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ABSTRACT

G am m a-rays were detected in bo th  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 germ anium  detector were 

employed for the m easurem ents of the 7 -ray energies and relative intensities, 

allowing the logft values, m ultipolarities, sp ins/parities and transition  probabil

ities to  be deduced for the ^®^Gd, ^®^Sm and The fast-slow coincidence

technique was used w ith two Ge(Li) detector and d a ta  recorded w ith a m icro

com puter for off-line analysis. Consequently, following these m easurem ents, the 

level schemes of the above nuclei were built up incorporating several new energy 

levels and transitions.

Com parisons are m ade with the predictions of current nuclear models. In p a r

ticular, the application of the group theoretical sym m etries of the Interacting 

Boson Model (IBM) are discussed. The calculations were carried out using 

the program  package PH IN T for determ ing the energy levels, in conjunction 

w ith 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) ro tational lim it for the
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CHAPTER I 
GENERAL

1.1 Introduction

The main objective of nuclear spectroscopy is to fu rther the understanding  of 

the structu re  of a nucleus. One can describe the bound states of atom ic nuclei 

in term s of interactions among all of the constituent neutrons or protons. For 

m edium -to-heavy mass nuclei, however, this is not feasible. Even in a shell 

model calculation, where the energy spectrum  is assum ed to result only from a 

valence nucleon, the num ber of possible states w ith a given angular m om entum  

is enormous. Yet the low-lying energy levels in m ost 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 m ajor 

shell, are rem iniscent of a harm onic v ibrator. W hen there are m any valence 

neutrons and protons (i.e in mid-shell region), the energy levels of even-even 

nuclei have a distinct ro tational character. Such energy levels are generally 

known as “collective” , as they result from a com bination of all the available 

shell model states. One naturally  seeks a simple description of these energy 

states.

The geom etrical model of Rainwater^, and Bohr and M o t t e l s o n ^ p r o v i d e s  

an appealing physical description of the semi-classical p icture of a v ibrating or 

ro tating  “liquid drop” . The problem  with the geom etrical model is th a t there 

is no simple procedure for describing the transition  of a series of isotopes or 

isotones from ro tational nuclei to  vibrational nuclei. A ttem pts have also been

18



G eneral/ch.1

m ade to  describe these collective properties in term s of boson degrees of 

freedom, instead of fermion degrees of freedom®. A common problem  connected 

w ith this form ulation is th a t the boson H am iltonian cannot be restric ted  to  a 

two-body interaction. T hat is, these m ethods involve infinite expansions®.

Recently, two m ethods have been developed which contain boson operators of 

finite order. One is the m ethod of Jenssen, Jolos and Donav^ which contains 

quadrupole operators th a t obey the com m utation relation of a U(6 ) Lie algebra. 

Since their m ethod utilizes only quadrupole operators, their expansion consists 

solely of quadrupole (J= 2  or d) bosons. The second approach is th a t of 

A rim a and lachello®” ^^, known as the “Interacting Boson M odel” (IBM ), which 

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

The IBM differs fundam entally from the others in th a t the to ta l num ber of 

bosons [rig Uj) is conserved. This is because the num ber of active bosons in 

the IBM corresponds to the num ber of valence nucleons, thus providing a direct 

link to the underlying single particle or shell model structu re  of the nucleus^

The IBM thus provides us w ith a m ethod of sim ultaneously in terpreting  nuclear 

collective properties in term s of a very simple model, and understanding this 

model and its param eters in term  of the underlying fermionic structure .

A nother advantage of the IBM is th a t it is a purely quantum  mechanical 

description of the nucleus, ra ther than  a semi-classical one, as in a geometrical 

model. The observed vibrational and ro tational energy spectra  which occur in 

m any nuclei, arise due to  dynam ical sym m etries (or approxim ate dynam ical 

sym m etries) of the effective IBM H am iltonian. The relationship of the 

IBM to the geometrical model is currently an area of great in terest and 

controversy^ ® “  ̂  ®.

19
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In this chapter, theoretical considerations relevent to  the present work are 

introduced. The theory of some im portan t nuclear models will be discussed 

in C hapter Two where the IBM is em phasized. Experim ental techniques for 

G am m a-ray spectroscopy are described in C hapter Three. Chapters Four, Five 

and Six are dedicated to  the studies of the decay schemes of ^®^Gd, ^®^Sm and 

i82w  following the radioactive decays of ^®^Eu and ^®^Ta respectively.

