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ABSTRACT

Gamma-rays were detected in both singles and coincidence in order to establish

the decay schemes of the nuclei "®"Gd, and which arise from the
radioactive decay of and "®"Ta prepared from the (n,7 ) reaction on
and "®"Ta.

Two high resolution Ge(Li) detectors and one intrinsic germanium detector were
employed for the measurements of the 7-ray energies and relative intensities,
allowing the logft values, multipolarities, spins/parities and transition probabil-
ities to be deduced for the "®"°Gd, "®"Sm and The fast-slow coincidence
technique was used with two Ge(Li) detector and data recorded with a micro-
computer for off-line analysis. Consequently, following these measurements, the
level schemes of the above nuclei were built up incorporating several new energy

levels and transitions.

Comparisons are made with the predictions of current nuclear models. In par-
ticular, the application of the group theoretical symmetries of the Interacting
Boson Model (IBM) are discussed. The calculations were carried out using
the program package PHINT for determing the energy levels, in conjunction
with FBEM for evaluating the transition rates. The nuclei investigated test the
SU(5) — SU(3) transitional region in the case of "®"Cd and "®"Sm, and the

SU(3) rotational limit for the
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CHAPTER I
GENERAL

1.1 Introduction

The main objective of nuclear spectroscopy is to further the understanding of
the structure of a nucleus. One can describe the bound states of atomic nuclei
in terms of interactions among all of the constituent neutrons or protons. For
medium-to-heavy mass nuclei, however, this is not feasible. Even in a shell
model calculation, where the energy spectrum is assumed to result only from a
valence nucleon, the number of possible states with a given angular momentum
is enormous. Yet the low-lying energy levels in most medium- to-heavy mass
nuclei show very regular features. The energy levels of even-even nuclei for
instance, which have only a few neutrons and protons outside a closed major
shell, are reminiscent of a harmonic vibrator. When there are many valence
neutrons and protons (i.e in mid-shell region), the energy levels of even-even
nuclei have a distinct rotational character. Such energy levels are generally
known as “collective”, as they result from a combination of all the available
shell model states. One naturally seeks a simple description of these energy

states.

The geometrical model of Rainwater”, and Bohr and Mottelson”provides
an appealing physical description of the semi-classical picture of a vibrating or
rotating “liquid drop”. The problem with the geometrical model is that there
is no simple procedure for describing the transition of a series of isotopes or

isotones from rotational nuclei to vibrational nuclei. Attempts have also been

18



General/ch.l

made to describe these collective properties in terms of boson degrees of
freedom, instead of fermion degrees of freedom®. A common problem connected
with this formulation is that the boson Hamiltonian cannot be restricted to a

two-body interaction. That is, these methods involve infinite expansions®.

Recently, two methods have been developed which contain boson operators of
finite order. One is the method of Jenssen, Jolos and Donav” which contains
quadrupole operators that obey the commutation relation of a U(6) Lie algebra.
Since their method utilizes only quadrupole operators, their expansion consists
solely of quadrupole (J=2 or d) bosons. The second approach is that of
Arima and lachello®” ™, known as the “Interacting Boson Model” (IBM), which

contains monopole (J=0 or S) bosons as well as quadrupole bosons.

The IBM differs fundamentally from the others in that the total number of
bosons [rig Uj) is conserved. This is because the number of active bosons in
the IBM corresponds to the number of valence nucleons, thus providing a direct
link to the underlying single particle or shell model structure of the nucleus”

The IBM thus provides us with a method of simultaneously interpreting nuclear
collective properties in terms of a very simple model, and understanding this

model and its parameters in term of the underlying fermionic structure.

Another advantage of the IBM is that it is a purely quantum mechanical
description of the nucleus, rather than a semi-classical one, as in a geometrical
model. The observed vibrational and rotational energy spectra which occur in
many nuclei, arise due to dynamical symmetries (or approximate dynamical
symmetries) of the effective IBM Hamiltonian. The relationship of the
IBM to the geometrical model is currently an area of great interest and

controversy” ® "®

19



General/ch.l

In this chapter, theoretical considerations relevent to the present work are
introduced. The theory of some important nuclear models will be discussed
in Chapter Two where the IBM is emphasized. Experimental techniques for
Gamma-ray spectroscopy are described in Chapter Three. ChaptersFour, Five
and Six are dedicated to the studies of the decay schemes of "®"Gd, “®"Sm and

182w following the radioactive decays of "®*Eu and "®"Ta respectively.

1.2 Radioactive Decay

Radioactivity involves the changes of the nucleus of an atom not its extra nuclear
electrons, and is an attempt by an unstable nucleus to become more stable. The
emission of an Alpha or Beta particle from the nucleus of a radioactive atom
produces the nucleus of a different atom called the “daughter” or “decay atom”
which may itself be unstable. The disintegration process proceeds at a definite

rate through a certain number of stages until a stable end-product is formed.

It was shown by Rutherford"® that the decay of a radioactive atom is a random
process, and the rate of decay can only be described statistically. Any sample
of radioactive material likely to be of practical interest, however, contains so
many atoms that a statistical prediction about its behaviour turns out to be

very accurate.

The decay was observed to follow an exponentied law with great accuracy. The
solution for the number of radioactive atoms (N) left in a sample after time t
is:

N = (1.2.1)

20



General/ch.1

where Nq is the number of radioactive atoms at time t=0.

Ais the probability per unit time that a particular atom will decay.

A characteristic of each radionuclide is its half-life. The half-life is defined as
the time for a number of radioactive atoms to be reduced to one half of the

original value. Applying this definition to Eq. (1.2.1) we get

N = (1.2.2)

The radioactive material can occur either naturally, like Uranium, or can be
obtained either by bombardment of suitable target materials with neutrons or
from fission products. In this study, radioisotopes are produced by neutron
bombardment in a nuclear reactor, which is the most useful source of neutrons.
This reaction involves the capturing of one neutron by the target nucleus. Such
a reaction is normally written in simplified form by A(n,7 )B, where n represents
the captured neutron and 7 represents the photon. A and B are the “initial”

and “final” nuclides, respectively.

Since the product of this type of reaction is an isotope of the target element,
a chemical separation cannot generally be carried out. Thus the specific
activity obtainable by the (n,7) reaction is limited. For “short” irradiations
and irradiation in low fluxes, the burn up of the target nuclei can be neglected,
and the neutron absorption cross-section of the product isotope is frequently

negligible. Then the specific activity S of the product is given by™

where
S is in Ci g~" of the target element,

0 is the effective neutron flux in sample in n.cm~".sec~",
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<Tis the neutron capture cross-section in barns,
W is the atomic weight of target material,
t is the radiation time, and

Ti is the half-life of the product isotope.

1.3 Beta Decay

Beta decay can be described as the process in which the mass number remains

unchanged for the nucleus under consideration but the atomic number changes

by unity. The process is classified further into three types shown below.

n-"p-{-e~+v' (3~-deca.y (1.3.1)
p—n-f-+47 /9"""-decay (1.3.2)
p f£e“ n -fv electron capture (1.3.3)

All the above processes are controlled by the weak interaction force of nature.
For the present discussion, however we shall concentrate on the first two types
of decay processes. The /3~ and the /3" decays which contain broad spectra
from zero to finite maximum energy. This is also called the end-point energy
of the process and is a characteristic of the nuclide under consideration. The
spectra involved with the intermediate excited state proceed to the ground state
in an appreciable fraction by a process of internal conversion which is observed

as a line spectrum superimposed on the continuous "-ray spectrum.

Beta transitions can be classified as either allowedorforbidden. Allowed
transitions arethose in which the emitted particles(electron and neutrino)
do not carry away any angular momentum. This means that the parity of the

nuclear states do not change. If in the decay the parity of the nuclear states
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then the particles cannot be emitted. The angular momentum carried now is

no longer zero. Such a transition is termed as forbidden transition.

It is customary to define the “comparative life time” of a beta transition, ft,
where f is the function which includes the coulomb correction factor resulting
from an interaction of the orbital electron with the daughter nucleus, t is half-

life of beta decay.

The evaluation of log ft is obtained from the graph of Maszkouski®* and Verrall

et aff® which is based on

log ft = logfot f1logc-h A log ft (1.3.10)

On the basis of the log f7 values one can define the degree of forbidden transition.
It can be seen that transitions with values of log ftr ranging from 3 to 6 are
allowed, those between 6 and 9 constitute “first forbidden”, higher than 9
constitute “second forbidden” and so on until the higher degrees of forbiddeness.
The transition having values of log ft less than 4 are called “super allowed

transitions””™\

As far as the selection rules are concerned, the /0-decay process is taken as a
reaction where an electron and a neutrino are emitted. The conservation of

angular momentum then gives

Ji = Jf Lev dr Seu (1.3.11)

Where is the angular momentum of the nucleus before emission, J/ is the
angular momentum after the emission, and Lev and is the orbital angular

momentum and spin of the emitted pair.
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If the pair (e,z/) is emitted with antiparallel spins then the spin is zero and

s Jf - Igi

where again Lg/ = 0 if the parity has to remain unchanged. This means the

pair are emitted without angular momentum.

The selection rule is therefore A J = 0 and the transitions are called the Fermi
transitions (allowed /?-decay). However, Sgi, » 0 i.e the spin of the pair is

parallel and this results in change of the angular momentum so that in this case

Ji =Jf 1

for = 0 to retain parity. 4J = 0, or =1 (for all 0 ~ 0 not allowed).

These transitions are called the Gamow-Teller transitions. The selection rules
for first forbidden transition can be obtained when the emission of the light
particles cannot be as an S-wave consequently leads to their emission as a P-
wave resulting in change of parity as Lg, = 1 for a P-wave. For tables see Ref.

(25).

Another important note to be made is the de-excitation of the daughter nucleus

by the emission of a 7 -ray after the emission of a /?-ray from the parent nucleus.

1.4 Electromagnetic Transitions

A great deal of information about the nuclei has come from the study of the
electromagnetic transitions. The basic reason for this is the fact that the

interaction is known, while the nucleus forces are still elusive in nature.
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The basic information comes from the study of gamma emission of the nuclei.
The semiclassical description of gamma radiation is well documented and a
review of the general principles of the spectroscopy along with the basic aspects
of multipole radiation is discussed by Blatt and Weisskopf"®. The classical
picture describes the nucleus as a charge-current distribution of confined
periodic motion the frequency of which is w with the relationship between it

and the energy of transition as

Ei-Ef
W=
Jt

The power radiated from an oscillating charge assembly involves the solution
of Maxwell’s equation outside and inside the charge region (the nucleus) and
by the integration of Poynting’s vector over an area surrounding the nucleus.
The simplesttreatment ofthe problem is toassume thewavelength , of the
radiation aslarge when compared to the nucleardimensions. This
implies that the probability of emission of the radiation decreases rapidly with

the increase of multipole order.

Since each nuclear state has a definite angular momentum I, component m and
parity tt then a transition results in an change of angular momentum L with
eigenvalue A and component /z and parity «t such that the conservation laws are
retained, therefore

L =10—If (1.4.1)
TH X TVf = TV (1.4.2)

where 1 and f mean the initial and final state.

The angular momentum of the photon A . indicates the multipolarity
of the radiation. Hence for multipolarity A, for example the two kinds of

radiations are electric with 2~ pole (EA) and magnetic 2" pole (MA).
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In addition the two multipoles have different symmetry properties and
therefore the selection rule could be obtained using the parity properties of
the wavefunction of the relevant nuclear state. As a consequence, the electric
multip(l)e radiation of order L has parity T"Tly = (—1) and magnetic multipole

has TTiTTf = (—

As the two momentum selection rules restrict the possible multipolarities, one

therefore has the triangle relation:

IWs /1~ 11%b I/ 1 (1.4.3)

The above conditions, though necessary, are not sufficient for radiative
transitions e.g. transitions from (®to Oy states are always forbidden and occur
by a mechanism different from E.M 7-ray emissionjby a conversion electron or

by formation of electron positron pairs.

The types of radiations observed are El to E6 and M1 to M5 (inclusive). In all
cases, with the exception of E2/M1 and E1/M2, only single type of radiation

occurs for a given transition.

If for a certain order of multipole, the matrix elements which determine
the transition probability vanish, then that transition is forbidden and that

multipole component of the E.M field is absent.

The transition probability is the main feature of E.M transitions in general and
for the analysis of empirical data in particular. The formula is described in

Blatt and Weisskopf*"® "™,

1 1 IIVVIV

T(A:li If) =" T(A,L:LTU  Ifirif)
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.’<_ V’._

Where o is meant for electric or magnetic radiation and

B(\ A< Ifnif 1 | Umi >|' (1.4.6)
Jimf

is the reduced transition probability.

It is seen that the transition probability depends on the transition energy
whereas the reduced transition probability is independent of energy but it is the
square of the transition matrix element. It is usually advantageous to convert
T(A) into B(A) where

B(EA) is expressed in a units of e"R"X

and B(MA) is expressed in a units of

The formula such as B((tA) require detailed knowledge of the nucleus but
detailed calculations are available only for the low lying state. A simple case
is that of a single nucleon radiating system. This single particle assumes
the excitation of only one nucleon and provides avaliable reference to nuclear
models. The rough and simple estimate for a single particle transition
probability for each multipolarity is given by the Weisskopf estimate. In
calculating the Weisskopf estimate, the statistical factor S is assumed to be

unity and the nuclear radius is taken as 1.2 A3 fm.
BA"(m)= ~(*)'(1.2):";4" 1.4.7)

B,,(MA) = -*T[Q}_'él 2)'MM-TA LT A (1.4.8)

In practice, whenasmall admixture of magnetic multipole with the electric
multipole radiations are present like, E2 and M1, the relative magnitudes and

phases of the E2 and M1 matrix element can yield information on the nature
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and size of the non-vibrational component of the excited states and is given by

the ratio

The total transition probabilities of the nuclear level say the P-level is the sum of
the transition probabilities of all depopulating (electromagnetic and particles)
transitions Pj, and can be measured by knowing the half-life ‘X or the level

widthTof that level
f (level) = Pd = [r(level)]per sec (1.4.10)
d

r(leveDr(level) = %= 6.5Sx 10" MeVsec (1.4.11)

The experimental gamma-ray transition probability is relqt”j to the theoretical

partial gamma-ray transition probability
T(o-A) = PN{E))

which is given by

where ~/d isthe sum of the intensities of all transitions depopulating the level
of interest in the same units as that of the intensity Ly( aX) of the gamma-
ray transition with multipolarity crA. Now is obtained using the following
relation

A Jd= A Ma+ o) (1.4.13)
d d

where interference between electric and magnetic multipoles are ruled out. The
total electron conversion coefficient is obtained from the theory of internal

conversion discussed in section (1.5). Using Eq. (1.4.5) one gets
B{EIl :h If) = 6.288 x h N If)

B{E2 :h If) = 8.161 x E~"PMNE2 :h A If) (1.4.14)
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B[MI :1li ->1If) = 5.687 x T h If)

where Ey is in MeV and is the transition energy.

For a single depopulating gamma-ray transition with E2/M 1 mixing the partial
gamma-ray transition probability and the total transition probability are related
to each other as a function of the total internal conversion coefficient and

multipole ratio 6.

= [1+ 8 +aT{Ml) + S"aT{E2)]

= [I-S-"+aT(E2)Ils-"aT{E2)]
For transitions with a different multipole mixing order one may refer to

Lobner*®. The above relations are used for calculations in chapter IV, V and

VL

1.5 Internal Conversion

The observations of well defined peaks in the electron spectrum that are emitted
in radioactive decay processes were interpreted by Hahn and Meit ner"® as
decay energy resulting from the internal conversion of nuclear gamma radiation
in various shells of the atom. In this process a quantum is directly exchanged,
without the intermediate emission of a photon, between the nucleus and the
electron. The total system involved consists of the nucleus, the electrons in
various shells and the quantized field. The conversion electron energy is equal
to the nuclear transition energy less the binding energy of the orbital electron.
In fact, the ease with which the exact energies of these conversion lines could

be measured with magnetic spectrometers, made the observation of conversion
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electrons the most accurate practical method of determining gamma energies

until about 1950.

For an electromagnetic transition , gamma-ray emission and internal conversion
compete. Excluding other possible modes of decay, for instance  decay, the

total transition probability can be written as
| =1y-hle (1.5.1)

where 7-y is the probability for emission of a gamma-ray per second and /g is the
probability for emission of a conversion electron per second. The ratio between
the two decay constants is

a = JN-y (1.5.2)
and a is called the conversion coefficient and is the intensity ratio of conversion
electrons and 7 -ray for a given transition. Thus ¢ may be any positive number.

The total probability for internal conversion /g can also be broken up into partial

probabilities for ejection of K, L and M electrons, etc which can be written as

le = 1K 1T + Im + ... (1.5.3)

Thus, Eq. (1.5.2) can be written as

«=”+'}7*1m =I—['l-—' Y= K+ «L + «M {71.’5'.4)
A jr J.A
where and «M are called the K, L, and M conversion coefficients,

respectively. From Eq. (1.5.4), one can relate the mean lifetime r of the total

transition and for the gamma transition in the following way
1 1 u
or
r =
l1-1-a
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i.e

= (1 + a) (1.5.5)

In the point nucleus approximation, the interaction of the electron and nuclear
currents and charge via the electromagnetic field is exactly proportional to
the product of the atomic (electronic) and nuclear (gamma transition) matrix
elements involved®®. Because the atomic wave functions are well known, the
form of electromagnetic field for a point nucleus depends only on the nuclear
charge number Z, the energy of the nuclear transition, the type of transition,
electric or magnetic, and its multipolarity. It is clear that the internal conversion
can be calculated very precisely from the theory of electromagnetism and is
reasonably independent of the detailed features of the nuclear transitions. The
earliest tabulations were based on the Dirac wave function for the electron in
the atomic field of a point nucleus®”. The conversion coefficients for the K and
L shells have been calculated by Rose ®®" as a function of atomic number Z,
transition energy and multipole order (both electric and magnetic) for multipole
order from 1 to 5. The well understood theory of internal conversion therefore,
can be used to determine multipolarities and admixture of multipolarities for
nuclear transitions. The present theoretical a*, which are needed in chapters

IV, V and VI are obtained from Ref. (33).
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CHAPTER 11
NUCLEAR MODELS

2.1 Shell Model

With the accumulation of data on nuclei through the 1930°s and 40’s, it became
apparent that the nucleus does exhibit a shell structure in much the same way
as the atom. If one plots the binding energy ofthe valence electron as a function
of atomic number, Z, for the elements, one sees discontinuities at values of Z
corresponding to the noble gases, due to shell closing effects. Plots of neutron
separation energy as a function of mass number A show discontinuities at values
of the neutron number N = 28, 50, 82 and 126. Similar plots of the proton
separation energy show gaps at Z = 28, 50 and 82®". Thus, closed shell effects
similar to those present in the noble gases in atomic physics, are present in
the nucleus and occur at nucleon numbers Z or N = 2, 8, 20, 28, 50, 82 and
126@®'®R These are so called “magic numbers” of the nucleus and are associated
with a large binding energy. Other experimental evidence related to the large
binding energy of the magic number nuclei are the abundance of stable isotopes

at magic Z and stable isotones for magic N.

As in the case of the atomic shell model, where each electron is considered to
be moving in a fixed orbit in an average potential due to the nucleus and other
electron”™ the nuclear model considers each nucleon in the nucleus to be moving
on a fixed path in an average potential created by all the other nucleons®”.
The early models used a spherically symmetric. Square-Well potential which

reproduced the observed regularities in nuclear structure up to Z or N = 20@"“ @R
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However, such a potential alone will not reproduce the observed structure at

the higher values of Z and N.

In 1949, in two independently published papers®“’®a strong coupling between
the spin and orbital angular momentum of each nucleon was postulated. The

form of this interaction is given by

N
(1>
2
where L denotes the orbital angular momentum vector, S is the spin vector, f

gives the profile of the central potential and Compton wavelength of the

p/"n is intJbduced for dimensional reasons.

There are two possible couplings of the orbital angular momentum and spin
i o=t+ I or J=e--
/ 2

where J is the total angular momentum of the particle. If one assumes the
Woods-Saxon potential as the central potential, it can be shown that the levels

are split with states having J = Z+ | lowered and states with J = £- [ raised.

In the shell model terminology, each level is designated by a principle quantum
number N, an orbital angular momentum value £ and a total angular
momentum value J] = Z+ and is referred to as a single-particle or shell
model state. The lowest states are filled first, up to the maximum number of

(2J-j-1) like particle in a given shell.

For even-even nuclei, i.e even number of neutrons and even number of protons,
the assignment of the ground state spin and parity is quite simple (O*"). This is
a consequence of the pairing interaction which tends to couple pairs of particles

to zero spin.
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In the case of odd mass nuclei, where either N or Z is odd, the ground state
angular momentum and parity are given by the halfintegral angular momentum

J and the parity (-1)" of the unpaired particle.

2.2 The Collective Model

In this section, to understand the nuclear excitations in terms of the specific
interactions of the single nucleons comprising a nucleus is the primary goal
of nuclear physics. The shell model has been shown to provide this level of
understanding in many nuclear systems. This success has been limited in even-
even nuclei, however, to systems with relatively few particles outside of closed
shells or the region A < 50. To date, no complete shell model description of a

heavy even-even nucleus far from a closed shell exists.

Multiparticle nuclear systems, however, exhibit structures that can be easily
understood when the gross properties of their nuclei are taken into account. For
example, there is considerable evidence that the low-lying excitations of even-
even nuclei with A>100 are predominantly of a collective nature, the correlated
oscillations of many particles with respect to a core of spectator nucleons. In
addition, the onset of structures that can be attributed to the excitation of only

a few (2 to 4) particles occurs at a much higher energy.

The most successful of the macroscopic descriptions of nuclear excitation is
that of Bohr and Mottelson (BM)®™. An excellent detailed description of the
collective properties of nuclei is presented in their text Ref. (45). In addition,
there are numerous excellent review articles"®which present (BM) model in

great detail; so, the discussion here will be restricted to a general presentation
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of the model and the characteristic features of the different excitations expected

from a phenomenological approach.

2.2.1 Vibrational Shape

In the BM description, the competition of short-range and long-range

interactions between nucleons gives rise to surface vibrations about an

equilibrium shape that can be spherical or deformed, whether or not axially

symmetric.

The surface of a nucleus can be expressed in term of

B = B,[l + "aA"Fy(e,<A)] (2.2.1.1)
Xp.
where Ro is the constant and are the usual Legendre polynomials. The

collective motions can then obtained by the time variation of the « AX’S- In the
usual quadratic approximation, the kinetic energy can be written as"®
(2.2.1.2)
Xfi
Similarly, the expression for the potential energy becomes"®
No= (22.1.3)
A i
Equation (2.2.1.2) and (2.2.1.3) correspond to the familar simple harmonic
oscillator for each variable where the associated frequency for each a\”
is given"®

“A = (M) (2.2.1.4)

The oscillations associated with A= 0 and A= 1 are not of concern here, since

they correspond to density oscillations (which will occur at high excitation
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energies) and vibrations of the centre of mass, respectively. The frequency,
WA, rapidly increases”” as a function of A. The lowest order vibrations will,
therefore, be of order A = 2, or quadrupole oscillations. Since we are only
interested in low-lying excitations, the only other order which will be discussed

is A= 3.

Consider first the situation for A= 2. A phonon, a quantum of vibration, of
type A carries angular momentum equal to A and parity (-)*. For a nucleus
which can oscillate about a spherical shape, therefore, the first excited state
will have spin-parity of 2"*. The next quadrupole excitation will correspond to
the coupling of two A = 2 phonons, i.e., n(A=2) = 2, and will be a degenerate
triplet of states with values of T+,2+,4+ at twice the excitation energy of
the first 2" state. (Remember the energy for a simple harmonic oscillator is
of the form En = %w(n--")). An example of a typical spectrum of levels for a
spherical nucleus exhibiting quadrupole oscillations is shown in Fig. (2.1a). In
the actual situation, one expects that the degeneracies will be broken, but the
predicted occurrence of levels at approximately the appropriate energies should

correspond to those actually observed.

An energy spectrum is not sufficient to identify the structure of a nucleus;
knowledge of the wave functions of the states is also critical. The usual
method of probing the wave functions is by investigating the reduced transition
probability, B(E2), for the 7-ray decay of one level to another, since this involves
the overlap of two wave functions connected by the transition operator, which
is a familiar multipole operator M(EA). The B(EA) values are simply related

to the multipole operator, M(EA),through

B(E\,Li » Lf) = < LiVM(E)\\Lf >" (2.2.1.5)
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Fig (2.1) Representative energy spectra of collective excitations in
collective Model. The states are labeled by their values and characteristic
quantum numbers, (a) Spectrum of a harmonic vibrator. The states are
labeled by the phonon number n. (b) Spectrum of a symmetric rotor. The
spectrum is divided into various bands: the ground band, y band, and p band,
(¢) Spectrum of a rigid triaxial rotor with asymmetry y =30° . (d) Spectrum
of a y-unstable oscillator. The states are labeled by A np, which counts
the number of p-vibrational quanta. The figure is from Cizewiski
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One can label the collective excitations by the number of phonons, n;®, and the
angular momentum L. Transitions will only occur between states connected by
An” = £1. The B(EA) values for allowed transitions between two levels are

given by”"°

N2 B[E\ :n\ Li nx —1 Lf) =nxB[EX :n\ =1 nx =0 (2.2.1.6)

The summation of the left-hand-side of the equation is over all states to which
the initial state can decay, given the selection rules of the B(EA) operator. For
example, consider the 47 level (the subscript refers to the occurrence of a 4™
state) of the two A= 2 phonon triplet. Here n2 = 2 and the only state to which
the 4~ state can decay is the n2 = 1 2" state. Therefore Eq. (2.2.1.6) reduces

to

B{E2: 72=2 4+712 =1 2+)=2H(E2:2i]- 0+) (2.2.1.7)

In addition, Eq. (2.2.1.6) implies that for any higher-lying state, for example,
the 2™ of the three-phonon quintuplet, the sum of all transition probabilities
will be equal to the phonon number of the initial level times B(E2:2]** —0"),
although the individual transition to the lower n2 = 2 state will not be
necessarily of equal strength. The actual branching ratios are determined by
the respective coefficients of fractional parentage (CFP) for the coupling of
particles with angular momentum A. In particular, for A= 2, 3, 4 these have
been tabulated by Bayman and Laude”®. Important branching ratios for some

of the low-lying levels are presented in Table (2.1).

Apart from quadrupole oscillations, oscillations corresponding to A= 3, known
as octupole vibrations, may also occur at approximately the energy of the A
= 2 two-phonon triplet*”*. Again, an energy spectrum given by E oc will

occur, with the lowest state being a 3* level. It should also be noted that
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Table (2.1)

Branching ratios for 7-deexcitation of collective states in the collective model

JI —+Jf Symmetric*’ Asymmetric Rotor
Vibrator®

Ji —*Jf Rotor Triaxial® 7-unstable®
22 —>» 0L

0 0.70 0 0
2i —>2
3i 2i

0 2.50 0 0
3i 4i
3i —4i

0.40 small 0.40 0.40
3i —*a2z

~0.02

42 —*7i

0 0.34 0 e
42 -7 4i
4j —*3i

0 2.23 0 e
42 —» 22
UG —»i

00 00 f e
O, —*22
G —*2i
G —*2, 0 0 f 0

The quantum number relevant to the vibrator model is N, the phonon number.
The states listed correspond to the following values of N: 0% -4 N=0; 2\ —>N=1;
22)02,4i —2N=2; 42,81,03 —»N=3. The branching ratios have been calculated
with the coefficients of fractional parentage"®.

The relevant label for states in the symétrie rotor is the band (i.e.,ground,?
or (3 band) and the K quantum number. The 0i,2i,41 states are members
of the K=0 ground band; 22,3 %,42 states are members of the K=2, 7-band;
Q is the band-head of the K=0 ~ band; O is the band-head of the K=0 two-
phonon 7 band. Interband transitions are assumed to be ~1/50 ofthe intraband
transitions. Where applicable, Eq. (2.22.8) has been used to determine the
branching ratios. A

All of the states, except for the excited 02,03 states, are members of the same
“pband”. The branching ratios have been obtained with the B(E2) values of Ref.
(51,52)

The relevant quantum number for a 7 -unstable rotor is r, (see Eq. 2.22.10). The
states listed correspond to the following values of r: 0% r=0; 2%—>r=1;
22,41 -4 r=2; 42,81,03 r=3. The 2 state has r=0 but is the “head-band”
of the first ~ vibration with n"=1.

These branching ratios are not avaliable.

Excited 0 states do not occur for a rigid triaxial rotor.
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negative-parity states characterized by a mixture of quadrupole and octupole
vibration may occur. The lowest excitations of this type, namely with n2
= 1 and ns = 1, will consist of five degenerate states with spin-parity
1“,2%“,3 ,4~,5“. However, because both the octupole vibration and any
higher order coupling of vibrations occur relatively high in excitation energy,
there is a greater probability that these states will mix with non-collective

excitations, so that their simple structure may be obscured.

2.2.2 The Rotational Shape

A particular nuclear shape emerges as a result of the competition between
long-range and short-range interactions. The particular effective interactions
that are important to the BM description are the short-range monopole pairing
interactions and the long-range quadrupole-quadrupole interaction between
nucleons. A more detailed discussion of these interactions is presented in
numerous review articles, in particular. Ref. (40). The pairing interaction
tends to make the nucleus spherical, and the strength of this interaction is
proportional to the number of particles, N, outside the closed shell. The
quadrupole-quadrupole interaction, in contrast, tends to make the nucleus a
non-spherical shape because of the characteristic range"®; here the strength of
the interaction is proportional to N*. Near closed shells, the pairing interaction
will dominate, but toward the middle of the shell, where AT, the
quadrupole interaction will dominate the pairing force and, hence, the nucleus

will assume a permanent deformation.

