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ABSTRACT

"The nuclear structures of 19%192:19 ] were investigated with single-nucleon
transfer reactions. The {d,t) reactions into 1%9'927r used 18 MeV deuterons beams,
and the (d,p) reactions into M21MIr utilized beams of 16 MeV deuterons. Single-
proton transfer experiments were also performed on targets of 180s. The (a,t)
reaclion employed beams of 30 MeV a-particles, and the (*He,d) reactions used a
28 MeV 3He beam. The reaction products were analyzed with a magnetic spectro-
graph, and detected with photographic plates. The energy resolutions (FWHM) of
the detected particles were typically ~ 5.7 keV for (d,t), ~ 8.9 keV for (d,p), >~ 10
keV for (e,t), and =~ 15 keV for (*He,d) reactions. For the single-neutron transfer
reactions, spectra were recorded at a large number of angles (> 15). The angular
distributions of cross sections were fitted with theoretical distributions from DWBA
calculations, and the spectroscopic factors were obtained. For the (d,t) reactions,
the fits to the angular distributions were performed in many cases with 2 [-values.
By comparing the ratios of (a,t) and (*He,d) cross sections, the dominant trans-
ferred I-value was determined. Level energies, parities, spectroscopic strengths, and
possible spin values were determined up to approximately 1 MeV excitation energy
in 1901921r and 700 keV in ¥Ir. In order to obtain more information regarding the
spins of levels in !*2Ir, multi-dimensional scaling programs were applied to known
v-ray intensities. The method appeared to be successful, and spins were suggested
for many low-lying levels. The experimental results were compared with the IBFFM
for 192194, ESUSY for 1%2Ir, and the Nilsson model for 1%%1%2Ir, The formalism
for dealing with mixed configurations in the target ground state was developed, and
significant effects were found for the single-proton transfer cross sections since the
18905 target had significant admixed amplitudes. It was found that the models cun

only approximate the structure of odd-odd Ir nuclei.
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Chapter 1.
Introduction

The study of nuclear physics has been an ongoing process for many decades,
and the basic nature of nuclear structure has been ascertained. However, there are
regions of the periodic chart that have not been fully explored, and may eihibit
new features. In the past, the 4 o~ 190 mass region was not studied in detail, but
recently has been receiving attention. The present work is a study of three odd-odd
nuclei, 199192191y ytilizing single-nucleon transfer reactions.

Nuclei that have the numbers of protons and neutrons at or near the magic
numbers, 2, 8, 20, 28, 50, 82, and 126, are described by spherical shapes. As
the number of nucleons changes from these magic numbers, static deformations
of the nuclear shape can set in, and this has very important consequences on the
structure. At midshell, the deformations in the ground state can have quite large
values, and these decrease as the magic numbers (or shell closures) are approached.
As well, nuclei away from the closed shells usually have rigid shapes, which are
characterized by deep minima in the potential energy surfaces. The most commen
shape in deformed nuclei is the prolate (football) shape. However, there may also
be oblate (hamburger) shapes. For pure prolate and oblate shapes, the nuclei are
axially symmetric, with the lengths along two axes the same, and the third having
a different length. For prolate shapes, the length along the third axis is longer than
the other two, whereas for oblate shapes, the length along the third axis is shorter.
These shapes can be described approximately by the introduction of 8 and 7, which
are quadrupole distortion parameters, where f represents the extent of gquadrupole
deformation, and « represents the degree of axial asymmetry. As the number of
nucleons changes towards closed-shell values, there is a transition region hetween
the rigid, well-deformed shape, and the spherical shape. Nuclei in the transitional
regions usually do not have well-defined shapes. When the shape is such that all the

lengths along the axes are different, the axial symmetry is lost and the nuclei are

-1-



Introduction 2

described as having triaxiality. In the transitions regions it is often found that nuclei
are v-soft, which means that the shape is not rigid and can be easily changed from
prolate to oblate, triaxial, etc., and vice versa. These nuclei are characterized by
potential energy surfaces that have shallow minima in the potential energy surface,

and there may be several minima per nucleus.

As a consequence of quantum mechanics, rotations cannot occur about a
symmetry axis. Therefore, an axially symmetric nucleus may rotate only about an
axis perpendicular to the symmetry axis. For a single-particle orbiting a core there
is no such restriction, and the projection of the single-particle angular momentum
onto the symmetry axis, {, is, in many cases, a good quantum number. If the core
retains its axial symmetry, the projection of the total angular momentum onto the

symmetry axis, K, is also a good quantum number and K = {l.

Not only can the nucleus rotate, but it may also undergo shape vibrations.
Quadrupole vibrations, classified as 8- and v-vibrations which are shown in Fig-
ure 1.1, are commonly observed in deformed nuclei. Rotations can be built on the
vibrations, resulting in a B-band or a 4-band. The energies at which these bands
occur depends to a great extent on the shape of the potential energy surface. For
instance, if the potential energy surface has a deep, well-defined minimum, the vi-
brations are relatively high in energy. For a shallow minimum, the vibrations are
relatively low in energy. The vibrations can also interact with the single-particle de-
grees of freedom such that there may be a mixing of the single-particle and collective
(involving many nucleons) behaviour. Therefore, by studying both the collective
motion and the single-particle motion, knowledge of the potential energy surface
can be obtained, and this can be compared with the theoretical predictions. The
predictions are often in the form of contour maps in the 8-y plane. There are many
other ways of expressing the deformation parameters, such as ap and az, where
ag = B cosy and ag = (Bsinvy)/ V2.

Nuclei with atomic numbers in the range ~ 150 < A < 190, are typically

well-deformed, whereas those near the doubly magic 2°°Pb are spherical in shape.
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Y-vibration

Figure 1.1: Schematic view of 8- and 7-vibrations. The figures on the left are
cross sections perpendicular to the symmetry axis, and the figures on the right are
views parallel to the symmetry axis. The arrows indicate the direction of rotation
in a possible rotational state. {From Preston and Bhaduri, 1975)

Thus, there is a transition region near A =~ 190 where nuclei may exhibil a wide
variety of shapes. Nuclei with mass numbers ~ 180 appear to be well described by
a prolate shape, whereas those with atomic numbers ~195 appear to be more oblate
in shape. As well, there is evidence that the shapes are v-soft, and there may be
triaxiality. Recent studies'~2 of the tungsten isotopes have provided evidence for
both v-softness and triaxiality, with the shape depending on mass and on the spin.
Systematic surveys of the energies of the y-bands in even-even nuclei show a trend
towards lower energies as the atomic number increases from ~ 180 to ~ 194, indi-
cating that the nuclei are becoming increasingly soft to vibrations in the ~-direction.
In the odd iridium isotopes, 85=1931r, there is a low-lying single-particle state that
appears to have significant admixtures of a y-vibration. Not only are the nuclei in
A =190 mass region soft in the y-direction, but there has also been evidence for hex-
adecapole softness. Single-particle transfer studies®, as well as the large £4 matrix
elements found from (a,a') inelastic scattering measuremznts?, indicated that 41
states at ~1 MeV in 188:190:1920g were vibrational and two quasiparticle in nature,

thus implying hexadecapole vibrations. Nuclei may also exhibit shape coexistence,
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with some rotational bands built on prolate shapes, but also have bands built on
oblate shapes. This has been demonstrated in 1%?Os, where it was suggested that
a decoupled positive parity band was built on an oblate shape®, Theoretical stud-
ies within the context of the General Collective Model (see Eisenberg and Greiner,
1987) predict that the nuclear shape is sensitive to the number of valence nucleons,
and that nuclei in the A =~ 190 region can be expected to exhibit many shapes. This
is illustrated® in Figure 1.2 and Figure 1.3 for the even-even osmium and platinum
isotopes, respectively, where the potential energy surfaces are plotted in the ¢g and
a; plane. A minimum which occurs along the ag axis implies an axially symmet-
ric prolate shape. Contours that are stretched out in an angular direction at a
constant radius from the origin are showing 7-softness, and thus the shape is not
well-defined. As can be seen, the figures demonstrate that the energy surface, and
thus the underlying shape and structure, are sensitive to the number of nucleons

and change rapidly from one nucleus to another.

The Interacting Boson Model”(IBM), which has received much attention
since its introduction, atiempts to classify nuclei according to the dynamical sym-
metry they are supposed to possess. In the basic version of the model, valence
particles are paired up to form s and d bosons. The Hamiltonian is studied from
a group theoretic point of view, and three dynamical symmetries are found. The
U(5) limit, appropriate for vibrational nuclei, the SU(3) limit, appropriate for axi-
ally symmetric deformed nuclei, and the SO(6) limit, appropriate for y-soft nuclei.
The SU(3) limit has been applied to the well-deformed rare-earth region, and the
SO(6) limit has been applied in the A =~ 196 mass region. The best, and first,
example® of an SO(6) nucleuswas 1%°Pt. However, even though %Pt was consid-
cred to obey SO(6) symmetry, the SO(6) limit cannot explain all of the features
of this nucleus. For instance, in the SO(6) limit, the quadrupole moment of the
first 2% state is strictly zero, whereas experimentally it has been measured to have
a relatively large value®. The problem with the quadrupole moment persists in the

IBM-2, where the neutron and proton bosons are handled separately. Nuclei at
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Figure 1.2: A series of potential energy surfaces in the ap and ag plain for even-
even Os nuclei. The insets show the potential energy for specific values of 4. (From

ref.®)

atomic numbers A ~ 190 are in a transitional region between the SU(3) and SO(6)
symmetries, and this transition has been demonstrated in the osmium isotopes. It
has recently been shown!® that the 4+ hexadecapole states in the Os isotopes at ~1
MeV can be described in the IBM by incorporating g bosons. Therefore, sd IBM
is expected to only approximately describe the low-lying structures in even-even

nuclei with 4 ~ 190.

The A ~ 190 transitional region has not been well studied. Some even-

even nuclei, for example 1%°0s, and odd-A nuclei, such as 1315, have recently
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Figure 1.3: A series of potential energy surfaces in the ap and ez plain for even-

even Pt nuclei. The insets show the potential energy for specific values of 4. (From
ref.%)

been the subject of intense investigations, and some interesting effects have been
observed. Odd-odd nuclei have not been studied as intensely, and this is due to two
reasons. Firstly, the high density of levels makes the performance of experiments
very difficult, since high resolution must be achieved, and the analysis of the data
is very difficult. Secondly, the theoretical description of transitional odd-odd nuclei
is not complete. Recently, an extension of the IBM, the Interacting Boson Fermion
Fermion Model (IBFFM), and the symmetry limit of the Extended Supersymmetry
(ESUSY) model applicable in the transitional region have been investigated. These
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models have not been well tested, and the range of their validity is an open question.
More traditional models, such as the Nilsson model and the Rotation-Vibration
Model, which have enjoyed considerable success in the rarc-carth region, are known

to encounter difficulties in explaining the structure in transitional nuclei,

One of the most powerful ways to examine nuclear structure is with single-
nucleon transfer reactions. Unlike work involving vy-rays, the peaks observed in
transfer reactions correspond directly to the nuclear levels, whereas the peaks ob-
served in +-spectra are transitions between two levels. The intensities of peaks in
the particle spectra are directly related to the squares of the amplitudes of the wave
functions for the states. By performing distorted wave Born approximation (DW-
BA) calculations, the dependence of the cross scclion on the reaction kinematics can
be removed (assuming a single-step process), leaving information on the structure
in the form of spectroscopic strengths. The experimental spectroscopic sirengths
can be compared with the predictions of different nuclear models to assign levels to

specific configurations and to the test modecls.

In the present work, states in 919219 are studied via single-nucleon
transfer reactions. The principle aims of this study were to establish the level
energies and measure angular distributions of cross sections for levels below ~ 1
MeV excitation energy, populated via single-nucleon transfer. Nuclear structure
information in the form of parities, possible spin values, and spectroscopic strengths
was obtained from the fits to the angular distributions of cross scctions. The data
from the study were used to test three nuclear models; the IBFFM, the ESUSY
model, and a simple Nilsson model approach. Ultimately, it is the hope of the author
that this work will serve as a guide to the modification of existing thceorics, such as
the IBFFM, or to encourage work on extensions of older theories. For instance, a
theoretical study of twe odd particles orbiting a core that has a potential encrgy
surface like those shown in Figure 1.2 and Figure 1.3 may be needed before a full

understanding of the odd-odd iridium nuclides can be achieved.
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In Chaptler 2, the various nuclear models used in this work are discussed.
The notation used in the IBM, IBFFM, and the ESUSY models can be somewhat
complicated. In order to present the notation used in a more familar context, the
rotation-vibration and Nilsson model are discussed first. The IBM and its extensions
are then presented with the hope that the basics of the model are transparent once
the reader is familiar with the notation that was introduced with the geometrical
models. In Chapter 3, the experimental and analysis techniques are discussed, with
the experimental results presented in Chapter 4. Chapter 5 contains the discussions
of the experimental results, and the comparisons of the data with the IBFFM,
ESUSY, and Nilsson model predictions. Finally, in Chapter 6, a summary of the

work and its conclusions are given.



Chapter 2.
Nuclear Models

2.1. Introduction

Many different models have been applied to various nuclei. Each model has
enjoyed some success in a particular region, but currently no maodel in existence can
predict or explain all observable nuclear phenomena. The task of finding a model
to describe all nuclei and their properties is a formidable one indeed. Considering
the richness and complexity of the nuclear many-body system, a general model may
be too ambitious an objective at the present time.

The basic problem with attempting to model nuclei is that nature is “too
smart” for us to comprehend. Usually when we feel that we are understanding
some particular phenomenon of nature, it is time to be humbled by the display of
a behaviour we never imagined. This forces us to abandon or modify our current
theory or, as is sometimes done, to state that the particular behaviour is outside
the scope of the theory. Unfortunately, this statement often accompanies a claim
that the model is very successful, when no such claim can legitimately be made.

When we examine nuclei, it is of little surprise that models have difficulty in
explaining or predicting all nuclear properties. This is best illustrated by considering
the ranges over which some of the properties fluctuate. The number of nucleons
ranges from A=1 to A~265. The nuclear decay lifetime, 7 ranges from = 10-22 5
to = 192! yr., (not including stable nuclei) a span of 50 orders of magnitude. The
angular momentum of the nucleus, I, ranges from 0 to =~ 70k. The nuclear shape
ranges from prolate to oblate, spherical to triaxial, superdeformed and perhaps
hyperdeformed. The excitations of the nucleus can be collective, single-particle, or
a combination of both. The list could continue, but the point has probably been

made: any theory that could give accurate predictions over the above ranges of

-9 -
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values would be truly remarkable. Thus, when a claim is made that a model can
predict and explain certain nuclear properties, the reader should always reserve
some skepticism, and not assume that it can explain other properties as well.

In this chapter, various nuclear models that are used in this work will
be discussed. The geometric model is discussed in some length, since much of
the notation used is similar to that used in the Interacting Boson Model (IBM).
In section 2.2 the geometric models are discussed, such as the rotation-vibration
model and Nilsson model, and in section 2.3 the algebraic models, the interacting
boson model, interacting boson fermion model, interacting boson fermion-fermion
model , and the supersymmeiry model, are discussed. The material presented in this
chapter is based heavily on the following textbonks; Eisenberg and Greiner??(1987),
Preston and Bhaduri'?(1975), Casten?(1990), and Ring and Schuck!*(1980).

2.2. Geometric Models

2.2.1 Collective Coordinates and the RVM

Any discussion of geometric collective models must begin with a discussion
of the collective coordinates. The collective coordinates are established by a classical
picture of the nucleus as a kind of liquid drop with a vibrating or rotating surface,
The collective variables, «, are complicated functions of the individual nucleon
coordinates &,, but the form of this function is not, nor does it need to be, known
explicitly. It is possible to construct the model without knowing its microscopic
basis. The most important collective variables (i.e., those variables used most often
in nuclear structure theories) are those describing the nuclear surface, ol

The notation af* actually implies the whole set

oM = {a,,} (2.2.1)



Nuclear Models 1

Figure 2.2.1: Definition of the Euler angles 8;. The quantities i are the unit
vectors in the laboratory system, & are the unit vectors in the of the final rotated
system. (From Eisenberg and Greiner, 1987)

with £ = =X, =2+ 1,...,A = 1, A such that oM are spherical tensors and they are
time dependent. Since the nuclear surface must be invariant under rolation, Lthe

tensor ol must transform under rotations as

o = Y Dhu(85) an (2.2.2)
v
or

ay = 9 Dy (85} e, (2.2.3)
154

(More formally ol are tensors of rank A that transform under the (2X + I)-
dimensional representation of SO(3).) The coordinates ay, now define the nuclear
surface in the rotated frame. The quantities 8; are the set of Euler angles as de-

scribed in Figure 2.2.1.
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The coordinates al* are defined by the expansion of the nuclear surface

into spherical harmot.ics
R(3,6,8) = Ra(1+ 3 (~1)F o (1) Yo (9,9) (2.2.4)
A

Since nuclear matter is incompressible (the incompressibility, X, is defined as

d?(E/A)
—ans?
K = 9Pa (T . (22.5)
for nuclear matter, and has a value of >120 MeV), there is a restriction on the

radius such that volume must be conserved. Therefore,

4 2x x R(v,¢)
Rl = f dé f sin ¥dd f r2dr (2.2.6)
3 0 0 0
which yields
4 4 4 dagp | 3 2 3
SR = ohl [1+—+ Y el +0 () +... (2.2.7)

Vvir 4w W

Deformations of the type agp give a change of volume and may be associated
with “breathing” modes of the nucleus. Because of the high incompressibility of
nuclear matter, these breathing modes are expected to lie at high energies, 10 to
15 MeV. Since we will not be interested in such effects, ago can be set to zero. The
A =1 terms give a translation of the center of mass and if the origin is defined to
coincide with the center of mass, these terms can also be set to zero. (It should be
noted that this argument applies only if ), are small. For large «i,, the center of
mass is shifted and the shape is deformed as well.) The radius can now be written
as

R(9,¢) = (1 +Z Z ar (~1)* Yau (9, 9)) (2.2.8)
A=2 p=—X

The factor £ is required for volume conservation and takes the value

1 00
+ = Z Z |leayl? (2.2.9)
A=2 &
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quadrupale octupole hexadecupole

Figure 2.2.2: Effects on the shape of the terms in the surface expansion involving
A =2,3 and 4. (From Eisenberg and Greiner, 1987)

As long as the ay, terms are small, then £ ~ 1. The A = 2 terms give rise to
quadrupole deformations, A = 3 terms yield octupole deformations, and A = 4 terms
give hexadecapole deformations. These are shown schematically in Figure 2.2.2. It
can be argued that A should have an upper bound. The maxima that occur in the
surface due to Y, should have at least one nucleon associated with them. The
number of maxima in the shape is proportional to A3, Therefore, for a nucleus with
A nucleons, A < A‘J’. For A ~ 190, this argument yields A < 6.

It is usually assumed that the A = 2 terms are the most important for

describing the surface, therefore the expression for the radius now becomes
R=R, (1 + 3 a3, Y) (2.2.10)
m

The instantaneous values of a describe the shape of the nucleus in the laboratory
frame. However this is not the most convenient frame. It is desirable to make a
transformation to the intrinsic system, with the axes coinciding with the principal
axes of the nucleus. This implies that the coordinates azy, which are related to a2,

by Eq. (2.2.2), should be used. Therefore,

2
Gzp = E 'Dv“ (gj) a9, (2.2-11)
v
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where ap) = az—1 = 0 and a2 = az—3 and the three Euler angles, 8;, give the orien-
tation of the nucleus in space. Now, agp and az2 describe the shape of the intrinsic

nucleus. It was at this point that A. Bohr introduced the 8 and « parameters by

azp = ﬁ cos Y (2.2.12&)

azy =P 3’21" (2.2.125)

Because of the symmetry of the trigonometric functions, and the fact that a cyclic

permutation of the axes 1, 2, 3 leave the nuclear surface unaltered, it is only neces-
sary to consider the wedge defined by 7 = 0° — 60°. This wedge defines all possible
quadrupole shapes. (It should be pointed out, however, that oblate nuclei are usu-
ally specified as having 8 < 0 and = 0°. This is equivalent to § > 0 and 7 = 60°
as a cyclic permutation of the axes will transform one into the other.)

Nuclei away from closed shells often exhibit permanent deformations away
from the spherical symmetry. Using the simplest form of the collective quadrupole

kinetic energy operator,

2 1 1e 2
T= EBg E &, Gy, (2.2.13)
I
it can be transformed into the operator in the intrinsic frame

= 1 2 1 1%z
T = 3 ;wk.ﬂ (@o,a2) + 532 ; a,dy (2.2.14)

where By is the inertia parameter, Ji are the moments of inertia, and @ are the
rotational frequencies about the origin. The moments of inertia take the values (in

terms of the variables 8 and « defined previously)

J1 = 4B,f" sin’® ( - %—;ﬂ) (2.2.15)
J2 = 4By sin” ( - 4%) (2.2.16)
Js = 4Byf sin’ v (2.2.17)

The part of the kinetic energy operator T in Bq. (2.2.14) that depends on

Ji might be called the rotational energy but it also contains an interaction with the
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shape vibrations due to the dependence of J; on 8 and v (or on ap and aa). The
second part of T can be interpreted as the kinetic energy of the shape oscillntions.
The kinetic energy of a rigid body with three moments of inertin Jy, Ja,

and 73, which rotates about its center of mass is

Tho = %Jlaf + f‘;ﬁaf + f‘;.ﬁmf (2.2.18)
or, writing Ry = Jphdy, . R R
Tpo = 12.70 2 4 2.73; (2.2.19)
for a symmetric rotor with J1 = J2 = Jo. This can be rewritien as
SO ek : G (2.2.20)

ko 27 273

where R? = R? + R2 + RZ. In the rotational-vibrational model, which is appropriate
for axially symmetric deformed nuclei, the collective potential energy is expanded

around the equilibrium position

ao=po+¢§ (2.2.21a)
ay=0+mn (2.2.214)
The potential energy is written as
) 1 2 2 ) £) )4
V&)= §CO£ + Cay (2.2.22)

where Cp and C» are the potential (or stiffness) parameters.
The expressions above for T and V are still classical expressions that must
be quantized (even though the variables satisfy commutation relations). The full

Hamiltonian in the Rotation-Vibration Model (RVM) is

fI = fIrul + fIm‘b + I“‘Irn!-uih (2'2'23)
where ) ) \
g, =, & (2.2.24)

rot = 2.70 16ﬁn2
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Hy = 28; [a_Ez' + Ew] + Eczf + Con” — 16572 (2.2.25)
. R - R2 [2772 2¢ 352]
Hra —vib — —=r-= +—
T 2% LA b fo (2.2.26)
T R: - R? [2\/5517 _ 2\/5?1]
470 B3 3060

The Hamiltonian diagonalized is usually that for H,+H,, and )4 rotmuib 15
treated as a perturbation. The total wave function for ", +H ,;p must be invariant
under fi; and ftg, where Rl gives rotations of 7 about 6; and §3, and I;'!g gives rota-
tions of /2 about 3. The total wave function for a state with angular momentum
I, projection M onto the laboratory Z-axis, projection K onto the intrinsic 3-axis,

and with n, B-phonons and n; ~-vibrations is

2I +1 I, Il
|IMI{TL2,TIU) = \/167!‘2 (1 + 6}‘.0) [DME (gj)-l-(_l) DM_K (BJ)] |xK,n2>|n0) (2'2'27)

Because of the invariance of the wave function under R; and Rz, there are

limitations on the values that I and K can take

K=0,24,.. (2.2.28a)
I=0,2,4,.. K=0 (2.2.28b)
I=K,K+1L,K+2,.. K#0 (2.2.28c)

The energy of the states is given by

B (I(I+1)- K?)
27
The states can be labelled by the quantum numbers I, K,ng and ng. The
ground state band is |7000), the 8-band is |[J001) and the y-band is [I200). The state

1 1
Erxcngng = <4 (ilKl +1-4 2112) E,+ ('nu + -é') Eg (2.2.29)

|1200) is called a y-band even though ng = 0 because of the strong rotation-vibration
term R?/16B,n? which has been included in H

ot Lhis term forces the y-vibration
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to be present in an excited state as soon as K % 0. The term R3/16Banacts like
a centrifugal term that pulls the v-vibrational wave function from the origin. This
also occurs for the ground state for the y-vibrations, i.e. nz = 0, due to the term
K2 /16Ban? in fIw.b. Thus, even though the initial conditions are that of an axially
symmetric y-vibrator (& = 0), the dynamics pull the wave funclion away from the
origin and make the nucleus effectively dynamically triaxial.

The RVM is often used to describe the core of odd and odd-odd nuclei, and
the extra-core particles are then coupled to it. The coupling may be strong or weak,

as will be explained in the next section which discusses the Nilsson model.

2.2.2 Nilsson Model

The Nilsson model is basic to any discussion of deformed nuclei, and is one
of the most successful models ever developed. It is usually one of the first models
that new experimental data are compared with, and its nature is such that it is
easy to develop a good “intuitive feel” of it.

The Nilsson model is essentially a single-particle model, except that there
is an interaction between the collective and single-particle degrees of freedom. The
coupling of the single-particle to the core is extremely important, as it determines
many of the properties of the single-particle. Considering a classical picture for
the moment, if the single-particle orbits the core at a much faster frequency than
the core rotates, then the potential that the particle feels will be the instantancous
potential of the core. This is referred to as the adiabatic limit, or the strong coupling
limit. If the rotational frequency of the particle is much less than that of the core,
then the particle feels the time averaged potential of the core, which will then be
oblate. Thus for very high rotational frequencies the strong coupling limit can be
expected to break down. For nearly spherical nuclei, where the amplitudes of the
surface collective variables are small, the coupling between the particle and the core

is weak. This is the weak coupling limit.
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The Hamiltonian for the system where there is a single-particle coupled to

a core is

H = Ao+ Hop + Hint (2.2.30)

where Hoy is the collective Harniltonian of the core, I;’,p is the single-particle
Hamiltonian, and H;ns is the interaction between the collective and single-particle
degrees of frezdom. The collective Hamiltonian that can be used is that of the
rotation-vibration model introduced previously. It contained terms involving the
angular momentum of the core, R. Now, the total angular momentum is that of
the core and that of the particle, such that I'= R+7, and so Eq. (2.2.20) must now
be rewritten making the substitution R=T- _;

For nuclei with permanent deformations, the coupling between the single-
particle and collective degrees of freedom becomes quite strong (at least for low
rotational frequencies) and thus the strong-coupling limit is realized. In this limit,
the projections of the single-particle angular momentum, 7, and the total angular
momentum, I, along the intrinsic Z-axis become approximate constants of motion,
and are given the labels £ and K, respectively.

The single-particle Hamiltonian and the interaction Hamiltonian are usually
written in terms of an oscillator shell model, and take the form

2

Hyp + Hine =§—m + %mwzr'2 +Cl' -5+ Di? (2.2.31)

— mw?r'?{aoYo0 + 22 (Y22 + Y2—2)}
for an isotropic oscillator. The prime on the coordinates for the single-particle
indicate thal these are with respect to the intrinsic frame. The [’ §' term is the
familiar spin-orbit coupling, which has been shown to arise from relativistic Hartree-
Fock calculations of one-boson-exchange potentials. The 2 term arises from the
fact that actual single-particle potential should be more “flat-bottomed” than that
of the harmonic oscillator. The difference between the harmonic oscillator and a
more realistic potential, like a Woods-Saxon, increases with radial distance from

the center, i.e. with increasing I. The I’ term acts like an interpolation between a
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harmonic oscillator and a square well, which is often used in the shell model. The
last term represents the interaction between the single-particle and the collective
degrees of freedom. Making the substitutions R=1- 7, and rearranging terms,
the total Hamiltonian is written as

A=1,,+H,, +1 (2.2.32)

where

ffﬂcou :; [Iz (f:'i “'55)2] + F;% [(f:'; —3":’!)2 - 1]

g g (2.2.33)
—2—5[-3?+26 2] +5 co£”+czn
is the collective part of the Hamiltonian,
7 P2 1 an A 12 12 .
H,, = o + G’ +CI'- 3"+ DI — mwr'*ByYa0 (2.2.34)

is the single-particle Hamiltonian, and
52 - ﬁz

27 27, K

2

h 2 ) 2y 2¢ 3¢
g [P - B+ 3-8 I”*](ﬁu "Bt ﬁo)

h? £12 75 €n 2v6 7
e izt e -a(n3 )] [l -5

— mw?r' [¢Ya0 + 1 (Yaz + Ya-2)]

;. I3+ FL3 + 2033

(2.2.35)
is the interaction between the collective and single-particle degrees of freedom. The
primed coordinates refer to quantities with respect to the intrinsic frame and the
unprimed coordinates refer to the laboratory frame.

The Hy,,, term describes the rotating and vibrating core and corresponds
closely to Hyy — Hrop as in Eq. (2.2.24) and Eq. (2.2.25). f][]", is the shell model
Hamiltonian for a particle moving in a deformed axially symmetric potential. Most
of the terms in H' are small and hence are neglected. However, the second term in

particular is very important as it is the Coriolis or rotation-particle coupling term,
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—

and may also be written as (ﬁ.z/J,,)I-" .3 '. The Coriolis term is the most important
of the terms contained in H' and will be discussed later.

The solutions to the collective part of the Hamiltonian have been discussed
previously, but some slight modifications must be made. The X quantum number

for those solutions should now be replaced by K — . The energy of the states now

becomes
h2
Elh’nn " =£n + I(I+ 1) - (K = n)z 97
"o 1( ) 270 . (2.2.36)
where £q are the single particle energies obtained {from
.ﬁom’l/)n = Envn. (2.2.37)

The single particle Hamiltonian can be rewritten as

12

- 1
Hom =§p; + §m (“’i (m'z + yrz) + wzzm)

cl'.s'+D (I'z— < I? >,;wn)

(2.2.38)

where the term in Y3 has been expanded into Cartesian coordinates, and

w? = w? (1 + \/tls:wﬂu) (2.2.39a)
w? = w? (1 - 2\/560) (2.2.395)

The term —D < I > . has also been introduced in order to maintain the distance
between the centers of gravity of different NV shells. For a given shell, the term equals
—4DN(N +3).

The deformation parameter, 82, is introduced via the relations

wl = wd (8) (1 + %62) (2.2.40a)

2
we

w? (62) (1 - %52) (2.2.406)
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where wp(82) is a function of the deformation.

The coordinates ¥ can be transformed to dimensionless coordinates, 7, by

_ mwo .
T =4/ e (2.2.41)

and similarly for 3' and z'. The parameters C and D are usually expressed as

C = —2hwk (2.2.42a)

D = —hwpx (2.2.425)

where @ is wo(2 = 0).

The Hamiltonian can now be rewritten as

1)

N
"FIO.I,D =§ﬁw0 (62) (_VE -+ 7'2) - 52'!.0)() (62)

[ -

\/Er'z Yo
5 (2.2.43)

- 2&035 (r' 5') - ﬁ‘:’!-“‘ (12_ < 12 >¢hnll)

The usual choice of basis for evaluation of the matrix elements of I:’n,,, is
|NIAZ) where N is the principle quantum number, { the orbital angular momen-
tum, A the projection of [ onto the intrinsic Z-axis, and £ is the projection of the
single-particle spin onto the '-axis. The projection of the single-particle angular
momentum on to the #'-axis is & = A + £. With this choice of basis, the part of

the Hamiltonian given by

%ﬁwo (82) (-V2+7?)

is diagonal in the basis, and has eigenvalues (N +3)hwo(82). The matrix elements of
the operator i -5, (NIN'Z/|I- 5)NIAZ), have the sclection rules that A’ = A k1 when
T =2 F1and A' = A when &' = Z. Thus,  remains a good quantum number.
The I term obviously does not mix the different basis states. The remaining tern
in f[u,p is proportional to r2Yyg and mixes states with V=1+2and N' =N +2,
While the selection rules imply that there is a mixing of states with different N, the
assumption is usually made that these mixings are small, since the N + 2 shell has

a large energy separation from the N shell. This can become important, however,
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when downward sloping N -2 orbitals, i.e. those with the largest value of n;, cross
upward sloping N orbitals, i.e. those with n; = 0. At the particular deformation
where the crossing occurs, the effects can become important.

For small deformations, a single 7 component dominates the Nilsson wave
function. At 63 = 0, the spherical shell model is recovered and the Nilsson wave
function is exactly the spherical shell-model wave function. The Nilsson wave func-
tion is labelled as O*[Nn A] where , N,A have been introduced previously, = is
the parity and n, is the 2-axis quantum number. Strictly speaking, only ¥, and =
are good quantum numbers, however at large deformations n, and A become good
quantum numbers. This occurs because the % and [ § terms become negligible.
The Hamiltonian in this limit reduces to that of a three dimensional anisotropic
harmonic oscillator and the energy eigenvalues are simply

E=tw(N—n;+1) + hw, (n+%)

The projections of the orbital and spin angular momenta, A and X, are also now
constants of the motion. Hence, the Nilsson wave functions are labelled with these
quantum numbers, which, strictly speaking, are only good for large deformations.
Calculations to determine the energies and wave functions of the Nilsson
states have been performed by many people using slightly different schemes (such
as a Woods-Saxon instead of the modified harmonic oscillator, with or without
84, including octupole deformation, etc.) but the resulting diagrams?® bear a re-
markable similarity to those in Figure 2.2.3. While these diagrams appear to be
complicated, many features have a simple physical origin. Consider the case wherea
single nucleon orbits a deformed prolate core as in Figure 2.2.4. An orbital that lies
along the equatorial plane (labelled K4) is, on average, closer to the nuclear matter
than an orbital perpendicular to the plane. Since the nuclear force has an overall
attractive nature, the orbit that has time-averaged less separation from the nuclear
matter distribution will be lower in energy. Therefore, it should be expected that

low £ orbits are lower in energy than high Q orbits. As the prolate deformation



Nuelear Modcls 23

W2 122, 372{001 H/2 (50
S T . T

65 :

W2(%03)
172 {510)
Jr21512)
2{505)

Lr2ise)

2{514)
172(321)

172{400)
20821
2 3,21402)

11/2(505)
5/2 (523)

R N A S 5/21402)

72 (530)
19,2 (5t4)
3/2(532)
%2(404)
|r2iam
172(541)
v2(523)
3r2041)
%,2(413)

32-

5/2(532)
9/2- . ; : 9/2(404)

dr2(54h}
172(420)
asz{a22)
172{550)

w2013

1#2{431)

//. iy .
e 3 '-1-._.._,_______ 5/2(4272)
2 2
Wl sy ! a4 Oll\\afmau

-03 -0z -0l 3 ol 02 03

Figure 2.2.3a: Nilsson diagram’® of proton states for 50< Z <82. (From Chi,
1966)

becomes greater, this effect should become stronger. Therefore, the low § orbitals
decrease in energy as 8 > 0 increases, and high £ orbits increase in energy as § > 0
increases. For oblate nuclei the effect is reversed, with high €2 orbitals decreasing
in energy and low 2 increasing in energy as the deformation increases. The spacing
between the levels increases with © and there are many more downward sloping
orbitals (for prolate nuclei) than there are upward sloping orbitals.

