (solid line) and without (dashed
line) changes in M due to the angular momentum carried away by evaporated
particles. The reaction 2Si+781If is fission-dominated, whereas the reaction
18()4-198P¢ produces mostly evaporation residues, and of those events that do
fission, a relatively high fraction are second or later chance fissions.

typically a few times larger than K in the reactions of interest, i.e. K 2« J?, and
the effect should be minor. This variation of Z.gf ﬁvit‘.h K is generally not mentioned
in the literature.

Hereafter we distinguish conditions of the compound nucleus initially formed
following fusion from those at the saddle point by denoting all quantities determined
at the saddle-point with a prime.

Mathematically we could write all these different effects as a combined operator
Ox, applied to w(J, M): Ox,w(J, M) = w'(J, M, K}). In practice we have a
computer code to do all the number-crunching, using a statistical model code like
JOANNE [LES93]. The code JOANNE was extended to include the changes in M
due to pre-scission particle emission, and to accept w(J, M) as input rather than
do(l), and was renamed JO_EVAP.

The fission fragment angular distribution is then determined as follows:

i > f iy 3 2L Dl OF e K/2Kg)dKq
=0 M'=—J K=—J' 2K=—J!3XP(—K2/2K62)
(3.12)

In practice the distribution of KJ is handled by fission events being binned into J,
T, M bins, K} being evaluated for each bin, depending on Z.(J) and T This is

the approach taken throughout the remainder of this thesis, except in most of the
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next section, where a slightly simpler calculation is used for the purposes of focusing

on the effect of the nuclear ground-state spin.

3.3 Examples of Deformed Nuclei with Spin

For the purposes of these examples, we are interested in the change in fission
fragment angular distributions due to the ground-state nuclear spins Iy and I,.
So, in most of the calculations presented in this section, particle evaporation and
post-scission reorientation effects are neglected; we assume every compound nucleus

fissions with the same temperature (and Kj), using the simplified equation:

% ot L (274 Dl oxp(— K2
W(8) x w(J, M) : 3.13
JZZJD M=—{ZIO+11) K;J Yk——g exp(—K?/2K3) (813)

For nuclei with static deformation, the effect of ground-state spin is most signif-
icant at energies below the average fusion barrier, and for I/ Ky greater than about
0.3; when these conditions hold, the anisotropy A = W(180°)/W(90°) may cease
to be sufficient to characterize the fission fragment angular distribution. This will
now be illustrated using the reactions 3P+!"Lu and #Si+1H2.

For the purposes of these calculations, and throughout this thesis, the level den-
sity parameter a’; was taken as 8.6 MeV~'. Calculations were performed assuming
zero fission transient delay time [LES93], a Kramers factor (correcting for fission
width suppression due to Brownién motion of systems at the saddle-point) of 1.0, a
fission barrier scaling factor of 0.94, and taking a} Jan, = 1.0. Taking the transient
delay time as zero has a minimal effect at the excitation energies used. These pa-
rameters reproduce experimental data well for these or similar reactions, as shown
in Chapter 5.

1% is a highly deformed nucleus (Q = 4.92 b [NDS98], giving 3. = 0.29 for
ro = 1.2 fm) with a ground-state spin of 7. Figure 3.13(a) shows calculations of
the fission fragment angular distributions for the reaction 3*P+'"Lu at E. , /By =
0.97 (Bp = 122.3 MeV). The dotted line shows a calculation ignoring all ground-
state spins; the dashed line shows the calculation assuming that the ground-state
spins are isotropically oriented (using Equation 3.1; including the % spin of 3P for
completeness), and the points show the fission fragment angular distribution from

Equation 3.13, including the spin alignment resulting from nuclear deformation of
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Figure 3.13: Calculated angular distributions for no-spin (dotted line),

isotropic-spin (dashed line), and aligned-spin distributions (points) for (a)
SIP4IT8L,y at Eem /By = 0.97 and (b) 28Si+18Hf™? at Fem /By = 0.99.

the lutetium. The solid line is a least-squares fit to this distribution using the
Iy = I = 0 limit of Equation 3.1, with Ky a free parameter. The anisotropy
of the fragment distribution calculated using aligned nuclear spin (solid points) is
significantly lower than the anisotropy predicted using only isotropic spins (dashed
line). For this reaction, the change in anisotropy due to nuclear spin ((A;—p —
A7) /Ar.r = 29%) should be measurable, since targets may be made with relatively
high enrichments of ®Lu. It is interesting to note that the aligned distribution
(solid points) has a different shape than an I = 0 curve with the same anisotropy;
the ratio W(135°)/ (W (90°)+W (180°)) differs by 2% from the I, = 0 fit, information
which would be missed if only anisotropies were to be compared. Alternatively, if
experimental measurements were obtained only in the range (for example} 110°-
165°, fitting the resulting angular distribution with an I = 0 curve would yield too
high an anisotropy.

An extreme example of a target nucleus with large spin and deformation is
the long-lived isomer "Hf"2?, which has spin 16. At least one target has been
made containing a small fraction (~3%) of this isomer [OGA92]. If this could be
increased, it might therefore be possible in future to carry out fission fragment

angular distribution measurements for a reaction on *"#H{™2,

Calculations using Equation 3.12, for the reaction 2Si+1"8Hf™?, at E.y, /By =
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0.99 (Bp = 116.4 MeV), are shown in Figure 3.13(b) as solid points. The deforma-
tion is taken as By = 0.267, 84 = —0.062 (calculated from e; = 0.254, ¢, = 0.053, as
used in Ref. [MUL97]). The incoming projectile brings in an average of 24.4h, and
Ky is calculated (using JOANNE [LES97]) to be 8.9. Also plotted, for comparison,
is the corresponding calculation assuming zero spin (dotted line), and for a target
with isotropically oriented spin (dashed line). Note that the realistic calculation
peaks around 140°, and has an anisotropy significantly less than unity; this cannot
be predicted by simple approximate treatments of ground-state spin.

Since the spin alignment has such a dramatic effect, further calculations have
been made at a range of energies below and above the average barrier. In order
that these predictions should be accurate, these calculations were performed using
Bquation 3.12, including all effects of evaporative competition with fission. These
calculated anisotropies are shown in Figure 3.14(a) by the solid line. The anisotropy
predicted for the same reaction assuming an isotropic spin distribution is shown
with a dashed line, whilst for reference, the anisotropy predicted for the reaction
283i+178Hf is shown by the dotted line; ®Hf has zero spin in its ground state. As
the energy increases above the average barrier, the spin alignment of 1™Hf™? de-
creases, and so the anisotropy approaches that corresponding to the isotropic spin
distribution. The anisotropies remain low compared to the reaction on "Hf, due
mainly to the extremely high spin of "®Hf™2, The shape of the fission fragment
angular distribution returns to normal as the beam energy increases, with the peak
moving from 90° to 180°, as shown in Figure 3.14(b). According to the calculations,
using standard parameters, fission is the dominant decay process at all energies, as
illustrated in Figure 3.14(c). Even where the effects of spin alignment are approach-
ing maximum, the fission cross-section is still ~ 10 mb, meaning that measurements
of anisotropies may in principle be feasible, if a target with a higher fraction of the

isomer were made.
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CHAPTER 4

Experiment and Analysis

All measurements reported in this thesis were performed using ANU’s 14UD
Pelletron Accelerator (Section 4.2.2) to provide a beam of charged particles, and
the CUBE detector array (Section 4.2.3) to collect data.

4.1 Choice of Reactions

4.1.1 Fusion-Fission

In order to observe the effects of deformation-aligned ground-state spin on fission
anisotropies, a strongly deformed prolate target nucleus with high ground-state spin
is required, and a reaction with a significant fission cross-section at sub-barrier
energies. These conditions are met in the reaction SP+1%Lu, where "Lu has a
ground-state spin of 7 and a large prolate deformation. However, measurements on
this reaction alone would not be conclusive, since it is not yet clear that anisotropies
can be predicted a-priori with sufficient accuracy. Therefore measurements were also
performed for the reaction #°Si+!"®Hf, which makes the same compound nucleus
(®"Rn). In this reaction the target nucleus has zero spin and a prolate deformation
almost identical to 76Lu. |

These two reactions are expected to have similar inelastic and transfer couplings
influencing the fusion process, and the agreement between the calculated fusion
cross-sections and the data (see Section 5.1) supports this. Because of the similar
projectile masses, the compound nuclei will have similar angular momenta and
probabilities for fission (and quasi-fission, if present). This allows the effect of the

ground-state spin of 1"®Lu to be isolated experimentally.

77
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Compound | Reaction | Ground-state spin
Nucleus Projectile | Target
2TRn 1P+ 1/2 7
207Rn 0SiHIHf | 1/2 0
205Rn AP+ Lu 1/2 7/2
206Rn 28Gi+178HE 0 0

Table 4.1: Ground-state sping of the target and projectile for the four reactions studied.

The available 1Lu target material had a low enrichment, the remainder being
1757 u; thus it was necessary to make measurements on the reaction 3*P+'"Lu so
that the contributions from the different isotopes could be disentangled. The 1"Lu
nucleus has a ground-state spin of 7/2 and is thus intermediate between the zero-
spin and spin 7 cases. For comparison with this reaction, the reaction Si+78Hf,
which makes the same compound nucleus (**Rn), was also studied. The ground-
state spins for the projectile and target nuclei in the reactions studied are given in
Table 4.1.

Both #88i and "Hf have zero spin in their ground states, and the 1/2 spin of
298i and 3'P may reasonably be considered negligible. It is then only the spins
of the deformed Lu target nuclei which can have a measurable effect on the fission
angular distributions, small for Y™ Lu, but potentially large for 1"8Lu, since its spin is
comparable with the angular momentum brought in by the projectile at sub-barrier

energies.

4.1.2 Quasi-fission

The choice of quasi-fission reactions to pursue was made in light of Lestone
et al’s work [LES97] on comparing the reactions 2C+%5236:2381], Lestone reported
high fission-like fragment anisotropies for the zero-spin reactions 12C+23623U, and
markedly lower anisotropies for *C+235U, where 2*°U has a ground-state spin of
7/2, indicating that the ground-state spin had a substantial effect on the angular
distribution of the fission-like fragments.

Similar cross-section and fission-like fragment anisotropy data, but with consid-
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erably better precision, were already available for the reaction °0+2%U [HIN96],
and the observed anisotropies at below-barrier energies were appreciably higher than
for the corresponding 2C reaction, due partly to the increased angular momentum
brought in by the heavier %0 projectile, but also to an increased probability of
quasi-fission, and/or a larger anisotropy for the quasi-fission itself. It was suggested
that the reaction 0+2%U should show a similar or greater reduction in fission-like
fragment anisotropies in the below-barrier region, compared to the 50+23U, as
was observed in the '2C reactions. Therefore, obtaining high-precision anisotropy
measurements for the *O+2*°U reaction should allow more quantitative testing of
whether or not the quasi-fission data could be explained by the model of ground-

state spin already tested for fusion-fission.

4.2 Experimental Conditions

The fusion-fission experiments are described first, and then the quasi-fission
experiments are covered.

All experimental data are recorded in event-by-event form; the analysis process
involves sorting these event-by-event data, identifying the important quantities,
calibrating or normalizing the measurement, and fitting the results to obtain the

quantities of interest.

4.2.1 Targets

The 'Lu targets were made from a sample of lutetium oxide enriched to 47.2%
in %Ly, which was reduced to metal using thorium, and then sputtered onto a ~20
pg/cm? carbon backing to form targets of thickness 20-40 ug/cm?®. We made three
targets from this sample. For two of these enriched targets, the thorium content was
determined to +0.3% using the Rutherford back-scattering (RBS) technique, with
a beam of *'P at 91.9 MeV. These targets had thorium concentrations of 22.3% and
22.5% respectively. Fitting the energy spectrum of the elastically scattered beam
particles in the monitor detectors at 22.5° gave thorium concentrations consistent
with RBS measurements within +1%. The third target was only examined using
elastically scattered beam-particles in the monitors; these revealed that the thorium

concentration was 28%.
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In order to account for fission events originating from reactions on "*Lu, other
targets were made using natural lutetium (97.4% *™®Lu). These targets did not have
significant thorium content, as the "*Lu sample was large enough to be double-
distilled to remove the thorium.

The 8Hf targets consisted of ~ 200 ug/cm? of metal evaporated onto ~ 30
pg/em? backing foils of aluminium.

The uranium targets required for the quasi-fission experiment comprised ura-
nium nitrate or uranium metal evaporated onto 12 ug/cm? carbon foils. The 235U
target was a “recovered” target and the target layer, comprising 30 pg/cm? uranium
nitrate (20 pg/cm? uranium), was sandwiched between two carbon foils. The en-
richment of this target was >94%. The U target was made from natural uranium
metal, which is 99.274% 238U, and was mounted with the uranium layer (100 pg/cm?
thick) facing the oncoming beam, so as to avoid beam degradation in the carbon

layer prior to interaction with the uranium.

4.2.2 Beam

Beams for the experiments were produced using the Australian National Uni-
versity 14UD tandem accelerator. In this accelerator, mass-selected ions with single
negative charge are accelerated towards a large, positive potential. There, several
electrons are stripped off, and the now positively charged ion is further accelerated
away from the positive potential.

Ions with the desired charge-state and energy are selected using a 90-degree
magnet with a very precise magnetic field setting. These may then be focussed onto
a target foil in the detector array. The field is calibrated every few years using the
14.231 MeV resonance in the 2C(p,«) reaction. Very consistent results have been
- obtained, indicating an absolute energy uncertainty of less than 1073,

The beam of ions is usually bunched and chopped into pulses about 1ns wide
and some multiple of 106 ns apart. The same RF signal that controls this chopping
is supplied to the data collection system for the purposes of time measurements.
In the fusion-fission and quasi-fission measurements, the pulsed beam consisted of
1 ns long bursts separated by 106 ns. This allowed time-of-flight measurements for
fission fragments to be made.

Fusion-fission measurements were performed over the course of five runs, each
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of 2-3 days duration. The 14UD provided beams with energies ranging from 135.0—
165.0 MeV for 3'P, from 123.7-160.6 MeV for 283i, and from 126.6-159.1 MeV for
29Gi, as listed in Tables 5.1-5.4. The beam energies for the reactions on "®*Hf were
chosen to give the same compound nucleus excitation energies as fof the reactions
on "Lu and "Lu. '

Quasi-fission measurements were performed during a single run of 3 days dura-
tion. The 14UD provided a *0Q beam with energies in the range 78.0~114.0 MeV,
as listed in Table 6.2.

4.2.3 Fission Fragment Detectors

Fission fragments were detected in the CUBE detector array [MOR95], consist-
ing during these fission measurements of two large area position sensitive multi-wire
proportional counters (MWPC), two monitor detectors, and a backward-angle sili-
con surface-barrier detector.

These MWPC detectors consist of several planes. The plane closest to the target
is a window intended to separate 4 Torr of propane gas inside the detector from the
high-level vacuum in which the beam of projectiles meets the target. This window is
a sheet of 0.9 um thick polyethylene terephthalete (PET) foil, with one side coated
with =50 ugem™2 copper, which reduces the leakage of propane gas from the detector
and prevents charge build-up on the window. In front of the window (closer to the
target) are three horizontal and four vertical wires of 0.45mm diameter, which serve
to reduce the bowing of the window towards the target under the 4 Torr pressure.
These wires have only a minor impact on coincidence analyses, but their effects
have been included. A gas flow system is used to maintain the pressure and renew
the gas, preventing buildup of contamination from out-gassing of the detectors or
ionization-damaged molecules.

The propane gas within the detector is ionized by the passage of ions such as .
fission fragments and elastically scattered beam particles. The active part of the
detector comprises three parallel electrode planes. A voltage is maintained between
the central and outer planes, which accelerates the electrons created by the primary
ionization, giving secondary ionization and considerable signal amplification.

The first plane comprises 284 wires strung vertically, spaced at intervals of Imm,

made of tungsten coated with gold, and 20 pm in diameter. These serve to detect
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the X-position at which the particle strikes the detector, by virtue of the 1 ns delay
between each pair of wires. If the incoming particle passes close to one wire, a signal
is induced in that wire by the movement of the electrons towards the wire. That
signal then propagates in both directions along the delay line, and the difference in
time between the emergence of the signal at one end of the line to the other shows

which wire collected the signal.

The central foil is 3mm further behind that, at its closest being 180 mm from
the target. This layer is the central foil cathode, which comprises a sheet of 0.9
pm (PET) foil with gold evaporated onto both sides with thickness 40 pgem™2,
separated into four quadrants to reduce its capacitance and thus increase the signal
size. The foil is maintained at a potential of approximately -500 V. The signal from
this cathode provides energy loss and time information for each particle, which in

conjunction with the pulsed beam gives the time of flight of the particle.

The fourth layer comprises 357 horizontally strung gold-coated tungsten wires,
located 3 mm behind the central cathode. These detect the Y-position of the particle

in the same manner as the X-position is detected.

The active area of each detector is 284 mm wide, and 357 mm high. The detectors
are positioned opposite one another as illustrated in Figure 4.1, so as to detect
both the fission fragments from a fission event. They cover laboratory angles from
95°-170° (“Back” or “upstream” detector), and 5°-80° {“Front” or “downstream”

detector).

The front detector is exposed to a rate of elastically scattered beam particles
too high to be accepted by the data acquisition system. Since the back detector is
not subject to such a high rate, events are not recorded unless there is a signal in
the back detector. This cuts the clastic scattering signal rate to acceptable values
(typically 300 Hz). Since fission fragments separate in opposite directions, il a
fission fragment is detected in the front detector its partner should also be detected
in the back detector, subject to a few solid angle restrictions. For the fusion-fission
experiments this “back detector” trigger suffices; for the quasi-fission experiments
data is recorded only if events are detected in both the front and back detectors,
as a more complex data analysis procedure is required to eliminate transfer-fission

events,

Two monitor detectors were placed at £22.5°, to monitor elastically scattered
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Figure 4.1: Plan view of the CUBE spectrometer. Diagram reproduced from
[MOR95B].
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beam particles. Since the Rutherford scattering cross-section is well known, use of
these monitors allows cross-section determination. For some of the measurements,
an annular silicon surface barrier detector (SBD) was placed at 174°, to measure
target composition—this obscured the most backward angles, restricting the sensi-
tive angular range of the MWPC to 95°-166°. For the 2Si+'™®Hf reaction, fission
fragments were identified in the SBD, and contributed to the measured angular dis-
tributions. This detector was also used to detect alpha particles from evaporation
residues (see Section 4.4 for details).

In order to obtain precise cross-sections and anisotropies, it was important to
have accurate solid-angle information, and to take into account any non-linearities
in the detector’s position response function. This information was obtained by
measuring Rutherford scattering of 3P beams off a *"Au target in the back fis-
sion detector at beam energies well below the fusion barrier. This calibration was

repeated for each experimental run, and varied very little between runs.

4.3 Fission Event Identification and Analysis

4.3.1 Identiftying Single Fragment Events

For the first part of the project, the reactions being studied were 28Si+ ™8HI,
G178, P41y, and 3P+'%Lu.  All four of these reactions are similar in
terms of nuclear deformations, excitation energy, angular momentum, and would
be expected to have similar quasi-fission probability, if quasi-fission is present at all.

In all four of these reactions, fission events could be identified solely from the
signals from the fission detector placed at backward angles. These comprised the
energy loss signal AFE in the detector and the time-of-flight to the detector. At most
energies of interest, the fission and elastic events at all angles can be cleanly sepa-
rated by one gate, as shown in Figure 4.2. However, at below-barrier beam energies,
elastic events could appear in one area of the multi-wire proportional counter with
similar energy and time-of-flight signals to fission events arriving in another area
of the detector. However, for any given angle @, the fission and elastic events may

still be cleanly distinguished, and so for beam-energies below the Coulomb barrier,

fissions were identified for each 5° bin individually.
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Fission Fragments

Pulser

Time of Flight

Figure 4.2: Detector events in the back MWPC, showing time of flight plot-
ted against energy loss. The fission fragments are clearly distinguished from
elastically scattered beam particles.

4.3.2 Identifying Coincidence Events

For the '®O+235380U measurements, transfer-induced fission was present. In
this case, it is necessary to distinguish fission following complete fusion by detecting
both fission fragments in coincidence, and deducing the total linear momentum
of the original fissioning system. With transfer-induced fission, the remainder of
the projectile carries off significant momentum, imparting a recoil to the fissioning
target-like nucleus, whereas complete fusion means the compound nucleus has the

full momentum brought in by the projectile.

4.3.2.1 Kinematic Coincidence method

Fission fragments separate in opposite directions in the center of mass frame.
However, due to momentum carried off by light particles emitted before or after
fission, the center of mass velocity ¢y may vary slightly from the #.,, deduced from
the projectile velocity. For any given event we define the projection of the actual
center of mass velocity @ on the beam axis as vy, and the projection in the plane

perpendicular to the beam axis, normal to the fission direction, as ;. For full
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Figure 4.3: Sketches of the fission fragment velocities in (a) the plane includ-
ing the beam axis and the fragment velocities, {(b) the plane perpendicular
to the beam axis. (u; and ug are collinear, despite optical illusions to the
contrary!)

momentum transfer events, vy and voo will differ very little from their expected
values of 7., and zero respectively. 7

It is necessary to determine the lab-frame fragment velocities ¥; and @ in order
to evaluate vy and vgr. The velocity of each fission fragment can be determined
using the time-of-flight to the detector, and the position information. This requires
calibration of the time-of-flight signal, to precisely identify the time at which the
beam-pulse hit the target.

We assume vp, is negligible, which will only fail for events we were discarding
anyway. Figure 4.3 defines the important quantities. The magnitudes of the center
of mass velocities 41 and u; may differ, according to the masses of the particles, but
since the two are on average at opposite angles a:

uicos(a)  ugcos(a)
ursin(a)  ugsin(a)

We then note that u; cos{a) = vy sin(6) and wu; sin{a) = vy cos(éy) — vg. Solving

&
¥
%
b
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the equation resulting from those substitutions for both fragments yields:

vy 8in(0y )ve cos(f2) + va sin(fy)vq cos(8)
vy 8in(f) + va sin(fs)

vol| = (4.1)

We define also the mass split A; as the fraction of the total mass carried away by
fragment 1, and evaluate it using conservation of momentum considerations as:

||

A=
! || + |us

(4.2)

Once vy is determined, evaluation of |us| and |ug| is trivial. However, it is assumed
that v = ve.m, for the purposes of evaluating A; for full momentum transfer fission,
to reduce sensitivity to experimental uncertainty.

Further trigonometry yields vg, [HIN96]:

vy sin{f )vg sin(fs) sin 1o

VoL =
'\/’Ul sin?(#)) + v4 sin?(8,) + 2v; sin(0; )v, sin(B,) cos ¢ro

(4.3)

4.3.2.2 Calibrating the Time of Flight

Time of Flight information is derived from the central foil in the MWPCs. How-
ever, there are two of these foils (one in the front detector and one in the back) and
each is divided into four quadrants, each with its own time-zero. The differences
between quadrants, and between the front and back detectors, should be constant
throughout the experiment, so these only need to be evaluated once. The overall
time-zero, or precisely when the beam pulse hits the target, relative to the master
oscillator pulses which generate the time structure of the beam, must be determined
for each run individually. The time calibration per-channel is determined for the
detector system using a calibration run where signals are input into the detector at
precisely determined intervals, using an ORTEC time calibrator.

The time differences between signals from individual detector quadrants are
ascertained by adjusting them until the fragment velocity v, or v; is a smooth
function of @ or ¢, for a narrow range of ¢ or # intersecting two quadrants.

The difference in time-signals between front and back detectors Af may not be
precisely determined without also determining the overall time-zero T}, (also the
time-zero for the back detector alone) for the particular run under consideration.
This is carried out using an iterative procedure. Initially these parameters are de-

termined approximately using an absolute calculation of lab-frame fission fragment
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Mass Asymmetry

Figure 4.4: Coincidence events plotted according to the mass asymmetry and
the apparent centre-of-mass velocity. The white polygon indicates the events
used to measure the centroid, excluding the majority of the transfer fission
events.

velocities, assuming Viola systematics. This involves comparing the observed time-
of-flight of the fastest fragments (those at ¢ = 0° or 180°, i.e. in the y=0 plane) at
a given # to the expected time-of-flight of the fission fragments to the detector.

Precise determination of At is performed using a reference reaction, for which
the average fission-like fragment mass asymmetry A; is known (for reactions where
only fusion-fission is present, this asymmetry will average 0.500) and the average v
is equal to v, ., . From experimental data for the reference reaction, we select only
those events already identified as fissions according to AE and the time of flight,
as per Figure 4.2, and calculate the average mass asymmetry and vy using the
approximate values of At and T,. We then make small adjustments to At and 7.
until the reference values are reproduced. This calibration of At was performed for
three different reference reactions, and the results obtained were in good agreement
with one another.

To determine 7., for each beam energy, we hold At constant at the value deter-
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mined above, and adjust 7, until the average vy is equal t0 Ve, The majority of

transfer fission events are excluded as indicated by the white line in Figure 4.4.

4.3.2.3 Separating out the events of interest

Transfer fission events can be distinguished from full momentum transfer fission
events according to the deduced vo and vp. We make a cut in vy, to reject mostly
transfer events; this cut accepts FMT events with 98% efficiency, varying very little
over the experimental energy range. With this cut, vy, is projected out for each
angle 8, in 5° bins, for each beam energy, subtracting the transfer fission event
.background as shown in Figure 4.5, and determining the number of FMT events
detected at that angle and that energy. Subsequent analysis may proceed precisely
as for “singles” analysis, after correcting the solid-angle calibration for the losses
due to the support wires for the front detector window, and the 2% efficiency loss
from the front detector x-plane wires. These are both accounted for individually for
each 5° bin in the back detector.

4.3.3 Fission Fragment Angular Distributions

The position information from the back angle MWPC was used to calculate the
angle at which detected reaction products emerged from the target [HHIN95]. Results
were analysed using 5° intervals in the laboratory scattering angle #. Within any
given interval, fission fragments rcould be distinguished from elastically scattered
particles according to the energy loss in the detector and the time of flight, as |
illustrated in Figure 4.6.