To describe the surface of a rotational nucleus, it is convenient to transform Eq.

(2.2.1.1) into the coordinate system fixed with respect to the nucleus. Therefore,
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for a quadrupole shape, Eq. (2.2.1.1) becomes™

R =Ro[l +Y,a2"Yf{O", <Y (2.2.2.1)

where the a2” are related to earlier «2” through"®

«. = X! +V) (2.2.2.2)

where the are the usual rotation matrices and *,<*,'0 are the Euler angles,
are

which”related to the body-fixed and space fixed axes. Since’® a2i = «2-1 =0

and a22 = &- 2, only five parameters are needed to describe the system, namely

the Euler angles ©,0,0 and a20 and a22- For convenience, the parameters a20

and a22 are replaced by /? and 7 through the following relations'**

(120 = 0COSJ

(22 = -"iSsinj (2.2.2.3)

The parameter /? is a measure of the degree of quadrupole deformation, while

7 is a measure of the departure from axial symmetry.

The expression for the kinetic energy is given by*\

where the L% are the angular momentum operators associated with the Euler
angles. This kinetic energy, together with the appropriate potential energy, will

be referred to as the Bohr Hamiltonian.

Three types of potentials will be discussed. @ The most familiar, which

corresponds to the symmetrical rotor, occurs for /? 0, 7 = 0. The other
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two correspond to symmetrical rotor : the triaxial rotor, where V = V (/5,70)
for a specific 70 7* 0, and the 7 -unstable rotor, where V = V (/?) (i.e independent

of 7).

The symmetrical rotor is characterized by a quadrupole deformation /? which
may be positive or negative, referring to prolate or oblate shapes, respectively.
Empirically, most deformed nuclei are prolate. @ Two types of collective
excitations may occur: the nucleus may rotate about an axis perpendicular to
the axis of symmetry or the nucleus may oscillate about its equilibrium shape.
These oscillations may be along the symmetry axis, (3 vibration, or such as to
introduce symmetries, 7 vibrations. In either case, rotations will again be built
upon the intrinsic structure at excitation energy, E*ib. In all of these cases, the

energy spectrum can be simply expressed as™

w

E = \L{L + 1) —AT"Y -{ Eyib (2.2.2.5)
where u is is the moment of inertia and K is the projection of angular
momentum on to the symmetry axis. For rotations building from the ground
state and the /? vibrations, k = 0 the spin sequence will be 0"",2"* 4" eeewhile
for the 7 -vibrations k = 2 and the sequence oflevels will be 2"*, 37, 4" '-. (The
derivation of these spin sequences may be found in numerous references such
as Ref .(45)). However with decreasing deformation and increasing rotational
frequency, the intrinsic nuclear structure is excited by rotational motion, and
the quantum numbers K, r are no longer exact constants of motion. This
indicates a modification in the rotational spectrum of Eq. (2.2.2.5), which may
often be described by a term proportional to LN(L -f 1)* as is characteristic
of the rotation vibration interaction in molecules. One can thus expand the

rotational energy powers of angular momentum. This gives™:

E{L(L +1)) =Ek +A{L+ 1)+ Br(L + 1)» + (2.2.2.6)
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where is the intrinsic energy and is the same for members of the band. A and
B are normalizing parameters which can be determined from the experimental
values of energy levels. An example of a typical spectrum of positive-parity
collective states in a deformed nucleus is shown in Fig. (2.1b). The transition
probabilities again provide a convenient probe of the wave functions. For
transitions between states belonging to the same rotational band labelled by

K, one obtains”

B(E2 :LiK - LfK) = < Li2K0\L}K (2.2.2.7)

where Qo is the intrinsic quadrupole moment, and the right-hand-side contains
the usual ClebSch-Gordgn coefficient. For deformed nuclei Qo is large,"" thus,
enhanced transitions occur within a band. In general, for transitions between
bands K» and Ky, the branching ratios are given by'®

B(E2 :LiKi ~ L,Kf) ~ <Lj2KKi - Kf\LfKf

B(E2 :LiKi - L'fKf) < Li2KKi - Kf\L)Kf >2 A ’
where the matrix element M(K%, ATy) only depends on the intrinsic structure
of the bands and not on the particular states in question. This means that
the branching ratio, commonly referred to as the Alaga ratio, from an initial
state to two levels of the same rotational band only dependson theL and K
of thevarious states and not on the intrinsic structure, since thesame matrix
element M appears in both numerator and denominator of Eq. (2.2.2.S). Note:
this description only holds for 2 < Ki -- Kf. The case when K%+ Afy < 2, or
where multipolarities other than electric quadrupole are involved, are discussed

in Ref. (48). Some characteristic E2 branching ratios are listed in Table (2.1).

Extensive investigations of the properties of nuclei with rigid asymmetric
deformation have been performed by Davydov and coworkers"®"®”". In their

model, which consists of the Bohr Hamiltonian with 7-dependent potential, the
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nucleus is described by 7 and /?, where 7 may be determined by the energy
of 2~ state. A sketch of the energy spectrum one expects for 7 = 30° is
shown in Fig. (2.1c). Unlike the case for a symmetrical rotor, the 27 level
and associated states are rotational excitations rather than members of a 7-
vibration. The difference in behavior of these “anomalous” rotational states
can be seen in Table (2.1), which presents some important branching ratios for
states in a nucleus with 7 = 30°, along with the predictions of the axial rotor.
Vibrations can be added to this triaxial structure by introducing /x, the “non-
adiabaticity” parameter®”. This parameter /x is a measure of the importance of
the rotation-vibration interaction. For /x < ”~ the distinction between rotations
and vibrations is clear, while for /x > |, the nucleus is considered “soft” and the
distinction is not obvious. The definition of /x and the value for many nuclei are
presented in Ref. (51). It should be noted that only by introducing the non-
adiabaticity parameter can excited 0¥ states be incorporated into the triaxial

description.

A discussion of the Bohr Hamiltonian with a potential that is defined to be
independent of 7 was presented by Wilets and Jean”®. A particular example of

a 7-unstable potential is the displaced harmonic oscillator where"®

y(/3) = (2.2.2.9)

One result of the 7-independent potential is that the Bohr Hamiltonian can
be expressed using two equations, one that depends only on (3 and one that

depends on 7, for which the separation parameter A is given by'®

A=T (T +3) (2.2.2.10)

This increases the energy spectrum as shown in Fig. (2.Id). Also shown are

the states which occur when /9-vibrations are included.
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In many ways, the spectrum is similar to that of the harmonic oscillator
presented in Fig. (2.1a) where r is analogous to a phonon number n. The

energy spacings are proportional, however, to r(r + 3) rather than linear in n.

In conclusion, the model of Bohr and Mottelson can be used to describe a
variety of nuclear shapes: spherical, rotational, symmetric and asymmetric.
Characteristic energy spectra are presented in Fig. (2.1) and branching ratios
in Table (2.1). To these shapes odd nucleons may be coupled, as described in
Ref. (53-55). As presented here, however, the Bohr and Mottelson description

is strictly phenomenological.

2.3 The Interacting Boson Model

2.3.1. General

The Interacting Boson Model of Arima and lachello®-11,56-58 attempts to give
a combined account of nuclear collective excitations except for those near closed
shells. The particles outside of closed shells are treated as bosons, or pairs of
particles, which can occupy one or two levels: a ground state with an angular
momentum equal to zero (called s-bosons), and an excited state with two units of
angular momentum (called d-bosons), higher angular momentum bosons may be
introduced to improve the model predictions. In particular an L=3, f, boson is
required to describe negative parity states and L=4, g, boson becomes important
at higher excitation energies. The d-bosons have energy 6”, the s-bosons one
can define a bosons energy £ = £d —#£a- This model is called the Interacting

Boson Model (IBM) because unlike the more familiar bosons, these particular
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bosons may interact with one another. Two version of this model are avaliable:
IBM-1 in which no distinction is made between proton and neutron bosons,
IBM-2 includes four types of bosons, one set of (s*,d,,) for nuetrons and the
other for protons. The number of d-bosons is added to the number
of s-bosons, N = 71" + 71, which is a constant in the IBM description for a
given nucleus. N is the number of pairs of neutrons plus the number of pairs
of protons, outside their respective nearest closed shells, without distinguishing
between the particle or hole character of the pairs. For example, is
characterized by N = 13, due to the 8 protons (4 proton pairs) - 18 n”iitrons

(9 neutron pairs) away from the closed shell.

As previously, interactions may occur between the s- and d-bosons, and even
among themselves. Therefore, in the simplest terms, the Hamiltonian of the

system can be written
H = EaS"S -- Edd"ndjn -\-V (2.3.1.1)

where e, and Ed are the s- and d-boson energies, st (s) is the creation
(annihilation) operator for s-bosons, dt (d) is the creation (annihilation)
operator for d-bosons. The sum is taken over the 5 [2(L=2)-FI] components

of the d-boson state; and V is the interaction between the bosons.

In this description three natural limits occur. The first®occurs when
E = Fd — SO that the energy spectrum is simply given by Al = EUd,
the ground state being a zero d-boson state. This first limit is similar to the
harmonic oscillator of the geometrical picture described in section (2.2) of this

Chapter. The IBM interpretation will be discussed later in section (2.3.2).

The other two limits occur when V. G and correspond to specific information.

If V is a quadrupole-quadrupole interaction® '® between bosons, the system
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obtained is very similar to a certain kind of deformed rotor. The IBM
version will be presented in section (2.3.3). The third limit arises when a
repulsive pairing interaction”® ‘®® exists between the bosons. As will be seen
in the discussion in section (2.3.4), this limit is very similar to the geometrical

description of the 7-unstable oscillator of Wilets and Jean"\®.

The most general form of the IBM Hamiltonian, in which all possible boson-

boson interactions up to the second order are explicitly included, is given by®

m L=0,2,4

N X + (jt<it)(2) x (2.3.1.2)
v 2

where d*, d, st, s are as described for Eq. (2.3.1.1) and the parentheses denote
angular momentum couplings. The parameters CL, UL, are related to the
two-body matrix elements by®

cl =< d/L\V \d/L >

12 =< da2\V \d/2> (5/2)i

uw =< I y Is"0> (1/2)2 (2.3.1.3)

U2=< ds2 1 Vlids2> 52

Uo=< 6701 V1 >

Eq. (2.3.1.2) appears formidable, especially given the explicit form of the
parameters, as introduced in Eq. (2.3.1.3). However, the terms correspond

to one of four types:
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(1) + Sd"<Und - simply counts the number of s-and d-bosons,
respectively, and multiplies this number by the appropriate energy;

(2) the terms with coefficients C1, U2 and Ub represent interactions in which
the total number of d-bosons and s-bosons, separately, are conserved, i.e., n*
remains the same;

(3) a term (with coefficient /2) in which n” is changed by unity;

(4) a term (with coefficient Vo) in which n” is changed by two units.

With regard to the three limits referred to earlier, the vibrational limit will
correspond to a Hamiltonian with only n”-conserving terms, the rotational limit
to a situation with one and two d-boson number changing terms, and the “7-
unstable” limit will represent the situation with two d-boson number changing

terms included.

An alternate form, in which the general Hamiltonian may often be written, is

in terms of the specific interactions between the bosons. In these cases®

N=£X - fcQ-Q - kKk'L.L + fc"P.P + fcsTs.Ts + &&T4.T4 (2.3.1.4)

where e = —e, is the boson energy. For simplicity, e, was set equal to zero
only e = £d appears. The parameters k, £\ £”, &~ and k4 designate the strengths
of the quadrupole, angular momentum, pairing, octupole and hexadecapole
interaction between bosons, respectively. The relation between k, k', k" and

the parameters of Eq. (2.3.1.2) are given in Table (2.2).

Associated with the collective states calculated using IBM are transition
operators. In the most general form, the EO, M1, E2, M3, E4 transition

operators are, to the leading order, given by® ®&®

= cc(StN[d" xN + .t X + 7toSioSn.o(s"sf°"> (2.3.1.5)
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Table (2.2)

The relationship between the coefficients of equation (2.3.1.2), the coefficients of
equation (2.3.1.4), which compared to the Q.Q, L.L, P.P and the parameters
of computer code PHINT®".

Equation Equation (2.3.1.4) PRINT
Q.Q L.L P.P
(2.3.1.2) k k' k"
E{2t) e+ 9/2k £ —6k" c
Co -7k 12k’ 56" c
2 3/2k 6ki 0
C4 -2k —8ki 0 Cc@3)
12 2\/35fc 0 0 F{one —phonon)
Vo -2y/lk 0 -N5/2%Y)] G{two —phonon)
uo 0 0 1 CHI
2 -4k 0 0 CH?
Equation PRINT
(2.3.1.4
£ EPS
k
4
ELL
k!
2
k" FAIR
ks -~"O0CT
IhHEX

fc4
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where i denotes the multipolarity with projection m, and a, 'y are the
coefficients of the different terms of the operator. In particular for E2

transitions® &
= a2[dl' x 3+ X + /2(dN x (2.3.1.6)

This operator has two parts: (d* s + s* d) which satisfies the selection rule An”
= £ 1, and (dt d) which satisfies the An” = 0 selection rule. The coefficients a
and (3 depend on the limit involved or the appropriate intermediate structure.
The form of the operator that corresponds to the various limiting symmetries

will be discussed later.

The Hamiltonian solution, in either Eq. (2.3.1.2) or the Eq. (2.3.1.4) form, can
be attempted either analytically or numerically. Arima and lachello®~""®RR' @
have been able to solve the three Hamiltonians analytically in the three limiting
situations described earlier by employing the underlying group theory aspects of
this system. As discussed in Ref. (8), the five components of the L = 2 d-boson
state and the single component of the L = 0 s-boson state span a linear vector
space which provides a basis for the totally symmetric representations of the
group SU(6), the special unitary group in six dimensions. The group SU(6) is
partitioned, with each totally symmetric representation labelled by [N]. When
all boson states are degenerate and no boson-boson interactions exist, all states
belonging to a particular partition [N] are degenerate. A definedenergy spectrum
will exist, however, given the energy diffrence e = Sd —£a and an interaction
between the bosons. The group SU(6) is characterized by nine parameters
which correspond to the parameters of Eq. (2.3.1.2), i.e, N, e and coefficients

Cx,(L=0,2,4), U2, Uo, U2, Ub.

If one can find a subgroup G C SU(6) in which the Hamiltonian is invariant, then

the diagonalization problem is simplified. Arima and lachello, in particular,
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have observed that there are three subgroups, namely SU(5)®®R SUQ)®®"
and 0 (6 Y'®'®R the special unitary groups in five and three dimensions, and the
orthogonal group in six dimensions. The solutions obtained correspond to the
same three limits mentioned earlier, namely the vibrational, rotational, and

“7-unstable” limits.

When the subgroup G under which the Hamiltonian is invariant has been
identified, the problem may often be written in terms of the forces as given in Eq.
(2.3.1.4). Then the eigenvalue problem is reduced to finding the expectation
value of the forces. This method of solution in the different limits will be

discussed in its own section.

An alternative approach to the eigenvalue problem, presented in Eq. (2.3.1.2)
or Eq, (2.3.1.4), is to solve the Hamiltonian numerically. The advantage of
this that the entire Hamiltonian may be solved, not only in the limits for which
analytic solutions are readily obtainable, but also in the intermediate cases. To
this end, O.Scholten has written a computer code PHINT®” which solves the
entire IBM Hamiltonian in Eq. (2.3.1.2) or Eq. (2.3.1.4) parameterization, or
a convenient mixture of the two forms. The relation between the parameters
of Eq. (2.3.1.4) and Variable Names employed in PHINT program are given in

Table (2.2).

The computer code presents the wave functions in the basis L”In"n*riA >,
where is the spin-parity, n” is the number of d-bosons, n”* is the number of
pairs of d-bosons coupled to angular momentum zero, and n” is the number
of boson triplets coupled to zero angular momentum. For example, the 2 d-

boson 0" state would be denoted 0'*210 >; the 3 d-boson O*' state would be
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0'~301 >; the 3 d-boson 2* state would be 2" |310 >, because the “parentage”

of this state is the 0"~]210 >.

Calculations have been performed with this code to reproduce a number of
different situations: 1- calculations of the three limiting symmetries which
recreate the analytic solutions; 2- calculations of symmetric deviations from
these limiting cases; and 3- calculations of situations, not necessarily physical,
to understand the operation and interplay of the different parameters belonging
to the IBM. The first case will be discussed in section (2.3.2), (2.3.3) and (2.3.4),
the second case in section (2.3.3.a). However, since an understanding of the
effect of parameters is essential to further understanding, the third case must

be tackled immediately.

The situation where only e 0 must first be considered. The resulting energy
spectrum is illustrated in Fig. (2.2). It is characterized by a sequence of equally-
spaced levels, with a number of degeneracies of states with different spin. Each
set of degenerate states correspond to a value of n®. This spectrum is exactly
what one would expect for the coupling of particles with an angular momentum
equal to two. A spectrum such as this could have been derived just as easily
using the “Young tableaux” method or any other system for counting symmetric
states. There is, though, one important difference, the finite dimensionality,
given by N, of the IBM Ilimits the number of states in any spectrum. The
highest spin level will be L = 2N, and only one such state will occur. Similarly,
electric quadrupole transitions will occur only between levels where An® = di
1. The branching ratios for allowed transitions will be as calculated from the
coefficients of fractional parentage for L = 2 particles. This system will be

looked at in more detail in section (2.3.2).
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Fig. (2.2) Spectrum in the IBM with no interactions. This figure is from

lachello®®.
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The addition of an interaction L.L. does not change the wave functions of this
simple system. However, it does break the degeneracies by introducing a term
proportional to L(L-f-1). For example, the energy of the 2" state will be given
by e + 02(2+1) where C is a constant proportional to k the strength of the
L interaction. The system of Fig. (2.2) with the addition of an L interaction
with strength k' is illustrated in Fig. (2.3). Since the wave functions have not

been altered, the labelling of states by the quantum number Uj is valid.

If one adds a pairing interaction consisting simply of a boson energy e to the
system. Fig. (2.2) will be the essentially the same for the states, which, in the
absence of the pairing interaction, are characterized by n® = 0. However, the
states with n**T will now no longer be degenerate with other states with the
same value of n”, but will be shifted, depending upon the sign of the pairing
interaction. A situation with a positive, i.e., repulsive, pairing interaction is
illustrated in Fig. (2.4). The states are no longer pure in the basis In“n"riA >
However, the quantum numbers n”, n”, shown in Fig. (2.4), correspond to
those in limit of no pairing interaction. For example, as seen in Fig. (2.2), one
expects three states with n® = 2, namely with L™ = 4+,2+,0~. The 0* state
is, by definition, also characterized by n® = 1. In Fig. (2.4), it is this O* state
of the two-boson triplet which increase in energy due to the repulsive pairing
interaction. Similarly, the 2™ state and other states with n® = 1 are increased,

as are the states corresponding to g = 2,3 in the limit of no pairing interaction.

Since the pairing interaction includes two d-boson number changing terms in
the Hamiltonian (see Table 2.2), the wave functions are considerably altered
compared to the pure In“n”riA > configuration. The transition probabilities
are therefore, also affected, so that previously allowed transitions are now

forbidden, and branching ratios altered. A more detailed study of the effects
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of a pairing interaction will be presented in section (2.3.4), which discusses the

symmetry in which this force plays a dominant role.

A third force, which may operate between bosons, is a quadrupole-quadrupole
Q.Q interaction. A spectrum illustrating the effects of this interaction in the
case of 6 = 0 is shown in Fig. (2.5). Although the wave functions of these
states are extremely complex when expressed in the basis In“n”“n” >, some
simple characteristics may be obtained when an analogy is made to that of
the geometrical symmetrical rotor. As seen in Fig. (2.5), the spectrum is
characterized by a series of bands with a level spacing proportional to L(L+1)
within a band. Due to the degeneracies within each grouping of levels, e.g,
the 2~ and 2" states, each grouping must be considered as one band. Strong
cascade B(E2)’s exist between members of a particular band, with interband
transitions being forbidden. That is, transition within the 7-band and (3-
band are enhanced, which is contrary to the predictions of the usual rotational
picture. A more detailed description of the effects of a Q.Q interaction will be

presented in section (2.3.3).

To summarize this section, the IBM developed by Arima and lachello aims to
predict the structure of collective states of even-even nuclei. This model can
be analytically solved for the case of three limiting symmetries; these will be
discussed in the next three sections. This model can also be solved numerically
with computer code PHINT®”. A discussion ofthe transition between the SU(5)

—» SU(3) limits will be presented in section (2.3.3.a).
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2.3.2 The Vibrational SU(5" limit

The first limiting symmetry of the IBM to be discussed was the vibrational
limit*"®. As described in the last section, a very simple spectrum of collective
states, presented in Fig. (2.2), arises from a system characterized by a boson
energy e. This limit corresponds to the 0(5), orthogonal group in 5 dimensions
symmetry. However, the IBM Hamiltonian can also be solved analytically for

the SU(5) representation® ®R

In the SU(5) representation, the degeneracies of the levels in Fig. (2.2) are
explicitly broken by the introduction of interactions which conserve the number

of d-bosons. The form of the Hamiltonian in this limit is given by®'®&®

= + + (2.3.2.1)
m L

where the c 1°s are given in Eq. (2.3.1.3). An analytical solution to this

Hamiltonian is presented in detail in Ref. (8).

The eigenvalue equation may be expressed as

H\ndVn""LM >= E\ndVrif"LM > (2.3.2.2)

where H is given in Eq. (2.3.2.1) and the states are labelled by the quantum
numbers n*, V, n*, L, M. The number of d-bosons, n*, the angular momentum
L and its projection M are already familiar; n ", is the number of d-boson triplets
coupled to angular momentum zero, and V is the seniority, which counts the
number of d-bosons not coupled to angular momentum zero. An alternative
representation involves the quantum number n”, which counts the number of
d-boson pair coupled to angular momentum zero; V and n” are related v

= nd - 2 n*. The total number of bosons is partitioned as®
rid —2n™ + 3n” §- A (2.3.2.3)
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where Ais the excess bosons and determines the angular momentum range®

Z=AA+1,A+2,.°., 2A- 2,2A (2.3.2.4)

The angular momentum L = 2A - 1 is absent because of the requirement that

bosons may only be coupled to form symmetric states"®.

An alternative method of solving the Hamiltonian in Eq. (2.3.2.1) is to rewrite
it in terms ofthe forces presented earlier in Eq. (2.3.1.4). Only three parameters
are necessary to describe the interaction between two d-bosons, because only
three angular momentum couplings can occur*®; L = 0, 2, 4. The coefficients
CI(L = 0, 2, 4) in Eq. (2.3.2.1), or three alternate parameters a, /7, 7, are

therefore, necessary. The relation between the C 1’s and a, /?, 7 are

0 = (1/14)(6C4 + s C2)

A= (370)C - (117)02 + (1/10)0 o
7= (1/14)(C4 - 02

Arima and lachello have expressed the interaction as®

N =E (2.3.2.5)
i<i i<j
where is the unit operator, and and are the pairing and L

interactions discussed earlier in section (2.3.1). The expectation values of these

operators, as given in Ref. (8), are

<[ >= -nd(rid - 1)

<L >=J{J41) —Qud (2.3.2.6)

< p >= {rid —v){rid £V +3)
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The eigenvalues of the interacting d-boson Hamiltonian are therefore,® @&

E([iV],nrf,u,nA,T,M) = end + a*nd(nd - 1)

- v){ud + V+ 3) (2.3.2.7)

-\-y[L{L -t-1) —eénrf]
A typical spectrum in the vibrational limit is shown in Fig. (2.6). The spectrum
itself may be divided into several “bands”; this terminology is valid since large
E2 matrix elements exist between adjacent members of the same band. The
states in Fig. (2.6) are labeled by the quantum numbers: (n®, v, na). The
“bands” are very reminiscent of those occurring in rotational nuclei. The Y-
band corresponds to the ground band, X and Z to a 7-vibrational band, (3 to
a "-vibrational band and A to a 2-phonon 7-vibrational band. The energies of
states in some of these bands are given by®
Y band Ey(n<f,Tid,0,T = 2nd,M) = eud + \C"Ud{nd —1)
X band Ex(nd,nd,0,T = 2ud - 2,M) = end + *nd{nd - 1)- 7(871"- 2)
Z band E~(nd,nd,0,L = 2nd —3,M) = end + "“nd{nd - 1) —7(12uj —6)
f3 band E~{nd"nd —2,0,T = 2nd - 4, M) = end + "nd{nd —1)
+7¢(12 - 16nd) + /?(4nd + 1) (2.3.2.B)
A band EA{rid,nd, 1, T = 2nd —6,M) = end + "nd{nd - 1) - 67(4nd —5)
The general form of the electric quadrupole transition operator T(E2) was given
in Eq. (2.3.1.6). In the limits for which analytic solutions are obtainable, Arima
and lachello require the transition operator to be the generator of the underlying

group. For the limit characterized by SU(5), T(E2) is given by®

71£:2) = a[dtj + strf]W (2.3.2.9)

for a =< d||Q]||s > (1/5)2, where Q is the quadrupole operator. This form of

the operator leads to the selection rule An* = 1.
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Fig. (2.6) Typical spectrum of a nucleus exhibiting the SU(5) symmetry. The
states are labeled by the quantum numbers J*(nd,v,n"). The spectrum is
broken up into a number of bands, as further described in the text. This figure

is from Arima et al®.
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Arima and lachello have obtained analytical expressions for several of the
inter-and intra-band transition probabilities which have been calculated and
presented in Table (2.3), which also gives the values in other limiting

symmetries.

It should be noted that the results for transition probabilities in the IBM
vibrational limit are not the same as would be obtained for a vibrational
structure in the geometrical picture. In particular® ®"

g(E2:4+ -~2+) ~ [K
B{E2 :2+ — 0") [(«d

D+ 1[40~ = 1) + 5 202)+ 1
0) + 1][4(nd = 0) + 5] ~ 2(4) + 1+

The limit N — oo will provide the same results as the geometrical vibrational
picture; however, for finite N, the transition probabilities, normalized to the
2" — 0¥ transition, will be reduced. The effects of this finite dimensionality
are illustrated in Fig. (2.7). Experimentally it has been observed that the
limiting B(E2) ratio of Eq. (2.3.2.10) is not realized, but is always found to be

< 2, as required by the present finite dimensionality argument.

Nuclei which may be characterized by the vibrational limit are expected to
occur near, but not precisely at, closed shells. An example is ~“®Cd which has
a triplet of states with spin 2" 4" at approximately twice the energy of
the first excited 2" state. Also for the 2j state the cascade to cross over to E2
the transition ratio is very large, as required by the E2 selection rule A n" =
+1. Details of the comparison between the SU(5) predictions and the empirical

excitations of "®Gd are presented in Ref. (8).
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2.3.3 The Rotational limit!

The second limit of the IBM model is based on the SU(3) group and gives rise
to nuclear structures similar to a certain form of the symmetric rotor. This
symmetry occurs when there is a dominant quadrupole-quadrupole interaction
between bosons, as described in section (2.3.1). The most general form of the

interboson interaction will also include a term of the form 7i.7].

In Eq. (2.3.1.2), the entire IBM Hamiltonian was presented. Many years
ago, Elliott®”" showed that if a Hamiltonian could be expressed in terms of the
generators of a group, in particular SU(3), the special unitary group in three
dimensions, the eigenvalue problem could be solved analytically. The SU(3)

case occurs when®®

H=-k'""0i.0j (2.3.3.1)

where Qi is the quadrupole operator of particle i and k is the strength of the

quadrupole-quadrupole interaction.

The solution of Eq. (2.3.3.1) is presented in Ref. (9). Some of the results will

be repeated here. The eigenvalue equation becomes”

H I/NJ{\.fi)KLM >= E I[N](\,fi)KLM > (2.3.3.2)

where [N]labels the totally symmetric representations of SU(6);(A,/x) are

two quantum numbers which label the representations of SU(3);and L,M are
the angular momentum and its projection along the z-axis, respectively. The
additional quantum number k labels the states having the same A,/x, L. In this

basis, the eigenvalues can be written”

E I/NJ{X,fi)KLM>= K[L(L 4-1)-C(A,/Y] (2.3.3.3)

65



(a)

(b)

(c)

Nuclear Models/ch. 2

Table (2.3)

Branching ratios in the limiting symmetries of the IBM model.

e SU(s SUB)(
« -
B ) UG 0(6)
~2
22 %2\ 0 undef. 0
(0.70)
31 —» 0 def 0
undef.
3i -7 41
(2.50)
31 -4 41
. 0.40 0 0.40
3i —2a
4a — 2§ .
. 0 undef. 0
4a -+ 4i
(0.34)
4a 4i
091 0 091
4a —» 2a
4a —* 3i
0 2.23 0
521
- 0 0 undef.
Oa —i2a
) (0)
Us —» 2i _
e 0 undef. 0
> —P2a
(U]

The quantum number relevant to the SU(5) limit is n®. The states listed
correspond to the following values ofn™: O —¢ = 0;21 —¥» = 1;41,22 —>rid
—  42,3j, B >rid — 3.

The quantum numbers relevant to the SU(3) limt are K and (A,/i) for the total
number of bosons N. The K = 0 (2N,0) states are O1i,2i,4i; the K = 0 (2N -
4,2) state is (2; the K = 2 (2N - 4,2) states are 22, 3i, 42; and the (B state
is K= 0 (2N - 8,4). When both transitions are forbidden, the branching ratio
is undefined (undef). However, in parenthesis is given the ratio when a slight
perturbation is introduced.