As the deformation increases, the orbitals from different shell-model states

approach one another. Orbitals with the same {2 and parity cannot cross one another
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Figure 2.2.3b: Nilsson diagram?® for neutron states for 82< N <126. (From Chi,
1966)

since even an infinitesimal interaction will cause them to repel. Therefore two

orbitals with the same 2 and parity will curve away from each other.

When the deformation is zero, the Nilsson wave functions are a pure spher-
ical shell model ;7 state. As the deformation increases, the term in the Hamiltonian
proportional to Yo mixes different j shell configurations. The most favoured mixing
occurs between configurations where I' = I £ 2. Therefore, in the 50-82 major shell,

the d; and s states mix more than the dg and d% states, even though the latter are
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Ko

Figure 2.2.4: Classical picture of a two single-particle trajectories with diflerent
K-values orbiting a prolate core. (From Casten, 1990)

closer together than the former. Likewise, the Py and f'." states mix very strongly
in the 82-126 major shell. Intruder levels, which are those shell-model states which
originate in the N 41 shell but because of their high angular inomentum (N 1 = 1)
are lowered into the N shell due to the I term, have very pure wave functions and
consist of almost entirely of a single § component until very large diformations. An
example of these are the 1_12! neutron states in the 82-126 major shell.

The Nilsson wave functions are often expressed in the spherical basis as
opposed to the |NIAX) basis. The coefficients for the spherical basis are the familar

Cﬁ numbers given by

Ch = > (IAZIj) a,y, (2.2.14)
AZ
such that
Wa) = CRlbin) = Y arldian) (2.2.45)
j tA
The Cﬁ coefficients have the property that
-3 4 0y
2= (1)1 (m) 0 (2.2.46)

For axially symmetric nuclei, rotations can only occur about an axis per-

pendicular to the symmetry axis. Therefore, @ = K. The complete properly
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symmetrized wave function is then

/2[ +1
|IMKQT$2'"~0) 167 ET [‘DMK 8J)|‘Iln (2.2.47)

—1)M (1) D (0;)19-0) ]| X k-ting (7) Ino)

The allowed values of the total angular momentum are
I=KK+1,K+2,... (2.2.48)

The 8- and v-vibrations can still occur in the core. The 8-vibrations have
np =1 and K = Q. The y-vibrations have a projection of their angular momentum
onto the symmetry axis of 2 units, thus X — 2 = £2. In odd-A nuclei two y-bands

are always present, the lower band, with K = Q — 2 and energy

2
= (-40 - 2) 2}0 E, (2.2.49)

and the higher band with K =2 + 2, and energy

E = (42 +2) 2"—% + B, (2.2.50)

The most important part of H' are the terms giving rise to Coriolis coupling,

or Rotational-Particle Coupling (RPC). The matrix elements are given by
(IMK'Q'nang|H o [ IM K Qnang) = — Z cli+cf [[5K.K_lan.n

{
+ (_1)[+,_, (—I)J T 6}('-(}{—-1)6“'—(“—])]

1
132

X :(I+I{)(I—K+1)(J'+Q)(J'—Q-I-l)-

1)I+% (_1

- .
+ |Sxrrniborne + (- y~? 5K'—(K+l)5n'—(ﬂ+1)]

X -(I—K)(I+K+1)(J'—Q)(J'+Q+1):%]

52
— —2K Q68 '
27, Sxxcban

(2.2.51)
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and are calculated from the relations for the angular momentum ladder operators.
The angular momentum part of the matrix element mixes states with different X
and 2 except for K =§} = % bands. In this case the Coriolis matrix elements are

diagonal and are usually expressed in terms of the decoupling parameter,

11 . 11 h? 144 1 h?
I —— H —_— = e [ - +E . e - 9. 'r'c
( M2 2n2ngl RPC|IM22n2ng) 570 (-1) (I 4 2) a 17 (2.2.52)

where
21 . 1 1
a= Z(—l)J ? (J + -2—) lCJ?,Iz. (2.2.53)
3

This has been named the decoupling parameter since it corresponds to a partial
decoupling of the particle motion from the rotator.

The sign of the decoupling parameter can be positive or negative, depending
on which term dominates in the expression above. If a is negative, then stales with
spins %, %, %‘-, etc., are lowered in energy while the other states are raised. For
a = —1, the % and % states are degenerate in cnergy. If a is positive, then states
with spins %, %, % are lowered in energy, while the remaining states are raised. The
effect of the decoupling parameter on the sequence of spins is shown in Figure 2.2.5,
where the energy of the rotational states is shown as a function of a.

The non-diagonal Coriolis terms mix different K and € values, and since K
is only a good quantum number for axially symmetric nuclei, the Coriolis conpling
effectively introduces triaxiality into the system. The values of the matrix clements
zre maximum for intruder state mixing, and are somewhat lower for normal parity
states. The matrix clements are larger for orbitals where both n, and A change by
one unit, but their sum remains constant, i.e. An; = —AA. Examples of this are
the £7[503] and §[512] orbitals. The intruder orbitals arc also in this class. The
other orbitals have matrix elements that are much smaller, usually by an order of
magnitude or so.

It has been found that the actual Coriolis matrix elements are usually some-
what less than predicted by Eq. (2.2.51), and thus it is common that the matrix

elements are multiplied by a factor, p, called the Coriolis attenuation factor, having
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3
2

M~

rofeu

Figure 2.2.5: The dependence of rotational energy levels on the decoupling pa-
rameter e in 2 K = § band in an odd-A nucleus. (From Casten, 1990)

a value of 0.5 to 0.8. The wrigin of the attenuation factor is not clear theoretically,

although some possible explanations are that it is related to the proper treatment
(2.2.54)

of the terms
hz - ~
— (Jf + 32 )

270

often called the recoil term, or the proper treatment of single-particle components

in the vivrational wave functions.
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2.2.3 0dd-0dd Nuclei

Odd-odd nuclei are the most difficult to understand both theoretically and
experimentally. They have a high level density that results from the coupling of
the odd proton and the odd neutron, and there is a rich interplay between the odd
particles. However, to a first approximation, the propertics of the nucleus can be
considered to arise from the odd particles.

The Hamiltonian for the system can be obtained from a generalization of
that for an odd-A nucleus, as given in Eq. (2.2.43). The single-particle angular
momentum, ;, must now be replaced with i and J:., and also the single-particle
Hamiltonian is now the sum over both particles. Therefore, the collective Hamilto-

nian becomes

3 ﬁ'z 72 oM ot ? ﬁ'z i ot 2
Hocon =2_"7; [I - (Is — Ja(=) T Ja(u)) + 16327?2 [(13 —J3(x) ~ Ja(u)) - 1]

B jgg) e or
(2.2.55)
and the single-particle part becomes
H = _ﬁ _1_ 212 7ot 12 _ 2,12 r
o = %’: T 4 smuhr® 4 CI' " + DI - mw'r" fo¥ao. (2.2.56)

The perturbations acting on the system are much more complex now, how-
ever, only the Coriolis, particle-particle, and residual interaction forces will be con-
sidered. Before these are investigated, the wave functions for I‘f,,r_”,, + I?D,,, will be
explored. These are constructed as in the case for a single particle. Assuming that
K is still a good quantum number (the nuclei are axially symmetric), K is now

either

Ko-_—_+ = Q-,r + Qy (2-2-57)

or

Kg:— = |Q1r - le (2.2.58)
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The single-particle wave function is the product of the wave functions of the proton

and neutron, and the total wave function is

2I+17. 1. I-2K
[IM K QxQumano) = \[ S5 [DMK (8;) 190)1Q0) — (=1)" 77 (mx) (70} (2.2.59)
"*
X ﬂMK (0.1) | - Qf)l - Qu)|x[1{—n,—n,|ng)|ﬂﬂ)
where

K - nqr - Qy = 0, :1:2, ﬂ:4, e (2.2.60)

are the allowed values of K, and the total angular momentum is given by
I=|K|,|Ki+1,|K|+2,... (2.2.61)

The K value is defined so that it is always positive. With the wave function written
as in Eq. (2.2.59), (1 and 2, can be positive or negative, with the greater one being
posilive. The intrinsic wave functions can be distinguished in the two cases by the

label o, where o = = for the cases

|Ko = +) =|pxSla)po ) (2.2.62a)

When K = 0, a special situation occurs such that the single-particle wave functions

must be properly symmetrized. In this case the total wave function becomes

ITMS — Qnang) =14/ %Di:o (6;) [120)1 — ) (22.69)
= (1) | = Q) 10} |Xon, ) Im0)

The energies of the states are given by
K2 9
EfKn.—nyn'_:no =gn, + gﬂ,, + T [I (I+ 1) - (K - Q-;r - Qy) ]
270

1 1

(2.2.64)
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The Coriolis interaction, written as in Eq. (2.2.51) except that j4. = 7+ 5

and similarly for j_, again mixes terms with X' = I +1, and has matrix clements'®

2
(IMEQeQu|H e (IMK'QQ) = L [((I +K') (I - K'+ 1))|3 B k-1

(808014 (P 137 VxS, 0,416, S0,

+ (P, 75 o )by 2, 416,00, 60001)

88014 (P n i loe — Qx)bg, ‘50' 'Ep.,p' .0,

(PuQ' |.7 lpw — Qu)ﬁnf I5n‘,“‘"p,r,u,,‘5fl n, )
P (7 (24 lp= Q) bqy, Qe+10p,0, 5000,

+ {0}, 0 15T |po S0 )b 0, 4100, 0. 50200, )]51(960
o [5a-5a'-((PwQ' i |pr b0, 04150,06,,4,
+(=1) (ol Q15 e O Yoara18a,08,,4.)
ba-ar 4+ ({PL 0137 lPv — Dbaabay 4603 Spert

+ (1) (17 loe — Dby gyt
—h2 ; ; }
+—3.;- ((I—K) (I+K +1)) Sxpcra

(64804 (1o Q137 1P U0, 4165500,

+ (o0l |jiju'Q' )6nuﬂL+16p;p',60a-ﬂ f

601 =604 ({pxxlif 0% — Ve, 160t 3 85t B0t
+ (oS0 lif 1Py — U)oqy 160, 3 8pept S0e0,)

b5—bgr—((px Q13T 1PV Yo, 2t 416, 4 800000,

+ (o215 16, 080,00 4185005000, | B0

St [Bo— b ({pealiZ 190 Vo 1606

+ (—1)’“ (puSli 1oL ¥ )60, 180,006, 01)

So4-800({puSW13 P, — b0, 360 ) Epet

+ (1) (orali |6y = ¥)0,0080, 45y Bt )]]
(2.2.65)
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where o+ stands for the two cases where K = |1, £§,|. The single-particle matrix
clement {p'Q¥|j o) is non-vanishing only when ' = 0 —1 and p' = p where p
stands for other quantum numbers needed to label the state.

There is another coupling that arises from the replacement of I—1- j:-—j:,

and is of the form
A R o ..
HPPC = 2Ju (J:Ju + Jx JI) (22-66)

and is called particle-particle coupling. This term couples AK = 0 bands, where
AQ, = +1 and AQ, = F1. This term gives rise to matrix elements given by

2

h .
UM Ko\ el M) = by S (o 2e 10100

(P, U5 lpv ) oa, e 418000, +1
(Pwnl |J |Pvrnvr)(ﬂunv|] |Pu )5n;n,+15nun:,+1)
+ S (A0 x 20 i 12l — Wbt 0,450, 450
+ (paQeliF | — Q) (AL 155 o) o0, 4 By, 'En:,nu+1)
+ 60'—617'-4- (( rﬂvr]qu |p1rnf )(Pvnyl.?y |pu )60'9:,-4}-160,{,50{,%
(PWQWIJ-A' |p1r -9 (Pl IJu ]Pun' )on,.l . l‘sﬂyﬂ:,-i-l)
+ 8ic08a—8,1- ( (P Q|3 105 Ve (o i 12, — )6 1t 4160000011
— (i lon e )6, L 5 192V, 04180041
+ (=1)™* {pe Qi |6 — Ue)puliif ), — QL)ﬁn,iﬁn,;%;gﬁn;{,]
(2.2.67)
In axially symmetric nuclei, the K values are restricted to K = |y £ Q,|. The
band heads for the two rotational bands based on the two K values are separated

in energy by the Gallagher-Moszkowski (GM) splitting!”, with the K values that

arises when the particle spins are coupled parallel being lower in energy.

The GM splitting can be reproduced’®~?* by assuming a zero-range spin

dependentresidual interaction between the odd proton and the odd neutron. The
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residual interaction is usually taken as
Vﬂ-y = —471-96 (F»x - f"y) [(1 s C\:) + o (&.ﬂ- * &.y)] (2.2-68)

where g is the interaction parameter and a is the fractional strength of the spin-spin

interaction. The interaction energy is

AEr, = {Xa,Xa,|VaulXa,. X0, ) (2.2.69a)
=(1- a)WAg(K) + aW Ay (K) + (=1)! Bbgo (2.2.696)

where the parameter W = (2w8(62)/1r)% and Ag, Ay are the GM madtrix elements
corresponding to the spin-independent and spin-dependent parts of V. The GM

splitting is the difference between the two unperturbed band head energies, and is
Egp = +2aW|A,|- (2.2.70)

The parameter (—1)/B in Eq. (2.2.69) is the odd-even shift coefficient,

otherwise known as the Newby term?®, The Newby matrix element is defined by

EN =- (ﬂ-) (xnrx-nvlv'ﬁ”lx"nxxnu) (2‘2‘71)

and has a value

Ey =~ (nw)aW (Ag —- Ag). (2.2.72)

Sood and Ray?! have suggested that the Newby matrix element incorporate a factor

related to the total intrinsic spin, Z, by
Ex = (=1)% () aW (|40 — | 451) (2.2.73)

and have found that this correctly reproduces the sign of the Newby shifts when

the residual interaction is that of Eq. (2.2.68).
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2.2.4 BCS Pairing Theory

In this scction, the pairing formalism first used by Bardeen, Cooper, and
Schricffer (BCS pairing) in their study of superconductivity is briefly introduced.
It was then applied to nuclei by Bohr, Mottleson, and Pines and also by Belyaev.

There are several experimental facts that naturally lead to the idea that

there must be some sori of pairing energy occurring in nuclei.

1. The ground states of all even-even nuclei have spin 0.
2. The total binding energy of an odd-even nucleus is less than the mean

of the binding energies of the neighbouring even-even nuclei, i.e.

My + My

MA odd > 9

(2.2.74)

3. In even-even nuclei there occurs an “energy gap”, such that below the
energy gap the nuclear level density is low, but above the energy gap

the level density is somewhat higher.

All of these facts lead to the idea that nucleons like to “pair-up” to angular momen-
tum zero and lower their energy. In fact, as long as a potential is a short-ranged,
two-body, attractive potential, the coupling of two nucleons in the same shell to
total angular momentum zero will lower their energy, as they will have maximum
overlap of their wave functions. For two nucleons to couple to angular momentum
zero, their values of the projection quantum number, m;, must be equal and oppo-
site. Therelore if one nucleon has the wave function |jm;) then its paired nucleon
will have the wave function | — mj). In this way, one nucleon can be viewed as
being in a time-reversed orbit with respect to ihe other.

The original ansatz for the BCS formalism was to try to represent the wave

function for even-even nuclei as

1BCS) =[] (U,, + Vnaj;a;l;) 10) (2.2.75)
1
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t

where g, creates a fermion, and al creates a fermion in a time reversed orbit,
The BCS wave function is actually a variational wave function, and Uj; and V,; are
variational parameters. The quantities Vn2 and UIZ, represent the probability that a

pair state, [£2, 1], is or is not occupied, respectively. Thus, they are subject to the

normalization that

vi+vi=1 (2.2.76)
and are given by
Ul =% 140 (2.2.77)
NS N
1 E -\
2 — oy 4
Va=5 |1 2 (2.2.78)

V(E, =2 + A2
The parameter A is called the energy-gap parameter, since the energy gap observed
in even-even nuclei is on the order of 2A. The value of V2 versus the energy relalive
to the Fermi surface is shown in Figure 2.2.6.

It is far easier to work in a new basis, one in which |[BCS} will acl like a
vacuum state. To transform to the new basis, a Bogelyubov-Valalin transforination

is used, defined as

a, =U,e, — Vﬂa’;; (2.2.79q)
ai =Un"’l - Vue, (2.2.79h)

where « and of are the auasiparticle annihilation and creation operators, respec-
tively. The transformation is a unitary one, and so the anticommutation relations
between the new quasiparticle operators are the same as between the fermion op-
erators,

The effect of pairing is to “smear” out the Fermi surface. If there were
no pairing, then the Fermi surface would be sharp, and below it there would be
particles, and above it, holes. However, with a pairing interaction, the distinciion

between particles and holes is less clear, since the quasiparticles, defined above, arca
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PARTIAL OCCUPANCY DUE TO PAIRING

Figure 2.2.6: The occupation probably V? for orbitals where the energies are
given in units of A, the pairing gap parameter, relative to the Fermi surface. In
this figure, X is the Fermi energy and ¢; is the single-particle energy. (From Casten,
1990)

mixture of both. The effect on all transition matrix elements is a slight modification
with the introduction of factors I/ or V where appropriate. For instance, the Coriolis
matrix elements introduced in section 2.3 now get multiplied by the factor (U Uz +
V1V2), where the subscript 1 and 2 stand for the two states that are conpled by the

matrix element.

2.3. Interacting Boson Model

Since the introduction of the Interacting Boson Model (IBM) by Arima
and Iachello” in 1975, a great deal of work has been done on this model. Indeed,

some researchers maintain that it is responsible for a rejuvenation of interest into
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nuclear structure. Initially, the main advantages of the IBM was its group the-
oretical approach that allowed for ease of computation when various dynamical
symmetries were realized. However, when secrious tests of the model were made,
the need for refinements and extensions became obvious. The IBM model was then
extended to cover not only even-even nuclei, but also odd-A nuclei. Recently??-23,
an attempt hasbeen made to describe odd-odd nuclei with the Interacting Boson
Fermion-Fermion Model (IBFFM). However, while these extensions have met with
some success, the number of adjustable parameters has greatly increased, and the
ease of computation has all but disappeared. Regardless of this, however, the IBM
remains a beautiful model, being able to describe many aspects of nuclear structure
quite naturally, and the idea of exploiling symmetries is an enticing one indeed. In
this section, the basic IBM is explored, as are the extensions such as the IBFM,

IRFFM, and Supersymmetry schemes.
2.3.1 The IBM-1

The original version of the IBM introduced by Arima and Inchello”  as-
sumed that low-lying collective states in even-even nuclei could be described by an
interacting system of s and d bosons carrying angular momentum 0 and 2 respec-
{ively. This assumption was based on features of generalized seniority calculations
in the shell model and the empirical structure of nuclei near the closed shells where
0% and 2% states lie much lower in energy ithan higher angular momentum states,
The boson states can be viewed as correlated pairs of like nucleons that are valence
particles. It is also assumed that there are no particle excitations out of the closed

shell, and thus the number of bosons is a definite number for each nucleus, and is
N = N-,r -+ Ny =N, -} Ty (2.3.1)

The number of bosons is determined by counting the number of valence particles,
either particles or holes, to the nearest closed shell and dividing by two. The reason
that the valence nucleons are counted to the nearest closed shell is the following.

Consider a shell which consists of only 1 orbit, «ith angular momentum j. There
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can be a maximum of 271 particles in the shell. The maximum angular momentum
allowed in the shell is made by maximizing the alignment of all the particles, and is
Jmaz = nj —n{n —1)/2 where n is the number of particles. The maximum angular
momentum occurs when n = j + §. This state must, by definition, have seniority
v =n = j+ 4, and this is the maximum seniority. (Seniority is the number of
particles not coupled to angular momentum zero.) If the number of bosons were
not counted to the nearest closed shell, then states would exist that would, in the
fermionic space, have a seniority ¥ > j + § when N > (7 + §)/2. This would,
however, violate the Pauli principle.

The s and d bosons are created by the operators

i a=2
il =

tay
—te
Dt
i
o

The number of d bosons is defined by the operator

¥ =3 dld,
I

0 (2.3.2)
with the total number of bosons defined by
N=ils+nN (2.3.3)
The conventional form of the general Hamiltonian 1s
o o .1 el I 1021
qu§+&N+§§:¢u+1Q“ﬂxd]>4wxﬂ ]
L=0,24
Lo (Tt o @ @ (2.3.4)
+;§”([P xdl| " x &3]+ he.

. 4110 -
+ %1‘:0 ([d’f x d’f][ Vit h.c.) + ug [d“fsf X d‘.a] o, %uos’fs’fsa
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The first two terms simply count the number of s and d bosons, assigning them
energies £, and &£ respectively. The next term describes intciuctions between d
bosons, the next three terms interactions between s and d bosons, and the last
term interactions between s bosons.

The s boson has only 1 magnetic subsiate, and the d boson has 5 substalcs,
therefore the sd boson system can be viewed as spanning a G-dimensional space,
and the system can be described as having a group structure of U(6).

The operator for the total boson number, N, commutes with the Hamil-
tonian and is a Casimir operator of U(6). The collective states are labelled by
N (total boson number), L (angular momentum), M (projection of L) and other

quantum numbers which depend upon the dynamical symmetry. The operator ¥ is
defined by

52 = 724 42 (515 1) + (W +5)3s - Plas - stth (2.3.5)

with
Pt = 5 [dl x df] o (2.3.6)

and
7= N (F+3) - P17 (2.3.7)

The operator 32 is called the generalized seniority operator in the 6-dimensional
space and is a Casimir operator of the SO(6) group. The Hamiltonian can now be

expressed as ) ) o )
H=EN+EN+v, NN+ v, N?

) ) . ) (2.3.8)
+v222 +u,T% 4 v,‘L2 + qu2
where .
. Y (]
Q* =5 [Q x Q] (2.3.9)
and /i .
5, = dbs 4 stde £ Y7 it x o] ,
Qu=dls+aldy+ = (4 xd]” (2.3.10)

is the quadrupole operator.
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The group U(6) has various subgroups; however, only the subgroups that
contain $O(3) are physically realizable. There are three group chains that contain

50(3)

U(6) DU (5)DS50(5)>80(38) U(5)chain (2.3.11a)
U (6) D SU (3) D 50(3) SU (3) chain (2.3.115)
U(6) D SO(6) > S50(5)DS0(3) S50(6)chain (2.3.11¢)

The U(5) chain is realized when the assumption is made that some nuclei
can be described with v, = vy =0, i.e. the interaction between s,d bosons can be

neglected. The Hamiltonian then becomes
H=EN+EN + v N2+ vn,,J\-ffl +o, N + v, T? + vLﬁz (2.3.12)

The Casimir operator of U(5) is N, the d-boson number operator, and it has eigen-
value ny. The SO(5) group has 72 as a Casimir operator, which acts as the seniority
operator in the d-boson space, and has eigenvalue 7(7 4+ 3) where 7 is the number of
d bosons not coupled pairwise to angular momentum zero. The energy eigenvalues

can be written immediately as
Epyel, = EaN + v N2 + (€, + vny) g + vynd + ver (7 +3) + v, L(L +1) (2.3.13)
The Hamiltonian is diagonal in the basis
|N = ng)lngrn,, LM) (2.3.14)

where N — 1y is the number of s bosons, and n, is the number of d-boson triplets
coupled to angular momentum zero. This last quantum number arises in the reduc-
tion to SO(5), as it is nceded to label the different irreducible representations. The
separation of the s-boson space from the d-boson space is possible because there
are no terms in the Hamiltonian that mix the s and d bosons, or mix states with
different d-boson numbers.

The spectrum generated by Eq. (2.3.13) above resembles that of a vibrator,
and thus the U(5) limit is often called the vibrational limit of the IBM. This is
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Figure 2.3.1: Comparison of a purely harmonic spectrum obtained from the RVM
( left) to that of the U(5) limit of the IBM for a total of 4 bosons (right). (From
Eisenberg and Greiner, 1987)

shown in Figure 2.3.1, where the vibrational levels from the RVM are shown along
with a spectrum from the U(5) limit. The spectrum obtained from the RVM has
many degenerate levels, and is, in principle, infinite, whercas in the IBM this de-
generacy has been removed due to the boson-boson interaction, and the generated
spectrum is finite due to the constraint on the number of bosons. The nuclear po-
tential corresponding to the U(5) limit has spherical symmetry with a minimum at

a deformation 8 = 0.
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The §O(6) limit is realized when the Hamiltonian is assumed to be
H = E N +0aN? 50,87 40,72 40, 12 (2.3.15)

where all terms proportional to N have been neglected, i.e. &, = v, = vy = 0.
The Casimir operator of SO(8) is £2, which is the generalized seniority operator in

il sd boson space, and has eigenvalues of Z(Z + 4). The energy eigenvalues are
Bpyrr = EnN + 'UnN2 + 'U:;E (E + 4) + vrT ('f + 3) + ’ULL (L + 1) (2.3.16)

The Hamiltonian is diagonal in the |[N'Ern,LM) basis. The similarity
between the U(5) and the SO(6) quantum numbers used to describe the states
should be noted, which arises from the similarity in the chain decomposition. The
operator 3?2 does not commute with N, and therefore the numbers of s and d bosons
can be changed. There are limits on the values of ¥ and 7, with £ =n,n-2,...0 or
1, and 7 = 0,1,...,%. The spectrum generated in this limit is very similar to that
of a y-unstable rotor, and thus the SO(6) limit is oftcn called the y-unstable limit of
the IBM. A typical spectrum generated by this limit is shown in Figure 2.3.2. The
nuclear potential corresponding to the SO(6) limit is that of an axially symmetric,
deformed 4-soft rotor.

When the assumption is made that £, = vn, = v, = vy = v, =0, then the

Hamiltonian becomes
H = &N 4 v N? + v, L2 + v, @ (2.3.17)

With this, the boson-boson interaction becomes dominant and the SU(3) limit is

realized. The Casimir operator for SU(3) is

. .e 3.

C* =20 + ZL’ (2.3.18)
and has cigenvalues X2 + Mg + p? + 3(X + p2). The energy levels are given by

1 3
EnApL = EnN +vnN2 + qu (1\2 +[1-2 +4\#+ 3(A +.u')) + (‘UL - E'Uq) L(L+1)
(2.3.19)
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Figure 2.3.2: Comparison of a spectrum obtained from the Wilets-Jean model
(left) for v-unstable nuclei to that of the SO(6) limit of the IBM for a total of 4
bosons (right). (From Casten, 1990, and Eisenberg and Greiner, 1987)

The quantum numbers (), z) label the irreducible representations of SU (3) and

have values constrained by

A=2n—6l—4k>0 (2.3.20a)
p =2k >0 (2.3.200)

for LE=0,1,....

When decomposing the chain U(6) D SU(3) O S0O(3), there arc states
that are degenerate for the same quantum numbers n, A, u, L, M, and these need to
be distinguished with another quantum number, K'. The quantum number K' is
not identical to the projection of the angular momentum on the intrinsic axis. In

general, the state labelled by K ! has several K values contained within it. However,
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the amplitudes of these states with K # K' are very small, and usually one uses
K' = K. The values of allowed K are

K =0,2,4,...min (), pu) (2.3.21)
The angular momentum L can take the values of

0,2,4,...,max (A, u) for K=0

K,K+1,K+2,...,K + max(},pn) for K#0

The maximum projection of the angular momentum onto the laboratory Z-axis is
Myez = A + p.

On a more physical basis, A is equivalent to n; — nr, where n,,n; are
oscillator quanta in the # and Z-axis directions respectively. The quantum number
p is equivalent to ny —ny. For deformed prolate nuclei the orbitals with the greatest
value of n; lie lower in energy than other orbitals for the same principle quantum
number N. Therefore, the ground states in the SU(3) description have (A, p) =
(2n,0). The next highest representation in energy is (A, z) = (2n—4,2), then (2n—
8,4) and (2n —6,0) etc. These are labelled in Figure 2.3.3, which shows a spectrum
in the SU(3) limit for N' = 8. The rotational spectrum displays a termination of
the bands, which is not a characteristic of the RVM, where a rotational band has
no termination.

For all the above symmetry limits, U(5), SO(6), and SU(3), in performing
calculations the basis states used are often those of U(5), since these are usually
the easiest to work with. The U(5) limit has the structure that the number of d
bosons, ny, is constant, whereas the $O(6) and SU(3) limits have the structure that
Ang = 0,42, and Ang = 0, %1, £2 respectively. Thus the SU(3) wave function can
have more terms in it compared to the SO(6) wave function with respect to the
U(5) basis. In fact, many properties of the SO(6) and U(5) limits are identical since
both chains contain the SO(5) and SO(3) subgroups. Properties that have to do

with the seniority structure of the wave function are thus identical in both limits.
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Figure 2.3.3: Typical energy spectrum of the SU(3) limit of the IBM for a Ltotal
of 8 bosons. The quantum numbers (X, u) are indicated under each band. (From
Eisenberg and Greiner, 1987)

When performing realistic calculations on nuclei, there is often a departure
from the strict limits or a transition from one symmetry limit to another. The three
symmetry limits are often viewed as the apexes of a triangle as in Figure 2.3.4. The
space enclosed by the triangle represents the most general solutions of the IBM-1
Hamiltonian. A transition between two of the symmetry limits, without invoking the
characteristics of a third, would move along one of the sides. In this case, the transi-
tion would depend on a single parameter. Nuclei in the A~190 region have been clas-
sified as having SO(6) symmetry. [~-eed, the first nucleus identificd as processing
$0(6) symmetry was '36Pt. There was a one-to-one correspondence between pre-
dicted and observed levels. As stated previously, the SO(6) limit corresponds to a
~-unstable potential, and has the typical 2+, (3%,4%),(5%,6%)... v-band staggering
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o{6)

u{s) - SU(3)

Figure 2.3.4: Symmetry triangle of the IBM. If a transition occurs from one
symmetry limit to the next without invoking a third, then the mixed symmetry can
be expressed in terms of a single parameter. (From Casten, 1990)

characteristic of y-soft rotors. There appears to be an SU(3) — SO(6) transition
between 8 0s (predominatelySU(3)) and 1920s (predominately SO(6)).

2.3.2 Interacting Boson-Fermion Model

The Interacting Boson-Fermion Model (IBFM) was a logical extension to
the IBM that attempts to describe odd-A nuclei. It was introduced by Arima
and Tachello®® in 1976 and developed extensively by Iachello and Scholten?® and
others?”. The basic idea is the same as that for the IBM, except that a fermion is

coupled to the IBM core. The Hamiltonian for the system becomes
H=Hg+ Hr + Vgp (2.3.22)

where Hp is the usual IBM Hamiltonian, Hr is the fermion Hamiltonian given by

. 1 @ o, qEn
Hp = E Sja,j.-pa.j“ -+ E EUJ(ﬁ;ck' [[GI X a.j] X [ﬂ.k X a.k;] ] (2.3.23)
it Ji'kk'L
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and Vgp is the boson-fermion interaction given by?7

Var = Zwﬁ.")[[sf X 3*][01 X [aT X al ][0]] "
i

+ Z 5¢2) [[dT x s* + sl x d‘]m o t oo ]["l][“} 2320
+ 3wl [[d‘r w s* + sl x d.]m y [a;f y a;] [Ll] o
3L

In the above expressions 31', dl are the usual s and d boson creation operators and
a;,e; are fermion creation and annihilation operators with time reversal property
a; = (~1)7=#aj_,. This is the general expression for the Hamiltonian. However, it

has been noted? that Vg can be simplified to

Vop =545 [ ]+ i [of) "
3

(2.3.25)

- ﬂ.‘i"] ‘[J-u] (0] .

+ Z AjJ' : [IPJ' x I-'J" .

JJ’J'"
where
MY = [df x d‘] o (2.3.26a)
0
Mf%] = [aj X a;][ | (2.3.26b)
2 2
QF = [af x5 + s'fd‘][ ' ix laf + d‘]l ! (2.3.26¢)
g i . (2] .

Q[F.:j' = _GT X U-J'r] (2.3.26d)

FIT_ fat o] ) (2.3.26¢)

Pl d’r xap]” (2:3.261)

The symbol : denotes normal ordering of the operators. The first term above is a
monopole interaction, the second term a quadrupole intt.mction, and the last term

is an exchange interaction. The parameters A4;,T';;s, and A j denote the strengths
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of the various interactions, and correspond to a special choice of the parameters

w'E)
it

In general, the Hamiltonicn must be diagonalized numerically, but in certain

special situations, analytic solutions can be obtained. The group structure for the

general Hamiltonian is

UZ (6) @ UT (m) (2.3.27)

where m is the dimension of the fermion group, m = »,;(27i -+ 1). There are many
different ways to decompose the direct product in Eq. (2.3.27) that depend on the
dimension of the fermion group, m. Studies of these decompositions are available

in the literature?”29-30,

2.3.3 The Interacting Boson Fermion-Fermion Model

The Interacting Boson Fermion-Fermion Model (IBFFM) is an extension
of the IBFM where two fermions are coupled to the IBM core. This introduces

another complication since the group structure is
UB(6) @ UF (mx +m,) D UZ (6)® UF (ms) @ UF (my) (2.3.28)

If my = m,, then the group can be decomposed further into various symmetry
limits similar to those of the IBFM?3,

The Hamiltonian for the IBFFM is written31-32 as

Hypppn = Hy, + Ay

1HEM 10FM

+ ﬂ"” I‘{IUM (2‘3'29)

RES —

The IBFM Hamiltonians for both protons and neutrons are added together, but
since they both include contributions for the IBM core, ﬂmnr must be subtracted.
The term H ipe 18 @ residual interaction between the proton and the neutron. The
IBFM and IBM Hamiltonians are those given previously and fi’;;s is given by3!

- -

H™ = He+ Hyoo + Hoo + Hr + Hapa (2.3.30)

RES

where

Hs = 4nV38 (7 — 7.) 6 (rx — Ro) 6 (7w — Ro) (2.3.31)
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is a surface delta-function interaction between the proton and neutron,

I}go'g' = 47"ng36 (T-':,r - Fy) (O-",r M 5"”) 6 (Tgr - RO) 6 (T'y - RO) (2.3-32)
is a surface contact spin-spin interaction,
Eaa' = —\/§Vaa&‘1r - &.y (2.3-33)
is a spin-spin interaction,
H’T = Vi [3(0'17'#)2; (U'u‘l'u) — &y Eu] (2.3.3‘1)
r‘!ﬂl
is a tensor interaction, and
. (re—17 .
Hpyp = 47"‘%—”—)’ E VeYuim (91!': ﬁt’vr) Yim (Bm qbv) (2'3'35)
xiy

Km
is a multipole-multipole interaction. In the above cxpressions, Ty = Tx — Ty and

Ry = 1.2A:". The parameters V5, Voga, Voo, Vi, and Vi are constants, and de-
termine the strength of the interactions.