Measurements on the target enriched in '"Lu contained contributions from tho-
rium. In particular, the thorium content gave rise to additional elastically-scattered
beam particles at slightly higher energies, which were detected in the monitor coun-
ters. These could be distinguished according to their energies by fitting the spectrum
using the peak-fitting program FITEK (Section A.6.3), with an accuracy of 1%.
However, since the Thorium concentration was known to 0.3% from a measurement
using Rutherford back-scattering, the monitor counts were corrected numerically, as
that gave higher precision. For the purposes of this work, the most important mea-
surements are those at energies near or below the average fusion barrier (122.3 MeV,

corresponding t0 Fpeam=143.8 MeV). Due to the higher Z for ***Th, fission events




90

counts

4. Experiment and Analysis

] J T | 1 § 1 ] L T ! | I | T ] T I | I

157.5 degrees

&
&
I TN T N N N ||I| | || 1 | I”ll] [ [T N T |
— 1+ T T | T 1 I T T ]

|
|
127.5 degrees

100 m

97.5 degrees

T 1T TTTTI

T T T
LI 111111

T T TTT]
Ll

T TTTimm
| EN AL

T T
Ll

T T TV
Ll

T T TTIT
1 1 bitlhl

Ll

T T TTTTI|
Lol

0 400 800 1200 1600 2000

A (ems ™+ x 1000+1000)

Figure 4.5: Fission events plotted as a function of vp, for the reaction
16()4-2381J 4t a beam energy of 100 MeV, for three different fragment angles 0.
The transfer events are subtracted off according to the indicated background
level.
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fissions

fissions

fissions

Figure 4.6: Detector events for 5° bins in the back MWPC,| showing time of
flight plotted against energy loss. At each angle, the fission fragments are
clearly distinguished from elastically scattered beam particles.
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from the reaction *'P+22Th constitute less than 1% of the detected fission events
for beam energies lower than 157 MeV. This was estimated by scaling the fission
excitation function measured for 328+2%2Th [HINpriv] according to the Coulomb

barrier energy for each reaction.

Where multiple measurements were made on the same target at the same energy,
these were combined to improve statistics, after correction for any small variations

in detector calibration between measurements.

Measurements made using the enriched and natural lutetium targets contained
different contributions from reactions on *Lu and '"™Lu. In order to determine the
fission differential cross-sections %ﬂ—) for each isotope, in their respective centre of
mass frames, it is necessary to eliminate the contributions from the other isotope.
However, because the centre of mass frames differ depending on which isotope is
involved in the reaction, the separation is performed in the laboratory reference
frame, as follows. First d;—g)} was determined for 5° bins in the laboratory frame,
for each target and each beam energy, using the Rutherford-scattering cé,libration.
Then we took the measurements made on enriched and natural targets at the same
beam energy, and solved simultaneous equations using the known concentrations of

the isotopes in the targets, to obtain dzg ) for each isotope, in the laboratory frame,

at that beam energy. This was then converted into the centre of mass reference

frame appropriate to the isotope.

For “singles” data, the resulting fission fragment angular distributions (FFAD)
covered 15 angles (or 14 angles if the data were from a run where the annular sili-
con. SBD obscured the most backward angles of the MWPC), from 102.5° to 167.5°
(162.5°). For “coincidence” data (**0O-+%352%817), the coincidence requirement fur-
ther restricted the useful range of the back detector, and a 13 angle distribution was
used. For each reaction and each energy, the FFAD was converted to the centre of
mass frame using fission total kinetic energies from systematics [VIO85} and fitted
in the zero-spin limit [BAC85] to determine fission cross-sections and anisotropies.
An iterative procedure was used, starting with a triangular angular momentum
distribution, and thereafter using the angular momentum distributions from the
coupled-channels calculation that reproduced the fusion excitation function. (The
final coupled-channels calculations are described in Section 5.1 for the fission-fission

reactions, and Section 6.4.1 for the quasi-fission reactions.) This iteration was per-
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formed because the shape of the [-distribution affects the shape of the corresponding
family of FFADs, as illustrated in Section 2.2.2.4.

The x? per degree of freedom from the best fit to each angular distribution was
determined, and averaged over the distributions at all energies for a given reaction

to estimate the dispersion parameter ¢y

g = (O3 /n); (4.4)
m

In the ideal case of appropriate theory fitting data with correctly estimated random
errors, ¢4 should be close to unity for a large data set. The average value of ¢4
was determined for each reaction, and was found to be 1.0-1.4 for the reactions
B2OGi+178HE, S1P+1Luy, and 80+2%238(, and 4.2 for the reaction *P+!"Lu,
where a large contribution from ™Lu had been subtracted. A value of ¢g sub-
stantially larger than unity is referred to as “over-dispersion” [MCCB89] and can
occur when fitting experimental data, particularly where high precision data has
been obtained. This over-dispersion may have three causes: either the theory is
not appropriate for the data, a source of random error has been underestimated or
neglected, and/or a source of error that has been treated as random is in fact sys-
tematic. An example of the last one is the uncertainty in the detector calibration,
which is the same for all measurements in a given run. Inspection of the experimen-
tal angular distributions for 3!P+'"Lu shown in Figure 4.10 shows scatter, rather
than theoretical mismatch. '

The practical consequence of over-dispersion is that uncertainties in fitted guan-
tities are underestimated by the normal statistical prescription, in which the stan-
dard deviation corresponds to an increase of the total x? by unity [BEV92]. In-
stead, for cases with over-dispersion, the uncertainty in fitted quantities corresponds
[MCC89)] to an increase in the total ¥2 by ¢q. Thus for 3 P+178Lu, the uncertainty
in the anisotropies at each energy correspond to an increase in the total x? for each
fission fragment angular distribution by ¢g.

Final fits for the reactions 22°Si+1"®Hf and 3P+!"!"Lu are shown in Fig-
ures 4.7-4.10. For comparison, the fits to the raw data from the target with 47%
8Ly are given in Figure 4.11. Final fits for the reactions %04+%%2387 are shown
in Figures 6.3 and 6.4. The final fission cross-sections and anisotropies, with errors,
are given in Tables 5.1-5.4, and Tables 6.2 and 6.1.
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Figure 4.7: Fission fragment angular distributions, fitted using the zero-spin
approximation, for 28Si4+-'"®IIf. Error bars are smaller than the point size
except where visible.
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approximation, for 2°8i+17®Hf. Error bars are smaller than the point size
except where visible. The data points at 174° are from a solid-state detector.
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Figure 4.10: Fission fragment angular distributions, fitted using the zerc-spin
approximation, for 31P+1"°Lu, The contribution from the 52.8% of 1®Lu in
the enriched target has been removed. Error bars are smaller than the point
size except where visible.’
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4.4 Evaporation Residue Identification and Anal-
ysis

Evaporation residue cross-sections were measured in a separate experiment. The
residues were stopped in a 1.8 mg/cm? Al catcher foil at the target position. Alpha
particles from their decay were detected in the annular silicon SBD placed at an
average angle of 174° [MOR95, BERO1]. The beam was chopped with 1 s on, 1 s off,
and alpha particles detected between beam-bursts; alpha-particle lifetimes ranged
from 3.5 s to 11.5 min. Individual evaporation residue channels were identified
solely by alpha-particle energy. Measurements were made at five energies in the case
of the reaction 8Si+!"®Hf, and at three energies for the reactions 2*Si+1"®Hf and
$1p 177 1, The targets enriched in 1"Lu were too thin to allow ER measurements

to be completed in a reasonable time, due to the small ER cross-sections.

Identification of surviving nuclei relied upon detection of the alpha particles
emitted in their radioactive decay. The energy resolution was poor due to the deep
implantation of the evaporation residues, and this precluded clean separation in

energy of the alpha particles corresponding to each evaporation channel.

The energy calibration and resolution of the annular detector were determined
from a control measurement (3°Si+-!88W for which the o peaks had a greater energy
separation), and adjusted at each energy for the calculated change in the mean
implantation depth of the evaporation residues. The relative energy separations and
ratio of peak heights were fixed according to the known « energies and branching
ratios [TOI96] for primary and daughter nuclei. The intensities of the primary
peaks were then varied to obtain a good fit to the full alpha particle spectrum. An
example of such a fit is shown in Figure 4.12. The cross-sections of the individual
evaporation residues were calculated from the areas of the resulting peaks, taking

into account branching ratios, lifetimes, and data collection cycles.

The total evaporation residue cross-section ogp was relatively insensitive to the
detailed partition of the observed spectrum between the different channels, because
the branching ratios and lifetimes are closely correlated with alpha-particle energy.
The measured zn, pzn, and czn cross-sections are as listed in Tables 4.2-4.4. For

some channels, a-decays were observed from isomeric excited states of the surviving

nucleus; these are denoted by a star (for example, 2%Rn*).




100 4. Experiment and Analysis

140 _I T T 1 [ T T 171 | E L ] L l T T I | LI L | L} | 11 I_
A 2020, + daughters pxn, oxn, xn-daughters

120 n l— ]

L - 201Rn + daughters J ]

100 | 201 .
ro—— At + daughters ]

w80 F ~— 1%%0 + daughters -
@ - ]
o - ]
§ 60 f_ ——— 185 4 daughters E
50 [ .

20 | ]

o O PO T L L P 1 e I MV A T LS S . A A 1y TO0 I IO T B B B -

0 £ o L1t A ~
4000 4500 5000 5500 6000 6500 7000 7500 8000
o-particle energy (keV)

Figure 4.12: Energy distribution of alpha particles for the 28G8i+-178Hf re-
action, detected in the annular silicon surface barrier detector, at the beam
energy 145.82 MeV. A4 this energy, the largest yields are a3n (1%Po) and p3n
(21 At), although 4n (**2Rn), 5n (**!Rn), and adn (1%Po) are also present in
appreciable quantity.
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Table 4.2: Measured evaporation residue channel cross-sections for 28Si4178Hf
.— 29Rn. Decay from isomeric states of the evaporation residue is denoted
by an asterisk.

Fyeam (MeV) | channel | Emitting nucleus cer (mb)

123.79 3n 203Rn 0.096 £ 0.013
3n 203Ry* 0.033 = 0.011
4n 202Rn 0.057 + 0.010
Total 0.187 £ 0.035
128.79 3n 203Rn 0.257 £+ 0.032
3n 203Rn* 0.378 + 0.038
4n 202Rn 0.265 £ 0.018
5n 21Rn 0.076 £ 0.016

o2n 200pg 0.36 £ 0.14

Total 1.32 + 0.24
135.99 3n 203Rn 0.211 + 0.069
3n 203Rn* 0.566 + 0.086
4n 202Rn 1.352 + 0.075
5n 201Rn 0.260 £ 0.044

a2n 200pg 1.14 £ 0.38

Total 3.63 + 0.65
145.81 4n 202Rn 0.688 £ 0.060
5n 201Rn~ 0.415 £ 0.047

pdn LA 1.24 = 0.13

adn 19Pg 1.99 + 0.38

a3n 199pg* 1.21 £ 0.20

adn 198pg 0.78 + 0.20

Total 6.31 £ 0.99
160.57 4n 202Rn 0.208 £ 0.067
5n 201Rp 0.047 £+ 0.024
bn 201Rn* 0.021 £ 0.620

pidn 201 At 2.03 £ 0.21

p5n 200A¢, 1.72 + 0.19

a3n 19pg 1.62 + 0.44

a3n 199pg* 0.70 £ 0.25

adn 198 Py 1.60 £+ 0.27

Total 79+ 1.5
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Table 4.3: Measured evaporation residue channel cross-sections for 2%Si4-178Hf
— 207Rn. Decay from isomeric states of the evaporation residue is denoted
by an asterisk.

Epeam {MeV) | channel | Emitting nucleus ogg (mb)
131.87 3n 204Rn 1.130 + 0.072
4n 23Rn 1.25 + 0.10
4n 203Rn* 1.233 &+ 0.096
5n 202Rn 0.387 £ 0.045
Total 4.00 & 0.32
139.31 3n 204Rn 1.01 £ 0.14
4n 203Rn 1.77 £ 0.10
4n 203Rp* 2.59 =+ 0.12
5n 202Rn 1.227 + 0.074 ';
p3n 03 A 0.24 + 0.40
odn 200p, 0.8 £ 1.2
Total 7.6 + 2.0
145.81 4n 203Rn 0.517 + 0.052
4n 203Rp* 0.876 = 0.064
n 22Rn 1.99 £ 0.11
6n WIRy 0.218 = 0.029
6n 201 Rp* 0.196 & 0.026
p3n 202 At, 0.75 £+ 0.28 :

a3n 200pg 2.95 + 0.41

aédn 199Ppg* 1.68 & 0.39

Total 9.2 + 1.4
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Table 4.4: Measured evaporation residue channel cross-sections for 31P+17Ly
— 206Rn,. Decay from isomeric states of the evaporation residue is denoted
by an asterisk.

Fheam (MeV) | channel | Emitting nucleus orr (mb)
A 137.50 3n 203Rn 0.302 4 0.042
3n 203Rp* 0.080 =+ 0.034
4n 22Rn 0.254 &£ 0.031
a2n 200pg 0.64 + 0.32
Total 1.27 £ 0.43
145.00 3n 203Rn 0.080 + 0.062
3n 203Rn* 0.436 &+ 0.077
4n 202Rn 0.884 + 0.062
a2n 200pg 1.46 £ 0.45
adn 199 Py 0.15 £ 0.12
Total 3.02 £ 0.77
155.00 4n 202Rn 0.265 £ 0.076
5n 2lRn 0.222 £ 0.051
5n 1R n* 0.200 + 0.046
p3n 202 A1 0.92 £ 0.25
p4n WLAL 0.52 £ 0.19
a3n 199pg 0.227 4+ 0.079
a3n 19Ppg* 1.03 + 0.12
Total 3.38 £+ 0.82
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Since measurements were made at only a few energies, it was necessary to in-
terpolate or extrapolate measured data to all other energies at which fission cross-
sections were measured. The reduced cross-sections

2ul

&ER(E) = O'ER(E)

(where p is the reduced mass of the system) were found to vary approximately
linearly over the energy range of interest, as shown in Figure 4.13. The reduced
cross-sections for the two reactions leading to the compound nucleus **Rn were
found to be in agreement at matching excitation energies. Similar agreement can
be expected for the reactions producing "Rn. A line was fitted to the reduced
cross-sections for 2%Rn as a function of compound nucleus excitation energy using
a weighted least squares procedure. This fit was then used to predict Ggr(E) and
ogr(F) at all other energies at which fission cross-sections were measured for those
reactions, so that total fusion cross-sections oy, could be determined. The same
technique, applied to the reaction *Si+!"Hf (leading to the compound nucleus
20TRn) also allowed us to predict §gr(E) for the reaction #P+°Lu. The resulting
fusion cross-sections for all reactions are given in Tables 5.1-5.4. Because the ER
survival probabilities ranged from 10% at the lowest beam energies to 1% at the
highest, even a large uncertainty in the extrapolated survival cross-section translates

to only a small uncertainty in total fusion cross-section.
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Figure 4.13: Reduced cross-sections, plotted as a function of compound nu-

cleus excitation energy. The dashed and dotted lines show the results of the ;
least-squares fits to these reduced cross-sections for 2°Rn and 2°"Rn respec- f
tively. E
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CHAPTER 5

Experimental Anisotropies from a

High-Spin Target

In this chapter we examine the results of experiments on the reactions 2Si+-"®Hf,
DGi4+18HS, 3'P+1"Lu, and *'P+'"®Lu, which are all expected to undergo fusion-
fission, with some probability of survival to form evaporation residues. In particular
we are interested in the fusion-fission anisotropies, because it is expected that the 7

units of spin of 1" Lu should have a strong effect on the fission fragment anisotropy.

The four reactions studied are expected to be very similar, both in terms of the
mass and charge of the participating nuclei, and in terms of the number, nattire,
and strength of the significant coupled channels. Thus a model which accurately
reproduces the anisotropies for the control reactions ?2°Si+17Hf should also accu-
rately reproduce the anisotropies for the reactions P41y, except in so far as
the 7/2 spin of 1Lu and the 7 spin of 1Lu are significant.

The fusion angular momentum distribution at the energy of interest is a crucial
quantity in the prediction of fission fragment angular distributions. It has been
shown [ROW93, BAL96] that fusion angular momentum distributions are related
to fusion excitation functions. Thus the angular momentum distribution can be
calculated using a coupled-channels model which includes the major couplings, and
reproduces accurately measured fusion excitation functions, and hence the barrier

distributions.

107
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5.1 Total Fusion Cross-sections

Experimental fusion cross-sections were determined by adding evaporation residue
cross-sections obtained as described in Section 4.4, and fission cross-sections ob-
tained as described in Section 4.3.3. These cross-sections, together with the fission
fragment anisotropies determined simultaneously with the fission cross-sections, are
listed in Tables 5.1-5.4.

Theoretical fusion cross-sections were obtained using the simplified coupled-
channels code CCMOD [DAS92, DAS97]. The Woods-Saxon nuclear potential depth
Vo was taken as 100 MeV. The radius parameter ry and the diffuseness ap were si-
multaneously adjusted to reproduce the six highest energy data points for each of
the three reactions 288i+'78Hf, 2°Si+1"Hf, and 3'P+!"Lu, as these high energy
points should be insensitive to the couplings [LEI95]. Nevertheless, the couplings
were included during the fitting process, for completeness. Based on the results of
these fits, ay was fixed at 0.85 fin, and rq varied to fit these fusion cross-sections for
each reaction, obtaining 1.115 fm, 1.116 fm, and 1.119 fin respectively.

The presence of 232Th in the ™Lu target (Section 4.2.1) gives rise to fission
fragments from the reaction 3'P+232Th. The fraction of the observed fission yield
resulting from the reaction on thorium could not be accurately determined. How-
ever, it is expected to become appreciable above E.,, =130 MeV. Hence we dis-
carded the highest energy measurements for the reaction 3P+!"Lu (hollow points
in Figure 5.4). These are not directly related to the main point of this work, and
would only serve to determine the nuclear potential. The Woods-Saxon radius pa-
rameter 7o was instead taken to be 1.119 fm, as found for the reaction on ™Lu. The
corresponding CCMOD input files for all four reactions are given in Appendix B.

The couplings included were the B> and G, deformations of the target nuclei,
the lowest energy collective E2 excitation of the projectile nuclei, and positive Q-
value transfer channels. Quadrupole deformations for ™1 Lu were calculated from
electromagnetic quadrupole moments using ry = 1.2 fm, obtaining 3 = 0.29 for both
nuclei [NDS93, NDS98]. The 3. deformation of '®Hf was taken as 0.28 [RAMSET].
The 34 deformations were taken as -0.03 for all three target nuclei, consistent with
measurements collated in Ref. [RONT7]. For each projectile, vibrational coupling to
the first excited state was included. The energies and 3y values for 288 were taken

from Ref. [RAMST]. For the odd-mass projectiles they were determined by averaging




5.1. Total Fusion Cross-sections 109
Table 5.1: Measured fission and evaporation residue cross-sections and
adopted fusion cross-sections for the reaction *Si+17®Hf. Interpolated evap-
oration residue cross-sections are listed in italics. The values of E,,,. listed
have also been corrected for the energy loss of the projectile before reaching
the average interaction point in the target.

Erearn (MeV) | Ecpn. (MeV) | oy, (mb) | Anisotropy oggr {mb) O fys (mb)
123.70 106.49 1.33+£0.07 | 1.7+0.3 0.187 £ 0.020 | 1.5240.07
126.15 108.61 6.2110.09 | 2.23+0.08 0.8%3 + 0.14 7.041£0.17
128.62 110.74 16.7540.17 | 2.41+0.05 1.3 £0.3 18.1+0.4
131.07 112.87 34.7+0.3 | 2.69£0.09 2.0+ 0.4 36.7+£0.5
133.53 114.99 62.5+£0.4 | 2.7240.05 2.6 X 0.6 65.110.7
135.99 117.12 98.3+£0.7 | 2.93£0.07 3.5 £ 0.7 101.8£1.0
138.45 119.24 145.44+1.8 | 2.904+0.04 3.7+ 0.9 14942
140.91 121.37 194.541.1 | 3.1940.07 42X 1.0 198.6+1.5
143.36 123.49 252.4£1.5 | 3.143%0.04 4.7+ 1.1 257.1+£1.9
145.82 125.62 30612 3.3240.07 6.3 £1.2 31242
150.74 129.88 42613 3.4040.04 6.0+ 1.5 43243
155.97 134.40 93244 3.61+0.05 6.9+ 1.7 53944
160.57 138.38 63345 3.7940.05 79+ 1.9 641146

Table 5.2: Measured fission and evaporation residue cross-sections and
adopted fusion cross-sections for the reaction 2°Si+-178Hf. Interpolated evap-
oration residue cross-sections are listed in italics. The values of E,,,. listed
have also been corrected for the energy loss of the projectile before reaching
the average interaction point in the target.

Eieam (MeV) | Eem. (MeV) | 04 (mb) | Anisotropy | ogg (mb) | s (mb)
126.65 108.50 6.13+0.12 | 2.64+£0.11 | 1.9+ 0.8 | 8.0+04
129.43 110.90 17.0+£0.3 | 2.824+0.09 | 3.0+ 0.4 | 12.0+0.5
131.89 113.02 37.3£0.6 | 2.86£0.07 | 4.0 £ 1.1 | 41.3+1.2
134.46 115.24 66.5£1.0 | 3.014+0.08 | 4.8+ 1.7 T1+£2
136.84 117.27 106.21.6 | 3.06x0.07 6+ 2 11243
139.31 119.41 155.2+1.8 | 3.31+0.07 | 7.6 £ 2.8 | 163+3
141.78 121.53 213+£2 3.31+0.06 84 8 22044
143.25 123.65 270+£3 3.37+£0.07 8+ 4 27845
146.72 125.79 333L3 3.96+£0.06 9+ 4 34245
149.20 127.91 39144 3.59+0.06 9+5 400+6
154.14 132.17 507+4 3.70+0.06 116 518L7
159.08 136.42 61344 3.8740.08 2+ 7 62518
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Table 5.3: Measured fission and evaporation residue cross-sections and
adopted fusion cross-sections for the reaction 3! P+!7Lu. Interpolated evap-
oration residue cross-sections are listed in italics, The values of E . listed
have also been corrected for the energy loss of the projectile before reaching
the average interaction point in the target.

Epeam (MeV) | E,m. (MeV) | 045 (mb) | Anisotropy | ogr (mb) | s (mb) -
135.01 114.60 6.4+0.3 | 2.092:0.04 | 0.83 £ 0.15 7.240.3
137.50 116.72 18.040.6 | 2.38£0.04 1.3 £03 19.3+0.7
140.00 118.85 37.810.9 | 2.58+0.04 1.9% 0.4 39.7£1.0
142.50 120.97 66.4+1.5 | 2.72+0.04 2.4+ 05 68.8+1.6
145.00 123.09 103.6:1.6 | 2.77-£0.04 3.0+ 0.7 | 106.6£1.7
147.50 125.22 151+2 | 2.9840.04 3.3+ 0.7 15442
150.00 127.34 201+£3 3.10£0.03 3.7+ 0.9 205+3
152.50 129.47 25143 3.140.06 4.234 1.0 2556+3
155.00 131.59 31444 | 3.31+0.04 34+£11 31744
160.00 135.84 420+4 | 3.51+0.04 5.4+ 1.8 42544
165.00 140.08 530+£4 | 3.82x0.05 6.1% 1.5 53614

Table 5.4: Measured fission cross-sections and adopted fusion cross-sections
for the reaction 31P+7%Lu. Interpolated evaporation residue cross-sections
are listed in italics. The values of E,,,. listed have also been corrected for
the energy loss of the projectile before reaching the average interaction point
in the target.

Erearm (MeV) | Eern. (MeV) | os5 (mb) | Anisotropy | opg (mb) | ofys (mb)
135.00 114.70 7.0+0.3 | 1.73£0.04 | 2.9+ 0.5 | 9.9%0.6
137.50 116.82 18.840.6 | 1.98£0.04 | 8.7+ 1.1 | 22.5x1.2
140.00 118.95 40.840.9 | 2.05£0.05 | 4.6 & 1.6 | 45.2%+1.9
142.50 121.07 68.7+1.5 | 2.38+0.05 b+ 2 7443
145.00 123.20 110.7£1.6 | 2.47%0.06 6+ 3 117+3
147.50 125.33 157x2 2.4620.05 7+ 3 163+4
150.00 127.45 2163 | 2.64+0.03 7+ 4 22345
152.50 129.58 28243 2.96+£0.06 8 £ 4 290-+5
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the excitation energies and 3, values from Ref. [RAMS87] for the corresponding
excitations in neighbouring even-even nuclei, giving 8 =0.3615 and £ =2.0072 MeV
for 2°Si, and § =0.312 and E =2.232 MeV for 3 P. For each reaction all +1n,
+2n, £1p, =2p transfer channels were included that have net positive Q-values

(accounting for changes in Coulomb energy). Transfer strength was uniformly taken

as 1.0 MeV, as this resulted in good agreement between theoretical and experimental
cross-sections at low energies.

Figures 5.1-5.4 compare both cross-sections and barrier distributions from these
calculations with the data. Barrier distributions are a sensitive [DAS98] way to
examine structure in the fusion cross-sections, and are therefore a useful way of
comparing data with calculations. If the shape of the experimental barrier distri-

bution is reproduced by a calculation, then it will also reproduce the shape of the

angular momentum distribution, as the two depend on channel couplings in related
fashion (Section 2.1.2.5).

The experimental barrier distributions were calculated by numerically double-
differentiating the product F,.rm, 0 s With respect to E,,,. [LEI95] with a step length
always close to 4.24 MeV. Theoretical barrier distributions were calculated using
the same method, with a constant step length of 4.24 MeV. The dotted line in
Figure 5.1 shows the corresponding calculations for no channel coupling, giving
a single fusion barrier. In all four reactions, the agreement of the data with the
simplified coupled channels calculations is excellent (Figures 5.1-5.4). As previoﬂsly'
stated (Section 2.1.2.3), this agreement between data and calculations means that

the associated fusion angular momentum distributions may be relied upon.

5.2 Comparison of measured anisotropies with pre-

dictions

Theoretical fission fragment anisotropies are calculated according to the method
described in Section 3.2.7. The angular momentum distributions are generated using
the same coupled channels calculations that reproduce the fusion cross-sections, as
described above. The input files to the Monte Carlo statistical model code are as
given in Appendix B.

The anisotropies from the $%8i4"*Hf reactions are well reproduced by the
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Figure 5.1: (a) Fusion cross-sections, and (b) fusion barrier distribution for
the reaction 2Si+178Hf. In (a), the solid triangles show measured evaporation
residue cross-sections, and the hollow triangles show interpolated evaporation
residue cross-sections. The solid lines in (a) and (b) show the result of the
CCMOD fusion calculations described in the text. The short-dashed line
shows the corresponding calculations for a single fusion barrier. The long-
dashed line shows the coupled-channels calculation which omits the transfer
channels used for the solid line.
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Figure 5.2: Measured and calculated {a) fusion cross-sections, and (b) fu-
sion barrier distribution for the reaction **P+17Tu. The solid line shows
calculated values for the fusion cross-section and fusion barrier distribution.
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Figure 5.3: (a) Fusion cross-sections, and (b) fusion barrier distribution for ¢
the reaction 2*Si4+1"®Hf. The solid line in (a) and (b) shows the result of the '%
CCMOD calculations as described in the text. The long-dashed line shows a

coupled-channels calculation which omits the transfer channels used for the

solid line.
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Figure 5.4: Measured and calculated (a) fusion cross-sections, and (b) fusion
barrier distribution for the reaction 3P+1711y. The solid line shows calcu-
lated values for the fusion cross-section and fusion barrier distribution. The
hollow square points show those measurements which were discarded because
of thorium contamination.
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Figure 5.5: Survival Probability and Fission Fragment Anisotropy calculated
using two different sets of input parameters to JOANNE, for the reaction
288+ 178Hf, where no ground-state spins are involved. (a) shows the stan-
dard calculation, and (b) shows the same calculation using a different set of
o parameters, adjusted so that the calculated survival probability (solid line) is
in agreement with the measurements (points).

calculations with the above parameters, as shown in Figure 5.6 and Figure 5.8.
However, the survival probabilities for the same reactions are not so well reproduced,
as shown for 258i+-178Hf in Figure 5.5(a).