The quantum numbers of the 0(6) limit are (cr,r, i*a)- The states correspond
to the following quantum numbers: Oi — (N, 0, 0); 2i (N, 1, 0); 4% 22
(N, 2, 0); 42,3i (N, 3, 0); 8 (N, 3, 1); O (N -2, 0). When both
transitions are forbidden, the branching ratio i5 undefined (undef). However,
the ratio when a slight perturbation is introduced is given in parenthesis.
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where C(A,/Lt) is the quadratic Casimir operator of SU(3)®

(T(AN) —A 5 4 NL4-3(A £ (2.3.3.4)

As mentioned earlier,the addition of the L interaction does not change the

diagonalization problem. In its most general form, the Hamiltonian therefore,

becomes®
H=-kY" Qi.Qj- " iilj (2.3.3.9)
with the eigenvalues”
E\[N]J{X,fi) KLM>= aL{L + 1) - /3C(Xfi) (2.3.3.6)
a = —k' 3=k

The parameters k and k' of Eq. (2.3.3.5) can be deduced in the following way:
k= (Ezt - £2")/6(A - 1), k' = 0.75k - E2~/6

where E2” and E2”are the energy values of first and second states, respectively.

Due to their importance in predicting the level spacings of deformed nuclei, the
parameters (A,/”) will be discussed here in terms of the Young tableaux"* they
represent. Each particle may be represented by a box, which can be coupled
with another box to form symmetric or antisymmetric states. Examples of the

different symmetries are

Symmetric Antisymmetric Mixed symmetric

2 particles

3 particles
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For bosons, antisymmetric couplings are not permitted. An N boson state will

be of the form

and will be labeled (A = 4,/z = 4), where Ais equal to the number of boxes

remaining in the top row, and (i is the number remaining in the bottom row.

An example of the collective positive parity states characteristic of the SU(3)
symmetry is shown in Fig. (2.8). The spectrum is divided into a number of
bands according to the (A, /x) value. The angular momenta L which may occur

in each (A,/x) group are given by®

L = kMk-\- 1), [k + 2), «+(A + maa;{A,/x}) (2.3.3.7)

where k = integer = min {A,//}, min {A,/x} - 2,-+**1 or 0 unless k = 0. For k =

0, the allowed angular momentum values are®

L = maz{A,/x},maze{A,"} —2,*°*,1 or 0 (2.3.3.8)

The quantum number k is analogous to the k quantum number of a symmetric
rotor, namely the projection of the angular momentum L along the nuclear
symmetry axis. Therefore, k = 0 and k = 2 bands of the (N-4,2) representation
would correspond respectively to the /? and 7 bands, in the geometrical rotor
description of Section (2.2). However, in this limit of IBM, states with the same
angular momentum and (A,/X) representation are required to be degenerate;
e.g, the 27 and 2P states. Also, the transition probabilities between bands are

considerably altered, as will be discussed below.
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The most general form of the E2 transition operator T(E2) was presented in
Eq. (2.3.1.6). As for the earlier SU(5) symmetry, Arima and lachello require
this operator to be a generator of the underlying group symmetry. For the
case of SU(3) symmetry, since the operators of Eq. (2.3.1.6), namely (dts) and
(dtd) are already generators of the group®, the requirement reduces to fixing the
values of the coefficients «2 and /22 in Eq. (2.3.1.6). The resulting E2 operator

in the SU(3) symmetry is®

- iv/7(<itd)W] (2.3.3.9)

where here «2 is the effective E2 charge; /22 of Eq. (2.3.1.6) became -"\/fa 2.

Due to the form of the E2 operator, T(E2) in Eq. (2.3.3.9) does not connect
states with different (A,/x) representation®. Transitions between 7-band or /?-
band and the ground band are thus forbidden. Transitions between states of
the same representation, however, are allowed. Unlike the predictions of the
geometrical rotational model, the 2~ state will preferentially decay to the Ot

state rather than to the 0/ state.

In a number of regions of the Periodic Table nuclei exhibit a rotational structure
characterized by a L(L-f-1) level sequence. The requirement of degenerate (3-
and 7- vibrations, however, tends to limit regions of SU(3) symmetry to those
where the onset of prolate deformation is occuring, such as the Gd isotopes. An
example is shown in Fig. (2.9) for where the calculated and experimental
levels are placed side by side. A study ofthe agreement between the empirically
determined B(E2) values and the predictions of the IBM is hard to perform.
Branching ratios for many “forbidden” compared to “allowed” transitions are
difficult to measure. For example, B(E2: 2~ —0j") / B(E2: 2 —2 0") should

be zero in SU(3) since the numerator is forbidden.
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E Exp Th Exp Th Exp Th
MeV)
15
4 1298 — 1317 1 1355 — 1316
29 120 Lo
1049 1049
10.g 965 965
K-0 K-2
(20,2)
6 — 685 563
0.5
4 - 288 — 268
-89 — 80
-0 -0 — (1)
K«0
(24,0)

Fig. (2.9) Comparison between the experimental and theoretical SU(3)
spectrum for where N=12. The experimental levels are to the left of
the theoretical levels. The states are labeled by the appropriate K and

(A,/x) values. This figure is from Arima®.
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In a deformed nucleus near the SU(3) symmetry, the 2+ 0"~ 7-ray transition
would most likely be obscured by the very intense 2+ — Qj". However, the
B(E2) ratio above has been measured®” in and was found to be ~ 0.06
consistent with the IBM prediction®. As in the case of SU(5) symmetry
Arima and lachello have obtained closed form expressions for several transition
probabilities between states of the SU(3) limit. In particular for transitions

between members of the ground band they obtained®.
B{E2:L+2- L)= ~ - L){2N + L +27) (2.3.3.10)

Eq. (2.3.3.10) shows that all transition probabilities depend explicitly upon the

number of valence nucleons.

2.3.3.a The Transitional Limit From SU (51 to SU(31

The vibrator SU(5) rotor SU(3) transition near A=150 was investigated by
Scholten, lachello and Arima”®. In this investigation, they considered a simpler
form of the IBM Hamiltonian in Eq. (2.3.1.2) namely"® &

H=crii-kY, 0i-Oi LilLj - k"  Pi.Pj (2.3.3.a.])

t,j ij

where e, the bosonS energy, and the quadrupole-quadrupole, L angular
momentum and P pairing interactions are as previously described. To study
a transitional region, they fixed k and k', allowing e to decrease linearly as a

function of the number of bosons"®;
e = fc —ON,,

where £c is a constant and Nj, is the number of neutron boson*. This simulates

the transition, since £ , near SU(5), is much greater than any interboson

72



Nuclear Models/ch. 2

66 90 94
Neutron Number

Fig. (2.10) Comparion between the calculated (solid line) and experimental
(symbols) energies of the 2~ (circles). 4]* (squares) and Oj (triangles) states in
the Sm isotopes. The calculations were chosen to simulate an SU(5) —» SU(3)
transition as described in more detail in Ref. (48). The emprical values were

taken from Ref. (54). This figure is from Scholten et aF\
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interaction while, near SU(3), the quadrupole-quadrupole interaction dominates

the boson energy.

The result of their calculations have been compared with the observed level
structure of the Sm"® and isotopes. As the neutron number increases
from the closed shell of 82 neutrons, the energy of the 27 state in JJm
dramatically decreases. Also, near the closed shell, the 4* and 0" states are
nearly degenerate, as expected for a vibrational nucleus, whereas, by neutron
number 94,they are widely separated. The experimental and IBM level energies
for the , 4] and Oj states in the Sm isotopes are illustrated in Fig. (2.10).
Given the limited number of free parameters used, the agreement is very good .
A similar quality of agreement was also obtained for the experimental and IBM

calculation transition probabilities”

2.3.4 The 7-Unstable 0(6) Limit;

A third limiting symmetry ofthe IBM will occur when the interboson interaction
is dominated by a pairing force”"’®R The first empirical candidate for this 0(6)
limit was "“®®Pt, and Fig. (2.11), shows a comparison of the predicted and

observed positive parity levels for this nucleus.

Analogous to the SU(5) and SU(3) symmetries, Arima and lachello have
diagonalized the IBM Hamiltonian, generated by SU(6) Eq.(2.3.1.2), by
identifying a subgroup of SU(6) under which the Hamiltonian is invariant. The
particular subgroup in question is 0 (6), which happens to contain the other

subgroups 0(5) and 0(3). By using the group chain SU(6)Z> 0(6)D 0(5)D
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Fig. (2.11) A typical spectrum for a nucleus exhibiting the 0(6) symmetry of
the IBM. The energy levels are given by Eq. (2.3.4.8) whereN=6, A=100 keV,

B=30 KeV, and 0=5 keV. This figure is from Casten et al™.

75



Nuclear Models/ch. 2

0(3), the IBM Hamiltonian in the 0(6) limit can be written

“H= AP0+ BCs - CCs (2.3.4.1)

where Pe is the pairing operatorin 0(6) and C5 and C3 are the Casimir operators
of 0(5) and 0(3), respectively. A, B, and C are the strengths of the various
components. In terms of the IBM Hamiltonian of Eq. (2.3.1.2), Pe corresponds

to the term

+ (jtAt)(0)(<id)(0)](0) (2.3.4.2)

while C5 and C3 correspond to the terms

eY,dU,. + Y, ,~(2i + D»C7i[(dtdt)(i)(rfd)(i)](0) (2.3,4.3)

bl L=0,2,4

The relation between the coefficients A,B,C and the parameters of Eq. (2.3.1.2)
is presented in Table (2.4).

of the
The symmetry./* irreducible representations of 0(6) are labelled by a quantum

number a where"V’&®

(T=N,N - 2,N or Ifor (2.3.4.4)

N = even N = odd
The expectation value ofthe 0(6) pairing operator , Pg, can be written in terms
of a as"V®®

< Pe >= "(Ne){N +a+4) (2.3.4.5)

A more detailed discussion of how Eq. (2.3.4.5) arises is given by Arima™". As
stated, the quantum number r is chosen to characterize the representation of
0(5) where

T = o,cr—1, ,0 (2.3.4.6)
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Table (2.4)

Values of the coefficients of equation (2.3.1.2) which correspond to the

parameters of the 0 (6) limit®.

Equation 0(6) Parameters
(2.3.1.2) A C
e. 0 0 0
0 2/3B 6C
Co 5/2A -4/3B -12C
Cz 0 1/3B —C
C4 0 1/3B 8 C
V2 0 0 0
140 -y/sfid 0 0
Uo 1/2A 0 0
u2 0 0 0

(a) Arima™" notedthat A = 2k", where k" is the strength of the pairing interaction.

(b) The effective boson energy g = 2B (N + 1).
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The expectation value of C5 in the r representation of 0(5) is given

< Cs >= ir(T + 3) (2.3.4.T)

Therefore, the eigenvalues of states corresponding to the Hamiltonian in Eq.

(2.3.4.1) are’i®

E{\N]<jtv’LM) = —[N —cr)[N+ o+ 4)+ Bt(t + 3)

+CL{L + 1) (2.3.4.8)

where the | in Eq. (2.3.4.7) has been incorporated into the constant B. The
quantum number is useful in labelling the states; it is related to n”™ which
counts the number of boson triplets coupled to angular momentum zero. The
quantum numbers r and are related by r = 3z/a + A, for z'a = 0,1,¢°°. The

value of A determines the angular momentum of states through”"’®®

i =2A2A—22A —3, »A4-1,A (2.3.4.9)

Arima and lachello have also been successful in acquiring analytical expressions
for transition probabilities®’®R As in the SU(5) and SU(3) symmetries, they
require the E2 transition operator, T(E2), to be a generator of the underlying
group structure in this 0(6) limit. The form of T(E2) satisfying this requirement
isii,®®

T(E2) = a2{dU + sU) (2.3.4.10)

Since T(E2) is a generator of 0(6), it cannot connect states from different
representations. Therefore, one selection rule is Act = 0. Also, due to the 0(5)
structure contained in 0(6), the 0(5) selection rule 4 + = =1 still holds. Some
useful branching ratios are given in Table (2.3). In particular, it should be

noted that, as in all IBM B(E2) values, the finite dimensionalHty of the system

78



Nuclear Modela/ch. 2

is automatically included. Due to the form of the transition operator, branching
ratios occuring in the 0(6) limit are independent of the parameters A, B, and

C.

In Fig. (2.11), an example is presented of a spectrum characteristic of the 0(6)
symmetry. Each level can be uniquely identified by the quantum number

(cr,r, z/a)? and the levels can be placed into groups characterized by a er value.
Each such group has identical energy spacings and spin levels, but with different
cut-offs given by r = cr. The levels of the same <t are further subdivided by the
quantum number z*a- A characteristic feature of a level scheme within the 0(6)
limit is, therefore, a recurring 0"-2"*-4'* pattern of levels with the E2 selection

rule A t = 1 predicting strong cascade 7 -transitions within the sequence.

Within each a grouping itself, the level spacing resembles a vibrational model,
as described in Section (2.2), but with an energy spacing proportional to
r(r -f 3) rather than simply to r. This will give rise to the energy ratio
E(47)/E(27~) = 2.5 rather than 2, as expected in the vibrational picture. Also,
as T increases even larger energy differences will occur between states of different
T. Furthermore, the degeneracies of the geometrical vibrational phonon model
are explicitly eliminated by the L(L-j-1) term and certain states, e.g. the o™
states of the two phonon triplet, do not occur. As described earlier in section
(2.3.1), the state which would correspond to this 0" state is “repelled” by the
ground state, and energy is increased due to the repulsive pairing force which
characterizes this limit. Branching ratios and absolute B(E2) values also differ

significantly from the geometrical description.

In some ways the level scheme presented in Fig (2.12) is reminiscent of the

phenomenological triaxial models, discussed in Section (2.2), which are
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characterized by low-lying 2* states and “missing” O states. However, when
Table (2.1) and Table (2.3) are compared, the branching ratios are not the same
in the 0(6) and triaxial lim its. Also, in the 0(6) lim it, excited O* states occur
in anatural way, and many more levels are predicted because of the <r-generated

recurring pattern.

The 0(6) limit (especially for large N) seems to resemble most closely the
7-unstable model described by Wilets and Jean**. In such geometrical
descriptions, as shown in Fig., (2.1.d), the levels follow a r(r + 3) energy
dependence. Also the same levels and level spacings that occur in the 7-unstable
n/3= 0 group are repeated for the higher-lying n* * 0 groups. In this way, the
role of /ip is analogous to that of different a values. In the 0(6) scheme, however,
the level degeneracies are no longer maintained, and there are spin cuttoffs, as

well as a specific number of different @ groupings.

It is logical that the 0(6) description corresponds to the 7-unstable
geometrical models, in analogy to the SU(5)-vibrator and SU(3)-sym m etric
rotor correspondences. As described in section (2.2) the Hamiltonian of a 7-
unstable oscillator is characterized by potential energy which is independent of
7,although 7-dependent terms are included in the kinetic energy. A link exists
between the co-ordinates of the Bohr-M ottelson picture and the operators of the
IBM. Arima has suggested the result of the 7-unstable potential corresponding
to the 0(6) limit of the IBM would be of the form®®

Vo= -C/3N 4 (2.3.4.11)

where ~ is the deformation parameter and Cand d are arbitrary constants, This
form of potential arises from zero d-boson and two d-boson numbers changing

the terms of the 0(6) Hamiltonian, A 7-dependent term in the potenticd would
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be of the form (3"cos 87, which corresponds to the one d-boson number changing

to terms that are not included in this symmetry®®.

A convenient basis from which to describe the 0(6) level wave functions is that
ofthe vibrational limit, given by | ndnpn” > where n*, n”*, n* are, as usual,
the number of d-bosons, number of d-boson pairs coupled to angular momentum
zero, and the number of d-boson triplets coupled with an angular momentum

of zero, respectively.

The relation between r and the more familar phonon number is given by
calculating the expectation value of n*. Arima™" has determined that, for the

o = o-max = N states, the expectation value of n™ in the 0 (6) limit is given by

The origin of the characteristic r(r £ 3) energy spacing in the 0(6) limit is
now apparent, since the spacings depend on the boson energy times n”, or the

effective n® given in Eq. (2.3.4.12).

Two types of perturbations may be added to the exact results of the 0(6) limit.
One which does not change the forces of the symmetry, and another which
introduces a force from outside the limit. The former type can be accomplished,
for example, by changing the boson energy from the value determined by
section (2.2). This will alter the amplitudes of the non-zero components of
all wavefunctions, but will not add new components. The result will be to
break the selection rule Acr= 0, but not to preserve the 4a = £ 1 E2 selection
rule. The second type of perturbation can be accomplished, for example, by
the introduction of a quadrupole-quadrupole interaction force. Since such an

interaction contains one d-boson changing term, all wavefunction components
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would be non-zero, though perhaps small, and the effect would be to break both

0(6) E2 selection rules, as well as to alter all E2 branching ratios.

The 0(6) symmetry is expected to be important near the end of shells. Fig.
(2.12), however, shows that ,overall there is a very good agreement between
the empirical level scheme and that predicted by the 0 (6) limit of symmetry
scheme. "®®Pt was the first empirical example of such a scheme, but Casten®®
has uncovered and showed near A=130, an extensive region of nuclei displaying

0 (6) symmetry.
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CHAPTER III
EXPERIMENTAL ARRANGEMENT

3.1 Single Spectra M easurements

Since the advent of semiconductor radiation detectors, there has been a
tremendous improvement in the quality of the 7-ray spectra obtainable from
commercially produced radiation detection equipment. A pure germanium
detector was used to measure gamma-ray energies up to about 200 keV,
while the large volume true-coaxial Ge(Li) detectors were used for extensive
measurements of higher energy gamma-rays®®. The specifications of the above

mentioned detectors are given in Table (3.1).

The simple pulse counting system of this work is illustrated in the block
diagram of Fig. (3.1). The linear output pulses from the preamplifier were
fed into a spectroscopy amplifier (Ortec-572) whose shape time constant of 2
/xsec indicated a good signal-to-noise ratio. The signals were then fed through
an Analog to Digital Converter (ADC) into a memory unit whose conversion

gain was set at 4096 channels.

The source activity was chosen at about 10 /zCi to achieve count rates below
2000 count/sec at 25 cm from the face of the detector. The dead time of
the ADC was always below 10 %. As a result, pile-up effects"® were avoided

and coincidence summing corrections as suggested by Debertin and Schotzig"®

minimised.
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Table (3.1)

Specification of the detectors used in this work.

Detector Approximate Relative Resolution (keV) Photopeak/compton
Volume E fficiency 1332.5 keV (®°Co) 1332.5 keV (®°Co)

Ortec Ge{Li) 60 10% 2.07 (16) 38
Ortec Ge{Li) 60 CC 9.6% 231 (19) 35
Oriec Ge 59.7 CC 31.3% 1.70  (11) 58.5
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3.2 Energy and Efficiency Calibration

Data from the analyzer used in the singles 7-ray experiments were first
transferred to the computer. The gamma-ray energies were calculated by
means of a computer program, SAMPO". A least-squares fit to an

degree polynomial” is made for the calibration points. The coefficients of the
polynomial are then used to calculate the energies of the remaining gamma-rays.
The energies were taken from a set of calibrated sources"® which include  Am,
®"Co, "Na, "®"Cs, ® Mn and ®°Co. The program SAMPO fits a Gaussian curve
to the experimental points after subtraction of the background. Although the
program allowed the use of higher degree polynomials to fit the background
under a peak, in nearly all cases a linear approximation was used. In some
cases where the Gaussian fit of the data points was very poor, it was felt
advisable to use channel by channel sum of the counts in each peak less the
background to obtain the peak area”®. The computer program also yields error
estimates for the energies, based on uncertainties in the energy peak location of
the calibration points, the goodness of the fit and the uncertainty in the peak

locations of the data points.

In order to calculate the intensities of 7-rays from the photopeak areas of
the singles spectrum, the photopeak efficiency of the detector must be known
very accurately as a function of energy. The absolute efficiency of the Ge(L1i)

detectors were calculated with a set of calibrated sources"® from the formula®®
e= T7Vp/3.7x 100Ao0 [ fexp(-0.693T/Ti/2) (3.2.1)

where
Np number of count in the photopeak.
Ao is the calibrated activity of the source .

I is the absolute intensity.
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T is the time interval between the calibration of the source and the counting
time.
T i/2 is the half-life of the source,

t is the time measurement.

The program Sampo employs a functional representation of the efficiency
curve’:

e= Pi{E" + P3exp(PiE)) (3.2.2)

Where the four parameters Pi,P2?-Ps and P4 are determined from the fit of the
efficiency e versus the energy expressed in keV. Fig. (3.2) . illustratesthe

graph of Efficiency (e) versus Energy (E) for the 10% Ge(Li) detector.

The numerous 7-ray spectra were analyzed off-line and searcl”for new peaks
with an automatic peak fitting routine in Sampo, which required relatively little
user input and produced very satisfactory and reliable results. The relative
intensities of the gamma-rays were determined by measuring the number of
counts in the peaks from Sampo and correcting for the efficiency of the detector
deduced by Eq.(3,2.1). The area of well-separated peaks was determined by
summing the counts in the peak and subtracting a linear background. There
are several cases involving two or more overlapping peaks. The individual peaks
were separated using the shape of nearby peaks. Sampo was used to calculate
the relative intensities and error estimates. The error estimates include a
contribution from the uncertainty in peak area and about 3% uncertainty in

the detector efficiency calibration.
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Fig. (3.2) Absolute efficiency curve of 10% detector as a function of 7-rays

energy.
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3.3 Detailed Description of Electronics

For purposes of routine singles work with a Ge(Li) detector it is generally
true that one need not overly concern oneself with noise, stability and timing
characteristics of the associated electronics system. However, in a precision
Ge(L1)-Ge(Li) coincidence experiment these factors cannot be ignored and, in
fact, are critical to the success of the experiment. The timing characteristics
are of paramount importance due to the very nature of the experiment, the
stability requirements of all components are put to a strict trial by the long
counting times necessary for a coincidence run, and the noise behaviour of the
equipment is extremely critical when precision results at low energies are sought.
Therefore, in order to assemble the detector and the electronics into one system
the necessary specifications for the experiments have to be followed precisely.

These characteristics are discussed in the following sections.

3.3.1 The detector

The Ge(Li) detector is a solid state device in which lithium ions have been
diffused through a region of P-type germanium (a germanium crystal ,dop ed
with electron acceptors such as gallium or boron) under the action of a reverse
bias voltage®”. The lithium drifted region has a high resistivity®”. When a 7 -ray
is stopped in this region, its energy is transferred to electrons which are excited
into the conduction band (the band gap in germanium is 0.66 eV) were they
are swept by the bias voltage. This produces a current which is proportional
to the energy deposited by the 7-ray. To keep the lithium ions from diffusing

out of the compensated region and to reduce the number of electrons which
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are thermally excited into the conduction band producing noise, the detector is

kept at liquid nitrogen temperature.

When a 7-ray enters the compensated region, any of three primary types of
interactions can occur: a photoelectric interaction, a Compton collision, or
pair-production. These processe:ierepresented diagramm atically in Fig. (3.3).
In the photoelectric process, all of the energy of the 7-ray is transferred to
the detector crystal through ionization to yield an electronic pulse which is
proportional to the total energy of the original 7-ray. When a Compton collision
occurs, the 7-ray interacts with an electron, depositing only part of the energy
with the crystal through ionization. If another interaction does not occur before
the degraded 7-ray escapes the detector, the resulting pulse will correspond to
only a portion of the original 7-ray energy. W hen the incident 7-ray interacts
through pair-production, its energy is absorbed in the creation of an electron-
positron pair. This process requires that the 7-ray energy he at least 1.022
MeV (the energy equivalent of the rest mass of the electron-positron pair). The
electron from the created pair loses its energy through the normal ionization
process, but the positron, after coming to rest in the detector, annihilates
another electron creating two 7-rays of 0.511MeV each. One or hoth of these
7-rays may escape from the detector before having been totally degraded. The

resulting pulse then corresponds to an energy which is again less than that of

the original 7-ray.

In the energy spectra which are obtained when the detector pulses from a
particular source of 7-rays are processed, peaks occur for those 7-rays which
have undergone total energy degradation in the detector. However, those pulses
which result from partially degraded 7-rays which have undergone Compton

collisions contribute to an unwanted background known as the
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compton background. Those pulses which result from pair-production with
the escape of one of the 511 keV 7-rays from the detector contribute to a
“single escape” peak at an energy 511 keV less than that of the full energy
peak, while those pulses which result from pair-production where both 511 keV
quanta escape the detector contribute to a “double escape” peak at the full

7-ray energy less 1022 keV.

In order to increase the probability that a 7-ray which enters a detector will
be totally absorbed, the detector volume must be increased®”. This improves
the peak efficiency which is defined as the ratio of the number of 7-rays of a
given energy from a given source totally degraded in the detector to the total
number of 7 -rays of that energy emitted by the source for a given source detector
distance. The standard method for obtaining the relative efficiency of each of
the detectors was to compare its counting rate for the 1.332 MeV line of ®°Co
with that ofa 3“x3” Nal(Tl) detector using a standard distance of 25 cm from
the source-to-detector (The efficiency of the above size Nal(T1) detector for the

25 cm distance is given as 1.2 x 10~® (see Ref. 85)).

However, increasing the volume usually degrades the resolution which can be
thought of as the ability to distinguish between close lying peaks. The resolution
is defined as the full width at half maximum (FWHM) for the full energy peak

for a given energy.

To process the pulses provided by the detector, a system composed of two
separate channels: the fast channel and the slow channel must be used. The
purpose of the fast channel is to derive the best possible signal from each
detector when a set of detectors is involved, and to change the time information

in a Time to Pulse Height Convertor (TPHC). The time spectrum from the
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output of the TPHC is essentially of Gaussian shape. For measuring time
differences, the timing peak must be narrow, that is the timing resolution must
be good. It is important that the narrow peak be maintained down to a small
fraction of the total peak height to make certain that all true coincident events

are recorded (the figure of merit is the FW (1/10)M).

3.3.2 Preamplifier

The detector was equipped with a factory mounted Ortec 120 preamplifier
having a charge-sensitive field effect transistor (FET) for the first stage input®

The detector was DC coupled to the preamplifier for low noise operation®®'®"
(the noise rating was 700 eV at 0 picofarad (PF) capacitance and the slope was
17 eV/pf). Typical output pulses from the preamplifier have rise-times of 100
nsec or less and decay time 200 /xsec. In order that the pulses dg(;toverlap (at
5000 cps the average time between pulses in just 200 /xsec) the pulse must be

reshaped by the amplifier to reduce the long decay time.

3.3.3 Amplifier

In addition to amplifying the signal received from the preamplifier, the amplifier
removes the slow, exponential decay ofthese pulses and filters the high frequency
noise from the signal. Simplified versions of a differentiating and an integrating
pulse shaping circuit which may be employed in typical amplifiers are shown
in Fig. (3.4). In a typical unipolar pulse shaping network, the long pulse tail
undershoots the baseline as illustrated by the CR-RCcircuit in Fig. (3.4). At a

rate above 2000 count/sec, an incoming pulse may be superimposed on the tail
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Symmetrical Diode Restorer Circuit

Fig. (3.4) Pulse shaping circuits used in the amplifiers for the singles and

coincidence 7-ray experiments.
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of a preceding one and as a result it will be decreased in amplitude. Addition
of a variable resistor parallel to the capacitor of the RC circuit (see pole-zero

cancellation circuit in Fig. (3.4)) reduces the baseline undershoot.

In order to eliminate baseline shift at high count rates, the amplifier can be
D.C. coupled to the analyzer. In this mode, the coupling capacitor between the
amplifier and the analyzer which filtered out minor fluctuations in the baseline
is removed. To compensate for the effect of baseline shift from a unipolar signal,
it is possible to use a baseline restorer circuit which will restore the baseline
quickly when an undershoot occurs. A simplified version of this circuit is shown

in Fig. (3.4).

3.3.4 The analyzer

The final step in the analysis of the detector pulses is the multichannel analyzer.
In the analyzer, the pulse height is converted to digital information by an analog-
to-digital convertor (ADC) and stored in a magnetic core memory from which
the information can be retrieved on readout devices or displayed on a scope.
In conventional ADCs the entering pulse triggers an oscillator and at the same
time a voltage ramp, which increases or decreases to match the incoming pulse
height. The number of cycles that the oscillator undergoes before the ramp
voltage matches the pulse height is utilized digitally as a channel location in
which the event is recorded. When one pulse is being analyzed no other pulses
can enter the ADC. The length of time required to digitize a pulse is dependent
both on the pulse height and the frequency of the oscillator. For a 50 mega
Hertz oscillator, the time required to digitize a pulse is 20 nsec/channel plus an

initial dead time of about 10-20 //sec.
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3.4 Timing Spectroscopy

Time spectroscopy involves the measurements of the time relation between the
occurrence of two events®® The source of events is frequently a pair of 7 -rays
or a combination of 7-rays and /or charge particles in cascade, which de-excite

some level in the nucleus.

The most important consideration in timing measurement is the specifications of
the detectors involved, such as electric field strength in the detector, efficiency,
peak-to-compton ratio and resolution [see Section 3.3.1]. It is important to
understand some of the characteristics that affect the time resolution of the

system in the following sections.

3.4.1 Walk and Jitter

Characteristics that strongly affect timing in germanium are the walk due to
amplitude variations or rise time changes and the intrinsic time jitter of the
detector signal These effects are shown by an ideal discriminator with
threshold Y 7 operating on detector signals, see Figs. (3.5a, 3.5b and 3.5¢).
The discriminators used in properly designed timing electronics have minimized
the charge necessary to trigger an output, and most of the apparent walk is
contributed by variation in pulse amplitudes and rise times. Fig. (3.5c) shows
the effect of the system noise on the timing accuracy. The width of the timing

uncertainty which is statistical in its nature is given by the triangle rule:

(I =
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Where (IT is the standard deviation in the time measurement in crossing the

threshold V t, (IVis the amplitude of the steady-state noise.