For most comparisons with experimental data a dynamical symmetry in
the IBFFM is not employed, but rather a full numerical caleulation is performed.

The Hamiltonian is diagonalized in the basis®

| (s dv) Frwamavd ;i 1) (2.3.36)
where jr and j, are the proton and neutron single-particle angular momenta, jr, is
the resultant angular momentum of the coupling of jx and ju, ng is the number of
d bosons coupled to angular momentum J, v is a label for extra quantum numbers
if needed, and I is the total angular momentum resulting from the coupling of jx,

and J. The IBFFM wave function is then expressed in the form

ISEDY f((,{,',},,,,-mr, S| (Grsdv) dnynavd; 1) (2.3.37)

where the subscript r denotes the r'th state of a particular angular momentum I,
The boson-fermion interaction dominates the spectrum generated by the
IBFFM. The boson-fermion coupling generates considerable mixing in the wave
functions, as the two quasiparticle zero d-boson amplitudes of the wave functions

are typically < 30%.
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2.4. The Extended Supersymmetry Model

The idea of exploiting dynamical symmetries in nuclei has lead to many
important results in the IBM and the IBFM. Indeed, the initial success of the var-
ious symmetries was important in establishing the models, and one of the major
advantages often claimed was that the solutions were easy to determine once the
group chains were worked out. However, as the need for extensions and refinements
became apparent, the ease of computation all but vanished. The IBFFM, described
in the previous section, requires numerical calculations in most cases®t. The super-
symmetry model attempts to describe both even A andodd A4 nuclei within the same
group multiplet, with the result that the expressions for transition rates, transfer
strenglhs, ete., are analytical. This has tremendous advantages in that it allows for
casy comparisons with experimental datza, and the effect of the various parameters
in the model is much more transparent.

The basic idea of the supersymmetry scheme is to embed both the bosonic
and fermionic groups into supergroups, and then to decompose the supergroups
into the various groups chains®. One of the first supersymmetry schemes worked

36-37  The dimension of the boson

out for nuclei was the U(6/4) supersymmetry
group was 6, and a j = % fermion was coupled to the boson core, hence the fermion
group has dimension 4. The group supermultiplets, which describe both even-even
and odd nuclei, are labelled with the quantum number N=A + m. The U(6/4)
supersymmetry has been applied with some success®®~4! to the Os-Ir nuclei, where

N=9 and '%°0s and '*!Ir belong to the same supermultiplet.

The group chain for the U(6/4) supersymmetry is
U (6/4) > UP) (6) @ UF) (4) (2.4.1)

For the Os-Ir region, the boson core is described by the SO(6) limit, and thus the

group chain above can be further decomposed

U (6/4) > UB) (6) @ UF) (4) 5 50'B) (6) @ SUF) (4) (2.4.2)
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A further decomposition at this point requires a specific symmetry limit. A similar
decomposition can be given for the U(6/12) supersymmetry*?, where the fermionic
group has dimension 12, which allows for j = %, %, orj = % particles coupled to
the boson core. The U(6/12) supersymmetry has been used with some success in
the Os-Pt region?3-18,

In a natural extension of these ideas, Van Isacker??=50 and co-workers have-
considered the extended supersymmetry involved with the coupling of the U (G/4)
and U,(6/12) groups, i.e.,

U, (6/4) ® U, (6/12) (2.4.3)

The coupling order appropriate for neutron-transfer strengths in the A >~ 196 region

js50

us® (6) @ U$P) (6) @ UL (12) @ UY7) ()
5 Ut8) (6) @ US) (6) & SULT (2) @ SULT) (1)
> 02 (6)® 0f" (6) ® sULF (2) ® OL7) (6) 20)
E,f"::“'"’ (6) & 04" (6) @ SUL (2) N
(
(3

olZ+F) 6y @ sULT (2) @ 051 (5) @ SULT (2)

u+1r v

(B+F)

olZtN 3) @ suf(2) > 0(3) > 0(2)

The labels for the irreducible representations of the above symmetry limit
are used to label the states. The Hamiltonian is written in terms of the Casimir

operators of the groups in the chain, and is given by*?

1 =40, (V57 (6)) + BC: (0427 (6)) + 5'c: (04427 (6)

(B+F) (B+F) . (2.4.5)
+CCy (o,,+,r (5)) + DCs (o,,+,, (3)) + ECy (Spin(3))

where the irreducible representations have labels [N, N2, N3], < £1,22,%3 >, <
01,702,053 >, (11,72), L, and I, respectively, for the groups in Eq. (2.4.5). The

eigenvalues for the quadratic Casimir operators are well known®’, thus the encrgy
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cigenvalues are given by
€ =A [Ny (N1 + 5} + Nz (N3 + 3} + N3 (N3 + 1))
+ B [21(Z1 +4) + 52 (22 +2)+ 23]
+ B [0'1 (o1 +4)+ o2(e2 +2)+0'§]
+Cln(n+3)+n(n+1)+DL(L+1)+ EI(I+1)

(2.4.6)

The supermultiplets based on the extended supersymmetry are capable of
describing even-even, odd, and odd-odd nuclei. For example, the supermultiplet
first consideredi®5! contained 1%0Pt, 197Pt, ¥7Ay, and % Au. With one set of
parameters, the energy spectra of all four nuclei were reasonably reproduced, and
thus il the even-even spectra and neighbouring odd A spectra can be fitted, then
predictions for the energy spectrum for the odd-odd member of the supermultiplet
can be made.

Expressions for transitions rates and the transfer strengths have been de-
termined for certain group chains. As pointed out by Van Isacker®®, the expressions
obtained are dependent on the way that the coupling is performed, and expressions
for single-neutron transfer will differ from those for single-proton transfer even if

the transfer operator is the same.



Chapter 3.
Experimental Techniques

Since transfer reactions are such a well known and established technique,
it 1s not necessary to explore the details in depth because these are described

elsewhere®?, However, an overview will be given of the experimental technique.

3.1. Target Chamber and Enge Spectrometer

Beam particles obtained from the accelerator are focused and steered into
the target chamber, the base plate of which is fixed to a central post. The target
ladder, which can be rotated and elevated or lowered as desired, is posilioned in the
center of the chamber. Apertures are fixed to the base plate between the entrance
port and the target position. Also fastened on the base plate is the silicon monitor
counter assembly. This consists of a base, which is in good thermal contact with the
cooled brass base plate of the targel chamber; a thermoelectric cooler; and on top,
the monitor counter holder. The assembly is constructed so that the silicon monitor
counter remains in electrical isolation from the target chamber, thus minimizing
electrical noise.

The products of the reaction between the beam particles and the target are
admitted into the Enge spectrometer by means of apertirres that can be adjusted in
both the vertical and horizontal planes. The spectrometer can be rotated about the
target, from 0° to about 160°. The Enge spectrometer is described as a split-pole
instrument since it has two separate pole pieces surronnded by a single coil. The
purpose of the split between the poles is to provide second-order double focusing
(focusing in both the vertical and horizontal planes)®™. The reaction products are
momentum analyzed by the spectrograph, and thus the particles are dispersed.
The dispersion, D, depends on the radius of curvature, p, and at the high p end

(Pmaz = 90 em), where the particle detectors are usually located, has the value

- 53 -
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Ad/Ap ~ 2.5, where d is the distance along the focal plane. Therefore, for a change
in cnergy that corresponds to a change in the radius of curvature of 1 cm, the
position along the focal plane can be expected to change by about 2.5 cm. The
magnification of the spectrometer is defined as the ratio of the size of the image to
the size of the object. Obviously, the most important is the horizontal magnification,
since it is desired that the width of the beam spot not produce wide peaks on the
focal plane. The Enge spectrometer has a horizontal magnification, My, of about
0.34, and a vertical magnification, My, that varies from 1 to 2.7 over the length of
the focal plane. The resolving power of the instrument is defined as p/Ap where
Ap is the momentum spread corresponding to the image width, and can obtain a

value of approximately 5000 for beam spot widths of about 1 mm.

When the particles emerged {from the magnetic field, they entered the detec-
tor chamber, In this chamber the photographic plates, which were used as particle
detectors, were placed. More than one plate can be placed in the focal plane at a
time, so that particles with different radii of curvature can be investigated. This was
used in the (d,t) reactions to find the excitation energy of the first state populated,
by comparing the cnergy of the particles in the elastic scattered peak to the energy
of the tritons. The cassette holder can be moved both perpendicular and parallel
to the focal plane. The perpendicular movement allows for more than one exposure
to be made on a photographic plate, while the horizontal movement allows for the
correction in focusing due to the “kinematic shift”. If the spectrograph were ar-
cepting particles from radioactive decay, for instance, then the particle energies are
independent of angle, and all particles have the same radius of curvature. The focal
plane is defined as the plane where the particle trajectories convergence. During a
reaction, the acceptance of particles over the range of angles defined by the aper-
tures implies that there are now a range of energies accepted (due to kinematics),
and these particles have different radii of curvature. The plane where the particle

trajectories converges is now different from the focal plane, and this difference is
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the kinematic shift. As the spread in energy becomes greater, for instance for par-
ticles that originate from reactions on light nuclei such as the carbon backing, the

kinematic shift can become quite large. The shift, §, is given by®?

6§ = F(p)pmaz K sin 8 (3.1.1)

where | 1

(M M,)? ( T; )’
K= 3.1.2
(MR + Mo) Tﬂmu.r ( )

and F(p) depends only on the geometry of the spectrograph, and is
DMy .
F(p) = — Ko (3.1.3)
p

In the above expressions, M;, M, and Mp are the masses of the beam particles,
reaction products, and residual nuclei, respectively, Ty, is the kinetic energy cor-
responding to the maximum radius of curvature, pmaz, 7 is the kinetic energy of

the beam particles, and D is the dispersion defined previously.

3.2. Particle Detection

The particle detectors used in the experiments were photographic plates.
Since resolution was the prime concern, photographic plates were chosen, since with
active counters there is always a contribution to the peak width from the clectronic
noise. There are various types of photographic plates that could be used, depending
on the linear energy transfer (LET) of the particle. For example, for the detection
of a-particles, which have a high LET, a photographic plate with an emulsion that
was relatively insensitive to charged particles with a low LET would be used. In
this way, background reduction is easily accomplished. Particles that had a lower
LET, such as protons, deuterons, or tritons, would not leave tracks, or would leave
very faint tracks, and thus would not be counted. However, if it were desired to
detect light ions, then a photographic emulsion that would be sensitive to them

would be required. For the detection of protons and tritons, cither Kodak NTA,
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NTB, or NTB2 emulsions were used. For o's, Illford K-1 emulsions were used. The
NTA, NTB, and NTB2 plates were developed with a mixture of 30% D19 developer
and 70% distilled water for 6 minutes, and then fixed for 6 minutes. The K-1 plates
were also developed in a solution of 30% D19 for 8 minutes, but were left in the
fixer for typically 30 minutes.

Since the plates used for the detection of protons or tritons were also sensi-
live to deuterons, a’s, and other heavier ions, thin foils of aluminium or lead were
placed over the plates to stop unwanted ions. For the detection of tritons, the Q-
values for the reaction were such that it would not be expected that any protons or
deuterons would strike the focal plane at the same point as the tritons. Therefore,
0.004 irnich rhick aluminium foils were placed over the plates to stop singly charged
a’s or 1*C ions from reaching the plate. When detecting protons, the @Q-values were
such that deuterons and tritons would also fall cii the focal plane at the same point.
Therefore, taking advantage of the fact that the protons have the greatest range,
0.010 inch thick lead foils were placed over the plates. Deuterons and tritons would
be stopped by this thickness of lead, but the protons would go through, although
with a reduced energy.

Once the plates were developed, they could be scanned. The plates were
placed under a microscope which had a depth of focus < 50 pm, and counted in 0.25
mm strips. The tracks that were from partiicles originating in the reaction entered
the emulsion at a 45° ungle, and since the emulsion was approximately 50 microns
thick, when one end of the track was in focus, the other end was not. Therefore,
particles without the proper track direction could be discriminated against. Also,
very long tracks or very short ones, as well as tracks that were not horizontal, were
discriminated against. In this way, a further reduction in the background could be

achieved.
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3.3. Targets

Targets of 1913931 labelled as FSU 61 and FFSU 12, respectively, were ob-
tained from Florida State University and used for some ecarly (d,p) and (dt) ex-
periments. These targets were made by vacuum evaporation, as described below,
and had thicknesses of about 30 pg/cm? The composition of the iridium targets,
as indicated by the supplier of the samples, is given in Table 3.3.1.

Targets of 1°1%Ir, and 1890 were made at McMaster University by .
Stark. These were produced by vacuum evaporation of the metal samples, obtained
from the Isotope Sales Division of Oak Ridge National Laboratory, onto carhon
foils. The carbon foils were approximately 30 pg/em? thick. This thickness was
chosen to balance the strength of the target against the degradation of resolution
due to the backing. The process of evaporation of the sample material onto the
backing was achieved in several steps. Firstly, the sample, which was in the form of
a metal powder, was placed into a tungsten boat in the vacuum chamber, heated
by an electron beam, and melted into a spherc. When cnough material had been
incorporated into the sphere, the carbon backing foils were loaded into the vacuum
chamber. The electron beam was again focused onto the metal sphere, and the
intensity was slowly increased. Care was essential because the carbon foils ruptured
if they became too hot. Therefore, the evaporation was carried out in several stages,
until the desired thickness of material was reached. The targets of 1'% Ir made
in this manner had thicknesses of approximately 40 and 45 pg/em?, respectively,
and were mounted on frames labelled as Y 134 and M 48, respectively. The 1890y
targets had thicknesses of approximately 33 pg/em?, and had compositions of 0.06%
186005, 0.41% '870s, 1.23% **0s, 81.14% '8°0s, 14.10% '*°0s, and 3.06% 1920,

The 195Pt target was obtained from Los Alamos National Laboratory, and

had a thickness of 120 pg/cm?.
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Table 3.3.1: Composition of Targets

Target % 191y % 193]r

FSU 61 94.66 5.34
FSU 12 1.3 98.7

Y 134 96.19 3.81
M 48 0.65 99.35

3.4. Experiments Performed

The single-nucleon transfer experiments that are reported in this work were
carried out at McMaster University. The beam energy chosen for the (d,t) reactions
was 18 MeV, since many other (d,t) experiments performed in this mass region used
this energy, and the angular distributions of cross sections have more structure than
if the reactions were carried out at lower beam energies. The (d,p) reaction used 16
MeV deuterons. The (d,p) @-values are positive (~3 to 4 MeV), and to decrease the
full width half maximum (FWHM) in energy, the beam energy was reduced from
that used for the {d,t) reactions. Distorted wave Born approximation (DWBA)
calculations indicated that the structure in angular distributions would still be
sufficient to allow the determination of the dominant {-transfer in the transition.

In order to fine-tune the magnets so that the beamspot on target would
have a small horizontal size, apertures (with a horizontal opening of 0.33 mm) were
placed in the target location and the beam was focused through these. The objective
was Lo reduce the current on the apertures as much as possible while maximizing the
current on the Faraday cup located behind the target position. The currents to the
quadrupole magnets on the beamline were adjusted, and for some experiments 90%
of the beam reached the Faraday cup through the apertures. Once the focusing of

the beam was satisfactory, the apertures were removed and .he targets positioned.
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Depending on the experiment, the targets were placed such that the carbon backing
was facing the beam (for (d,t) and (p,a) experiments) or facing away from the beam
(for the (d,p), (*He,d), and {a,t) experiments). In this way the effects of energy
straggling, which incrcases with the atomic number and decreases the resolution

that can be achieved, were minimized.

The silicon surface-barrier monitor detector was placed at an angle of 30°
to the beam, and used to measure the number of clastically scattered deulerons.
A tantalum disk, with a 1.51 mm diameter aperture, was placed immediately in
front of the detector. The aperture was 127 mm away from the center of the
chamber. Therefore, the solid angle subtended by the aperture was 0.1110 msr,
Several monitor detectors, which ranged in thickness from 1000 to 2000 microns,
were used since with prolonged exposure the resolution would deteriorate. The
resolution was required to be of sufficient quality to separate the clastic peak of the
target from that of the carbon foil backing or other impuritics. The cutput from the
monitor detector was amplified and analyzed with a multichannel analyzer. The net
counts in the elastic scattered peak were determined, from which a normalization

value necessary for the conversion to absolute cross sections was obtained.

The apertures for particle acceptance to the Enge spectrometer could be
adjusted in both the vertical and horizontal directions independently. The choice
of setting was a compromise between good resolution and count rate. In order to
have the maximum count rate, the apertures had to be opened as far as possible.
However, if the horizontal and vertical apertures were set too wide, the resolution
would be degraded through third order aberrations. The apertures were set as listed

in Table 3.4.1.

The beam current on the targets was typically 1 particle A, and for the
single-neutron transfer reactions gave a sufficient exposure of the photographic
plates after 1 or 2 hours. The exposures were usually stopped after 2 x 10% monitor
counts. Spectra were taken at 15 angles for the 1911¢(d,p), 1Ir(d,p), and P'Ir(d,1)

reactions, in 2° steps from 6° to 10°, in 2.5° steps from 10° to 20°, in 5° steps from



Ezperimental Techniques 80

Table 3.4.1: Apertures Set for Enge Spectrograph Experiments

Experiment Setting Solid Angle msr
Vertical  Horizontal

911r(d,p) 50 60 0.759
1911r(d,t) 50 60 0.759
1931¢(d,p) 50 60 0.759
1931p(d,t) 50 60 0.759
18905 (a,t) 60 120 1.821
18905(%He,d)

35°,60° 60 120 1.821

10°,15°,20°,30° 70 90 1.593
195p¢(p,a) 60 100 1.517
19311 (3 He,a) 60 120 1.821

20° to 50°, and in 10° steps from 50° to 70°. The !*1r(d,t), 1*°Ir(d,p) reactions had
an additional spectrum taken at 22.5°, and the %3Ir(d,t) reaction had additional
specira taken at 22.5° and 27.5°. For the ®¥90Os{a,t) experiment only two spectra
were recorded, at 50° and 60°. Spectra recorded at smaller angles would probably
have a large number of impurity peaks, thus reducing the amount of information
gained, and DWBA calculations indicated that the angular distributions are some-
what structureless. A total of 6 spectra were recorded for the ¥°0s(*He,d) reaction,
at 10°, 15°, 20°, 30°, 35° and 60°. In the %°Pt(p,a) experiment, only two spectra

were recorded at 10° and 15°.
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3.5. Experimental Analysis Techniques

After the plates were scanned, the counts were used as input to the program

SPECTR. The program performed a fit to the peaks with the function

Y= H[exp[— (2 - mé): (¢l 2)] + S exp [— (lnT2) (Jz —wo — GG|)]

X (1 - exp[_' (= _2‘222(4“2)])]

where y is the observed count, z is the position along the plate. The peak shape

(3.5.1)

parameters, 4, S, G, and GG were determined by fitling strongly populated, well
tesolved peaks, and then kept constant for the fit to the entire spectrum. The
function is a gaussian, centered at zg with full width at half maximum (FWIHM) G,
with an exponential tail added to it. The exponential tail, which has a decay rate
of 1/4, is also mulliplied by another gaussian function such that the contribulion
of the tail at zg is zero. The height of the peak is given by H, and the height of
the exponential tail at a distance GG away from =zq is H x 5. The peak shape is
shown in Figure 3.5.1.

The number of counts in the elastic scattering peak is given by

d
Noon = f-) dQmon€mon Ni Ny (DT'C) (3.5.2)
dt/ el

where gﬁ) , is the elastic scattering cross section at the angle of the monitor counter,
c

dQmon is the solid angle subtended by the monitor counter, N is the number of
target atoms in the beam path, and N, is the number of beam projectiles, The
dead time correction (DTC) and the efficiency for detection of the elastic scatlered
events {€mon) were essentially 1 for all experiments. The number of counts ohserved

in a peak by the detector in the spectrograph is

do

ngza

). dRupespNiNy (T P) (3.5.3)
ap

where g:%) is the reaction cross section, dflsp, is the solid angle subtended by
p
the spectrograph, €sp is the detection cfficiency for the detector (equal to 1 for
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Figure 3.5.1: The peak-fitting function used in the analysis of the particle data.
The meaning of the parameters G, GG, H, and § that describe the shape are
shown.

photographic plates), and TP is the target purity. By dividing Eq. (3.5.2) by

Eq. (3.5.3), the reaction cross section can be obtained in terms of known quantities

d d dmon 1 1
")’p " ") o Nup = YnormNep (3.5.4)

.(-i-ﬁ E cl dn,p Nmonﬁ

and thus the peak intensities found by SPECTR can be converted to absolute cross

sections by multiplying by the normalization factor, Ynorm.

The calibration polynomial relating the distance along vhe plate to the
radius of curvature is accurately known, and was determined by D. Burke and
C.R. Hirning® by examining the variation with magnetic field of the distance along

the plates for peaks due to a-particles from a radioactive source of 22Ph. The
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calibration polynomial was found to be
p = 89.3031 — 0.405073d + 0.242966 x 10~ *d?

— 0.751076 x 10~%d* + 0.834861 x 10~ 7d*
where d is the distance from the end of the plate in cm, and p is the radius of

(3.5.5)

curvature in cm. A nuclear magnetic resonance (NMR) probe was used to determine
the magnetic field in the Enge spectrograph. This, combined with knowledge of the
mass and charge of the detected particles, allowed their energy to be determined.
From relativistic kinematics, with knowledge of the beam particle mass and encrgy,
the reaction Q-values can be found. For the (d,t) reactions, two photlographic plates
were sometimes placed in the focal plane, one to detect the tritons, and the other to
detect the elastically scattered deuterons. A precise value of the energy difference
between the elastic peaks and the reaction peaks can be determined. If the ground
state Q-value is well known, then the excitation energy can be measured.

Angular distributions of cross sections from single-neutron transfer reac-
tions have shapes which depend upon the transferred l-values of the transition.
Since angular momentum coupling allows for more than one {-value to be trans-
ferred to a particular state, the angular distributions can be fitted with several
DWBA curves for different l-values simultancously. The fits were carried out by a
least squares procedure. In a two-parameter fit, an attempt was made to reproduce

the observed angular distribution with

where f(8) is a theoretical angular distribution for a particular [-value. To find the

values of the coefficients, the value of X2, defined by

x? = Z (y,- —afy (6:) — bfa (Gi))z (3.5.7)

2]

i
was minimized with respect to both e and b, yielding

Z (!h' —-afy (gig —bfa (oi_)_) fi(B) =0 (3.5.8)

i 7

i —af1(8:) - bf2 (6
z(y f(ﬂl fa (6:)

; 7

JPICRE (3.5.9)
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The sums in the above expressions are cver all data points, where y; is the observed
value of the cross section at angle §;. The solution of the above equations gives the

values of ¢ and b to be

Zy‘h(a bzfl(e)fz(o)

o = (3.5.10)

Z\fl 9))

ylfl Bl fl fZ(e‘ )
Eyifz {6:) _ (; ) (E

7o ZM

of

- 2
0 0;
" (Zf:( l;z( ))

(fa( AN
; a? Z(fl 8:))*

i Iy

(3.5.11)

To determine the errors on the coefficients, any systematic errors, such as errorsin
the angles, shall be ignored. As well, uncertainties are introduced by the optical
model parameters used in the DWBA calculations, and these also will not be treated

here. Assuming only statistical errors then

2
of=3" (%) a2, (3.5.12)

where z; are the variables of function f. The error on a is found using

f1(6:)
da ol
e S— (3.5.13a)
Ay 0; 2
> (f (? )
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) Z h (Bi(),-:?fz (&)

8
da _ (3.5.136)
&b b; 2

Z gli‘?))

and substituting into Eq. (3.5.12). Similarly, the error on b can be lound by applying
Eq. (3.5.12) with

f1(6:) h () 2 (6:)
fz(ﬂi)_( af )(Z o )
2

o; > (f1(0:))°

2

b
% = : - ; (3.5.14)
= (Z f1(8:) f2 (0;))
Z
T (f206) N7 7
- — (/1 ()
1 ' L 7
The uncertainties on the data points, ¢, are found by
oi = 1/ o2 + (0.13:)° (3.5.15)

where op is the statistical uncertainty in the cross seclion as given by the program
SPECTR and depends on the number of counts in a peak, how well it is resolved
from other peaks, etc. The uncertainty o; also includes an additional 10% of the
cross section, which is a measure of the reproducibility, i.e. when experiments are
repeated trying to match the same conditions, differcnces in cross seclions as large
as 10% may be four-! for the same levels.

The case where only one theoretical angular distribution was fit to the

observed data is much simpler, with the fit coefficient

Z yi f (0)

2
. o)
i 1

8; 2
z(f( )

2
a;

¢ = (3.5.16)

1
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and uncertainty

(3.5.17)

All of the angular distributions were first fit with one theoretical l-value. If
there appeared to be significant deviations between the data and the fit, then the
fit was performed with two l-values. In order to test whether the two-parameter fit

was justified, an Iy test was performed. The statistic Fy is defined as

=20 ;21)(7:) X (n) (3.5.18)

(N —mn)

and is a test of how much the additional term in the fit improves the X2. The
number of degrees of freedom is N — n, where N is the number of data points and
n the number of parameters. The probabilities of F exceeding a certain value due
to random fluctuations of the data are tabulated %5. For 16 data points, a value of
Fx > 2.46 implics that the two-parameter fit is meaningful at the 95% confidence
level, while for 17 data points, the corresponding value is 2.39. Therefore, if a
value of Fy < 2.4 was observed, then the one parameter fit was favoured over the

two-parameter fit.



Chapter 4.

Experimental Results

4.1. Introduction

In this chapter, the results from vario s experiments are presented. The
techniques used to derive the plots and numbers that are scen here were describerd
in the previous chapter.

A large number of levels below 1 MeV excitation energy are populated in
the single-neutron transfer reactions. All of the levels observed have negative par-
ity, as the transferred [-values were cither 1, 3, or 5, and the targets have positive
parity. The results from the (d,t) reactions are more precise than those from the
(d,p) reactions, since there were impurily peaks present in the (d,p) spectra, and
the resolution was slightly poorer. Indeed, with the (d,t) reaction results, it was
often possible to determine the spectroscopic strengths for more than one l-value
populating a state. The (a,t) and (*He,d) studies provided information on the pro-
ton part of the configurations in 1907 and in combination with the resnlts of a (d,t)
experiment, provide evidence for strong configuration mixing, but unfortunately

there is very little complementary information regarding this nucleus.

- 67 -
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4.2. Single-Neutron Transfer Reactions

The (d,t) and (d,p) reactions were performed using beams of 18 and 18
MecV deuterons, respectively. The resolutions obtained for the (d,t) spectra, typical
examples of which are shown in Figure 4.2.1 and Figure 4.2.2 for the 1917(d,t)1901r
and 'r(d,1)!"?Ir reactions, respeciively, were very impressive, being on average
0.38 mm, or 5.7 keV, with the best resolution of 4.5 keV., The average peak widths
for the (d,p) reactions, slighter greater than for the (d,t) reactions, was 0.49 mm,
and since the protons have greater energy due to the Q-value differences than the
tritons, results in a greater FWHM in energy, 8.9 keV. Figure 4.2.3 and Figure 4.2.4
shows typical spectra obtained in the !*'Ir(d,p)'*?Ir and 1%%Ir(d,p)!%*Ir reactions,
respectively.

During the (d,t) experiments, extra photographic plates were sometimes
put in the focal plane to detect the clastically scattered deuterons. The position on
the focal plane of the peak due to elastic scattered particles was used to determine
their radius of curvature using Eq. (3.5.5), and their kinetic energy was found using
relativistic kinematics. Since the Q-value for elastic scattering is zero, the kinetic
cnergy of the beam particles could also be found. The energy of the particles
associated with the position of the first triton peak, combined with the knowledge of
the beam kinetic energy, was used to determine the Q-values for the states populated
in the reactions. With this method, the @-value for the first populated state in
1901 is Q = —~1.767 £ 0.002 MeV. This result is consistent with the @Q-value of
—~1.768 4 0.006 MeV obtained by measuring the energy difference between between
the first level populated in MIr und the peaks from the 56.7, 84.3, 104.5, 116.8,
and 128.3 keV levels in 1921r, present due to the 5.34% '93Ir impurity in the target,
observed in the spectra recorded at 12.5° and 50°. The uncertainty of £0.U06 MeV
includes the contribution of £0.004 MeV in the mass of the 'Ir ground state €.
Sinee the!?Ir ground state Q-value from the 1986 mass tables®® has an uncertainty
of £200 keV, the excitation energy of the first state populated in the reaction is

unknown. From the mass tables®®, the ground state Q-value for 1%2Ir is well known,



Ezperimental Resulls 09

o
o
N
t 3 r—{
|
5 o
— Q o :’
-~ N o '_a
4': <t ™t L
\"9 Il o M
L] CD o )
bt 24
o «© o
- Z
o &3]
© Z
\O O
]
>
o
o E
o <t 0
= P
e 5 )
o~==gﬂ~———-—-——-4»——-———ﬂb‘ﬂg"";gu'" o m
. o
%
=
° <
-
o) 43
[+4
o
Yip 1 Ll [P it : [ IR O
™
o o S -
o o —
o .
e

dINLS W ¢Z°0 ¥dd SLNNOD

Figure 4.2.1: Spectrum obtained at an angle of § = 45° for the 19 r(d,t) reaction

with 18 MeV deuterons. Peaks labelled with asterisk marks are due to levels in
192Ir.
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Figure 4.2.3: Spectrum obtained at an angle of § = 45° for the WH(d,p) reaction
with 16 MeV deuterons. Peaks labelled with asterisk marks are due to impurities.
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and the excitation energy for the first peak populated in *%2Ir bv the (d,t) reaction
was determined to be 57.6 + 1.2 keV, where the uncertainty does not take into
account the 4 keV uncertainty 5 in the ground state Q-value. This agrees with the
value of 56.72 keV reported by Kern et al®7 for the energy of the first excited state.
An additional 2 keV uncertainty, which has not been included, on all Q-values

may be due to systematic error in the calibration of the spectrograph.

The peak intensities were converted to cross sections, and angular distri-
butions were fitted with either one or two l-values as described in Section 3.5. The
theoretical angular distributions for the transferred I-values for (d,t) and (d,p) reac-
tions, shown in Figure 4.2.5 and Figure 4.2.6, respectively, were obtained from dis-
torted wave Born approximation (DWBA) calculations using the computer code®®
DWUCK4 and the same optical model parameters as in a single-nucleon transfer
study?®® of Pt nuclei. These parameters were chosen since the single-neutron trans-
fer experiments on Pt nuclei, which are in the same mass region, were performed
using the same beam energies as in the present work, and both the shape of the
angular distributions and the analyzing powers for various transferred anzular mo-
menta, j, were successfully reproduced. The parameters are listed in Table 4.2.1.
The normalization value, N, was equal to 3.33 for (d,t) reactions and 1.55 for {d,p)

reactions as recommended by Kunz®.

In single-nucleon transfoe from an initial state with spin Iy, more than one
j-value may be transferred to a final state with spin Iy. From angular momentum
conservation the transferred j-value is restricted to the raage between |f; — ff| and
I; + Iy. However, usually one or two j-components will dominate the transfer,
and in this work therc were no angular distributions that gave reasonable evidence
for more than two [ components. The transfer of j = -;-“ orj = %_ is indicated
by the presence of an [ = 1 component in the angular distribution, and since the
ground states of 191197r are %+, the final state spinis 07,17, 27, 0r 37. An{ =1

component indicates the transfer of j = %— or j = % , and could populate final

spins of 17,27, 37,47, and §7. An ! =5 component, which would be the {-value
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Table 4.2.1: Optical Model Parameters for DWBA Calculations (d,t) and (d,p)
Reaction®)

Particle A" Ty a, w 4Wp rr a7 7re Nonlocal
(MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) (fm) Parameter

deuteron -103.8 1.15 0.81 749 134 0.68 1.15 0.54
triton —151.7 1.24 0.685 —12.85 1.432 0.87 1.25 0.25
proton -57.8 117 0.75 -1.92 242 1.32 0.66 1.17 0.85
neutron %) 1.17 0.75

) Finite range parameter and normalization constant used were 0.845,
0.650 and N = 3.33, N = 1.55 for the (d,t) and (¢,p) reactions, respectively.

5) Well depth varied to reproduce the n:utron hinding energy. A spin-orbit

strength corresponding to A=8 was also used.

for transferof j =2 orj = 121_, could populate final states with spin 37,47, 57,

6-, and 7. If an angular distribution has two [ components, then clearly the spin
of the state is restricted to the intersection of the spin range for eack l-value.