5.2.1 Relationship between survival and anisotropy

The same failure to simultaneously reproduce both anisotropies and survival

probabilities for these reactions, was also found in Ref. [BERO01C] for the reactions
16,18() 1 192,194,196 pg 1334 204ph, 9F 4197 Ay, and 30Si+3%W. Such simultaneous pre-
diction has rarely been attempted, and the failure in this case may be due to physical
effects not included in the calculations. For example, no dynamical effects were in-
cluded in the calculations. Furthermore, it has been suggested {LES99] that the

standard expression in statistical model codes for the fission width is inconsistent
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with the expressions for the angular distribution, and this can impact on simulta-
neous reproduction of different quantities.

Another consideration is the possibility that quasi-fission affects anisotropies
and/or survival probabilities. Although quasi-fission is only expected for reactions
with rather higher 7Z;Z, recent experiments have shown subtler signs of quasi-
fission effects at lower Z;Z, [BERO1, HIN02C], so this cannot be totally ruled out.
QQuasi-fission processes are still only gualitatively understood.

The sensitivity of the calculated anisotropies to the predicted survival cross-
sections was investigated for these reactions. Even at the lowest energies, where
the effect is greatest, adjusting statistical model parameters to reproduce ER cross-
sections changes {(J™) by only 8%, and the mean nuclear temperature 7" by 3%.
The new parameters give anisotropies consistently reduced by = 0.15, as illustrated
in Figure 5.5(b). As these changes are similar for all four reactions, we chose to
adjust the parameters of the calculations to reproduce the fission anisotropies for
the 2829Si+1"8Hf control reactions, to allow the clearest demonstration of the effect
of ground-state spin and nuclear deformation. This gives an over-estimation of
survival cross-sections by about a factor of two.

Any effects neglected in our analysis should be similar in all four reactions
(Section 4.1.1). Since the existing calculations incorporate the known differences
between the reactions, they can still be used as a reference in comparing the
anisotropies for the four reactions, to demonstrate the effect of the correlation of

ground-state spin and nuclear deformation on the fission anisotropies.

5.2.2 Demonstrating the Importance of Spin

Since the anisotropies for the reactions ?*2°Si+!"Hf can be well reproduced,
as shown in Figures 5.6 and 5.8, the same model should be able to reproduce the
anisotropies for the very similar reactions 3 P+175178Lu, except in so far as the spins
of the lutetium target nuclei are important.

The experimental anisotropies (see Figure 5.7) for the reaction *P+!'"™Ly lie
slightly below the predictions of simulations which ignore nuclear ground-state spin
effects (solid line). If the 7/2 units of ground-state spin of 'Lu and the 1/2 spin
of 3P are included in the calculations, but treated as isotropic, the calculated

anisotropies are slightly reduced (dotted line). The calculated anisotropies are fur-
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Figure 5.6: (a) Fusion barrier distribution and (b) fission fragment
anisotropies for the reaction 288i+178Hf, forming 2**Rn. The solid line in (a)
shows the result of the CCMOD fusion calculations described in the text. The
solid line in (b) shows the anisotropy calculated as described in Section 3.2.7.
The short-dashed line shows the corresponding calculations for a single fusion
barrier, while the long-dashed line corresponds to a coupled-channels fusion
calculation neglecting transfer channels, which calculation does not reproduce
the lowest energy cross-sections.
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Figure 5.7: Measured and calculated (a} fusion barrier distributions, and (b)
anisotropies, for the reaction 3'P+1"Lu, forming 2°®Rn. The solid line repre-
sents a zero-spin calculation of fusion barrier and anisotropy. The dotted line
is a calculation incorporating the effects of the 7/2 ground-state spin of 1"5Lu,
isotropically oriented. The long-dashed line is a calculation incorporating the
alignment of ground-state spin with nuclear deformation.
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Figure 5.8: (a) Fusion barrier distributions, and (b) fission fragment
anisotropies for the reaction #*Si+!"®Hf. The solid line in (a) shows the
result of the CCMOD calculations as described in the text. The solid line in
(b) shows the anisotropy calculated as described in Section 3.2.7. The long-
dashed line corresponds to a coupled-channels fusion calculation neglecting
transfer channels, which calculation does not reproduce the lowest energy
cross-sections -
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Figure 5.9: Measured and calculated (a) fusion barrier distributions, and (b)
anisotropies, for the reaction 3 P+1"Lu, The solid line represents a zero-
spin calculation of fusion barrier and anisotropy. The dotted line in (b) is a
calculation incorporating the effect of the ground-state spin of 7, isotropically
oriented. The dashed line includes the alignment of ground-state spin with
nuclear deformation.
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ther reduced when the spin alignment due to the nuclear deformation of "Lu is
included as described in Section 3.2.7 (long-dashed line in Figure 5.7). The effect of
the 7/2 spin is in either case rather small, and similar in magnitude to the deviations
of the calculations from the data in the zero-spin control reaction (See Figure 5.6).

The effect of the ground-state spin of 7 for 1™Lu is however much more signif-
icant. The anisotropies for the reaction 3'P+'"Lu are significantly lower than the
transition state model calculation which neglects spin and deformation effects, as
shown in Figure 5.9 (solid line). Again, if ground-state spin is included, but treated
as isotropic, the anisotropies are reduced {dotted line), this time substantially, due
to the 7 units of ground-state spin of ™Lu, but are still significantly higher than
the experimental values. When the spin alignment due to nuclear deformation is
included (long-dashed line), the predicted anisotropies are further reduced at low
energies, with the effect of the alignment decreasing as the beam energy increases.
From the excellent agreement of the long-dashed line with the data, it is clear that
both ground-state spin and its alignment with the beam axis due to nuclear defor-
mation are significant in this reaction, and that they have been correctly modelled

by the procedure developed in Section 3.2.7.
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CHAPTER 6

Quasi-fission and Target Spin

For some heavy ion reactions, typically those where both projectile and tar-
get have relatively high charges, studies of fusion-fission properties have revealed
anomalous behaviour [BAC90, TOK84, TOK85]. In particular, at near-barrier beam
energies, the observed fission {ragment anisotropies were far higher than expected.
Further, it has been observed that the cross-section for evaporation residue produc-
tion is reduced in some of these reactions [HIN02C, BERO1].

It has been concluded that these anomalies are not in fact due to true fusion-
fission events, but rather to contributions from a different kind of reaction. We
will discuss three of the qualitative descriptions that have been put forward for the
new reaction(s). At present, these descriptions all fall well short of a quantitative
understanding of the process(es) involved.

We will attempt semi-quantitative calculations with the “orientation-dependent”
description of the quasi-fission process. We extend the calculations to include the
effect of ground-state nuclear spin, and compare the results to experimental data

collected as part of this work.

6.1 Context

There are a number of assumptions associated with the fusion-fission process.
In particular, it is assumed that the target and projectile nuclei fuse and form a
fully equilibrated compound nucleus. However, a necessary condition for compound
nucleus formation is that the potential between the target and projectile nucleus
must have a “pocket” - a local potential energy minimum, where the target “cap-

tures” the projectile and fusion occurs. This pocket disappears for high angular
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momentum [, and /or for high projectile and target charge ZpZ.

The existence of the pocket is not sufficient to guarantee fusion-fission. It is
possible for there to be é fusion pocket and yet there be zero barrier to fission, for
systems with high enough total charge Z, and/or high enough angular momentum
I. Further, if there is a fission barrier but it is only small, then when the target
captures the projectile nucleus, the resulting compact system may fission before
forming a fully equilibrated compound nucleus.

In either case, the system is outside the scope of fusion-fission models, and anjr
events that look like fission must originate from wholly dynamical processes, where

compound nucleus formation did not occur. Several questions then arise:

e What is the scope of the fusion-fission model; in what regions is it applicable?

e What is(are) the other process(es) that apply when the fusion-fission model

does not?

¢ How do the other process(es) compete with fusion-fission in the intermediate

regions?
¢ Can we develop an understanding of the other process{es)?

All the above speculation would be rather unimportant if the scope of the fusion-
fission model covered all accessible reactions. However, experimental observations
show that it does not. Some of the earliest observations of fission-like events were
with highly fissile systems such as *8Fe+2*U [TOK85|. For such reactions, fusion-
fission models predict fragments of near equal mass, nearly isotropically distributed;
but the observed fission-like fragment distributions have significant mass asymme-
try and relatively high anisotropies. It is concluded that non-compound-nuclear
processes have occurred.

Subsequent experiments on systems with lower fissilities observe more subtle ef-
fects. In these systems, such as *F+'7 Au—?'%Ra [BERO1] and “*Ar+'8Hf—220Th
[HIN02C], fusion does occur; compound nucleus “survival” is observed, in the sense
that evaporation residues are detected. However, by comparing reduced survival
cross-sections from these reactions with other reactions forming the same compound
nuclei, it has been shown that the survival cross-sections in these reactions are sup-
pressed [BERO1, HIN02C]. It is then inferred that compound nucleus formation

competes with other processes for these reactions.
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There is, therefore, a wide variety of effects to study experimentally, and a wide
variety of different reactions with which to study them. It is not even certain, at
this stage, whether all the observations stem from variations on a single process, or
if different non-compound-nuclear processes might dominate in different regions of

the available parameter space.

6.2 Qualitative Considerations

When attempting to model a non-compound-nuclear (NCN) process, there are
three major points to worry about. The first is simply the qualitative nature of the

process itself. What is it7 Some descriptions that have been put forward include:

Quasi-fission In this process, the target and projectile nuclei stick together for
a while, converting their initial kinetic energy into internal excitation energy,
and exchanging nucleons. The nucleons generally move from the larger nucleué
to the smaller one, moving the system towards mass symmetry. The system

never becomes spherical.

Fast-Fission Although the target and projectile fuse into a compact near-spherical

system, this is unstable against fission because there is no fission barrier.

Pre-Equilibrium Fission In this picture, the target and projectile fuse into a
spherical “compound nucleus”. Most of the compound nucleus’ degrees of
freedom equilibrate rapidly, however the K-equilibration is postulated to be
slower than the timescale of the fission process, and therefore some fission

occurs before the K-quantum number equilibrates.

The second major issue is the probability of the process occurring. In practice
this is usually discussed in terms of the probability of compound nucleus forma-
tion, Poy, assuming that there is only one NCN process competing with compound
nucleus formation. Addressing this question requires an understanding of the com-
petition between the NCN process and compound nucleus formation.

The third major issue is, given that the process does occur, what actually hap-
pens? Where do the fragments go (anisotropy) and what is their mass asymmetry?
This may be expected to be governed by the same quantities that govern Poy.

These quantities include:
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Fissility The total charge of the system should affect the probability of both fission

and quasi-fission, as it determines the shape of the potential energy surface.

Entrance Channel Mass Asymmetry The most asymmetric systems are more

likely to fuse initially. More symmetric systems may evolve towards symmetry.

Elongation Systems with larger minimum elongations will probably scission with

higher fragment anisotropies.

Temperature The higher the excitation energy of the system, the more rapidly

various equilibrations occur.

Angular momentum The faster the system spins, the more it will resist com-
pound nucleus formation. The orientation of the total angular momentum

may also affect the spatial distribution of fission-like fragments.

Elongation axis Usually characterised by the projection K of the total angular
momentum J on the elongation axis, the orientation of the elongation axis is

important when determining the spatial distribution of fission-like fragments.

These parameters may in turn be influenced by the following quantities associated

with the choice of target and projectile nuclei:

Charge and mass Zy, Z;, Ay, A; These determine the fissility and initial mass

asymmetry, and affect the angular momentum and capture cross-section.

Centre of mass energy E.., This affects the capture cross-section, the angu-
lar momentum (depending on the nuclear deformation), and (accounting for

nuclear binding energies) the temperature of the fused system.
Ground-state spins f(;, I; These affect J and the initial distribution of K.

Intrinsic deformation Quadrupole and hexadecapole moments of both nuclei,
and maybe other moments, affect the angular momentum and capture cross-
section sub-barrier. They also relate to the initial elongation of the system,
depending on the nuclear orientation as specified by 8, and 0, for the target

and projectile respectively.
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The nuclear orientation ¢ plays a similar role in non-compound-nuclear reac-
tions as in fusion-fission reactions. It is only meaningful if the reacting nuclei have
appreciable static deformations, and is only well-defined if the amount of angular
momentum involved is sufficiently large. It influences several different j;)arameters
simultaneously, and is itself influenced by E.,,, because (as with fusion-fission)
the nuclear orientation changes the fusion barrier, with collisions with the tip of a
prolate-deformed nucleus (small €) being more likely than collisions with the sides.
This means that the range of available orientations & will depend on E,,, at sub-
barrier energies. The parameters influenced by @ are the orbital angular momentum
[, the initial elongation of the system, and the orientation of the ground-state nuclear

spin f, which is aligned with the nuclear deformation axis.

Because the nuclear orientations 8y and 6, influence several different parame-
ters simultaneously, the influenced parameters become correlated, and it may be
very important to handle the correlations correctly. Several programs, described
in Appendix A, have been developed to handle these effects. The ultimate objec-
tive would be to reproduce a wide range of experimental data using a dynamical
simulation without free parameters. However, a dynamical simulation including all
the above variables does not yet exist. For the non-compound-nuclear process(es),
there are many unknowns; the pchess(es) are complex and it is not vet established
which parameters are important (apart from the fissility and mass asymmetry), let

alone the mechanisms by which they affect the experimental observables.

Experimental research in this field often involves guessing which parameters
matter most, suggesting mechanisms by which they would influence observables,
and then comparing the predictions with observables. However, at least some such
studies have been flawed because they unknowingly varied more parameters than
intended. In particular, the possible importance of nuclear deformation was not
initially recognised in studies comparing reactions on 2*®Pb with reactions on 238U,
and the possible importance of ground-state nuclear spin was not initially recog-
nised when interpreting observed fission-like fragment anisotropies from reactions
on B"Np [RAM90, LES97B] (¥3"Np has spin 5/2).
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6.3 Proposed Processes

Here we discuss three models which should be relevant to the reactions 604252337
studied in this work. The reactions were studied at beam energies around the fu-
sion barrier, thus the angular momenta introduced should be small enough that
fast-fission (fission without barrier) should not be important.

In all these models, the fissility of the combined system and the mass asymmetry
of the initiating reaction are most important in governing the probability of non-
compound-nuclear processes. Other critical parameters of each model are described

below.

6.3.1 Extra-push

The extra-push model [BJO81] focuses on E¢ps as the main parameter governing
the probability of quasi-fission or compound nucleus formation. It describes nuclear

reactions in terms of three critical configurations:

Contact The two reacting nuclei touch; nucleon exchange becomes possible, and
a “neck” is likely to form between them. This corresponds to deep-inelastic

reactions.

Conditional Saddle The two nuclei overlap enough for there to be a barrier
against their separating without exchanging nucleons. More precisely, in terms
of the potential energy surface as a function of all the possible degrees of free-
dom of the system ezcept the mass asymmetry, the conditional saddle is a
saddle point at fixed mass asymmetry. This corresponds to quasi-fission reac-

tions.

Unconditional Saddle The two nuclei overlap enough for there to be a barrier
against their separation. In terms of the potential energy surface, for all
degrees of freedom including the mass asymmetry, the system passes inside

the saddle point. This corresponds to compound nucleus formation.

These configurations are also referred to in other models. They are not always
equally significant. For a mass symmetric reaction, the conditional saddle at the
initial mass asymmetry is the same as the unconditional saddle. For reactions involv-

ing relatively light nuclei the contact configuration is already inside the conditional
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saddle-point. For heavier systems it is not. The extra-push model states that the
system will reach the conditional saddle point configuration, with probability unity,
if it has sufficient extra radial injection velocity. For head-on (I = 0) collisions this
translates to the requirement for a specific amount of additional energy, called the
extra-push energy. The model explains this requirement in terms of the momentum
of the incoming projectile and the nuclear friction effects, as well as any difference
in the height of the potential energy surface between the contact and conditional
saddle configurations.

For sufficiently heavy asymmetric systems, reaching the conditional saddle is
not sufficient to reach the unconditional saddle. In this case the extra-push model
states that still more radial injection velocity is required to get to the unconditional
saddle point. In the [ = 0 case, the extra energy required to get from the contact
configuration to the unconditional saddle is called the extra-extra-push energy. The
model assumes that if the extra energy is available, the probability of compound
nucleus formation is unity.

The evolution of the combined system over the potential energy surface is de-
scribed and illustrated in Ref. [TOKS85, Figure 2].

6.3.1.1 Limitations of this model

One of the major implications of this model is that, for high enough excitation
energies £*, the reduced survival cross-sections for different reactions forming the
same compound nucleus should be the same. Early measurements appeared to sup-
port this conclusion. However, subsequent measurements on more mass-asymmetric
reactions showed convincingly that this conclusion is not supported [HIN02C]. The
model also has other limitations. From the beginning, it was conceived as a simple
dynamical model, so this is not surprising.

In particular, the model does not include any effect of nuclear deformation, which
may be expected to be significant. At very least, within the model, collisions with
the tip of a prolate-deformed target nucleus would experience more friction before
reaching the unconditional saddle point than would collisions with the equator.

Further, the model only addresses the relative probabilities of fusion, quasi-
fission, and deep-inelastic reactions, without addressing the outcomes of such reac-

tions; what would the anisotropy of quasi-fission fragments be?
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6.3.2 Pre-equilibrium Fission

The pre-equilibrium fission model assumes that a compound nucleus is formed,
equilibrated in all degrees of freedom except for K (in other words, the angle of
the elongation axis). Because the fission barrier is low, fission can occur on a
timescale comparable with the K-equilibration time, assumed long in comparison
to equilibration times for mass, temperature etc. As such, the dominant parameter
is fissility, followed by the excitation energy E*.

The initial form of this model, as proposed by Ramamurthy et al. [RAMS5,
RAMS5B, RAM93], was essentially phenomenological. The anisotropies are high,
therefore the K -distribution must be narrow. The question of K-equilibration time
is addressed empirically, as is the issue of the non-equilibrated K-distribution.

It was postulated [RAM93] that a qualitative change in the fusion path leading
to compound nucleus formation takes place as the mass asymmetry of the reac-
tion is varied across the Businaro-Gallone critical asymmetry, giving rise to higher
anisotropies being observed for more symmetric reactions. How this is a prediction
of the pre-equilibrium fission model is, unfortunately, not made clear in accessible
references, and is puzzling since the pre—equilibrium'ﬁssion model appears to rely

upon there being no qualitative change in the fusion processes.

6.3.2.1 Entrance-Channel-Dependent Pre-equilibrium Fission

Lestone et al. [LES97, LES97B] developed a more physical form of this model,
with better predictive capability. They assumed that the initial K-distribution
was significant, and proposed a method for calculating it, depending on the en-
trance channel nuclei and beam energy. This calculation, unlike the calculations of
Ramamurthy et al [RAMS5, RAM85B, RAM93], considered the effects of nuclear
deformation, nuclear spin, and nuclear orientation, and incorporated the gradual
equilibration of the K-distribution with time, rather than partitioning the fission
cross-section into one uniformly non-equilibrated component and one fully equili-

brated component.

6.3.2.2 Limitations of these models

The biggest single issue with the pre-equilibrium model in any form is the as-

sumption of slow K-equilibration for a spherical or near-spherical compound nu-
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cleus. K is defined as the projection of the total angular momentum J along the
elongation axis of the combined system. As such, when a spherical compound nu-
cleus is formed, K is not defined. For a system with significant angular momentum,
the compound nucleus will have non-zero deformation, so it is possible classically
to define K'; however, at small deformations it takes very little energy to change K
significantly, so it may be expected to equilibrate rapidly. Thus, KX is unlikely to be

a good quantum number at the equilibrium deformation.

For example, consider the compound nucleus %2"Pa, in the case where it is formed
with a total angular momentum J = 60. At the equilibrium deformation, increasing
- K from zero to 20 requires 0.3 MeV (compared to 1.2 MeV at the saddle point). In
contrast, the fission barrier height is ~ 1 MeV. Under these conditions, it would be

very surprising if the K-equilibration time were greater than the fission time!

Ramamurthy et al say [RAMO3]:

“Direct evidence for the lethargic relaxation of the tilting mode in heavy-
ion reactions has ...come from measurements{10] of the angular distri-
bution of charge-separated fission-like fragments though in this case the
reaction involved is quasifission with the collision trajectory not lead-
ing the fused composite system inside the unconditional fission saddle

point.”

Lestone et al. [LES97] cite the theoretical work of Dgssing and Randrup [DOS85]
when doing their own K-equilibration calculations. However, the paper cited covers
di-nuclear reactions rather than fusion reactions. In both this and Ramamurthy’s
source, then, the evidence for slow K-equilibration comes from situations where the
elongation axis remains well-defined (and the elongation significant) throughout the
reaction! Thus the physical basis of the model as applied to fusion-fission is not

convineing,.

Pre-equilibrium K-distributions may however be genuinely appropriate, even
required, for modelling quasi-fission reactions, where the elongation remains sig-
nificant. Combining this approach with a quasi-fission based model would be a

worthwhile topic for future investigation.
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6.3.3 Orientation-Dependent Quasi-fission

The main hypothesis of this model is that the probability of quasi-fission occur-
ring depends on the elongation of the combined system at contact [HIN95, HIN95B,
HIN96]. From this it is deduced that nuclear deformation 8 and the orientation &
of the reacting nuclei are important. In particular, if, for a large, strongly prolate
deformed target nucleus, the nuclear deformation axis lies along the beam axis, then
the projectile will make contact with the tip of the nucleus and the system is likely
to undergo quasi-fission rather than fusion.

This hypothesis has the following consequences:

¢ Ground-state nuclear spin should have a strong influence on observed quasi-
fission anisotropies, since where nuclei are prolate-deformed, the quasi-fission
events are the same events where the nuclear spin lies along the beam axis,
resulting in a total angular momentum J which is not orthogonal to the beam
direction. This maximal de-alignment of J should, if the high anisotropies
common to quasi-fission events derive from a sensitivity to f, give rise to

large reductions in the observed anisotropy.

o The relative probability of quasi-fission drops as the beam energy rises through

the barrier region.

¢ Super-heavy element formation may be enhanced for collisions with the equa-
tor of a prolate-deformed target, in comparison to collisions with a spherical

target of the same size.

6.3.3.1 Limitations of this model

There are a lot of unknowns associated with the model; it cannot yet make any
quantitative predictions. In particular, it is not yet known how the initial elongation
matters. If a small projectile strikes a large, prolate deformed target at an angle &,
at what @ does quasi-fission become likely, and is the transition smooth or abrupt?
One would expect ¢ to vary with the choice of reaction.

Further, the model makes no predictions as to the behaviour of the quasi-fission
events, e.g. the anisotropies with which the distribution of fission-like fragments

should emerge.
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6.4 Experiment

In order to investigate the effect of ground-state nuclear spin on quasi-fission
fragment angular distributions, measurements of angular distributions and cross-
sections were performed on the reaction *0O+2%1U, at a range of energies span-
ning the Coulomb barrier. Measurements were also performed at some energies for
186()+2387J, for which the cross-section and angular distribution data was already
available [HINO]. |

The reactions are very similar in many respects; the target nuclei have very
similar deformations, masses, etc. The main difference between the two reactions
is that ***U has a spin of 7/2, whereas the ground-state spin of #33U is zero. This
means that the reaction *0+%8U is an excellent control reaction for the purposes
of determining the importance of ground-state spin in the reaction %Q--235T. The

experimental procedure and analysis are described in Chapter 4. .

6.4.1 Fitting the Total Cross-section

For the purposes of comparing theoretical and experimental cross-sections, we
work with the “capture” cross-section; this differs from the fusion cross-section in
that it includes the quasi-fission cross-section. The simplified coupled-channels code
CCMOD [DAS92, DAS97| generates the capture cross-section.

Theoretical fusion cross-sections were obtained, taking into account £, and 84
deformations in the target, an B2 excitation in the projectile nucleus, and positive
Q-value transfer channels. Quadrupole deformations for #*?3U were taken from
Ref. [RAMST], obtaining f; = 0.2863 for **U and 8, = 0.277 for ***U. The
deformations were taken as 0.045 for both target nuclei. For each reaction all
+1n, +2n, +1p, transfer channels were included that have net positive Q-values
(accounting for changes in Coulomb energy). Transfer strength was uniformly taken
as 0.6 MeV, as this resulted in good agreement between theoretical and experimental
cross-sections at low energies.

Coupling to the octupole excited state in 0 was ignored, as it is expected
only to give rise to a shift in the average barrier [HAG97]. This does have the
practical consequence that the Woods-Saxon potential parameters must be adjusted

to compensate.
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The Woods-Saxon nuclear potential depth V was taken as 100 MeV. The radius
parameter ry and the diffuseness ay were simultaneously adjusted to reproduce all
data points above 200mb for each reaction. For the reaction *O+##8U, where there
were 17 data points above 200 mb, ap was found to be 1.21 and r was 1.020. For the
reaction 10+233U, there were 10 points above 200mb, ag was 1.24, and r was 1.010.
The corresponding CCMOD input files for these reactions are given in Appendix B.

Figures 6.1 and 6.2 compare both cross-sections and barrier distributions from
these calculations with the data. The barrier distributions are calculated with a step
length around 2 MeV. The calculations are in good agreement Wifh the experimental
data.

The results are tabulated in Tables 6.1 and 6.2. Fitted fission fragment angular

distributions are shown in Figures 6.3 and 6.4.

6.4.2 Comparison with the control reaction

Whatever the nature of the quasi-fission process, and its detailed dependencies,
the two reactions ¥0+238U and 0+-2%U are so similar that one would expect the
observed fission-like angular distributions to be very similar, excepting the effect of
the ground-state spin of 235U.

Figure 6.5 shows the fission-like fragment anisotropies obtained for the systems
concerned. While there is some difference between the anisotropies measured in
this work and those reported in Ref. [HIN96] for the reaction 1*0+2%¥U, it is minor
in comparison with the observed difference between the reactions *0O+2%U and
16342357, The anisotropies from the reaction ¥Q+2%U rise as the beam energy
decreases, whereas the anisotropies from the reaction *0+2%U decrease, so that at
below-barrier energies the difference in measured anisotropies between the reactions
is very large. This demonstrates clearly that the 7/2 units of ground-state spin of
2351J has a strong influence on the quasi-fission fragment angular distribution.