3.4.2 The Constant Fraction Timing Technique

Due to the varying rise times of germanuim detector signals, a modified constant
function of pulse height timing is usually used with these devices. It is necessary,
however, to understand the Constant Fraction Technique in order to fully
appreciate the benefits that can be gained by compensating for both the varying
pulse heights and the varying rise times found in germanuim detectors. In
addition , many fast/slow coincidence systems utilize fast plastic scintillator

and constant fraction timing in one branch of the system.

Experimental works® " had shown that for a signal of given rise time and
height there is a value at which the discriminator can be set to give the
optimum timing result, especially with scintillator/photomultiplier systems.
The constant fraction method is then a technique for greatly improving time
walk and resolution characteristics over a wide range of input amplitudes, when
compared with other types of discriminators. Fig. (3.6a) shows a negative input
having a rise time of t#. Constant fraction technique operates on this pulse in
the following method. First the pulse is inverted and attenuated by a factor
equal to the fraction of the pulse height at which timing is desired. Fig (3.6b).
The linear signal is maintained in its original slope and amplitude and delayed
for a period of time somewhat greater than the rise time Fig. (3.6c). The
signals are then added together as shown in Fig. (3.6d), and the timing output
is taken at the zero crossing point. All signals will cross zero at the same time,

independent of rise times and amplitudes. With fast plastic scintillator, this
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Fig. (3.6) Pulse shape and time considerations for the constant fraction timing

technique.
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technique can reduce the walk to less than 120 psec for 100:1 dynamic range of
pulse heights (a dynamic range is defined as the ratio of the largest pulse to the

smallest pulse that can be accepted by the timing system).

Gedrke and McDonald®” have developed such fast discriminators working
in CFT. These discriminators were suitable for both Ge(Li) and scintillator
detectors. The principle is shown in Fig. (3.6) which provides the best timing

techniques.

3.4.3 Timing Performance of the System

The timing performance ofthe system had to be measured in order to determine
the time resolution characteristics of germanuim detectors and their related
electronics. The system is composed of the fast channel, and the purpose is to
derive the best possible timing signal from each detector and to change the time
information into amplitude information in a time to pulse height converter. In
the system of Fig. (3.10) the fast branch from each channel is composed of
TFA routed to CFD. One of the signals is used directly as the start signal for
the TPHC. The other side of the fast channel is used as the stop signal for
the TPHC. The stop signal will arrive a certain period of time later than the
start signal for events that actually are in true coincidence, in order to give
more flexibility for utilizing the various time ranges of the TPHC. In addition
to setting up the system for the appropriate time range, this delay can also be
used to perform time calibrations of the ACE/CARD as shown in Fig. (3.7)

while Fig. (3.8) illustrates the result.
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Fig (3.7) Block diagram of the time calibration of the MCA
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The source most frequently used for determining time resolution is ®°Co. For

the gamma rays having an energy of 1.33 MeV are in time coincidence with
those gamma rays having energy 1.17 MeV. For any given system, the larger
signals from the detector give better timing results than the smaller signals.
That is to say, the timing signals resulting from total energy disposition of the
1.33 MeV gamma rays from ®®Co will be better than those resulting from total
energy disposition of the 0.511 MeV annihilation photon of ~Na. Fig. (3.9)
illustrates the prompt timing curve measured on the 1.33 Mev gamma ray from
a 10 p,Ci ®°Co source. This curve contains data of the resolving time 2tq = 3.44
n sec, and the FW(j*)M = 6.40 n sec, of the two detectors. Notice again that

the slope of the time spectrum is essentially Gaussian.

3.4.4 Resolving Time

Coincidence equipment may be classified according to their resolving time. If
a two-detector system is used, each detector applies a gate pulse of width r
that constitutes the coincidence circuit; therefore to be in coincidence, the two
gate pulses must fall within the interval 2r which is the resolving time of the
coincidence system. A resolving time of less than few tenths of a /isec is termed

“fast”, and larger resolving timesare called “slow”.

Short resolving times are required wherever high counting rates are involved
because the random nature of radioactive decay allows for the possibility that
two uncorrelated pulses will happen to occur within the coincidence resolving

time. The chance coincidence and the random rate is given as

Achance ~ A2 @)
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Where 2r is the resolving time, Nq is the source strength and and 62 are the
absolute efficiencies of the respective detectors. It thus appears that the best
way to reduce chance coincidences is to make 2r as small as possible. However,
2r cannot be reduced below the interval of the time jitter in the detector pulses

without losing true coincidence. The coincidence counting rate is given as

Atrue ~ (2)

The ratio of true to chance coincidence rates is given as

mVirue 1

“chance N

3)

The accidental coincidence spectrum in a particular gate will be exactly

proportional to the singles 7-ray spectrum.

3.5 The Coincidence Apparatus

The capability of assigning 7-rays to a level scheme from energy and intensity
considerations improves as the accuracy of these measurements increases.
However, in many ambiguous cases the time relationship of the emitted 7-rays

must be determined to place them reliably in the level scheme.

When a radioactive nucleus decays by /9-emission or electron capture, the
daughter nucleus may be left in an excited state. The nucleus can decay to
a lower excited state by emission of a photon and this process is repeated until
the daughter nucleus reaches the ground state. The usual time required for this
cascade process to occur is of the order of 10~® to 10 sec, and the enutted

7 -rays are said to be in prompt coincidence with one another.
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Coincident 7-rays can be recorded with two detection systems which have the
requirement that they only analyze 7-rays which enter the detectors within a
certain preselected time interval known as the resolving time. The coincidence
requirement is met by “gating” the recording ADC with a pulse which results

only if a 7-ray enters each detector within the resolving time of the system.

Fig. (3.10) shows a block diagram of the Fast-Slow coincidence system”" which
was used in coincidence experiments on "R"Gd and "®*Sm. One of the
Ge(Li) detectors was used in the singles experiment. The two detectors are
set at an angle of 90° to each other, as shown in Fig. (3.11), to minimize
coincidences arising from the Compton scattering of high energy gamma rays
from one detector to the other. Each detector was mounted with an Ortec
120 preamplifier. The output signal from each preamplifier was sent to the
Ortec 572 amplifier and to the Ortec 474 timing filter amplifier where it was
used for timing purposes. The Ortec 572 amplifier was used to amplify the
signal for energy measurements and to improve resolution at high count rates
a pile-up rejection was operated. The unipolar output pulse from the spectrum
detector (detector No.l, Table 3.1) was delayed and routed to the high level of

the ACE/PC-Computer.

Another branch of the output (the energy gating by detector No.2, Table 3.1)
was amplified by Ortec 572 amplifier and routed to an Ortec 551 timing single

channel analyzer (No.l, slow) set to select a particular energy.

The timing branch of the signal from either preamplifier was sent to an Ortec 474
timing filter amplifier which shaped the pulses for use by the Ortec 583 constant
fraction discriminator unit. In the Ortec 583 constant fraction discriminator
unit, the technique of amplitude and rise time compensation is used to the

original pulse peak, regardless of its amplitude (see Section 3.4.2). The output
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10% 9.6%
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Fig (3.10) Block diagram of conventional Fast - Slow coincidence system.
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trigger pulses from the constant fraction discriminator units were used as start
and stop pulses for the Ortec 467 Time-to Pulse-High-Convertor (TPHC). In the
TPHC the start pulse initiates the charging of a capacitor which is discharged
by the stop pulse, creating a pulse whose height is proportional to the time
duration between the start and the stop pulses. The TPHC output pulses were
routed to a Timing Single Channel Analyzer (TSCA, fast No. 2) in which a
window was set to select the proper pulse amplitude which corresponded to
pulses originating from coincidence events (when in this condition, the TSCA
window 1is said to be set on the “prompt peak™). The pulse was delayed and

routed to the Elsint coincidence unit.

The TSCA (No. 1) connected to an Elsint coincidence unit which required that
these signals lie above the noise region. The coincidence logic pulse was routed
to the gate pulse generator to shape the width and the amplitude. Finally,
the logic pulse triggered a gate and gating pulse to the ADC of the ACE/PC-

Computer.
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CHAPTER 1V
PROPERTIES OF THE ISOTOPE STATES

POPULATED IN THE DECAY OF

4.1 Introduction

The level structure of which lies in the beginning of a transitional region
between spherical and deformed”“nuclei may be studied either from the
decay of "®"Eu or "®"Tb . The first decay has some experimental advantage
because of its long half-life (13.33 y). On the other hand, "®"Tb does present
some experimental problems due to its rather short half-life (17.5 h) but the
/3""-and the the EC decays of its spin 2 ground state populate strongly the

quadrupole and octupole quasi-vibrational bands of "®"Gd .

The level structure of "®‘Gd has been investigated before. Barrette et al®"
considered that the spectra ofthis nucleus show more rotational than vibrational
characteristics, i.e, it can be described as a deformed nucleus. Riedinger et
aA®B preferred to consider the low lying states as resulting from quasi-rotations
and quasi-vibrations than to treat them as members of one, two, and three-
phonon vibrational excitations about spherical equilibrium shapes. Toth et A®®
classified a second 2+ state at 930.58 keV, and another O state a 1408 keV,
as members of a three-phonon vibrational band. Gromov et treated the
third state at 1108.97 keV, the second 0" state, and a possible 4" level, as
members of a three-phonon band. On the other hand, the works of Gino et
aP®”, and Zolnowski et aP®" on the conversion electrons emitted in the "®®Sm
(a,2n) and "®"*Sm (a,4n) "®"Gd reactions, indicate the rotatioi\nature of the

levels in “~Gd . The results of that work indicate the presence of a rotational
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band up through spin 10, with the 344.25 and 755.39 keV states taken as the
first and second members of this band. Another /9-band of levels built on the
615 keV state was reported. Bloch et found that the inelastic scattering
cross-sections of 12 MeV deuterons for the 615.54, 930 and 1280 keV levels
are similar to those for the 07, 2™ and 4" respectively, member of /9-bands
in deformed nuclei, thus, describing this band as a quasi-/9 band. Baker et
aP®" calculated a ratio of B(E2) values for interband transitions in “®"Gd by

considering it as an adiabatic rotor.

Conflicting values for energies and intensities emitted by "®"Eu were reported
by many workers®VRR'®", and at the same time new transitions were sug-
gested. Sharma et gave a complete list of energies and intensities including
those transitions seen by Riedinger et a®® and Barrette et al®". Both workers
reported new transitions, but they did not agree with each other. Baker et aP™
reported another fourteen new transitions, some of which were determined from
coincidence data. None of these were seen by other workers, while some of the
transitions seen by Sharma et aP°* were missing from Baker’s et aP°*list. Whilst
Yoshizawa et aP"®have reported a set of data starting from energies above 270

keV with a cutoff energy at 1528 keV.

In this work, all the energies reported by Sharma et aP°" were observed; three
new energy levels and eight possible new transitions have been placed
in the decay scheme. These were confirmed from the coincidence data and
energy sum relations. Relative intensities and logft values were calculated and

multipolarities, spin and parities deduced.
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4.2 Experimental Procedure and Results

4.2.1 Source Preparations

The source was prepared by thermal-neutron capture (n,7 ) reaction ir-
radiation of europium oxide enriched to 97% for the mass 151 isotope, at the
University of London Reactor Centre (ULRC) following the method described
in section (1.2). The source was left for two week after irradiation before taking
any measurements. This allows any short life activity to be eliminated. The
source was packed in a polythene thin tube. A source activity of 10 /xCi is
sufficient to give about 1500 countysec with a source to detector distance of 25

cm.

®"Eu undergoes two branches of decays. It decays by (3~ to "®"Gd and by, EC
and /wm to "®"Sm [Chapter V]. Thus, the singles spectra of the decay of "®"Eu
contains the transitions of the two nuclei. However, it is difficult to distinguish
between these transitions, but the coincidence technique was used to separate

the transition belonging to each nucleus.

4.2.2 Singles Spectra

For the gamma-ray energy and intensity measurements of “®"Eu , three suf-
ficiently long run spectra from Ge(Li) detector (No. 1, in Table 3.1) were
analysed and the final results weighted and the average was taken. Determina-
tion of the energy and efficiency calibration was fully described in section (3.2).
The spectrum includes a number of additional peaks; escape and background.
Fig. (4.1) shows a typical gamma-ray spectrum of "®'Eu . The background
spectrum, shown in Fig. (4.1a), collected for the same time period helped in

the analysis of the singles spectra. Since the "®"Gd nucleus arisesfrom /? -decay
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of ®"Eu , whilst “®"Sm arises mainly from the electron capture (EC) and some
/9"*"-decay of “®"Eu , a column in this Table was introduced to specify the tran-
sition corresponding to a certain nuclei. Some of these transitions are found to

be belonging to both nuclei, these transitions are given to "®"Sm and "®"Gd .

The energies and relative intensities of all transitions from present work are
listed in Table (4.1). One could not be uniquely assigned to either "®"Sm or
RMGd : thirteen transitions were new and observed for the first time in this
work. The intensity results of Sharma et and Baker et al"®" are also given

in this Table for comparison.

4.2.3 Coincidence Spectra

The "®"Eu gamma-gamma coincidence experiment were performed with the
two Ge(Li) detectors arranged in a 90° geometry throughout the experiments.
The 12% efficient detector was used as the spectrum detector, while the 10%
efficient detector [see Table (3.1) for specifications] provided the gate in a Fast-
Slow coincidence system as shown in Fig. (3.10). Four gamma-rays 344, 411,
586 and 779 keV were taken to establish the decay scheme on the basis of the
coincidence between these gates and the rest of the spectrum. In these studies
chance contributions to the coincidence intensities were estimated at less than

one percent, and, therefore, have been neglected.

Figs. (4.3-6) illustrate the coincidence spectra, while Fig. (4.2) shows the total

spectrum, which is obtained by spreading the gating window along the whole
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Table (4.1)

Comparison between present relative intensities {/*) of gamma-ray transitions
with previous studies in “”*Eu decay (normalized to 1-~(344.25 = 100).

Energy

(keV)

121.78(15)
125.69(15)
147.94(09)
166.91(25)
173.17(15)
192.79(20)
195.05(24)
202.61(15)
206.95(36)
209.35(17)
212.50(18)
237.38(11)
239.47(33)
244.68(14)
251.61(05)
271.00(06)
275.43(07)
286.15(22)
295.91(02)
315.25(09)
324.86(04)
329.35(06)
340.23(25)
344.25(03)
351.57(18)
367.78(02)
380.06(20)
385.92(20)
389.07(11)
395.75(19)
411.12(02)
416.01(03)
423.45(04)
443.97(02)

Nucleus

Sm” Gd
Sm
Sm
Sm

Sm, Gd
Gd
Sm

Gd
Gd
Gd
Gd
Sm
Sm
Sm
Gd
Sm
Sm
Sm

Intensity related to I(344)=100

Present work Sharma et aP°® Baker et

106.58(1.4)
0.09(01)
0.17(02)
0.04(01)
0.03(01)
0.018(005)
0.023(005)
0.022(005)
0.024(005)
0.03(01)
0.09(02)
0.05(02)
0.04(01)
29.66(39)
0.25(02)
0.29(02)
0.16(02)
0.05(02)
1.72(05)
0.18(03)
0.27(01)
0.47(02)
0.11(03)
100
0.07(02)
3.16(05)
0.04(01)
0.21(02)
0.013(005)
0.03(01)
8.44(12)
0.41(02)
0.021(005)
11.75(17)
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109.70(2.2)

0.12(01)

0.03(01)
0.02(01)
0.08(02)

< 0.01
< 0.01

27.91(50)
0.28(01)
0.32(02)
0.17(02)

< 0.01
1.61(04)
0.24(02)
0.28(02)
0.49(03)
100
0.08(02)
3.24(07)

8.23(17)
0.40(02)

11.66(06)

112.79(3.7)

< 0.02

0.027(009)
0.03(02)
0.076(023)

0.025(12)
28.38(93)
0.28(04)
0.28(03)
0.12(01)
< 0.025
1.59(05)
0.16(03)
0.27(04)
0.45(05)
0.091(009)
100
0.067(014)
3.18(11)

0.085(038)

8.26(21)
0.39(04)
< 0.02
10.60(60)
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Table (4.1) (continued)

Energy Nucleus Intensity related to 1(344)=100
(keV) Present work Sharma et aP°® Baker et aP°A
482.41(09) Sm, Gd 0.12(02) 0.13(01) 0.10(02)
488.69(03) Sm 1.57(03) 1.52(02) 1.49(05)
493.56(05) Sm, Gd 0.14(02) 0.14(02) 0.17(03)
496.57(16) Gd 0.05(02) 0.04(01) 0.02(01)
503.46(06) Gd 0.61(04) 0.56(02) 0.55(03)
520.26(07) Gd 0.18(02) 0.22(02) 0.20(03)
523.11(18) Sm 0.08(03) < 0.01 0.024(008)
526.76(14) Gd 0.06(02) 0.05(02) 0.036(011)
534.25(10) Gd 0.15(03) 0.18(02) 0.14(04)
556.48(14) Sm 0.06(01) 0.04(02) 0.07(02)
557.76(18) Gd 0.04(01) 0.02
563.96(03) Sm 1.81(04) 1.80(05) 1.86(07)
566.50(21) Sm 0.43(02) 0.53(03) 0.45(04)
586.31(03) Gd 1.75(04) 1.77(04) 1.73(07)
595.61(12) Sm 0.12(04) )
615.83(29) Sm, Gd 0.04(01) 0.03(02) 0.04(02)
644.29(29) Sm 0.04(01) 0.03(02) 0.023(007)
656.47(06) Sm 0.56(03) 0.51(03) 0.53(04)
664.83(15) Sm 0.05(02) 0.03(02) 0.013(006)
671.21(15) Sm 0.06(03) 0.05(02) 0.085(030)
674.66(03) Sm, Gd 0.73(04) 0.74(03) 0.48(05)
678.62(02) Gd 1.88(06) 1.80(05) 1.71(11)
688.65(03) Sm 3.17(06) 3.18(08) 3.13(20)
696.87(19) Gd 0.06(03) - -
703.46(24) Gd 0.08(03) - 0.06(02)
712.75(09) Gd 0.37(03) 0.38(03) < 0.05
719.32(07) Sm 1.26(03) 1.30(04) 0.97(10)
727.42(16) Sm 0.05(02) 0.04(01) 0.034(007)
764.87(05) Gd 0.75(04) 1.12(03) 0.69(09)
768.98(06) Sm 0.39(03) 0.32(03) 0.27(03)
778.89(03) Gd 48.43(69) 48.74(90) 46.76(53)
794.84(20) Gd 0.15(03) 0.15(02) 0.11(07)
805.39(15) Sm 0.07(02) - 0.06(02)
810.45(08) Sm 1.21(03) 1.21(04) 1.17(05)
838.84(50) Sm 0.05(01) < 0.01 0.062(035)
841.61(10) Sm 0.60(03) 0.61(03) 0.60(09)
867.36(05) Sm 15.84(28) 15.83(40) 15.06(27)
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Energy

(keV)
896.59(09)

901.20(10)

919.34(08)

926.28(07)

930.67(15)

937.11(23)

958.55(50)

964.10(08)

974.23(30)

989.99(18)

1005.22(11)
1085.89(06)
1090.05(08)
1112.09(02)
1170.56(24)
1206.28(38)
1212.92(07)
1249.92(08)
1261.33(20)
1292.84(15)
1299.11(04)
1315.32(23)
1348.23(19)
1363.72(22)
1390.30(27)
1408.03(03)
1457.55(07)
1485.94(30)
1528.05(08)
1605.57(27)
1608.50(27)
1647.42(14)
1698.13(37)
1769.14(22)

Nucleus

Sm

Table (4.1) (continued)

Gd Isotope States Populated in the Decay of

Intensity related to 1(344)=100

0.21(04)
0.31(03)
1.59(04)
1.05(05)
0.30(03)
0.04(02)
0.08(03)
54.34(74)
0.07(02)
0.13(03)
2.70(10)
38.37(52)
6.22(40)
50.88(77)
0.18(03)
0.05(02)
5.44(14)
0.72(04)
0.15(02)
0.50(05)
6.19(15)
0.03(01)
0.07(01)
0.10(01)
0.024(008)
77.36(89)
1.86(08)
0.021(009)
0.98(08)
0.03(01)
0.021(005)
0.032(005)
0.022(007)
0.03(01)

cannot be placed in the decay scheme.
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0.27(03)
1.67(05)
1.04(04)
0.28(03)

0.05(02)
54.95(1.1)
0.05(01)
0.14(02)
2.80(10)
38.7(1.0)
6.70(20)
51.2(1.0)
0.20(02)
0.03(02)
5.24(11)
0.75(03)
0.15(02)
0.39(02)
6.22(15)
0.03(01)
0.07(01)
0.11(01)
< 0.01
77.9(1.5)
1.92(04)
0.99(03)
0.04(01)
< 0.02
0.03(01)

0.03:(01)

Present work Sharma etaP°® Baker et al°”

0.28(06)
1.47(05)
0.95(09)
0.27(04)
0.046(015)
0.06(03)
53.08(1.4)
0.04(01)
0.12(04)
2.34(16)
37.12(67)
6.16(29)
49.28(67)
0.13(03)
0.03(01)
5.26(20)
0.65(05)
0.13(03)
0.37(06)
6.15(34)

0.063(008)
0.098(012)
0.015(005)
76.20(2.2)
1.87(10)

1.14(07)
0.029(006)
0.021(005)
0.024(005)

0.033(004)
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pulse height spectrum. A summary of the coincidence results is given in Table

(4.2).

4.3 Decay Scheme

The decay scheme of "®"Gd , established from the coincidence results of four
gates (Table 4.2) and energy sum relations (Table 4.3), is shown in Fig. (4.7).
The logft values, spin and parity assignments, together with the (3~ energies
and its feeding branching ratios for each level, are given in Table (4.4). The
B.R’s were evaluated from the balance between the decay and the feeding 7 -
rays for each level. The logft was calculated using the Moszowski monograms
[Section 1.3]. The value of 1819.2 keV used was taken from Baglin™®. The
new levels and transitions observed in this work are shown as dotted lines in

Fig. (4.7).

Table (4.4) shows the B.R’s, logft values for the -decay of “®"Eu , and the de-
duced spins and parities. The values of B.R’s reported here agree with those re-
ported by Barratte et al®", Riedinger et a®® and Baglin®"® (within the reported
errors). The value reported Barratte et al®"* and Baglin™® for the 1108.97 (2")
keV level was as twice the value reported here. The value reported by Riedinger
et aA®® was (0.097%) which is close to the value given in this work (Table 4.4).
In this study as well as Riedinger et al®®), the 1108.97 keV transition was not
seen. If it exists it will be masked by the strong peak at 1112.09 keV. Hence,
the B.R of this work is low. However, this difference in B.R. did not affect the
logft vaiue very much and the deduced spin and parity are not affected. The
energy level at 615.54 (0+) keV could not be given a B.R from direct balance

between decay and feeding 7 -rays, but the spin and parity of this level are
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Table (4.2)

Summary of gamma-gamma coincidence results following the decay of “®"*Eu to
levels in "®"Gd.

Energy Gates (keV)

(keV) 344 411 586 779
166.91 X X X X
173.71 X — — —
192.79 X - X —
195.05 X X X X
209.35 X X X —
271.00 X - - -

315.25 X - - .

324.86 X - . .

344.25 - X X X
351.57 X — X —
367.78 X X — -

380.06 X X X X
411.12 X — — -

482.41 X X X X
493.56 X — — -

496.57 X — — -

503.46 X — X -

520.26 X X X X

Table (4.2) (continued)
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Energy Gates (keV)

(keV) 344 411 586 779
526.76 X X - ,
534.25 X - - _
557.76 X - _ —
586.31 X — — -
674.66 X - X -
678.62 X X - -
696.87 X - - -
703.46 X - - -
712.75 X - X —
764.87 X — — _
778.89 X — — —
794.84 X X — —
937.11 X X — —
974.23 X — - _
989.99 X — — -
1090.05 X — - -
1206.28 X — - —
1261.33 X - — N
1299.11 X - - -
1348.23 X - - N
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Table (4.3)
Summary of energy (keV) sum relations in nucleus.
Energy of Transition Energy Sum Energy Level

(keV) (keV) (keV)
344.25 344.25 344.25
615.83 615.83
271.00 + 344.25 615.25 615.54
411.12 + 344.25 755.39 755.39
315.25 + 271.00 + 344.25 930.50
368.31 + 344.25 930.56 930.58
930.67 930.67
344.25 + 703.46 1047.71 1047.71
493.56 + 271.00 + 344.25 1108.81
764.87 + 344.25 1109.12 1108.97
192.79 + 315.25 + 271.00 + 344.25 1123.29
367.78 + 411.12 + 344.25 1123.15 1123.19
778.89 + 344.25 1123.14
173.17 + 493.56 + 271.00 + 344.25 1281.98
351.57 + 315.25 + 271.00 + 344.25 1282.07 1282.06
526.76 + 411.12 + 344.25 1282.13
696.87 + 271.00 + 344.25 1312.12
696.87 + 615.83 1312.70 1312.41
195.05 + 367.78 + 411.12 + 344.25 1318.20
974.23 + 344.25 1318.48 1318.34
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Table (4.3) (continued)

Energy of Transition Energy Sum Energy Level

(keV) (keV) (keV)
324.86 + 493.56 + 271.00 + 344.25 1433.67
503.46 + 586.31 + 344.25 1434.02
678.62 + 411.12 + 344.25 1433.99 1433.99
1090.05 + 344.25 1434.30
166.91 + 974.23 + 344.25 1485.39
1485.94 1485.94 1485.67
794.84 + 411.12 + 344.25 1550.21
1206.28 + 344.25 1550.53 1550.37
496.57 + 493.56 + 615.83 1605.96 1605.58
557.76 + 703.46 + 344.25 1605.47
674.66 + 930.67 1605.33
1605.57 1605.57
209.35 + 503.46 + 315.25 + 271.00 + 344.25 1643.56
520.26 + 192.79 + 586.31 + 344.25 1643.61
534.25 + 764.87 + 344.25 1643.37 1643.46
712.75 + 930.67 1643.42
1643.32 1643.32
937.11 + 411.12 + 344.25 1692.48
1348.23 + 344.25 1692.48 1692.48
380.06 + 974.23 + 344.25 1698.54
1698.13 1698.13 1698.34
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well determined to be 0+. This means that the B.R. of this level must be <0.01
because this figure will give a logft value of about 16, which agrees with the

deduced spin and parity.

Table (4.5) shows experimental and theoretical K-shell conversion coefficients
for /9% -decay of "®"Eu (a&). The electron intensities are according to Malm-
sten et al™ and the relative intensities of the 7-transitions were taken from the
singles measurements reported in this study. The experimental (a&) values were
normalized to the 344.25 keV transition, which is considered fe
pure E2 transition. Good agreement between theoretical and experimental (a&)
values is shown in Table (4.5). This enables correct multipolarity for the given
transitions to be assigned, these deduced multipolarities were written in the last

column of Table (4.5).

4.3.1 Discussions of Individual Levels in

4.3.1.1 The 344.25. 615.54 and 755.39 keV levels

These are me well-known first (2+), second (0+), and third (4+) excited states in
"MAGd , which have been studied in the past through the "®"Eu decay""""V®"V'®)
deuteron inelastic scattering experiments™”, and the decay of "®"Tb by Gromov
et al™®°. The 615.54 keV 0" level has also been excited in the decay of “®"Eu in
this study since the 271.00 keV transition deexciting this state to the 344.25 keV
level has clearly been seen in coincidence with the 344.25 keV gated spectrum.
The spin of the 755.39 keV level was confirmed from the a*.value of the 411
keV transition depopulating this level (Table 4.5) to the first excited state. The

calculated logft value for this level gives another support for the 4" assignment

RH.B.N.C.
LIBRARY
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Table (4.4)

Summary of the levels properties in

Energy Qvalue

level ep = 1819.2 X]1rdecay B.R % logft
(keV) Ced decay -7-y feed

344.25 1474.95 72.86 100 27.14 7.46 12.15
615.54 1203.66 0.47 0.3 — — —
755.39 1063.81 5.23 8.44 3.21 0.88 12.52
930.58 888.62 1.15 2.22 1.07 0.30 12.73
1047.71 771.49 0.04 0.08 0.04 0.01 14.03
1108.97 710.23 0.50 0.86 0.36 0.10 12.89
1123.19 696.01 0.32 51.61 51.29 14.10 10.72
1282.06 537.14 0.02 0.16 0.14 0.04 12.77
1312.41 506.79 — 0.12 0.12 0.03 12.79
1318.34 500.86 0.08 0.10 0.02 0.01 13.49
1433.99 385.21 0.03 9.45 9.42 2.59 10.52
1485.67 333.63 — 0.06 0.06 0.02 12.44
1550.37 268.83 — 0.20 0.20 0.06 11.65
1605.58 213.55 — 0.56 0.56 0.15 10.87
1643.46 175.74 — 6.90 6.90 1.90 9.53
1692.48 126.72 — 0.11 0.11 0.03 10.88
1698.34 120.86 — 0.06 0.06 0.02 11.05
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Table (4.5)

Comparison between experimental and theoretical a* conversion coefficients.
The deduced multipolarities are shown in the last column.