The angular distributions of cross sections from the *!Ir(d,t) reaction and
the »1Ir(d,t) reactions are shown in Figure 4.2.7 and Figure 4.2.8. The fits to the
data are, in almost all cases, extremely good. There are several angular distributions
that appear to be populated with pure ! =1 or ! = 3 transitions, and these are well
reproduced by the DWBA curves. Many of the plots have more than one curve on
them, corresponding to a transfer of more than one l-value. The Fy test, described
in Section 3.5, was used as a measure of the probability that the reduction in the X2
value for a two component fit was not due to random fluctuations in the data. The
level of confidence chosen for the Fy test was 95%, and Table 4.2.2 and Table 4.2.3
lists the X% and Fy values obtained for the fits to the angular distribution for the
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1911r(d,t) and *3Ir(d,t} reactions, respectively. The values of the fit cocflicients are

equal to the spectroscopic strengths, defined as

&)
| = Tda?—‘-ﬂ’— (4.2.1)
Eﬁ)pwm
where the experimental angular distribution is fitted with a single I-transition, and
do do; doy,
— —_— — S — 4-' .
dﬂ.)ezp N [S dQ)DWBA + dQ )DWBA] (1:22)

where it is fitted with iwo [-components.
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Figure 4.2.7a: Angular distributions of cross sections from the 1°'Ir(d,t) reaction.
The dashed curves are the results of a DWBA calculation for the transferred i-value
indicated. The solid curves are the fits to the data.
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Table 4.2.2: Values of X2 and Fy from Fits to Angular Distributions from *1Ir(d,t)

Reaction
Relative X2 for one l-value X2 for two l-values Py
Energy (keV)
0 1.564 1.393 6.90
25.9 0.664 0.660 1.11
83.0 1.629 0.713 20.3
144.0 1.021 1.057 0.48
173.8 9.140 0.315 420
198.9 1.467 1.166 4.88
220.8 2.788 0.525 65.7
241.7 1.908 1.474 5.11
278.9 2.37 0.853 27.7
284.9 0.866 0.772 2.83
3134 7.385 0.500 208
331.7 1.566 1.462 2.07
34'7.8 1.479 0.741 16.0
366.7 7.683 0.343 322
408.0 4.162 1.105 42.5
441.7 4.245 1.237 37.5
542.5 3.518 2.526 6.9
602.7 1.021 0.702 7.8
669.0 8.722 0.385 325
705.2 1.502 1.021 8.1
755.7 1.259 0.557 19.9
772.5 4.548 1.007 53.7
806.2 2.763 2.024 6.11




Ezperimenial Rasulls 89

Table 4.2.2 -continued

Relative X2 for one l-value X2 for two [-values Fy
Energy (keV)

823.6 3.768 0.853 52.3
835.9 1.615 1.073 8.5
843.5 4.331 0.769 70.5
862.0 1.526 0.923 9.9
9204 7.561 0.790 129
960.1 0.868 0.728 3.89
971.2 3.331 0.906 41.2
993.2 2.886 0.454 81.3
1006.4 1.541 1.152 6.7
1014.8 1.745 1.562 2.52
1026.8 5.038 1.319 40.5

The relative excitation energies, and absolute cross sections at § = 45°, of
levels observed in the (d,t) reactions are listed in Table 4.2.4 for *°Ir and Table 4.2.5
for '*2Ir. The uncertainties on the energies are expressed for the least significant
digit, and are given in the brackets. As can be seen, for strongly populated, well
resolved peaks, the energy uncertainty is approximately 0.1 keV. The uncertainties
on the cross sections are the addition in quadrature of the statistical uncertainty as
given by the peak-fitting program, SPECTR, plus an additional 10%, found to be
a reasonable estimate of the reproducibility error. Also listed in the tables are the

strengths and possible spin values for the populated levels.
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Table 4.2.3: Values of X2 and Fy from Fits to Angular Distributions from "3Ir(d,t)
Reaction

Energy (keV) X2 for one [-value X2 for two l-values  Fy

56.7 0.786 0.559 7.5

66.3 0.375 0.374 1.05

83.8 0.907 0.347 29.2
104.5 1.169 1.081 2.30
115.6 2.398 1.871 5.5
143.5 2.427 1.433 12.11
192.6 1.141 1.093 1.71
212.6 1.798 1.882 0.29
225.7 2.058 1.549 6.25
256.8 3.401 1.704 16.9
266.8 1.320 1.195 2.68
319.7 1.601 1.358 3.86
367.2 12.64 0.885 213.5
390.7 2.208 0.669 37.8
415.0 2.394 0.485 62.4
437.6 2.634 1.228 19.3
451.9 2.494 0.751 38.2
471.3 6.727 1.249 71.1
490.9 4.520 0.775 73.5
508.1 4.718 0.776 77.2
517.2 3.500 0.513 85.2
532.5 6.618 2.501 24.0
582.6 3.103 0.623 56.7

628.0 3.282 1.093 29.0
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Table 4.2.3 -continued

Energy (keV) X2 for one l-value X2 for two l-values Fy

662.0 1.391 1.150 3.93
£79.0 2.592 1.723 8.07
686.1 0.945 0.769 3.75
737.6 1.443 0.935 8.06
766.0 2.213 1.381 6.02
813.3 3.048 0.493 67.4
825.0 7.158 0.454 192.0
874.1 8.596 2.078 44.9
885.1 10.828 1.044 132.2
g01.1 4.822 0.721 74.9
918.0 1.130 0.477 14.71
1023.6 1.426 0.845 9.25
1052.9 1.435 1.047 5.07

The Q-values involved in (d,p) reactions are such that protons from re-
actions on lighter materials often fall at the same position on the focal plane as
protons from reactions on heavy targets. The impurity peaks that result from the
reactions on lighter materials can sometimes obscure a peak that is of interest, al-
though this normally occurs only for a few angles. The proton spectrum obtained
for the !¥!Ir(d,p) and '*3Ir(d,p) reactions, shown in Figure 4.2.3 and Figure 4.2.4,
respectively, contain several impurity peaks which are labelled. However, for strong-
ly populated levels, the presence of impurity peaks does not seriously hinder the
extraction of spectroscopic strengths, although two-component fits to the data were

rarely performed since the (d,p) data were not as sensitive to the presenceof I =3
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Table 4.2.4: States in ™Ir Populated with (d,t) Reactions

Relative Cross Section Transferred Final Transfer Strength
Energy (keV) (ub/sr) at 6 = 45° { Spin =1 =3 l=5
0%) 74(9) (1), 3  1--5 (<0.004) 0.100(8)
25.9(1) 176(19) 1 0--3- 0.089(3)
38.1(2)%) 23(4) 5 i o 0.325(24)
83.0(1) 563(71) 1,3 1--3— 0.224(14) 0.224(59)
144.0(1) 37(5) 1 0--3~ 0.019(1)
173.8(1)%)  257(62) 1,3 1--3- 0.048(4)  0.316(28)
183.2(3) 90(12) 1 0~-3~ 0.045(2)
198.9(1) 140(16) 1,3 173~ 0.062(4)  0.044(18)
223.4(1)%)  477(50) 1,3 0--5- 0.187(12) 0.313(53)
241.7(5) 13(3) 1,3 1--3- 0.005(1) 0.010(4)
266.8(1) 121(14) 1 0--3" 0.074(2)
278.9(1) 119(15) 1,3 1--3- 0.039(4) 0.088(18)
284.9(2) 49(10) 1,3 1--3~ 0.021(4) 0.020(13)
313.4(2) 97(15) 1,3 17-3~ 0.018(2) 0.134(13)
331.7(2) 52(5) 3 1~-5- 0.089(4)
347.8(1) 282(30) 1,3 1--3- 0.121(8)  0.116(34)
366.7(1) 106(15) 1,3 1--3- 0.019(2) 0.134(13)
375.7(2) 39(8) 1 0~-3" 0.021(1)
408.0(2) 29(4) 1,3 17-3~ 0.006(1) 0.039(5)
426.7(1) 48(6) 1 06--3- 0.027(1)
441.7(3)%) 72(10) (3),5 3--7- (<0.038) 0.87(11)
452.3(4)°) 16(6) <0.003  <0.006  <0.024

478.5(2) 84(11) 3 1--5- 0.166(8)




Ezperimental Results

Table 4.2.4 - continued

103

Relative Cross Section Transferred Final Transfer Strength
Energy (keV) (ub/sr) at 8 = 45° [ Spin =1 =3 [=5
485.8(2) 210(23) 1 0~-3" 0.140(5)

496.4(2) 144(15) 1 0--3~ 0.096(3)

510.9(2) 188(21) 1 0--3~ 0.128(4)

542.5(4) 36(5) 3,5 3--5- 0.033(5)  0.226(58)
589.3(2) 256(47) 1 0--3~ 0.157(5)

602.7(2)%) 194(21) (1), 3 17-5" (<0.007) 0.705(35)

612.8(4) 155(17) 1 0--3~ 0.036(2)

619.1(3) 42(6) 1 0—-3~ 0.098(4)

633.0(3) 15(4) 1 0~-3~ 0.027(1)
655.3(3) 25(4) 1 0~-3- 0.019(1)
669.0(2) 73(10) 1,3 1--3~ 0.017(2) 0.123(11)

684.7(3) 150(17) 1 0--3- 0.105(4)

705.2(4) 21(4) 1,3 1-3~ 0.011(1) 0.017(6)

722.1(2) 75(10) 1 0--3~ 0.044(2)

743.5(3) 92(10) 1 0--3~ 0.053(2)

755.7(3) 39(6) 1,3 1--3~ 0.020(2) 0.030(9)

772.5(8)%) 29(5) (1), 5 3--7- (<0.007) 0.341(46)
787.5(4) 36(5) 1 0--3~ 0.020(1)

794.9(4) 16(4) 1 0--3- 0.013(1)

806.2(5) 18(3) 1,3 1--3~ 0.004(1) 0.014(4)
823.6(5) 24(5) 1,3 1--3~ 0.006(1) 0.035(5)
835.9(4) 19(4) 1,3 13~ 0.011(1) 0.020(7)
843.5(3) 32(6) 1,3 13~ 0.009(1) 0.053(7)
862.0(6) 14(4) 1,3 1--3- 0.004(1) 0.012(1)
902.1(4) 11(3) 3 1--5- 0.025(2)
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Table 4.2.4 -continued

104

Relative

Cross Section

Transferred Final

Transfer Strength

Energy (keV) (ub/sr) at 6 = 45° l Spin =1 =3 [=5
862.0(6) 14(4) 1,3 17-3- 0.004(1) 0.012(1)
902.1(4) 11(3) 3 1--5~ 0.025(2)
929.4(4) 47(5) 1,3 1--3- 0.020(2) 0.052(10)
960.1(5) 20(4) 1,3 1--3- 0.011(2) 0.011(6)
971.2(4) 22(5) 1,3 1--3- 0.006(1) 0.037(6)
993.2(4) 51(7) 1,3 1--3- 0.008(1) 0.123(9)
1006.4(10) 15(3) 1,3 17-3~ 0.007(1)  0.015(5)

1014.8(8) 15(3) 1 0--3- 0.008(1)

1026.8(8) 30(5) 1,3 1--3- 0.006(1) 0.047(6)
1034.4(12) 17(3) 3 1-~5~ 0.047(3)

1062.9(14) 11(3)

1082.8(6) 8(3)

1092.4(11) 13(3)

1115.6(12) 10(3)

1135.9(15) 6(4)

1143.0(14) 13(5)

2) Peaks where there may be impurity contributions. At forward angles,

the presence of an impurity peaks may masquerade as an [ =1

component.

b) Levels that are known to be, or may be, due to unresolved doublets.

©) A good fit to the angular distribution could not be obtained. The

strengths listed are upper limits.
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Table 4.2.5: States in 1%2Ir Populated with (d,t) Reactions

Energy Cross Section Transferred Possible Transfer Strength
(keV) (ub/sr) at 8 = 45° [-value Spin =1 =3 =5
56.7°)  248(29) 1,3 1--3—  0.097(7) 0.056(31)
66.3(2)  131(17) 3 1--5- 0.216(8)
83.8(3) 33(10) (3),5 3~-1- (<0.011) 0.553(38)
104.5(1) 109(23) 1 0—-3— 0.061(2)
116.5(1)  1001(110) 1,3 1--3—  0.38(2) 0.30(9)
128.6(3)  7T1(13) 1 0--3—  0.039(2)
143.5(2) 57(9) 1,3 1--3-  0.010(1) 0.027(6)
192.6(1)  240(27) 1 0--3-  0.114(3)
212.6(1)  205(24) 1 0--3=  0.093(3)
225.7(2)  158(19) 1,3 1--3—  0.066(5) 0.065(21)
240.2(2)  186(24) 1 0--3-  0.089(3)
256.8(1)  333(50) (1), 3 17-5~ (<0.022) 0.509(28)
266.8(2)  60(12) 3 1--3—  0.026(3) 0.021(12)

( 1
( 5 371" 0.34(5)
288.5(1) 354(39) 1 0--3~ 0.173(5)
(2) 120(33) 1 0--3~  0.066(3)
(2)  357(48) 1,3 17-3~  0.144(10) 0.098(43)
331.7(2)  297(38) 1 0--3~  0.159(5)
(2) 195(23) 1 17-3~  0.037(3) 0.245(18)
( 1 17-3~  0.046(4) 0.096(19)
( 1 173" 0.015(2) 0.051(9)
( 1 17-3~  0.025(3) 0.067(14)
( 1 0--3~  0.050(2)
( 1,3 17-3~ 0.014(3) 0.170(14)

(

2)  144(18)

62(9)
(

L W W

73(13)

)
)
) 108(17)
) 120(16)
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Table 4.2.5 -continued

10d

Energy  Cross Section Transferred Possible Transfer Strength
(keV) (ub/sr) at 8 = 45° l-value Spin =1 =3 I=5
471.3(2) 181(22) 1,3 17-3—  0.042(4) 0.194(21)
490.9(3) 125(16) 1,3 1--3~ 0.028(3) 0.122(16)
508.1(2) 144(18) 1,3 17-3~  0.053(5) 0.089(22)
517.2(3) 106(14) 1,3 17-3=  0.031(3) 0.110(17)
532.5(4)  134(49) 1,3 1--3~  0.015(3) 0.123(16)
540.4(5) 31(17) 1 07-3-  0.022(2)

582.6(3) 67(12) 1,3 17-3~ 0.020(2) 0.070(12)
603.7(4) 24(6) 1 0—-3— 0.019(1)

615.5(4) 31(6) 1 07-3" 0.014(1)

628.0(4) 109(22) 1,3 17-3~  0.013(2) 0.209(16)
646.0(2) 174(21) 1 07-3— 0.101(3)

662.0(3) 108(14) 1,3 17-3=  0.049(4) 0.036(17)
679.0(3) 87(13) 1,3 17-3~  0.043(2) 0.048(13)
686.1(3) 82(13) 1,3 17-3~ 0.007(4) 0.131(18)
702.3(5) 51(12) 1 07-3~  0.042(2)

712.8(3) 183(23) 1 0~-3— 0.112(4)

737.6(3) 80(12) 1,3 17-3"  0.046(4) 0.051(19)
751.9(3) 187(22) 1 07-3" 0.118(4)

766.0(86) 19(5) 1,3 17-3=  0.012(2) 0.022(9)
778.9(3) 43(7) 1 0—-3~ 0.023(1)

791.1(4) 50(8) 1 0--3- 0.024(1)

813.3(3) 137(25) 1,3 17-3~  0.047(4) 0.121(21)
825.0(5) 137(20) 1,3 17-3~  0.027(3) 0.219(18)
841.7(4) 83(15) 1 0--3" 0.054(2)

850.3(3) 203(25) 1 07-3— 0.138(5)
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Table 4.2.5 -continued

Encrgy Cross Section Transferred Possible Transfer Strength
(keV) (2b/sr) at 6 = 45° [-value Spin =1 =3 =5

850.3(3)  203(25)

( 0--3~  0.138(5)
862.7(18)  71(12)

(

(

0--3-  0.042(2)

3 1--3=  0.032(3) 0.208(23)

,3 17-3=  0.055(5) 0.399(33)

.3 1--3~  0.020(3) 0.113(15)

3 1--3~  0.006(2) 0.047(10)

0--3~  0.013(1)

0--3-  0.017(1)

0--3~  0.015(1)

0--3~  0.031(2)

1--3=  0.031(4) 0.048(17)
) 0.067(10)

1

1

874.1(15)  135(32) 1,
885.1(14)  258(30) 1
901.1(20)  66(28) 1
918.0(19)  24(5) 1,
938.3(14)  22( 1
967.2(20)  27(7) 1
) 1

1015.0(15)  65(12) 1
( 1

( 1

(

(

1001.3(16)  34{7
(

1023.6(22)  66(11)

) 3
1052.9(26) 50(9) ) 3 17-3~ 0.004(2
1060.5(23)  36(9)
1078.2(12) 8(4)
1090.6(32)  19(5)
%) An cnergy of 56.7 keV from the work of Kern et al®" has been adopted

for this state, and all other encrgies are relative to it.

or [ = 5 components. The (d,p) angular distributions for '%Ir(d,p) and *Ir(d,p)
experiments are shown in Figure 4.2.9 and Figure 4.2.10, respectively. As can be
seen, in almost all cases a one-component fit was sufficient to describe the experi-
mental angular distribution. Since the ! = 1 intrinsic cross section is much greater

than that for [ = 3 or I = 5, it is much more difficult to detect the I = 3 or 5
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components. In fact, no [ = 5 (d,p) angular distributions were obtained, and only
a few peaks had definite [ = 3 transitions.
The excitation energies and cross sections al an angle of 8 = 45° are list-

ed in Table 4.2.6 and Table 4.2.7 for 1%2Ir and ™Ir, respectively, along with the

spectroscopic strengths obtained.
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Figure 4.2.9a: Angular distributions of cross sections from the 19'Ir(d,p) reaction.
The dashed curves are the results of DWBA calculation for the transferred l-value
indicated. The solid curves are the fits to the data.
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Table 4.2.8: States in »*2Ir Populated With (d,p) Reactions

Energy®) Cross Section Transferred Transfer Strength

(keV) (ub/sr} at 8 = 45° [l-value =1 [=3 I=5
56.9(4) 68(22) 1 0.058(3)
66.3(11) 24(8) 3 <0.1
85.2(12) 5 5 < 0.25

104.5°) < 0.04

116.3(2) 311(36) 1,3 0.224(14) 0.27(7)

128.3°) <0.03

144.8(10) 5 < 0.02

192.2(2) 72(9) 1 0.075(3)

212.4(2) b 1 0.109(4)

226.8(5) 5 1 0.041(2)

239.9(2) 5 1, 3 0.073(7) 0.21(4)

257.2(4) 154(18) 3 0.431(15)

288.5 254(28) 1 0.175(6)

318.6(3) 194(28) 1 0.178(5)

331.3(2) 204(23) 1 0.164(6)

367.5(4) 55(9) 1 0.054(2)

390.3(3) 86(13) 1,3 0.024(6) 0.165(25)

414.3(4) 58(9) 1 0.047(2)

438.0(4) 40(9) 1 0.034(2)

450.5(3) 66(25) 1,3 0.022(4) 0.072(17)

472.2(4) 54(13) 1 0.050(3)

489.8(4) 21(5)

507.7(3) 145(21) 1 0.126(5)
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Table 4.2.6 -continued

Energy®) Cross Section Transferred Transfer Strenglh

(keV) (ub/sr) at § = 45° l-value =1 [=3 I=5
517.6(6) 70(17) 1 0.066(3)
531.3(5) 50(10) 1 0.034(2)
542.7(6) %) 1 0.036(2)
582.2(5) 25(4) 1 0.026(2)
614.4(4) 49(8) 1 0.035(2)
627.6(4) %) 1 0.035(2)
643.7(3) %) 1 0.018(1)
660.7(4) 26(8) 1 0.025(2)
686.6(6) 25(6) 1 0.021(2)
700.7(5) 38(8) 1 0.35(2)

¢) Energy is relative to 288.5 keV peak.
I’) Peak obscured at this angle due to impurity peaks.

©) Peak was not observed. Strength given is an upper limit.

4.3. The 890s(a,t) and 18°0s(*He,d) Reactions

The ¥20s(a,t) and *?0s(3He,d) reactions examined proton states in oy,
typical spectra of which are shown in Figure 4.3.1 and Figure 4.3.2, and used beam
energies of 30 MeV and 28 MeV, respectively. The resolution (FWHM) of the
tritons was ~ 10 keV and that of the deuterons ~ 15 keV. Since the *QOs target
had an impurity of 14.1% %°0Os, and 3.06% 19205, states in hoth '9Ir and ¢
6

3 . v [
were also populated in the reaction. The Q-values for these reactions are known”

to +0.006 MeV, therefore the beam energies can be determined, and the Q-values
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Table 4.2.7: States in 1®Ir Populated with (d,p) Reactions

118

Energy®) Cross Section Transferred Possible  Transfer Strength
(keV) (ub/sr) at 8 = 45° [-value Spin =1 =3
~0.3(4) 26(6) 1 0--3=  0.027(2)

43.3(3) 32(5) 1 0--3-  0.030(2)

83.8(1) 192(23) 1 0--3~ 0.197(6)

112.2 185(23) 1 0--3—  0.164(5)

138.3(4) 37(6) 1 0--3~ 0.031(2)

148.7(2) 97(13) 3 1--5- 0.290(10)
161.0(1) 102(29) 1 0--3— 0.095(4)

189.7(12) 5 (3) 17~5~ (0.05)
244.1(4) 24(4) 3 1--5- 0.030(2)
254.6(4) 29(5) 1 0--3~  0.025(7)

278.9(2) 98(13) 1 0--3-  0.082(3)

296.7(3) 109(15) 1,3  07-3— <0.04  0.295(15)
312.1(14) b

337.0(4) 417(9) 1 0--3~  0.012(3)

347.2(2) 89(13) 1 0--3~  0.079(3)

377.7(3) 196(26) 1 0--3~  0.168(5)

422.6(5) 24(12) 1 0--3~  0.029(2)

433.6(15) 9(4) (3) 1~-5- (0.025)
467.5(10) 8(2)

490.1(11) 28(7)

500.2(10) 5)

545.7(11) 20(4)

555.8(13) 5(2)

579.6(6) 23(5) 1 0~-3= 0.019(1)
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Table 4.2.7 -continued

Energy?) Cross Section Transferred Possible  Transfer Strength

(keV) (b/sr) at § = 45° Spin l-value [=1 =3
591.9(13) 5)

640.7(12) 13(3)

668.1(10) 5

677.1(14) 21(4)

760.7(14) 17(7)

773.4(11) 5

819.3(12) 23(7)

879.0(13) 16(4)

@) Energy is relative to 112.2 keV peak.
5) Peak obscured by impurity peak at this angle.

for the peaks in the spectra corresponding to states in 1901¢ can be found. Using the
Q-value for the first 1%1Ir state populated in the (d,t) reaction, the Q-values of this
state for the (a,t) and (*He,d) reactions were calculated Lo be ~14.756 +0.005 MeV
and —0.435 &+ 0.005 MeV respectively. Subtracting these values from the Q-values
obtained for all the peaks in the specira allows the relative excitation energies to
be determined, and they can be compared to those from the (d,t) reaction. The
relative excitation energies obtained in this manner are listed in Table 4.3.1, along
with the cross section at 50° for the (a,t) and 35° for the (*He,d) reactions. [t
should be noted that the uncertainty quoted in the energies does not include the

+0.005 uncertainty of the @-value.



Ezperimental Resulls 121

Table 4.3.1: Levels Populated with 1870s(a,t) and '®°Os(®He,d) Reactions

18205(cx, t) 18305(%He, d) Transferred
Relative Cross Section Relative Cross Section I-value

Energy (keV) (ub/sr) at 8 = 50° Energy (keV) (ub/sr) at § = 35°

26(1) 7.3(9) 29(2) 3.7(9) 2,3

84(1) 57(6) 86(1) 35(4) 2,3
145(1) 35(3) 147(1) 28(3) 1,2
173(1) 11(1) 175(2) 6.0(14) 2,3
184(1) 10(1) 187(2) 12(2) 1,2
200(1) 3.8(5) 205(2) 4.9(8)
226(1) 8.5(10) 227(1) 13.4(17) 0,1
246(1) 9.9(14) 246(1) 9.0(13) 1,2
269(1) 5.7(8) 271(1) 9.5(14) 0,1
284(1) 7.1(10) 287(2) 8.4(16) 1,2
314(1) 31(4) 312(1) 16(2) 2,3
355(1) 6.5(20) 360(2) 9.9(13)
381(1) 25(4) 380(1) 37(4) 1,2
428(2) 4.0(6) 425(2) 6.3(9) 0,1
441(1) 3.6(7) 440(2) ) 3,4
456(1) 13(3) 456(2) 4(3) 3,4,5
483(2) 2.2(6) 484(2) 2)
511(1) 3.2(7) 509(2) 4.1(7) 0,1
550(1) 1.9(4) 553(2) 3(1) 0,1
590(1) 5.0(6) 592(2) 3.1(16) 1,2
623(1) 4.1(6) 622(1) 6.0(9) 1,2
645(1) 26(3) 649(2) 5.8(9)
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Table 4.3.1 - continned

18905(a, t) 18905( e, d) Transferred
Relative Cross Section Relative Cross Scction [-vilue

Energy (keV) (ub/sr) at § = 50° Energy (keV) (pb/sr)at 0 = 35°

672(1) 2.5(4) 671(1) 1.5(7) 1,2
696(2) 2.2(3) 703(2) 3.2(9)

717(1) 9.1(11) 721(3) . 3.3(6) 4,5
741(1) 8.5((12) 742(2) 6.5(9) 2,3
759(1) 34(5) 760(2) 8.9(13)

B17(1) 21(2) 819(2) 8.8(12) 4,5
847(1) 11(1) 848(2) 10(1) 2,3
869(1) 14(2) 868(2) 8(1) 3,4
891(1) 42(6) 892(2) 10.6(13) 4,5
924(2) 26(4) 028(2) 11(2) 3,4

@) Peak obscured by the presence of an impurity peak at this angle.

Ratios of the (*He,d) to (a,t) cross sections, defined as

do
n = Eﬁ) {(*leql)

T od
d_?i)(o,il

can be sensitive to the [-value of the transition. This arises from the different I-

(1.3.1)

dependance of angular distributions for the two reactions. The angular distributions
are shown in Figure 4.3.3, obtained from DWBA caleulations using optical model
parameters listed in Table 4.3.2. These parameters were used in the work of Price
et al®® where a similar study was made for 19193 1r. The results of the calculations

are that as the [-value of the transition increases, the ratio f2 decreases. At certain
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Table 4.3.2: Optical Model Parameters for DWBA Calculations for 1*90s(a,t)
and 1%90s(*He,d) Reactions

Particle V Tr a, w 4Wp Tr ay Te
(MeV) (fm) {fm) (MeV) (MeV) (fm) (fm) (fm)

a —200.0 1.40 0.60 —-20.0 1.40 0.60 1.30
triton —-200.0 145 0.60 -50.0 145 0.60 1.30
proton %) 1.25 0.65 1.25
He -175.0 1.14 0.723 -175 1.60 0.810 14

deuteron -111.0 1.05 0.859 708 124 0.794 1.25
proton  ?) 1.25 0.625 1.25

“) Well depth was varied to reproduce the proton binding energy.
The normalization constant for the (*He,d) reaction was N = 4.42 and for

the (a,t) reaction N = 118.

angles, the difference between R for an ! = 0 and an I = § transition may be an
order of magnitude. The ratio’s have a slight dependance on @-value, increasing
slightly as the excitation energy increases.

The theoretical values of R are sensitive to the DWBA normalization con-
stants used, and since this is not well known for the {(a,t) reaction, the overall
normalization factor for R was determined empirically. The work of Price et al®
studied proton states in *'Ir by examining ratios of (a,t) to (*He,d) cross sections,
and found that states at 0 keV (%%+[402] orbital), 83 keV (%%+[400] orbital), and
at 171 keV (111t '[505] and %%+[400] orbitals) had ratios indicative of [ = 2,1 =0,
and ! > 4 iransfer respectively. These same levels were also observed in the reac-
tions carried out for this work since the target had a large impurity of 1%°0s, and

a normalization constant was found that would reproduce the proper R values for
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Figure 4.3.3a: Angular distributions of cross sections for the 18905( et} reaction
obtained from a DWBA calculation assuming 2 beam energy of 30 MeV. The cross
sections have not been multiplied by the normalization factor of N = 118.

these states. As a test of how well this procedure worked, states in Yr at 591 keV
%+%+[402] orbital) and at 879 keV (373 [541] orbital and possibly a contribution
from the %+%+[660] orbital) were resolved from other peaks in the speetra, and
the values of R were consistent with an { = 1 or 2 transfer and an { = 5 transfer,

respectively, as they should be.

Since the (*He,d) and (a,t) spectra were recorded at various angles, values
of R were determined for the various combinations of angles. A typical example
of R versus relative excitation energy is plotted in Figure 4.3.4, where the (*He,d)
data were obtained at 30° and the (a,t) data at 50°. Before an [-value is assigned,
the ratios had to be consistent for the majority of the angle combinations, i.e., two

particular ratios may be disregarded due to impurities, but the others had to agree
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Figure 4.3.3b: Angular distributions of cross sections for the 1390s(*He,d) reaction
obtained from a DWBA calculation assuming a beam energy of 28 MeV. The cross
sections have not been multiplied by the normalization factor of N = 4.42.

within error. In all cases, the errors are large enough to allow more than one [-value
to be assigned. Table 4.3.1 lists the l-values assigned for states in %°Ir. It can be

seen that the low I's dominate the transitions, with very few high I’s being observed.

4.4. The 19Pt(p,a) and 1931r(3He,a) Reactions

Earlicr studies®® have shown that for nuclei in the rare-earth region, there is
a good correlation between the (p,a) cross sections and those of the (t,a) reaction
leading to the same final nucleus. Therefore, in an attempt to gain information
regarding the similarity of the neutron configurations in 1%?Ir to those in 195pt, a
(p,@) experiment was performed. Spectra were recorded at 10° and 15° for the

195pt(p,a) reaction using an 18 MeV proton beam. The energies and relative cross
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Figure 4.3.4: Ratios of cross sections from 18905(3He,d) at 30° to ¥ 0s(a,t) at
50°. The curves are the results of DWBA calculations for the transferred l-value
indicated. The solid data points are for peaks from '*}Ir due to isotopic impurities.
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sections at 10° are listed in Table 4.4.1, and the spectrum is shown in Figure 4.4.1.
The resolution (FWHM) of the peaks in the a spectrum was approximately 18 keV.
As can be scen, the largest peaks in the spectrum occur above 400 keV. In the low-
lying portion of the spectrum, the peak intensities are small, and thus the overlaps
of the wave functions of the target and those in the final states are small. Therefore,
the low-lying neutron configurations in 192]r do not have large admixtures of the
neutron configuration of the %Pt ground state.

An older Ir(*He,e) spectrum, shown in Figure 4.4.2, was analyzed in
the hope that it would yield some information on high-/ transfers into 1%%Ir. The
(*He,a) reaction preferentially populates higher angular momentum states than the
(d,t) reaction. The o spectrum shown in Figure 4.4.2 was taken at an angle of
50° with a 25.5 MeV 3He beam, and the energies and cross sections are listed in
Table 4.4.2. The resolution obtained was 25 keV, and there is a large uncertainty
on the absolute encrgies, perhaps as large as 30 keV. However, if the assumption is
made that the energies are correct and that the main peaks in the (*He,a) spectrum
are due to transitions with [ = 3 or higher, there is a fairly good correspondence
between strong | = 3 transitions in the (d,t) spectra and the peaks in the (*He,c)
spectrum. There is a peak which is strongly populated in the (*He, @) reaction but
not in the (d,t) or (d,p) reactions, at 143 keV. This may indicate the presence of an
! = 5 or perhaps an [ = 6 transition, since the amount of = 3 component is known

to be quite small.
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Figure 4.4.1: Spectrum obtained at ¢ = 10° from the 193[r(p,a) reaction using a
bombarding energy of 18 MeV,
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Table 4.4.1: Encrgies and Relative Cross Sections for States in 1%2Ir Populated by
the (p,a) Reaction

BExcitation Relative Cross Excitation Relative Cross

Energy (keV) Section (ub/sr) at 8 = 10° Energy (keV) Section (ub/sr) at 8 = 10°

50(3) 7 426(2) 26

71(3) 8 474(2) 38
102(3) 4 493(3) 19
127(3) 4 524(4) 35
178(2) 14 542(3) 30
211(4) 15 568(2) 100
222(3) 24 604(3) 35
246(3) 9 624(3) 22
273(3) 20 642(3) 30
291(4) 10 683(4) 31
315(3) 15 697(4) 20
354(4) 9 723(2) 36
102(2) 95
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Figure 4.4.2: Spectrum obtained at § = 50° from the 1931 (3 He,a) reaction using
a bombarding energy of 25.5 MeV.
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Table 4.4.2: Energies and Relative Cross Sections for States in 1%%Ir Populaied by
(*He,a) Reaclion

Excitation Craoss Section Excitation Cross Section

Energy (keV)  (ub/sr) at # = 50°  Energy (keV) (pb/sr) at 8 = 50°

65(5) 23 298(5) 22

84(10) 9 318(5) 9
114(10) 9 359(3) 4
143(4) 19 410(3) 26
212(10) 2 482(2) 59
245(2) 20 531(3) 20
281(3) 21 572(2) 20




Chapter 5.
Discussion and Interpretation of Results

5.1. Discussion of Experimental Results

Before proceeding with interpreting the data in terms of nuclear models,
a discussion of some of the importunt experimental resulls is warranted. Levels in
1927y will be discussed first, since many complementary data are available for this

nucleus, followed by an examination of states in !*Ir and '%Ir.

5.7.1 Levels in 12Ir

Many of the levels below 500 keV in 19211 observed in this work have been
investigated in the study by Kern et al57, Their work involved a series of experi-
ments over a period of approximately 15 years, and a low-lying level scheme of 1921,
was established. Their experiments included a study of the y-rays and conversion
electrons following the (n,y) reaction, average resonance capture (ARC) measure-
ments, and high resolution (d,t) and (d,p) measurements. The spins and parities of
many levels were established, and very precise level energies were determined. How-
ever, the single-neutron transfer experiments were performed at only a few angles,
and thus the transferred {-values and spectroscopic strengths could not be obtained.
In the present work, complete angular distributions were measured for the purpose
of determining both the transferred l-values, which yields the parity of the levels
populated, and their spectroscopic strengths, which provides a very sensitive test of
nuclear models. The energies of levels determined in the present study are in excel-
lent agreement with those of Kern et al®?, who list the energies up to approximately
500 keV. The present work has also found many new levels above 500 keV.

When this work was underiaken, the spin of the ground state was known
to be 4, but the parity was unknown. Conflicting assignments had appeared in the

literature, and one aim of the present work was to establish clearly the parities of

- 134 -
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many levels in 12Ir. The ground state, which is not observed in single-neutron
transfer experiments, must have its parity inferred from the multipolarities of -
transitions feeding it and the parities of the parent states. The present work confirms
the assignments of Kern et al%? of negative parity for many excited states. Some of
the negative parity excited states decay to the ground state with 4-transitions that

involve parity changes, and thus the ground state has positive parity.

Kern et al®? report the possible existence of a level at 62 keV as observed in
their (d,t) spectra and report a significant cross section populating this level. In the
present work there is no evidence of this state. While the resolution obtained in the
work of Kern et al is slightly better than that achieved here, the resolution obtained
in the present work was such that the peak at 62 keV should have been observed.
Even if the cross section were much less than the value reported, it would at least
cause a shoulder on the peak due to the 56.7 keV level, contrary to experiment. It

is therefore concluded that this is a spurious peak in ref.5".

The state at 66.3 keV was not observed in the average resonance capture
(ARC) studies of Kern et al®”, and since the claim of completeness for spins 0 to 3
up to 200 keV has been made for the ARC measurements, it must have spin > 3.
I the single-neutron transfer involves both [ =1 and 3 transitions, then the spin of
the state is limited to be in the range of 1 to 3. However, a fit to the (d,t) angular
distribution with both ! =1 and 3 transitions fails the Fy test, and thus there is no
evidence for an I = 1 component. The (d,t) angular distribution can be reproduced
with a pure I = 3 component, which limits the spin to 4 or 5. A probable E5
transition has been observed to feed the ground state from an isomeric level at 161
keV, which is tentatively assigned an I™ value of 97. If the I™ value of the 66.3
keV state were 57, then an M4 transition to it from the isomer would probably be

observed; since this is not observed, the spin of 4 is favoured for the 66.4 keV level.