The decrease in %0+23%U anisotropy at below-barrier energies is remarkably
rapid. It is very likely that exotic fission-like fragment angular distributions with
anisotropies less than unity may be observable, if (a) the angular range can be ex-

tended closer to 180°, and/or (b) the measurements may be made at lower energies,

and (c) the accuracy of the measured differential cross-sections can be improved.




6.4.

(mb/MeV)

: Experiinent

rrrrrrrrraTrTT T T T T T Ty P T T T T T Td

16O+238U

T T T TTTI0] T TTTTT
Lt raaeil o vl

T
Lkl

10_2 III;]]IIII]IIi]IIII|IIII|IIII|iIlI|IlIl

400

200

T

|1II|llIlllll'llIIIl|IIII|&rII||III'III1

70 15 80 85 90 65 100 105 110

Ec.m. (MeV)

TN N SN TN TN NN T TN TN A M NN

Figure 6.1: Measured and calculated (a) fusion cross-sections, and (b) fusion
barrier distribution for the reaction '°0+23¥U. The solid line shows calculated
values for the fusion cross-section and fusion barrier distribution. In (a), large
square points correspond to data from this work, and small points are from
[HIN96]; the two data sets are in good agreement. All points in (b) are derived
from [HINY6).
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Table 6.1: Measured FM'T fission cross-sections and anisotropies for the re-
action ¥0Q+238U. The values of E.,, listed have also been corrected for the
energy loss of the projectile before reaching the average interaction point in

the target.
Eyeam (MeV) | Eqpn. (MeV) | o044 (mb) | Anisotropy
86.00 80.52 50.60£0.15 | 1.994-0.03
92.00 86.14 225.84+0.8 | 1.8040.03
100.00 093.64 500.5+1.7 | 1.93+0.03
136.00 99.26 69613 1.981+0.04
114.00 106.76 91642 2.04+0.02

Table 6.2: Measured FMT fission cross-sections and anisotropies for the re-
action 190--235U. The values of E,,, listed have also been corrected for the
energy loss of the projectile before reaching the average interaction point in

the target.

Eieam (MeV) | Eer, (MeV) | 04 (mb) | Anisotropy
78.00 72.94 0.206+0.006 | 1.04%0.11
80.00 74.82 1.5004£0.019 | 1.30+£0.08
82.00 76.70 6.75+0.04 | 1.33%0.03
84.00 78.57 18.89+0.09 | 1.51+0.03
86.00 80.44 41.284+0.17 | 1.6240.03
88.00 82.32 80.8+0.3 1.63+0.02
90.00 84.19 138.0£0.5 1.6740.03
92.00 86.06 203.21+0.7 1.64+0.03
94.00 87.93 272.7+0.8 1.72+0.02
96.00 89.81 340.8+1.2 1.78+0.03
98.00 91.69 433.7+£1.2 1.78+0.02
100.00 93.56 482.3£1.4 1.89+0.03
102.00 95.43 521.242.0 1.86+0.03
106.00 99.18 665.3+1.9 1.9840.03
110.00 102.92 T77E3 2.0440.03
114.00 106.67 871+3 2.01+0.03
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made as part of this work; open points come from Ref. [HIN96]; error bars
reflect statistical uncertainty only. The large effect of the 7/2 spin of 23°U is

clear.
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6.5 Simulations

For the purposes of this study we perform our simulations with the orientation-
dependent quasi-fission model. The source code is described in Section A.4.5 in the
appendix, and is designed with future expansion in mind.

Using the orientation-dependent quasi-fission model, the dominant influence on
the probability of quasi-fission is the quadrupole deformation (and therefore the ori-
entation f) of the target nucleus (assuming it has significantly more mass tﬁan the
projectile nucleus). How the probability of quasi-fission depends on target orienta-
tion needs to be established. We investigated two different forms of this function;

the sharp cutoff form:

PCN(QD) = 00(90 < gc)
Pow(60) = 1.0(8 > 6.) - (6.1)

where the quantity §. is a parameter representing the angle at which quasi-fission

cuts in, and the diffuse threshold form:

1

8—0,
14+ e ae

PCN(Q(;) =1- (62)

where both the drop-off angle #, and the diffuseness A#d need to be determined.

Total capture cross-sections were calculated using the simplified coupled-channels
code COMOD, which treats nuclear deformation and orientation classically. This
permitted the extraction of partial cross-sections 8o.(l,8y,61), which were then
divided into doon(l,0,6h) and dogr(l,f,61), the compound nucleus formation
and quasi-fission cross-sections respectively, according to Equation 6.1 or Equa-
tion 6.2. The partial cross-sections corresponding to compound nucleus formation
were treated as described in Chapter 5. Since QO is spherical, all distributions do
are flat with respect to 4.

Calculating the quasi-fission fragment distributions was the next issue. If the
system were fully equilibrated at the conditional saddle point, one could assume
a gaussian K-distribution with width K, determined from the moment of inertia
I.¢s at the conditional saddle-point and the nuclear temperature. However, given
that the system never reaches small elongations, and survives for a time short in

comparison to fission times, assuming full K-equilibration may be inappropriate.
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If the quasi-fissioning system does not equilibrate, then it is likely that the quasi-
fission outcome depends on the initial condition; for example, a reaction between
the tip of a large prolate-deformed target and a projectile, which is very likely to
lead to quasi-fission, may lead to a very narrow K-distribution. If the same reaction
occurs with the target at an angle where the probability of quasi-fission is reduced,
the events that do quasi-fission may do so with a broader distribution; the di-nuclear
system may have survived for longer, and/or gone to smaller elongations.

‘We approach the problem by assuming that the system quasi-fissions with é,
gaussian K-distribution, with width K, that may be dependent on the initial ori-
entation 8, of the target nucleus. This Ky is unknown. For simplicity we assume
that Ko (or the distribution Ko{fp))} is constant at all beam energies (certainly for
fission reactions K often varies only slowly with beam energy).

The goal of this approach was to find a set of parameters that reproduced data
from the control reaction 042381, and then apply those parameters when perform-
ing calculations for the reaction *O+*°U, incorporating the effects of ground-state
nuclear spin. However, it became clear that it was not possible to reproduce the
anisotropies for both reactions within this model, as described in the next subsec-

tion.

6.5.1 Comparison of simulations with experiment
6.5.1.1 Zero ground-state spin

Consider a reaction where fusion-fission and quasi-fission are both present in
similar quantities. In the angular distribution of fission-like fragments, the fusion-
fission distribution will have rather a low anisotropy (due largely to the highly fissile
nature of the compound nucleus, and therefore the small elongation of the saddle-
point). In contrast, the quasi-fission component may have a very high anisotropy.
This has significant consequences for the total distribution W(8).

In particular, the anisotropy is no longer sufficient to entirely characterise the
total distribution. Figure 6.6 illustrates this in the case of a relatively simple calcula-
tion at relatively high beam energies for the reaction *0+23U. Most calculations of
fission or fission-like anisotropies simply calculate W(180°)/W(90°) directly. Some

calculate W (8) at a range of angles from 90° to 180°, assigning arbitrary errors and
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Figure 6.6: Fits to the fission-like fragment angular distribution calculated
for 150+28U at Ecpr=100 MeV with Ky = 5.0 and a quasi-fission threshold
., = 30°, A = 15°. The calculated distribution W{(#) (square points) has
an anisotropy W(180°)/W(90°) of 2.84. The fit to the whole distribution
(dashed line) in 5 degree steps has an anisotropy of 2.90, and a very high
value of %?; if the fit is performed only on the (solid) points between 105° and
160° (inclusive; dotted line), corresponding to the range of angles measured
in a coincidence experiment using the CUBE detectors, the fit returns an
anisotropy of only 2.04, and a much lower x2. This shows that the anisotropy
is not sufficient to characterise the fission-like angular distribution, and it
is necessary to perform calculations using the same range of angles as are
available in experimental fission-like angular distributions.
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fitting the distribution in the same way that experimental data is fitted. However,
for these two-component distributions which do not have the same kind of shape as
a transition-state-model distribution, determining the anisotropy by fitting it with a
TSM-like distribution will lead to results that vary according to the range of angles
included in the fit.

This consideration applies wherever a distribution of fission or fission-like frag-
ments contains two or more components with significantly different anisotropies. [t

has the following practical consequences:

e Care must be taken to ensure that theory and experiment are comparable;
if either distribution shows signs of having two components, the theoretical
distribution should be calculated and fitted using the same set of angles as

the experimental distribution.

e Experiments performed on the same reaction using different equipment may
yield different anisotropies simply because the detectors cover a different range

of angles. The angles nearest 0° and 180° are most significant in this respect.

6.5.1.2 Systems with ground-state spin

Having predicted fission fragment angular distributions with anisotropy less than
unity ([BUT02], Section 3.3, for the spin-16 target nucleus ®Hf"?) it would be inter-
esting to see if quasi-fission distributions could also show anisotropy less than unity,
for the much lower ground-state spin of 235U of 7/2. Figure 6.7 shows distributions
of quasi-fission fragments calculated for a range of possible Ky, at Ecp=73 MeV,
for the reaction 16O—!—‘235U. This is near the lowest measurable sub-barrier energy.
The anisotropy is less than unity for those values of Ky substantially smaller than
the ground-state spin .

The anisotropy W (180°)/W(90°) increases with Ky until Kp is approximately
equal to the ground-state nuclear spin Iy of *U. At higher K the ground-state
spin has less impact and the anisotropy decreases with K, as with most systems.

This unusual behaviour is, however, mainly due to the behaviour of the distri-
bution in the angular range 165-180°. At low Ky the FFAD shape is more strongly
influenced by the [-distribution brought in by the projectile than by the nuclear
tilting. Figure 6.8 shows the result of fitting the Ky = 1.0 distribution within the
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Figure 6.8: Pseudo-experimental fit to quasi-fission fragment angular distri-
butions calculated with Kj taking the value 1.0; fit uses solid points only.

range of angles roughly corresponding to experiment; the fitted anisotropy is far
higher than the actual anisotropy. Further investigation of this kind reveals that,
within this angle range, the apparent anisotropy increases as Ky decreases, just as
with normal fission fragment angular distributions. The rate of the increase is much

lower, but the direction is the same.

This has unfortunate consequences when it comes to attempting to reproduce the
anisotropies for both the reactions *0+2%®U and 0+%%U. Figure 6.9 compares
calculated anisotropies (using fits over the experimental angle range) for fission,
quasi-fission, and the total fission-like distributions with the experimental data.
They reproduce the anisotropies for ¥0+2*U well enough, although the agree-
ment could be improved with finer parameter adjustment. However, the calculated
anisotropies for Q425U are consistently too high, with these or other parameters.

To further investigate this situation, we focussed on reproducing the anisotropy
of the lowest measured data point for the reaction ¥*O+2°U. Given the “fit to ex-
perimental angle” constraints described above, however, we found that there were

only two ways of doing this. Either the probability of quasi-fission is very low,
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(dashed line), and the total fission-like distributions (solid line, data points).
Calculations were performed using Kp constant at 5.0 and the quasi-fission
probability parameters 8, = 30, A8 = 15.

and the reaction is fission-dominated (which runs contrary to reported measure-
ments for similar reactions, e.g. *C+%628(] [LES97]) or the effective K, for quasi-
fission is fairly high. In either case this would require the corresponding fission-like
anisotropies for the reaction *Q+23U to also be low; and this is not consistent with

the data.

6.6 Summary

It is concluded that it is not possible to simultaneously reproduce the observed
fission-like anisotropies, over the range of observed CM angles 108-162°, for both
the reactions 60+2%U and %0+2?31U, within the current model. The effect of the
ground-state spin of ?*°U is stronger even than the current model predicts. (This
limitation would not be noticed if the model anisotropies were obtained directly from

the calculated W (180°)/W{90°), as such anisotropies may take on almost arbitrary

values depending on the quasi-fission probability and the effective K. It is a result

of the non-TSM-like shape of the distributions.)
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6.7 Future work

We have established that the present model does not adequately describe the
observed fission-like anisotropies. However, there is room to extend the model in
ways that may allow ground-state nuclear spin to have a stronger effect.

One possibility is entrance-channel-dependent pre-equilibrium gquasi-fission, as
referred to in Section 6.3.2.2. Within a quasi-fission event, where the elongation
remains significant and well defined throughout, the X-degree of freedom may well
be very slow to equilibrate. Further, the initial K-distribution is affected; if the
target nucleus has its elongation axis aligned with the beam direction, ther. when
fusion occurs, the the initial elongation axis of the di-nucleus is also along the line of
the beam direction, and the projection K of the total angular momentum J on this
elongation axis is the same as M; i.e. the initial K-distribution has two peaks near
K = +1I,, rather than one peak at K = 0 [LES97, LES97B]. This will also influence
the total fragment distribution. The change in K-distribution may, however, reduce
the significance of the de-alignment of J, so the relative importance of this change
needs to be investigated.

Another possibility is that the probability of the quasi-fissioning system scission-
ing before completing a full rotation may be significant. This is likely to depend
on the relative fissility and mass asymmetry of the system, and the total angular
momentum brought in by the projectile; for heavy compound nuclei and low an-
gular momenta the rotation time may become comparable with the scission time,
especially since a quasi-fission event involves a larger moment of inertia and a faster
scission time than a fusion-fission event.

In this case the calculation of the quasi-fission fragment angular distribution is
appreciably more complex. In particular, the assumption that fission-like fragments
are isotropically distributed in the angles orthogonal to J breaks down; the rotation
of the system about J from the initial collision configuration must be taken into
account. If the system were to scission about half a rotation after it formed, a very
high anisotropy would result; if the system were to scission after a quarter of a
rotation, the fragments would be focussed near 90° and the anisotropy would be
less than unity. In practice the distribution of J would give rise to a wide variation
in the number of rotations for which the di-nucleus survives.

If partial rotations are significant, then calculations of the fragment angular
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(a)

Figure 6.10: A di-nucleus rotates with constant K, about the angular mo-
mentum J. (a) The di-nucleus as it was formed, along the beam axis. (b)
The same di-nucleus half a rotation later.

distribution in the presence of ground-state spin are appreciably more complicated
still, as the nuclear elongation axis traces out a cone centered on J_", if there is
no ground-state spin [ then K is zero and the cone becomes a plane, but if I is
significant, then for below-barrier collisions with the tip of a prolate target, K is
initially populated at £/ and the nuclear elongation axis changes plane rapidly.

Figure 6.10 illustrates this in the case of a di-nucleus undergoing half a rotation.
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CHAPTER 7

Conclusion

7.1 The Effect of Target Spin on Fission Anisotropy.

Fission fragment cross-sections and anisotropies for the four reactions 28Si-+-1"Hf,
2Gi4+18Hf, 3P4y, and 3'P+'"%Lu have been measured at a range of energies
spanning the average fusion barrier. Each target nucleus has essentially the same
large prolate deformation, but the ground-state spin varies from 0 (*®Hf) through
7/2 (*™Lu) to 7 ("®Lu). Measurements of evaporation residue cross-sections at
selected energies allowed total fusion cross-sections for all four reactions to be de-
termined at all energies studied. These results enabled accurate calculation of the
fusion angular momentum distributions for each reaction, which are essential to
calculation of fission fragment anisotropies.

Using these distributions, statistical model calculations were made which ac-
curately reproduced the anisotropies for the reactions 2*Si+!"8Hf and 2°Si+!"®Hf,

involving the zero-spin target nucleus. For the reaction *P+'"Lu, the alignment

of the 7/2 ground-state spin of !™Lu only has a small effect on anisotropy. For
the reaction *P-+'"Lu, where 1"Lu has a large ground-state spin of 7, measured
anisotropies are significantly lower than those for the other reactions. The transition

state model calculations do not reproduce these data when the ground-state spin is

ignored or assumed to be isotropically oriented. Only by including the alignment of
the ground-state spin with the nuclear deformation axis can the experimental data
be well reproduced.

These results demonstrate that ground-state spin can have a significant effect
on fission fragment anisotropies. When the nucleus with spin also has a static .

deformation, because the spin is aligned with the nuclear deformation axis, the
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effect of the spin is enhanced.

7.2 The Effect of Target Spin on Quasi-fission
Anisotropy.

For observations including significant quantities of both fission and quasi-fission,
the combined angular distribution comprises two very different components, with
very different anisotropies, and therefore the combined anisotropy is not adequate
to characterise the combined distribution. It becomes important to simulate theo-
retical distributions over the same angular range as experimental data.

Full momentum transfer fission cross-sections and anisotropies have been mea-
sured at a range of energies spanning the fusion barrier for the reaction *Q+2%U,
and compared with existing measurements for the reaction 1*0+2**U. At beam ener-
gies below the average fusion barrier, the measured anisotropies for the ***U reaction
are drastically lower than those from the 28U reaction, demonstrating clearly that
the 7/2 ground-state spin of ?**U has a dramatic effect.

The trend of the measured anisotropies for 80+2*U indicates that it may be
possible to observe a fission-like fragment angular distribution with anisotropy less
than unity, by collecting data at a slightly lower beam energy and/or including
experimental measurements at angles closer to 180°.

Since the fusion-fission process is well understood, and the effect of 7/2 units of
spin for this reaction is negligible, the observed effect must arise from quasi-fission
events. However, although existing quasi-fission models predict a strong effect from
the spin of 233, the observed effect is appreciably stronger still in the experimental
angular range. This should be an important tool in evaluating models of the quasi-

fission process.




APPENDIX A

Computer Codes and Simulations

This chapter is devoted to the different computer programs used to perform ex-
perimental analyses and theoretical simulations during this project. The term sim-
ulations is here used to cover both Monte Carlo codes and the kind of code which
simply evaluates the predictions of a model, since this often involves summations
over a large number of possibilities. The general tasks are described, identifying the
main programs used and the flow of data between them, and providing sample com-
mand files. In later sections each program and its significant variants are described
in more detail.

The contents of this chapter will also be released as the ANU internal publication
“A guide to selected fusion-fission analysis and simulation programs”, ANU-P1541.
This internal publication may be updated from time to time.

People from institutions outside the ANU wishing to use those of these programs
developed at the ANU should contact Dr David Hinde (David.Hinde@anu.edu.au)
for permission.

A.1 Program Usage

For the most part all programs are run using command-files. While this is not
strictly necessary, it eliminates enormous amounts of tedium, various sources of er-
ror, and permits rapid re-performing of calculations, with perhaps minor variations,
without much effort. This section describes the main sequence of program opera-
tion for a variety of tasks, and provides command files implementing that sequence.
In some cases the development of these command files has reduced three days of
entering commands to ten minutes of making or updating a command file.

We provide samples of several such command files here. Line numbers are shown
for discussion purposes only; they are not present in practice. We provide flow-charts
illustrating the main flow of data between programs; these charts are not exhaustive
in that they do not show all inputs or outputs to all programs (that information
is discussed in later sections), nor do the charts show all combinations of programs
actually used during the work which underlies this thesis.
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A.1.1 Data Analysis

We will not consider the intricacies of using DCP, the Data Collection and
Processing program which is generally used to examine and analyse the raw event-
by-event data. This section discusses only the analysis of data once usage of DCP is
complete; at which point the user should have a set of files listing the fission counts
in each 5° bin in the lab angle 8, together with the associated monitor and pulser
counts for each run.

The goal of the subsequent analysis is to turn these fission counts into differential
cross-sections in the centre of mass frame, and then to fit these differential cross-
sections to obtain fission fragment anisotropies and cross-sections.

The analysis of evaporation residues, using the program FITEK, is not discussed
in this section. The results from FITEK comprise counts from o-particle peaks

at particular energies. The corresponding evaporation residue cross-sections are
calculated using CROSSEC?2.

A.1.1.1 Simple back-detector analysis

Physics The number of events N detected in a detector of solid angle 2 at an
angle € is given by:
do(6)

N= a0 QNp'r‘ojectﬂes Nta'rgets /Abeam (A 1)

where Nprojectites 1S the number of incident particles in the beam, and Nigers 18 the
number of nuclei in the target in the area Apey, illuminated by the beam.

In practice, the exposure Npmjectites Ntargets/Abeam 15 N0t known, and £ is not
known precisely. N is measured experimentally, and the differential cross-section
ﬂ;ﬂ@ is usually the quantity sought.

The exposure is eliminated by comparing measurements from two different de-
tectors, taken simultaneously, where one of the detectors (the monitor detector)
detects events with a well-established differential cross-section. In practice, the
monitor invariably detects elastically scattered beam particles, where the Ruther-
ford differential cross-section is given by:

dogr(6) Z2 72t
d  16F%,,sin*(6/2)

(A.2)

Then the ratio of the yield in the monitor to the yield in the back detector is given
by:
Ndet chetgzg‘(ide_’:l

— a5 (A.3)
Nmon Qmm do’Rdg ?]mon 2

The quantity S—%ﬁf; may then be determined using a calibration run, in which
both the monitor and the fission detector collect particles scattered with Rutherford
cross-sections.
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inelastic

.dat  bins_cal.list

\ e

ALABN

A(f)

xinput.dat bins.list

\ )
BIN

..... —ccin.dat
CCMOD_RDB cross_fif.dat
1dis.dat L
CROSS_FIF
CCTOJO %ﬂﬁl out.dat
da(l) for007.dat
listtl.dat\‘ '
FIFRANG
»screen.dat
for018.dat
summary.dat residuals.dat
EXTRACTANI
foodbackloop A5

For each beam energy

Figure A.1: Flow-chart for simple back-detector data analysis.
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In practice, this ratio Qﬂm— is evaluated indirectly; for each detector bin at an

angle 84, we determine a calibration coefficient A(Bge:), using data solely from the
calibration run [MORI5BI:

. o r{fdet
sm(@det)/-\é) e (A.4)

21 Ndet dﬂ'Rggmon )

df2

A(Oger) = (

and the differential cross-section for the reaction of interest is determined using only
A(f) quantities from the experimental run according to [MOR95B]:

d0(Ba) _ 2WA(Oser) Nysy 2ilfmen)
as o A¢ Sill(gdet) Nmon

(A.5)

There are several practical consequences of this approach. Neither the specified nor
the actual phi-cut A¢ affect the final differential cross-section ﬂ'd%l. Nor does the
angle at which the monitor detectors are placed need to be correct, so long as neither
the actual nor the stated monitor angle change between the calibration run and the
experimental run. (In contrast, the fission detector angle 04 s important, because
events like fission fragment detection will not have the same angular dependence as
Rutherford scattering.)

Calling patterns The quantities Ny;s and Ny, are determined using DCP, and
subsequently processed as indicated in Figure A.1.

ALABN is usually called manually, once. The resulting A(#) are then copy-
pasted into xinput files, together with the appropriate details of the calibration run.
These xinput files are prepared for each experimental run, with monitor counts,
beam energy, etc, entered manually. Once prepared, these files generally do not
need any further attention. :

The calculation and fitting of differential cross-sections, using some angular mo-
mentum distribution, is performed in one command-file (BCFFCF.COM), for all
energies from a single reaction, in order. The file summary.dat should be empty be-
fore BCFFCF.COM is called, so that when the command file finishes, summary.dat
contains results from precisely those energies processed in the command file. This
may then be fed, together with an ordered list of the energies processed, to EX-
TRACTANI, which reformats the results for easy graphing.

The measured fusion cross-sections {the sum of the fission and evaporation
resudie cross-sections) may be compared to CCMOD cross-section calculations,
and the CCMOD input ccin.dat amended to better reproduce the observed cross-
sections. This affects the angular momentum distributions do(l) calculated using
CCMOD, which in turn affects the FIFRANG fit; the anisotropies change slightly,
the cross-sections barely at all (which reduces or eliminates the need for subsequent
iterations).

Sample command-file: BCFFCF.COM
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47

$ copy blank.dat summary.dat

$ copy xinput_002.dat xinput.dat

$ copy bins_002.list bins.list

$ run [fission.rdb103.progs]ccmod_rdb
ccin_31pl75lu.dat

127.43 127.43 1.0

$ run [fission.rdb103. joanne]cctojo
ldis.dat

listtl.dat

$ DEF/LOG DATAFILE CROSSF_IN.DAT

$ R [FISSION.rdb103.progs]BIN

$ DEL QUT.DAT;=*

$ DEL FOROO7.DAT;*

$ PURGE FOR018.DAT

$ R [FISSION.rdb103.progs]CROSS_FIF
CROSSF_IN.DAT

QUT.DAT

$ DEF/LOG FILE$NAME FOROO7.DAT

$ Run [fission.rdbl03.progs]fifrang
100,-52,-20,9,2

'copy out.dat out_002.dat

copy for007.dat for7_002.dat

copy for018.dat forl18_002.dat
copy screen.dat fifa 002.out
second energy ...

copy xinput_004.dat xinput.dat
copy bins_h004.list bins.list

$ run [fission.rdb103.progs]ccmod_rdb
ccin_31pl175lu.dat

116.81 116.81 1.0

$ run [fission.rdbl03.joanne]cctojo
ldis.dat

listtl.dat

$ DEF/LOG DATAFILE CROSSF_IN.DAT

$ R [FISSION.rdb103.progs]BIN

$ DEL OUT.DAT;=*

$ DEL FOROOT7.DAT;=*

$ PURGE FORO18.DAT

$ R [FISSION.rdb103.progs] CROSS_FIF
CROSSF_IN.DAT

OUT.DAT

$ DEF/LOG FILE$NAME FOROO7.DAT

$ Run [fission.rdbl03.progs]fifrang
100,-52,-20,9,2

copy out.dat out_h004.dat

copy for007.dat for7_h004.dat
copy for018.dat fori8_h004.dat
copy screen.dat fifa_h004.out

€ £ & 5
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. etc for more energies.
255 § copy summary.dat summ_natlu.dat

Sample command-file: EXTRACTANI.COM

$ run [fission.rdb103.progslextractani
summ_natlu.dat

elist_natlu.dat

31 175

A.1.1.2 Coincidence analysis

Physics With two detectors operating, and a coincidence requirement determin-
ing when event-by-event data gets written, some additional constraints are imposed
upon the analysis process. For the most part this influences the analysis within
DCP, as described in Section 4.3.2. The other considerations are as follows:

¢ Supporting wires on the front detector occasionally prevent coincidence events
from being registered which should have been detected. These result in slightly
suppressed detector efficiency in the back detector, at angles depending on
the beam energy. The suppression factors are calculated using CALVINER
and the correction is applied to the standard calibration factors A(f) using
HOBBES, which also corrects for uniform efficiency effects and assembles the
xinput.dat files.

e Fission fragments reaching the most backward angles on the back detector
have forward-moving partners that are extremely likely to miss the front de-
tector altogether, meaning that the most backward angles on the backward
detector aren’t useful. These are then discarded, using CHOPPER, before
fitting the fission fragment angular distribution.