Energy Experimental Theoretical a*(x10") Deduced
jr M ulti-
(keV) Qk(x 10%) El E2 M1 polarity
271.00 o+ 2+ 302 (118) 207 764 1299 E2
31525 2+ o0+ 218 (141) 125 419 759 E2
34425 2+ 0+ 300 (17) 104 341 628 E2
367.78 3" -> 4+ 60.08 (8.6) 93.07 300 556 El
411.12 4+ 2+ 173 (18) 72 225 423 E2
503.46 3+ 2+ 103 (35) 43 123 239 E2
586.31 2+ 2+ 262 (50) 33 174 291 Ml
61583 o+ 0+ 8333 (2421) 29 80 152 EO
678.62 3+ 4+ 46 (16) 21 54 103 E2
764.87 2+ 2+ 50 (17) 18 46 86 E2
778.89 3" 2+ 16.31 (1.9) 17 45 82 El
1299.11 2% -> 2+ 8.04 (2.06) 6.7 16 25 El
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for it (Table 4.5). The IBM calculations ofthe ground state band 2“* and 4™ are
found to be in poor agreement with the experimental values, while the 615.25

keV (0+) is in very good agreement.

4.3.1.2 The 930.58 keV (2+" level

The existence of this level was established by Toth et a®® and Dzhelepov et
a™® in the decay of “®"Eu . Furthermore, Gromov et a"®® have reported the
population of this state in the decay of “®"Tb and Bloch et al"®" found that this
level had a rather large cross section in their "®"Gd (d,d') experiments. The
presence of the 586.31 and 315.25 keV transitions in the 344 keV gated spectrum
totally verifies the existence of this level. The conversion coefficient of the 315.25
keV transition is consistent with the E2 character that is expected. The 930.67
keV transition is the crossover decaying to the ground state of "®'Gd . The
angular correlation by Barratte et alV® showed that the 586.31 keV transition
{2p —2") has a relatively large M1 mixing [see Table (4.5) and Ref. (117)]. The

IBM prediction gave a lower value of energy for this level than the experimental.

4.3.1.3 The 1047.71 keV (O+I level

The existence of this level was established by Gromov et a"®® who in their
electron conversion measurements on the “®"Tb decay placed two EG transitions
as de-exciting this level to 615.54 keV (0*) level and to the ground state. It
is believed that the presence of this level in "®"Gd has been detected in this
work. In fact, in the "*"Eu decay the 703.46 keV transition was found to be in
the 703.46 transition, this 7 -ray must decay directly to the 344.25 keV level from
the 1047.71 keV (0+) state. The 1047.71 keV level does not seem to be detected
in the work of Bloch et al"®" and Sharma et al"®®. This is a probable indication

that this state does not have collective characteristics. The IBM calculation
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[Section 4.5.2] suggests that there should be an 0+ level, but is higher value

than the experimental [Table 4.6].

4.3.1.4 The 1108.97 keV (2+) level

This level is assigned as 2+ on the basis of the 764.87 keV and supported by
Gromov et aP®®. Coincidence measurements also established this level which
is depopulated by the 493.56 and the 192.79 keV transitions to the 0+ and 2+
respectively. The IBM predicted a value as 2+, which agrees with the experi-

mental.

4.3.1.5 The 1123.19 keV (S~) level

This state is the lowest negative-parity level established in the past*"®®"“"""“\®,
The 3“ assignment follows from the El character of the 778.89 and 367.78 keV
transitions [Table 4.5], and agrees with that made previously by Bloch et al"®".

The spin and parity were also confirmed from logft values [Table 4.4].

4.3.1.6 The 1282.06 keV (4+1 level

Bloch et al"®" observed this level in (d,d') reaction and proposed the 4" assign-
ment. It has been observed by Gono et al*, who was able to excite several
states in “®"Gd by the "®Sm (cK2n) ""Gd and "®"Eu (p,2n) ""Gd reactions.
The coincidence experiments show that 526.76 and 351.57 keV transitions feed
the 755.39 and 930.58 keV levels respectively. It is believed that the presence of
this level in “"®"Gd has also been envisaged in this investigation since two weak
transitions 526.76 and 351.57 keV have been detected in the decay of "®"Eu .
These two gamma-rays could not be placed elsewhere in the decay scheme of
both "®"Sm and ""Gd except by involving the existence of a level at 1282.06

keV in "~Gd , in agreement with previous result®The spin and parity are
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confirmed as well from logft value and our IBM calculations [see Tables 4.5 and

4.6].

4.3.1.7 The 1312.41 keV (1~) level

This level is suggested by the new transition at 696.87 keV which is in weak coin-
cidence with the 344 keV gate. Such a level was inferred by early work"®®"®"™R)
on the decay of "®*Tb (ti =17.5 h). The present logft value of 12.8 is consistent
with a spin parity of 1* as suggested by theoretical studies”* on the negative

parity states of "®"Gd .

4.3.1.8 The 1318.34 keV (2+1 level

The existence of this state in "®"Gd levels structure is inferred from de-exciting
of the 195.05 and 974.23 keV to the 3“ and 2™ levels respectively. This is
in agreement with the Gromov et a"®® and Zolnowski et al™®. The spin and

parity of this level is supported from logft values and the IBM calculation.

4.3.1.9 The 1433.99 keV (3+1 level

The existence of a state at 1433.99 keV is confirmed by the observance of the
1090.05, 678.62, and 503.46 transitions in coincidence with the 344.25, 411.12
and 586.31 keV transitions, respectively. Varnell et al™® placed this level cor-
rectly, which is in good agreement with the present result. The angular corre-
lation experiments”established the spin value of this state as 3™, which
the IBM predicted as a lower value. This assignment is also consistent with the

fact that the 1433.99 keV level is not observed in (d,d') experiments"®®.

4.3.1.10 The 1485.67 keV level

The new level at 1485.67 keV is suggested by the observance of two new transi-

tions at 166.91 and 1485.94 keV. The 1485.94 keV transition goes direct to the
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ground state, and is seen in the singles only, but as the 166.9 keV gamma-ray
is in strong coincidence with the 779 keV gate, it is considered to populate the
level at 1318.3 keV. The present study of the IBM calculations do suggest that
these should be an 0+ level between 1460 and 1490 keV. This assignment is

supported by the decay of "®"Tb , Zolnowski et a™V®

4.3.1.11 The 1550.37 keV (4+1 level

This level has been found by Barratte et al®. Coincidence measurements con-
firm the existence of the level 1550.37, keV since the 1206.28 and 794.84 keV
transitions de-exciting this state have been detected in the 344.25 and 411.12
keV gated spectrum, respectively. The spin and parity of this level is supported

from the logft values [Table 4.5] and the IBM calculation.

4.3.1.12 The 1605.58 keV (2+1 level

The E2 character of the 989.99 keV transition decaying to the O™ state at
615.25 keV suggests the 2" assignment for this level ®®Y®. This assignment is
confirmed by the decay characteristics of this level, as envisaged in this study of
the "®®Eu decay. The 1605.58 keV transition is placed to the ground state. The
1261.33, 674.66, 557.76 and 496.57 keV transitions de-exciting to the 2+ first
excited state, fourth excited state (2'), fifth excited state (0~) and sixth excited
state (2) in "®"Gd , respectively, have been detected in the gating spectra

The 674.66 7-ray is a composite transition, and it was found, in this study, by
the coincidence measurements, and therefore can be placed in the level
structure. That is supported by other works"®®”®R There is a good agreement

with the IBM prediction.
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4.3.1.13 The 1643.46 keV (2~) level

The 1643.46 keV level has been assigned spin and parity 2~ on the basis of
directional correlation”and convers.ion coefficient measurement

The 712.75 keV transition as de—excitingl%643.46 state to the 930.67 keV (2+)
is detected in the 586 keV gated spectrum, which would be very reasonable on
the basis of spin consideration”®. Futhermore, the 1299.11, 534.25, 520.26, and
209.35 keV transitions are placed between this level and 344.25 (2+), 1108.97
(2%, 1123.19 (3“) and 1433.99 (3"™") keV states, respectively. The placing of
these transitions are supported by the present coincidence measurements [Table

4.2] and energy sum relations. The present logft value of 9.53 is consistent with

a spin and parity of 2, as suggested earlier.
4.3.1.14 The 1692.48 keV (4+* level

The existence of the 1692.48 keV level is supported by the coincidence mea-
surements and, decays via 1348.23 and 937.11 keV which were detected in
coincidence with the 344.25 and 411.12 keV transitions. The absence of a tran-
sition to the ground state and the E2 nature™® of the 1348.23 keV transition
make the 4" assignment most likely. This assignmentj”supported by the logft

value and the IBM calculation is in very good agreement.

4.3.1.15 The 1698.34 keV (2+1 level

The new level at 1698.34 keV is suggested by the transition at 380.06 and
1698.13 keV: the former is in weak coincidence with the 344 and 586 keV gates,
so it can go to the well established level at 1318.34 keV; the latter is seen
in singles only, as it is direct to the ground state. The logft value of 10.6 is

consistent with a spin and parity of 2*), which would be required of a second
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level in a third /g-band starting with the 0+ state at 1485.89 keV. Such a /5-band

is found in the IBM calculations, but the 2" state is raised higher in energy.

4.4 Nuclear Model Calculations

4.4.1 Collective Model

- The nucleus with 64 protons and 88 neutrons (as well as
the nucleus with 62 protons and 88 neutrons) lies at the edge of the so-
called transitional region, namely the region where the level properties of the
nuclei having N<88 seem to be drastically different from those of nuclei having
N>90. In the usual simple picture, the nuclei with N<88 are said to belong
to the “vibrational region”, whereas the nuclei with N>90 form a “rotational
region”. Shiline et aFR® was the first to propose the existence of a correlation
in the level structure of the “transitional” nuclei. Sakai et aFR® suggest that
the so-called “vibrational” nuclei should be regarded more in a framework of
a rotational picture than a vibrational one. In this respect, following Sakai’s
idea, ground-state rotational, /3- and 7-bands should be present also in

This suggestion, as far as the nucleus is concerned, is supported by
other work " RRER®"R®®R"™. The "®®Gd is considered as a deformed nucleus and
calculation based on rotational theory will be applied to it. The two parameters
A and B from Eq. (2.2.2.6) where determined by fitting the experimental ener-
gies of the first two excited states of the bands. Table (4.6) shows together the
energies found experimentally and also the theoretical calculations. Fig. (4.8)
shows the experimental and theoretical (rotational) energy levels as determined

in this work.
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The experimental results ¢ : in this work for ,and the data obtained
in a previous investigation®"V"¥¥R®, show in a negt and dramatic manner that
the "®"Gd displays a rotational nature, and not a vibrational one as previously
suggested®®R This is shown in Figs. (4.8, 4.9), where the experimental states

in and theoretical calculation are presented for comparison.

4.4.1.1 The ground state band

A ground state band has been proposed with levels at 344.25 (2+) and 755.39

(4+) in and is also observed in the (17.5 h) decay.

4.4.1.2 The /9-band

The 0+,2+ and 4" levels of this band are observed in this work and have energies
of 615.54, 930.58 and 1282.06 keV. Several workers supported the interpretation

of these levels as members of a /?7-band (k”=0 y"RRR"VRR"RRVRVR RR®R"

If these levels are indeed analogous to /5-vibrational levels in deformed nuclei,
one would expect the relative B(E2) ratioS> for these levels to be similar to
those for the /5-bands in the nearby deformed nuclei “®Gd and "®®Sm, as can
be seen from Table (4.7). Another piece of evidence is found in (d,d') reaction
studies”®®, where the excitation cross sections for these “-bands levels resemble
those found for /5-bands in deformed nuclei. The fact that the level spacing is
less than that found in the ground state band also indicates a more collective

nature for these levels.
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Table (4.6)

The energies of levels in found experimentally compared with the rota-
tional model and IBM (for positive parity) calculations.

Energy Energy (keV)

Band Experiment Rotor IBM
2+ 9 344.25 344.25 399
0+ B 615.54 615.25 619
4+ 9 755.39 755.39 792
2+ 3 930.58 930.58 828
0+ 3 1047.71 1047.71 1081
2+ 7 1108.97 1108.97 1027
3" - 1123.19 1123.19 -
4+ 3 1282.06 1282.06 1195
1- - 1312.41 1312.41 -
2+ 3 1318.34 1318.36 1344
3+ ] 1433.99 1433.99 1347
0+ 3 1485.67 1485.67 1461
4+ 7 1550.37 1632.88 1459
2+ 7 1605.58 1605.58 1595
2" - 1643.46 1643.46 -
4+ P 1692.48 1692.48 1689
2+ 3 1698.34 1698.34 1832
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4.4.1.3 The second 5-band

At approximately twice the energy of the /5-vibrational band in deformed nuclei,
one would expect to find a rotational band (k=0) corresponding to the coupling
of two /5-vibrational phonons. It is expected that the members of such a band
would decay preferentially to one-phonon states rather than to the members of

the ground state rotational band.

A group of levels analogous to such a band is observed in with energies
1047.71 (O™"), 1318.34 (2""), and 1692.48 (4*). A similar one has been observed

in “®'Gd by Meyer et a®®, who describes it as a second P band.

4.4.1.4 The third 5-band

The level at 1485.67 is assigned as the band-head of the third k=0 band*"*,
since such a band is expected to be located in at about 2 MeV. This
is supported by our IBM calculations for this assignment and the 1698.34 keV

(2™) is a first excited state for this band.

4.4.1.5 The 7-band

The 2",3"*" and 4™ levels of this band are observed at 1108.97, 1433.99, and
1550.37 keV, respectively. The apparent absence of any EO admixture in the
764.87 keV 2]| — 2" transition supports a “k=2" designation. Both the 1108.97
and 1550.37 keV levels are seen in (d,d") reaction studies and hence are probably
collective states. The experimental B(E2) ratios for the members of this band
are given in Table (4.8) and are compared to other transitional nuclei and the

theoretical prediction of the IBM.
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Table (4.7)

Experimental B(E2) branching ratios for transitions from positive parity states

in compared with adiabatic rotor"®*".
Transition Energy Sy B(E2) Ratio

level '
E./E (kev) et Experimental Theory IBM
315.25 o

93058 B 229 (0.39) 0.70 0.807
586.31 2/3 —= 2g
930.67 23-0O¢g

930.58 0.017 (0.002) 0.70 0.049
586.31 237N 2,
351.57

1282.06 3 23 10.07 (4.2) 1.1 3.419
526.76 4~ > 4g
1206.28

155037 7 0.042  (0.018) 1.1 0.067
794 .84 4N 4g
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4.4.1.6 The second 7-band

It is possible to have a two-phonon state resulting from the coupling of one
/S-vibrational phonon and one 7-vibrational phonon. The band-head energy of
such state would be expected to be approximately the sum of S5and 7-band-
heads. The 1605.58 (2") keV level in *"®®Gd is predicted as a member of the
second 7-band in the present IBM calculations. The assignment of this level,
supported by studies of the decay of the 496.57 keV transition between the
1" Jevel at 1605.58 and the 2™ state of the 7-band at 1108.97 keV, has a
large internal conversion coefficient"*®, thus indicating the likelihood of some
EO admixture. Anderson and Ewan*®" have reported large EO components
in the transitions between 2 and 3" levels of a second k=2 band and the
corresponding and 3" level of the k=2 7-vibrational band for the case of
A®"Gd, They have suggested that the upper k=2 band may be a /9-virational

band built on the 7-vibrational band.

4.4.1.7 The Negative Parity States

In the transition to a deformed equilibrium shape the octupole states found in
spherical nuclei are expected to separate into K = 0~,1“,2” and 3“ compo-
nents. The k=0 band is predicted to be the lowest in energy, and to be the

most collective in character’®®,

In "®®Gd 3“ and 1”, levels were observed at 1123.19 keV and 1312.41 keV,
respectively, The B(E1) ratios for transitions from these levels are given in
Table (4.9), and are compared to the ratios for k=0 octupole states in other
transitional nuclei. The inverted order of the I~ and 3 states may be due to a

Ak=1 coupling with the k=1 band and possibly other negative bands nearby.
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B(E2) Ratio for 7-bands.

Energy
level
(keV)

1108.97

1433.99

1433.99

1550.29

Ji —>Jf

/\7 /\9

Sy —->2y
27 2j

4n —52j
47- 4,
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Table (4.8)

B(E2) Ratios

(2) ¥ Sm  (b)

1.31(0.25) 0.14(0.05) —

1.00(0.09) 1.26(0.04) 1.19(0.03)
18.46(0.69) 18.74(1.56) 80.20(3.24)
0.04(0.01) 0.15(0.02) 0.09(0.06))

(a) Calculated from the intensities given in Ref. [13]. The level energies in "®"Gd
are 996.3 (2+), 1127.8 (3+) and 1263.8 keV (4+).

(b) Calculated from the intensities given in Table (4.1). The level energies in "®RSm
are 1086.10 (2+), 1234.15 (3+) and 1371.71 keV (4+).
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Because this coupling would shift the odd-spin members of k=1 band to higher
energies, the lowest observed member of the k=1 band is the 2” state at 1643.46
keV. A similar inversion of levels is observed in the neighboring, nucleus "®"Gd.
The B(E1) ratios for transitions from the 1643.46 keV are also given in Table

(4.9).

4.4.2 The IBM Calculations and Result

The was considered as a deformed nucleus, showing rotational spectra

as reported 97,98,102,118 However, rotational theory expects R= 3.33 by Bloch
et aF®®, whereas the experimental value is 2.2, closer to the value of 2.0 as
expected for a vibrational nucleus. Since a spherical nucleus should exhibit
vibrational characteristics, Casten et a®® suggested that should exist
in a region where a spherical-deformed phase transition is occurring. It is to
be expected that such a nucleus should be described in terms of the IBM, as

transitional between the SU(5) vibrational, and SU(3) rotational, limits.

The calculationswere done using the IBM computer codes PHINT for energies
and FBEM for B(E2) values®®. The number of bosons implied by the number
of valence neutrons and protons in "®®Gd is 10. The inclusion of an F boson, to
generate negative parity states, then producesa severe computational problem
in terms of the dimensions of the matrices, which must be diagonalized. For

this reason, the calculations have been limited to the positive parity bands.

With the framework of the IBM®®) the is considered as transitional
nucleus between SU(5) and SUQ)"®R'®®", and calculations were made with

transitional Hamiltonian [Eq. (2.3.3.a.1)].
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Table (4.9)

B(E1) Ratios for transitions from negative-parity states.

Energy Ji —»If B(E1) Ratios
level Ji > J
(keV) P> Jf # Gd (@) i”Sm (b)
3. 4+
1123.19 s 0.62(0.01) 1.27(0.38) 1.51(0.25)
2- -t 2of
1643.46 - 0.36(0.03) 0.26(0.01) 0.31(0.07)
2= 2,
- - A
1643.46 2T 0.35(0.07) 0.18(0.03) 36.74(1.31)
2 -
2- 3
1643.46 3320129 0.04(0.01) 0.59(0.03))
2= =, 2

(a) Calculated from the intensities given in Ref. [105]. The level energies in
are 1251.6 (3") and 1397.53 keV (2~).

(b) Calculated from the intensities given inTable (4.1). The level energy in "®*Sm
are 1041.12 (3“) and 1529.86 keV (2") [see Fig. (5.8)].
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In the calculation of B(E2) values, the two parameters Q2 and P2of Eq. (2.3.1.6)
were adjusted to approximately reproduce the measured B(E2, 2i Oi) for
excitations of 2* members of the ground state and gamma-vibrational bands,

respectively.

The present IBM calculation predicts the new /5-band with the new levels at
1485.67 and 1698.34 keV. The assignment ofthe 1485.67 keV level is 0", which is
reported by Zolnowiski et and is predicted in the present IBM calculation.
The 1698.34 keV level is considered to be 2™, and is predicted in the IBM
calculations, although the latter gives a higher values than the experimental
energy level. The result of the calculations for the energy levels are shown
in Fig. (4.9) and compared with the experiment, while Table (4.6) listed the

energy levels.

The values of the parameters used are the first four of the Table (4.10), whereas
the remaining two were needed for the calculation ofthe B(E2) values presented
in Table (4.11), which is compared with the data from Gupta”**. All experi-
mental transitions shown in Table (4.11) are assumed to be pure E2, and the

corresponding B(E2) values were deduced™'".

The above Eq. (4.4.2.1) was used, where Ey is the gamma ray transition in
keV, ti(expt) is the half life of a given transition whose value is obtained from

Baglin"® and is the total conversion coefficient.

It can be seen from Fig. (4.9) that the entire theoretical sequence of states
has been well reproduced, and is in agreement with the experimental results.
Table (4.11) shows a remarkable agreement between theory and experiment for

transitions originating within the ground state.
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4.5 Conclusion

The nuclear structure of the more “spherical” nuclei seems to show a
rotational nature more than a “vibrational” one as previously suggested®In
fact, following a suggestion put forth by Seline”'®, and reported in more detail in
previous works®”d03[ii8)i26,i29" states that groups oflevels, which can be labelled
as ground state, ,5-and 7-vibrational bands, seem to be present in "®"Gd . The
observation of band structure in "®"Gd is similar to that observed in "®"Gd as
a weakly deformed nucleus® ® The rotational theory expects R=3.33 (Bloch
et aF®®) for the first two excited states (2* and 4'") of the ground state band,
whereas the experimental value is 2.2, is closer to the value 2.0 as expected
for a vibrational nucleus. Since a spherical nucleus should exhibit vibrational
characteristics, Casten®® suggested that should exist in a region where a
spherical to deformed phase transition is occurring. It is to be expected that
such a nucleus should be described in term of the IBM as transitional between
the SU(5) vibrational, and SU(3) rotational limits. Recently®®"®®Gd has
also been compared with such transitional IBM calculations. The experimental
results agree remarkably with the IBM calculations are listed in Table (4.6)
and shown in Fig. (4.9). The parameters used in the IBM calculation are
listed in Table (4.10). The IBM calculation predicts a third /9-band using Eq.
(2.3.3.a.1). Full Hamiltonian and pure SU(5) [Eqs. (2.3.1.4), (2.3.2.7)] were
used to compare them with the transitional result, but gave poor agreement

and could not explain the "®"Gd in terms of transitional nucleus.
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Table (4.10)

Parameters used in programs PHINT and FBEM to calculate positive parity
states and absolute B(E2) values.

EPS PAIR ELL QQ E2SD E2DD
(MeV) (MeV) (MeV) (MeV) (eb) (eb)
0.3910 - 0.00221 0.0010 -0.0210 0.1897 -0.1190
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Table (4.11)

Experimental absolute B(E2) values (e®b®) in comparison with IBM prediction.

Energy Transition B(E2) Values

(keV) Ji Jf Experiment Gupta 45 IBM
344.25 20+ -4 00+ 0.327 0.330 0.327
411.12 40+ 20+ 0.643 0.640 0.647
586.31 20+ > 20+ 0.110 0.077 0.371
271.00 00+ -4 20+ 0.958 0.850 0.841
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Table (4.7) shows the B(E2) ratios from some positive parity states. The the-
oretical values®" were calculated using the adiabatic rotor modeH®”" While the
experimental values for the transitional nucleus were in full agreement with
the IBM prediction, there was a significant departure with the rotor model
theory. This indicated that these states are quasi-rotational. The ratio of
B(E2,494)/B(E2,765) from the 7-band at level 1108.97 keV to /3-band at level
615.54 keV and to level 344.25 keV ground band is 0.45 £ 0.06. The experi-

mental B(E2) values were in full agreement with IBM prediction (Table 4.11).

The decay scheme of has been studied on several occasions®*'®®

and were mostly singles measurements. Sharma”"®® provided the most complete
list of energies and intensities, but, however, missed many. In this study using
singles and coincidence techniques, the analysis has shown eight new transi-
tions. There are several differences in many of the intensity and energy values
previously reported® &R\ "®"\"*. However, a remarkable agreement is observed

with Baker et aH®" and Sharma et [Table (4.1)].

The Ge(Li)-Ge(Li) coincidence measurements carried out in this study and the
energy values of the 7-rays do not allow any other placing of the transitions

except that established in Fig. (4.7).

IsmaiP* has proposed a new level at 1381 keV (4+), which depopulates

the 258 keV transition. This level has not been reported in previous
works® VRV ®4“ M2, In this study it could neither be supported experimentally,
nor predicted by the IBM calculations. It is therefore believed that the 258 keV

transition is background from the in the reactor.

The transition 1643.60 keV, which was detected by Sharma et al"®®), who
could not place it in the decay scheme, has also been observed in this investi-

gation insingles, but not in coincidence,is considered as due to summing effects
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(1643.36 = 344.25 + 1299.11). The placement of the 674.66 keV transition be-

tween level 1605.58 keV (2+) and level 930.58 keV (2+) in is supported
by other works®®dZ3"

Three new levels have been introduced together with eight new transitions. The
existence of these levels has been confirmed from coincidence data and theoreti-
cal calculations. The spins and parities for these levels have been assigned from
logft values and other possible information. For level at 1550.37 keV the spin
was confirmed as 4+, the spin of the level 1692.48 keV was confirmed to be the
new value 4+. The spin of the level 1605.58 keV is confirmed to be 2+. The
new levels at 1485.67 and 1698.34 keV were assigned spin and parity values of
0+ and 2+, respectively, for the third /3-band. The new level at 1312.41 keV
was assigned to be (1), this level forms together with the level 1123.19 keV
(3“) an octupole band. The new energy 195.05 keV was placed in the decay

scheme according to the coincidence data.
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CHAPTER V
STUDIES OF THE LOW-LYING STATES
IN i®Sm ISOTOPE

5.1 Introduction

has a very long half life (ti=13.33 y). It decays by EC and /3+ to
establish the decay scheme of “®'Sm . Nuclei with N=90 are belive</to be
slightly deformed, and therefore show rotational-like spectra. The even-even
"®®Sm nucleus lies on the edge of this deformation region™’®& This left many
authors to consider it as transitional between spherical and deformed nuclei.
The region of deformed nuclei extends from A=150 to 190. As a consequence of
the nuclear “softness”, the /3 and 7 -vibrational bands lie at lower excitation
energies than the corresponding states of more rigid nuclei in the middle of the

deformed rare-earth region®”.

The B(E2) branching ratios show disagreement with rotation theory even if the
mixing of (3 and 7 bands into ground state band (first order effect) or the mixing
of the (3 and 7 bands into each other (second order effect) are allowed. This is
a general feature of all the rotational nuclei clustering around the “transitional
region”"®® and cannot be explained by the simple collective model of Bohr and
Mottelson®. The level at 1293 keV is of special interest. Schick®®® suggested
that this level may be the 2+ member of the two phonon /3-vibrational band.
The result from the two nucleon transfer reaction supportsthis .o, oacnrs0.iss

In the (t,p) reaction on "®®Sm leading to states in “®®Sm , Hinds et al*o and

Passoja et al**i found evidence for the 0" states; the ground state, the /3
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vibrational band-head and the 1082 keV (unseen). This suggests that there
is “spherical” excitation coexisting with rotational excitation. Therefore,
an interaction between spherical and deformed states in "®'Sm is expected
to happen. In this work, the rotational collective model was applied to
calculate the energy spectra, which were compared with the experimental
results. Comparisons were made with predictions of the IBM calculation on
the basis of transitional*"”42 nucleus between the SU(5) vibrational and the

SU(3) rotational limits.

The results of this study of the intensities of the 7-rays emitted in the decay of
"®®Eu were given in the previous chapter. Table (4.1) shows that five new
transitions were observed in case of "®®Sm (one of these confirmation of a
transition reported only by Baglin®'®). The existence of two new energy levels
was confirmed from coincidence and energy band calculations. The logft values

and multipolarities were calculated, spins and parities deduced.

5.2 Singles and Coincidence Spectra

In chapter IV, the method of measuring the singles spectra following the decay
of "®®Eu was described. These spectra were shown in Fig. (4.1) and the
results were tabulated in Table (4.1). Although the most extensive coincidence
measurements on the "®'Smisotope were carried out by Baker et aF®4" the most
complete analysis were reported by Barratte et al® who only took two gates
(122 and 689 keV) to establish the decay scheme. During the course of this
study the seven gates at 122, 244, 444, 686, 842, 919, 964 keV were chosen to
provide sufficient coincidence data to establish the decay scheme. These gates

provide a large amount of coincidence data and are well separated from other
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Table (5.1)
Summary of the 7-7 coincidence results from the decay of the *®"Eu.
Energy Gates (keV)
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Table (5.1) (continued)

Energy Gates (keV)
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transitions in the spectrum of "®®Fu , and at the same time are quite strong
peaks. The 121.78 keV transition depopulates the first excited state to the
ground state. This means that most of the transitions are in coincidence with
this energy. Hence, the first step in coincidence investigations is to take this
transition as a gating energy, especially as it leads to a very prominent and well-
separated peak. The 443.97 keV transition was suggested to be doublet™®"®R)
thus this gate provides vital coincidence data to investigate this suggestion, in
addition to the fact that this line is a well-separated peak (Fig. 4.1). The
two gates 689 and 842 keV provide useful coincidence information for the levels
which lie in the middle of the decay scheme. The 919 keV gives coincidence
data for the existence of the new transition 395.75 keV and the new energy
level at 1436.65 (2+) keV which decays by 395.75 keV transition to the level
at 1041.17 (3“) keV. The 964 keV gate gives coincidence data for the existence
of the new transition 595.61 keV and the new level at 1681.56 (4 ) keV which
decays by the new transitions 389.07 and 595.61 keV to the levels 1371.71 (4+)
and 1086.10 (2+) keV respectively. The results of these measurements were

given in Table (5.1). The coincidence spectra are shown in Figs. (5.1-7).