1.2 Radioactive Decay

R adioactivity involves the changes of the nucleus of an atom  not its ex tra  nuclear 

electrons, and is an a ttem p t 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 

ra te  through a certain num ber of stages until a stable end-product is formed.

It was shown by Rutherford^® th a t the decay of a radioactive atom  is a random  

process, and the ra te  of decay can only be described statistically. Any sample 

of radioactive m aterial likely to  be of practical in terest, however, contains so 

m any atom s th a t a statistical prediction about its behaviour tu rn s out to  be 

very accurate.

The decay was observed to  follow an exponentied law w ith great accuracy. The 

solution for the num ber of radioactive atom s (N) left in a sample after tim e t 

is:

N  =  (1.2.1)
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G eneral/ch.1

where Nq is the num ber of radioactive atom s at tim e t = 0 .

A is the probability per unit tim e th a t a particu lar atom  will decay.

A characteristic of each radionuclide is its half-life. The half-life is defined as 

the tim e for a num ber of radioactive atom s 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 m aterial can occur either naturally , like U ranium , or can be 

obtained either by bom bardm ent of suitable target m aterials w ith neutrons or 

from fission products. In this study, radioisotopes are produced by neutron 

bom bardm ent in a nuclear reactor, which is the most useful source of neutrons. 

This reaction involves the capturing of one neutron by the ta rge t nucleus. Such 

a reaction is norm ally w ritten  in simplified form by A (n,7 )B, where n represents 

the captured neutron and 7  represents the photon. A and B are the “in itia l” 

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 lim ited. For “short” irradiations 

and irrad iation  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~^,

21



General/ch. 1

<T is the neutron capture cross-section in barns,

W is the atom ic weight of target m aterial,

t is the rad ia tion  tim e, and

T i  is the half-life of the product isotope.

1.3 B eta Decay

B eta decay can be described as the process in which the mass num ber rem ains 

unchanged for the nucleus under consideration but the atom ic num ber changes 

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

n - ^ p - { - e ~ + v '  (3~-deca.y (1.3.1)

p —> n - f - +  z/ /9"""-decay (1.3.2)

p -f- e“ n  -f 1/ electron capture (1.3.3)

All the  above processes are controlled by the weak in teraction  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 m axim um  energy. This is also called the end-point energy 

of the process and is a characteristic of the nuclide under consideration. The 

spectra  involved w ith the interm ediate excited s ta te  proceed to  the ground state  

in an appreciable fraction by a process of in ternal conversion which is observed 

as a line spectrum  superim posed on the continuous ^ -ray  spectrum .

B eta transitions can be classified as either allowed or forbidden. Allowed

transitions are those in which the em itted  particles (electron and neutrino)

do not carry away any angular m om entum . This m eans th a t 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 em itted. The angular m om entum  carried now is 

no longer zero. Such a transition  is term ed as forbidden transition .

It is custom ary to  define the “com parative life tim e” of a be ta  transition , ft, 

where f is the function which includes the coulomb correction factor resulting 

from an in teraction of the orbital electron with the daughter nucleus, t is half- 

life of be ta  decay.

The evaluation of log f t  is obtained from the graph of Maszkouski^^ and Verrall 

et aff® which is based on

log f t  = log fo t  -f- log c -h A log f t  (1.3.10)

On the basis of the log f t  values one can define the degree of forbidden transition. 

It can be seen th a t transitions w ith values of log f t  ranging from 3 to  6 are 

allowed, those between 6 and 9 constitu te “first forbidden” , higher than  9 

constitu te “second forbidden” and so on until the higher degrees of forbiddeness. 

The transition  having values of log f t  less th an  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 em itted. The conservation of 

angular m om entum  then  gives

Ji = J f  Lev dr Seu (1.3.11)

W here is the angular m om entum  of the nucleus before emission, J /  is the 

angular m om entum  after the emission, and Lev and is the orbital angular 

m om entum  and spin of the em itted  pair.
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If the pair (e,z/) is em itted  with anti parallel spins then  the spin is zero and

Ji —  Jf  “ f "  Lgi,

where again Lg,/ =  0 if the parity  has to  rem ain unchanged. This m eans the 

pair are em itted  w ithout angular m om entum .