Calling Patterns ALABN is run manually as for the simple, single-detector anal-
ysis procedure. Corrections to the resulting A(f) are generated as the first part of
the HOBBES.COM commandfile. The preparation of the xinput files is partly auto-
mated using HOBBES.COM, where the minimum necessary xinput data is entered
into the second half of HOBBES.COM as command-line parameters for the program
HOBBES.

Once the xinput files are prepared, the differential cross-sections can be com-
puted and fitted with BCFFCF.COM as before, the main difference being the use of
the tiny program CHOPPER to discard the angles rendered useless by coincidence
failures. The resulting summary file may be processed with EXTRACTANI.COM
precisely as before.

Sample Command File: HOBBES.COM

1 $ run [fission.rdbl103.progs.fifrang]calviner
2 8 16 92 235
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inelastic.dat  bins_cal.list

Ny

ALABN

A(9)

CALVINER

cphi_blocked.dat

HOBBES

xinput.dat bins.list

\ Nl
BIN

cross_fif dat
_____ —ccin.dat
CROSS_FIF
CCMOD_RDB %‘?l
for007.dat
1dis.dat
, CHOFPER
CCTOJO
chopped.dat
80(IN
listtl.dat
FIFRANG
summary.dat
EXTRACTANI
feedbackloop AR

out.dat

screen.dat
for018.dat

residuals.dat

Figure A.2: Flow-chart for coincidence data analysis.

For each beam energy
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3 106.0
4 0.20
5 § copy cphi_blocked.dat cphi_blocked_u235_106.dat
6 $ copy bd_coarse.dat bd_coarse_u235_106.dat
. repeat for lots of energies ...
91 $ run [fission.rdbl03.progs.fifrang]calviner
92 8 16 92 235
93 102.0 g
94 0.20
95 ¢ copy cphi_blocked.dat cphi_blocked_u235_102.dat
96 $ copy bd_coarse.dat bd_coarse_u235_102.dat

97
98 $ run [fission.rdbl03.progs.fifrang]hobbes
99 28. 58. 79. 197.
100 100.000 22.5 g
101  slot.dat :
102 1.02 | P
103 g 16 92 235
104  JANO1
. (that’s the basic data, next the data for each energy)
105 106.0
106 001

107  56079.92 4374 4267
108 cphi_blocked_u235_106.dat
... repeat for all the above energies ...
169 102.0
170 022
171 34670.90 2576 2473
172  cphi_blocked_u235_102.dat
173 -1.0
(negative energy to finish).

A AR R T TR T BT 2 0 8 et A 4B Bt Rk £ 47 e 2 o e T e e T e e o S d R DA E e B A L DR T

Sample Command File: BCFFCF.COM

1 $ copy blank.dat summary.dat E
2
3  $ copy xinput_001.dat xinput.dat ;
4 $ copy bins_H001.list bins.list ;
5 $ run [fission.rdbl03.progslccmod_rdb :
6 ccin_235.dat ‘
7 99.243 99.243 1.0 :
8 ¢ run [fission.rdbl03.joannelcctojo :
9 1dis.dat :
10  listtl.dat |
11 ¢ DEF/LOG DATAFILE CROSSF_IN.DAT f
; 12 ¢ R [FISSION.rdb103.progs]BIN ;
13 $§ DEL QUT.DAT;=* :
14  $ DEL FOROO7.DAT;* ;
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15 $ DEL chopped.DAT;*

16 $ PURGE FORO18.DAT

17 $ R [FISSION.rdb103.progs]CROSS_FIF

18 CROSSF_IN.DAT

19  OUT.DAT '

20 $ run [fission.rdb103.progs.fifrang]chopper
21 FOROC7.dat

22 13

23 $ DEF/LOG FILE$NAME chopped.DAT

24 $ Run [fission.rdbi03.progs.fifrang]fifrang
26  100,-52,-20,9,2

26 % copy out.dat out_H0O1.dat

27 $ copy chopped.dat for7_H0O1.dat

28 $ copy for0i8.dat forl18_H0O1.dat

29  $ copy screen.dat fifa HOOI.out

. repeat for all energies.
463 $ copy summary.dat summary_235.dat

A.1.2 Fusion-Fission simulations
A.1.2.1 Basic Simulations, in the absence of nuclear spin

Physics The simulation of a fusion-fission process is broken down according to
the processes involved. '

The initial stage is the formation of a compound nucleus via fusion. This is
modelled using a coupled-channels calculation, as described in section 2.1.2.

The second stage is to model the decay of the compound nuclei, once formed.
This involves determining the relative fission and particle evaporation probabilities,
as described in Section 2.2.1, and we use a Monte Carlo calculation to obtain a dis-
tribution of excitation energies, angular momenta, number of evaporated particles,
and whether or not the nucleus fissioned or survived, taking into account a variety
of effects as described in Section 3.2.7.

The third stage is to model the fission fragment angular distribution. We start
by taking the distribution of fissioning systems, and, for each energy and angular
momentum, calculating the corresponding angular distribution. These components
are then added up according to the weight of the initial state:

o0 I (2 4+ DA i (8)? exp(— K2 /2K VK]
O W RACAYIDY ey
J'=0"%o K=_J' > x=—g €XD( [2K¢)

(A.6)

Calling Patterns The flow-chart in Figure A.3 illustrates the logical flow of in-
formation between the different programs used.

The calls to SPTL, to calculate particle evaporation transmission coefficients,
and MOMCALC, to calculate saddle-point effective moments of inertia, are done
only once for a given reaction. Thus these programs are called by hand, and their
output files saved with unique names.
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ccin.dat
CCMOD_RDB
ldis.dat
CCTOJO
do(l)
SPTL o listtl.dat
for001.dat jo-np
transmission coeflicients
JOANNE2_ACB
o for007.dat tj_dist.dat -
Tegs (J)
SRt JO_A_ACB
A
TAIL

Figure A.3: Flow-chart for basic fusion-fission simulation.
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The file of transmission coefficients is named in the input file for JOANNE;
the file of T is named in a VAX shell variable. The coupled-channels fusion
calculation is performed with CCMOD_RDB. The decay of the compound nuclei
is modelled by JOANNE2_ACB (or JO_SHELL, which requires a slightly different
format for jo.inp but is otherwise functionally equivalent), and JO_A_ACB calculates
the corresponding fission fragment angular distribution. All these calculations are
performed in a single command-file.

Sample Command-File: JOANNE.COM

. initialize files

! 31P + 176Lu
Running Joanne code as modified by ACB
command file for series of E(cm)

del survive.dat;*
del sur_ex.dat;*
del fission,dat;*
del fis_ex.dat;*
del XNSUR.dat;*
del jo_a.out;*
del anisot.dat;*
del anisot00.dat;=*
del anisotOl.dat;x*
del anisot02.dat;x*
del anisot03.dat;=*
del anisot04.dat;x*
del anisot0b.dat;*
del anisot06.dat;=*
del anisot07.dat;x*
anisot08.dat;*
del anisot09.dat;*
el anisotl0.dat;*
el ani_ex.dab;#*
el aniO0_ex.dat;*
aniOl_ex.dat;*
ani02_ex.dat;*
ani03_ex.dat;*
anif4_ex.dat;*
ani0b_ex.dat;*
aniO6_ex.dat;*
ani07_ex.dat;*
ani08_ex.dat;*
ani09_ex.dat;*
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34 el anilQ_ex.dat;*

35 ¢ DEF/LOG INPUT$FILE Plu.INP
36 ¢ SHOW LOGICAL INPUT$FILE

37

$ def/log datieff Rn207ieff.dat
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S 38 !
G 39 ! E(em) = 114.783 MeV
| 40 !
41 ¢ run [fission.rdb103.progs]ccmod_rdb
42  ccin.dat
43 114.783 114.783 1.0
44 $ run [fission.rdbi103.joanne]cctojo i
45 1ldis.dat :
46 db2o_er114.1dis i
47 $ DEF/LOG LDIS$FILE db2o_erlii4.ldis
48 $ RUN [FISSION.rdb103.PROGS.jomyd] JUANNE2 acb
49  114.783
50 $ RENAME/lo FOROO1.DAT JO_plu_eriid.QUT
51 ¢ RUN [fission.rdbl03.progs.jomyd] JO_A_acb
52  114.783
53 !
54 | E(cm) = 116.9207MeV
. repeat for all desired energies.
Then sort resulting data for easy graphing.
164 ¢ r $USER2: [FISSION.ACB103.ALPHAPROG]tail
165 $ rename/lo survive.dat survive_plu.dat
166 § rename ANISOT.DAT ANISOT_plu.dat
167 § rename/lc sur_ex.dat jo_surv_plu.dat
168 $ rename ANI_ex.DAT jo_ANI_plu.dat
169 $ rename/lo XNSUR.dat xnsur_plu.dat
$
$
$

170 rename jo_a.out jo_a_plu.out

171 copy fission.dat fission_plu.dat
172 purge JO_CPB*.0UT

173 $ purge TJ_DIST.DAT

174 $ purge FOROO7.DAT

175 $ purge TJ.DAT

176  $ EXIT

A.1.2.2 Fusion-fission calculations including nuclear spin

Physics The essence of the calculation with ground-state nuclear spin differs little
from the calculation ignoring ground-state nuclear spin; but rather more information
must be passed between the programs.

The main difference between the with-spin and without-spin calculations is the
necessity for calculating a distribution w(J, M), which is done by QMELANIE or
MELANIE, from data generated during the coupled-channels calculations.

COLLETTE takes the distribution Ny,(i, T, J, M) from JO_EVAP and calcu-
lates the fission fragment angular distribution according to:

& +J*

we « 3 S S fK Npioli, T, J', M)

Je M= J? i
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ccin.dat
CCMOD_MEL
oo (1,89, 0,)
dldmel.dat
QMELANIE
w(J, M)
SPTL joevapin.dat
jo.inp '
for001.dat
transmission coefficients
JO_EVAP
for007.dat tj_dist.dat
Legs (J)
COLLETTE
A
TAIL

Figure A.4: Flow-chart for fusion-fission simulation including ground-state spin eff_ects.
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I (2 + D)|dip g (0)? exp(— K2 /2K}(T, J)?)dK;,

>

E=—J Z§=—Jf eXP(‘“K 2/ 2K, (Ta J )2)

(A7)

where i denotes the number of evaporated neutrons.

Calling Patterns Because the programs are passing around more information,
the programs for the ground-state spin calculations have different names, as shown
in Figure A.4, although with the exception of QMELANIE they fulfil the same roles
as the programs shown in Figure A.3. There are in fact multiple ways of performing
fusion-fission calculations including ground-state spin, but we describe here the one
that includes all the physical effects we were able to consider.

- Sample Command-File: JO_EVAP.COM

1 § set default [fission.rdb103.joanne.31pi761lul

2 | 31P + 176Lu

3 | Running Joanne code as modified by ACB

4 ! command file for series of E{cm)

5 ! Uses Jo_evap!

6 ! this command file does the initial CCMOD_mel call,

7 1| followed by a call to MELANIE (m-distributions)

8 | before feeding all results for that energy to JOANNE.
9 | Final data is cellated by COLLETTE.

10 !

11 $ copy [fission.rdb103.ccmod.31pi76lulccin_paper.dat ccin.dat
12 !

.. (lines 13-42 of this file are identical to lines 5-34 of JOUANNE.COM)
43  $ DEF/LOG INPUT$FILE Plu_evap.INP
44 |$ SHOW LDGICAL INPUT$FILEV
45 $ def/log datieff Rn207ieff.dat
46 !
47 ! E(cm) = 114.783"MeV
48 !
49 $ run [fission.rdbl03.progs.joevap]ccmod_mel
50 c¢cin.dat
61 114.783 114.783 1.0
52 $ run [fission.rdbl103.progs.joevap] QMELANIE
B3 7.0 0.5
54 dldmel.dat
55 $ DEF/LOG LDIS$FILE joevapin.dat
56 !$ SHOW LOGICAL LDIS$FILE
57 $ copy joevapin.dat joevapin_gmel_pll4.dat
58 $ RUN [FISSION.rdb103.PROGS.joevaplJO_evap
b  114.783
60 $ RENAME/lo FOROO1.DAT JOE_qlu_p114.0UT
61 $ RUN [fission.rdbl03.progs.joevap} COLLETTE
62 114.783

A B A LA Ly g et s e e R 4 o 1 e e e e e e
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.. repeat for lots of energies .
250 !
251 $ r $USER2: [FISSION.ACB103.ALPHAPROG]tail

252  $ rename survive.dat survive_gmel.dat
253 $ rename ANISOT.DAT ANTSOT_gmel.dat
254 § rename sur_ex.dat jo_surv_gmel.dat
2556 § rename ANI_ex.DAT jo_ANI_gmel.dat
256 § rename XNSUR.dat xnsur_gmel.dat

257 § rename jo_a.out jo_a_gmel.out

268 § copy fission.dat fission_gmel.dat
259  § purge/mnolog TJ_DIST.DAT

260 $ purge/molog FOROOQ7.DAT

261  § purge/molog TJ.DAT

262 $ purge/molog melcheckel.dat
263 § purge/nolog pdws.dat

264 § purge/molog jkia.dat

265 ' $ purge/molog joevapin.dat
266 $ purge/molog dldmel.dat

267 % EXIT -

A.1.3 Quasi-Fission simulations
A.1.3.1 Simple Quasi-fission distribution

Physics The first stage of the calculation is to determine a “capture” cross-
section, or distribution of partial cross-sections do(l,8y,61). This is done using
a standard coupled-channels calculation, CCMOD_MEL, agsuming that whenever a
system passes inside the fusion barrier, capture occurs. (The assumption for reac-
tions without quasi-fission is that whenever a system passes inside the fusion barrier,
fusion occurs.) :

The second stage is to decide what fraction of the partial cross-sections proceeds
to fuse, and what part does not fuse properly and therefore undergoes quasi-fission.
One of the DOM programs (Section A.4.1} calculates the probability of quasi-
fission Prysis(l, 60,61), getting the formatting from the output of CCMOD_MEL;
PHILLIPA separates 9o (I, 0p,61) into 0o is(l, 0, 61) and 8ogysis(l, 6y, 61) according
to PT'qf@s(l, 90, 91) from DOM.

At this point the simulation splits into two branches; one dealing with fusion,
the other with quasi-fission. The goal is to generate fission-like fragment angular
distributions for each branch, and then to combine them according to their relative
cross-sections. The fusion-fission branch is processed as described in Section A.1.2.2.

The quasi-fission branch may be simulated via one of two methods. The con-
ceptually simpler method is to generate a distribution w(J, M), as with the fusion-
fission branch, and then to assume that all nuclei quasi-fission with the same effec-
tive Ky, and generate the corresponding fragment angular distribution. This is the
method illustrated in Figure A.5, using QMELANIE and MYDE_MELFED.

The second method is to assume that the quasi-fission fragment angular distri-
bution depends on the same quantities that govern the probability of quasi-fission,
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ccin.dat
CCMOD_MEL|
o (l,80,61)
/ dldmel.dat
DOM
Pquq:s(l, 90) 91)
prqgfis.dat PHILLIPA
do(l, 6, 61) _ 8 (1, 0o, 01)
qfis_dldmel.dat, 7fis fis_dldmel.dat
Ogfis
QOMELANIE QMELANIE
w(J, M) w(J, M)
K joevapin.dat o joevapin.dat SPTIL,
° R for001.dat
' transmission coefficients
MYDEMELFED JO.EVAP
Woris(6) Nyis(T, J, M) MOMCALC
outmydeall.dat tj_dist.dat for007.dat
Less(J)
_ r COLLETTE_DIS
FIFRANG Wis(6)
ffangdis.dat
Ogfis,a
FIFRANG
COLLEEN | “fisa
Agfis ffad.dat
summary.dat J ,
FIFRANG
Afz's
Aezp summary.dat
summary.dat
SORTANI

Aq}“isé) iemp(E)\ Aris(E)

gfis_ratio.dat exp-ratio.dat fis_ratio.dat

Figure A.5: Flow-chart for quasi-fission simulation including ground-state
spin effects. The programs focussing on quasi-fission are on the left side of
the diagram; on the right side a fusion-fission simulation proceeds much as in
Figure A.4; in the center are shown the programs dealing with both fusion and
quasi-fission. Note that several programs produce output files each used by
more than one subsequent program. Note also that all instances of FIFRANG
append their results to the same summary.dat file.
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and therefore to generate fission-like fragment angular distributions for every possi-
ble set of quantum numbers (I, po, p1, S, J) and small steps in classical quantities
(8, 61), and add all the distributions up with appropriate weightings. This is the
approach taken by QMARY, which simply replaces the combination of QMELANIE
and MYDE_MELFED.

The quasi-fission and fusion-fission fragment angular distributions are added in
proportion to the initial cross-sections, yielding the pseudo-experimental distribu-
tion Wey,(6). This is then fitted with FIFRANG to give the pseudo-experimental
anisotropy Aegp.

SORTANT simply sorts out all the anisotropies for the fission, quas1—ﬁsszon and
pseudo-experimental fragment angular distributions, using a supplied list of beam
energies to generate several files ready for plotting with MULTIFIG.

Calling Patterns QMARY in particular can be extremely slow to run. For
this reason, it is advisable that the command-files used be run in batch mode.
Command-files may be run at low priority using commands like:

$ set process/priority=1
$ @GIRLSIM

However, low priority is most useful for jobs taking about an hour of computer time.
For jobs taking several hours or days, batch mode is invoked using:

$ submit/quenue=NUCZO3$BATCH/log=girlsim_238u.dat GIRLSIM.COM
There are a few things worth noting about batch mode.

e You can log out of the system altogether, and the batch fiie will keep running
perfectly happily. You can check its status using:

$ show queue NUCZO3$BATCH

from any terminal.

¢ Batch mode actually makes slightly more efficient use of the CPU than a low-
priority command file, while being more certain not to slow down other users
of the machine.

e Invoking a batch file is a bit like starting a new terminal; importantly, the
default directory goes back to your home directory, so that’s where the log
file is written, and you need to start your command-file with a command
specifying the directory where all the working data files go, as per line 1 of
the example below.

If the batch queue status is “stopped”, first try:

$ set host 0
username: startqg

but if that fails, the local IT administration may need to be involved.
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Sample Command-File: GIRLSIM.COM

1
2
3
4
(

35
36
37
38
39
40
41
42
43
44
45
46
a7
48
49
50
51
52
53
b4
b5
56
57
58
59
60
61
62
63
64
65
66
&7
68
69
70
71
72
73
74
75

$ set def [fission.rdbl03.joanne.160235u.altcalc]
$ copy blank.dat summary.dat

! JOANNE initialisation
!

lines 5-34 of this file are identical to lines 5-34 of JOANNE.COM)

$ DEF/LOG INPUT$FILE ou_evap.INP

'$ SHOW LOGICAL INPUT$FILE
$ def/log datieff fm253ieff

! Functional Unit

]

! E{cm) = 73.00"MeV

!

$ run [fission.rdbl03.progs
¢cin.dat

73.00 73.00 1.0

$ run [fission.rdblQ3.progs
30

15

dldmel.dat

$ run [fission.rdbl03.progs
dldmel.dat

pr_qfis.dat

! quasi-fission stream

$ run [fission.rdbl03.progs
3.5 0.0

gfis_dldmel.dat

$ run [fission.rdbl03.progs
joevapin.dat

5.0

.dat

.joevapl ccmod_mel

.quasifission]tdom

.quasifissioniphillipa

.joevap] QMELANIE

.quasifission]myde_melfed

$ run [fission.rdbl03.joanne]cctojo

melcheckel.dat
listtl.dat

$ DEF/LOG FILE$NAME outmydeall.dat

$ run [fission.rdbl03.progs
100 42 -1 7 2

.fifrang]fifrang

$ copy for018.dat forl18_gfis73.dat

fusion-fission stream

run [fission.rdbl03.progs
3.5 0.0

fis_dldmel.dat

& — & &

copy for028.dat qfis_sig.dat
copy screen.dat ffa_gfis73.dat

.joevap] QMELANIE

$ DEF/LOG LDISS$FILE joevapin.dat




A.1. Program Usage

76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
892
93
94
95
96
97
o8
29
100
101
102
103
104
105
106
107
108
109
110
111
112

$ copy joevapin.dat joevapin_er73.dat

$ RUN [FISSION.rdb103.PROGS.joevap] JO_evap

73.00

$ RENAME/lo FOR0O1.DAT JOE_sihf_er73.0UT

$ RUN [fission.rdbl03.progs.joevap] COLLETTE_DIS
73.00 '

$ run [fission.rdb103.joannelcctojo
melcheckel.dat

listtl.dat

$ DEF/LOG FILE$NAME ffangdis.dat

$ run [fission.rdbl03.progs.fifrang]fifrang

100 -42 -1 7 2

$ copy for0i8.dat forl8_fis73.dat

$ copy for028.dat fis_sig.dat

$ copy screen.dat ffa_fis73.dat

! merge streams

$ run [fission.rdb103.progs.quasifission]colleen
ffangdis.dat ' '
outmydeall .dat

| we need an l-distribution for the whole lot;
! using melanie is overkill but anyway

$ run [fission.rdbl03.progs.joevap] QMELANIE
3.5 0.0

dldmel.dat

$ run [fission.rdbl03.joanne]cctojo
melcheckel.dat

listtl.dat

$ DEF/LOG FILE$NAME ffad.dat

$ run [fission.rdb103.progs.fifrang]fifrang
100 -42 -1 7 2

$ copy for018.dat forl8_exp73.dat

$ copy screen.dat ffa_exp73.dat

! Functional Unit
v
! E(cm) = 75.00"MeV

. repeat for lots of emergies ...

521
522
523
524
526
526

! Summarize data ...
A

$ run [fission.rdb103.progs.quasifission]sortani
summary.dat

elist.dat

$ purge

171
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A.2 Data Analysis Programs

A.2.1 ALABN
Authorship Clyde Morton

Purpose Calculating detector calibration coeflicients Ajqp(6) from Rutherford scat-
tering measurements.

Variants ALABN2—different input and output file names.
References [MORY5B], section 3.2.3.

Language Fortran.

Size 114 lines

Standard input files inelastic.dat, bins.list

Standard output files alabf.dat, alabout.dat

A.21.1 Physics

ALABN calibrates the detector by determining, from a calibration run measuring
Rutherford scattering, a calibration coefficient A(f4.:) for each detector bin at an
angle f; [MOR95B):

sin(odetmcb) e (A8)

dogr(@
2 ) NygZonlnal

A(Bger) = (

For the purposes of easy handling, ALABN outputs A(f) x 108, which was within
10% of 1000 for most of the constant ¢-cut calculations in this thesis.

A.2.1.2 Calling patterns

The file inelastic.dat is prepared with the following data about the Rutherford
- scatfering measurement:

e The beam energy Ejeam, proton number Z; and nucleon number A; of the
projectile, Zy and Ap of the target nucleus;

e The angle 8,,,, at which the monitor detectors are placed;

e The run in which the data is recorded (not used);

o The total pulser counts, and the number of pulser counts left after the same
constraints are imposed on the pulser as on the elastic scattering events;

e The number of events detected in the monitor detectors. This may be either
the average (as used throughout this thesis) or the sum for the two detectors,
so long as the convention used is consistent between the calibration calculation
here and the cross-section calculation later; ‘
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o A list of the average angles # at which detector bins are centered. ALABN is
hard-coded to expect 15 angles.

The file bins.list should contain a list of counts N () of observed elastically scattered
particles for each detector bin. Ag is hard-coded into both ALABN and BINS.
ALABN is typically called once for a three-day experiment. It is called manually,
and the important results are copied manually from alabf.dat to “xinput” files,
where one xinput file describes one run (at a particular beam energy, projectile,
target, etc). (There is room for increased automation of xinput file generation.)

A.2.2 CALVINER
Authorship Rachel Butt

Purpose Calculating variations to detector efficiency coefficients A;(#) due to
loss of coincident particles on detector support structure.

Variants CALVIN - inverse physics; where CALVINER takes a particle in the back
detector and finds out where its partner hits the front detector, CALVIN takes
the particle in the front detector and locates the backward-travelling particle.

Language Fortran.
Size 315 lines.
Standard input files command line or command file only.

Standard output files back_detector.dat, bd_coarse.dat, cphi_blocked.dat,
cphi_flat.dat, vphi_blocked.dat, vphiflat.dat, xback_counts.dat

A.2.2.1 Physics

CALVINER compensates for the presence of support wires in front of the front
detector, as these have a position-dependent impact on the sensitivity of the back
detector.

CALVINER operates in a roughly Monte Carlo fashion; for each 1 mm x 1 mm
square in the back detector, it works out the corresponding lab angles 6, and ¢
according to:

2y + Ty
V23 + 4 + )

Zp — Tp
V208 + (2 — )’
where x; and g, are the coordinates in the plane of the detector, and z, the distance
from the target to the detector, is reliably 180 mm. Then, for that 8, and ¢, the
trajectories of 100 events are traced.

For each trajectory, a mass-split A is randomly assigned, using a gaussian dis-
tribution with width matching the experimental mass distribution, truncated for

cos(fy) = (A.9)

cos(¢p) = (A.10)
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Upf = Uy SiIl(Bf)

Beam Axis

Uy = Up Sin(fy)

Figure A.6: Sketches of the fission fragment velocities in the plane including
the beam axis and the fragment velocities.

mass splits equal to or more extreme than the initial target-projectile mass split.
The total energy Ex divided between the fissioning fragments is determined from
Viola systematics [VIO85]:

(Zo + Z1)?
(Ag + A3
and divided between the fission fragments according to their mass, to obtain the

magnitude of the velocity (in the centre of mass frame) of the fragment detected in
the back detector:

Fx = 0.1166 +9.0 MeV (A.11)

2Er(l— A)
.A(Ao + Al)

The angles 0, and ¢, are appropriate to the lab frame. We know the centre of mass

velocity:
2EbeamAl
Ve, = 1/~—-—~——-— A3
o Ag + Al ( )

Therefore, using the geometry illustrated in Figure A.6, we can determine the centre
of mass velocities:

Uzh = Vom. (Sin2 (8y) + COS(@b)\/EVZ —u;inz(gb) )) (A.14)

(A.12)

s =
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Detector

| | Beam Axis

Figure A.7: The vector along which a particle approaches the front detector.
‘The y axis is out of the plane of the page. The z axis is in the plane of
the detector, z axis orthogonal to that plane, whereas the =’ and 2’ axes are
defined relative to the beam direction (the 3’ axis is the same as the y axis).

Upp = (b ~ Vo) tan(8;) (A.15)

The velocities for the forward-moving particle are related to those of the backward-
moving particle according to ¥y = ﬁﬁb. The effects of particle evaporation could
be included at this stage, but have been assumed to be negligible.