5,3 Decay Scheme and Level Properties

The decay scheme was established on the basis of the coincidence results of the

seven gates (Table 5.1) and the energy sum relations as given iMTlable (5.2).
Mfiff, C5'S)

The decay scheme is shownj~the logft values, the electron capture (E.C) feeding

branching ratios (If;c), the spins, the K quantum numbers, the parities and

finally, the energy levels in keV. The number at the base of the arrow indicates

the energy of the transition. The new transitions and levels reported in this

study are shown as dotted lines.
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Studies of the low-lying states in

Table (5.2)

summary of energy (keV) sum relations for

121.78

121.78 +
121.78 +
340.23 +
125.69 +
44397 +
688.65 +
810.45

841.61 +
964.10

316.20 +
656.47 +
901.20 +
674.66 +
919.34 +
275.43 +
719.32 +
964.10 +
1085.89
147:94 +
271.00 +
423.45 +
867.36 +

Energy of Transition

244.58
563.96
244 .bS +
563.96 +
244.68 +
121.78

121.78

340.23 +
244.68 +
121.78
244.68 +
121.78
125.69 +
244.68 +
121.78

27543 +
841.61 +
688.65+
244.68 +

Sm Isotope/ch.5

Energy Sum Energy Level

1112.09 + 121.78
251.61 + 674.66 +
329.35 + 841.61 +
482.41 + 688.65+
926.28 + 244.68 +
1170.56 + 121.78
1292.84

186.15 + 719.32 +
664.83 + 340.23 +

1005.22 + 244.68 + 121.78

1249.92 + 121.78

(keV) (keV) (keV)
m121.78 121.78
..... 366.46 366.46
“ 685.74 685.74
121.78 706.69 mm 706.69
121.78 " 1811.43
121.78 810.42
810.43 810.69
810.45
963.39
964.10 963.75
244.68 + 121.78 ' 1022.89
121.78 1022.93 1022.93
1022.98
121.78 r041.12
1041.12 1041.12
563.96 + 121.78 1086.86
121.78 1085.78
1085.88 1086.10
1085.89
125.69 + 563.96 + 121.78 1234.80" m
121.78 1234.39
121.78 1233.88 1234.15
121.78 1233.82
1233.87
244.68 + 121.78 1292.73
121.78 1292.74
121.78 1292.84
121.78 1292.74 1292.71
1292.34
1292.84
244.68 + 121.78 1371.93
244.68 + 121.78 1371.52
1371.68 1371.71
1371.70
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Table (5.2) (continued)

Energy of Transition Energy Sum Energy Level
(keV) (keV) (keV)
202.51 + 867.35 + 244.58 + 121.75 1436.43
395.75 + 919.34 + 121.78 1436.87 1436.65
237.38 + 926.28 + 244.68 + 121.78 1530.12
295.91 + 867.36 + 244.68 + 121.78 1529.73
44397 + 964.10 + 121.78 1529.85
566.50 + 841.61 + 121.78 1529.89 1529.86
719.32 + 688.65 + 121.78 1529.75
1408.03 + 121.78 1529.81
207.31 + 286.15 + 719.32 + 244.68 + 121.78 1579.24
493.56 + 275.43 + 688.65 + 121.78 1579.42
556.48 + 316.20 + 340.23 + 244.68 + 121.78 1579.37
615.83 + 841.61 + 121.78 1579.22 1579.34
768.98 + 443.97 + 244.68 + 121.78 1579.41
1212.92 + 244.68 + 121.78 1579.38
1457.55 + 121.78 1579.33
212.50 + 395.75 + 919.34 + 121.78 1649.37
416.01 + 867.36 + 244.68 + 121.78 1649.83
563.96 + 964.10 + 121.78 1649.84 1649.63
838.84 + 688.65 + 121.78 1649.27
1528.05 + 121.78 1649.83
389.07 + 1170.56 + 121.78 ml681.4T'
595.61 + 964.10 + 121.78 1681.49 1681.56
131532 + 244.68+ 121.78 1681.78
644.29 + 964.10 + 121.78 1730.17 n
1363.72 + 244.68 + 121.78 1730.18 1730.21
1608.50 + 121.78 1730.28
185.92 + 1005.22 + 244.68 + 121.78 1757.60
523.11 + 867.36 + 244.68 + 121.78 1756.93
671.21 + 964.10 + 121.78 1757.09 1757.10
1390.30 + 244.68 + 121.78 1756.76
139747 + 719.32 + 688.65 + 121.78 1769.22
727.42 + 919.34 + 121.78 1768.54
805.39 + 841.61 + 121.78 1768.78
958.55 + 688.65 + 121.78 1768.98 1768.98
1647.42 + 121.78 1769.20
1769.14 1769.14

169



Studies of the low-lying states in “""Sm Isotope/ch.5

Table (5.3) shows the EC+/9'"*' branching ratios (B.Rs) of the decay of s
the logft values and the deduced spins and parities for the energy levels. The
B.Rs were calculated from the balance between the decay and the feeding of
the 7-rays for each level . The results match well with the values reported
previously"®&YN 1 d44 value for 121.78 keV could not be obtained in this
study, neither from Barratte et al®. Therefore, the value provided by Baglin**
was adopted here. For the 366.46 keV level the reported values are variable;
1.7% Riedinger et a®®, 0.76% Barratte et al®", 0.8% Baglin®**. In this study
a value of 0.13% was calculated. The level at 685.74 (O"™) and 1436.65 (2*")
keV could not be assigned a B.R in same way as the other levels because the
intensities of the feeding 7-rays were greater than the decay ones. The logft
values were calculated according to Lederer et aF"® as well as the endpoint
energy of the conversion electrons (Q*=1876.9 keV). The spins and parities of
the levels were deduced according to the selection rules T he theoretical At,
Rosel et al®®, were compared with the experimental values in Table (5.4). The
experimental values were obtained using the conversion electron intensities”

and the calculated 7-rays relative intensities (Ly). The experimental at were
normalized to the pure E2 multipolarity of the first excited state (344 keV) in
(see chapter IV). In most cases there is full agreement with the predicted
values of at, and hence the multipolarity for the transition can be assigned
with confidence. Thus, the spins and parities of the levels depopulatedby these

transitions can be compared with those deduced from logft values.
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Table (5.3)

The beta branching ratios | ogft values, spins and parities assignments for levels
in nucleus.

Energy Qvalue
level e = 1819.2 "~rdecay B.R % logft
(keV) ¥ed decay —Ty feed
121.78 1758.12 223.01  106.58 — 1.62 11.39
366.46 1513.44 28.91 29.64 0.73 0.20 12.24
685.74 1194.16 0.09 0.09 — — —
706.69 1173.21 0.06 0.08 0.02 0.01 14.48
810.69 1069.21 1.61 5.82 4.66 1.28 11.23
963.75 916.15 1.04 1.10 0.04 0.02 13.75
1022.93 8576.97 0.06 0.88 0.82 0.23 11.82
1041.12 838.78 0.76 2.24 1.48 0.41 11.57
1086.10 793.80 12.61 93.24 80.63 22.17 9.81
1234.15 645.75 2.23 66.96 64.73 17.79 9.77
1292.71 587.19 0.06 2.57 2.51 0.69 11.10
1371.71 508.14 0.23 3.57 3.34 0.92 10.89
1436.65 443.25 0.09 0.05 — — —
1529.86 350.04 0.04 ~ 91.81 91.77 25.23 9.25
1579.34 299.93 — 7.85 7.85 2.16 10.24
1649.63 230.27 — 3.34 3.34 0.92 10.37
1681.56 198.34 — 0.16 0.16 0.05 11.55
1730.21 149.69 — 0.16 0.16 0.05 11.36
1757.10 122.80 — 0.38 0.38 0.11 10.83
1768.98 110.92 — 0.36 0.36 0.10 10.78
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Table (5.4)

Deduced multipolarities from k-shell internal conversion coefficients for "®®Sm.

Energy

(keV)
121.78

244.68
295.91
443.97
488.68
563.97
566.50
656.47
674.66
688.65
719.32
810.45
867.36
964.10
1005.22
1085.89
1112.09
1212.92

1408.03

jr

2+ 0+
4+ 2+
2" 3+
2" 2+
2 3"
2% 2+
2« 1
4+ -V 4+
3~ >4+
2+ 2+
2~ 2+
2+ -4 0+
34+ ->4+
2+ 2+
4+ -4 4+
2+ 0+
3+ 2+
3" -4 4+
2" -4 2+

Experimental

ik(x107)

6098

748

85

43

117

35

119

431

11

347

40

30

26

22

22

18

16

22

4.2

(414)
(1)
(18)
(46)
(22)
(16)
(50)
(87)
(19)
(33)
(17)
(13)
€))
(2)
@)
(2)
(2)

(6)
(0.4)

Theoretical at(x10O") Deduced

El
1391

238
148
52
42
33
32
22
20
18
18
15
18

10

172

E2

6856

933

545

159

121

93

92

59

52

49

46

38

33

24

21

19

18

16

12

M ulti-

M1 polarity
8507 E2
1367 E2
842 El
275 El
214 E2
164 El

162 E2/MI

103 Eo/E 2
91 Ml

86 Eo/E 2
81 E2
66 E2
57 E2
40 E2
35 E2
31 E2
30 E2

26 E2/MI
18 El



Studies of the low-lying states in Sm Isotope/ch.5

5.3.1 Discussion of Individual Levels in

5.3.1.1 The 121.78 . 366.46. 706.69 keV levels

These levels have well-known spin and parity of 2+,4+ and 6+, respectively
in view of the logft values (Table 5.3) and from the a* coefficients (Table
5.4). The levels belong to the ground-state rotational band of where a
large amount of information has been accumulated from the decay of the "®"Eu
97,98,104,105,111 other reactions studied""”™®’"® Remarkable agreement
between experimental and theoretical value of ak of the 121.78 keV transitions
supportsthe 2" assignment of the 121.78 keV level. The experimental a*, for the
244.68 keV transition is in full agreement with the theoretical a*.. This support
the E2 multipolarity of this transition, hence, the 4“* assignment for the 366.46
keV level. The 706.67 keV level was assigned 6™ since all theories (Table 5.5)

predict a level of about 700 keV with J*"=6+.

The experimental values of the 6™ level were compared with the predicted
values from rotational theory and Kumar*®®. The agreement is poor with the
rotational, and poorer with Kumar*®®. However, the experimental values are

remarkably agreeing with the present IBM predictions.

5.3.1.2 The 685.74. 810.69 and 1022.93 keV

These levels are the T+,2+ and 4+ members of the first ~-vibrational band
respectively. It has been reported that the transition 563.96 keV is masked
by the transition 564.01 keV in the decay of "®"Eu , and both considered as
doublet®”. This also was confirmed in this study. The transition 563.96 keV

is deexcited from the 685.74 keV level which is shown very weakly as it is
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Table (5.5)

The energy of level in found experimentally compared with rotation
calculations and with values from other nuclear models.

Energy (keV)

. Experiment Rotor IBM IBM*i PPQM~®° B et
20+ 121.78 121.78 117 110 114 121
40+ 366.46 366.46 362 340 314 346
00+ 686.74 686.74 663 - .

60+ 705.69 639.74 715 681 585 706
20+ 810.69 810.69 791 854 855 835
10" 963.75 963.75 990 .

40+ 1022.93 102293 1037 1172 1039 1082
30" 1041.12 1041.12 1030 - -
22+ 1086.10 1086.10 1011 1039 1397 1050
32+ 1234.15 123415 1213 1214 1559 1353
20+ 1292.71 1292.71 1348 . - .
42+ 1371.71 1363.66 1344 1357 1705 1441
22+ 1436.65 1436.65 1507 .

21" 1529.86 1529.86 1450 .

31" 1579.34 157934 - .

22" 1649.93 1649.63 . - -
41" 1681.56 1649.68 - - -
30" 1730.21 173021 . . .
32" 1757.10 1757.10 - - -
20+ 1768.98 1768.98 1769 -
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considered as a doublet, because the transition 563.96 is deexcited from 1649.63
keV level and is stronger though the energy different with transition 563.96 keV
is insignificant. This indicates the existence of the 685.74 (0+) keV level in the
decay of “®"Eu , and is in agreement with results other reactions™*. Varnell
et aH"® found a 400.1 keV transition deexciting the 2+ at 1086.10 keV (which
belongs to the 7-vibrational band). This 7-ray was not observed in either the

singles or coincidence spectra of the present work.

The intensity value of the 443.97 keV transition deexciting the 810.69 (2+) level
to the 366.46 keV (4+) level (G.S.B) is deduced essentially from Baglin™* since
this transition is masked by other stronger 443.97 keV transition deexciting the
level (Fig. 5.8). Barratte et al® confirmed the assignment of the 901.20 keV
7-ray as a transition between 4~ and 2+ level as inferred by Riedinger et aF™
by energy fit. Furthermore, the 315.25 keV weak 7-ray was seen in coincidence
with the 244.68 keV gated spectrum. This transition can be fitted between 4"
and 6+ levels. The stronger member of this doublet (315.25 keV) is placed in

AMGd .

The new transition at 125.69 keV is placed between the 810.69 keV (2+) and
the 685.74 keV (0+) levels. It has been seen in singles, although masked by the
very intensel21.78 keV transition. It was also seen in weak coincidence with
the 122 and 245 keV gates spectra. This placement of the 125.69 keV transition

is supported by the "®" Tb decay™

The spins and parities of these levels were confirmed from logft values (Table
5.3) and from coefficients (Table 5.4). The 656.47 keV transition has high
experimental ajt value, this suggested EO multipolarity for this transition, since

it depopulatesthe 1022.93 (4") keV level to the 366.46 (4+) keV level. This
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Studies of the low-lying states in “""Sm Isotope/ch.5

supports the 4+ assignment to the 1022.93 keV level. The rotational theory

calculations (Table 5.5, Fig. 5.9) show agreement as well*with the experimental

for this band.

Table (5.6) shows the B(E2) B.R. for transitions depopulating these levels,
the agreement with the theoretical values®”""®®" is not good for all
transitions. For B(E2) ratios involving interband transition, the experimental
and theoretical B.Rs are in agreement, i.e the ratios B(E2, 2 — 4+/ B(E2,
2~ — 2+) and B(E2, 2+ — 2+/B(jF2,2+ — 0+) agree with present IBM
calculations and previous results”® W hen band mixing is present as for
the other ratios in Table (5.6) poor agreement between experimenta“djt::;rsy seen.

This band mixing could arise from coupling between the rotational and intrinsic

motion of the nucleus, which would support a transitional nature of "®"Sm .

5.3.1.3 The 1292.71 keV level

In this study six transitions were detected deexciting the 1292.71 keV state.
The transition 1292.71 keV was deexciting to the ground-state. The 1170.56
keV transition which was found in coincidence with the 121.78 keV 7-ray, the
926.28 transition which was found in coincidence both in the 121.78 and 244.68
keV gated spectra, the 482.41 keV transition which was found in coincidence
with 121.78, and, above all, with the 688.65 keV 7 -ray, the 329.35 keV transition
was found in coincidence with the 121.78 keV gated spectrum, and finally, the
251.61 keV transition detected in coincidence with the 122 and 245 keV gated

spectra (Table 5.1).

The spins and parity of the level confined to (2+) from these data and

the logft value (Table 5.3). It appears that this level decays preferentially to
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Table (5.6)

Experimental B(E2) ratios for transitions depopulating positive parity states in
MASm compared with different nuclear model.

Transition Energy i —If B(E2) Ratio
ea/k; Band T -®T  present I1BM IBM PPQM BET BET BET
Work (111 [1501 [Ai” 1* [Bi::1* [100]
443.97
212 (09) 4. ) . ) ) )
685,65 (09) 4.67 0.41 490  3.08 335 2.80
810.45
0.17 : ) . ) . )
685,65 0 (01) 1.76 0.08  0.11 023 0.12  0.26
901.20
0.11  (01) 3. - ) ) ) )
656.47 0 01) 3.22 0.01 021 0.15  0.32
964.10
1 2.55 (05) 3.5 1.00 2.33 1.06  0.79  1.06
1085.89
964.10
7 1778  (27) 1527 1.60 19.70 526  2.39 9.14
719.32 -
275.43
. ! 155 (19) 023 - 0.96 278  7.00 2.64
964.10 - - .
1112.09
7 0.72 (02) 0.84 1.00 1.42 230 232  2.68
867.36 "),
1249.92
. 0.09 (01) 0.06 - 0.16  0.46  0.50  0.34
1005.22

* A and B represent two different cases and correspond to adjusting parameters
best fit to the (2+) excited state.
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Studies of the low-lying states in Isotope/ch.5

the levels of the ground-state rotational and /3vibrational bands (k™=0¢t) and
to those of the octupole rotational band (k*=0"). No 7-rays deexciting to
the 2+ or 3+ levels belonging to the 7-vibrational band (1086.10 and 1234.15
keV, respectively) have been detected in this investigation. Therefore, it is
very tem pting to infer that 1292.71 keV level is the 2+ member of a new two-
phonon /3-vibrational band in *®"Sm as suggested by Schick®*® and Barratte
et al®*. Following this line of reasoning the various B(E 1) and B(E 2 ratios
of all transitions deexciting this level have been calculated and the results are
summarized in Table (5.7) where values of k* other than k* =0+ have also been
inserted for comparison. For the data present in Table (5.7) it can be observed
that the agreement with the theory for a k*=0+ assignment to the 1292.71 keV
levels is far from being satisfactory except for the B(E 1) values pertinent to
the transitions decaying to the k=0 hand members. Therefore, the nature of
this level could be excited in transitional mode of excitation between vibrational
and rotational degrees of freedom. There is always possibility for predom inantly
spherical states (vibrational) co-existing with deformed states (rotational). This
assum ption was supported by two nucleon transfer reaction in the study of Hinds
et al**o | Meclatchie et aF®*. Hinds et al**o and Passoja et al**i predicted
a 03 state which is a head-hand for the 1292.71 keV level. The present IBM

calculations predict this band (Fig. 5.10) as a second /3-band.

5.3.1.4 The 1768.98 keV level

The existence of a 1768.98 keV level was first proposed by Larsen et aP*®,
who detected two transitions at 1647.42 and 1769.14 keV deexciting this state.
Barratte et al®* confirmed this level and fitted four more new 7-rays placed
as deexciting this level. The placement of these transitions was supported by

the coincidence data (Table 5.1). The transitions were in weak coincidence
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with gates 122, 245, 444, 689, 919 keV. The energy balance was used to
insert the transitions. The decay characteristics of the 1768.98 keV level leads
to assignment of 2+ for this state which is in agreement with the probable
multipole order E2 measured by Larsen et aP”e 1768.98 and 1647.42 keV
transitions, and also supported by Hinds et aP'*° from the angular distribution of
the emitted protons. The spin and parity of this level were assigned according
to logft value (Table 5.3) and present IBM calculations. Considering the 7-
rays deexciting this state to the lower energy positive parity levels as pure
E2 transition the relative B(E2) ratios were calculated and compared with the
theory”order to try to assign a k» quantum number to this level. The results
are summarized in Table (5.7). From the data presented in Table (5.7), it
seems that k*"=0+ or k”=2+ is equally valid. However, it can be noticed that
the transitions are deexciting to /3-band and to the ground-state rotational
band. These facts lead to suggest that a k”“=0+ is a correct assignment for the
1768.98 keV state and predicted as a first excited state for the third /3-band in

the present IBM calculation which is in full agreement.

5.3.1.5 The 1086.10. 1234.15 and 1371.71 keV levels

These levels belong to the k*~=2+ 7-vibrational band and have spin value of
2+,3+, and 4+, respectively. Barratte et aV® performed angular correlation
measurements on the 7-rays deexciting these levels to the 2+ and 4+ levels of
the ground-state rotational band which determined the E2/M 1 mixture of these
transitions. The. ,2086.10 keV was assigned (2+) in view of logft value (Table
5.3). The~rfect agreement between theoretical and experiment (a&) for this
transition. The 1085.89 keV transition depopulates the 1086.10 keV level to
ground. This together with E2 multipolarity for the 1085.89 keV transition

support the (2+) assignment for this level. The 719.32 keV transition linking
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the 2+ level at 1086.10 keV to the 4+ ground-state rotational level (at 366.46
keV) is a composite transition which is E2 multipole (Table 5.4). Barratte et
aP found that 15% ofthe 719.32 keV transition deexcites the 1529.86 keV level
to the 810.69 (2+) keV /3-vibrational level. The 275.43 keV transition is placed
between the 2+ and 2" level since its presence was observed in the coincident

121.78, 244.68 and 443.97 keV gated spectra.

The spin and parity of the level 1234.15 keV was considered from logft value
(Table 5.3) and from the a* values of the two transitions 867.36 and 1112.09
keV. The first transition depopulatingthis level to the 366.46 (4+) keV level. This
transition is E2 multipole (Table 5.4), while the second transition depopulating
this level to the 121.78 (2+) keV level is another E2 multipole (Table 5.4, Fig.
5.8). Furthermore, the 147.94 keV 7 -ray was seen in coincidence with the 964.10

keV gate spectra and confirmed between 3+ 2+.

The third level at 1371.71 keV is assigned according to logft value (Table 5.3)
and supported by the ak value of the transition 1005.22 keV which depopulate
this level to the state 366.46 (4+) keV, since full agreement between theoretical
and experimental a* value (Table 5.4) indicates that this transition is E2
multipole. The 286.15 keV transition is seen very weak in coincidence with
the 964.10 keV gated spectrum. Even though the placing of these transitions
are done from the coincidence (Table 5.1) and energy sum relations (Table 5.2),
since the intensity of these transitions are very weak. Table (5.7) shows the
B(E2) B.Rs for transitions depopulating these levels in the above band which

is taken as 7-band.
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The theoretical expectations (Table 5.5) give another support for the spin
sequence of these levels (2+,3+ and 4+). The best theoretical values are given

by present IBM calculation and by rotational theory calculated in this work.

5.3.1.6 The 1436.65 keV level

The level at 1436.65 keV is suggested as being depopulate by the two new
transitions at 202.61 and 395.75 keV to the levels at 1234.15 and 1041.12 keV
respectively. The intensities of these transitions are weak, and also seen in
weak coincidence with the 964.10 and 919.34 keV gates. The level 1649.63 keV
couldl’)\edepopula:ci/t;el2.50 keV transition to the new level at 1436.65 keV which
is supported by the weak coincidence with the 964.10 keV gate and energy sum
relations (Table 5.2). The logft value cannot be determined for this level because

the decay-feeding 7 -rays rule cannot be applied here, but the IBM calculation

would allow a 2+ 7-band member in this energy region (Table 5.5).

5.3.1.7 The 963.75 and 1041.12 keV levels

The two levels at 963.75 (1~) and 1041.12 (3“) keV are known from the decay
and reaction work™'"449,155 These two levels belong to the k*"=0" octupole
band as established in the work of Veje et aP*®. Barratte et aP"® studies the
angular correlation between 919.34 and 121.78 keV 7-rays to confirm the El
nature of this transition. Thus, using the very reasonable assumption that the
7 -rays deexciting these two levels are El in nature, the relative B(E1) values
to the ground-state rotational ban(vlv’e‘rcealculated, and the results are presented in
Table (5.8). The rotational theory values are similar to experimental values at

both levels. However, there is discrepancy between the IBM calculation and

the experimental values for the two levels. It could be explained by the fact
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that symmetry breaking such as caused by Coriolis coupling can easily arise for

negative parity bands.

5.3.1.8 The 1529.86. 1579.34 and 1681.56 keV Levels

A second state (3 ) in ™Sm , which was described to a k*=1" band, was
observed in the study of Bisgaard et aP"®, Veje et aP"® and Konijn et aPP
These data showed that this level has a strong collective character. The 2~
and 4~ rotational states of this band are found at 1529.86 and 1681.56 keV,
respectively. The collective nature of the 2 level at 1529.86 keV, which has
been extensively investigated in the past®**, is supported by Barratte et aP'®;
it was found the 488.69 keV transition deexcitingﬁ\?’ collective level at 1041.12
keV essentially has an E2 nature (Table 5.4). The new level at 1681.56 keV
is suggested by the observation of a new transition at 389.10 keV and 595.61
which go to the 1292.71 and 1086.10 keV levels respectively. Also 1315.32
keV transition, previously reported by Sharma et and Baker et aP®" but
unplaced in their decay schemes, could be placed between the level 1681.56 keV
and the level at 366.46 keV. Konijn et aP” had suggested in his study a spin
parity of 4~ and in present logft value is 11.6 which is consistent with this

assignment.

Through coincidence measurements (Table 5.1) and by energy sum relations,
several transitions could be placed between these levels and lower-energy states
belonging to the ground-state rotational band, jS-y vibrational bands, and the
k~=0" octupole band. The relative B(EA) values of these transitions were
calculated and compared with those expected in the rotational model. The

results are summarized in Table (5.9). The theoretical branching ratios for

187



gm

13
13
%

Studies of the low-lying states in "Sm Isotope/ch.5

131 o av
13 am a1 M a1
(0]
Q
M
3
)
S
(II
a
g
3
1
k
O co
a
M
i
M kg & iq & & & 6q kq
W A R R R T N R R RS
NB O M9 9 & § &
i i i
k'w M QM CO O O O M M O O O ©
% .y
'O;‘IS
[*a

s B

it

188



Studies of the low-lying states in "“Sm Isotope/ch.5

other possible values of K which can be attached to each level of this band are

also included merely for comparison.

The determined B(E1) ratios for the levels belonging to k™=I1~ band are still
in poor agreement with those given by the symmetric-rotor model which could
indicate that the couplings of this band with bands other than the k™=0% are
important. This may suggest that "®'Sm is rather transitional nucleus than

rotational.

5.3.1.9 The 1640.53 and 1757.10 keV levels

The existence of the 1649.63 level in “®"Sm was proposed for the first time by
Larsen et aP"®, and confirmed by Barratte et al®\. The spin and parity of this
level are assigned from both logft values (Table 5.3) and ak coefficient of the
563.96 keV transition which depopulate from 1649.53 keV to the 1086.10 keV
level (Table 5.4). The placing of the 563.96 and 838.84 keV 7-rays as deexciting
the 1649.63 keV level to the 1086.10 and 810.69 keV states, respectively, is

supported by the 964.10 and 688.65 keV gated spectra.

The existence of a level 1757.10 keV in “®"Sm is established from the coincidence
and energy sum relations. The transitions which deexcited this level to 366.46
(4+), 1086.10 (2+), 1292.71 (2+)and 1371.71 (4+) keV are 1390.30, 671.21,
523.11 and 385.92 keV respectively. The decay characteristics of this state
support a 3“ spin which is assigned in view of logft value (Table 5.3). Since
the spin value of the 1649.63 keV state is now well established as 2 , this
level might be considered as the band-head of the octupole band with k~=2
and this assignment is supported by the relative B(E1) values pertinent to the

transitions deexciting these levels as is shown in Table (5.9).
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5.3.1.10 The 1730.21 keV level

The existence of the 1730.21 keV level is shown in the decay of . The
1608.50, 1363.72 and 644.29 keV transitions were seen in weak coincidence with
the 121.78, 244.46 and 964.10 keV gates spectra. The decay characteristics of
the 1730.21 keV level support a 3" spin and in accordance with logft values
(Table 5.3). Larsen et aP"® suggest that the 1608.50 keV is an EIl transition
which supports the assignment of this level. Since the 1608.50 keV transition
decays to the 2+ first excited state in "®'Sm , the spin of the 1730.21
keV level cannot be 5" as suggested in previous . «« « 1. s s « ¥n Table
(5.9) notice that this level is is agreement with a k#=0" assignment, and can
be supposed to form a new octupole rotational band k*=0" built on the /3-

vibrational band.

5.4 Nuclear Model Calculation

5.4.1 Collective Model

Deformed nuclei can exhibit rotational spectra, which depend on the nuclear
equilibrium shape, for symmetric nuclei, the energy spectrum is given by
Eq. (2.2.2.6Y®R"®R The parameters A and B are determined by fitting to
the energies of the first two experimental levels in the GSB. Such a relation
implies that the ratios between the energies of the excited states in the GSB is

awd
E(4+)/E(2+)=10/3,JE (6+)/E(2+)=T7/1.

In this section, "®"Sm with N=90 is considered as a deformed nucleus, and

calculations based on rotational theory will be applied to it. The two parameters
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A and B were determined as described above for the GSB. The values calculated
are: A=21.14 and B=0.14 keV. The values of the parameters of the other

rotational bands are given in Fig. (5.9).

The energy spectrum calculated using these values is given in Table (5.5),
together with the energies values obtained experimentally, and from the IBM
model. Fig. (5.9) shows the comparison between experimentally determined
energy levels and those calculated by rotational theory. In general, there is
agreement. However, the bands consisting of negative parity levels show more
discrepancies from theory than the positive parity bands. This might be due to
the existence of configurations of the nucleus differing from axial symmetry, or

arising from coupling between vibrational and rotational interactions.

The difference for the positive parity levels could also be due to departures
from axial symmetry, indicating some vibrational characteristics which is turn
suggest a transitional nature of the "®"Sm nucleus. The energy level ratio for
the ground state band supports a mainly rotational character, but could allow
some vibrational degrees of freedom since experimental E(4+)/E(2+) is 3.02
and E(6+)/E(4+) is 5.8 compared to the purely rotational values of 3.33 and

7.0 respectively.

5.4.2 The IBM Calculations and Result

nucleus

TheA "®*Sm was considered as a deformed nucleus, showing rotational

speciran LSILIS7  The calculations based on the transitional region between
spherical and deformed nuclei. In the SU(5) vibrational limit, the ratio

E(4+)/E(2+) is 2.0 while in SU(3) rotational limit, E(4+)/E(2+) is 3.33 and
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E(6+)/E(4+) is 7.0. In case of , E(4+)/E(2+)is 3.02 and E(6+)/E(4+) is
5.79. These values lie between the two limits; the SU(5)and the SU(3), and are

closer to SU(3) limit.