The level observed at 256.8 keV was not seen in the ARC experiments by
Kern et al®?, but was observed in their (d,p) and (d,t) measurements. It appears

to have an [ = 3 angular distribution for both the (d,t) and (d,p) reactions, with
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perhaps a small amount of { = 1 present. The (d,l) Fy value faviurs o two-
component fit over a one-component fit. The presence of I = 1 in the angular
distribution would limit the spin tu be at most 3. The amount of [ = 1 found by the
fit is very sinall, and it is very sensitive to any impurity peaks or unresolved levels
present in the spectra at forward angles. The 256.8 keV peak oceurs in a region
where the level density is fairly high, so that small, unaccounted for, impurity
peaks could be present. While the energy of this state is greater than the limit
on completeness given by Kern et al’?, they do state that most of the spin 0 to 3
states below 400 keV would be observed. Therelore, il is assumed that the | = 1
component is spurious, and thus this state is either 47 or 57,

An interesting situation occurs for the peak al 367.2 keV where the (d,t)
angular distribution required a fit with a small [ = 1 strength and a large { = 3
strength, while the (d,p) angular distribution required only an I = 1 component.
When a two-component fit to the (d,p) angular distribution was performed, the
result fails the Fy test. However, this peak is due to an unresolved doublet at
energies of 366.7 and 368.4 keV. It is suggested that one of the levels is below
the Fermi surface, and is responsible for the ! = 3 strength observed in the (d,t)

reaction.

5.1.2 Levels in 1%Ir

An extensive study of ¥ Ir, similar to the study of %2Ir, is currently being
made®!, but unfortunately only some preliminary results are available. Many of the
levels have undetermined spins, or have their spins only tentatively assigned. Most
of the level energies below 500 keV observed in the present work agree with the
those of Balodis et alf!.

As in 12Ir, all of the levels populated with the single-neutron transfer reac-
tion have negative parity. Thel = 1 transitions dominated the angular distributions,
with only a few [ = 3 transitions observed. This is not surprising since the intrinsic

cross section decreases as the l-value increases. It is quite possible that there are
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mauny other weaker [ = 3 and [ = 5 transitions that were not observed. The /=3
transitions that are observed, such as those to the 148.7 keV and 296.7 keV levels,
are quite strong.

The ground state, known to be I™ =17, was observed in the reaction, and

1921; which suggests that they have

had a similar strength to the lowest 17 state in
a similar configuration.

The state at 296.7 keV has a Fy statistic that allows for a fit to the angular
distribution with both { =1 and [ = 3 components. The presence of [ = 3 is definite,
whereas the presence of | = 1 is less certain. There are known impurity peaks in
the spectra, which obscure the peak at some angles, and there may be others that
are unaccounted for. An I™ value of 4~ is given for this state by Balodis®?!, which
would rule out the presence of [ = 1in the transition. Given this value for the spin,

the assumption is made that the ! = 1 component is due to impurity contributions

at forward angles, and a fit is made with a pure [ = 3 curve.

5.1.3 Levels in 190Tr

The study of ¥Ir offers a unique opportunity in that both single-neutron
and single-proton transfer data have been obtained. Unfortunately, very little com-
plementary information exists for this nucleus. Many negative parity levels below
1 MeV excitation energy have been observed in the present study.

The ground state of !°Ir has been assigned®? as spin 4%. The spin 4
assignment comes from the observation®® that states in 1*°Os of spin 3, 4, and 5 are
fed by clectron capture from the *°Ir ground state. The positive parity assignment
for the ground state is deduced from knowledge of the parities of isomeric levels
in "°Ir, as well as the multipolarities of v-transitions from the isomeric levels.
The 3.25 h isomeric state at 175 keV decays to the 10~ state at 1705.8 keV in
19005 via clectron capture with a log ft = 4.7. In a recent study, Sood et al®
have found that for allowed-unhindered decays, which have log ft values below 5.2,

the proton—neutron or neutron—proton transition involves only a spin-flip of the
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particle, with all other Nilsson quantum numbers remaining the same. They find no
instances where this rule has been broken. For low-lying states in the A =~ 190 mass
region, only the 3~ {505], and 4} 7[505], orbitals satisfy the spin-flip condition. The
isomeric 10~ state in 1%900s has been assigned the %-[505]p+3§1+[615]y configuration,
which implies the isomeric level at 175 keV in '®Ir is the 37 [505]x -+ -‘fl+[615]v
configuration. This argument yields the assignment of 117 for the isomeric level
in 1%97r, which also decays®® by an M4 transition to the state at 26,3 keV in 1901,
which further decays to the 1%°Ir ground state by an M3 transition®. This yields

the positive parity assignment for the ground state.

The first level populated in the (d,t) reactions has an angular distribution
that can be fit with an { = 3 curve, which would limit the spin to the range 1 to
5, although there may be some [ = 1 present, which would reject the possibility of
I®™ = 4~ or 5~. The amount of { = 1 indicated by the experimental data is very
sensitive to any impurity peaks present at forward angles. There is a contribution
to the peak area from the 319.7 keV state in 192]r due to the isotopic impurity in
the target, and this accounts for about 10% to 20% of the peak intensity. With
this component subtracted, the angular distribution fit with both {=1and =3
curves is favoured by the Fy test, but the amount of { = 1 is very small. Therefore,
the [ = 1 strength is questionable, and the strength value of 0.004 in Table 4.2.4
is considered to be a realistic upper limit of the { = 1 strength. If the transition
is assumed to be a pure [ = 3, the final spin could be in the range of 1 to 5.
Although not as strongly populated, this level bears a resemblance to the first 47
state populated in 1%2Ir, and therefore it is suggested that the spin for this level in

19011 i5 also 4-.

Many of the levels populated in 1901 with the (d,t) reaction were also
populated in the (a,t) and (*He,d) reactions. Table 5.1.1 lists the levels that app:ar
to be populated in all three reactions. It cannot be said with certainty that there is

a one-to-one correspondence in the levels, as there is a fairly high level density such
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that some states are probably within a few keV of others, and are not resolved in
vhe experiments.

The ratios of (3He,d) and (a,t) cross sections presented in the previous
chapter do not precisely determine the l-valae of the transition. However, levels
that are populated in both the single-neutron and single-proton transfer reactions
must involve the pesitive parity proton. The single-proton transfer work of Price et

al®® examined states in 191,19

Ir, and found that there are are no I = 1 transitions
and only one { = 3 iiansition to low-lying states. Therefore, since the low-lying
proton states in 1%%r should be similar to those in 111%]r, it can be assumed that
ratios indicative of ! = 1 are probably due to a transition that contains both I =0
and [ = 2. For siates populated in common in both single-proton and single-neutron
transfer, raiios consistent with { = 2 or [ = 3 will be assigned as an [ = 2 transition.

Table 5.1.1 lists the assigned l-values based on these assumptions for levels that

appear to be populated in both single-proton and single-neutron transfer reactions.

5.2. Similarity of y-Decay Branching

It was suggested®® a number of years ago that if a state of unknown spin
decays to a number of lower levels with the same branching fractions as a nearby
state with known spin, the spins of the two states are the same. The basis for this
argument was the spin sclectivity of the y-transitions. This has been put on a more

67-68 yising the multidimensional scaling program

quantitative basis by J. Cameron
MINISSA.
The basis of this method is to find the degree of similarity of the decay

branching for two initial states 7 and ; by taking the scalar product

Cij = > aiajs (5.2.1)
f

where a?f is the oranching intensity from state 7 to final state f, and similarly

for aﬁf. In other words, a vector is formed by taking the the square root of the
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Table 5.1.1: Levels in **°Ir Common to (a,t), (*He,d), and (d,t) Reactions

Relative Excitation Energy (keV) Assigned !
(et)  (PHed)  (d,t)

26(1)  29(2) 25.9(4) 2

84(1)  86(1) 82.0(3) 2
145(1)  147(1)  144.0(6) 0, 2
173(1)  175(2)  173.8(4) 2
184(2)  187(2)  183.2(10) 0, 2
9226(1)  227(1)  225.4(10) 0, 2
269(1)  271(1)  266.8(5) 0, 2
284(1)  287(2)  284.9(7) 0, 2
314(1)  312(1)  313.4(7) 2
428(2)  425(2)  426.7(6) 0, 2
511(1)  500(2)  510.9(8) 0, 2
590(2)  592(2)  589.3(9) 0, 2
623(1)  622(1)  619.1(10) 0, 2
672(1)  671(1)  669.0(7) 0, 2
741(1)  742(2)  743.5(12) 2

branching intensities to all final states. The matrix of similarities, C, is then used
in a multidimensional scaling program. Bricfly, a map is formed such that for cach
initial state i, if Cif < Cim, then dij > dip where d;; is the distance between the
points 7 and j in space. If two initial states have almost identical decay properties,
their corresponding points on a wmap will be very close together, whereas if they have

no similarity at all, they will be very far apart. As the number of points increases,
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the positions on the map become “locked in” in the sense that it is not possible to
change any of the points.

This method has been used in the A ~ 20 and A ~ 60 regions with a great
deal of success®%8, It was found that regions of different spins on the maps are
clearly delineated. An attempt has been made here to use the same method to
help determine unknown spins of levels in 1%2Ir. The 4-branching intensities were

157, and levels where the branching was uncertain were

those published by Kern et a
not considered. The maps generated by the program® MINISSA can be either
one or iwo dimensional, and are shown in Figure 5.2.1 and Figure 5.2.2. The
mullidimensional scaling (MDS} .ethod has never been applied to nuclei in this
mass region, and more thorough tests need to be made. However, the known spins
appear to be separated from one another. Boundaries on the maps suggest spins for
the unknown states, and it should be noted that the spins and 4-multipolarities in
the work of Kern et al®? are consistent with those suggested by the similarity maps,
except for one spin 0~ state at 128.7 keV, which appears in the spin 1 or 2 region.
The outcome of the program is very sensitive to the placement of the «-rays, and if

more spins could be included the maps would probably be clearer. The suggested

spins are listed in Table 5.2.1.
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Energy (keV) Level Number Spin from ref.?? Spin from MDS maps

118.782
128.742
143.554
192.933
193.509
212.805
225.916
235.758
240.900
267.126
288.402
292,374
310.996
319.891
331.074
331.757
351.690
366.730
368.352
392.352
415.039
418,135
489.435
508.989

24
23
22
21
20
19
18
17
16
15
14
13
12
11
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Figure 5.2.1: One-dimensional similarity plot produced by the prograrn MINISSA.
The numbers refer to levels as indicated in Table 5.2.1. States known to have spin
1 have a bar over their number, and those with spin 2 have a bar underneath. The
dashed lines are suggested borders between the diflerent spin regions.
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Figure 5.2.2: Two-dimensional similarity plot produced by the programn MINIS-
SA. The numbers refer to levels as indicated in Table 5.2.1. States known Lo have
spin 1 have a bar over tlieir number, and those with spin 2 have a bar underneath.
The dashed lines are suggested borders between the different spin regions.
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5.3. Interpretation in Terms of the IBFFM

70 within the con.

Results of calcuiations performed by V. Paar aad S. Bran
text of the interacting boson fermion fermion model (IBFFM) have been obtained.
The calculations were performed with the computer code IBFFM, details of which
have been described in the literature™ 7. The Hamiltonianused in the calculations
was that of Eq. (2.3.29), where the core is treated in the SO(6) limit of the IBM,
and valence shell proton and neutron quasiparticles are coupled to the core.

The parameters for the core were determined®” by fitting the neighbouring
even-even nuclei of Pt, and the boson space was limited to 4 bosons in order to
reduce the length of the computations. Therefore, the normal SO(6) parameters
used Lo describe 7Pt and %P4, which have a total of 7 and 6 bosons, respectively,
had to be renormalized. It was noted by Kern et al®’ that the truncated space
reproduces the low-lying spectrum generated by the full space.

In 1921¢, the proton orbitals considered were S d%, d%’ and h']!'" The
parameters for the IBFM(x) Hamiltonian were found by fitting the experimental
properties of %Ir. The energies and occupation probabilities were determined to be
0.5, 0.0, 0.9, 0.7 MeV and 0.25, 0.62, 0.97, 0.85 for the above orbitals, respectively.
From the fit to 3Ir, the boson-fermion interaction strengths were determined to
be TF = 0.55, A] = 0.7 MeV. By fitting the experimental properties of 1*Pt, the
parameters needed for the IBFM(v) Hamiltonian were found. The energies and
occupation probabilities were 0, 0.18, 0.28, 0.73, 0.45 MeV, and 0.5, 0.6, 0.62, 0.78,
0.72 for the Py Py fg, h-ﬁj, ‘%’ orbitals, respectively, and the boson-fermion inter-
action strengths are I’y = 0.4, A§ = 0.57 MeV. The occupation probabilities found
for the orbitals differ from those obtained from the standard BCS approximation.

In order to explain the ground state spin, parity, magnetic moment and
quadrupole moment, the calculations were finely tuned3”. The magnetic moment
could be reproduced only by introducing a strong mixing between the configurations
('rrdg ) ui_:ég) and (1rh_|'z|_, vpy ). Usually the matrix elements between the two configu-

rations vanish, with mixing only appearing in an “unstable” regime. The constraint
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of the magnetic moment, along with the requirement that the lowest-lying positive-
parity state is spin 4 and that it lie considerably below other positive-parity states,
allowed values for the residual interaction strengths to be obtained. For the positive-
parity states, the values determined were V3 = —0.51, Voo = 0.5, Voqs = 0.0,
Vr = —0.042, V32 = —0.8, and Vi4 = 0.1 MeV for the deltn, spin-spin, spin-spin-
delta, tensor, quadrupole-quadrupole, and hexadecapole-hexadecapole interactions,
respectively. For the negative-parity states, the same parameters were used except
that the 1rh_|_21_ and VT:_|!:5 orbital energies were lowered by 0.15 and 0.13 MeV, respec-
tively, and the strengths of the spin-spin-delta and quadrupole-quadrupole residual

interactions were adjusted to 0.015 and 0.3 MeV, respectively.

The same procedure was used to determine the parameters for the Hamilto-
nian for 1%1r, except that the lowest-lying negative-parity state becomes the ground

state, and the first positive-parity state is the 47 state at 147.1 keV.

The wave functions obtained from the calculation are very configuration
mixed, often with 4 or 5 components with amplitudes of 0.4 or more. Examples of
the wave functions for 192Ir are presented in Table 5.3.1, which were oblained from
the work of Kern et al’?. The target wave function in zero’th order is wrilten as
1 x 1d%,00; %), where the proton is in the d% orbital, there are no d-hosons, and
the final angular momentum is % Using the wave function for the first 17 state
presented in Table 5.3.1, the spectroscopic strengths for the various 7-values can be
computed. Only those components of the final-state wave function that have no -
bosons contribute, and thus only the termsinvolving j» = d.;, Jy = Py and j, = ri::;,
Juv = f; will give non-zero spectroscopic strengths. The spectroscopic strength for
pickup reactions (normalized to (27 + I)VJ-2 for cach j and final angular momentum,
I)is (25 + l)ij(E)z. The factor VJ-2 is the occupation probability for the orbit, and
for j = %, V; = 0.5, and for j = %, V; = 0.62. Therefore, S% is calculated to be
(2 x § +1) x 0.5 x (0.48)* = 0.2304, and S is (2 x % -+1) x 0.62 % (0.2)* = 0.1488.
In the calculations received from Paar and Brant™, the target wave function is no

longer assumed to be a pure d% particle wave function, but involves other terms.
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Therefore, another factor, the square of the amplitude for the particular proton

component being considered, is introduced into the calculation. The spectroscopic

t70

strengths obtained from Paar and Brant™ are listed in Appendix II.
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Table 5.3.1: IBFFM Wave Functions for Some Low-Lying States in 1%31r

L Jr Jv Jow ma J f[(jwju)jwu;ndt]ifr]

4;}' dy t1n 4 0 0 0.33
1 T
hu pa 4 0 0 -0.28
T 1
hi fs 4 0 0 0.26
T 7
ds i)y 4 1 2 0.29
2 T
hit pa 4 1 2 -0.26
T 1
ha f5 4 1 2 0.22
7T 13
ds i3 4 2 0 -0.33
2 T
hiy pa 4 2 0 0.27
T 1
hu fs 4 2 0 -0.24
T "1

13 d% P} 1 0 0 0.48
d:g‘ fg 1 0 0 -0.20
dys pi 1 2 9 -0.46
i 2
du P1 2 1 2 -0.23
2 2
ds pa 3 2 2 0.23
2 2

37 d:"; P) 1 1 2 0.25
d}i p% 2 1 2 0.39
dy pr 2 3 2 -0.22
2 2
dy fs 3 0 0 (.29
2 2
dy P 3 1 2 0.26
2 2
d; f;.' 3 2 0 —0.28
ds he 5 1 2 -0.27
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Table 5.3.1 -continued
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L Jr Jv Jmv ma J E[(jrju)jvw; ngJ; Ir]
0" dy pa O 0 © 0.38
2 1
d’! p% 0 2 0 —0.40
da p1 2 1 2 -0.23
2 2
dy pan 2 1 2 0.54
2 2
dy py 2 3 2 -0.32
2 2
1, d;} fg 1 0 0 0.26
d:!; P) 1 1 2 0.37
d; f:z. 1 2 0 ~0.24
d;j ) 1 3 2 0.2%
d:!; Py 3 1 2 0.29
2] dg Py 1 1 2 0.37
d}s P} 1 3 2 -0.21
ds p1p 2 0 0 0.48
2 2
dy p1 2 1 2 0.24
b 2
d Pl 2 2 0 —-0.45
2 1
Of dy ip 9 0 0 ~0.48
ds i3 9 1 2 -0.54
2 T
d;; 1-'.,5 g 2 0 0.47
ds t1a 9 3 2 0.32
2 T
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The proper normalization for the spectroscopic strengths lor pickup reac-
tions, defined as in Eq. (4.2.2), requires that for a particular j-transfer, the sum
of §; over all possible final spins is (27 -+ l)Vj"'. The strengths caleulated from the
Nilsson model have the proper normalization. The spectroscopic strengths oblained
from the calculations of Paar and Brant™, on the other hand, are normalized such
that for each angular momentum value of the final nucleus, the sum of strengths is
(27 + 1)1’}2 for pickup reactions. Therefore the strengths of Paar and Brant™ must
be renormalized so that the sum over all final spin values of the pickup strength is
(27 + 1)VJ-2. Once the renormalization is achieved, the experimental values of the
strength can be directly compared to the calculated values. The renormalization
procedure is somewhat arbitrary, since in general cach j-component for each finul
spin I can have a different normalization. Unfortunately, this introditces 14 pa-
rameters into the strength calculations that are not predicted by the model. The
procedure chosen to determine the parameters was the following: for each final an-
gular momentum I, a normalization Ry; was found by examining the experimental
(d,t) strength distribution, and then matching, as closely as possible (subject to the
constraint that the proper sum is obtained), the theoretical distribution for each
j-component. For some spin values, such as 07, there was only one experimental
state known in %%Ir, and therefore the renormalization value used was such that
the (d,t) strength to that state was reproduced. For other spins, especially 17 and
2~, many experimental states were known, and the renormalization values chosen
were those that best reproduced the experimental strengths. Where possible, the
same renormalization value was used for the same j-component for different spins.
The stripping strengths obtained from Paar and Brant™ must also be renormalized
with the same parameters. If a value different from that used for the (d,1) reactions
was employed, this would effectively change the UJ? values. Since the (d L) strength
data are more reliable and in many cases yield values for more than one j-transfer

to a single state, the renormalization constants were found fromn these data, and



Discussion and Interpretation of Resulls 151

then applied to the (d,p) strengths. The renormalization values used are shown in
Table 5.3.2.

Table 5.3.2: Ilenormalization Constants for Spectroscopic Strengths

Final Spin j; Ji jg Ja)
0~ 0.024

1~ 0.5 0.2 0.15

2= 0.5 0.55 0.15

3- 0.1 0.15 0.1
4~ 0.6 0.15
5~ 0.32
6~ 0.32

5.3.1 !22Ir Interpretation in Terms of IBFFM

The IBFFM calculation makes predictions for both the wave functions and
energics of excited states. The wave functions determine the specific properties of
the levels, such as the transfer strengths, clectromagnetic (EM) transition rates, etc.
Cizewski et al'® pointed out that the IBFM calculations had difficulty in predict-
ing both the EM transition rates and the spectroscopic strengths simultaneously.
Therefore, it might be expected that the IBFFM will also have these difficulties.

The calculated low-lying negative-parity states below 500 keV for 1%2Ir are
shown in Figure 5.3.1. As can be seen, there is a large number of 27 states predicted,
whereas the numbers of 0~ and 4™ states are relatively small. This agrees with the
experimental situation also shown in Figure 5.3.1. There are three 1~ states that are
predicted below 150 keV, and these are observed in the experiments. Above 150 keV

the 1~ states that are observed become separated in energy more than predicted.
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The large number of 2~ states are somewhat closer in energy than predicted, but
several of these have spin assignments based on the similarity maps. If some of the
states that are suggested to be 27 are actually 17, then the overall agreement would
improve. There are more serious discrepancies that occur, however. The calculated
energies of the 3~ and 4~ states appear to be much greater than observed, For
instance, the first 3~ state is predicted at 257 keV whereas experimentally it is
observed at 83.8 keV. The situation is even more exaggerated for the first 47 state
(predicted at 412 keV but assigned at 66.3 keV). Figure 5.3.2, which plots £ versus
I(I+41) for the yrast levels, illuminates this difliculty. As can be seen, the theoretical
plot is approximately a straight line from spin 1 o 4, whereas the experimental curve

is very different.

Table 5.3.3 presents the results of the IBFFM calculations for ¥2[; obtained
from Paar and Brant™. The strengths given in the table have been renormalized
using the values listed in Table 5.3.2. Figure 5.3.3 shows the predicted and exper-
imental strength distributions for { = 1 and I = 3 transfer with the (d,4) reaction.
The predicted ! = 1 strength to low-lying 1~ states is much greater than observed,
especially for the first and third 17 levels. The lowest 27 state has a predicted [ =1
strength that is consistent with the observed value to the doublet 116.5 keV, hut
the predic.ions for the next four 27 states are a factor of approgimately 2 too great.
In fact, there is a general trend that the predicted I = 1 strengths to the low-lying
states are much greater than observed, and this is best illustrated in Figure 5.3.4,
which shows the sum of the { = 1 and { = 3 strength versus energy. Above 130
keV, the predicted I = 1 strength sum grows at a rate approximately 60% greater
than the observed [ = 1 strength. The major discrepancies for the { = 3 strength
occur for the 4~ state at 66.3 and the 4™ or 57 state at 256.8 keV, which have large
! = 3 strengths, and are predicted in the IBFFM to have an encrgy greater than 400
keV. The predicted and observed sum of [ = 3 strength shown in Figure 5.3.4 arc

approximately equal at an energy of 450 keV. While the IBFFM cannot correctly
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Figure 5.3.1: Predictions from the IBFFM for low-lying states and experimentally
observed levels in !%2Ir. Only the ncgative-parity states with spin<4 are shown.
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predict the energy of states with large / = 3 strengths, it can reproduce the correct

magnitude of total = 3 strength to low-lying levels.
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Table 5.3.3: IBFFM Prediction for 12Ir

Energy Spin

(d,t) Strength

(d,p) Strength

(keV) 51 53 Ss 51 S3 Ss
87 1- 0.253 0.029 0.095 0.002
112 0~ 0.039 0.001
128 1- 0.064 0.104 0.020 0.007
131 2- 0.334 0.048 g1mn 0.007
151 1- 0.193 0.016 0.021 0.0008
192 1~ 0.013 0.042 0.003 0.001
208 2- 0.283 0.012 0.115 0.0005
233 0~ 0.00009 0.000003
257 3- 0.009 0.047  0.020 0.002 0.009 (.00005
261 1- 0.049 0.004 0.018 {1.0001
263 2- 0.146 0.015 0.029 0.002
269 3~ 0.010 0.137 0.008 0.003 0.022 0.0002
277 1~ 0.161 0.0004 0.029 0.00007
288 3~ 0.114 0.00006 0.010 0.032 0.0002 0.0002
306 2= 0.227 0.146 0.057 0.017
329 0~ 0.008 0.0002
340 2- 0.241 0.030 0.050 0.002
347 1= 0.009 0.022 0.003 0.001
360 1- 0.005 0.027 0.0006 0.001
367 2= 0.050 0.006 0.014 0.0001
383 1= 0.038 0.044 0.010 (.003
389 2= 0.007 0.001 0.004 0.0002
391 2= 0.012 0.006 0.004 0.001
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Table 5.3.3 -continued
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Energy Spin

(d,t) Strength

(d,p) Strength

(keV) Sy S Ss 51 Ss Ss
396 5 0.017 0.0003
399 2= 0.192  0.0005 0.041  0.00008

400 2= 0.007 0.010 0.002  0.0012

402 3~ 0.002 0029  0.002 0.0005 0.006  0.000004
405 3~ 0.008 0.020 0.0005 0002 0.003  0.000004
412 4- 0.403  0.0039 0.065  0.0007
431 11=

434 4- 0.227  0.076 0.037  0.00016
438 2= 0.082 0.066 0.026  0.007

439 12~

477 2= 0.027 0.002 0.009  0.0002

484 6~ 0.0001 0.000001
490 2=

494 7"

497 3= 0.008 0.055 0.016 0.002 0.007  0.00007

The predicted and observed strength distributions for the (d,p) reaction are

shown in Figure 5.3.5 for both { = 1 and ! = 3 transfer for final states with I™ values

(" to 47. As can be seen, there are serious discrepancies for the [ = 3 strength,

with some very strong states observed but not predicted. This is best illustrated

in Figure 5.3.6, which plots the sum of strengths for the (d,p) reaction for both

experimental and predicted [ = 1 and ! = 3 transfer. The predicted I = 1 strength

is also underestimated, but not as seriously as the { = 3 strength.
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In order to obtain good agreecment between the theoretical and experimental
strengths, the predicted energy and relative position of the states in the IBFFM
calculation must be disregarded in some cases. For example, the first 47 state in
192]1 has a spectroscopic strength that matches the second 47 state in the IBFFM,
whereas the state at 256.8 keV, if it is a 4~ state, would be a better match to the
strength predicted for the first 4~ state in the IBFFM. The assignments of predicted
levels to observed ones made in this work are based primarily on the (d,p) and (d,t)
strengths. However, in making assignments the relative positions of the predicted
states are disregarded only in cases were it is clear that by doing so resulls in a
significantly improved fit. In the following, only those states that require special
attention, such as those where the relative positions of the predicted states must

change, or are of special interest, are discussed.

The ground state in !92Ir has been measured®? Lo have spin and parity 47,
and was not populated in the (dt) or (d,p) reactions. The IBFFM parameters were
adjusted®7 so that the calculation reproduces the observed spin for the ground state,
and predicts that it should have approximately zero cross section, since it involves

d% proton components and the target is primarily d‘-j proton configuration,

The first 4~ state predicted in the IBFFM comes at an energy of 412 keV,
approximately 346 keV higher than the first observed 47 state at 66.3 keV, The
next 4~ state is predicted at 434 keV, and has a much better strength match to the
observed level at 66.3 keV, and therefore this assignment is adopted. It should be
noted, however, that this match occurs for the strength values predicted when the
state is at 434 keV, not when it is at 66 keV. If the parumeters in the calculation
were adjusted so that this state were brought down in energy, it is probable that the
wave function would change significantly, thereby changing the predicled strengths

considerably.
An interesting situation occurs with the 84.3 keV 37 slate. Even though
the transfer of 7 = %, %, —;-, and % would satisfy the angular momentum coupling

rules, the (d,t) cross section to this state appears to he essentially that of a pure
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{ = b5 transition. The IBFFM calculation for 3~ states have essentially no [ = 5
strength, and thus no match can be found for the state at 84.3 keV. This is clearly

an inadequancy in the calculations.

The most intense peaks observed in the (d,t) and (d,p) reactions are due
10 an unresolved doublet of the 115.6 and 118.8 keV levels. The state at 115.6 keV
is cither 1~ «: 27, while the one at 118.8 keV is known to be 37. In the work of
Kern et al®?, the two states were resolved in the (d,p} and (d,t) spectra. At an
angle of 45°, the lower member of the doublet was measured to have a (d,t) cross
scction approximately 61% greater, and a (d,p) cross section 54% greater, than the
upper member of the doublet, Kern et al5? favour the assignment of spin 2 for the
level at 115.6 keV, and thus an appropriate candidate would be the first 27 level
predicted at 131 keV, which has (d,t) strengths of 57 = 0.334, §3 = 0.049, and
(d,p) strengths of §) = 0.171, §3 = 0.007. With this assignment, the amount of
[ = 1 strength remaining for the 118.8 keV state would be §; = 0.05, §3 = 0.25
for the (d,t) reaction and §; = 0.05, S3 = 0.27 for the (d,p) reaction. This does
not reproduce the observations of Kern et al®" for the cross section ratios for these
states. No 37 level predicted in the IBFFM matches the required populations
exactly. Ilowever, the only reasonable candidate is the third 37 level predicted at
288 keV, with (d,t) strengths of Sy = 0.114, Sy = 0.00006, and (d,p) strengths of
S, = 0.032, S3 = 0.0002. The predictions have an obvious discrepancy with the

data in that the combined = 3 strength is not reproduced.

The state at 143.5 keV was populated in the (d,t) reaction, but was not
observed in the (d,p) reaction. Its (d,t) strength was §; = 0.010 £ 0.001 and
S3 = 0.027-£0.006. The similarity plots of the 4-ray intensities from this state, in 1
and 2 dimensions, favours a spin of 1. Adopting this, the best match in the IBFFM
would be the state predicted at 192 keV, which has (d,t) strengths of 57 = 0.013
and §3 = 0.042. The third 1~ state in the model at 151 keV is predicted to have a

large (d,t) { =1 strength, and is therefore not a good candidate.
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Kern et al®? reported a level at 278.0 keV having an I™ value of 3~ or 4™,
In the (d,t) spectira, there is evidence for a weak peak at this energy with an angular
distribution that would be consistent with an I = 5 transition with S5 = 0.34-:0.05.
Since there are no 3™ states in the IBFFM with significant { = § strength, the model
favours a spin of 4 for this state. The best candidate for this level in the IBIFFM
is the fourth 4™ level, which has an energy greater than 500 keV and predicts an

! = 5 strength of S5 = 0.1. Clearly, this is not a good match,

The peak ohserved at an encrgy of 288.5 keV in the spectra is due to
an unresolved doublet of states at energies of 288.4 keV and 292.4 keV. However,
the observed energy of the peak suggests that the lower member of the doublet
dominates the cross section, and this is supported by the (d,t) spectrum shown in
the work of Kern et al®?. Both members of the doublet have either I™ = 17 or 2.
The similarity plots for the 288.4 keV level favour spin 2. The most appropriate
candidate in the IBFFM is the state predicted at 399 keV, with (d,t) strengths
that are in excellent agreement with the observed value, but the (d,p) strength is

seriously underestimated.

The state observed at 319.7 keV in both the {d,p} and (d,t) reactions has
I™ = 27. The angular distribution for this peak in the (d,b) reaction had to he fit
with both I = 1 and [ = 3 curves, yielding strengths of S| = 0.144 £ 0.0H), and
S3 = 0.098 £ 0.043. The (d,p) angular distribution appeared to be a pure § = |
with strength §7 = 0.178 £ 0.005 . The IBFFM predicts a 27 state al 438 keV with
S) = 0.082, S3 = 0.066 for (d,t) strengths and S, = 0.025, Sy = 0.007 for (d p)
strengths. This is a very poor match to the observed strengths, but there are no
unassigned 27 states in the IBFFM that would give a hetter match.

The peak at 331.7 keV, which was observed in both the (d,p) and (d,t)
spectra, is due to an unresolved doublet of levels at 331.1 and 331.8 keV, with I7
volues of 27 or 37, and 17, respectively. Kern et al®® favour the assignment of
spir 2 for the former state, and the similarity plots also fuvour this. The (d,t)

angular distribution for this peak was fit with a purel =1 DWBA curve, yiclding a
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strength value of 8y = 0.159 2 0.005. The (d,p) angular distribution also resembled
that of a pure | = 1, with the fit result giving S) = 0.164 £ 0.006. Since the two
levels lic so close together, the amount of strength to each is not known, and it is
not possible to make firm assignments with states in the IBFFM. However, there
are the restrictions that the sums of the predicted strengths match the observed
strengths for the peak, and that they have only { = 1 strength. Since there is no
27 level left unassigned that predicts significant { = 1 strength, it is implied that in
order Lo match the observed strength, most of it would have to come from the spin
1~ level. The only candidate that meets this requirement and lies relatively close in
energy is the 17 level predicted at 277 keV, which gives S1 = 0.161, S3 = 0.0004 for
(d,t) and Sy = 0.029, S3 = 0.00007 for (d,p) reactions. The 27 candidate chosen is
the one closest in energy to the observed state, at 400 keV, which has §; = 0.007,
S3 = 0.010, and Sy = 0.002, S3 = 0.001 for (d,t) and (d,p) reactions, respectively.
While this result agrees with the observed (d,t) strength, it seriously underestimates
the (d,p) strength. However, there are no other unassigned states remaining that

would give better agreement with the (d,p) strength.

The next peak observed at 367.2 keV is also due to unresolved levels at
366.7 and 368.4 keV, both of which have spin 27, The (d,t) angular distribution
appeared to be mainly [ = 3, with strength S3 = 0.245 4 0.018, and a small amount
of I =1, with §) = 0.037 4+ 0.003. The (d,p) angular distribution appears to be
that of an [ = 1 transition, with §; = 0.043 4+ 0.002. There are no candidates in the
IBFFM for 27 states that would match the observed {d,t) { = 3 strength.

A plot of both the experimental and theoretical energies is shown in Fig-
ure 5.3.1 where the connecting lines are based on the above assignments. Fig-
ure 5.3.7 and Figure 5.3.8 show the experimnental and theoretical (d,t) strengths for
[ = 1 and i = 3 :ransitions, and Figure 5.3.9 and Figure 5.3.10 shows the (d,p)
[ = 1 and ! = 3 strengths, respectively, based on the above assignments. It is
clear that the IBFFM does not give a complete description of 1%2Ir; it can, how-

ever, approximately reproduce the structure for some of the low-lying states. The
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discrepancies of the model with the (d,p) strengths are greater than thosc with the
(d,t) strengths, which may indicate the nced to re-examine the transfer operator.
The underestimation of the [ = 3 strengths may be due to the neglect of the f;
neutron orbital in the calculations. In ®3Pt, the pickup strength for j = % is greater
than that for j = % transfer’8, and so it is expected that there is also significant f :

transfer strength into 19%1Ir.