It is then necessary to reverse the calculation to obtain the position at which
the forward-moving particle would intersect the plane of the front detector. Like
the back detector, the front detector is 180 mm from the target, at an angle of —45°
with the beam direction (whereas the back detector distance is shortest at an angle
of +135°).

In the absence of particle evaporation, ¢f = ¢. 0; = tan_l(#). Then,

using the coordinate system illustrated in Figure A.7, tan(¢;) = y/7’ and tan(f;) =
r/z where r = z'? + 3%, so we deduce for the desired z:

T=2z - ta'n(gf) COS(gbf)
(1 + tan(fy) COS(¢f)) (A.16)

where z is known to be 180 mm and y = /1/2(z — z) tan(¢y).
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From here, CALVINER determines () whether or not the forward fission frag-
ment hits the forward fission detector, (b) if it hits the detector, whether or not it
hits one of the support wires. From the counts N(6,) coming from within a particu-
lar range of 6 that did hit the front detector and the subset B(f) that hit a blocking
wire, it constructs the calibration coefficient correction N(6)/(N(8) — B(@)); this is
written out to vphi_blocked.dat. A similar calculation is performed with a constant
cut on ¢y, written to cphi_blocked.dat.

CALVINER could be adapted to calculate the fall-off of efficiency in one detector
due to the fact that the forward and backward detectors are not perfectly opposite
one another in the centre of mass frame, which means that when a fission fragment
is detected at the edge of one detector, its partner might miss the other detector.
However, this has not currently been attempted, and the affected angles are simply
discarded during later data analysis.

A.2.2.2 Calling patterns

Input is usually from command file. CALVINER prompts for the proton number
Z, and nucleon number A; of the projectile, Zp and Ay of the target nucleus;
then the beam energy Fyeam, and finally the Gaussian width of the {ragment mass
distribution. The positions and thicknesses of the detector obstructions are currently
hard-coded into CALVINER.

CALVINER'’s output goes into several files; usually the only one of importance
is cphi_blocked.dat, although vphi_blocked.dat should be substituted if no ¢-cut
has been used for experimental data. This output file is used by HOBBES in
combination with the standard calibration coefficients from ALABN.

A.2.3 HOBBES
Authorship Rachel Butt

Purpose Assembles “xinput” files for coincidence analyses, using data from CALVINER
and ALABN, among other data.

Language Fortran.
Size 82 lines.

Standard input files command line or command file, copies of cphi-blocked.dat
and alabf.dat (edited).

Standard output files xinputnnn.dat

A.2.3.1 Calling patterns

HOBBES assembles the xinput files for coincidence analyses for later processing.
It is intended to be run once for a given reaction, assembling multiple xinput files
for multiple beam energies. It can in theory be operated from the command line,
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however it is intended to be run from command file, where the input numbers are
saved for later verification and easy correction.
An example call to HOBBES is shown in Section A.1.1.2. Initially HOBBES
prompts for elastic scattering calibration data:

e The proton number 7, and nucleon number A; of the projectile, Zy and Ay
of the target nucleus;

e The beam energy Epeum, and the angle 8,,,, at which the monitor detectors
are placed;

e The file in which the back-detector calibration coefficients are recorded {edited .
output of ALABN);

e A uniform scaler to compensate for losses such as ions directly striking x-
position wires (2% loss to this effect means the scaler input is 1.02).

Then the reaction under study should be described: the proton number Z; and
nucleon number A; of the projectile, Zy and Ay of the target nucleus; and a five
letter keyword identifying the run (used only in comment line in xinput files).

Then each individual energy should be described, in repeating blocks, terminat-
ing with a negative energy, as follows:

The beam energy at which the experiment is performed.

A three character run identifier, usually the same run number as the event-
by-event data is stored under.

The monitor counts, calculated in the same fashion as used for ALABN, and
the total pulser counts, and the number of pulser counts left after the same
data analysis constraints are imposed on the pulser as on the elastic scattering
events;

The name (and location, 1f another directory) of the file in which the CALVINER
corrections for this reaction at this energy are stored.

HOBBES is hard-coded for fifteen angles, like ALABN, and CALVINER which
preceed it, and BIN and CROSS which follow it. HOBBES does not currently verify
that the angles at which CALVINER data is calculated match the angles at Whlch
ALABN coeflicients are supplied.

A.2.4 BIN
Authorship Clyde Morton

Purpose Combine xinput and bins data in a nice format for input to CROSS_F or
CROSS_FIF

Language Fortran.

Size 50 lines.
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Standard input files xinput.dat, bins.list

Standard output files crossf_in.dat

A.2.4.1 Calling patterns

The file xinput.dat is prepared with the following data:
For the Rutherford scattering calibration measurement:

e The beam energy FEjpeom, proton number Z; and nucleon number A; of the
projectile, Zy and Ay of the target nucleus;

e The angle f0n at which the monitor detectors are placed (assumed to be the
same for the experimental run, later);

For the experimental run of interest:

o The run in which the data is recorded (not used);

e The proton number Z; and nucleon number A; of the projectile, Z and Ay
of the target nucleus;

o The energy of the projectiles in the lab frame (in MeV};

e The total pulser counts, and the number of pulser counts left after the same
constraints are imposed on the pulser as on the elastic scattering events;

e The number of events detected in the monitor detectors. This may be either
the average (as used throughout this thesis) or the sum for the two detec-
tors, so long as the convention used is consistent between the cross-section
calculation here and the calibration calculation earlier;

o A list of the average angles § at which detector bins are centered, together with
the coefficients A(f) (and errors AA(f)) calculated for those angles (usually
using ALABN). Any “pointcode” on these lines will be ignored.

The file Bins.list should contain a list of counts Ng.:() of observed fission frag-
ments for each detector bin.

A.2.5 CROSS
Program Name CROSS_FIF

Authorship Clyde Morton
Purpose Calculate differential cross-sections d%g-l from fission data.

Modifications Code carrying out a cubic-spline fit to the data was removed from
CROSS_F by Rachel Butt to generate CROSS_FIF, as the cubic-spline fits
were no longer used, and interfered with recompilation of the code on different
platforms by referring to libraries not available on all platforms.

Language Fortran.
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Size 153 lines.
Standard input files crossfin.dat

Standard output files for007.dat, for004.dat, out.dat

A.2.5.1 Physics

The energy and nucleon numbers for the elastic scattering calibration measure-
ment are included in the input for this program for purely historical reasons; they
are not used by the program.

The differential cross-sections are calculated according to:

do(6) _ 2mA(6) Nie(§)2zelmen) (A.17)
dQ  A¢sin(f) Ninon l

CROSS_FIF outputs g—‘ég-)- as calculated in the lab frame (for004.dat}, and the centre
of mass frame (for007.dat). (The file out.dat tabulates various different quantities
and errors therein, but is not used in routine analysis.)

A.2.5.2 Calling patterns

CROSS_FIF is invariably called immediately after BIN, with the output of BIN
as the sole required input. BIN and CROSS_FIF could be replaced with a single
program, since BIN contributes little of particular use. This has not been done,
simply because the existing methods work, and—given the available command-
files—do not take noticeably more or less time than a single program would.

A.2.6 BINCROSS

Authorship Rachel Butt

Purpose Calculates differential cross-sections %@ from fission data for two differ-
ent measurements, separating contributions from different isotopes present in
different proportions in the different measurements.

Language Fortran.

Size 466 lines.

Standard input files bcin.dat, two xinput.dat files, two bins.list files.

Standard output files summary.dat, cross_fif.out, cross_fif2.dat
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A.2.6.1 Physics

The initial phase of BINCROSS calculations involves disentangling the contribu-
tions of two different isotopes. We assume a “main” run, with specified percentages
of each isotope, and an “other” run, with significantly different isotope percentages.
(It is also assumed that the main run has a higher percentage of isotope 1 than
the other run.) In order to make the runs comparable, we have to (a) correct both
sets of counts for dead-time, (b) correct for beam “exposure” (via monitor counts;
X = Npon/ @%’ﬂl), and (c) correct for differences in calibration coefficients A(6).
We work in the lab frame because the centre of mass frame differs for the two
isotopes. .

The separation of contributions from isotope 1 and 2 then involves solving two
simultaneous equations:

0 = YCmain,l 3~ Mmain,2 A
d? main,meas % 1 dQ 1 + % +2 dQ 9 ( 18)
Eoﬁher,meas o %other,lgﬁl + %othe'r,Z Eﬁ2 (Alg)

In practice we assume %maini + Pmain2 = 1 and %gher,1 + Pother,z = 1, and the
separation is implemented by constructing an angle-dependent correction factor

C(8):
doR mon,other A

N, mon,matn other 8 main
c(6) = ' d0 ther (0) ormain.2 (A.20)

dog ;
N, mon,other m;ﬁ — Amai'n. (9) %othe'r, 2

to give separated fission counts (after the dead-time corrections have been applied):

Nf’is,l (9) = Nﬁs,main(e) - Nfz's,othe'r (9) 0(9) (A.Ql)

and increased statistical uncertainties in the fission counts Ny1(6) (this quantity
is calculated prior to dead-time corrections, although this usually makes less than
2% difference):

ANyis1(6) 1 C(#)
—t TV A.22
Nyisa(9) J Niismain(0)  Niisother(0) ( )

Monitor counts must be corrected to match:

(%mm’n,l - %other,l)%main,Z (A23)

Nmon,l = Nmon,ma:in %
other,2

BINCROSS then proceeds to calculate the differential fission cross-sections in
the centre of mass frame according to:

do(8)  2mA(9) Nyig (0)2e8llmen)
dQ  Agsin(f) Ninon, corr

(A.24)

and writes these results to cross_fif.out.
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A.2.6.2 Calling patterns
BINCROSS initially reads in data from bcin.dat as follows:

e The percentages of the two isotopes in the first experimental run;

The xinput file name and location for the first experimental run;

The bins.list data file name and location for the first experimental run;

e The same data for the second experimental run.

BINCROSS then opens the four specified data files, which have formats as de-
scribed in Section A.2.4.1. BINCROSS will write the deconvoluted differential fis-
sion cross-sections to cross_fif.out (for isotope 1) and cross_fif2.out (for isotope 2).

A.2.7 FIFRANG
Program Name FIFRANG

Authorship David Hinde, Rachel Butt

Purpose To fit fission fragment angular distributions dZ—g)), yielding (among other

things} the fission fragment anisotropy and the total fission cross-section.

Modifications The original program (FIFANG) has been commented, partitioned
into re-usable library functions, and made markedly more robust, by Rachel
Butt.

Variants FIFRANK, FIFRANGMYD, FIFRANG_MELFED.
References [BACS5]

Language Fortran.

Size 241 lines.

Standard input files file$name, listtl.dat

Standard output files for018.dat, screen.dat, residuals.dat, summary.dat, for028.dat

A.2.7.1 Physics

FIFRANG fits experimental fission fragment angular distributions by calculating
angular distribution curves using a lookup table from [BAC85] for three evenly
spaced values of Ky. These curves are normalised to the same cross-section as the
experimental data. The x? measure of fit quality is evaluated for each K in turn.
FIFRANG then fits a parabola to that to estimate the K corresponding to the best
possible fit, and repeats the process with a smaller Ky spacing centred on the new
Ko.

This algorithm, which is used in the original FIFANG and all its variants, has
an important limitation which arises simply because the program is searching for a
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Ky

Figure A.8: Shape of x* curve; schematic. If FIFANG relies on the assump-
tion that x? is parabolic with respect to Ko, and Ko is in the wrong region,
the algorithm will fail. We exploit the fact that the x? curve has only one
minimum to help us center Ky in the right region. '

parabolic minimum on a function which has widely varying curvature, as illustrated
in Figure A.8. If the starting Kj values are too far from the true minimum, FIFANG
may get lost, or simply crash. The algorithm works properly so long as its fitted
parabola has both positive curvature and a minimum in the range spanned by the
three starting Ko values. The “robust” codes described here all detect the failure
of either of these conditions, stop, and evaluate x? at ten different Ky spaced over a
wider range, repeating as required. They resume when they have found a set of Ky
values spanning the only minimum in the x* function. (The codes will still fail if
all three K, values are equal. This can occur when attempting to fit oddly shaped
theoretically generated curves with very small stated errors; i.e. when the total x?
is extreme.)

FIFRANK differs from FIFRANG solely in its handling of errors. FIFRANK
prompts for a parameter ¢q, describing the “over-dispersion” or degree to which
the statistical errors supplied for the data are inaccurate. The errors in anisotropy
and K, are increased by approximately 1/¢4. This approach was developed in
consultation with John Maindonald of the ANU Statistical Consulting Unit, and
relevant theory is described in Ref. [MCC89).

Fitting experimental distributions using data from the lookup table in WFIS.DAT
is fast and practical. However, there are occasions where it is worthwhile going to a
more demanding calculation. The lookup data is only available in 5° steps, and lin-
ear interpolation must be performed to estimate the theoretical distribution at the
angles for which data is available. Moreover, the lookup data is appropriate for M=0
reactions, and becomes less accurate when target and projectile nuclei possess non-
zero intrinsic spin in their ground states. The lookup data also loses quality at very
high anisotropies. It is therefore sometimes appropriate to calculate fission ifragment
angular distributions from scratch at precisely the desired angles. FIFRANGMYD
and FIFRANG_MELFED perform this calculation in different ways.

FIFRANGMYD’s calculation of fission fragment angular distributions is pre-
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cisely as described in Section 3.2.3, Equation 3.4:

X X X X poe?

70 =G0+ 1) | =0 seiets|pomto  2imo(2l + 1)T Zﬂiﬁrﬁm Oo (M)
<3 (27 + 1)]di; (6)]? exp(— K*/2K3)
K=-J kg exp(—K?/2K3)

oo +hoth {oo hth  th Jo(M)(20 + 1)Ty f/rloJM| |GIO’II’—uo,MI2

(A.25)

where I is the spin of the target nucleus, and p its projection upon a space-fixed
axis (in experiments, the beam axis). The channel spin S is the vector sum of I and
I, where I, is the spin of the projectile nucleus. The orbital angular momentum I,
together with S, determines J = {45, the total angular momentum of the fissioning
nucleus. M is the projection of J onto the space-fixed axis. K7 characterizes the
width of the distribution of K, the projection of J on the nuclear elongation axis,
and is given by [HAL5S]:

K} = TT.;/R* (A.26)

where T is the nuclear temperature and Z.z is the effective moment of inertia at
the saddle-point.
OfJIDJM and CID _m 1 are Clebsch-Gordan coefficients. T is the fusion trans-

mission coefﬁ(nent Yor a given orbital angular momentum {. The function dj; x(6)
is the well known d-function [VAN73, ROS61]:

dJ{J,K(Q) = {(J+ M)'(J MMWJT + K)(J — K)!}1/2
" Z )X [sin(0/2)] K~ M+2X [cos(f/2) |2/ —K+M—2X
J K XMJ+ M- X)X + K — M)IX!

(A.27)

where the summation is performed over all integer values of X where all factorial
arguments are non-negative.

The quantity in curly brackets in Equation A.25 is w(J, M), the weighting for
each possible fission channel (J, M). The quantity in square brackets in Equa-
tion A.25 specifies the fission fragment angular distribution p(J, M, 8) for a given
channel (J, M).

The M-distribution 8¢ (M) may be calculated semi-classically using CCTOMDIS.

FIFRANG_MELFED calculates fission fragment angular distributions using a
correlated distribution w(J, M):

rLh L (2] + 1)diy x(0)] exp(—K*/2K3)

we) g =—(qu+11) wih M) KZEJ Zf<=—JEXP(_Kz/2K3)
(A.28)

This correlated distribution w(J, M) may be calculated semi-classically, as in Sec-
tion 3.2.4 (using MELANIE), or quantum-mechanically, as in Section 3.2.5 (using
QMELANIE). _
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A.2.7.2 Calling patterns

FIFRANG prompts for a list of parameters, from the command line:

o The energy of the projectile (which is ignored, as it is only there for historical
reasons},

e the plotting point-code it should pass to MULTIFIG,

e the average angular momentum [ it should calculate the angular distributions
with,

o the initial value for the curve-characterising parameter Ky, and

o the initial step AKj.

If a negative value is specified for the angular momentum I, FIFRANG will look
in the file listtl.dat for an angular momentum distribution, specified by a list of
partial cross-sections, one for each [/, one number per line, terminated with a zero.

FIFRANG looks for the differential cross-sections in the file specified by the
VAX shell variable file$name. It expects these to be specified by angle, differential
cross-section, error, point-code (a real number specifying the size and shape of the
dot with which the program MULTIFIG would plot the datapoint ... FIFRANG
ignores the value, but it expects a value to be present).

The variant FIFRANGMYD will request the intrinsic ground-state spins for the
target and projectile nuclei, at the command-line (or in the command-file). It will
expect to find M-distribution information in MDIST.DAT; this may be generated
using the combination of CCMOD_RDB and CCTOMDIS, or manually under some
circumstances.

The variant FIFRANG_MELFED will prompt for the name of a data-file con-
taining the distribution w(J, M), headed by the maximum range of spins (fp + Iy).
This file is usually generated using MELANIE or QMELANIE.

FIFRANGMYD and FIFRANG_MELFED are not exhaustively tested and may
not be fully integrated in the generalized fashion that FIFRANG now enjoys. They
are also markedly slower to actually run.

FIFRANG (but not, currently, any other variant} writes the fitted cross-section
o to for028.dat. This is used by COLLEEN. :

A.2.8 EXTRACTANI

Program Name EXTRACTANI

Authorship Rachel Butt

Purpose To pull cross-section and anisotropy data from summary files as written

by FIFRANG during command file operation, and format the data for easy
graphing with MULTIFIG.
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Variants EXTRACTCONVANI—extracts and separates similar data from sum-
mary files produced during isotope disentanglement calculations (using BIN-
CROSS). SORTANI—extracts and separates similar data produced during
quasi-fission simulations.

Language Fortramn.

Size 103 lines.

Standard input files summary.dat, elist.dat

Standard output files sigmacm.dat, ratiocm.dat, sigma.dat, ratio.dat, Esigma.dat,
chisqppt.dat

A.2.8.1 Calling patterns

EXTRACTANI prompts for the name of the summary.dat file where the FIFRANG
output is, and the name of the file listing the beam energies corresponding to the
reactions fitted by FIFRANG. (Note that different versions of FIFRANG may re-
quire different FORMAT statements within EXTRACTANL.) It then prompts for
the masses of the projectile and target nuclei respectively.

EXTRACTANI writes out, in MULTIFIG format, the anisotropies and cross-
sections as functions of beam energy or centre of mass energy. It also lists the 2,
for averaging to determine the input ¢, for FIFRANK, and makes a file of Fo vs. F.

EXTRACTCONVANI differs from EXTRACTANI in that it interprets the sum-
mary files produced by BINCROSS-based calculations, where alternating lines come
from different isotopes at the same energy, and EXTRACTCONVANI writes out
sigmal.dat and sigma?2.dat, etc.

SORTANTI interprets the summary files produced by GIRLSIM calculations, sep-
arating the simulated fission, quasi-fission, and experimental anisotropies into three
different files, ready for graphing.

A.3 Fusion-Fission Simulation Programs
A.3.1 CCMOD

Authorship Carlos Dasso, substantially rewritten by Mahananda Dasgupta

Purpose Coupled-channels calculations of fusion cross-sections, barrier distribu-
tions, and angular momentum distributions.

Variants CCMOD_RDB, CCMOD_MEL, CCMOD_CHI
References Section 2.1.2.2, [DAS97]

Language Fortran.

Size 788 lines.
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Standard input files ccin.dat

Standard output files ccotm.dat, 1dis.dat, xsecplot.dat, deriv.dat, pacein.dat

A.3.1.1 Physics

The physics behind CCMOD is described in Section 2.1.2, with CCMOD specifics
given in section 2.1.2.2.

A.3.1.2 Calling patterns

CCMOD is modified from the original CCDEF by Mahananda Dasgupta.
Ref. [DAS97] provides an explanation of its number-by-number input and output.
For fission purposes, CCMOD is often used as follows:

e Look up nuclear deformations. Include these in the input file. For the time
being, turn off all inelastic and transfer reactions.

e Adjust the potential parameters Vg, ag, rp until CCMOD’s output is in good
agreement with cross-section measurements high above the fusion barrier. The

program CCMOD_FINPAR will perform a FIFRANG-style search for the best
values of g¢ and g

e Now look up inelastic excitations, seeking collective nuclear excitations. If
nuclear deformation effects are in place already, do not include rotational
states in the inelastic excitations; they have already been taken into account.
Vibrational states must be considered in any case.

e Also look up transfer reactions (run [fission.programs.exe|transfer, on any
VAX). Typical strengths range between 0.6 and 1.0 MeV for 1-particle trans-
fers; smaller for two-particle transfers; they are free parameters, unfortunately.
Only positive Q-values are expected to affect the cross-sections substantially.

o Apply these “coupled channels” so that CCMOD predicts cross-sections ac-
curately at energies below and around the Coulomb barrier.

The resulting parameter file, which should generate accurate cross-sections at
all energies, is then the one you want to use for all angular momentum calculations.
The angular momentum distribution information d¢(I) will come out in the file
ldis.dat. CCTOQJO reformats this file for use by JOANNE or FIFRANG.

CCMOD_RDB uses the same input file as CCMOD, but it ignores the contents
of the line on projectile energy, and prompts for the same data from the command-
line. It is intended to make generating angular momentum distributions easier: in
your cornmand-file, put the requested data (Emin, Emar, AE). (For an l-distribution
calculation, give the desired centre of mass Energy twice, then a third real number
which will be ignored.}) See lines 3-5 of the sample command-file given in Sec-
tion A.1.1.1. CCMOD_RDB also outputs the partial cross-sections do(fp,61) to
dldm.dat, which is used by CCTOMDIS.
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CCMOD_MEL differs from CCMOD_RDB only in that it collects and reports
more nuclear orientation information from the CCMOD calculation process. This
information relies on the semiclassical approach used by CCMOD for calculating
nuclear deformation effects. The output (9o (l, 6y, 61), in dldmel.dat) is needed by
MELANIE and QMELANIE for nuclear intrinsic spin calculations, which in turn
are needed by JO_EVAP, a variant of JOANNE. :

A.3.2 CCTOJO
Authorship Rachel Butt

Purpose Convert ldis.dat files from CCMOD to the format used for FIFRANG
input.

Language PASCAL.
Size 36 lines.
Standard input files ldis.dat

Standard output files listtl.dat

A.3.2.1 Calling patterns

CCTOJO prompts for the name of the file where CCMOD wrote the [-distribution,
then for the name of the file to which the reformatted I-distribution should be writ-
ten. (CCMOD’s output is formatted for MULTIFIG plotting, whereas CCTOJO
lists Ao (1) as one value per line.)

A.3.3 CCMOD_FINPAR
Authorship Rachel Butt

Purpose Locates optimal Woods-Saxon parameters ag and rp for given V4 by cal-
culating the x? measure of goodness of fit for CCMOD calculations of cross-
section and experimental cross-section measurements high above the fusion
barrier.

Variants CCMOD_FINPAR _SUPPRESS
Language Fortran.

Size 594 lines.

Standard input files ccin.dat, expt.dat

Standard output files ccin._fitted.dat, finparout.dat
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A.3.3.1 Physics

CCMOD_FINPAR uses the same robustified x? search algorithm as FIFRANG.
However, CCMOD_FINPAR is searching over two variables, not one. This is ac-
complished by finding, for each value of ay, the ry that minimizes the total x?, then
calculating which ag to try next based on those minimized x>

The dependence of high energy cross-sections on ap, given that rq is found for
each ap, is fairly weak. Since high energy cross-section calculations also have a
slight dependence on coupled-channels, the minimum ag appears fairly sensitive to
included coupled-channels.

The variant CCMOD_FINPAR_SUPPRESS does searches over a third param-
eter, s, finding the @y giving minimum 2 for each s and then searching for the s
giving the minimum overall x2. The parameter s is a constant cross-section sup-
pression factor, which could arise for example from a detector with un-identified
losses, or from particle breakup before fusion. However, ag is very sensitive to s,
and the changes in ag largely compensate for the effects of s, so that the x? curve
as a function of s is very shallow and little useful information may be obtained in
this way.

A.3.3.2 Calling patterns

CCMOD_FINPAR prompts for an input file in CCMOD format, and a file listing
energies, cross-sections and errors in the cross-sections for measurements made at
well-above-barrier energies (usually cross-sections above 200 mb). It then prompts
for initial steps Aag and Arp. (CCMOD_FINPAR_SUPPRESS first prompts for
s and As.) It outputs a comparison between the measured and calculated data-
points for its final parameter set, together with the final values for ao and rg, and a
CCMOD input file with the new parameters.

A.3.4 CCTOMDIS
Authorship Rachel Butt

Purpose CCTOMDIS calculates M-distributions do(M) from do (6, 6,) using a
serni-classical method.

Language Fortran.
Size 560 lines.
Standard input files dldm.dat

Standard output files tgtline.dat, prjline.dat, sigmatrix.dat, totline.dat, jomy-
data.dat, mdistr.dat
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Figure A.9: If the nuclear spin I makes an angle § with the beam axis, the

classical projection of I on the beam axis is taken as y if p — % < Tcos(f) <
1

B+ 3-

A.3.4.1 Physics
CCTOMDIS assigns 9o (fg, 01) to o (M):

min(fo,M-+I1) cos—1 so=3 cos—1 M-pg—}
B (M) = 3 /9 S, fg (=) B0 (6o, 01)dbodd:

1 1
M—
o==cos—1 (%z) L =cos—1 (*sz)

po=max(—Io,M—1I1) 1

(A.29)
where the limits of the integrals are assigned according to the projections of the tar-
get and projectile nuclei on the beam axis, as illustrated in Figure A.9. In practice,
the integrals are evaluated numerically in 1° steps, using linear interpolation at the
boundaries.

A.3.4.2 Calling patterns

CCTOMDIS requires do(fp, 1) to be supplied in a file like dldm.dat, which is
generated by CCMOD_RDB. The desired M-distribution is written to mdistr.dat.

A.3.5 MELANIE
Authorship Rachel Butt

Purpose MELANIE performs a semi-classical calculation of w(J, M) based on the
data Go(l, 6y, 6;) supplied by CCMOD_MEL.! :

References Section 3.2.4

Language Fortran.

TMELANIE calculates M,L distributions; thus “Mel”.
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Size 586 lines.
Standard input files dldmel.dat, pdws.dat

Standard output files joevapin.dat, melcheckel.dat, mmdist.dat, mmdistl.dat

A.3.5.1 Physics

To evaluate 8o (l, o, 141) We use a semi-classical coupled-channels calculation as
described for CCTOMDIS, extracting the distribution do(l, 8o, 61) and calculating
do(l, po, pr1) according to: '

cos—1 (MOT;%-) cos™! (MII )
8o (1, po, pia) = /9 o (1) fg e () B0 (l, 80, 0,)d00d0,  (A.30)
1] 1 .

using the same classical partitioning of # into 4 as illustrated in Figure A.9.
We can then perform an angular momentum addition using the three angular
momenta {, Iy, I

o R Dol i, M~ )| O IO

'w(J,M)={Z > 2 -

o +1 I
120 Sl L pomto im0 oty L=, 00 o, 112)

} (A.31)

where §=f{3+ﬂ and fmﬂ)—l—ﬂ—i—f:
MELANIE is, in practice, superseded by QMELANIE.