The IBM calculations were done using the IBM computer codes PHINT for
energies and FBEM for B(E2) values®*. The number of bosons implied by
the number of valance neutron and proton in “®'Sm is 10. The truncated
multipole expansion of the IBM Hamiltonian for the transitional ~®"Sm nucleus
from SU(5) to SU(3) were used in the calculations”Eqs. (3.3.3.a.])]. In
the present IBM calculations the multipole Hamiltonian Eq. (2.3.1.4) gives the
fitting to the experimental level, and is in agreement with Suhonen”®” and also
supported by Vanjsackeriss® The full Hamiltonian predicts the second /5-band
at 1072 (0+) keV band-head, in agreement with Passisga”, and also predicts
1292.71 keV at 2+ (Table 5.5) as a level value for this band, which could not
be explained before in this model. The parameters used in this calculation are

listed in Table (5.10).

Fig. (5.9) show a closer agreement between theory and experiment for energy
levels of the bands. Since these calculations were based on rotational theory,
then one assumes that these bands have more tendency towards rotational
properties than vibrational ones. The two levels at 964.10 and 1041.12 keV show
poor agreement with the rotational theory, but closer agreement is achieved with
the transitional limit"*. It is possible to conclude that this band possesses more

vibrational properties than rotational ones.

For the B(E2) calculation, the two parameters «2 and /22 (Eq. 2.3.1.6) were
approximately adjusted to the experimental B(E2, 2+ — 0+) and B(E2,

2+ 0+) values for the 2+ of the ground state, and 7-vibrational bands.
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respectively. Table (5.11) shows the experimental values and the different
theoretical values for the B(E2) of the 121.78 keV transition. Good agreement
between theory and experiment is achieved. Table (5.12) gives the electric
quadrupole moment Q experimental values. When compared to the theoretical
values a good agreement was seen. Table (5.13) gives all the experimental
transitions which are assumed to be pure E2 and the corresponding compared
with present IBM calculation. The results of the B(E2) ratios are given in Table

(5.6) and compared with those predicted in IBM and other models.

The branching ratio B(E2: 2+ —0+)/B(E2 ; 2+ —»0") was calculated for
the /5-band transitions to the GSB was found to be 0.17 d=(0.01) (Table 5.6),
while, again, shows the transitional nature of "®'Sm between the two limits,

vibrational with (R=0) and rotational with (R=7/10).

5.5 Conclusion

The ~®'Sm nucleus has been considered as a deformed nucleus showing
rotational characteristics but allowing some vibrational degrees of freedom.
The expectations of the rotational theory for the energy levels show reasonable
agreement with the experimental. Fig. (5.9). The transitional calculations
of the IBM" show smaller values for the GSB than the experimental,
while for the /5-band the experimental values are lower than the theoretical
values. For 7-band, these predictions are lower than the experimental values.
The present IBM calculations using the full Hamiltonian, and hence having
some 0(6) characteristic predict the second and third /5-band which were
missing from previous studies”™ for the 1292.71 (2+) keV, and 1768.98 (2+)

keV respectively. This calculation produces better agreement than recent
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Table (5.13)

Experimental B(E2) values (e”6”) in “®'Sm compared with IBM predictions.

Energy Transition B(E2) Values

(keV) Ji Jf Experiment Suhonen"®" IBM
121.78 20+ 00+ 0.678 0.680 0.678
244.68 40+ -> 20+ 0.999 1.020 0.962
340.23 60+ -4 40+ 1.176 1.120 1.041
810.45 20+ -=> 00+ 0.022 0.005 0.011
1085.89 22+ -> 00+ 0.044 0.018 0.057
1005.22 42+ 40+ 0.049 0.034 0.174
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which indicated that is a transitional nucleus between
SU(5) and SU(3). The present results ofthe IBM calculations are listed in Table
(5.5) and shown in Fig. (5.10). There is a good agreement between the GSB and
the experimental values. The experimental values of the first and third /3-band
are in good agreement, while for the second /3-band the experimental value is
lower than the theory. For the first 7-band, predictions are lower than the the
experimental values, but for the second 7-band the IBM prediction is higher
than the new established level at 1436.65 keV which is assigned to be 2. In the
negative parity band (k”=1%), the two experimental values lie in between the
theoretical value™. Many models, including the Variable Moment of Inertia
(VMD)*®®, Pairing Plus Quadrupole Model (PPQM)"®®®R) Boson Expansion
Technique (BET)"®"”®® and Rotation Vibration Model (RVM)"®”", have been
used to calculate both the band energy and the B(E2) ratios for "®"'Sm with
varying degree of success. The results of these studies indicated that there is a
coupling between the rotational and intrinsic motions of the nucleus, suggesting
a transitional nature of “®'Sm , From those considerations, it is clear that the
®"Sm nucleus is transitional, but the energy spectrum is more rotational than

vibrational

In the case of B(EL) ratios, the agreement between the experimental and theory
is poor and no correction is made for possible rotation-vibration interactions.
For an axially symmetric rotor, the intrinsic and the rotational motions of
the nucleus do not disturb each other®”. Therefore no correction should be
made and no vibrational and rotation coupling is present. If the band mixing is
allowed between the /3-or the 7-vibrational bands into the GSB, the B(EL) ratios
can be corrected. These reactions were presented by Lipas"®® and Mikhailove"®",
Table (5.14) shows the B(EL) ratios for the transitions for /3-or 7 -bands to the

GSB. Bohr and Mottelson® gave the predictions of the adiabatic symmetric rotor
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Table (5.14)

Experimental B(E2) ratios for transitions from (3 and 7 ratios to ground band
in “"®'Sm compared with theory.

Transition Energy B(E2) Ratio
EN/E; Band i Present IBM Bohr Reidinger Barrette
Work et aA® et apS® et aA®"
443.97 @*
2+ 212 (09) 4.67 1.80 5.36 2.14
688.65 2);
810.45 >t (0)+017 01) 1.76
638 65 P 2 " (01) 1.76 0.70 0.33 0.25
443.97 +
o @ 12.57 (65) 2.65 2.60 16.20 8.49
810.45 0);
901.20 +
P4+ @ o 1) 322 110 0.11
656.47 @;
964.10
s 2+ B 255 (05 315 143 1.69
1085.89 (0),
964.10 b (2)+
7 17.78  (27) 15.27 20.00 0.57
719.32 @),
1085.89 0"
. 2+ 6.69 (11) 4.86 14.00 0.34
719.32 @;
r-4r1-
42 +
867 7 @ o84 (02) 1.19 0.40 2.70
1112.09 2);
1005.22 @"
- B 11.35 (68) 18.15 2.94 3.54
1249.92 ),

A without band mixing
B with band mixing.
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model without mixing between the bands, while Riedinger et showed the
predictions of Bohr and Mottelson model (assuming a symmetric rotor® " ®"),
but with mixing corrections. Barratte et al® gave the predictions of the rotor
model using the corrections made by Mikhailove"®”. It is seen that when mixing

corrections are made, the theoretical values get closer to experimental.

In general, it is difficult to evaluate the band mixing, especially for nuclei
clustering around the transitional region"®®. It was noticed that there is a
general disagreement between the experimental and the theoretical B.Rs for the
member of k=1~ band (Table 5.9) which could be due to Coriolis Coupling

between these negative parity bands.

The 1292.71 keV level could be a member of k=0 band (Table 5.7). The ratio
B(E2,482)/B(E2, 1170) is 56 =13 supports this assumption, therefore this level
could be a member of another *-band. The present IBM calculations predicted
the second “-band, and the band-head for this level was also located at 1072
keV in full agreement with Passiga®**. The K-quantum numbers of the other
levels were confirmed by comparing the experimental and theoretical B.Rs of

transitions depopulating them.

Two new levels have been proposed, together with five new transitions, and
the existence of the levels are supported by theoretical calculations (Table
5.5). The spin and parities of these levels were assigned in view of their logft
values, and from ak and IBM calculations in this study and from previous
works"VRVRRRMVRMR®"™.  The assignment of the new level at 1436.65 keV
(2+) is supported by the present IBM calculation which is predicted as band-
head for the second 7-band in “"®'Sm . The new level at 1681.56 keV is suggested

according to singles and coincidence data (Tables 5.1, 5.2). The spin and parities
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4% are assigned to this level in view of logft value, and this is in agreement with
the prediction of Konijn et al™ for this level from (o:,2n) reaction. The 1315.32
keV transition, previously reported by Sharma et a"®® and Baker et al"®* but
unplaced in their decay scheme, could be placed between 1681.56 keV level and
the level 366.46 keV. The 964.10 keV transition is considered to be a doublet

by Baglin™® and W arburton et aP"® which is confirmed in this work.
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CHAPTER VI
STUDIES OF THE EXCITED STATES
IN 1I2W ISOTOPE

6.1 Introduction

The decay of 115 d "®"Ta to and the excitation of several levels of this
nucleus have been investigated. One aim of the present work is to confirm
the decay scheme with high resolution detectors in order to establish more
firmly many facets of the level structure. The level scheme of the even even
nucleus has been theoretically and experimentaly investigated by many
workers® ® V" RN"VRMVVRARR "BR'®RN. Most of the levels have been successfully
interpreted"®" " ®®" ®" as belonging to different rotational bands according to the
unified nuclear model developed by Bohr and Mottelson®. Recent theoretical
studies, such as Duval et aP®®, have focussed attention on the Interacting Boson

Model (IBM)®™ as applied to the isotopes of tungsten.

"®"Ta is widely used as a calibration source for Ge(Li) detectors since it emits
two sets of gamma energies; a low energy portion (<300 keV) and the high
energy portion (>900 keV). Considerable data on 7-ray transition in the /?-
decay of "®"Ta is available™®®” MR The earliest results are summarised in
Schmorak”®®. Subsequently, energies and intensities have been reported from
singles measurements”™ ® ® A level scheme has been investigated by
Murrey et al"®®, Sapyta et aP®”, recently by Rikovska et aP"® and Jilong""".
Sapyta et aP®" have carried out singles and coincidence measurements using

planar and coaxial Ge(Li) detector. Their list started from 85 keV transition

202



Studies of The Excited States in W Isotope/ch. 6

with a cutoff at 1453 keV and some transitions were missed from their list. The
reported errors in relative intensities were 10% for energies <400 keV and 7%
for energies >400 keV. In their coincidence experiment, only two energy gates
(100 and 229 keV) were taken to establish the decay scheme. A complete list

of their 7-rays and intensities was reported.

In the present study 7-ray energies and intensities in the decay of "®"Ta have
been obtained with Ge(Li) detectors. Because Ge(Li) detectors are not so
sensitive to low energies a pure Ge detector was also used. The 7 —7 coincidence
data removed earlier ambiguities and allowed an accurate level scheme for

to be built up for reliable comparison with current nuclear models®"®R
Calculation have been carried out based on the symmetric rotor introduced by
Bohr and Mottelson*”, and the IBM®"®R™®™". The "®"W isotope is a strongly
deformed nucleus giving rise to rotational bands. Two new energy levels and
five possible new transitions, have been placed in the decay scheme. These were
confirmed from the coincidence data and energy sum relations. The spins and

parities were assigned from logft values and confirmed from the other levels.

The negative parity states were investigated in view of residual interaction
arising from pairing plus a modified octupole-octupole force. The microscopic
theoretical calculation using residual pairing plus multipole forces performed
by Neergard and VogaP®" well reproduced the k”*=2" state at 1289 keV.
Although these calculations were more realistic in explaining the band mixing
between octupole vibrational multiplet states, the experimental evidence found
by Herzog et suggested that the band mixing between k=2~ and k=3~
bands was not so strong as expected. A disputed configuration, Herzog et
aH®®, predicted a more collective structure at this state. Neergard and Vogal"®"

predicted a low-lying octupole vibration in this energy region with k”~=2"
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and a rather strong Coriolis coupling of this band to the k~=3 member
of the octupole multiplet. The inelastic scattering cross section of deuterons
measurements indicate that the k™=2* rotational band in is rather more
pure than predicted theoretically"®®. It was suggested that there is some

configuration mixing with k=2 band.

6.2 Experimental procedure and Results

6.2.1 Source Preparations

The "®"Ta source was prepared by the (n,7) capture reaction after thermal
neutron irradiation of natural "®"Ta (99.99% purity) in a form of thin wire,
at the university of London Reactor Centre (ULRC) following the method
described in Section (1.2). The source was left for two week after irradiation
before taking any measurements. This allows any short life activity to be
eliminated. A source activity of 10 /xCi is sufficient to give about 1500 counts/sec

with a source to detector distance of 25 cm.

6.2.2 Single Spectra

The single spectra were measured using the 10% Ge(Li) efficient detector and
also the Germanium detector to confirm the low energy peaks observed in this

region, and to complement the use of the Ge(Li) detector near 100 keV region.

Fig. (6.1) shows the singles spectrum obtained from 10% Ge(Li) detector.

The analyses of singles spectra enabled a total of 43 7-rays to be identified
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Table (6.1)

Energies (keV) and relative intensities of 7-rays em itted from the decay of *®*Ta.

Energy Intensity related to I (1121)= 100

(keV) Present Meyer*°®  JIni74  gchohzigh™ Firestone” Gehrke " ®
31.69(0.04)  2.21(0.02) - - 2.53(0.06) 1.80(0.09) -
42.74(0.06)  0.82(0.03) - - 0.75(0.02) 0.70(0.02) -
49.43(0.19)*  4.49(0.08) - - - - .
65.58(0.14)  8.55(0.07) - - - 8.00(0.04) .
67.83(1.00) 120.00(1.10) - - 118.00(6.00) 122.00(6.00)
84.64(0.04)  7.31(0.05) - - 7.45(0.16) 7.60(0.40) 7.80(0.40)
100.10(0.10) 40.45(0.51) 40.40(0.50) 40.30(0.60) 40.33(0.95)  40.20(1.10)  40.80(1.20)
109.52(0.19)  0.30(0.04)  0.30(0.02) 0.25(0.06) - 0.26(0.05) -
113.75(0.52) 5.31(0.08)  5.34(0.05) 5.36(0.07)  5.29(0.19) 5.50(0.09) 5.43(0.17)
116.43(0.05) 1.28(0.06)  1.26(0.02) 1.26(0.03)  1.26(0.05) 1.27(0.08) 1.26(0.04)
136.65(0.05) 0.12(0.03) - - - - -
146.72(0.18)  0.04(0.01) - - - - -
152.42(0.04) 19.86(0.17) 19.95(0.18) 19.94(0.18) 19.69(0.24)  20.50(0.40)  20.50(0.60)
156.46(0.05) 7.59(0.12)  7.59(0.10) 7.60(0.07)  7.46(0.11) 7.80(0.20) 7.77(0.23)
169.34(0.07)  0.20(0.04) - - - - -
179.27(0.08) 8.83(0.08) 8.82(0.10) 8.84(0.09)  8.75(0.09) 9.00(0.30) 9.10(0.28)
198.34(0.11) 4.12(0.05) 4.19(0.09) 4.22(0.06)  4.09(0.05) 4.40(0.20)  4.31(0.13)
222.08(0.07) 21.80(0.20) 21.60(0.30) 21.61(0.19) 21.27(0.24)  21.60(0.60)  21.90(0.70)
229.33(0.12) 10.38(0.11) 10.39(0.18) 10.49(0.09) 10.32(0.11)  10.40(0.30)  10.60(0.30)
264.03(0.08) 10.14(0.09) 10.26(0.18) 10.37(0.06) 10.26(0.14)  10.40(0.30)  10.50(0.30)
891.73(0.18)  0.15(0.04) - 0.16(0.05) - 0.15(0.02) —
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Table (6.1) (Continued)

Energy Intensity related to I (1121)=100

(keV) Present Meyer Schohzig"*® Firestone” Gehrke*®
927.90(0.07) 1.77(0.06) 1.73(0.03) 1.76(0.04) - 1.79(0.09) -
959.69(0.07) 1.01(0.03) 0.98(0.03) 0.98(0.05) - 1.02(0.06) -
1001.67(0.12) 6.01(0.05) 5.87(0.06) 5.85(0.10) - 5.98(0.03) -
1044.39(0.09) 0.70(0.8) - 0.72(0.07) - 0.69(0.08) -
1113.50(0.12) 1.35(0.15) 1.32(0.03) 1.30(0.03) - 1.13(0.01) -
1121.33(0.11) 100 100 100 100 100 100
1157.53(0.07) 2.71(0.20) 2.92(0.03) 2.88(0.23) - 2.83(0.63) -
1180.88(0.14) 0.23(0.09) - 0.21(0.04) - 0.26(0.04) -

1189.11(0.07) 47.37(0.29) 47.10(0.80) 46.40(0.14) 46.59(0.33)  47.00(0.50)  46.50(0.50)
1221.43(0.13) 77.48(0.34) 77.80(0.60) 76.80(0.60) 76.96(0.54)  78.30(0.10)  78.31(0.79)
1224.00(0.40)  55(0.12)  0.30(0.10) 0.53(0.24) - 0.60(0.10) -

1231.03(0.09) 33.85(0.22) 33.10(0.50) 32.72(0.10) 32.81(0.23)  33.1(0.40)  32.96(0.33)
1257.43(0.07) 4.35(0.6) 4.36(0.08) 4.27(0.02)  4.25(0.02) 4.33(0.07)  4.26(0.04)
1273.75(0.5) 1.90(0.04) 1.95(0.03) 1.87(0.01) - 1.90(0.40)  1.86(0.02)
1289.15(0.11) 3.90(0.05) 4.29(0.08) 3.80(0.03)  3.86(0.02) 4.04(0.70)  3.86(0.05)

1294.57(0.13) 0.03(0.01) - - - - -

1342.73(0.06) 0.76(0.04) 0.74(0.01) 0.72(0.01) - 0.75(0.02) -
1373.81(0.07) 0.65(0.02) 0.68(0.01) 0.63(0.01) - 0.66(0.02) -
1387.41(0.09) 0.24(0.03) 0.27(0.01) 0.20(0.01) - 0.21(0.01) -
1410.15(0.11) 0.14(0.02) 0.12(0.01) 0.11(0.01) - 0.11(0.01) -
1453.22(0.14) 0.11(0.02) 0.12(0.01) 0.09(0.01) - 0.12(0.01) -

cannot be placed in the decay scheme.

207



Studies of The Excited States in W Isotope/ch. 6

with the computer program SAMPO for the purposes of peakfitting and energy

calibration as described in Chapter III.

Table (6.1) shows the relative intensities of 7 -rays resulting from the (3~ decay
of "®"Ta . A total of five transitions were identified for the first time in the decay
of "®"Ta to . The energies are: 49.43, 136.65, 146.72, 169.34 and 1294.57
keV. The intensities are normalized to 100; the intensity of 1121.33 keV in
182w . The intensities of the 7-rays were compared with Meyer"®®, Jin et aP"",
Schohzig et aP"® and Gehrke et aP"®. There was a good agreement between the
values reported in the present work and previous works"®®dio,172-175 especially
for the high energy portion. The uncertainties in the intensities of present work

are about 3%.

6.2.3 Coincidence Spectra

The coincidence data were collected in the ACE buffer and stored in the PC-
computer to accumulate sufficient counts for the gating spectrum. The analysis
were performed offiine by SAMPO on the VAX-computer in order to identify
the strength of the observed line in the coincidence with each gate. A typical

total spectrum of the "®"Ta decay is shown in Fig. (6.2).

In constructing the decay scheme of , five energy gates were taken. The
energies were 100, 229, 1002, 1122 and 1289 keV. Selected in this manner these

energy gates are well defined and clear of neighbouring peaks, they form good

reasons for their choices.
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The gate at 100 keV is important since such a transition depopulates the first
excited state of and most transitions will be in cascade with it, therefore
showing up in the coincidence spectra. The second gate was taken to provide
more coincidence data for transitions depopulating the second excited state
(4") in the ground state band to the 100.10 keV level. This gate gives support
to some of the new transitions observed in the singles measurements during
this study. The coincidence between the high energy transitions and the rest
of the spectrum were studied by considering the last three gates 1002, 1122
and 1289 keV. The 1121.33 keV transition depopulates the first excited state
in the 7-band to the 100.10 keV level, thus this gate provides the coincidence
data which allows us to study the transitions between the members of this band
and the members of other bands. The 1289.15 keV transition depopulates the
first member of octupole band (k”™=2~) to the ground state, and choosing this
transition as energy gate enables us to study the transition from other bands
to this band and supporting the new transition at 136.65 keV. The coincidence
data taken in these five gates provide a required evidence for the existence of the
new energy levels and transitions. The summary of the coincidence results are
shown in Table (6.2). The energy gates are shown on the upper row while the
entire (x) refer to the coincidence. The Coincidence spectra for all the energy

gates are shown in Fig. (6.3 - 6.7).

6.3 Decay Scheme

The decay scheme of was established on the basis of the coincidence results
of five energy gates (Table 6.2), and the energy sum relations as given in Table
(6.3). The decay scheme is shown in Fig. (6.8). On the left side of the figure

are shown the energy levels, the branching ratios (B.Rs), the logft values, spins.
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Table (6.2)

Summary of the 7-7 coincidence results from the decay of the "®"\Ta.

Energy Gates (keV)

(keV) 100.10 229.33 1001.67 1121.33 1289.15
42.74 X X X X X
65.58 X X X X X
67.83 X X - X _
84.64 X X - X X
100.10 - X X X —
109.52 X X — - -
113.75 X X X X X
116.43 X X - - _
136.65 X X X X X
146.72 X X X X X
152.42 X X — X —
156.46 X X X X X
169.34 X X X X X
179.34 X X X X X
198.34 X X - X X
222.08 X X X X X
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Table (6.2) (Continued)

Energy Gates (keV)

(keV) 100.10 229.33 1001.67 1121.33 1289.15
229.33 X - X _ _
264.03 X X - X X
891.73 X X - _ _
927.90 X X - - _
959.69 X X - - -
1001.67 X X - - -
1044.39 X X - - _
1121.33 X — - - ~
1157.53 X X - - _
1180.88 X X - - _
1189.11 X — - - _
1224.00 X X - - -
1231.03 X - - - _
1273.75 X - - - -
1294.57 X X - - _
1342.73 X - - - _
1387.41 X - - - -
1410.15 X - - - _
1453.22 X - - - -
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Table (6.3)
Summary of energy (keV) sum relations in nucleus.
Energy of Transition Energy Sum Energy Level
(keV) (keV) (keV)
100.10 100.10 100.10
229.33 + 100.10 329.43 329.43
891.73 + 229.33 + 100.10 1221.16
1121.33 + 100.10 1221.43 1221.34
1221.43 1221.43
927.90 + 229.33 + 100.10 1257.33
1157.53 + 100.10 1257.63 1257.46
1257.43 1257.43
959.69 + 229.33 + 100.10 1289.12
1189.11 + 100.10 1289.21
67.83 + 1221.43 1289.26 1289.17
31.69 + 1257.43 1289.12
1289.15 1289.15
1001.67 + 229.33 + 100.10 1331.10
1231.03 + 100.10 1331.13 1331.37
42.74+ 1289.15 1331.89
1044.39 + 229.33 + 100.10 1373.82
84.64 + 67.83 + 1221.43 1373.90
42.74 + 1231.03 + 100.10 1373.87
116.43 + 1257.43 1373.86 1373.85
152.42+ 1221.43 1373.85
1273.75 + 100.10 1373.85
1383.81 1373.81
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Table (6.3) (Continued)

Energy of Transition
(keV)
1113.50 + 229.33 + 100.10

1342.73 + 100.10

1157.53 + 229.33 + 100.10

156.46 + 1231.03 + 100.10

198.34 + 1289.15

113.75 + 1373.81

1387.41 + 100.1

1180.88 + 229.33 + 100.10

1410.15

110.15 + 1113.50 + 229.33 + 100.10
65.58 + 113.75 + 1373.81

179.27 + 116.43 + 1257.43

222.08 + 1231.03 + 100.10

264.03 + 67.83+ 1221.43

1224.00 + 229.33 + 100.10

1453.22 + 100.10

136.65 + 198.34 + 1289.15

1294.57 + 229.33 + 100.10

169.34 + 1157.53 + 229.33 + 100.10

146.72 + 1410.15 + 100.10

220

Energy Sum
(keV)
1442.93

1442 .83
1486.96
1487.49
1487.49
1487.56
1487.51
1510.31
100.10
1553.08
1553.14
1553.13
1553.21
1553.29
1553.29
1553.32
1624.14
1624.00
1656.30

1656.97

W Isotope/ch.6

Energy Level
(keV)

1442 .88

1487.41

1510.28

1553.24

1624.07

1656.64
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parities and the K-quantum numbers. The numbers at the base of the arrow
indicate the energy of the transition. The new transitions and levels are shown

as dotted lines.

The experimental and theoretical K-shell internal conversion coefficients a*, are
shown in Table (6.4). The conversion electron intensities (I*) were taken from
Helmer*~ and Nilsson et al"®", while the 7 -ray intensities (I") were calculated
(Table 6.1). In the low energy portion of the spectrum, the experimental ak
of the 100.10 keV transition from the first excited state to ground state was

normalized to the theoretical ak for pure E2 multipolarity.

In the high energy portion, the experimental of the 1222 keV lines was
normalized to the theoretical a* for pure E2 multipolarity, since this state
forms the first excited state of the 7-rotational band. The theoretical values
were taken from Rosel®®. The comparison between theoretical and experimental
ak values enables us to deduce the transition multipolarity, hence it is possible
to assign spins and parities to the concerned levels. Good agreement between

the experimental and theoretical ak is seen in Table (6.4).

The logft wvalues were calculated according to the relations given by
Mozskowski*”. The B.R were calculated from the balance between the
decay and feeding of the 7 -rays for each level. The end point energies of the (3~
electron were taken from Lederer et al**® (Q value is 1811.3 keV). The spins
and parities of the levels were deduced according to the /3" selection rules as

given by Friedlander™*'* and are shown in Table (6.5).
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Table (6.4)

Deduced multipolarities from k-shell internal conversion coefficients for

Energy Experimental Theoretical a* Deduced
J” Jf Multi—
(keV) El E2 M1 E3 M2 polarity

84.64 32¢ 22 543 (0.84). 047 1.07 6.66 1.54 55.53 Ml
100.10 20™ 00+ 0.78 (0.08) 0.31 0.87 4.10 1.88 304l E2
113.75 42 -> 32 242 (0.27) o0.22 0.69 2.87 1.71 19.56 M
116.43 32 ->20+ 0.17 (0.02) 0.21 0.65 2.69 1.66 18.03 El
152.42 32¢ 22+ 0.11 (0.01) o0.11 035 1.25 1.01 7.02 El
156.46 42¢ 32 0.09 (0.02) o0.10 0.33 1.18 096 6.56 El
179.27 44« 32 0.52 (0.05) 0.07 0.23 0.79 0.68 396 E2/MI
198.34 42« 22 0.18 (0.02) 0.06 0.18 0.62 0.54 3.00 E2
222.08 42¢ 32+ 0.04 (0.01) 0.04 0.13 044 0.38 1.93 El
229.33 40+ -+ 20+ 0.13 (0.01) 0.04 0.12 042 0.36 1.83 E2
264.03 44 -> 22 0.08 (0.01) 0.03 0.09 032 0.28 1.35 E2
*891.73 22+ 40+ 431 (0.78) 0.02 5.24 13.17 11.66 33.56 E2
927.90 20+ -> 40+ 4.05 (0.65) 1.89 4.74 10.41 11.61 29.20 E2
959.69 22 40+ 8.99 (1.45) 1.73 4.30 10.24 9.31 25.36 EZ
1001.67 32+ 40+ 348 (0.55) 1.52 3.73 8.48 7.90 20.46 E2
1044.39 32 -4 40+ 423 (0.68) 145 3.56 8.02 7.51 1932 FEI/M2

1113.50 42+ -> 40+ 2.86 (0.55) 1.35 329 7.28 6.88 17.48 E2
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Energy

(keV)
1121.33

1157.53

1189.11

1221.43

1224.00

1231.03

1257.43

1273.75

1289.15

1342.73

1373.81

1387.41

1410.15

1453.22

jr ->1?

22+ -> 20+
20+ 20+
22" 20+
22+ 00+
44" 40+
32+ 20+
20+ 00+
32" 20+
22" > 00+
42+ 20+
32" 00+
42" 20+
40+ 20+
44" 20+
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Table (6.4) (Continued)

Experimental

2.99

4.81

3.82

2.53

2.74

2.44

2.43

2.86

10.61

2.17

3.95

3.84

3.21

(0.47)
(0.84)
(0.61)
(0.40)
(0.71)
(0.39)
(0.39)
(0.45)
(1.71)
(0.35)
(0.63)
(0.63)
(0.39)

(0.61)

El
1.33

1.28

1.23

1.07

0.99

0.94

0.92

0.89

0.82

Theoretical

E2
3.26

3.11

2.98

2.85

2.84

2.82

2.71

2.65

2.58

2.37

2.25

2.19

2.10

1.93

M1
7.20

6.81

6.47

6.13

6.10

6.02

5.74

5.57

5.40

4.82

4.49

4.35

4.10

3.64

E3
6.81

6.48

6.19

5.90

5.88

5.81

5.57

5.42

5.29

4.80

4.52

4.39

4.19

3.80

M2
17.27

16.31

15.47

14.61

14.54

14.35

13.65

13.22

12.81

11.38

10.56

10.19

9.59

8.44

Isotope/ch.6

Deduced
M ulti-
polarity

E2
E2/M 1
EI/M2/E3
E2
El
E2
E2
El/M2
M?2
E2
E3
E3
E2

E3

*For the reminder of the Table all a* values are to be multiplied by 10"

223



Studies of The Excited States in W Isotope/ch. 6

Table (6.5)

The beta branching ratios, logft values, spins and parities assignments for levels
in nucleus.