5.3.2 19Ir Interpretation in Terms of IBFFM

The predictions of the IBFFM for 191 were performed with the same
program used for 1%%Ir. Again, the (d,p) strengths listed in Appendix Il obtained
from Paar and Brant™ must be renormalized. In order to minimize the number of
parameters varied, the same renormalization values used for 192(r are also employed

for 11r. The IBFFM predictions for *Ir are listed in Table 5.3.4.
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Table 5.3.4: IBFFM Prediction for 1%4]r

Energy Spin (d,p) Strength
(keV) 51 53 s
0 1= 0.045 0.006
78 0~ 0.002
110 2” 0.185 0.013
112 1= 0.056 0.010
135 1" 0.018 0.0003
194 2- 0.110 0.006
203 1~ 0.007 0.000004
237 0= 0.00003
248 4~ 0.222 0.009
250 2= 0.006 0 010
256 3- 0.005 r.034 0.002
272 3 0.032 0.001 0.00004
274 1~ 0042 0.0002
287 3~ 0.002 0.021 0.007
290 2- 0.142 0.012
303 2 0.001 0.0003
308 o~ 0.00002
316 1= 0.009 0.00003
355 3~ 0.0004  0.009 0.00001
360 1~ 0.001 0.00002
388 2 0.001 0.001
398 2” 0.005 0.00004
399 3- 0.001 0.0003 0.003

406 2- 0.018 0.000001
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Table 5.3.4 -continned

Energy Spin (d,p) Strength
(keV) 51 53 S

430 2- 0.019 0.002

435 5~ 0.0006

472 1~ 0.006 0.00001

474 11°

481 0~ 0.000008

482 1~ 0.003 0.002

484, 127

488 4= 0.0008 0.0001

490 2- 0.036 0.0003

492 2- 0.005 0.001

498 3 0.0001 0.002 0.0005

The calculations reproduced the observed ground state spin of 17, and pre-
dict that it should be populated in the (d,p) reaction. This implics that the ground
state has components in common with the target ground state, unlike the prediction
for the 1*?Ir ground state. The energics predicted are shown in Figure 5.3.11 along
with the spins for the levels. As can be scen, up to approximately 300 keV the
number of states is reproduced. The energies predicied for the 37 and 47 states

1921r, where the

are much closer to the observed energies than those predicied for
3- and 4~ states were observed much lower in energy than predicted. Shown in
Figure 5 3.12 is the plot of encrgy versus I(I -+ 1) for the vrast states, both predict-

ed and observed. The calculation approximately follows the observed states, unlike
19211..
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The calculated (d,p) strengths for both ! =1 and { = 3 transfer are shown
in Figure 5.3.13 along with the experimental values. As can be seen, there is only
one strong ! = 3 transition predicted contrary to the experimental results. Shown
in Figure 5.3.14 are the sums of S for the (d,p) reaction, where the dashed lines
are the observed quantities and the solid lines are calculated. The amount of I =3
strength appears to be greatly underestimated, but the trend in the I = 1 strength
is approximately reproduced up to 350 keV, where there are some rather strong

! = 1 transitions observed.

The peak observed at 83.8 keV is due to an unresolved doublet of levels
with I™ = 1~ at 82.3 keV and 2~ at 84.3 keV. The angular distribution was fit
with a pure I = 1 curve, yielding a value of §; = 0.197 £ 0.006. In order to explain
the observed strength the strongest spin 1 and spin 2 states must be chosen. The
second 1~ state predicted at 112 keV has strength 5 = 0.056, S3 = 0.010, and
the first 27 state at 110 keV has S; = 0.185, S3 = 0.013. This is considered to be
a good match. The combination of the predicted strengths agrees nicely with the

obszrved [ = 1 strength, and predicts a small amount of [ = 3 strength.

The peak at 148.7 keV has tentatively been assigned as a 3~ state by Balodis
et al, It has a (d,p) angular distribution that appears to be a pure [ = 3 curve with
strength S3 = 0.290 :£ 0.010. In the IBFFM calculation there are no 3~ states
predicted Lo have this large a strength. In fact, the lowest predicted 3~ state, which
occurs at an energy of 256 keV with §3 = 0.034, has the greatest | = 3 strength of

all spin 3 states. Clearly, this is a serious discrepancy with the experimental value.

The peak observed in the spectrum at 161.0 keV is due to a 1~ state.
The angular distribution resembled that of a pure ! = 1 transition, with strength
Sy = 0.095 £+ 0.004. The fourth 1~ state predicted in the IBFFM has essentially
zero strength, and thus a much better candidate is the fifth 1~ level at 274 keV
which has §; = 0.043, 53 = 0.0002.

A peak observed at 244.1 keV is due to a doublet of levels at 245.1 keV,
with I™ = 37, and 245.5 keV, with I* = 0~. The angular distribution resembled
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that of the pure ! = 3 transition, which implies that the population of the 07 stale
is very small. Therefore, all of the cross scction is assumed to belong to the 37
state. The second 3~ level predicted by the IBFFM at an energy of 272 keV does
not agree with the strengths, having a much larger I = 1 than [ = 3 strength. The
third 3~ state predicted at 287 keV has §; = 0.001, S3 = 0.021, which is in better
agreement with the observed strength.

Figure 5.3.11 shows the correspondence between the predicted levels and
the observed levels based on the above assignments. Figure 5.3.15 and Figure 5.3.16
show the strength for [ = 1 and I = 3 transitions observed with the "ir(d,p)"*ir
reaction. Except for the strong [ = 3 transition to the level at 148.7 keV, the
calculations reproduce the strengths fairly well, and the energies are approximately
reproduced. It appears that the IBFFM can provide a good description of 9 for
states below 300 keV. The fit might be improved with the inclusion of the f; neulron
orbital into the calculation, as it was shown®® that there is significant amounts of

f; transfer strength in 1 Pt.

5.4. Interpretation in the Extended Supersymmetry Model

The use of extended supersymmetries as a model for odd-odd nuclel nas
received much attention lately. The Pt-An region was suggested as providing likely

candidates for the supermultiplet structure based on the SO(6) core®

, and Lhe
group structure based on the U(5) core has recently been constineted and applied
to the A =~ 80 region™.

The first supermultiplet in the Pt-Au region to be examined?? was TPy
197,198 A1 with a total of 6 bosons and fermions, and the model demonstrated some
success in describing these®!. However, the best candidale was expected to he the
supermultiplet formed by 19195 py, 195,196 Ay, with a total of 7 hosons and fermions.
This expectation was based on the fact that 19,195p4 was the best realization of

U(6/12) supersymmetry® 4% and U(6/4) gave a reasonable description™ of the



Discussion and Inierpreiation of Resulls 179

= [L'ZLE
[
<
ey 2962
i
~~ —~
Q.,* 68Le >
o O
~ 10 [9'!798 LY
- -
o
™ LTS
* 50
|
LG8l o
=
o o'L9L @M
[z'aw =
=
i -
€ L £g8cl o
e
a AN 8
o I geg
© 2
o O
| i
o o o
o ™~ — o
o o o

HIONTYLS [=]

Figure 5.3.15: Predicted strengths from the IBFFM (bars) and experimental
strengths (dots) for negative-parity states populated with [ = 1 transfer in the
1931¢(d,p)!**Ir reaction based on the assignments in Figure 5.3.11.



Discussion and Interprelation of Resulls 180

b [ L'2LE

]

<
o) O
]

P ~
C:« 6'8LE >
‘@) ()]

v G2 4
— ~’
]

N o)
=) bl
— i
()]
=
kxd
FO4 =
o
(3 |
I
o
P
o=
(&)
P4
ad
1o
| 1 |
o (on) o] o ]
¥, “ N — <
O o O o o

HLONZYLS €= ]

Figure 5.3.16: Predicted strengths from the IBFFM (bars) and experimental
strengths (dots) for negative-parity states populated with I = 3 transfer in the
1931¢(d,p)**Ir reaction based on the assignments in Figure 5.3.11.



Discussion and Interpretation of Resulls 181

positive-parity states in 1%®Au. Predictions were made for 1% Au, and spectroscopic
strengths for %7 Au(d,t)!%¢ Au were determined”. Unfortunately, the experimental
spectra were recorded at only a few angles, and thus spectroscopic strengths for the
different [-components could not be extracted, nor were the absolute cross scctions
obtained. It was possible, however, to determine which transitions were | = 6
and which were I = 1 or I = 3. The number of levels populated with { = 1 or 3
transitions (20) below 570 keV agreed very well with the theoretical predictions (22
out of 30 levels). Also, the distribution of cross sections with energy was reasonably
reproduced. However, until spectroscopic strengths are determined, the success of
the supersymmetry model application to 196 Ay remains an open question.

Another candidate in the Pt-Au region for U,(6/12) @ Ur(6/4) sypersym-
metry was suggested by Vergnes™ to be the quartet 919305 19313]r. The total
number of bosons and fermions equals 8. The doublet %20s, ' Ir was shown to
be a good example of U(6/4) supersymmetry?®, However, problems appeared when
attempting to explain the transfer strengths from the odd-A member of the super-
multiplet to the even-even member??. In the extended supersymmetry, problems
also appear when trying to fit 19305 simultancously with the other members of
the supermultiplet. Jolie™ has obtained the parameters B = —9.3, B' = ~24.2,
C = 36.1 and D + E = 10.8 keV for the energy cigenvalue expression

£ = ANy (N +5) + Na (N2 +8) + N3 (Ns + 1)] + B[S1(Z1 +4)
82 (82+2) + 53] + B'[1 (01 ) + 02 (02 +2) + o] (5.4.1)
+C[ﬂ(1‘1+3)+1’2(‘rz+1)] +DL(L+1)+EJ(J +1)

from a fit to 1%20s and 1%31r. The parameters 4, and D (or E) could be obtained
from a fit to either 1920s or 194Ir. A fit which reflects the nature of the Pt nuclei
is obtained with the parameters A = 63, D = =5.1, and £ = 159 keV. The
negative-parity states predicted with Eq. (5.4.1} are shown in Figure 5.4.1, where
the states are labelled with their respective quantum numbers. It is interesting to

note that the symmetric representation, [7,0], does not come lower in energy than
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the representation [6,1]. Also, there is a staggering of the levels of the same spin
but differing by 1 in L. For instance, the 3~ with L = —;- comes lower in energy than

the 3~ with L = %. This is due to the relatively large negative value of D).

A direct comparison with the (d,p) data into %Ir cannot be made with
the supersymmetry model since only the expressions for (d,t) reactions have been
given. In this case, the transfer operator is a pure fermionic one, since the number
of bosons does not change, and thus the only parameter involved is the occupation
probability for the j-transfer in question. For a (d,p) reaction, the number of bosons
decreases by one, and thus the transfer operator would be much more complicated,
since it involves several terms with cross products of fermion and boson operators,

and the transfer matrix elements have not been calculated.

An open question remains on the range of applicability of the extended
supersymmetry model. For instance, is it possible to obtain a satisfactory descrip-
tion of the supermultiplet with a total of 9 bosons and fermions, namely, 180,115
191,1921,7 14 has been demonstrated®” that the U(6/4) supersymmetry is a relatively
good description of %0s and ¥¥'Ir as long as one does not consider the transfer
strengths from *!Ir to 1990s%0. The parameters B = —20, B' = —25, C = 40, and
D+ E =10 keV for the energy eigenvalue equation for *2Ir were obtained from the
fit to 12905 and 19'Ir in the work of Balantekin et al3” where the U(6/4) model was
studied. The remaining parameters, A and D (or E), were assumed to be the same
as those for 1%Ir. This is reasonable since the values of A for fits to different su-
permultiplets do not vary significantly, and the value of D reproduces the observed
rotational spacing in 1¥2Ir for low-lying levels. With these parameters, the spectrum
generated by Eq. (5.4.1), shown in Figure 5.4.2, resembles that of 1%4Ir. Once again,
the symmetric representation, [8,0] does not come lower in energy than the (7,1]
representation. The prediction indicates that there should be 3 07 states, 7 1~
states, 9 2~ states, 5 3~ states, and 3 4~ states, for a total of 27, below 500 keV.
Experimentally, 32 negative-parity states are known below 500 keV. However, the

theory predicts that only 19 states below 500 keV will be populated in the reaction,
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whereas experimentally there are at least 27 levels populated, and perhaps more,

since some of the peaks are doublets.
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Table 5.4.1: Analytic Expressions for the Reduced Matrix Elements of the Fermion

Transfer Operator
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Table 5.4.1 -continued
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The expressions for the reduced matrix clements for the (d,t) reaction’®
are listed in Table 5.4.1. To find the spectroscopic strenglh, these expressions are
multiplied by VJ?/(2I,' +1), where VJ-2 is the occupation probability for each j-value.
Reasonable values of these were obtained from the work of Kern ct al’7, and are
V = 0.5, V2 0.6, and Vg 0.62. The values of the spectroscopic strenglhs
obtame.d are hsted in Table 5 4.2, and are plotted in Figure 5.4.3 for cach final spin.
As can be seen, the correspondence with the experimental data is quite poor. The
lowest lying 0~ state is predicted to have a large strength which is not observed, and
the number of strongly populated 2~ states is not reproduced. There appears to he
much more fragmentation of the strength than predicted by the model, and this may
be due to the effect of the core. The supersymmetry employed herc assumnes that the
core has good SO(6) symmetry, but it is known that 19005 is in a transitional region
between SU(3) and SO(6) symmetries. A proper numerical caleulation taking the
mixed symmetry into account would have to be performed, but as of yet the SU(3)
supersymmetry limit has not been explored. An obvious extension to the model
would also involve the incorporation of f; ncutrons, the resulling group structure

would be U,(6/20)® Ux(6/4). The importance of f; necutrons was demonstrated in
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Table 5.4.2: Spectroscopic Strengths Predicted for '*3Ir(d,t)’"Ir

Final State Energy Transfer Strength
(keV) S S

[N+1,0)<N+1,0><N+3, 1,3 >

(1,hi1 245 0.268  0.011
(3,132 305 0.389  0.078
&, Hio 430 0.029

3,01 460 0.018  0.073
g, hi2 480 0123  0.024
3,hi3 570 0.018  0.193
(2,1l 535 0.187  0.018
3,Hl4 655 0.272
[N,1]<N,1><N+3,3,1 >

&, Hlo 142 0.107

(3,331 172 0.064  0.266
G, e 192 0.451  0.089
CROLE! 282 0.064  0.710
CLE 247 0.687  0.067
2, H14 367 0.998
[N,1]<N,1><N+3,3,1 >

(3,131 57 0.285  0.073
(1,432 117 0.100  0.508
(3,0 242 0.006

(3:3)3 1 272 0.004  0.017
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Table 5.4.2 -continued

Final State Energy Transfer Strength
(keV) 5 53
(3:3)32 292 0.028  0.006
(3,3)38 382 0.004  0.045
3,5)33 347 0.044  0.004
Gige 7 0.063

the Pt nuclei, where large amounts of f; strength was found. Therefore, it can be
concluded that the model would require extension before it could provide a good

description of 1%%Ir.

5.5. Interpretation in Terrus of the Nilsson Model

The Nilsson model has been one of the most successful models developed
for nuclear structure. It can describe a wide variety of nuclear phenomena, and is
relatively easy to use. It has been applicd to many of the rare-carth nuclei which
have a well-defined deformed shape. In the A =~ 190 transitional region, it has been
applied to the Os, Ir, and Pt nuclei with varying degrees of success. Single-neutron
transfer studies’® 80 showed thai the Nilsson model worked reasonably well for
some of the states in 18919119305, although there are some discrepancics, but b-d
only limited success®!—82 in 19%397P4, Single-proton transfer studies®? of 1H193uvd |y
showed that the Nilsson model was able to describe the low-lying proton states in
these nuclei. One of the difficulties that the Nilsson model cannot overcome is a
proper description of the core. The large number of states observed in nuclei in this

region may be related to the effects of y-soft cores and triaxiality!®. For instance,
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in 1910s, there is a total of 22 ™ and 3™ states found® below 1300 keV. The Nilsson
orbitals plus the various couplings of - and S-vibrations can account for O states.
It is possible that the introduction of other degrees of freedom in the core may
explain these states. Not including these degrees of frecdom puts a limitation on
the model, but the inclusion of effects such as y-softness introduces®® a great deal
of complication andtakes away from the simplicity of the model. Given the known
limitations of the Nilsson model in explaining nuclei in the A =~ 190 transitional

region, a question that can be asked is the following: how well can it describe states

in the odd-odd Ir nuclei?

5.5.1 Calculations

The Nilsson model calculations performed in this work employed the Hamil-
tonian of Eq. (2.2.56), where # and g were set equal to 0.0637, 0.600, respectively,
for the protons and 0.0636, 0.392, respectively, for the neutrons. The quadrupele
deformation, 82, was taken as 0.18 for all states in 190,921 1t is possible that some
of the states observed are based on different deformations, but at the present Lime
there are no data indicating what the deformations arc for individual levels, and
therefore §; is not used as a free parameter,

In making assignments with the Nilsson model, the similarities of popula-
tion strengths to states in different nuclei were taken advantage of. For instance,
many of the spins and paritics of stales in 192]r are known, and thus if states in
1901 were found at approximately the same energy and had similar strengths, it was
considered likely that the levels had the same configurations us those in 1921¢, In
an analogous way, information regarding the configurativns in " obtained from
single-proton transfer could also be applied to states in 21 that had similar (d,4)
strengths to those in 1%%Ir. As an example, the three lowest states in 2[r were pop-
ulated with I = 1 and 3, ! = 3, and | = 5 transitions in the (d,t) reaction, and have
I values of 17, 4=, and 37, respectively. In 1901 the three lowest levels populated

in the (d,t) reaction have I = 3, [ = 1, and ! = 5 transitions of similar strengths
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to those in 192Ir, and have been assigned I™ = 4~, 17, and 37, respectively. Of
the three lowest levels in 139]Ir, only the 1™ state was populated in the (*He,d) and
(a,4) reactions. The cross section in the single-proton transfer to the 1~ state was
small compared with the largest peaks in the spectrum, and it will be argued that
a logical assignment is the —:.j-.*'[402]1r — 17[510], band head. This is consistent with
the assignment of Kern et al®” for the corresponding 1~ state at 56.7 keV in 1921,
The lowest lying 3~ and 4™ states in ?*0Ir, which are not populated in single-proton
transfer, do not involve the 37 [512] or the 17(510] neutron orbitals. Consistent
with this, the presently adopted assignments for the lowest 3~ and 47 levels in 1921,

also do not involve the 37[512] or the 3 [510] neutrons.

This type of comparison between levels in 1801; and 1%2Ir was used to check
the possible interpretations. However, this could only be done for low-lying levels
since above ~200 keV the level density was such that it was not possible to make a

correspondence between levels in the two nuclei.

In many studies of odd-odd nuclei with single-nucleon transfer reactions, the
Coriolis matrix clements are calculated only between configurations involving the
target orbital, which is assumed to be a pure Nilsson state. The assumption is also
made that the nucleon in the odd-A target acts only as a spectator in the reaction.
These assumptions are not strictly true. There can occur Coriolis mixings in the
target ground state and also in the final state between different proton, and neutron,
orbitals. In the present work, all low-lying configurations that have been identified
have been included in the Coriolis and particle-particle coupling calculations. This
has very important consequences since configurations not involving the dominant
target orbital can, in some cases, have significant mixings with those involving the
target orbital. Thus, states which in a first approximation would not be populated,
can have significant transfer strength as a result of the admixed amplitude in the

final state.
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The Coriolis and particle-particle matrix clements were calculated using
Eq. (2.2.65) and Eq. (2.2.67), respectively, where the Cﬁ cocfficients were deter-
mined in the Nilsson calculation outlined above. The Coriolis atienuation factor,
p, was set to 0.65, and the unperturbed energies of the Nilsson orbitals and their
rotational parameters, %2 /270, were taken as a frec parameters. For each spin, I, o
matrix was set up using the Nilsson wave functions as a basis, the unperturbed ener-
gies along the diagonal, and the various coupling matrix elements off diagonal. This
matrix was diagonalized, and the resulting eigenvalues and eigenvectors represented
the energies and wave functions of the states. Included in the calculations were the
3+ (402}, £ 17[510),, 37 [402], £ 37 [512)s, 1¥(400], 4 3 7[510)s, 1T 1400], £ [512]s,
and the —37[402] + §7(505),, 3%(402), + §7[503],, 3%[402)« + 7 [503], configu-
rations.

Prior to the present work, the effects of a mixed target ground state configu-
ration on the population of final states in odd-odd nuclei had not been investigated.
Thompson et al®* had studied the effect for the 189(05(d,t)!'88 Os reaction where the
final states are in an even-even nucleus and the target of 18935 was known to contain
a mixture of the 3 [510], and 37 [512], orbitals. It was found that the population
pattern for the two quasiparticle states in 188()s could be explained only if an am-
plitude of ~0.3 of the 3 [510], orbital was admixed with the 37[512], orbital in
the 1890s ground state. This amplitude agreed with the findings of other studies
on 1890s. The demonstrated importance for 1¥80s of the mixed target configura-
tions suggested that it could also be important when considering odd-odd nuclei.
However, the expressions developed in ref.34 are not applicable to odd-odd nuclei.

In Appendix I, the formalism for calculating spectroscopic strengths for
single-nucleon transfer to final states in odd-odd nuclei when the target has a mixed

Nilsson configuration is developed in detail. The cross section is written as

do on’ .
= Z( Y aga PoaCi | (LiKei QLK)
T (5.5.1)

4 (r) (-1 (0~ Kl K)])
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where the subscript ¢ refers to the target configuration and v refers to the transferred
nucleon. The quantity ¢; is the single-particle cross section obtained from a DWBA
calculation. The factor (m¢) is the parity of the target and P,q is the pairing factor
which is U, for stripping reactions and V,q for pickup reactions. The amplitudes
of the various Nilsson components in the target are a., and the amplitudes for the
configurations admixed in the final state are a,. It should be noted that Eq. (5.5.1)
reduces to the usual expression for the cross section if a,, = §,,, where ¢ denotes
the dominant target component.

In order to investigate the effects of mixed target configurations, consider
the case for single-ncutron transfer reactions where there is no mixing in the final
state. Thetarget ground state wave functions are —A(1[400], )+ — 42)(3[402]x)
for 1911931y, For configurations involving the 3 *402], proton part, the spectroscopic
strength will decrease as (1 — A?) as A increases, while configurations involving
the %+[400], proton part will increase as A%. This simple dependance disappears,
however, when the .nal states are also configuration mixed. For example, consider
the final state wave function for one particular 2~ state in 1%Ir (labelled as the

~——+[400], 37[512], configuration)
0.848 (—— [400], + 37 [512], ) +0.354 ( [400],r - l" (510] )

09 oo +l_[51°1» ~oas4 (3 o, —5' 512,
)
— 0.085 (3+ 402), + 5 [510].,) +0.078 ( (400, + §_ [512]v) o

+0.022 (3+ a02), - 3 [510], )

as determined by Coriolis coupling calculations for 1%Ir with é; = 0.18. As can be
seen in Figure 5.5.1, the dependance of the spectroscopic strengths on 4 no longer
shows the simple form outlined above. The relative phases of the amplitudes, as well
as those of the C _;-’In values, play a very important role, and can result in constructive
or destructive interference for each particular j-transfer. Figure 5.5.1 demonstrates

this effect dramatically; as the amplitude of the [400],.- or the "[510), orbital in
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the target ground state increases, the strength for cach j-transfer changes signifi-
cantly.

For the spectroscopic strength calculations performed in this work, the tar-
get ground state wave functions were taken as 0.3(3[510},) + 0.95(3[512],) for
189Q0g, as suggested in ref.?, and —0.125(%4'[400],) + 0.992(%'{'[402]#) for 193193
as determined by Coriolis coupling calculations that reproduce the low-lying energy
spectrum for these nuclei. The amplitudes a,, were found from the results of the

Coriolis and particle-particle coupling calculations outlined above.

5.5.2 Interpretation of %2Ir in Terms of the Nilsson Model

Some of the levels studied by Kern et al®” have been interpreted in terms
of the Nilsson model, as shown in Figure 5.5.2. These interpretations were based
mainly on the y-rays connecting states and transfer cross sections. The results of the
single-nucleon transfer study of the present work give data complementary Lo those
of Kern et al®7, and provide evidence for the main components in the wave functions.
The low energy portion of the 193Ir(«:l,t)wzlr spectrum is shown in Figure 5.5.3,
where the peaks are labelled with their dominant Nilsson configurations assigned in
the present work. The Nilsson assignments are also shown in Figure 5.5.4, where a
“rating” of a or 3 is given on the assignments for particular levels. The a ruling
is for levels where the assignments are certain, the 8 rating for levels where the

assignments are tentative.

The Ground State
The ground state in 1%2Ir has been previously assigned as having " =4t
and was not populated in the (d,t) or (d,p) reactions. The anly neutron orbital that
can give a 47 band head when coupled with the %+[402] proton is the %+[615]u
orbital. In single neutron transfer, this would be populated by an ! = 6 transition,
which has it maximum cross section near 50° in the (d,t) reaction. An upper limit

on the ground state (d,t) cross section of 1 ub/sr can be given at this angle, which
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proton transfer (bottom) as a function of the admixed amplitude. The final state
wave function used was that described in the text for a particular 2~ state in %°Ir.
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Figure 5.5.2: Interpretation of levels in 19211 in the Nilsson model as suggested in
ref.5".

yields an upper limit on the strength of S5 < 0.02. This is well above the calculated
value of Sg = 0.001 for this configuration. In the work of Kern et al’", the ground
state is assigned as a mixture of the 1 7[505], — 3" [512], and —%"‘ [402], + 1—2“- [615],
configurations based on the analysis of the magnetic moment. Therefore, as with
the IBFFM calculation, in order to explain the static propertics of the ground

state, configurations must be mixed for which the coupling matrix clements usually

considered, i.e. the Coriolis or particle-particle coupling matrix ¢clements, vanish.

The 3¥[402]5 £ 17 [510}, Orbitals
The %-[510] neutron orbital forms® the ground state in *1If, 18w, and

185187035 and also occurs at low energies in 1#2Hf, 185187TW, and 18913119305, It
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Figure 5.5.4: Interpretation of levels in 1*2Ir in the Nilsson model as suggested in
the present work. The « ratings are for levels where the assignments are definite,
the # ratings are for tentative assignments.

is therefore expected to be present at low energics in **Ir. It can couple to the
%+[402]W orbital to form K™ = 1~ and 2~ bands, with the K™ = 17 band head
expected to lie lower in energy from the Gallagher-Moszkowski!'" rule. With a de-
formation of 6; = 0.18, the wave function for the 3 (510} neutron orbital contains
j= % and j = % components with amplitudes of 0.67 and 0.61, respectively. There-
fore, the spectroscopic strength to rotational band members based on this neutron
configuration should have both ! = 1 and | = 3 components.

The 1~ state at 56.7 keV was assigned by Kern et al*7 as the %'*'[402],, -
17(510), band head, with the 2~ member at 115.6 keV. The assignment of the 27
member was based on the strong M1 + E2 v-decay to the 17 band head, and also

on its large single-neutron transfer cross section. This assignment is adopted in
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the present work. The results of the calculations described above are presented in
Table 5.5.1 and Table 5.5.2, where the experimental strengths are listed along with
the theoretical ones, and shown in Figure 5.5.5 and Figure 5.5.6 for the (d,t) and
(d,p) reactions, respectively. Both the (d,t) and (d,p) strengths to the 1~ member
of the K™ = 1~ band are well reproduced. The 2~ band member is predicted to
have almost equal amounts of [ = 1 and [ = 3 strength. Unfortunately, it is part of
an unresolved doublet, and thus the strengths to each level were not determined.
However, when an attempt was made to deconvolve the doublet in the (d,t) spectra,
the results indicated that the lower member had ~70% more cross section than the
upper member. This is consistent with the results of Kern et al®7 where the two
levels were resolved. If the assumption is made that both the [ = 1 and [ = 3
strengths are divided between the two unresolved members in the same ratio as the
cross sections, the resulling strengths are S ~ 0.24, S3 ~ 0.18 for the 2~ state and
51 ~ 0,14, S3 = 0.12 for the upper member of the doublet. The strengths predicted
to the 2~ state are far less than the values obtained from the deconvolution of the
doublet.
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Table 5.5.1: Experimental and Predicted Spectroscopic (d,t) Strength for States
in 12Ir Assigned in the Nilsson Model

Nilsson Energy I =1 Strength ! =3 Strength
Configuration (keV) Observed Predicted Observed Predicted
Pure?) Mixed®) Pure®) Mixed?)

3% [402), £ £7[510),
K*=1-,I=1 56.7 0.097(7) 0.084 0081  0.056(31) 0.013 0.013
I=2 1156 <0.38%) 0106 0.106  <0.30°) 0.097 0.095

I= 0.040 0.042 0.152 0.151
I=4 0.079 0.081
K*=2",I=2 1929 0.114(3) 0.122 0.113 0.014 0.020
I=3 0.097 0.111 0.031 0.030
I=4 0.091  0.085

3%1402), £ $7[512),
K*=3-,I=3 1188 <0.389) 0112 0110  <0.30°) 0.142 0.140
I=4 0.050 0.049

KT=0-,I=0 1286 0039(2) 0.028 0.029
I=1 1045 0.061(2) 0.054 0.054  <0.04 0045 0.043
I=2 240.2 0.089(3) 0.011 0.012 0.060  0.055
I=3 3807 <0.046 0.031 0.030  <0.096 0.162 0.163
I=4 0.005 0.005

1%[400], + 37 (512),
K*=1-,I=1 1435 0010(1) 0.000 0.002  0.027(6) 0.000 0.000
I=2 2924 <0173 0019 0.013 0.034  0.032
I=3 0.002 0.002 0.000  0.000
I=4 0.031  0.017
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Table 5.5.1 -continued

Nilsson

Configuration

Energy ! =1 Strength [ =3 Strength
(keV) Observed Predicted Observed Predicted
Pure®) Mixed®) Pure®) Mixed®)

1*1400], + 37[512),

K*=2",I=2 2257 0.066(5) 0.049 0.055  0.065(21) 0.009 .002
I=3 0.001 0.000 0.004 0.000
I=4 0.000 0.010
1% (400}, + 17[510],
K*=1",I=1 (235.8) 0.060  0.002 0.0004 0.0005
I=2 0.015 0.023 0.004 0.005
I=3 0.021 0.007 0.013 0.008
I=4 0.015 0.020
K*=0",I=0 0.001 0.001
I=1 0.000  0.000 0.000 0.001
I=2 0.001  0.000 0.002  0.003
I=3 0.000  0.000 0.000  0.000
I=14 0.002 0.003
3% (402], + §7(503],
K*=4-,I=4 66.3 0.216(8) 0.283 0.277

371402), £ 17 [503),
K"=5",I=5

256.7 0.509(28) 0.480 0.472
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Table 5.5.1 -continued

Nilsson Energy [ =5 Strength
Configuration (ke V) Observed Predicted
Pure®) Mixed®)

3% (402], + 27[505),
K*=3",I=3 838 0.553(38) 0.496 0.488
I=4 2782  034(5) 0191 0.188
%) Calculated with the target ground state assumed to be pure %'I' [402].
5) Calculated with the target ground state assumed io be
0.992(3*[402]5)—0.125(}  [400},).
¢) Total strength for the unresolved doublet is given.

The 3~ member of the K™ = 1~ band would be expected to lie below 300
keV but there are no obvious candidates. The state at 257 keV was not populated
in the ARC measurements, and is probably a 47 or 5~ state. The state at 267.1 keV
could have a spin of 3, however the similarity plots favour a spin of 2 and ils cross
section is much too small for it to be a reasonable candidate for the 37 member of
the band. Therefore, the higher spin members of the band are not assigned.

The K = 2 band was not identified in the work of Kern et al®T, and it is
suggested in the present work that the 27 state at 192.9 keV is the band head.
This state was populated with a strong ! = 1 transitien, and also has a very strong
M1 ~-transition to the 1~ state at 56.7 keV, and a weaker y-transition to the 27
state at 115.6. The K = 2~ band head is expected to be populated with a strong
[ =1 transition {the [ = 3 component is much smaller) in both the (d,t) and (d,p}
reactions. The level at 192.9 keV has (d,t) and {d,p) { = 1 strengths that match
the predicted strengths extremely well. The levels observed at 212.6 and 240.2 keV
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Table 5.5.2: Experimental and Predicted Spectroscopic (d,p) Strength for States
in 1%21r Assigned in the Nilsson Model

Nilsson Energy 1 =1 Sirength { =3 Strength
Configuration (keV) Observed Predicted  Observed Predicted
Pure?) Mixed®) Pure®) Mixed®)

371402}, + 17[510],

K*=17,I=1 56.7 0.058(3) 0.076 0.073 0.011 0.011
I=2 1156 <0.224(14) 0.057 0.057 <0.27(7) 0.052 0.050
I=3 0.027 0.028 0.101 0.101
I=4 0.052 0.054
K*=2",I=2 1929 0.075(3) 0.066 0.060 0.008 0.011
I=3 0.065 0.074 0.021 0.020
I=4 0.060 0.062

3%1402], + 27 (512,
K™=3-,I=3 1188 <0.38(2) 0.075 0.073  <0.30(9) 0.095 0.093

I=4 0.033 0.031
Kr=0",I=0 1286 <0.03 0.019 0.019

I=1 1045 <0.04 0.036 0.036 0.022 0.020

I=2 240.2 0.073(7) 0.008 0.009 0.21(4) 0.031 0.028

I=3 389.7T <0.024 0.021 0.020 <0.165 0.108 0.109
I=4 0.003 0.003

.|_ —_
17400}, £ 37 [512),

Kr=1",I=1 1435 <0.02 0.000 0.001 0.000 0.000
I=2 2924 <0.175 0.012 0.008 0.016 0.015
I=3 0.001 0.000 0.003 0.000

I=4 0.020 0.011
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Table 5.5.2 -continued

Nilsson Energy [ =1 Strength I =3 Strength
Configuration (keV) Observed Predicted Observed Predicted
Pure®) Mixed?) Pure®) Mixed®)

17[400] + 37512y

K*=2",I=2 2257 0.041(2) 0.026 0.029 0.004 0.001
I=3 0.000 0.000 0.002 0.000
I=4 0.000 0.005

1%(400), + 37510},

K*=1",I=1 (2358) 0.000 0.001 0.000  0.000
I=2 0.008 0.013 0.002  0.002
I=3 0.014  0.005 0.009  0.005
I=4 0.010 0.013

K*=0",I=0 0.000 0.000
I=1 0.000  0.000 0.000  0.001
I=2 0.001  0.000 0.001  0.002
I=3 0.000  0.000 0.000  0.000
I=4 0.001  0.002

3%1402], + 57 [503),
K*=4-,I=4 663 <0.1 0.650  0.653

3%1402), £ 17[503),
K*=5,I=5 256.7 0.431(15) 0.210  0.202
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Table 5.5.2 -continued

Nilsson Energy { =5 Strength
Configuration (keV) Observed Predicted
Pure®) Mixed?)

37[402)x % $7(505),
K*=3",I=3 83.8 <0.25 0.265 0.262
%) Calculated with the target ground state assumed to be pure %+[402],.
5) Calculated with the target ground state assumed to be

0.992(3*[402],,)-0.125(1 7 {400] ).

also would be appropriate matches to the predicted (d,t) strengths, but are poorer
matches for the predicted (d,p) strengths., Unfortunately, the higher spin members
of this band were not identified.
The 3¥(402], + 37{512], Orbitals

The 37[512] ncutron orbital forms® the ground state of 1831, W8Ty,
and 1891905 and therefore should lie low in energy in 192Ir. It can couple to the
%+[402] proton orbital to form both a K = 3 and a K = 0 band, with the K =3
band expected to lie lower in energy from the Gallagher-Moszkowski rule. With the
value of §; used in this work, the 37 (512] neutron orbital is calculated to have an
amplitude of 0.4 for j = % and 0.8 for the j = % components, respectively. Thus,
the population of states involving this neutron orbital will contain both { =1 and
! = 3 components.