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 m om entum  so th a t in this case

Ji = J  f  1

for =  0 to  reta in  parity. A J  = 0, or ±1  (for all 0 ^  0 not allowed).

These transitions are called the Gamow-Teller transitions. T he 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).

A nother im portan t note to  be m ade 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 Electrom agnetic Transitions

A great deal of inform ation about the nuclei has come from  the study of the 

electrom agnetic transitions. The basic reason for this is the fact th a t the 

in teraction is known, while the nucleus forces are still elusive in nature.
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The basic inform ation comes from the study of gam m a emission of the nuclei. 

The semiclassical description of gam m a rad ia tion  is well docum ented and a 

review of the general principles of the spectroscopy along w ith the basic aspects 

of m ultipole rad iation  is discussed by B latt and Weisskopf^®. The classical 

p icture describes the nucleus as a charge-current d istribution  of confined 

periodic m otion the frequency of which is w w ith the relationship between it 

and the energy of transition  as

E i - E f
w =

ft

The power rad ia ted  from an oscillating charge assembly involves the solution 

of M axwell’s equation outside and inside the charge region (the nucleus) and 

by the in tegration of Poynting’s vector over an area surrounding the nucleus. 

The simplest trea tm en t of the problem  is to  assume the wavelength , of the

radia tion  as large when com pared to  the nuclear dim ensions. This

implies th a t the probability of emission of the rad ia tion  decreases rapidly w ith 

the increase of m ultipole order.

Since each nuclear s ta te  has a definite angular m om entum  I, com ponent m  and 

parity  tt then  a transition  results in an change of angular m om entum  L with 

eigenvalue A and com ponent /z and parity  t t  such th a t the conservation laws are 

retained, therefore

L = l i  — I f  (1.4.1)

TTi X  TVf =  TV (1.4.2)

where i and f m ean the initial and final state.

The angular m om entum  of the photon ^ . indicates the m ultipolarity

of the radiation. Hence for m ultipolarity  A, for example the two kinds of 

radiations are electric w ith 2 ^ pole (EA) and m agnetic 2^ pole (MA).
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In addition the two m ultipoles have different sym m etry 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
0

m ultiple rad ia tion  of order L has parity  Tr̂ .TTy =  ( — 1) and m agnetic multipole 

h a s  TTi.TTf =  ( —

As the two m om entum  selection rules restric t the possible m ultipolarities, one 

therefore has the triangle relation:

I W “  /  I ^  I I % "b I / 1 (1.4.3)

The above conditions, though necessary, are not sufficient for radiative 

transitions e.g. transitions from 0% to Oy states are always forbidden and occur 

by a m echanism  different from E.M  7 -ray emissionjby a conversion electron or 

by form ation of electron positron pairs.

The types of radiations observed are E l to  E 6  and M l to  M5 (inclusive). In all 

cases, w ith the exception of E2/M 1 and E1/M 2, only single type of radiation 

occurs for a given transition .

If for a certain order of m ulti pole, the m atrix  elements which determ ine 

the transition  probability vanish, then  th a t transition  is forbidden and th a t 

m ultipole com ponent 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 em pirical da ta  in particular. The form ula is described in 

B latt and Weisskopf^®’̂ .̂

■ ' ' I ' ' " '

T ( A  : li  I f )  = ^  T ( A , / z  : liTUi If iri f )
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: '< -  ' ' •  -

W here cr is m eant for electric or m agnetic rad iation  and

B ( \  ^  |<  Ifni f  I | Umi  > |'  (1.4.6)
fi,mf

is the reduced transition  probability.

It is seen th a t the transition  probability depends on the transition  energy

whereas the reduced transition  probability is independent of energy bu t it is the

square of the transition  m atrix  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 form ula such as B((tA) require detailed knowledge of the nucleus bu t 

detailed calculations are available only for the low lying state. A simple case 

is th a t of a single nucleon rad iating  system. This single particle assumes 

the excitation of only one nucleon and provides avaliable reference to  nuclear 

models. The rough and simple estim ate for a single particle transition  

probability  for each m ultipolarity  is given by the Weisskopf estim ate. In 

calculating the Weisskopf estim ate, the statistical factor S is assum ed to  be 

unity  and the nuclear radius is taken as 1.2 A 3 fm.