Energy Qvaluc

level g3 = 1811 , & ["decay B.R % logft
(keV) ( keV) decay -4 feed

100.10 1710.90 196.14 40.45 — 0.058 13.94
329.43 1481.57 13.13 10.38 — 0.096 13.37
1221.34 589.67 140.30 177.63 37.33 13.09 9.16
1257.46 553.54 3.49 7.48 3.99 1.397 9.98
1289.17 521.83 21.98 174.93 152.95 53.62 8.29
1331.37 479.63 29.80 40.27 10.47 3.670 9.27
1373.85 437.15 14.14 32.11 17.97 6.299 8.85
1442.88 368.12 0.30 2.11 1.81 0.635 9.48
1487.41 323.59 8.67 18.62 9.945 3.486 8.50
1510.28 300.78 0.05 0.37 0.32 0.112 9.85
1553.24 257.76 0.04 50.28 50.24 17.61 7.36
1624.07 186.93 — 0.15 0.15 0.053 9.30
1656.64 154.36 — 0.24 0.24 0.084 8.78
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6.3.1 Discussion of Individual Levels in

6.3.1.1 The 100.10 keV (2+1 level

This is a well-known first (2+) excited state in which has been
studied in the past through the "®"Ta decay"®®, deuteron inelastic scattering
experiments"®® and the decay of "®"Re by Sapyta”®”. Remarkable agreement
between experimental and theoretical value of a* for the 100.10 keV transitions
supports the 2+ assignment (Table 6.4). The calculated logft value for this level
gives another support for the 2+ assignment (Table 6.5). The IBM calculation

of this level is in full agreement with the experimental value (Table 6.6).

6.3.1.2 The 329.43 keV f4+1] level

The existence of this level was previously reported in the decay of "®'Ta . The
spin of the 329.43 keV level was confirmed from the a* value of the 229.33 keV
transition depopulating this level (Table 6.4) to the first excited state. The
spin and parity were also confirmed from logft values (Table 6.5). The IBM

calculations of this level is in very good agreement with the experimental value.

6.3.1.3 The 1221.34 keV (2+) level

This level is assigned as a 2+ on the basis of its deexcitation to the ground state.
The 1121.33 and 891.73 keV transitions deexcited from 1221.43 keV and were
found in coincidence with 100.10 and 229.33 keV gated spectra respectively.
The spin of the 1221.43 keV level was confirmed from the ak values of the
1221.43, 1121.33 and 891.73 keV transitions depopulating this level (Table 6.4)

to the ground, first and second ground state band respectively. The spin and
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Table (6.6)

The energies of levels in found experimentally compared with rotational
and IBM (for positive parity) and with values from other model.

Energy (keV)

Ik Experiment Rotor IBM GCM®* PPQM®3 BET® BET"
20+ 100.1 100.1 100.1 111 104 100 100
40+ 329.43 329.43 333.7 346 314 328 329
22+ 1221.34 1221.34 1222.6 1164 936 1210 -
20+ 1257.46 1257.46 1259.9 1359 1063 1260 —
22 1289.17 1289.17 — - — — —
32+ 1331.37 1331.37 1322.7 1298 1231 1320 —
32¢ 1373.85 1373.85 — — — - -
42+ 1442.88 1442.88 1456.1 1442 — 1456 —
42¢ 1487.41 1487.41 — — — - —
40+ 1510.28 1510.28 1493.5 1870 — 1543 —
44« 1553.24 1553.24 — — - - —
52+ 1624.07 1625.84 1622.9 1637 — — —
54- 1656.64 1656.64 — — — - -
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parity were confirmed from logft values (Table 6.5). Full agreement between
theoretical IBM, rotor model calculations and the experimental values (Table

6.6) was found.

6.3.1.4 The 1257.46 keV (2+) level

Gunther et a"®® observed this level in (d,d') reaction and proposed the 2+
assignment. Sapytaet al® had proposed that 1157.53 keV transition depopulates
from this level to the 100.10 keV (2+) state, and the other transition proceeding
from 4~ 1487.41 keV state state to 4+, 329.43 keV state. This is confirmed by
present coincidence spectra. The spin of the 1257.46 keV level was confirmed
from ak values of the 1257.46, 1157.53 and 927.90 keV transitions depopulating
this level (Table 6.4) to the 0+, 2+ and 4+ ground state band respectively. The
spin and parity were confirmed from logft values (Table 6.5). Good agreement
between theoretical IBM calculations and experimental values was found (Table

6.6).

6.3.1.5 The 1289.17 keV level

The 1289.15 keV level has been assigned spin and parity 2“ by Sapyta et aF®"
and Herzog et aF®®. The 31.69, 67.83, 959.69 and 1189.11 keV transitions
as deexciting the 1289.17 keV state to the 20+, 22+, 42+ and 20+ states
respectively were detected in the 100.1 and 229.33 keV gated spectra, which
would be very reasonable on the basis of spin consideration (Tables 6.2 and
6.4). The present logft value of 8.29 is consistent with a spin and parity of 2",

as suggested earlier.
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6.3.1.6 The 1331.37 keV (3+) level

The existence of a state at 1331.37 keV is confirmed by the observation of
the 1231.03, 1001.67 and 42.74 keV transitions in coincidence with the 100.10,
229.33 and 1121.33 keV, respectively. This is in good agreement with Sapyta et
aii67 Yhe angular correlations experiment™® supported the spin value of this
state as 3+, while the IBM prediction is in agreement with the experimental
value. This assignment is also consistent with the fact that 1331.37 keV level

is not observed in (d,d') experiment"®®.

6.3.1.7 The 1373.85 keV (3~1 level

This state is a member of the octupole rotational band established by Herzog et
a’"®® and Sapyta et aF®". The 3“ assignment follows from the El character of
the 1273.75, 1044.39, 152.42 and 116.43 keV transitions (Table 6.4), and agrees
with that made by Jilong et aF*" and Rikovska et aF*®. The spin and parity

were also confirmed from logft values (Table 6.5).

6.3.1.8 The 1442.88 keV (4+1 level

Sapyta et aF®" observed this level by the decay of “®"Ta and "®"Re and proposed
4+ assignment. This assignment was supported by the angular correlations
experiments"® and the (d,d') reaction”®®. The coincidence experiment show
that 1342.73 and 1113.50 keV transitions feed the 100.10 and 329.43 keV states
respectively. The spin and parity were confirmed as well from (Table 6.4)
and logft values (Table 6.5). There is an agreement between the IBM prediction

and the experimental values (Table 6.6).
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6.3.1.9 The 1487.41 keV (4~1 level

This level belongs to the k”=2“ octupole rotational band and has spin value
4~ as suggested by Sapyta et a"®? and Herzog et aF®® a member of rotational
band. Coincidence measurements confirm the existence ofthe level 1487.41 keV,
since the 1387.41, 1157.53, 198.34, 156.46 and 113.75 transitions deexciting this
state have been detected in the 100.1, 229.33, 1121.33 and 1289.15 keV gated
spectrum. The spin and parity of this level are supported from ak (Table 6.4)

and logft values (Table 6.5).

6.3.1.10 The 1510.28 keV (4+1 level

This level was observed in previous worksS®*«S70,i74  Guther et aF®® and
Rikovska et aF*® could not place it in their decay schemes. The present
coincidence measurement confirm the existence of this level at 1510.28 keV.
This level depopulatesthe 1410.15 keV transition and 1180.88 keV to the 100.1
and 329.43 keV levels, respectively. The spin of the 1510.25 level was confirmed
from the ak values of the 1410.15 keV (Table 6.4). The spin and parity were
also confirmed from logft values (Table 6.5). The IBM prediction of this level

is in good agreement with the experimental values (Table 6.6).

6.3.1.11 The 1553.24 keV (4') level

This level belongs to the k~"=4“ band and is assigned 4 as suggested by
previous works"®""®R'®" Coincidence measurements also established this level
which is depopulated by the 1453.22, 1224.00, 264.03, 222.08, 179.27,110.15

and 65.78 keV transitions to the 2+,4+,2“ 3+, 3“ 4+ and 4~. The spin of the
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1553.24 keV level was confirmed from the a*, values (Table 6.4). The spin and

parity were also confirmed from logft values (Table 6.5).

6.3.1.12 The 1624.07 keV (5+1 level

The new level at 1624.07 keV is suggested by the transition at 1294.57 and
136.65 keV: the former is in weak coincidence with the 100.10 and 229.33 keV
gates, 80 it can go to the < established level at 329.43 keV. The 136.65 keV
transition is seen in strong coincidence with the 1289.15 keV gated spectrum.
The logft values of 9.30 is consistent with a spin and parity of 5+ for this
level and'*considered as"“member of 7-band. This assignment is supported by

Jeltema et aF®®, Galan et aF®® and Harmatz et aF®® from "®"Re decay.

6.3.1.13 The 1656.64 keV (5~1 level

The new level at 1656.64 keV is suggested by the observation of a new transitions
at 146.72 and 169.34 keV which depopulated this level to the 1510.28 and
1487.41 keV levels, respectively. The spin 5% is reported previously"®®* R
from the "®"Re decay. The 146.72 keV transition is seen in coincidence with the
100.10 and 229.33 keV gated spectrum. The 169.34 keV transition is seen in
coincidence with the 100.10, 229.33, 1001.69, 1121.33 and 1289.15 keV spectra.

The logft value of 8.78 is consistent with a spin and parity of 5.
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6.4 Nuclear Model Calculations

6.4.1 Collective Model

The nucleus is considered as a deformed nucleus. Nuclei possessing
a nonspherical shape show a rotational spectra®”. In axially symmetric
deformation nuclei, the calculation based on rotational theory will be applied to
it. The two parameters A and B from Eq. (2.2.2.6) were determined by fitting
the experimental energy values of the first two excited states ofthe bands. Table
(6.6) shows together the energies found experimentally and also the theoretical
calculation. Fig. (6.9) shows the experimental and theoretical (rotational)
energy levels as determined in this study. The value of the parameters A and

B for rotational bands are given in Fig. (6.9).

The ratio E(4+)/E(2+) of the ground band is 3.29, while the ratio E(6+)/E(4+)
is 6.81. These two ratios are in agreement with the theoretical predictions of the
symmetric rotor*®\ The general feature of the calculations of the rotational
spectra is the good agreement between theory and experimental which indicates

that is true deformed nucleus with axial symmetry.

6.4.2 The Interacting Boson Model

The IBM approach has proved useful for describing the collective behavior of
medium and heavy nuclei in terms of proton and neutrons pairs® "®RR"™V®»"\. The
number of bosons for the "® W nucleus is 13 and the ratio E(4+)/E(2+) is 3.29.

The "®*W nucleus is considered to be deformed and lie on the SU(3) limit of
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the IBM”. The Hamiltonian required is

H = "ELL(L.1) + “QQ(Q.Q) + PAIR(P.P) (6.5.2.1)

where the parameters ELL, QQ and PAIR characterise the magnitude of the
angular momentum, the quadrupole-quadrupole and pairing interactions. The
first two terms give the exact SU(3) limit in which eigenstates are given by the
quantum numbers N, the total number of bosons, L, the angular momentum
with M as its Z projection, and K, the projection of L along the axis of nuclear
symmetry. Addition of the third term breaks the SU(3) symmetry and raises
the energy of the first excited state of the /3-band (K=0“) above the first

excited state of the 7-band (k"=2"") as required by experiment.

The program package FEINT was used to provide the best overall fit to
the experimentally determined energy levels (Table 6.6). The values of the
parameters used are shown in Table (6.7). The experimental values of B(E2)
were calculated according to Eq. (4.4.2.1). In the calculation of B(E2) values,
the two parameters 0=2 and (32 of Eq. (2.3.1.6) [see Table (6.7) for the equivalent
values E2SD and E2DD used in FBEM] were adjusted to reproduce the B(E2)
values of the first and second states of the ground state and gamma-vibrational
bands. The B(E2) listed in Table (6.8) for five transitions show that the IBM-1

values are just as good as the IBM-2 values of Duval and Barrett"®®.

The result of the calculations for the energy levels are shown in Fig. (6.10)

and compared with the experimental, while in Table (6.6) the energy levels are

listed. Good agreement between theory and experiment is seen.
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6.4.3 Discussion of Individual Bands

6.4.3.1 The ground state band

This band consists of the levels 100.10 (2+) and 329.43 (4”) keV in the

nucleus, and is also observed in the (64 h) decay. The values of the
rotational theory is in full agreement with the experiment, while the IBM
predicts 333.7 keV for the 4*) The prediction of the provides the
best agreement with the experimental (Table 6.6), but these calculations are

given only for the ground state band.

The B.Rsofthe 100.10 and 329.43 keV levels are 0.06% and 0.09%
depending on the decay-feeding balance of the gamma-rays. These values are
supported by Firestone®, and are in agreement with the assigned spins and
parities as predicted from logft values. The experimental B(E2) values and the
quadrupole moment (Q) for the transitions depopulating these levels are shown
in Table (6.8) together with different theoretical models. The best agreement

between theory and experiment is achieved when IBM calculations are used.

6.4.3.2 The 7-band (k*—2%)

The 27,37,4” and 5" levels of this band are observed at 1221.34, 1331.37,
1442.88 and 1624.07 keV, respectively. This study suggeststhat the last level is
new. The K quantum number is assigned in view of the comparison between
the experimental and the theoretical branching ratios B(crL)/B'(crL), which are
shown in Table (6.9). The rotational theory calculation for the energy spectrum
is in full agreement with the experimental values. The IBM calculations are also

in good agreement with experimental values (Table 6.6). The spins and parities
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of the first three levels were assigned in view of the ak values (Table 6.4) and

from the logft values (Table 6.5).

6.4.3.3 The ~-band (k"=Q~*")

This band consists of the two levels at 1257.46 (2+) and 1510.28 (4+) keV. The
1135.81 keV is the band-head of the /9-band observed by Sapyta et aF®”", Galan
et al*Gi and Gravrilyuk et aF®”* The present IBM calculations predicted this
band-head at 1160 keV which is higher than the experimental value, while the 2"
and 4* are in very good agreement with the experimental values. The rotational
theory calculations show a full agreement with the experimental values (Table

6.6).

The K quantum number for this band is assigned also in view of the comparison
between the experimental and theoretical B(E2) ratios as given in Table (6.9).
The spins and parities of these levels were confirmed from logft values (Table

6.5) and from values (Table 6.4).

Sapyta et aF®" assigned the values (27,3"\4+) for the spin of the 1510.28
keV level, while Rikovska et aT”"® could not observe this level in their decay
scheme. The above theoretical calculation for the energies of this band support

the assignment of 4" for this level.

6.4.3.4 The negative parity state fk*=2 1

The 2“,3~ and 4~ levels of this octupole rotational band"®® observed in this

study and have energies of 1289.17, 1373.85 and 1487.41 respectively. The
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calculations of Soloviev et aF®® and Pyatov et al"®" show that small admixture
of other two-quasiparticle states also show the transition probability for the
1289.15 keV, M2 transition proceeding from this level. This is supported by
the present a* (Table 6.4). The logft values calculation assigned the 1289.17
keV as 2“ state and classified as allowed/forbidden transition for /5-decay to
occur. The rotational theory calculations agree with the experimental values
(Table 6.6). It was mentioned before (6.4.1.5) that the transition 959.69 keV
which depopulates the 1289.17 keV level to the 329.43 keV (4"") level is of a
single particle nature. This supportsthe idea of broken symmetry in this band.
The spins and parities of these levels are assigned in view of logft values (Table
6.5) and from values (Table 6.4). The K quantum number for this band is

assigned in view of the B((rL) B.R as given in Table (6.10).

6.4.3.5 The negative parity state (k*"—4~)

The 1553.24 keV level was assigned as 4“ by Grigorev et aF®" and from (d,d")
reaction”®®. The large E3 component of 1453.22 transition is consistent with
k=4 assigned for 1553.21 keV level, although the B(E2) ratios shown in Table

(6.10) for transitions proceeding from this level do not support this assignment.

Grigorev et aF®" have considered possible admixture in the 1553.24 keV state
using the band-mixing parameters given by Mikhailov*®®. Their analysis
indicates that admixture of other k-values are large for the levels of the k*=4"
and k=2~ band. The calculations of Soloviev et aFR® indicate that negative
parity states with K>2 are more properly classified as quasiparticle states rather
than octupole vibrational states. The spinsand parity of the 1553.24 keV level

were confirmed from logft values (Table 6.5) and from the a* (Table 6.4).
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6.5 Conclusions

Certain features of the structure are rather well established"®7470,i74,175

The ground state rotational band is populated up to J=10 in the (a,2n)
reaction"®”, while in the present work it is populated up to J=4. This study
proved that 351 keV is a background transition, supported by Huibin et aF"®.
It was not seen in the coincidence spectra and therefore the level 680 (6") keV
could not be placed in the "®"Ta decay. This is also supported by Rikovska et
aii75, Firestone® and Huibin et aF*®. The B(E2) values for deexcitation of
the 100.10 and 329.43 keV states are listed in Table (6.8). The 1221.34, 1331.37
and 1442.88 keV states have been classified as belonging to the k*=2" band
built on the 1221.34 keV state which was observed for the first time in coulomb
excitation studies”®® and explained as asymmetric rotor states”"®. These three
states have been treated as 7-rotational states in agreement with the present

assignment (Tables 6.4, 6.5).

The excitation of the 1257.46 keV level by inelastic deuteron scattering”"®®
favours k=0 /9-vibrational assignment for this level. This is in agreement
with the present choice of large E2 for the 1157.53 keV transition (Table 6.4),
since collective vibrational levels deexcite through enhanced E2 transitions.
The 1135.81 keV (0"") state reported by Firestone”has been predicted by
present IBM calculations as an (0") state and considered as a band-head for
the /5-band. However, Rikovska et aF*® did not place a 1510.28 keV level
in their decay scheme. The present coincidence measurements show that the
1410.15 and 1180.88 keV transitions are in coincidence with 100.10 and 229.33

keV transition, respectively, establishing the 1510.28 keV level. This has been

supported by previous works"®”"470,174
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The 1289.17,1373.85, and 1487.41 keV states are from a k=2 rotational band
built on the 1289.17 keV state, which according to Gallager and Soloviev*®® can
be characterized as a proton two-quasiparticle state. Also the mixing ratios of
the 84.64 and 113.75 keV transitions, (Table 6.4), which connect states of the
k~=2" rotational band, are identical, a result which is expected for rotational
band. The 84.64 and 113.75 keV transitions have multipolarity M1, while the
179.27 keV transition from the 4~ to 2 band (Ak=2) is E2/M 1. These mixing
ratios are thus in qualitative agreement with the k assignments of the negative-
parity levels. These assignments are in agreement with present calculation
for the spin and parity for these states (Table 6.5). The 1553.24 keV state is
characterized as a neutron two-quasiparticle state"®® with k=4 . The large E3
component of the 1453.22 keV transition is consistent with a k=4 assignment
for the 1553.24 keV level. This is supported from logft value for the spin and

parity, and by Sapyta"®".

The new level at 1624.07 keV is assigned to be 5" from its logft value. Thé
IBM calculations predicted this level as member of a 7-vibrational band. "This

assignment is in agreement with Firestone”and Bohr et aF.

The new level at 1656.64 keV is assigned to be (5~) from logft value (Table

6.5). The assignment of this level is in agreement with other studies"®®"'®®.

Nuclei which lie in the mass range 155<A<185 are considered as strongly
deformed and therefore possess rotational spectra. The "®'W lies within this
range, hence it should show rotational characteristics. The rotational theory was
applied to "®*W and the results are given in Table (6.6). The SU(3) rotational
limit of the IBM was applied with the addition of a very small amount of the

pairing (P.P) interaction This allowed the energy of the first excited state of
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the /9-band (k”™=0"") to be raised above the first excited state of the 7-band
(k~=2'""), and to get the best fit to the experimental values. Table (6.6) shows
the experimental values for the energy levels, compared with the predictions of
five different theoretical nuclear models. The calculation of the Pairing Plus
Quadrupole Moment (PPQM)"®®, Variable Moment of Inertia (VMI)"®®, and
the General Collective Model (GCM)"®”" provide varying degrees of agreement
with experiment for the low spin states. However, the IBM calculations gives

the best agreement overall.

The agreement between both the rotational theory and the SU(3) limit of the
IBM calculations with the experimental values of the energy levels supports the
assumption that is a deformed nucleus and is very much like an axially
symmetric rotor*®”, as is suggested by the energy ratios E(4'")/E(2"")=3.29 of
the ground band states and the B(E2, 2 —»0")/B(E2, 2* 272)=0.26. The
assumption that the transition between (3 and 7 bands and the ground state
band is absolutely forbidden as stated in the SU(3) limit was investigated and

experimentally supported.
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CHAPTER VII
SUMMARY

In the present work, comprehensive studies of the 7-radiations from the two
radioactive isotopes "®®Eu and "®®Ta were undertaken. The work has succeeded
in resolving many of the discrepancies raised by previous workers regarding
the transitions and level schemes. In addition, the use of Ge(Li) detectors in
singles measurements and in 7-7 coincidence mode allowed a larger number of
transitions and levels than before to be included in the decay scheme. The use

of an intrinsic Ge detector has given a good check for low energy transitions.

The additional levels and transitions led to the construction of new decay
schemes of "®"Gd, "®*Sm and "®"W. The properties of these isotopes which
have been explained in the context of the IBM, enabled new aspects of the
collective nuclear dynamics to be revealed. Other models were applied as a
matter of comparison and were found not to give such a good overall agreement

with experiment.

7.1 The nucleus

The levels of the *®®Gd nucleus are populated by j3~ decay of "®®Eu. The
results of singles measurements were able to confirm the previously reported
transitions, and also to suggest eight new transition which were placed in
the decay scheme. The decay scheme of "®*Gd, established from energy sum
relations and 7-7 coincidence measurements em ploying four gates, includes three

new levels at 1312.41, 1485.67 and 1698.34 keV.
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The new levels at 1485.67 and 1698.34 were assigned spin and parity values of
0" and 2", to form a third /3-band. The new level at 1312.41 keV was assigned

to be (1~), and together with the level 1123.19 keV (3“) forms an octupole
band"*®420,i2i

The placement of the 674.66 keV transition between levels 1605.58 keV (2™
and 930.58 keV (2"*) in "®"Gd is confirmed, while the transition 1643.60 keV,
which was detected by Sharma et a"®® who could not place it in the decay
scheme, has also been observed in the singles only and is considered as due to

summing effects.

The spin of the level at 1550.37 keV was confirmed as 4"", while that of level at
1605.58 keV was confirmed to be 2" A new value of 4** was confirmed to the
level at 1692.48 keV. These levels were assigned by the IBM calculations and

logft values.

Ismail et aF* has proposed a new level at 1381 keV (4""), which depopulates
by the 258 keV transition. This could not be supported experimentally nor
predicted by the IBM calculation. It is therefore believed that the 258 keV is a

transition background from *"Pb in the reactor.

Conversion electron coefficients have been measured by combining present 7 -
ray intensities with the conversion electron intensities reported from conversion
electron experiments, thereby allowing the multipolarities of transitions
contributing to the conversion electron process be deduced. This is achieved
by comparing the experimental conversion coefficients with the theoretical
values predicted for different multipole orders. Branching ratios of (3~ decay,

and therefore logft values, have been determined from the intensity balance
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between transitions feeding and depopulating a level; using the logft values and
multipolarities obtained the spin/parity assignment of seventeen excited states
of "®'Gd were determined consistent with (3 decay and 7-emission selection

rules.

In the IBM space, the subgroup decomposition of this space has three subgroub,
SU(5), SU3) and 0(6). The first two correspond to the familiar vibrational
and rotational limits, while the 0 (6) limit corresponds to the 7 -unstable picture.
One of the most powerful and appealing aspects of the IBM is the treatment of
the transitional regions between these extreme limiting coupling schemes. The
information offered by structure properties of the "®"Gd nucleus has allowed a
valuable test of the applicability of the IBM in such transitional region. The
test has been carried out using the computer program PHINT which calculates
the energy levels. Also, the electromagnetic transition rates are calculated using

the program FBEM.

Earlier work on the "®"Gd nucleus indicated that it could be purely vibrational
and initial attempt to fit the energy levels (and transition probabilities),
incorporating the new transitions and levels was accordingly made using the
SU(5) limit of the IBM. The result indicated that the energy levels were not well
reproduce and agreement with transition probabilities was poor: a new /3-band
found experimentally could not be predicted. On the other hand, applying the
transitional SU(5) —2SU(3) IBM gave excellent agreement for both the energies
and B(E2) values (Eq. 2.3.3.a.1) and Tables [(4.6),(4.11)]. The parameters used
in the IBM calculations are listed in Table (4.10). No improvement was found
by using the full Hamiltonian. It may be concluded that the nuclear shape is

more that of an oblate ellipsoid, than that of a prolate ellipsoi d.
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7.2 The Nucleus

Singles measurements of the decay reveal the existence of five new 7-
ray transitions. The result of 7-7 coincidence measurements and energy sum
relations enabled twenty excited states to established. Two levels at 1436.65
and 1681.56 keV are new suggestions. The (2+) assignment to the new level
at 1436.65 keV is supported by the present IBM calculation which predicts it
as band-head for the second 7-band in "®'Sm (Table 5.5). The new level at
1681.56 keV is suggested according to singles and coincidence data (Table 5.1,
5.2). The spin and parity are assigned to this level in view of logft values, and
this is in agreement with the prediction of Konijn et al™ for this level from

(a,2n) reaction.

The 1315.32 keV transition, previously reported by Sharma et al*°® and Baker
et al*°4 but unplaced in their decay scheme, could be placed between 1681.56
keV level and the level 366.46 keV. The 964.10 keV transition is considered to
be a doublet by Baglin** and W arburton et al*s which is confirmed in this

work.

"®"Sm considered as a deformed nucleus would be expected to show rotational
spectra. The energy level ratios for the ground state band supported a mainly
rotational character, but could allow some vibrational degrees of freedom since
experimentally E(47)/E(27)=3.02 and E(6")/E(27)=5.79 compared to the
pure rotational values of 3.33 and 7.0 respectively. Many models, including
the (PPQM)i50200 (BET)i52,i60 “nd {RY U y”™\ have been used to
calculate both the band energy and the B(E2) ratios for "®'Sm with varying

degree of success; indications being found that there is a coupling between the

248



Summary/ch.7

rotational and the intrinsic motions of the nucleus, suggesting a transitional

nature for

In the case of "®"Sm it was verified that the previous use of the SU(5) —» SU(3)
transitional IBM was in quite good agreement with the experimental results.
Nonetheless this could not predict a second /9-band in which was placed a 2°*
level at 1293 keV, and whose 0" band-head at 1082 keV was one of three O
states found by Passaija et al**i. When the complete Hamiltonian was used
these three 0™ states could be obtained, and also a fourth 0" states at 1485
keV was predicted which could be the band-head of a third *-band in which
the level at 1768.98 keV could be placed. Also, it was found that much
better agreement was obtained overall. Tables (5.5.5.13), when the complete
Hamiltonian was used for the IBM calculations. The present results of the
IBM calculations are listed in Table (5.5) and shown in Fig. (5.10). The
values obtained for the parameters. Table (5.10),reveal that the nucleus can be

regarded as deformed showing SU(5) —=SU(3), properties coupled to some 0(6)

characteristics.
7.3 The Nucleus
The level scheme of was established from singles and 7-7 coincidence

measurements with Ge(Li) detector following the (3~ decay of "®"Ta. A pure
Ge detector was also used to confirm the intensities of low energy 7-rays and
as a further check on background energies. The singles measurements reveal
the existence of forty two 7-rays; of these five are new. It has thus been
possible to establish the new levels at 1624.07 and 1656.64 keV in the levels

scheme of The new level at 1624.07 keV is assigned to be 5" from its
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logft value. The IBM calculations predicted this level as member of a 7-band.
This assignment is in agreement with Firestone”and Bohr et al" The new
level at 1656.64 keV is assigned to be 5 from logft value Table (5.5). The
assignment of this level is in agreement with other studies*®®~"®°. The 681 keV
level was depopulated by a transition at 351 keV which Huibin et aP*® regarded
as background. This is supported by this work and it could not be seen in the
coincidence spectra, therefore the level 681 (6t) could not be placed in the
"®"Ta decay. The spin/parity of 1510.28 keV level was uncertain. The present
IBM calculation also predicts an 0% state at 1135 keV, which was reported
by Firestone**®, and it is, considered to be the band-head of the *-band in
which the IBM also gives a 4"" assignment for the 1510.28 keV level. The 7-7
coincidence measurements also suggest the 1410.15 and 1180.88 keV transitions
which decay from the very mentioned level are in coincidence with spectra gated
by 100.10 and 229.33 keV 7-rays at logft of 9.85. This supports a 4"* assignment

for 1510.3 keV level.

According to the energy ratio E(47)/E(27%)=3.29, the "®*W nucleus could bhe
classified as deformed, and can be treated as a symmetric rotor as in Bohr
et aP®®, or as an example of a nucleus on the SU(3) limit of the IBM. The
placement of new level is supported by the new IBM calculation which shows
that the SU(3) Hamiltonian gives a good description of the *®*W nucleus.
W ith the addition of a small pairing interaction a valuable improvement to
the agreement with the experiment is obtained as shown in Table (6.6) and Fig.
(6.10). The Hamiltonian used is in Eq. (65.2.1). The addition of third term
breaks the SU(3) symmetry and raises the energy of the first excited state of
the /9-band (k’**0'*') above the first excited state of the 7-band (k" =2"" as
required by the experiment. The program PHINT was used to provide the best

overall fit to the experimentally determined energy levels Table (6.6) and Fig.
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(6.10). The B(E2) values were obtained from the program FBEM are listed in

Table (6.8); the parameters obtained are given in Table (6.7).
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