A.3.5.2 Calling patterns

MELANIE prompts for the target and projectile spins fy and I;. It then prompts
for a file such as dldmel.dat from which it can take 8o (i, 0, 6;). This file is gen-
erated by CCMOD_MEL. MELANIE silently reads from pdws.dat a factor which
CCMOD_MEL uses to correct its cross-sections, so that MELANIE can apply this
correction to the partial cross-sections do (I, fg,61), which are, by necessity, written
to file before the correction factor is calculated. The correction is close to unity and
arises from geometric considerations.

MELANIE writes the total spin Iy + I to joevapin.dat, followed by the matrix
w(J, M) in the format J, trunc(M), w(J, M), for 0 < M < Iy + I;. MELANIE
writes the distribution w(J) = Y w(J, M) to melcheckel.dat and the distribu-
tion w(M) = ¥ ;w(J, M), for —(Ip + Iy) < M < I) + I, to mmdist.dat, and to
mmdistl.dat in the format M, w(M). |

A.3.6 QMELANIE
Authorship Rachel Butt

Purpose QMELANIE performs a quantum-mechanical calculation of w(J, M) based
on the data do(l,fy,6,) supplied by CCMOD_MEL.
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Variants QMELANIE HIGHTGT, QMELANIES.
References [BUT02], Section 3.2.5

Language Fortran.

Size 427 lines.

Standard input files dldmel.dat, pdws.dat

Standard output files joevapin.dat, melcheckel.dat, gmdist.dat, qmdistl.dat

A.3.6.1 Physics

The semi-classical program MELANIE depends upon the classical assumption
that the ground-state nuclear spin is perfectly aligned with the nuclear deformation
axis. However, quantum-mechanically, this cannot be the case; the direction of
an angular momentum vector is never perfectly determined. QMELANIE takes
account of this inherent uncertainty.

Given a spin I with projection & on the nuclear deformation axis, what projection
1 does I have on the beam axis? In other words, how does angular momentum
transform under rotation? We assume an angle # between the two axes. Rose
[ROS61] shows that the angular momentum eigenfunction |1, k), expressed in terms
of the basis of eigenfunctions |I, 1) relative to the beam axis, is as follows:

|1, ) Zd O, ) (A.32)

Hence, to obtain the partial cross-sections 0o ({, o, (1), we must invert the above us-
ing the partial cross-sections do (I, 6p, 61). CCMOD has calculated this distribution
in one-degree steps. The inversion is as follows:

0o (l, oy 1) = D A2 o o (B0) Pl 1, 1 (61) 200 (1, 80, 61) sin By sinéy.  (A.33)
o, 01

From do(l, o, 1) we determine w(J, M) precisely as given in Equation A.31;
that is to say, we add the three angular momenta from ground-state target spin,
ground-state projectile spin, and collision-induced angular momentum, according
to the Clebsch-Gordan coefficients.

A.3.6.2 Calling patterns

QMELANIE calling patterns are essentially identical to those for MELANIE.

QMELANIE_HIGHTGT accepts target spins greater than 10A; thus it is the
appropriate program to use when modelling isomers such as *"®Hf™2 (16%). Capacity
for high projectile spins is not provided, partly because no need has yet arisen, and
partly because if QMELANIE HIGHTGT also accepted high projectile spins, it
would exceed current quotas for how much memory one program can use!

QMELANIES uses double-precision variables where QMELANIE, uses quadruple
precision variables. This does not have much effect on the output, but it does reduce
the time required for the program to run.
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beam axis

Ho

Distribution of pyg

Figure A.10: (a) A schematic diagram of a deformed nucleus with ground-
state spin. Because the ground-state nuclear spin IT) cannot be perfectly
aligned with the nuclear deformation axis, o may take a range of values. (b)
The calculated distribution of ug is illustrated for the case Iy = 7, Ko = 7,
o = 45°.
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A.3.7 PSEUDO_MELDIS
Authorship Rachel Butt

Purpose To take an [-distribution and combine it with an M -distribution, produc-
ing an “uncorrelated” (separable) distribution w{J, M) for comparison with
correlated w(J, M) distributions from MELANIE or QMELANIE and calcu-
lations thereon.

Language Fortran.
Size 110 lines.
Standard input files joevapin.dat, mdist.dat

Standard output files joevapin_def.dat

A.3.7.1 Czlling patterns

PSEUDO_MELDIS gets its [-distribution w({) from a file joevapin.dat generated
by MELANIE or QMELANIE with input of zero spin. It gets its M-distribution
w'(M) from a file mmdist.dat normally generated by MELANIE or QMELANIE
when the input spin was non-zero. PSEUDO_MELDIS outputs the product distri-
bution w(l, M) = w(l)w'(M) to joevapin_def.dat.

In the command-files, this is carried out by replacing the normal MELANIE call:

46 $ run [fission.rdbl03.progs.joevap] MELANIE
47 7.0 0.5

48 dldmel.dat

49 $ copy mmdist.dat mdis_erll4.dat

50 $ DEF/LOG LDIS$FILE joevapin.dat

with:

46 $ run [fission.rdb103.progs.joevap] MELANIE

47 0.0 0.0

48 dldmel.dat

49 § run [fission.rdbl03.progs.joevapl pseudo_meldis
50 7.0 0.5

51  joevapin.dat

52 mdis_erll4d.dat

53 $ DEF/LOG LDIS$FILE joevapin_def.dat

Note that this example uses an M-distribution saved from a MELANIE call includ-
ing nuclear spin.
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A.3.7.2 DLDMEL_FLATTENER

DLDMEL._FLATTENER is similar in purpose to PSEUDO.MELDIS, but oper-
ates rather differently. DLDMEL_FLATTENER, prompts for the name of a file like
joevapin.dat, which contains a distribution w(J, M), and calculates

frd J, M)
"I M = EM==I w( )
w'(J, M) 2I+1

(A.34)

prompting for the name of the file to which it should write the new distribution.

A.3.8 JOANNE
Program Name JO_EVAP

Authorship John Lestone

Purpose To model particle evaporation, compound nuclear survival and nth-chance
fission events, using a Monte Carlo approach.

Modifications Annette Berriman incorporated nuclear shell effects into the calcu-
lation. Rachel Butt added the facility to track changes to the projection M
of the total nuclear spin J along the beam axis.

Variants JO_SHELL, JOANNE2

References [LES90B, BER01C]

Language Fortran.

Size 3992 lines.

Standard input files reaction.inp, reaction_tc.dat, listtl.dat or joevapin.dat.

Standard output files tj_dist.dat, for001.dat survive.dat, fission.dat, sur_ex.dat,
fis_ex.dat, er_red.dat, xn_red.dat, xnsur.dat.

JOANNE is the core of realistic fusion-fission simulations that predict fission
probabilities, anisotropies etc.

JOANNE comes in quite a number of variants with appreciably different calling
patterns. We have only described the principal variants here. The versions available
at ANU are all descended from “JOANNEZ2”. The original author, John Lestone,
further developed JOANNE, refining it, rearranging the code in line with substan-
tially better programming practice, and introducing some new physics. However,
that new physics is sufficiently controversial that our own new physics has not been
added to “JOANNE4”, and we work solely with the “JOANNE2” branch.

tJOANNE is named for the original author’s wife.
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A.3.8.1 Physics

JOANNE is a reasonably large and complex program, and we will not describe
all the physics in detail here.
Broadly, all JOANNE variants follow the following steps:

1. Select J (and M, if appropriate) randomly (weighted by cross-section).

2. Calculate widths (probabilities) for particle emission, for neutrons, protons
and o-particles, for a range of possible changes in angular momenta AJ and
a range of possible changes of excitation energy AE for the daughter nucleus.

3. Calculate the fission width.

4. Select one of the possibilities randomly, based on the calculated probabilities.
Record the emission. (JO.EVAP selects a AM at this point.)

5. Repeat the calculation of widths and selection of possibilities, based on the
new excitation energy, angular momentum, charge and mass, until either the
nucleus fissions or the nucleus cannot emit any more particles.

Under certain circumstances, calculate post-scission particle emissions.
Record details of the decay chain and ultimate outcome.

Repeat for many of decay chains (“cascades”).

v o N

Write out aggregate data.

The equations used to calculate the fission and particle emission widths are given
in John Lestone’s PhD thesis [LES90B], section 2.3.2. Annette Berriman covers the
same material in her thesis [BER01C], sections 2.2.4 and 2.5.4, including specific
coverage of the JO_SHELL extensions in 2.5.4.2. We reproduce the fission and
particle emission widths in this thesis in Equations 2.32 and 2.36.

The JO_EVAP extensions have a number of aspects. Firstly, the program is
extended to accept and handle half-integer spins. So as to minimize interference
with existing input and output for the program, this is done using a Boolean variable
recording whether or not the current angular momentum .J is integer or half-integer.
Secondly, the intrinsic spin of evaporated neutrons and protons (half a unit) is also
tracked. Thirdly, the input angular momentum distribution is w(J, M), not da(1);
this has several physical consequences. The effect of the correlation of J and M may
be studied after including any changes in J or M due to pre-fission particle emission,
and (more importantly) the changes in the J-distribution due to low-J compound
nuclear survival. The increase in the average J due to the addition of ground-state
nuclear spins ! is included and marginally increases the fission probability. And it
becomes appropriate to track the changes in the projection M of the total spin J
on the beam axis, due to angular momentum carried off by evaporated particles.
The relative probability that the change takes the value AM is given by:

Pr(aM) = qlogiia, [ (A.35)
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where subscript p denotes the parent nucleus, and d the daughter; and the corre-
sponding solid angle {2 takes the values:

_ dn _
0= wes S AM =0 (A.36)
2n 0< AM < AJ

AT(AT+1)

_ AJ-1/2 _
%@ Vﬁ%ﬁ)AM—AJ :

These two equations may not be perfectly rigorous. However, the effect they predict
is extremely small, as shown in Section 3.2.7.

A.3.8.2 Calling patterns

JOANNE gets most of its information from an input file (e.g. reaction.inp) which
should be specified in the VAX shell variable INPUT$FILE. A sample is given in
Section B.2.1; it is largely self-explanatory. This input file should name the file
containing the particle evaporation transmission coefficients (e.g. reaction.tc.dat).

JOANNE requires an angular momentum distribution w(!), which it reads from
a file (e.g. listtl.dat) specified in the shell variable LDIS$FILE. (JO_EVAP reads in
w(J, M) from this file, usually named joevapin.dat or something similar.)

JOANNE silently reads from gsmass.tab, vgsld.tab, and frldm.tab, in the same
directory as the program’s source code. Users should not have to worry about this.

JOANNE writes out Ny;s(¢, T, J) to tj_dist.dat, where ¢ is the number of neutron
emissions that have occurred prior to fission (7 is set to 10 if a proton or a-particle is
evaporated). (JO_EVAP writes out Ny,(4,T, J, M) instead.) Collated information
on a wide variety of quantities is written to the various output files; particularly
for001.dat.

A.3.9 COLLETTE
Authorship John Lestone, Annette Berriman, Rachel Butt

Purpose To take the distribution of fission fragments from J OANNE and generate
the appropriate fission fragment angular distribution.t

Variants JO_A_FFAD, JO.A_ACB, JOMYD, COLLETTE_DIS

Language Fortran. ' '

Size 348 lines.
Standard input files reaction_ieff.dat, reaction.inp, tj_dist.dat

Standard output files ieff.dat, jo_a.out, jkia.dat, anisot.dat, anisotnn.dat, ani_ex.dat,
aninn_ex.dat

TCOLLETTE “collects” data.




A.3. Fusion-Fission Simulation Programs 197

A.3.9.1 Physics

COLLETTE and related programs calculate fission fragment angular distribu-
tions from distributions generated by JOANNE or related programs. Most forms
of the program also calculate partial fission fragment angular distributions for each
i, where i denotes the number of evaporated neutrons. (If a proton or a-particle
was evaporated, i is set to 10.) These “nth chance fission” anisotropies are often
interesting in themselves.

JO_A_FFAD and JO_A_ACB differ very little in their physics; the latter has
slightly more error checking and records a little more information. They read in the
matrix Nyis(4, T, J) (assuming J = I} and calculate the fragment angular distribu-
tion:

L (27 +1)|dg x (6)|* exp(—K?*/2Ko(J, T)?)

x D

K== J Z}f(=—J exp(—K?/2Ky(J,T)?)

(A.37)

JOMYD incorporates the ground-state nuclear spin into the simulation, by read-
ing in Ny;(4,T,1) (which ignored ground-state spin) and then assuming that the
distribution do (M) is appropriate to all T and J, calculating:

+Tg+1I +Io+I1

W(Q,Z,T,l) o Z z Nﬁs('i,T,l)
J=[l—(Io+1)| M=—(Io+1)
{i i *io ao(M)|cﬁfan|2|cig:ﬁ’f#D,M|2}

+Ip+I1
(20 s={loety ety e (ly+1y) 0T (M)

[ L (27 + 1)|di 1 (0)|* exp(— K2 /2Ko (4, T)?)

>

K=—J Z}Lﬂ, exp(—K?/2Ky(J, T)?) (A.38)

and from that, calculating W(0) o< >; X7 > W(6,4,T,1). JOMYD is the first

attempt at including the effects of nuclear ground-state spin in full fusion-fission

simulations. The above equation has the wrong lower limit for J for the case

where both [y and [; are significant and [ < Iy + ;. JOMYD is superseded

by COLLETTE. :
COLLETTE reads in Ny;,(2, T, J, M), calculating:

L (2] + 1)l (6)1 exp(~K?/2Ko(J, T)?)
W (6,3, T,J, M) o Npso(6, T, J, M ’
(0, ) o< Npio(t ) K:Z—J E}Ifz—JeXP(—Kz/zKO(JﬂT)Z)

(A.39)
and subsequently W (6} o< 3, Y r s ons W(6,4, T, J, M). COLLETTE_DIS differs
from COLLETTE only in that it calculates W(#) at a range of angles specified in
thetalist.dat, and writes W(0) to flangdis.dat.
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A.3.9.2 Calling patterns

All forms of this program look in the shell variable INPUT$FILE for the name of
a file describing the reaction (the same file JOANNE used for its input; e.g. reac-
tion.inp). They also look in the shell variable DATIEFF for the name of the file con-
taining the T, (J) information (e.g. reaction_ieff.dat). The distribution Ny, (2, T, J)
or Ng;s(i, T, J, M) is read from tj.dist.dat. (Note that the slight dependence of T,
on i is not considered!)

JOMYD looks in jomydata.dat for target and projectile spins, and the associ-
ated M-distribution. This file is usually prepared with CCTOMDIS. .

Quite a bit of information is written out to various files. Usually the most
interesting is anisot.dat, where the calculated anisotropies are written.

A.3.10 TAIL
Authorship Annette Berriman

Purpose Organise data from JOANNE simulations for easy graphing.
Language Fortran.

Size 72 lines.

Standard input files anisot.dat, anisotnn.dat, ani_ex.dat, aninn_ex.dat

Standard output files anisot.dat, ani_ex.dat

A.3.10.1 Calling patterns

TAIL is called at the end of a command-file executing a JOANNE simulation.
TAIL examines the various files which are written during the JOANNE simulations,
collating all the data in the files anisot.dat and ani_ex.dat, with suitable MULTIFIG
lift-pen and change-line-style commands.

A.4 Quasi-Fission Simulation Programs

A.4.1 DOM
Program Name FDOM, SDOM, TDOM

Authorship Rachel Butt

Purpose To generate a matrix Poy(l, 8o, 01) specifying what fraction of each ele-
ment of the matrix 8o (I, 8y, ;) proceeds to fuse, and what fraction undergoes
quasi-fission without fusing.?

Language Forfran.

tDOM stands for “Division Of Matrix”.
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Size 100 lines.
Standard input files dldmel.dat

Standard output files pr_qfis.dat

A.4.1.1 Physics

Each variant of the program uses a different method for specifying the division
of “capture” events between fusion (compound nucleus formation) and quasi-fission.

FDOM uses a constant fraction. Whatever the angles 6y, #;, and the angular
momentum /, still we assume that x% proceeds to quasi-fission and (1-x)% to fusion.

SDOM uses a square cut in fy. For angles less than 6., the system quasi-fissions;
for angles larger, the system fuses.

TDOM uses a threshold cut:

1

6—8
14+ e ae

Pen(bo) =1— (A-40).

A.4.1.2 Calling patterns

The DOM programs use dldmel.dat from CCMOD_MEL, simply as a template;
something to give the range and spacing of 8y, 61, and [ appropriate to the reaction
(since sometimes dldmel.dat only covers y, with 6; taking only one value). The pro-
grams could in theory also do the next stage, of calculating Pon (I, 6o, 61)00 (1, 8, 61),
but this way Pon(l, 6, 61) and 8o (1, 8, 6,) may be recalculated separately. The out-
put Fypis = 1 — Pon of any DOM program goes in pr_gfis.dat to PHILLIPA, which
performs the division of do(l, by, 61 ) between fusing and quasi-fissioning components.

A.4.2 PHILLIPA
Authorship Rachel Butt

Purpose To separate the fission and quasi-fission components of da(l,8y,61) ac-
cording to an input matrix Fys;,(l, 6y, 61).1

Language Fortran.
Size 111 lines.
Standard input files dldmel.dat, pr_qfis.dat

Standard output files fis_dldmel.dat, gfis_dldmel.dat, sig_fis.dat, sig_qfis.dat

tPHILLIPA “flters” a distribution.
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A.4.2.1 Calling patterns

PHILLIPA reads P,jis(l, 6p,61) = 1—Pon(l, 0o, 61) from pr_gfis.dat (as calculated
by a DOM program) and do(l, 8, 8;) from dldmel.dat. It generates 8o pys(l, o, 01) =
Pen(1,00,0,)00(1, 69, 61) (which goes to fis_dldmel.dat), o fus = 31 55,0, O sus(l, 0o, 1),
which goes to sig_fis.dat, and their quasi-fission equivalents.

The two do files will proceed through different calculations, one appropriate to
fusion-fission, the other appropriate to quasi-fission, until COLLEEN combines the
two resulting fragment angular distributions according to the total cross-sections
O fuss Ogfis- (Note that COLLEEN’s result will be slightly off according to the sur-
vival probability of the fused system; however, if quasi-fission is significant, survival
cross-sections are usually negligible! This may have to be corrected for particular
cases not covered in this thesis.)

A.4.3 PATRICIA
Authorship Rachel Butt

Purpose To compress the input 8o,:5(1, th, 61) to QMARY, so that QMARY fin-
ishes calculations faster.

Language Fortran.
Size 87 lines.
Standard input files gfis_ dldmel.dat

Standard output files ¢fis_.dldmel c.dat

A.4.3.1. Calling patterns

PATRICIA assumes that the contents of gfis.dldmel.dat are 8ogs:s(l, B0, 61),
where 6y comes in one degree steps and there is no iteration over #;. (If the projectile
nucleus is significantly deformed, and there is iteration over 6, a new, 2D PATRI-
CIA will be urgently needed!) PATRICIA calculates and writes out doggis(l, 0o, 01)
where 8, comes in larger steps, the size of the steps depending on the integer read
in from command-file.

A.4.4 MYDE
Program Name MYDE _LDIS

Authorship Rachel Butt

Purpose To generate fission fragment angular distributions for given Ko, 8o(l),
do(M).

tPATRICIA re-“partitions” a matrix.
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Variants MYDE MELFED, MYDE_II

References [VAN73, BUT02], Sections 3.2.4, 3.2.3
Language Fortran.

Size 533 lines.

Standard input files listtl.dat, thetalist.dat, mdist.dat

Standard output files outmyde.dat, outmydeall.dat, summary.dat

A.4.4.1 Physics

MYDE generates fragment angular distributions for constant Ky (in contrast to
COLLETTE and related programs, where Kj varies, depending on J (via Z.;; and
evaporated particles (via T)). Nothing in MYDE is specific to quasi-fission.

MYDE_LDIS evaluates the fission fragment angular distribution according to
[VANT73]:

W) o« > > > X 5 2 Y

To+1
J=0 M=—(Ig+I1) | I=0 S=|lo—I1| po=—Io Y2+ 1T Zj\.}gt(lfo+1'1) oo (M)

x [ (27 + 1)|d; 5 (0) | exp(— K2/2K3)

oo +Iot+11 {oo To+11 +Ig M (2l+1)ﬂ| fJIOJM| | Io,h, M|2}

D

K=—J EIJ<=—J eXP(—Kz/QKg')

Here, I is the spin of the target nucleus, and yg its projection upon a space-fixed
axis (in experiments, the beam axis). The channel spin S is the vector sum of Iy and
I, where I; is the spin of the prOJectlle nucleus The orbital angular momentum
I, together with S, determines J =1+ S the total angular momentum of the
ﬁssioning nucleus. M is the projection of J onto the space-fixed axis. KZ is as
defined in Section 2.2.2. C’f,,lOJM nd C’i‘c’,ﬂ} ° o,pr are Clebsch-Gordan coefficients.
The function dM (@) is the well known d-function, as defined in Equation A.27.
T; is the fusion transmission coefficient for a given orbital angular momentum /.
The M-distribution do(M) is the weighting of each value of M, assumed to be
independent of {. '

The quantity in curly brackets in Equation 3.1 is w(J, M), the weighting for each
possible fission channel (J, M). The quantity in square brackets in Equation 3.1
specifies the fission fragment angular distribution p(J, M, ) for a given channel
(J, M).

MYDEI arranges the equation slightly differently, with an eye to efliciency for
single-{ calculations..

MYDE_MELFED shifts a higher proportion of the calculation to its parent pro-
gram, demanding the correlated distribution w(J, M) as input, and calculating the
fission fragment angular distribution according to:

i S w( M) Y (27 + 1)|df; 1 (0)|? exp(— K2 /2K2)

J=0 M=—J K=—1J Eg{:—.] exp(—K?/2K§)

(A.41)

(A.42)
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A.4.4.2 Calling patterns

There are various minor differences between versions of MYDE, depending on
whether or not they read in their selection of angles # from thetalist.dat or take
90°-180° in 5° steps, whether they include the angles 90° and 180° as well as the
angles read in from thetalist.dat, whether they take a fixed number of angles from
thetalist.dat or just whatever is there, how they assign errors to their calculated
angular distributions (since that is arbitrary), and what angles they write out to
the result files outmyde.dat and outmydeall.dat. To determine which code does
which, look at the source code, and make minor amendments and recompile if there
isn’t already something that does precisely what you want.

MYDE prompts for an angular momentum /, and (if the value is negative) then
prompts for the name of a file containing the I-distribution. It prompts for the value
of Ky, and the target and projectile spins. It takes character input for whether to
use a single value of M (which it would prompt for; this is mainly of theoretical
interest) or an M-distribution, whereupon MYDE will prompt for the filename.

MYDE_MELFED simply prompts for the name of the file containing the distri-
bution w(J, M) (usually joevapin.dat) and the value of K to use.

All programs write the calculated fragment angular distribution &, W () to out-
myde.dat, and the basic input of the calculation to summary.dat. If the angles
90° and 180° are added to the list of angles used, the program also writes those to
outmydeall.dat, and calculates an anisotropy W{180°)/W (90°) which is written to
summary.dat.

A.4.4.3 COMGEN

Under some circumstances MYDE has been used in surveys of large ranges of
input values. To facilitate this, the program COMGEN was written to generate
appropriate command-files, which could call MYDE a thousand times. (Note that
each iteration generates fresh versions of some files, and VAX version numbers are
limited to just over 32 thousand.) COMGEN prompts for files containing the list
of K, values, Iy values, and I; values the command-file is to cover.

The MKGRAPH programs are then used to analyse the resulting summary files,
picking the relevant data from the summary files, and writing subsets of it to new
files, which could then be sorted, possibly further manipulated (eg SORTRIP, which
sorts on and then strips off the first number on each line, or GRAPHIKI, which
manipulates the results into a form suited for 3D plots with MATHEMATICA), and
then graphed. This is how Figure 3.2 was generated. Fortran is not intrinsically
suited to string manipulation, unlike Perl, and MKGRAPH may be sensitive to
which versions of FIFRANG and MYDE are being used. As with MYDE it is easier
to look at the source and change it as needed than to list which file uses which
formats.

A.45 QMARY
Authorship Rachel Butt
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Purpose To calculate quasi-fission fragment angular distributions W(6), given
B 45is(1, 00, 01), allowing Ky to vary with 6.7

Language Fortran.
Size 556 lines.

Standard input files thetalist.dat, ccin.dat (currently ignored), qfis_dldmel.dat,
pdws.dat

Standard output files gf ffad.dat, joevapin.dat, melcheckel.dat, qmdlst dat,
gmdistl.dat

A.4.5.1 Physics

QMARY calculates quasi-fission fragment angular distributions where K is not
constant. The input is o,p(l, 6o, 61). QMARY basically breaks each element of
this matrix down into substantially tinier pieces, each with unique values of uo, p,
S=Ih+h 1, and J =10+5. The weighting of each component is assigned according
1o:

2

w(l, Bo, 01, o, 111, S, J) = Boyis(l, 6o, 01) |d10,u0 to | ‘dIl L (61) ‘ |Cfﬁﬁu1,M’ !OISJ

43)
where M = pg + p1, and the total fission-like fragment angular distribution is
assigned according to:

ZZZZZZZp J, M, Ko, 0)yw(l, 00, 01, o, 11, S, J) (A4

6o G I po H1 §

where K has been determined using any or all of the available parameters;, and
p(J, M, Ky, ) describes where the fission fragments go for those parameters.

This is something of a brute force approach; the input information is broken
down as finely as we can sensibly imagine, and calculating millions of distributions
p and adding them all back up again is computationally demanding. On the other
hand, by changing the way Kj is determined and possibly even the nature of the
microscopic angular distribution p, we can try out almost anything. Since we are
still trying out plausible possibilities for quasi-fission fragment angular distributions,
this flexibility is important.

The selection of Ky and corresponding calculation of a fission-like fragment an-
gular distribution is performed in a pair of sub-routines in a library file (currently
KO_TGTTHETA.FOR, 164 lines), which may readily be replaced.

The existing subroutine update_ffad chooses a K according to:

Ky = ) By < x3
nglgg + 2 90 > T3 (A45)

TQuasi-fission counterpart to QMELANIE. By the time QMARY was written, the “Girls”
theme for program names was well entrenched.




204 A. Computer Codes and Simulations

where 7, Z2, and z3 are parameters read in from the command-line or command-
file. Update_ffad then gets a fragment angular distribution using that Ky from
subroutine get_incremental ffad, and adds it, appropriately weighted, to the fission-
' | like fragment angular distribution already computed.