B ^ ( m ) =  ^ ( ^ ) ' ( 1 . 2 ) : ^ ; 4 ^  (1.4.7)

B„(MA) =  - ( T ^ ) ' ( 1 .2 ) ' " - ' A l " ^  (1.4.8)
7T A -f- 2

In practice, when a small adm ixture of m agnetic m ultipole w ith the electric 

m ultipole radiations are present like, E2 and M l, the relative m agnitudes and 

phases of the E2 and M l m atrix  element can yield inform ation on the natu re
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and size of the non-vibrational com ponent of the excited states and is given by 

the ratio

The to ta l transition  probabilities of the nuclear level say the P-level is the sum of 

the transition  probabilities of all depopulating (electrom agnetic and particles) 

transitions P j ,  and can be m easured by knowing the half-life 'X  or the level 

widthTof th a t level
A

f  (level) =  Pd =  [ r ( l e v e l ) ] p e r  sec (1.4.10)
d

r(leve l)r(leve l) = % = 6 .5S x  10" MeVsec (1.4.11)

The experim ental gam m a-ray transition  probability  is r e lq t^ j  to  the theoretical 

partia l gam m a-ray transition  probability

T(o-A) =  P ^ { E \)

which is given by

where ^ I d  is the sum  of the intensities of all transitions depopulating the level

of interest in the same units as th a t of the intensity  I.y( aX) of the gamma-

ray transition  w ith m ultipolarity  crA. Now is obtained using the following 

relation

^  Jd =  ^  ^7 ( 1  +  olt) (1.4.13)
d d

where interference between electric and m agnetic m ultipoles are ruled out. The 

to tal electron conversion coefficient is obtained from the theory of internal 

conversion discussed in section (1.5). Using Eq. (1.4.5) one gets

B { E l  : h  I f )  = 6.288 x : h  ^  I f )

B { E 2  : h  I f )  =  8.161 x E ~ ^ P ^ { E 2  : h  ^  I f )  (1.4.14)
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B [ M l  : l i  -> I f )  =  5.687 x : h  I f )

where E-y is in MeV and is the transition  energy.

For a single depopulating gam m a-ray transition  w ith E2/M 1 mixing the partia l 

gam m a-ray transition  probability and the to ta l transition  probability  are related 

to  each o ther as a function of the to tal in ternal conversion coefficient and 

m ultipole ratio  6.

=  [l + S ^ + a T { M l )  + S^aT{E2)]

=  [ l - S - ^ + a T ( E 2 ) l s - ^ a T { E 2 ) ]

For transitions w ith a different m ultipole mixing order one may refer to 

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

VI.

1.5 Internal Conversion

The observations of well defined peaks in the electron spectrum  th a t are em itted 

in radioactive decay processes were in terpreted  by H ahn and Meit ner^® as 

decay energy resulting from the in ternal conversion of nuclear gam m a radiation 

in various shells of the atom . In this process a quantum  is directly exchanged, 

w ithout the interm ediate emission of a photon, between the  nucleus and the 

electron. The to ta l 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 w ith which the exact energies of these conversion lines could 

be m easured w ith m agnetic spectrom eters, m ade the observation of conversion
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electrons the m ost accurate practical m ethod of determ ining gam m a energies 

until about 1950.

For an electrom agnetic transition  , gam m a-ray emission and in ternal conversion 

com pete. Excluding other possible modes of decay, for instance decay, the 

to ta l transition  probability  can be w ritten  as

\  = I .y-hIe  (1.5.1)

where 7-y is the probability  for emission of a gam m a-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  = ~  (1.5.2)
J-y

and a  is called the conversion coefficient and is the intensity  ratio  of conversion 

electrons and 7 -ray for a given transition . Thus a  may be any positive num ber. 