In the work of Kern et al’”, the K™ = 3~ band head was assigned at 118.8
keV, while the K* = 0~ band head was assigned at 128.7 keV, with the 17, 27,
and 3~ members at 143.6, 212.8, and 267.1 keV, respectively. In the present study,
the K™ = 3~ band head assignment of Kern et al®? was adopted. The 3~ state at
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Figure 5.5.5: Strengths observed in the 19311(d,t)"?Ir reaction (dots) compared
with Nilsson model predictions (bars) taking into account Coriolis coupling and ef-
fects of mixed target ground states. The states are labelled with their dominant Nils-
son configuration, with A=%+[402],, B=%+[400],, C=3" {510}, and D=3"[512],.
Data points with arrows are upper limits, and those with no crror bers have an un-
certainity smaller than the size of the data point. The theoretical strengths shown

for the doublet at 116.5 keV are the sums of the strengths predicted to each member.
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118.8 keV was populated strongly in the (d,t) reactions with both I =1 and =3
transitions, and also in the (d,p) reactions. The calculations indicate that the state

should be populated with ! =1 and 3 transitions of comparable strength.

The combined (d,t) strength predicted for the doublet at 116.6 keV, based
on the above assignments, is §; = 0.216, S5 = 0.235. For the (d,p) reaction,
the predicted strength to the doublet is 53 = 0.115, §3 = 0.143. Therefore, the

calculations account for ~ 67% of the observed strength.

The higher spin members of the K™ = 3~ band have not been assigned.
Assuming that the rotational parameter is between 20 and 35 keV, the 4™ member
of the band would be expected between 280 and 400 keV. A possible candidate for
the 4— member is the state at 256.7 keV. However, its energy is rather low, and
its strength is much too great. It is possible that the 47 member is part of an
unresolved doublet, as there are several peaks between 300 and 400 keV that have

significant ! = 3 strength.

The K™ = 0~ band is expected to exhibit a strong Newby shift3%, with
the 1-member actually lying lower in energy than the 0~ state. The only known
spin 0 state in 1%2Ir is at 128.7 keV. It is populated with an [ = 1 transition with
S; = 0.039 £ 0.002 in the {d,t) reaction, and has an upper limit of 51 < 0.03 in
the (d,p) reaction. The spin 0 state of the K™ = 07 band is caleulated to have
a (d,t) strength of S; = 0.029, and this agrees well with the experimental result.
Kern et al57 had assigned the 1~ member at 143.6 keV, but this state is too weakly
populated in the (d,t) reactions, with §) = 0.010 £ 0.001 and S3 = 0.027 £ 0.006, Lo
belong to the K™ = 0~ band. The 1~ state at 104.5 keV has an [ =1 (d,t) strength
of 0.061 & 0.002, which agrees much better with the predicted value of §) = 0.054,
and is the only reasonable candidate for the 17 member. It is also predicted to have
a small = 3 component, but a fit to the angular distribution with both I =1 and
! = 3 curves was not favoured by the Fy statistic. An upper limit of 53 = 0.04 was
determined for this state, which is just below the value of 0.043 predicied. There
are several possible candidates for the 27 member of the band, but the 240.9 keV



Discussion and Inlerprelation of Resulls 210

level is preferred. It has a strong y-transition to the 17 level at 104.5 keV, a large
transfer strength, and a spin of 2 is favoured by the similarity plots. By considering
the v-decay characteristics, the 3™ member of the band is assigned at 389.7 keV.
These last three states were assigned by Kern et al®” as the —-%+[400],r + 37 [512),
configuration. However, the predicted strengths for this configuration are much less

than observed for the levels at 104.5 and 240.9 keV.

The 3¥]402], + §7[505), Orbitals

The 27(505] neutron orbital occurs® at low excitation energy in '**Os and
forms the ground state in 1¥10s, and is therefore expected at low excitation energy
in 1%2Ir. This orbital originates from the hg shell, and thus its wave function is
dominated by the j = % component. The coupling to the %+[402] proton orbital
would give rise to K™ = 6~ and K™ = 3~ bands, with the K™ = 6 band head
expected to lie lower in energy. These orbitals would be populated in single-neutron
transfer reactions with [ = 5 transitions, since the wave functions remain rather
pure.

A strong | = 5 transition was observed at 84.3 keV in the (d,t) reaction.
This state was determined to have I = 3~ by Kern et al®?, and therefore it becomes
the logical candidate for the —%+[402].,r + 27(505], configuration. The expected
strength for the X = 3 band head is S5 = 0.488, which is in excellent agreement
with the value S5 = 0.553 .k 0.038 observed. The 4~ member of the X = 3~ band
may be located at 278 keV, where a level was reported by Kern et al’? to have
cither I™ = 3~ or 4™. In the (d,t) spectra there is evidence of a very weak peak at
this energy, but only a partial angular distribution could be obtained since at many
angles impurities causes it to be obscured. The angular distribution that is obtained
is consistent with that of an ! = 5 transition, with a strength of S5 = 0.34 % 0.05.
This is a factor of two greater than would be expected for the 4~ member, but it
gives a rcasonable rotational parameter of ~25 keV for the band and is the only

higher spin state in the work of Kern et al®’ that decays to the 84.3 keV band head.
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From the Gallagher-Moszkowski rule, the K™ = 6~ band head is expected
to lie lower in energy than the K™ = 3~ band head. However, it is very unlikely
that the K = 6 band head lies lower than 161 keV since it would probably then be
in the decay path of the spin 9 isomer. As well, the K = 6 band head, expected to
be populated with a strong ! = 5 transition, was not detected in the (d,t) reaction
below 200 keV. Therefore, there must be some coupling mechanism not accounted

for in the present work that causes the Gallagher-Moszkowski rule to be broken.

The 3*[400 £ 37(512), Orbitals

The %+[400] proton orbital has been identified®®8 in 1#1193]r at low exci-
tation energies (82 and 73 keV, respectively), and coupling to the %—[512] neutron
orbital will give low-lying K™ = 1~ and 27 bands. Kern ct al®? assigned the
—1*(400] + 3 7[512), configuration to the levels at 104.8 keV (17), 240.9 keV (27),
and 389.7 keV (3~). However, the present work has reassigned these levels to the
%+[402],.- —37[512], configuration. Since the %+[400]-,.- amplitude in the target wave
function is much smaller than that of the %+[402]ﬂ- orbital, it is predicted that con-
figurations based on the %+[400] proton are only weakly populated, unless there is
extreme final state mixing with orbitals based on the %+[402] proton.

The level at 143.6 keV has either /™ = 17 or 27, and the value of 1 is
favoured by the similarity plots. In 19011 5 level at a relative excitation energy of
144.0 keV is populated with similar (d,t) strengths to the state al 143.6 keV in
1921, Based on this similarity, it is considered likely that the two states have the
same configuration. The level at 144.0 keV in 1907, was populated quite strongly
in the single-proton iransfer reactions, and thus the 27(512), orbital, which is the
major component of the ground state of the target of 182 Qs, is the dominant neutron
component. Since the states are also weakly populated in the single-neutron transfer
reactions, the most likely configuration is -%+[400], + 37[512),. Assuming an
amplitude of 0.125 for the %+[400],r orbital in the 1%3Ir ground state (this value is

the result of Coriolis mixing calculations which reproduce the low-lying spectrum of
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19311), the predicted strengths to the band head in %2Ir are §1 = 0.002, §3 = 0.0004.
While these values are far less than observed for the state at 143.6 keV, there
could be additional mixings with states not included in the calculations, that would

increase the strength.

The 2~ band member would be expected between 200 and 280 keV, and is
probably weakly populated. There are several candidates that meet these require-
ments. For instance, the state at 267.1 keV has an I™ value of (17), 27, or 37, with
the similarity plots favoring the spin 2 assignment, and is populated weakly in the
(d,t) reactions. There is also a 1~ or 2~ state at 202.4 keV, again the similarity
plots favoring a spin of 2, that is part of an unresolved doublet in the (d,t) and
(d,p) reactions at 288.5 keV. The other level in the doublet has an energy of 288.4
keV, and thus the 292.4 keV state is weakly populated. The 143.5 keV state is not
fed by a y-transition from the level at 267.1 keV, but is fed from the 292.4 keV
level. Therefore, the 292.4 keV level is tentatively assigned as the 2= member of
the K™ =17 band.

The K™ = 2~ band based on the %+[400], +37(512], configuration would
also be weakly populated unless there is a significant amount of mixing with a
configuration based on the %+[402],r orbital. Such a situation may occur if the
unperturbed states are situated close in energy. The Gallagher-Moszkowski splitting
is expected®” to be on the order of 100 keV, so the K™ = 2~ band head should
be between 200 and 280 keV. Once again, there are several states that would be
candidates, such as the 212.8 keV level (similarity plots favour spin 2), the 225.9 2~
level, the 267.1 keV level (again, similarity plots favour spin 2), and the 288.4 and
292.4 keV levels, both of which are favoured to have spin 2 from the similarity plots.
The level at 288.4 keV is too strongly populated to be a reasonable choice, since a
strength of $; = 0.173 4 0.005 would require the dominant component to be built
on the -;-+[402],r orbital, and the level at 292.4 keV was assigned as the 27 member
of the K™ = 1~ band. Calculations indicate that the K™ = 2~ band head may

become very configuration mixed if placed near to other 2~ states, and have (d,t)
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strengths of S; = 0.055, §3 = 0.002, and (d,p) strengths of §; = 0.029, 53 = 0.001.
The 2- level at 225.7 keV is the best overall match, as it has (d,t} strengths of
S, = 0.066 + 0.005, S3 = 0.065 & 0.021, and (d,p) strength of 5) = 0.033 == 0.002.
The state at 212.6 keV is populated as strongly in the (d,p) reactions as in the
(d,t) reactions, and has an ! = 1 strength that is much larger than predicted.

Unfortunately, no higher spin members of the band can be assigned at this time.

The 1¥[400], £ 17[510], Orbitals

It is expected that weakly populated K™ = 17 and K7 = 0~ bands based
on the the %+[400],r + 17(510], orbitals should exist al low encrgics. From the
Gallagher-Moszkowski rule, the K™ = 17 configuration should lie lower in encrgy.
A possible assignment for this state is the tentative 17 level at 235.8 keV, which
was not observed in the present work. Calculations indicate that the (d,t) strength
to the K™ = 1~ band head would be §; = 0.002, S3 = 0.0005, which would make
its detection by single-nucleon transfer practically impossible. It is not possible at

this time to assign the higher spin members or the K™ = 0~ band.

Possible Interpretation for the 4~ State at 66.3 keV
the Probable 4~ or 5~ State at 257.6 keV

The peak observed at 66.3 keV was populated with a pure [ = 3 transition
in the (d,t) reactions with strength S3 = 0.216+0.008. As discussed previously, the
value I™ = 4~ is favoured for this state. An examination of the Nilsson diagram
indicates that there are two possible configurations that yield a K™ = 4~ band which
would be populated with essentially pure ! = 3 transitions; the %4’[400],r +17(503),
and 27[402),+57[503], configurations. The 17503}, orbital has been identified™ as
2 hole state at low excitation energies in 3718%1910s. The 7 [503], orbital has been
identified® as a particle state in "W and 187()5 at approximately 600 keV, but it

may fall rapidly in energy with increasing neutron number. The %+[400],+ 17503,
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configuration would not be expected to be populated strongly in the single-neutron
transfer reactions since the amplitudes of the %+[400],‘- orbital in the targets are
small. The %+[402]1r + £7[503], configuration is predicted to have a (d,t) strength
of §3 ~ 0.28 assuming a V2 = 0.3. While the (d,t) strength can be approximately
reproduced with this configuration, the (d,p) strength cannot. The predicted (d,p)
strength is S3 =~ 0.65, but an upper limit for the [ = 3 strength to the level at 66.3
keV is S;3 < 0.1. A mixture of the %*[402],, + %_[503],, and %+[400]1¢ + %_[503],,
configurations would be necessary to reproduce the strength. However, the particle-
particle coupling matrix element is only 1.6 keV, and thus the extreme mixing that
would be required can not be reproduced in the present work.

A strong | = 3 transition was observed to populate the level at 257.6 keV,
with S3 = 0.509 & 0.028 in the (d,t) reaction and S3 = 0.431 + 0.015 in the (d,p)
reaction. As explained in a previous section, this state is probably 4~ or 57 since it
was not observed in the ARC experiments of Kern et al®’. Possible interpretations
for this state would be the I = 4,K™ = 47, %+[402],.- + 57[503], configuration
or the I = 5,K™ = 57, %+[402].,r + 27{503], configuration. Since it was shown
above that the K™ = 4~ configuration may be needed to explain the 4~ state
al 66.3 keV, the only state left that could explain the strength is the K™ = 57,
%+[402],‘- + 27[503], configuration. As seen in Table 5.5.1 and Table 5.5.2, this
configuration can approximately reproduce the (d,t) strength, but underestimates
the (d,p) strength by a factor of 2.

The suggested assignments for the 66.3 and 256.7 keV levels must be consid-
ered as spectulative, since there are problems reproducing the observed strengths,

and the spin of the 256.7 keV level is not known.

5.5.3 Interpretation of %Ir in Terms of the Nilsson Model

The nuclear structure of 1%Ir is virtually unknown, even though it lies next
to the stable nuclei 'Ir and ®90s. The ground state is known to decay with a

half life of 11.78 days, and 2 isomeric levels exist at 26.3 and 175 keV. The ground
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state was assigned 4+, with the possible configuration®® of —%+[402]1r ) %+[615]u.
The isomeric levels were assigned I™ values of 7* (%4}.[402]1r + -12—'+[615],,) and 11~
(A [505]«+ %+[615]y), respectively. Until the present experiments were performed,
this was the extent of knowledge concerning the structure of levels in YIr,

The single-neutron transfer experiments were performed on a target of W11
which has I™ = %+. The dominant component in the wave function of the target is
the %+[402], orbital, and thus the strongest peaks resulting from the (d,t) reaction
should have this proton configuration. However, Coriolis coupling calculations for
1917 indicate that there is an admixture of the %'*-[400].,r orhital in the ground state,
with an amplitude of 0.125 and opposite phase to the %+[402]ﬂ orbital. Because of
this, and Coriolis coupling of different configurations in the final state, it is expected
that states will be populated that have the %+[400],.- orbital as their dominant proton
configuration. The single-proton transfer experiments were performed on a target
of 1890s that has I™ = —3-_. The dominant component in the wave funclion of the
target is the 3~ [512], orbital, but, once again, Coriolis mixing introduces another
orbital, %_[510],,, into the wave function. The amplitude of this admixed orbital is
approximately 0.3, and it has the same phase as the %—[512],, orbital. Therefore, the
strongest peaks observed in the proton-transfer specira involve the %*[512] neutron,
but there should also be weaker peaks that involve the 3~ [510] neutron part of the
configuration. The low-energy portions of the 191 p(d,1) 0 and "20s(at) I
spectra, shown in Figure 5.5.7 and Figure 5.5.8, have the peaks labelled with the
dominant Nilsson configurations determined in this work. The Nilsson assignments
are also shown in Figure 5.5.9, where the ratings a or 8 have been used to express

the confidence in the assignments.

The levels that are below 400 keV relative excitation energy and popu-
lated in both the single-neutron and single-proton transfer reactions are listed in
Table 5.5.3. In a simple Nilsson picture without any configuration mixing in the
target ground state or in the final state, only 5 levels would be expected to be pop-

ulated in common: the spin 0 to 3 members of the K™ = 07 hand and the K™ =3~
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Figure 5.5.9: Interpretation of levels in '*0Ir in the Nilsson model as suggested in
the present work. The a ratings are for levels where the assignments are definite,
the 8 ratings are for tentative assignments.

band head of the %+[402],r + 37[512], configuration. However, there are 9 peaks
(two of which are probably doublets) below 320 keV that appear to be populated in
comtnon in the single-proton and single-neutron transfer reactions. This is strong

evidence for a large amount of configuration mixing in !%Ir.

As will be seen below,
the Coriolis and particle-particle coupling, as well as the effect of mixing in the
ground states of the targets, can account for all but one of the low-lying levels pop-
ulated in both single-proton and single-neutron transfer. This illustrates the need
to take a proper account of the various mixings, and demonstratzs that the simple
Nilsson model can approximately describe some of the low-lying structure of *Ir,

In the discussion below, all references to energies in 1%°Ir refer to relative

excitation energics, and the (*He,d) cross sections are those at an angle of 35°. The
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Table 5.5.3: Levels Populated in Common in Both the Single-Neutron and Single-
Proton Transfer Below 400 keV

Relative Excitation Single-Neutron (3He,d)
Energy (keV) Transfer Strength  Cross Section
51 53
25.9 0.089(3) 3.7(9)
83.0 0.224(14) 0.224(59) 35(4)
144.0 0.019(1) 28(3)
173.8 0.055(4) 0.323 (31) 6.0(14)
183.2 0.045(2) 12(2)
198.9 0.062(4) 0.044(18) 4.9(8)
225.4 <0.187  <0.313 13.4(17)
266.8 0.074(2) 9.5(14)
284.9 0.021(4)  0.020(13) 8.1(16)
313.4 0.021(2) 0.130(14) 16(2)

results of the c'zulations are listed in Table 5.5.4 and Table 5.5.5, and can be seen

in Figure 5.5.10 and Figure 5.5.11, for the (d,t) strengths and single-proton transfer

cross sections, respectively.
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Table 5.5.4: Experimental and Predicted Spectroscopic (d,t) Strength for States
n '%]r Assigned in the Nilsson Model

Nilsson Energy [ =1 Strength [ =3 Strength
Configuration (keV) Observed Predicted Observed Predicted
Pure?) Mixed?) Pure®) Mixed®)

3%(402], + 17[510],

K*=1-,I=1 259 0.089(3) 0.086 0.084 0.013 0.012
I=2 830 <0224°) 0.119 0.119  <0.224°) 0.089 0.088
I=3 0.039 0.041 0.151 0.150
I=4 0.080 0.079
K*=2-,I=2 220 <0187 0119 0.121  <0.313(53) 0.022 0.015
I=3 3478 0.121(8) 0117 0.128  0.116(34) 0.085 0.081
I=4 0.069 0.079

3%(402), + 37 ([512],
KT=3",I=3 830 <0224°) 0112 0110  <0.224°) 0.142 0.140
I=4 0.050 0.049
183.2  0.045(2) 0.029 0.029
173.8  <0.055°) 0.052 0.054  <0.323°) 0.073 0.066

K*=0",I=0
1
2 313.4  0.021(2) 0.028 0.022  0.130(14) 0135 0.129
3
4

0.007 0.006 0.104 0.118
0.037 0.032

b ey
Il

1%1400), £ 37 [512),

K™=1-,I=1 144.0 0.019(1) 0.0004 0.000 0.0005 0.003
I=2 2849 0.021(4) 0.000 0.0003  0.020(13) 0.003 0.002
I=3 0.013 0.018 0.004 0.009
I=4 0.010 0.003
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Table 5.5.4 -continued

Nilsson

Configuration

Energy [ =1 Strength { =3 Strength

(keV) Observed Predicted Observed Predicted

Pure®) Mixed®) Purc?) Mixed?)

11400}, + §7[512),

Kr=2",I=2 225.0 0.066(5) 0.086 0.075 0.065(21) 0.012 0.021
I=3 0.007 0.008 0.002 0.003
I=4 0.001 0.005
1%(400}, + 17510},
Kr=1-,I=1 0.0003 0.002 0.0008 0.0003
I=2 0.005 0.011 0.003 0.005
I=3 0.026 0.012 0.031 0.022
I=4 0.027 0.031
K*=0-,I=0 0.001 0.001
I=1 0.001 0.000 0.003 0.009
I=2 0.006 0.003 0.022 0.026
I=3 0.004 0.001 0,019 0.011
I=4 0.001 0.000
371402] + 57 (503],
Kt=4-,I=40 0.100(8) 0.283 0.277
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Table 5.5.4 -continued

Nilsson Energy { =5 Strength
Configuration (keV) Observed Predicted
Pure®) Mixed?)

—~371402]x + §7(505],
K*=3",I=3 381 0.325(24) 0.496 0.488
%) Calculated with the target ground state assumed to be pure %+[402],.-.
5) Calculated with the target ground state assumed to be
0.992(3*[402],)- 0.125(1 7 [400]y).
€} Total strength for the unresolved doublet is given.

The %+[402],, + 27(512], Configurations

In both single-neutron and single-proton transfer reactions, levels due to the
%+[402], + 37(512], configurations are expected to be the most strongly populated
ones . The K™ = 3~ band is expected to be below the K™ = 0™ band. The K™ =0~
band may have a strong Newby shift as in 1%2Ir, such that the 17 member lies lower
in energy than the 07 member.

Since the K™ = 3~ band head is expected to be the lowest energy peak
which is strongly populated in both single proton and single-neutron transfer reac-
tions, a likely candidate is the peak at 84 keV. However, its (d,t) strength appears
too large to be explained by the spin 3 state. There is a great similarity in the (d,t)
strengths between the peak at 84 keV in '®Ir and the peak at 116.6 keV in 1821,
This latter peak was attributed to a doublet, and one of the members was assigned
as the K™ = 3~ band head. It is suggested that the peak at 84 keV in 1%%Ir is also a
doublet. The K = 3~ band head is predicted to have (d,t) strengths of 51 = 0.136,
S3 = 0.114 and a (*He,d) cross section of 22 ub/sr. This would account for half of
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Table 5.5.5: Experimental and Predicted Single-Proton Transfer Cross Scctions
for States in 1%%Ir Assigned in the Nilsson Model

Nilsson Energy (3He,d) Cross Section (at,t) Cross Section
Configuration (keV) (pb/sr) at 0 = 35° (ub/sr) at 8 = 50°
Observed Predicted Observed Predicted

Pure?) Mixed!) Purc®) Mixed®)

3% [402], + 17 (510},

K =1-,I=1259 3709 00 05 7.3(9) 0.0 1.0
I=2 830 <35 00 10 <57) 00 1.8

I=3 0.0 0.7 0.0 05
K*=2-,I=2 220 <134 07 L7 <859 0.7 1.2
I=3 3478 00 05 00 05

3¥(402), + 37 [512],

K*=3",I=3 830 <35 24 22 <57¢) 4T 42
K*=0-,I=0 1832 12(2) 70 6.3 10(1) 133 12
I=11738 <6.0°) 72 6.6 <11°) 133 12

I=2 3134 16(2) 31 23 31(4) 53 43

I=3 95 2.3 24 2.2

17[400} & 37{512],

K*=1-,I=1 1440 28(3) 223  18.3 35(4) 175 L4
I=2 2849 84(16) 95 84 71(10) 93 82
I=3 26 24 20 18

K®=2",T=2 2250 134(17)) 17.5 178 8.5(10)°) 12.5  13.9

I=3 4.2 3.9 3.0 2.7
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Table 5.5.5 -continued

Nilsson Energy (*He,d) Cross Section (a,t) Cross Section
Configuration (keV) (ub/sr) at 8 = 35° (ub/sr) at 8 = 50°
Observed Predicted Observed Predicted
Pure?) Mixed®) Pure®) Mixed®)
17(400), + §7(510],
K =1-,I= 03 26 0.2 19
I=2 3.7 1.6 4.8 2.9
I=3 0.0 0.6 0.0 0.6
K*=0-,1=0 0.0 0.0 0.0 0.0
I=1 0.6 1.6 0.9 1.2
I=2 1.5 1.6 21 2.6
I=3 0.0 0.5 0.0 0.4

@) Calculated with the target ground state assumed to be pure %_[512].,.
%) Calculated with the target ground state assumed to be
0.95(37[512],)+0.3(3 " [510,).

¢) Total cross section for the unresolved doublet is given.

the observed (d,t) strength and ~63% of the observed (*He,d) cross section. Higher
spin states of the K* = 3~ band cannot be assigned at the present time.

The level populated at an energy of 173.8 keV is suggested to be due to a
doublet, with one of the levels due to the 1~ member of the K™ = 0~ %-l'[402]1r -
3$7(512], configuration. This is predicted to have (d,t) strengths of §; = 0.054,
S3 = 0.066, and since it is believed that the experimental strength is due to two
levels, it is quite possible that the other member of the doublet is populated with

a strong, almost pure ! = 3 transition. Such transitions are observed in 1921y, and
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are expected in 1%Ir as well. The calculated (*He,d) cross section of 5.0 ub/sr is in

reasonable agreement with the observed cross section.

The 0~ member of the X* = 0~ band is assigned at 183.2 keV. This level
was populated in both the single-neutron transfer, with a pure [ =1 transition, and
single-proton transfer reactions. The predicted strength and cross section to this
level are in excellent agreement with the observations, as listed in Table 5.5.4 and

Table 5.5.5, and as can be seen in Figure 5.5.10 and Figure 5.5.11.

The 2~ member of the K™ = 0~ band may lic at 313.4 keV. This level
is populated strongly in the single-proton transfer reactions ((*He,d) cross section
of 16 = 2 pb/sr), and has a relatively large ! = 3 strength, with a much smaller
! =1 strength (S = 0.021 = 0.002, S3 = 0.130 £ 0.014) in the (d,t) reactions. The
calcuiations indicate that this state should have a (*He,d) cross section of 2.0 ub/sr,
and (d,t) strengths of S; = 0.022, §3 = 0.129. While the proton transfer strength
is greatly underestimated, the (d,t) strengths are in excellent agreement with the
observations. It may be possible that the proton-transfer cross section to this peak

is due to an unresolved doublet.

The %+[402]-,.- + %_[510]., Configurations

The level at 26 keV is populated with a strong { = 1 transition in the
(d,t) reactions. Therefore, it must have the %+[402] orbital as its dominant proton
component. This level is also populated in the (e,t) and (*He,d) reactions with
a relatively small cross section, as expected if the dominant neutron configuration
were 1 [510]. The coupling of these two orbitals gives rise to two bands,a K™ =1~
and a K™ = 2~ band, and since the K™ = 1~ band is expected lower in energy due
to the Gallagher-Moszkowski rule, it is assigned at 26 keV. The predicted (d,t)
strength is §; = 0.084, S3 = 0.012, which is in excellent agreement the observed
values of §; = 0.089 and no ! = 3 strength found. The calculated (*He,d) cross
section is 0.54 pb/sr, which is much less then the value of 3.7 pb/sr observed.
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The 2~ member of the K™ = 1~ band would be expected to be populated
in the (d,t) reactions with Sy = 0.119, S3 = 0.088, and to have (*He,d) cross section
of 1.0 pb/sr. The only possible candidate in the experimental spectrum below 170
keV would be one of the levels at 84 keV. The peak at 84 keV, which is believed
due to a doublet, is populated with §7 = 0.224 & 0.014, S3 = 0.224 £ 0.059 in the
(d,t) reaction, and has a (*He,d) cross section of 35 + 4 pb/.r. The similarity of
the (d,t) strengths of the 84 keV peak in 1907r to those of the peak at 116.3 keV in
192]r supports the assignment of the spin 2 member of the X™ = 1~ band to one
of the levels in the doublet. The other member of the doublet is believed due to
the the K™ = 3~ band head discussed above. The total predicted (d,t) strength
and (*He,d) cross section to the doublet is S; = 0.255, S3 = 0.202, and 23 ub/sr,
respectively. This is in excellent agreement with the observations considering that
there are other 2~ and 3~ states within a few hundred keV that are not included
in the calculations, and coupling with these states could change the strengths.

The K™ = 2~ band head of the 3¥(402], + 17[510}, configuration is ex-
pected to lie about 100 keV above the K™ = 1~ band head. A possible candidate
for the K™ = 2~ band head is the level at approximately 220 keV which is part of
a strongly populated doublet in the (d,t) reaction, and was obscured in the single-
proton transfer reactions as it was not resolved from the much stronger peak due to
the level at 225 keV. The predicted (d,t) strengths are S; = 0.121 and S3 = 0.015,
which is approximately 60% of the observed I = 1 population of the doublet but
only 5% of the I = 3 strength. The calculated (*He,d) cross section is 1.7 pb/sr,
which is consistent with the observation that the level is obscured by the much

stronger peak at 225 keV.

The %+[400]-,r + 37[512], Configurations
Configurations involving the -;-+[400] proton orbital should be weakly popu-
lated in the (d,t) reactions unless there is significant mixing with states involving the

%+[402] proton orbital. In the single-proton transfer reactions, strongly populated
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levels probably involve the %“[512],, orbital, since it is the dominant configuration
in the target ground state. There are several levels observed that are populated
weakly in the (d,t) reactions and strongly in the single-proton transfer reaclions,

and these have been assigned as the %+[400]w 4 37(512], configurations.

The state observed at 144.0 keV is assigned as the K™ = 1~ band head,
with the 2~ member assigned at 284.9 keV. Both of these levels were populated
relatively weakly in the (d,t) reactions, and strongly in the single-proton transfer
reactions. The observed (d,t) strengths are much stronger than predicted. However,
the calculations are sensitive to the placement of other 2~ levels. The (*He,d)
cross sections are reproduced quite well. It is possible thai additional mixings
not accounted for in the present work could increase the (d,t) strengths while not

seriously affecting the single-proton transfer cross sections.

The K™ = 2~ band head is expected to lie higher in energy than the
K™ = 1~ band head from the Gallagher-Moszkowski rule. The expected splitling
is on the order of 100 keV or so, and thus the K™ = 2~ band head should be at
an energy of approximately 240 keV. Calculations performed with the band head
placed at this energy indicate that the (d,t) strengths may become quite large,
with §; = 0.075 and S3 = 0.021, due to mixings with the $7[402], + }7[510],
configuration discussed above. A possible candidate for the K™ = 27 band head is
the level at 225 keV, which appears to be populated strongly in the single-proton
transfer reactions, and forms part of a strongly populated doublet with a level at
220 keV in the (d,t) reactions. The total (d,t) strength predicted to the doublet
is §; = 0.196 and S3 = 0.036, which agrees well with the total [ =1 strength but
seriously underestimates the I = 3 strength. The (*He,d) cross section is predicted
to be 8.1 pb/sr which is in good agreement with the observed cross section of 13.4
pb/sr, especially when considering that the level at 220 keV, which is not resolved,

is predicted to contribute 1.7 ub/sr.



Discussion and Inierpreiation of Resulls 230

Other Configurations

Information can be obtained on other configurations that are not populated
in the proton transfer reactions. For instance, the level at a relative excitation
energy of 0 keV was populated in the (d,t) reactions with an ! = 3 transition of
strength S3 = 0.100 & 0.008, and thus the spin values can range from 1~ to 57. An
upper limit of §; < 0.004 was determined for this level. This state may be similar
in nature to the level at 66.3 keV in 1%%Ir, which was populated with a pure ! =3
transition of strength S3 = 0.216. The spin of the 66.3 keV level in *%2Ir was argued
to be 4=, and it is suggested that this may also be the spin of the 0 keV level in
1901 If this is indeed the case, the only configurations available to explain the
strength would be a2 mixture of the %+[400],r + 17(503], and %+[402],r + £7[503),
configurations. However, the degree of mixing required can not be explained by the
coupling mechanisms accounted for in this work.

The level at 38.1 keV can be assigned as the %+[402],,:i: 27 [505], band since
it was not populated in the single-proton transfer reactions, and was populated in
the (d,t) experiments with a pure [ = 5 transition. It is uncertain whether this is
the X = 3~ or K = 6~ band head, since i* is expected that the X' = 6~ band
head is lower in energy. In 192Ir the state populated at 83.8 keV is the K = 3~
band head, with the K = 6~ band head higher than 161 keV. The [ = 5 strength
observed to the level at 38.1 keV in ¥°Ir is an excellent match to the strength
expected for the X = 3~ band head, and thus, as in °2Ir, the assignment I* = 3~
of the —-%4'[402], + 37[505), configuration is adopted.

5.5.4 States in 1%Ir

At the present time it is very difficult to make assignments of bands in %4Ir.

This is due to two main reasons.

1. The lack of experimental data. A large collaboration®! similar to that

which worked on '%2Ir has been studying 1%¥Ir, but their results are
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not yet available. Some of the spins for low-lying states have been
determined %1, but many others are only tentative.

2. The nuclear shape is uncertain. 1%0s appears to have a prolate shape,
whereas %Pt has an oblate shape. It is possible that many states in
1941r are built on an oblate core, and that .here are coexisting prolate

configurations.

The Nilsson model interpretation of states in ¥ 0s populated with single-
neutron transfer reactions experiences some difficulty. Some of the largest peaks
observed in the spectra cannot be assigned Nilsson configurations. For instance, a
peak at 234 keV in the '20s(d,p) spectrum has the sccond largest cross scclion
observed, and has been tentatively assigned’® as a spin % triaxial state. Single-
neutron transfer studies®! of 195Pt demonstrated that oblate shapes with large -
fluctuations are needed to explain the levels observed.

Nilsson calculations performed with a prolate shape can reproduce the spec-
troscopic strengths for only a few states in 1911y, Other states have much different
spectroscopic strengths than predicted or require that the Gallagher-Moszkowski
rule be broken.

The ground state has I” = 1~ and a similar (d,p) population to that of
the 1~ state at 56.7 keV in 1°2Ir. Therefore a logical assignment is the %+ (402}, -
%~ [510], configuration, with the 27 member of the band assigned at 84.3 keV. The
K™ = 2~ band head may be located at 112.2 keV, since the expected Gallagher-
Moszkowski splitting is on the order of 100 keV.

The K™ = 0~ band head based on the %+[402], — 37512}, configuration
may be assigned to the state at 43.2 keV, since il has a similar (d,p) strength as
the 0~ state at 128.3 keV in '92Ir. The 1~ member of the band can be located at
82.3 keV. However, there are several problems associated with this interpretation.
For instance, in 1*%192Ir, the 1~ member of the K™ = 0~ band was assigned lower
in energy than the 0~ member. An alternative assignment for the 1~ member of

the K™ = 0~ band would be the ground state, as this would preserve the Newby
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shift. The 2~ state at 84.2 keV would then be assigned as a band head, since it
would have too small a rotational parameter to be part of the K™ = 0~ band. The
state at 112.2 keV could be assigned as the 2~ member of the X™ = 0~ band.
Therefore, none of the proposed assignments are unique, and until more properties
of these states are known, it is impossible to say which of the above interpretations
is correct. The second problem associated with the interpretation of the 0~ state
at 43.2 keV is that the K™ = 3~ band head is expected to be lower in energy than
the K* = 0~ band. However, the lowest known 3~ state occurs at 148.9 keV, which
would violate the Gallagher-Moszkowski rule by ~ 100 keV, and is populated with a
strong ! = 3 transition in the (d,p) reactions. The K™ = 3~ band head is expected
to be populated with both [ =1 and ! = 3 transitions of almost equal strength.