‘ The subroutine get_incremental ffad expects to be passed J, M, Kj, and a list
of angles #; it returns:

2
e~ K2/2163

(A.46)

J (2 +1) d{J’K(H)
P(Ja M, KU!Q) = Z J‘ —K2/2K2
K=1J] k=g € o

This could be replaced if, for example, the time it takes the compound nucleus
or di-nucleus to rotate once is comparable to or longer than the time it takes to
scission.

A.4.5.2 Calling patterns

QMARY reads in thetalist.dat to find out what angles to calculate the quasi-
fission fragment distribution at; it is important, if the results are to be compared
with experiment, that these angles match the experimental angles, as discussed in
Section 6.5.1.1.

QMARY writes out files like QMELANIE, partly so that these files may be
examined as a bug-preventative. When simulating fragment angular distributions,
the only file of interest is qf ffad.dat.

QMARY, running in quad-precision and input spin of 7/2, can take two full days
to calculate an ffad for one beam energy. Using QMARYS8 speeds this considerably
(at least a factor of 4) without detectable loss of precision in the results. Using PA-
TRICIA compression of 3-5 cuts QMARY run times by the same factor; detectable
loss of precision in the results appears around PATRICIA compression of 10.

Because QMARY takes so long to run, it is advisable to run command files
calling QMARY in “batch mode”.

A.4.6 COLLEEN
Authorship Rachel Butt

Purpose COLLEEN takes the fission and quasi-fission fragment angular distribu-
tions, and adds them in proportion to supplied cross-sections.

Language Fortran.

Size 102 lines.

Standard input files thetalist.dat, gf_ffad.dat, outmydeall.dat, sig fis.dat, sig_gfis.dat,
fis_sig.dat, gfis_sig.dat

Standard output files ffad.dat

tLike COLLETTE, COLLEEN collects data.
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A.4.6.1 Calling patterns

COLLEEN reads the list of angles & at which fission-like fragment angular dis-
tributions have been calculated from thetalist.dat. The cross-sections ;s and oyfis
that the input distributions ought to have are read in from sig_fis.dat and sig_gfis.dat
respectively. The cross-sections o, and ogsis. that the data actually show are
read in from fis_sig.dat and qfis_sig.dat respectively. These may differ from earlier
cross-sections because, since the shape of the angular distribution is more important
than the cross-section, some programs which calculate FFADs do not attempt to
conserve cross-section. The subroutine ANGCROSS can be used to measure cross-
sections or re-scale distributions, but it does not return good results for irregularly
distributed angles; hence COLLEEN reads cross-sections from files, where the files
may be written by FIFRANG (for028.dat) after fitting each angular distribution.

COLLEEN prompts for the file containing the fission angular distribution W;,(6),
and then for the file containing the quasi-fission angular distribution W z;,(8), and
calculates the combined FFAD according to:

W(0) = Wis(0) 725 o Wopso(0) 225 (A47)

fisa O—qfis,a

writing the result to ffad.dat. -

A.5 Libraries

The following are not programs in themselves, but are libraries written in simple
FORTRAN that have been used in many of the existing programs, and are docu-
mented here because they should be useful for future programs. While there are
more sophisticated standard libraries available on the VAX and Alpha, the different
machines require linking against different libraries, and from a user’s perspective it
is difficult to locate the desired library.

A.5.1 ANGCROSS
Authorship Rachel Butt

Purpose Returns the cross-section of the supplied angular distribution or returns
the supplied angular distribution scaled to the supplied cross-section.

Language Fortran.

Size 255 lines.

ANGCROSS works out what order the supplied angles go in, then calculates the
observed cross-section according to:

T = (91 - 900) Sin(gl)W(Ql)

+ Z(9i+1 - 93“.1)/2 SIH(BZ)W(GT)

i=2

H(180° — 6,,)/2 sin(6,)W (6,,) (A.48)
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If the supplied cross-section o, is negative, ANGCROSS sets it to the observed
cross-section; if it is positive, ANGCROSS scales the angular distribution by o,/a,. '

ANGCROSS takes real numbers for W(6;). ANGCROSS_DBLPREC takes double-
precision, and ANGCROSS_HIGHPREC takes quad-precision.

A.5.2 CHIDIFF
Authorship Rachel Butt

Purpose Returns the ¥ measure of fit quality between a supplied set of theoretical
values and the corresponding data.

Language Fortran.

Size 24 lines.

If the theoretical points are given by T'(z), the data by E(4) and the errors by
AE(3), then CHIDIFF returns:

=3 (E() - T@)’ (A.49)

A.5.3 CHIFIF
Authorship Rachel Butt

Purpose FIFRANG library functions, GETANGDIST, CHIDIFF,
SAMPLEINTERVAL

Language Fortran.

Size 193 lines.

The abstraction of these library functions from FIFRANG is not complete, in
that these functions basically cannot be used in other programs without at least
a little modification, and other functions cannot be substituted for these without
also modifying FIFRANG a little (e.g. FIFRANGMYD). However, they do improve
things.

GETANGDIST returns a theoretical angular distribution for a particular K,
using a supplied {-distribution and scaling the total cross-section to match the sup-
plied experimental angular distribution. It gets the basic distribution, in 5° steps,
by calling FANGDIS in the library FANG; this distribution is linearly interpolated
to the angles at which the experimental data is available, and then scaled to the
same total cross-section.

CHIDIFF matches the function in the library of the same name.

SAMPLEINTERVAL implements the robustification of FIFRANG’s parabolic
search algorithm. It takes a set of three evenly spaced Ky values 1, 3, 3, and
uses them as a starting point for a search for three Kj values spanning the only
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minimum in the ¥? function. The initial search is over eleven evenly spaced points
from (2; — ) (or zero, if that is negative) to (23 —x3). If one of the middle points
returns the lowest ¥2, SAMPLEINTERVAL will return that point and the two either
side of it, for FIFRANG to use in its search; if not, SAMPLEINTERVAL will try
sampling eleven points over a new interval, and repeat until a result is obtained. H
the previous limits were Ty, and Ty, then if the lowest point has the lowest ¥?,
then the new interval runs from 3/2%min — 1/2Zmas OF 2610 10 (Tyngs + Tymin)/2 ; if
the highest point has the lowest x?, the new interval has double the old step-size
and runs from the middle of the old interval.

A.5.4 CLEBSCH
Authorship Rachel Butt

Purpose CLEBSCH returns a Clebsch-Gordan coefficient for the supplied angular
momenta. LITLDE returns the “d-function”.

Variants CLEBSCHS
Language Fortran.

Size 219 lines.

CLEBSCH is a straight-forward calculation of Clebsch-Gordan coefficients usmg
quad-precision variables:

11.72,13 —
le,mg,mg = Umg,(my+me)

(73 + 71 — 72)1(Js — 71 + 32)1(J1 + J2 — 73)' (Js + ms)!{(jz — mn3)! 12
(1 =+ F2 + J3 + DG — m)(Gr + ma)! (G2 — m2)!(jz + ma)!
(=) (45 4 g3 4+ my — ) (51 — My + v)!

XZ Vi{ja = J1 + 2 — V)Us +ma — (v + 1 — Jo — ma)! (A.50)

X {243+ 1)

. where the summation is carried out over all v such that all arguments involving v
are non-negative. This uses the FACTRL function in this library, which must be
initialized using the subroutine MKFACT, and which can return n! for n < 300.

These libraries also contain the function LITLDE, which evaluates [VANT73,
ROS61]:

dyx(8) = {(J—I—M)f(J MWJ + KNJ - K),}I/z
)X [sin(f/2)]H~M+2X [cog(f /2) |2 —K+M—2X

XZ(J K —X)J+ M = X)X + K — M)IX] (A51)

where the summation is performed over all integer values of X where all factorial
arguments are non-negative.

CLEBSCHS uses only double-precision variables. It still copes with spins in
excess of 1007, which is not straightforward using double-precision variables, by
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dint of separating the factorials into their exponent and mantissa, and performing
calculations using both.

In any program using this, the array of factorials should be initialized using
“CALL MKFACT” or “CALL MKFACTEM” for CLEBSCH or CLEBSCHS re-
spectively.

A.5.5 FANG

Authorship Birger Back

Purpose Returns a component of a fission fragment angular distribution.
References [BAC85]

Language Fortran.

Size 76 lines.

The FANG library contains two subroutines; FANG and FANGDIS. FANG
expects an angular momentum I, K, and the angle 6 (specified as the integer
(6° — 85)/5, since the function only works in 5° steps), and returns:
L G, K,0)eK*/2Ks
F(I,Ky,0) = S

(7, Ko, 6) K=Z—I Yoy e KIS
where G(I, K, 8) is retrieved from the lookup table in wfis.dat, and should be equal
to (21 + 1)|dé,K(9)|2.

FANGDIS expects an angular momentum distribution do(l) and the parameter
K, and returns the distribution W(#), evaluated in 5° steps:

W(0) = 3 F(i, Ko, 6)90(l) (A.53)

(A.52)

A.5.6 GAUSS
Authorship Rachel Butt

Purpose Returns a number selected randomly from a Gaussian distribution with
average zero and standard deviation 1. '

References [BEV92, pgs 84-88]
Language Fortran.
Size 92 lines.

For integers z; selected randomly from the interval 0-1, the sum > ,z; ap-
proaches Gaussian form as n increases, with the average n/2 and the standard
deviation 4/n/12. The function RANGAUSSI2 returns such a result, calculated

with n=12, scaled to have average zero and standard deviation 1; The function
RANGAUSS48 uses n=48 for higher precision.
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A.5.7 PARMIN
Authorship Rachel Butt

Purpose Returns the coefficients of a parabola passing through the three supplied
points.

Language Fortran.
Size 87 lines.

PARMIN expects the arrays z(1 : 3) and y(1 : 3), and returns a, b, and ¢ for the
equation y = a(z — b)? + c. b is evaluated according to: .

oz} — =) + (x5 — 7))

b= % — (A.54)
2(231 — mg)i’é_—(&% + 2(2173 - 232)
whereupon « is evaluated according to:
0= Y2 — U (A.55)

(22 = b)? — (21 — 0)?

and ¢ according to ¢ = y3 — a{z3 — b)%.

If @ is negative, or if b is outside the range z;—z3, PARMIN sets the sign of
b to be negative as an error signal. (This assumes, naturally, that b should be
positive; which is true for FIFRANG, at present the main program using PARMIN.)
PARMIN will also report errors if two or more of the supplied z-values are identical,
but this functionality is not yet as good as it could be.

A.6 Major External Programs

A.6.1 DCP
Authorship Gordon Foote
Purpose To collect and analyse data from any of the ANU detector systems.

DCP is an integral part of the data collection process. During operation of the
14UD accelerator and almost any associated detector system, the data is collected
and recorded in event-by-event form, and initial examination and analysis is carried
out, using DCP.

Much more of the user’s time is spent doing subsequent data analysis with DCP,
using the saved event-by-event data. DCP will sort the data into one-dimensional
and two dimensional spectra, selecting subsets of the data by applying any number
of “gates” constraining the data to be within specified one-dimensional or two-
dimensional regions of any variable. The preparation, display, manipulation of, and
extracting numbers from these spectra constitutes the greater part of DCP’s usage.
Among the program’s advantages is the facility to manipulate recorded data to
generate derived quantities which may then be displayed or used to set gates.
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A.6.2 MULTIFIG
Authorship Bernhard Fabricius

Purpose To prepare graphs of data from a wide range of sources.

References ANU-P/1124

Most of the graphs in this thesis are generated using MULTIFIG. MULTIFIG can
take data directly from spectrum files written by DCP or from plain-text data files,
in a variety of formats. (The DCPv035 format, available only on the Alphas, requires
the version of MULTIFIG that runs only on the Alphas.) The most commonly used
plain-text format specifies the X coordinate, the Y coordinate, the error in the Y
coordinate, and the point-code specifying the symbol or other information regarding
how to plot the indicated point. MULTIFIG graphs may be improved with the use
of label files.

MULTIFIG has reasonably complete online help, which is reproduced in the
manual ANU-P/1124.

A.6.3 FITEK
Original Author Wolfgang Stoeffl, Lawrence Livermore Laboratory

Purpose To fit peaks or lifetimes in saved (DCP) spectra.

Modifications Adapted to the ANU VAX system and extended by Aidan Byrne
Paul Davidson and Tibor Kibedi.

References ANU-P/1226

FITEK analyses spectrum files as output by DCP, fitting overlapping peaks at
fixed or free widths, positions, relative height restrictions, etc. The capacity to fit
lifetimes, including multiple lifetimes and prompt components, appears something
of an afterthought, and is a little less easy to use, but still works ok. FITEK is
usually used when analysing a-particle or ~-ray spectra.

There is an extensive FITEK Manual, ANU-P1226, edited by Tibor Kibedi. It
omits two useful commands, however: EXFT, which extracts the fit in MULTIFIG
format; and EXDT, which extracts the data. The behaviour of EXFT is altered by
the “plot individual peak functions” choice in the menu of options.
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Data Files

B.1 CCMOD Input

B.1.1 2Si+17%Hf

s sksie e sk ok ook o o o
File $USER2: [FISSION.RDB103.JOANNE.28SI178HF]CCIN_PAPER.DAT;6

1 100.0000 - 0.8500000 1.114759

2 28.0 14.0 -17Y8.0 72.0 20.0 1.0 0.407 0.0 0.280 -0.03

3 90.00 140.88 2.120

4 1 4 1.20 '

b 0.407 -2 -1.779

6 1.00 ¢.848

7 1.00 0.433

8 1.00 5.074

9 1.00 5.774

10

i1 4.240
seokeok ok ok ok ok o ok ok ok

B.1.2 2°Si417%Hf

kb ok ok ok ok ok ok
File $USER2: [FISSION.RDB103.JOANNE.29S8I178HF]CCIN_PAPER.DAT;6

1 100.0000 0.8500000 1.118754

2 29.0 14.0 ~-178.0 72.0 20.0 1.0 0.0 0.0 0.280 -0.03

3 90.00 151.48 2.120

4 1 3 1.200

B 0.3615 -2 -2.0072

6 1.0 2.984

7 1.0 3.189

8 1.0 3.687

9

10

11 4.240
ek ok ok ok ok ok ok ok ok ok ok
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B.1.3 3P4+1%Lu

sk sk ok ok ok ok ook
File $USER2: [FISSION.RDB103.JOANNE.31P175LU]CCIN_PAPER.DAT;5
1 100.0000 $.8500000 1.118549
2 31.0 15.0 -175.0 71.0 20.0 1.0 0.0 0.0 0©.29 -.03
3 100.00  150.88 2.120
4 1 4 1.20
5 0.312 -2 -2.232
6 1.0 0.267
7 1.0 5.926
8 1.0 3.608
9 1.0 3.617
10
11 4.240
ekl ok ok akok o o

B.1.4 3'P+4+'Lu

sk ko dok g dRR K
File $USER2:[FISSION.RDB103.JOANNE.31P176LU]CCIN_PAPER.DAT;4
1 100.0000 0.8500000 1.118549
2 31.0 15.0 -176.0 71.0 20.0 1.0 0.0 0.0 0.28 -.03
3 100.00 150.88 2.120
4 i 4 1.20
5 0.312 -2 -2.232
6 1.0 1.644
7 1.0 6.009
8 1.0 4.078
9 1.0 4.179
10
11 4.240
ek ok oK o ok ok ok o o

B.1.5 90428y

et fe ek sk sk ok ok ok o
File $USER2: [FISSION.RDB103.JOANNE.160238U]CCIN_THESIS.DAT;1
1 100.0000 1.206820 1.019798
2 16,0 8.0 -238.0 92.0 20.0 1.0 0.1 0.0 0.2863 .045
3 65.00 110.00 1.000
4 i 2 1.200
b 0.0865 3 -0.7320
6 0.600 2.910
7 0.600 0.909
8
9 2.000

ok ok ok dkok ok ok ok
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B.1.6 %0+%5U
sk sk ok ok ok ok e ook ok
File $USER2:[FISSION.RDB103.JOANNE.160235U]CCIN_THESIS.DAT;1
1 100.0000 1.243270 1.010314
2 16.0 8.0 -235.0 92.0 20.0 1.0 0.1 0.0 0.277 .045
3 65.00 110,00 1.000
4 1 2 1.200
5 0.080 3 -0.800
6 0.600 2.427
7 0.600 0.047
8
9 2.000
st sestesfe sl feok sk sk koK ok

B.2 JOANNE input

These data files are for JO_SHELL or JO_EVAP; data files for JOANNE2_ACB
require an extra line, after the line specifying A and Z of the reacting nuclei, speci-
fying a centre of mass energy for the reaction (which is ignored in JOANNE2_ACB,
though not in earlier versions of JOANNE2), and the Q-value of the reaction. An
example of this additional line is shown on line 29 of the first input file. All forms
of JOANNE ignore everythlng below line 14, and the commentary is retained un-
changed in different files.

B.2.1 2SSi+178Hf
sk Ao e ek
File $USER2: [FISSION.RDB103.JOANNE.285I178HF]SIHF_EVAP.INP;1
1 20000 : Number of cascades.
2 28 14 178 72 : A,Z of the projectile, then target.
3 8.6 1.00 8.6 : apar,arot and assc (inverse level density parameters).
4 0,94 1.0 : Fis. bar. and Kramers scaling factors.
5 0 0 0 (S8C T=0)} : Change in the SSC n,p and a binding energies (MeV).
6 0 : 58C deformation energy (MeV).
7 2 : SSC moment of inertia (spherical units)
8 0 : Fission transient delay time (s*E-21}
8 0 : 88C delay time (s#E-21)
10 00 “LDIS$FILE" : Fusion XS(mb) and spin diffuseness(hbar)
11 Rn206TL.DAT : File containing the ground state transmission coefi’s.
12 Rn206TL.DAT : File containing the SSC transmission coeff's.
13 4 0 : SHELLPP OPTION, Level density param. option
14
15  Note:
16 If the fusicn XS is equal to zeroc then the fusion XS spin distribution will
17 be read in from the file "fusion_sd.dat". The n(th) line of “fusion_sd.dat"
18  should contain the fusion cross in mb at angular moment n(hbar}. A partial
19 XS of zero will terminate the spin distribution. '
20

Note:
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22 Use command file to rum this program -
23 eg [fission.rdbl03.joanne.31p1751lulccjoevap.com
24
26  Jo_shell/Jo_evap calculate Q-values for you, once beam energy is read in
26 from commandfile. Various model parameters are also calculated for you
27  (description below).
28
28 115.0 -69.91 : C.M. energy and reaction ( value (MeV}).
30
31 So there’s one line missing from the above, that earlier Joanne versions
32 required, and there’s an additional line at the bottom for switching jo_shell
33 effects on and off with. '
34
35 apar=0 Calculated Value
36 arot=0 Calculated Value
37 arot=1 fission and particle level density parameters the same
38 assc=0 88C and particle level density parameters the same
39 8.72 1.00 8.8 : apar,arot and assc (inverse level density parameters).
40 0 0 0O i apar,arot and assc (inverse level density parameters).
41 '
42  If the fusion X8 is equal to zero then the fusion XS spin distribution will
43 be read in from the file defined as "LDIS$FILE".
44 The n(th) line of this 1 distribution file should contain
45 the fusion cross in mb at angular moment n(hbar). A partial
46 XS of zero will terminate the spin distribution.
47
48 SHELLPP OPTION = O only ground state properties calculated
49 = 1 shell no pairing corrections
50 = 2 pairing no shell corrections
51 = 3 shell+pairing included in masses and energy
52 LD_option =0 LEVEL DENSITY PARAMETER
53 - TOKE ET AL. NUC PHYS A372 (1981) 141
b4 LD_option =1 ASYMPTOTIC LEVEL DENSITY PARAMETER
55 - JUNGHANS ET AL. NUC PHYS A629 (1998) 635
KRR KR A KKK '
B.2.2 ®Si+!'"Hf
Ak ek Ak dek e
File $USER2: [FISSION.RDB103.JOANNE.298I178HF]SIHF_EVAP.INP;2
i 20000 i Number of cascades.
2 29 14 178 72 : A,Z of the projectile, them target.
3 8.6 1.00 8.6 : apar,arot and assc (inverse level density parameters).
4 0.94 1.0 : Fis. bar. and Kramers scaling factors.
5 0 0 O (85C T=0)} : Change in the S8C n,p and a binding energies (MeV).
6 0 : 8SC deformation energy (MeV).
7T 2 : 8SC moment of inertia (spherical units)
8 0 : Fission transient delay time (s*E-21)
9 0 : 88C delay time (g*E-21)
10 00 "LDIS$FILE" : Fusion XS(mb) and spin diffuseness(hbar)
11 Rn207TL.DAT : File containing the ground state transmission coeff’s.
12 Rn207TL.DAT : File containing the SSC transmission coefi’s.
13 4 0 : SHELLPP OPTIDN, Level density param. option

. comments snipped
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e e o ok el o Sk ok

B.2.3 P41y

Sk Kok KoK KAk ook
File $USER2: [FISSION.RDB103.JOANNE.31P175LU]PLU_EVAP.INP;7
1 20000 : Number of cascades.
2 3115176 71 : A,Z of the projectile, then target.
3 8.6 1.00 8.6 : apar,arot and assc (inverse level density parameters).
4 0.94 1.0 : Fis. bar. and Kramers scaling factors.
5 0 0 0 (88C T=0) : Change in the SSC n,p and a binding energies (MeV).
6 0 : 8SC deformation emergy (MeV).
7 2 : 88C moment of inertia (spherical unitsa)
8 0 : Fission transient delay time (s*E-21)
g 0 : 88C delay time (s*E~21)
16 00 "LDIS$FILE" : Fusion XS(mb) and spin diffuseness(hbar)
11 Rn206TL.DAT : File containing the ground state transmission coeff’s.
12  Rn206TL.DAT : File containing the SSC transmission coeff’s.
13 4 0 : SHELLPP OPTION, Level density param. option
. comments snipped
okak kool o e sk ek

B.2.4 P4ILy

stk skok ok ok ok
File $USER2: [FISSION.RDB103.JOANNE.31P176LUIPLU_EVAP.INP;7
1 20000 : Number of cascades.
2 3115 176 71 : A,Z of the projectile, then target.
3 8.6 1.00 8.6 : apar,arot and assc (inverse level demsity parameters).
4 0.94 1.0 : Fis. bar. and Kramers scaling factors.
5. 0 0 O (88C T=0) : Change in the SSC n,p and a binding ensrgies (MeV).
6 0 : 88C deformation energy (MeV).
7 2 : 88C moment of inertia (spherical units)
8 0 : Fission transient delay time (s*E-21)
9 0 : 88C delay time (s*E-21)
10 00 "LDIS$FILE" : Fusion XS(mb) and spin diffuseness(hbar)
11 Rn207TL.DAT : File containing the ground state transmission coeff’s.
12 RnZ207TL.DAT : File containing the SSC transmission coeff’s
i3 4 0 : SHELLPP OPTION, Level density param. option
. comments snipped
e e o s o4 e e ek ok

B.2.5 $04+3%U

Aok ek sk ook
File $USER2: [FISSION.RDB103.JOANNE.160238U]0U_EVAP.INP;2
1 20000 : Number of cascades.
2 16 B 238 92 : A,Z of the projectile, then target.
3 8.6 1.00 8.6 : apar,arot and assc (inverse level density parameters).
4 0.94 1.0 : Fis. bar. and Kramers scaling factors.
5 0 0 0 (88C T=0)} : Change in the SSC n,p and a binding energies (MeV}.
6 0 : 88C deformation energy (MeV).
7T 2 : 88C moment of inertia (spherical units)
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: Fission transient delay time (s*E-21)

: 85C delay time (s%E-21)

: Fusion XS(mb) and spin diffuseness{hbar)

: File containing the ground state transmission coeff’s
: File containing the 58C transmission coeff’s

: SHELLPP OPTION, Level density param. option

File $USER2:[FISSION.RDB103.JOANNE.160235U]J0U_EVAP.INP;3

216
8 0
9 0
16 00 "LDIS$FILE"
11 FM256TL.DAT
12 FM256TL.DAT
13 4 0
. comments snipped
sokskok sk ok ek s ok ok
B.2.6 O+2*U
sk ke skoke sk ok ok ok
1 20000
2 16 8 235 92
3 8.6 1.00 8.6
4 0.94 1.0
5 0 0 0 {55C T=0)
6 0
7T 2
8 0
9 0
10 00 "LDIS$FILE"
11 FM253TL.DAT
12 FM253TL.DAT
13 4 0

: Number of cascades.

: A,Z of the projectile, then target.
: apar,arot and assc (inverse level density parameters).
: Fis. bar. and Kramers scaling factors.

: Change in the SSC n,p and a binding energies (MeV).

: SSC deformation emergy (MeV).

: 858C moment of inertia (spherical units)

: Fission transient delay time (s¥E-21)

: 8SC delay time (s¥E-21)

: Fusion XS(mb) and spin diffuseness(hbar)

: File containing the ground state transmission coeff’s
: File containing the SSC transmission coeff’s

: SHELLPP OPTION, Level den31ty param. option

. comments snipped
Afokokok ok ok ke

B.3 Other programs

These files are examples only.

B.3.1 inelastic.dat
sesteokeske ok sfokok ok koK ok .
File $USER2: [FISSION.RDB103.CUBE.JANO1.CAL]INELASTIC.DAT;50
1 100.000  28. 58. 82. 206.
2 22.5 '
3 JANDO37.DAT
4 7541 7249
5 138095.8
6
7 97.5
8  102.5
9 107.5
10 112.5
11 117.5
12 122.5
13 127.5
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i4 132.5
15 137.5
16 142.5
17 147.5
18 152.5
19 157.5
20 162.5
21 167.5
ok sk ok oKk

B.3.2 xinput.dat

2k 2 ok ok 2k o & o ok ok ok

o o e e o e o ik kK
File $USER2:[FISSION.RDB103.CUBE.MAROO.THETABINS])XINPUT.DAT;648

1 96.088 15 31 79 197

2 22.5

3 MARDO27.DAT

4 15 31 71 176

5 135.000

6 10104 9892

7 95170.87

8

9 97.50  989.39 4.28 33.
10 102.50  995.33 4.51 33.
11 107.50  995.22 4.73 33.
12 112.50  1000.84 5.01 33.
13 117.50  1009.50 5.34 33.
14 122.50  1023.90 5.75 33. :
15 127.50  1055.75 6.35 33. g
16 132.50 1061.85 6.80 33.
17 137.50  1010.99 6.77 33. §
18 142.50  1009.57 7.25 33. :
19 147.50  996.83 7.69 33, ;
20 152.50  1010.12 8.54 33, ;
21 157.50  1040.79 9.88 33. :
22 162.50  1001.17 10.58 33. f
23 167.50  1029.78 13.00 33. :

;
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