The difficulties and ambiguities outlined above continue for other states in
191y thus making comparisons with the Nilsson model assuming a prolate shape
practically impossible.

Spectroscopic strength calculations for % Ir assuming an oblate core can-
not be performed at the present time. The target of 1931r has a prolate shape,
and therefore, when deriving expressions for the (d,t) spectroscopic strength, the
integration over the proton configurations does nct yield 1 (as in the case of the
final nucleus having the same shape as the target) but will result in a sum over the
components in the wave function. The assumption that the proton wave function
does not change significantly is not a valid one, and ignoring the effect would alter
the calculations much more than mixed target ground states, or, in many cases,
Coriolis mixing. Also, it is not clear that the transfer operator would retain its
simple form. Since the core changes shape, the effect is probably more than just
altering the wave function of the proton, the transfer operator itself may no longer

have a simple form.
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5.6. X2 Tests for the Transfer Strengths

In the IBFFM comparison with the experimental data, a total of !4 renor-
malization parameters were applied to the spectroscopic strengths obtained from
Paar and Brant’. These parameters were determined from an examination of the
strength distribution for each j-transfer to final states with angular momentum Iy.
In view of the renormalization, it is necessary to establish goodness-ol-fit criterin
to test the significance of the ability of the models to reproduce the data. The

goodness-of-fit test used in this work is the X2 defined in ref.8, where

. . 2
x==S (i~ Sw) f"‘) (5.6.1)

v & of

where v is the number of degrees of frecedom. Ti test was performed for each
reaction where the results could be interpretated in terms of the IBFFM. As a
comparison, the test was also performed for the Nilsson model interpretation of
192Ir.

In order to have a meaningful x?, value, the uncertainties ¢ must be deter-
mined for each strength, and should include the statistical uncertainty as determined
from the least-squares fitting procedure, as well as the systematic uncertainty in-
troduced by the DWBA calculation. For states that have strengths Lthat are 5-10%
of the largest strength observed in the reaction, the reaction mechanism may have
significant contributions from mulitstep processes which are not described by the
DWBA calculations. For strong transitions it has been found that the reproducibil-
ity of relative strengths is typically within 5-10%. Thercfore, a reasonable estimate

of the systematic uncertainty is approximately 10% of the largest strength observed

in the reaction?®. The uncertainty for each data point was o = \/a‘?!‘,l + (0.157)?
where 57 is the largest strength observed in the reaction for the particular value of
L

The number of degrees of freedom used in the test is the number of strength-
s minus the number of parameters. The spectroscopic strengths calculated with

the IBFFM depend on the wave function for the state and the renormalization
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constants, but all of the model parameters were fixed by fitting neighbouring nu-
clei or determined by the energy and static properties of the lowest-lying positive
and negative-parity state. Therefore, the only parameters that were fitted to the
strengths were the renormalization parameters in Table 5.3.2, and these were de-
termined from only the {d,t) strengths into '%2Ir. Since the theoretical states were
allowed to be shifted in energy to match the experimental levels, this was con-
sidered as a “parameter” that was fitted to the data. For the IBFFM, all states
were included in the X2 tests up to an energy of 331.7 keV for the 19Ir(d,p) and
19311(d t) reactions, and 312 keV for the 1*Ir(d,p) reaction. The energy cutoff was
used because above these energies, there were many states that were not interpre-
tated in the model. It should be noted that two levels in 1%%Ir populated with I =5
transitions, at 83.8 and 278.2 keV, v hich were not interpretated in the model, were
included in the X2 test. As well, for the interpretated states all the theoretical
strengths were included regardless of whether strength was observed for that par-
ticular [-value. Included in the X2 test for the Nilsson model were all states which
were interpretated, including the states at 66.3 and 256.7 keV. No constants in the
Nilsson model were allowed to vary in o-der to get a better fit. However, as with the
IBFFM, the predicted states were allowed to be shifted in energy to correspond to
the observed states, and thus the number of fitted parameters is considered to be 1.
The results of the X2 test for each reaction and model are listed in Table 5.6.1. As
can be seen, the X? values are large for both models, implying that neither model
gives an acceptable fit. The values for the Nilsson model X2 would increase greatly
if all the states below 300 keV which were not interpretated in the model were also

included in the calculation.

One drawback in the IBFFM calculations is the absence of the f; neutron
orbitals, even though in the neighbouring odd-Pt isotopes, significant amounts of
7 = I strength were observed®®. In the X test for the present case, states populated

with j = %,l = 3 transfer should not be included, but at the present time there is
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Table 5.8.1: Results of X2 test for 1921%]r

235

Reaction No. of data points®) No. of fitted parameters v x2
IBFFM

1991r(d t) 36 10 26 23
1911r(d,p) 30 1 29 5.6
1931¢(d,p) 23 1 22 5.0
Nilsson _Model

19312(d,t) 21 1 20 29
1911¢(d,p) 19 1 18 4.2

) Includes upper limits to on experimental strengths

no available experimental information to distinguish states populated with 7 = %

orj= % from each other.



Chapter 6.
Conclusions

The experiments performed in the present work have provided many new
results concerning the structure of odd-odd iridium nuclei. The most important
results stem from the precision that was obtained in the extraction of spectroscopic
strengths from the angular distributions. This was due to two main factors. Firstly,
the quality of the data was high. The resolutions obtained in the reactions were
impressive. In the (d,t) reactions, for instance, the FWHM of 4.5 keV obtained for
some spectra corresponds to ~1 part in 3700 for AE/E or ~1 part in 7400 for Ap/p
where p is the particle momentum. Recall that in Chapter 3 it was stated that for
2 1 mm wide beam spot on target, the value of p/Ap could obtain a value of 5000.
The beam spot widths obtained in the present work were less than 1 mm, but the
value of Ap/p for the (d,t) reaction is probably close to the theoretical limit. These
impressive resolutions were obtained for nearly all spectra for the (d,t} angular
distributions. Furthermore, large numbers of angles were included in the angular
distributions, thus yielding a highly reliable and precise set of data. The second
important factor was the analysis procedure. Instead of quoting cross sections and
merely noting the dominant component in the angular distribution, a least squares
procedure was used to determine the spectroscopic factors for one, and in many
cases, two l-components.

Large numbers of levels were observed with the single-nucleon transfer re-
actions. In the single-neutron transfer experiments, all the levels observed had
negative parity, and most of the angular Adistributions could be fitted with an I =1
and/or an | = 3 component. However, in both *°Ir and 92Ir, a low-lying level
populated with an [ = 5 transition was observed. In the single-proton transfer ex-
periments into 13%Ir, ratios of (*He,d) and (a,t) cross sections provided information
regarding the transferred I-value, and the dominant components transferred were

[ =0 and ! = 2. A large number of levels appeared to be populated in both the

- 236 -
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single-proton and single-neutron transier experiments into 190]; indicating a large

amount of configuration mixing in this nucleus.

For the first time in medium to heavy nuclei, the multi-dimen: onal scaling
method has been employed on the branching intensities of y-rays. The MDS method
has been demonstrated to be sensitive to spin in the light mass regions. Using the
intensities published by Kern et al’ for 1%2Ir, the method appears to have success
in separating out the various spins. All of the known spin 1, 2, and 3 states were
scparated in the similarity maps from each other, and states with unknown spin
were assigned as belonging to one of the clusters. However, the method is sensitive
to the correct placement of the y-rays originating from each state, and it is possible

that some of the y-transitions placed by Kern et al 57 are incorrect.

The results of the experiments have been compared with three different
models. Two of these models, the IBFFM and the SUSY model, are based on

extensions of the IBM. The third model was a simple Nilsson model approach.

The IBFFM calculations for ??Ir and }*Ir were performed by Paar and
Brant, and coupled two fermions to an SO(6) core of the IBM. The calculations
were performed numerically since no limiting symmetry, other than that of the
core, was employed. The results of the calculations predict that the wave functions
are very configuration mixed, with a large number of levels observed in single-
neutron transfer that are populated with both ! = 1 and ! = 3 transitions. This
was observed, and the number of states lying below 500 keV in excitation energy
was approximately reproduced. However, while this is an encouraging result, there
remain many problems with the IBFFM interpretation. The predicied energies of
the first 3~ and 4~ states in 1%2Ir are predicted are much too high. The 37 state
at 84.3 keV in 192Ir was observed to be populated with a strong [ = 5 transition,
but no 3~ states in the IBFFM calculation are predicted to have significant { = 5
strength. In fact, it is a general trend that the calculations have trouble reproducing
the spectroscopic strengths to individual states. This was clearly illustrated in the

previous chapter in Figure 5.3.7, Figure 5.3.8, Figure 5.3.9, Figure 5.3.10 for '%2Ir.
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The calculations for 1*Ir appear to be more successful in reproducing the energies
and strengths of individual levels. However, the amount of [ = 3 strength is greatly

underestimated.

The U, (6/12)@Ux(6/4) supersymmetry prediction for 1%Ir cannot be tested
in the present work since the expressions for single-nucleon transfer in which the
number of bosons changes, as in the (d,p) reactions of this study, have not been
worked out. However, expressions are given for the spectroscopic strengths for (d,t)
reactions, and thus the model can be tested with the experimental data for 1921y,
The particular supersymmetry limit employed assumed that the core has SO(6)
symmetry, but this may not be the case for 1%2Ir. The superinultiplet containing
192]; 4150 contains 19919105 and !*!Ir. It has been pointed out by Jolie that 1%°0s
is in a transitional region between the SU(3) limit and the SO(6) limit, and thus it
would be very surprising if the extended supersymmetry gave a good description for
1921y, As was demonstrated in the previous chapter, the extended supersymmetry

model does not provide a good description for 1%2Ir, and thus the quartet of 191 0s
and 1931921 is not a candidate for ESUSY.

The Nilsson model calculations show some promising results, but there is
an indication for the need of a more complicated treatment. The neutron orbitals
expected to be populated at low-excitation energies, namely the 3 [510], and the
%_[512],, orbitals, have very similar spectroscopic strengths, especially when the

192];  there are many levels
s ¥y

effects of Coriolis mixing are taken into account. In
populated in the single-neutron transfer reactions which have strengths that would
be a suitable match to the predicted strengths for the two orbitals mentioned above.
The problem of the identification of rotational bands whose neutron part is based
on these orbitals is furthermore compounded by the fact that the spin > 2 members
were not identified. In 1%y, the results of the proton transfer experiment are very

useful in the identification of configurations, since in ¥0s the 37[512] neutron
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forms the ground state. The success of the calculations in reproducing the single-
proton transfer cross sections and the (d,t) spectroscopic strengths for configurations

that were assigned is very impressive.

The -%+[402],.- + 27[505), configuration has been identified in both 1801,
and 1%2]r at low excitation energies. Interestingly, the K™ = 3~ band comes lower in
energy than the K™ = 6~ band, and thus the Gallagher-Moszkowski rule is broken
for this configuration. The results of the present calculations which take into account
the Coriolis and particle-particle coupling, cannot reproduce this. A strong! =3
transition at 66.3 keV in '°2Ir and at 0 keV relative excitation energy in '®Ir have
been assigned I™ = 4~. These levels are very interesting since in the simple Nilsson
model only a mixture of the %+[402,+%"[503],. and %+[400],+%_[503],, band heads
could explain the strength. However, the mixing between these two configurations is
expected to be quite small, and the calculations of the present work cannot account

for the degree of mixing required to explain the spectroscopic strengths.

Configurations based on the %+[400] proton and the J ™ [510] and 37 [512)
neutron orbitals have been tentatively identified. The population of configurations
in single-neutron transfer reactions involving the %+[400],, orbital occurs because of
Coriolis mixing in both the target and the final states. The formalism needed to
deal with mixed target ground states was developed. It was found thal a proper
treatment of Coriolis mixing in the final states has more effect on the single-neutron
transfer strengths than mixed target ground states. The single-proton transfer
cross sections into 1%°Ir show the effects of the relatively large amplitude (0.3) of
the 3 [510], orbital mixed with the 37[512], orbital in the 18905 ground state.

However, more information regarding *’Ir needs to be obtained.

It is possible that a more sophisticated treatment of levels within the Nilsson
model would better reproduce the levels observed in the reactions. If one assumes a
constant deformation, the number of available 1~ and 2 states are depleted before
all of the observed 1~ and 2= levels can be accounted for. If the deformation changes

with excitation energy, this might account for some of the complexity of the level
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scheme since a new degree of freedom is introduced. However, at the present time
there is no specific information regarding the deformation of individual levels.
Clearly more work needs to be performed on the odd-odd iridium isotopes.
On the experimental side, more level spins must be determined. It would also be
useful to have knowledge of the nuclei at higher spin, since the band structure may
be illuminated in this way. On the theoretical side, a proper treatment of odd-odd
nuclei in the transitional region within the context of the geometrical model would
be useful, and would provide guidance as to the complex nature of states. This
work would be very difficult, and a complete set of experimental data would have
to be in place in order to justify the huge theoretical effort needed. It is the hope
of the author that tﬁe present work will form an essential part of the experimental

knowledge on odd-odd iridium isotopes.



Appendix L.
Effects of Mixed Target Ground States

In this appendix, the formulas for the population of a rotational band mem-
ber in an odd-odd final nucleus by single-nucleon transfer from an odd nucleus with
a mixed ground state configuration is derived. These expressions have never ap-
peared in the literature, although similar expressions for the case where the final
states are in an even-even nucleus were given some time ago by Thompson et al®,

The cross section is defined as

do
m = ZSjlﬂbl (I'l)
b1

where I; is the target spin, and I; is the final nuclear spin. The spectroscopic

strength is ( )
2I_f +1 2
where
Bi= 3 GmIMIM) (%, 0 1T ) (1.3)
m,M;
for stripping reactions, and
ﬁjl = Z (_l)j_m (.7 - mI:'Mt'lIfo) (‘I"I‘"! H}lml‘l’;‘-mi) (1'4)

m,M;

for pickup reactions. The T Jsz and T}, operators are the creation and annihilation
operators for a nucleon in an orbit with quantum numbers jim. These refer to
quantities for the transferred particle.

The wave function for the target, |¥,,,,) is assumed to have various Nilsson

components such that

) =3 (16,\ ot () ) + (1) () D B )]
(1.5)
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where ¢ is the parity of the odd nucleon, and the rotation axis is taken to be
perpendicular to the intrinsic Z-axis. The sum over £ is performed over the various
Nilsson orbitals, with amplitude a¢, that are present in the ground state. It should
be noted that the target wave function is assumed to have no admixture of 8 or ¥
phonons present. These assumptions will also be made for the final states in the

residual nucleus. Thus, the final state wave function will be written as

1
2I +1 7 Iy
I‘I’Jln:]) = z Bfxby (Tfﬁp—) [’DM;K‘ (9_,') |x,,h)|xnau)
bxbu (1.6)

~ (=) (ms,) (75,) Dy, (83 X_a, X5,

where is sum is over the two-quasiparticle components, 6,6, with amplitude ag, 5,
present in the wave function.

The single-particle wave functions are in the intrinsic frame, therefore the
creation and annihilation operators should also be transformed into this frame. The
transformation is accomplished by applying the rotational matrices to the operators

as would be done for any other tensor of rank m. Therefore,

TJ:I;m = Z ﬁ:;ﬂ (BJ ) TJ.I;'I'I (I'TG)
n

Tiim = 3, D, (67) Tha (1.7b)
0

where TT', T' are the creation and annihilation operators in the intrinsic frame.
To introduce the Nilsson model, the basis must be changed from the spherical jim
basis, i.e.,

Tho =3 cifh (1.8a)

v

,!m = Z C’;-‘,“T;n (1.8%)

v

where C;-’In are the expansion coefficients for the Nilsson wave function onto the

spherical basis, and the summation is performed over all Nilsson configurations.
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At this point it is convenient to make a Bogolyubov-Valatin transformation to the

quasiparticle basis

Thh = Usnedy — Vigal (1:30)
Tin = Uyl = mo=I:, (£.98)

where the bar over the quantities »{} means that these are in time-reversed orbits,
and o and of' are the quasiparticle creation and annihilation operators. It is
possible to express the time-reversed operators in terms of the forward projecting

operators, and the relations are

_1
oft =(-1)"1al' (I.10a)
_1
o= (-1 1d (1.10b)
with the condition that
V;ﬁ —Vun (I'll)

Therefore, the transfer operators become

Jlm ZDmﬂ E [U QI;;+Vun(-1)n—!a n] (1.12a)
Tjim = Z'Dmn (6; )Z AU,y + V(-1 20l | (T120)

The Nilsson wave functions for the target nucleus can be written in terms of a

creation operator acting on the quasiparticle vacuum,

X, ) = aj;(s 10) (1.13)

and similarly for the wave functions for the final nuclear state.
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If we first consider pickup reactions, i.e. (d,t) reactions, then the expression

for the spectroscopic amplitude becomes

, oI; +1
Bu= Y, (-1Y"™ (j — mLM;i|I;My) <0|[Z %orby ( 15:2 )

m, M Onby

-
«[Plin @), o, = - 1Y (1) (75) Dy, (5) e, @, |

X Z mil (9,‘) E O;P [Uvﬂa:an + .Vvﬂ (_1)0_‘ au—-ﬂ]]

1
2L +1\1
% Z“‘-’( 1672 ) [P B3)ali,
-

+ (=154 () Dl )l ][I0

(I.14)
When evaluating the above expression, terms involving three annihilation operators
disappear since there must be the same number of creation as there are annihilation

operators. Therefore the term U, a!  disappears. The remaining terms involve

I I 1

e, %, V,qo I-n IKE (I.15e)
t ' !

& o, % a, Vmat”_n ZK; (1.155)
ai’a,a'ﬂau maj'n ILK; (I.15¢)

ad_ o  V al! T' (I1.15d)

—ﬂa' —nau 12y lf-ﬂ

and are evaluated as follows:

(Ovr|“' |01r)(09|°‘ Voao,_ n|OV) Viabs, 55n5 xs‘sa.,u&n,v-n (1.16a)
(Oclal,, ’f’ 10«)<ou|a g, Vo ,nlo» Vrbuned iy St006-05, -0 (1.160)
(0,.-|a' 0‘ |01r)(0u|°‘ ma.,_ 10,) = Vun‘sa,s‘sn, -nesgyu‘sn, - (1.16c)
(Onla o, el 102} (Ol o, Vil o100} = Vb 8-y s F0,,8-0p, - (1:164)

where § is a Kronccker delta functmn. There are also integrals involving the prod-

ucts of three rotational matrices, and these are evaluated as follows:

_/dg DM 1K mn M hc =
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M —Ke—K; BT X )
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. 5
fda D K5 mnDM':KE =
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i
fdg DM Ky Don M: KE =
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J' iy
fda D =K mﬂDM, -Kg =
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Collecting all terms together, the expression for the spectroscopic amplitude be-

comes
1
. : 21’ 1 ] .
=3 (=1 MM -(——Ji-)—, ( — mLM;|I M)
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x (I Mijm|Iy - Mf) z: Cixby Z Z Z a'ﬂVunC .s..s byy (- l)n_!
Oxbu

[(-1)7Re 5 (1~ KegUIy - Ko) 6na,Ke Soy,-n

- (—1)11+K5-KE (Wﬁr) (ﬂ-ﬂv) (I{ - KejQHfKJ) 6_‘16',{‘ 5_‘%”_”
=t - .

+ (—1)11 1+ K¢~ K ("TE) (I,'KEJQHf - K‘s) 6“61-""'-5 5“5"_“

_ (—1)rHRe = (1Y (Y () (BKei QU KS) 6ty B-ny, -]
(1.18)
Some simplifications can now be made. The factor (=1)~™+Mi+M; i5 always 1 for
allowed values of m, M;, and using
(I = Mijm|I; — M) = (=) (jml; - Mi|I; — M) (1.19)
= (_-,- - mI;M{|Ifo) .
then

S (G — mIMi|IpMy) (j = mLMil [ M) = 1 (1.20)
m,M;
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There are two distinet situations that must be dealt with. First, where K; =
| K¢ + 94,1, and secondly where K5 = |K¢ — Qg,|. Considering the first case, this
is satisfied only by the first and fourth terms, and the spectroscopic amplitude

becomes

25; 41 -
(Bary’ - anea G ()Y (R

Considering the second case, this is satisfied only by the second and third terms,

and the spectroscopic amplitude becomes

]

2L 41\12 v ) .

(21,! mn 1) Z aeyafﬂnoﬂn (1r,,) (‘n"e) (—-1)””’ i (L‘ — Kegﬂy|IfK5) (I.22)
Ev

Combining these two equations together gives the desired result

1
. 2 .
agvael,o O (m,) (—1Y i1

x[(I.-IQjQ,,|I,K5)+( ) (1)~ t (I KEJQ::UIKE)]

For siripping reactions the equation for the spectroscopic amplitude be-

comes

: o0 +1
G = Z (JmIiMi|Ifo (0] Zaaxb'p 2 [ MK (J) f n
e M; 16= " T
1
~ (1) () (78,) D}y, (B, oL, ||
[Z’Dmn c"“[U V(-1 n]]
1
2I|+1 2 ll'*
[; ae( 16m2 ) [D“’i"e( i) I""’s

+ (—1)&"5 () D:‘r"‘e 8;) cx ] j0}

(1.24)
When evaluating the above expression, terms involving three creation operators

disappear since there must be the same number of creation as there are annihilation
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operators. Therefore the term V.,naI'_ﬂ disappears. The remaining terms involve

' ]
an,,a'n,,Uvﬂ I:l L‘ (1.25a)
a'__nha'_na Umtx:[nc:::f’[\'E (I.25b)
a'“h a:% UmczInaf' Ke (1.25¢)
oo ol Ugalpally (1.25d)

and are evaluated as follows:

(Or|a' ‘01)(0v|°‘ una,nlDV) =U,a6,, n,,he a,p5r:, n (1.26e)
(01r|°’ a ‘Or)(ovla una,nlol') =U u,, -h€6ﬂuu60hﬂ (1.26b)
(01!"0‘_9 |01r)(01'|°"_n Uun“.t:}lov) = Uuﬂé.dgf -0,, K£66ypb-u§ n (1-26‘:)
(Owla’_na |07")(0 |a vnaunIOU) = y b ‘xE —ﬂa —l\caduua—llﬂ 1 (1'26‘1)

The integrals involving the products of three rotational matrices are evaluated as

follows:

l lt -
fdo DM K mﬂ M KC

M, —0-K.—K; 8T ] .
(_I)Ml'i‘Mf n KE K m (I‘ - M;JmlIf - Mf) (I, - Ke] - QIII - 1{35.27(1,)

Jt iy
fdeJ M -Ky lllﬂDﬂl Kf =

2
(__I)M.'+M!—0-K5+Ka _8‘”—. (I

o, +1 ok~ Ml - My) (I — Kej — QU1 K5) (1.270)

fdﬂ D ple plis

MKy “ma M=K T

(_1)M5+M!—H+K£—KJ g2
?.If +1

Jn lig
‘/da DM -Ks lllﬂpﬁf Kf -

. - 82 . .
(—1)MitMy—0+KetKi Il (I — Migm{I; — My) (LKei — Q1 Ks)  (1.27d)

(I; - Mijml|I; — M) (LiKej - Qg ~ Ks) (1.27¢)
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Collecting all terms together, the expression for the spectroscopic amplitude be-

comes
)
, 2I; +1)2 .
ﬂjl = z (_1)m+M.+M] ( i+ ) : (JmI;M;‘II;M;)
My 2 (2, +1)*
x (I = Mij — m)If — My) Z: The by E Z z “EUunC;!néa,ssaw
xby v £ 0

[(-1)""'K‘"K‘ (Ii — Kej — QlI; - K5} bp, k.60, -a

— (—1)fr MR () () (5~ Ked = UIpKs) 6, k80,
+(~1)m KK () (LK — QI — Ks) b, i by, -0

— (~1)ls- K o a K (  (,, ) ()

(5:Kej = QIrKs) 6, k80, -a)

The same simplifications made for the expression for pickup reactions can now be

made. The factor (—1)™+Mi+Ms is always 1 for allowed values of m, M;, and using
(L = Mij — m|Iy - My) = (=1)"*~Y (j — mI; — MilI; — My)
= (ijiMdIfo)

(1.28)

(1.29)

then
Y (imEM|IpMy) (jmELMi| I My) = 1 (1.30)
m,M;
Again, there are two distinct situations that must be dealt with. First, where
K, =|K¢+Q, |, and secondly where K, = |[K¢ — Q, |. Considering the first case,
this is satisfied only by the first and fourth terms, and the spectroscopic amplitude

becomes

(2I;+1

1
7 L _
2If+1) Z“E"“fUunC;in(‘l)I'+J g (LKWl Ks) (1.31)
év

Considering the second case, this is satisfied only by the second and third terms,

and the spectroscopic amplitude becomes

1

2I|' + 1 ? ._1_1. .

(sz " 1) > ageel, o C47 () (=1 777 (L — Kei |15 Ks) (1.32)
v
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Combining these two equations together gives the desired result

1
2I|', +1 ) ? 0 N o
g=—— ag,aelU CH (1Y 0
Bit (21}-{-1 % Ev@untgi (-1) (L2

[(:KeiQu1sKs) + (m,) (1% (I — KeifulI,Ks)]

Only one of the terms in each of the expressions for f; are non-zero at
any one time. An interesting case develops when there is appreciable mixing of the
K> = |K¢ + Q) and K< = | K¢ — Q| terms in a single state. This situation arises
when the Nilsson amplitudes are large, and, in the case where the mixing is caused
by Coriolis coupling, this occurs only when K5 = K¢ +1, i.e. for 1, = § transfer.
The two K terms can either add or subtract from one another, depending upon the

parity and spin of the target state.



Appendix II.
IBFFM Spectroscopic Strengths

The strengths listed in this appendix are those obtained from V. Paar and
S. Brant™. The pickup strengths listed here, S;, are normalized to (2§ + 1)V} for
cach j-value and final angular momentum, I. When renormalized with the values
Rp; presented in Table 5.3.2, they are normalized such that the sum over all final
spins of 85 = Ry;8; is (25 + I)ij. The strengths are related to the cross section by

dﬁ)ezp Z j dQ)DWBA (11.1)

for pickup reactions. For stripping reactions the strengths listed here are normalized
to U/ Jz for each j-transier and final angular momentum, I. When renormalized with

the values Ry;, the resulting strengths are related to the cross section by

do 2y +1 do
Eﬁ)czp - ; (2I,' + 1) RIJSJNE)DWBA (II.2)

In order to facilitate the comparisons with the data, the factor (2Iy + 1)/(2L + 1)

has been incorporated into the definition of the strength such that

2If+ 1
S; = (2I n 1) 251;8; (11.3)

The sirengths S are listed in Chapter 5, where the strengths for different j-values

but the same l-value have been summea.

- 250 -
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Table IL1: Strengths Obtained from Paar and Brant for the 1%1r(d,t)!*Ir and
19171(d,p)?2Ir Reactions

Spin (d,t) Strength (d,p) Strength
S’.‘! Sg S% S? Sy Si,‘ S; S{{

0 1.2922 0.1852

0 0.0031 0.0005

0 0.2628 0.0201

0 0.00004 0.0009

0 0.0122 0.0019

0 0.0255 0.0147

0 0.0147 0.004

0 0.0073 0.002%

0 0.0038 0.0009

0 0.0101 0.0098

0 0.0395 0.0134

0 0.0017 0.0009

1 0.5053 0.0038 0.1944 0.2527 0.00001 0.0122
1 0.0928 0.09 0.6963 0.0464 0.0126 0.0653
1 0.0016 0.9626 0.1069 0.0008 0.1387 0.0091
1 0.0064 0.0483 0.2791 0.0032 0.0095 0.0216
1 0.0978 0.0018 0.0291 0.0489 0.00005 0.0009
1 0.0615 0.6528 0.0028 0.0325 0.1143 0.0006
1 0.0159 0.0047 0.1462 0.0079 0.0017 0.0105
1 0.0028 0.0176 0.1784 0.0013 0.0006 0.0128
1 0.0343 0.1062 0.2937 0.0172 0.0231 0.0181
1 0.0022 0.0042 0.1226 0.0011 0.0006 0.0089
1 0.0008 0.0i41 0.0113 0.0004 0.0023 0.0011
1 0.0008 0.0014 0.0211 0.0004 0.0006 0.0008




Table II.1 -continued
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Spin (d,t) Strength (d,p) Strength

S% S;Js .5':75 S§ S% S:!; S% S%
2 0.4804 0.1704 0.3242 0.2402 0.0304 0.0375
2 0.2867 0.2544 0.0787 0.1433 0.0363 0.0026
2 0.0004 0.2658 0.0987 0.0002 0.0417 0.0082
2 0.0132 0.4013 0.8749 0.0065 0.0764 0.0926
2 0.0026 0.4366 0.1346 0.0013 0.0713 0.0113
2 0.0095 0.0823 0.0392 0.0048 0.0154 0.0007
2 0.0069 0.0063 0.0088 0.0035 0.0028 0.0008
2 0.0002 0.0222 0.0426 0.0001 0.0058 0.0069
2 0.708  0.3412 0.003 0.0039 0.0592 0.0004
2 0.0005 0.0118 0.0671 0.0002 0.0023 0.0062
2 0.0087 0.1413 0.4393 0.0044 0.0333 0.0368
2 0.0137 0.0375 0.0108 0.0068 0.0062 0.001
3 0.0896 0.3147 0.1975 0.0108 0.0324 0.0003
3 0.1025 0.9136 0.0783 0.0152 0.0845 0.0009
3 1.1419 0.0004 9.1027 0.1808 0.0006 0.0009
3 0.0197 0.1929 0.019 0.0027 0.0218 0.00002
3 0.0844 0.1332 0.0492 0.0136 0.0117 0.00002
3 0.0757 0.3644 0.1587 0.0107 0.027 0.0004
3 0.056  0.2095 0.0448 0.0104 0.0193 0.0046
3 0.0259 0.0249 0.0353 0.0039 0.0044 0.0046
3 0.234 0.0325 0.0004 0.0387 0.0019 0.0042
3 0.0136 0.0438 0.1366 0.0015 0.003 0.0079
3 0.0118 0.0704 0.3312 0.0036 0.0083 0.0047
3

0.0000020.0034

0.0826
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Table II.1 -continued

Spin (d,t) Strength (d,p) Strength
.S',} S,:; S§ 51‘,‘ S-} S;} S% Sy

4 0.6718 0.026 0.0479 0.0017
4 0.3775 0.5052 0.0271 0.0004
4 0.0033 0.2942 0.00004 0.0033
4 0.2395 0.5051 0.0199 0.0052
4 0.1521 0.6939 0.0113 0.0046
4 0.1811 0.0002 0.009% 0.0006
4 0.2613 0.222 0.0276 0.0014
4 0.0167 0.25656 0.0008 0.0058
4 0.0472 0.2758 0.0047 0.015
4 0.0034 0.0964 0.00002 0.0052
4 0.0289 0.7254 0.0044 0.0215
4 0.0002 0.0007 0.00009 0.000006
5 0.0518 0.0004
5 0.4432 0.0003
] 0.7552 0.0073
5 0.7938 0.017
5 0.0057 0.0001
5 0.0969 0.0002
5 0.4531 0.0148
5 0.0745 0.0015
5 0.0681 0.0027
5 0.0051 0.0001
5 0.5761 1.0181
5 0.2854 (0.0122
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Table I1.1 -continued

Spin (d,t) Strength (d,p) Strength
Si S!; Ss Sij S% Sg S% Sg
6 0.0004 0.00001
6 4.3995 0.0422
6 0.0253 0.0029
6 0.1132 0.0015
6 0.0042 0.000000
6 0.1355 0.0013
6 0.0022 0.000000
6 0.0213 0.0002
6 0.0316 0.0017
6 0.1076 0.0069
6 0.0748 0.0043
6 0.009 0.001




255

Table IL.2: Strengths Obtained from Paar and Brant for the '%Ir(d,p)'*Ir Reac-

tion

Spin (d,p) Strength
.S'% Sg S;. S%

0 0.2091

0 0.0035

0 0.003

0 0.0011

0 0.0007

0 0.028

0 0.0012

0 0.00002

0 0.0002

0 0.00006

0 0.019

0 0.00001

1 0.1184 0.0021 0.0506
1 0.1489 0.0011 0.09
1 0.0047 0.1063 0.0026
1 0.0035 0.0401 0.00004
1 0.0854 0.0749 0.0019
1 0.0143 0.0224 0.0003
1 0.0028 0.0007 0.0002
1 0.0067 0.0231 0.0001
1 0.0078 0.0022 0.0175
1 0.0008 0.0076 0.0085
1 0.0004 0.0006 0.0049
1 0.01 0.0091 0.0004
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Table I1.2 -continued

Spin (d,p) Strength
S'% S;',‘ .S'g Sg
2 0.2304 0.0595 0.0714
2 0.149 0.0242 0.0297
2 0.0011 0.0074 0.0545
2 0.0047 0.2028 0.0659
2 0.0016 0.0002 0.0015
2 0.0018  0.00001 0.0075
2 0.0011 0.0068 0.0002
2 0.0045 0.0222 0.00001
2 0.00005 0.0271 0.0101
2 0.0005 0.0517 0.0014
2 0.006  0.0024 0.0067
2 0.0054 0.0135 0.0032
3 0.0263 0.1281 0.0103
3 0.1852 0.0038 0.0002
3 0.0131 0.0795 0.0036

0.002 0.0357 0.00006
0.0068 0.0012 0.017
0.0008 0.0066 0.0026
0.0322 0.0027 0.0015
0.0004 0.0004 0.0097
0.0118 0.0027 0.0046
0.0001 0.0065 0.0006
0.0082 0.0004 0.0000
0.0003 0.0209 0.0003

G L W o L L W W W
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Table II.2 -continued

Spin (d,p) Strength
Sy Sa Ss Sy
3 1

1 1

0.1645 0.017
0.0006 0.0002
0.0143  0.0055
0.0003 0.0063
0.0054 0.009
0.0002 0.000009
0.0066 0.0005
0.0049 0.00003
0.0002 0.00001
0.00005 0.00009
0.0009 0.0006
0.000009 0.0007
0.0003
0.0082
0.0123
0.0138
0.0008
0.0031
0.00002
(.0004
0.0003
0.0006
0.0002
0.00004

mmmmmmmm.&.&axhﬂrﬁ-hﬁ:.&p&-&ﬁ

[ S =, B L1 |
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Table I1.2 -continued

Spin (d,p) Strength

S1 S Ss Sy
Z 1 7 Z

0.000003
0.0002
0.0233
0.0003
0.0033
0.0068
0.0025
0.0001
0.0001
0.00002
0.0014
0.0001

[= T = S —> T <> S =+ B = B = - T = B =~ B = - B = > T =
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