The to ta l probability  for in ternal conversion /g can also be broken up into partia l 

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

le = I k  -\r I I  + I m  +  .... (1.5.3)

Thus, Eq. (1.5.2) can be w ritten  as

I k + I l + J m  J k  , J l  , I m  , , 1-,  t :  a \«  =   J  =  —-1- —  +  -j— =  OLK +  «L +  «M (1.5.4)
J.^ j[^ J.^

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 to ta l 

transition  and for the gam m a transition  in the following way

1 1 u

or

r =
1 -I- a  
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i.e

=  r ( l  +  a )  (1.5.5)

In the point nucleus approxim ation, the in teraction of the electron and nuclear 

currents and charge via the electrom agnetic field is exactly proportional to 

the product of the atom ic (electronic) and nuclear (gam m a transition) m atrix  

elements involved®®. Because the atom ic wave functions are well known, the 

form  of electrom agnetic field for a point nucleus depends only on the nuclear 

charge num ber Z, the energy of the nuclear transition , the type of transition , 

electric or m agnetic, and its m ultipolarity. It is clear th a t the in ternal conversion 

can be calculated very precisely from the theory of electrom agnetism  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 atom ic field of a point nucleus®^. The conversion coefficients for the K and 

L shells have been calculated by Rose ®̂ '®̂  as a function of atom ic num ber Z, 

transition  energy and m ultipole order (both  electric and m agnetic) for m ultipole 

order from 1 to  5. The well understood theory of in ternal conversion therefore, 

can be used to determ ine m ultipolarities and adm ixture of m ultipolarities 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 II 
NUCLEAR MODELS

2.1 Shell M odel

W ith the accum ulation of d a ta  on nuclei through the 1930’s and 40’s, it became 

apparent th a t the nucleus does exhibit a shell s tructu re in m uch the same way 

as the atom . If one plots the binding energy of the valence electron as a function 

of atom ic num ber, Z, for the elements, one sees discontinuities at values of Z 

corresponding to  the noble gases, due to shell closing effects. P lots of neutron 

separation energy as a function of mass num ber A show discontinuities at values 

of the neutron  num ber 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 

sim ilar to  those present in the noble gases in atom ic physics, are present in 

the nucleus and occur at nucleon num bers Z or N =  2 , 8 , 2 0 , 28, 50, 82 and 

126®®’®®. These are so called “magic num bers” of the nucleus and are associated 

w ith a large binding energy. O ther experim ental evidence related to the large 

binding energy of the magic num ber nuclei are the abundance of stable isotopes 

at magic Z and stable isotones for magic N.

As in the case of the atom ic 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 o ther nucleons®^. 

The early models used a spherically sym m etric. Square-Well potential which 

reproduced the observed regularities in nuclear structu re  up to  Z or N =  20®^“ ®®.
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However, such a potential alone will not reproduce the observed structu re  at 

the  higher values of Z and N.

In 1949, in two independently published papers®^’®® a strong coupling between 

the spin and orbital angular m om entum  of each nucleon was postulated . The 

form of this interaction is given by

(;î>
where L denotes the orbital angular m om entum  vector, S is the  spin vector, f 

gives the profile of the central potential and Com pton wavelength of the

p/^n is intJbduced for dimensional reasons.

There are two possible couplings of the orbital angular m om entum  and spin

j  = t + l  or J  = e - -  
2 2

where J is the to tal angular m om entum  of the particle. If one assumes the

W oods-Saxon potential as the central potential, it can be shown th a t the levels

are split w ith states having J =  Z +  |  lowered and states w ith J = £ - I  raised.

In the shell model terminology, each level is designated by a principle quantum  

num ber N, an orbital angular m om entum  value £, and a to ta l angular 

m om entum  value J =  Z ±  and is referred to  as a single-particle or shell 

model state. The lowest states are filled first, up to  the m axim um  num ber of 

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

For even-even nuclei, i.e even num ber of neutrons and even num ber of protons, 

the assignm ent 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.

33



Nuclear Models/ch. 2

In the case of odd mass nuclei, where either N or Z is odd, the ground state  

angular m om entum  and parity  are given by the half in tegral angular m om entum  

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

2.2 The Collective M odel

In this section, to understand  the nuclear excitations in term s of the specific 

interactions of the single nucleons comprising a nucleus is the prim ary goal 

of nuclear physics. The shell model has been shown to  provide this level of 

understanding in m any nuclear systems. This success has been lim ited in even- 

even nuclei, however, to  systems w ith 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.

M ultiparticle nuclear systems, however, exhibit structures th a t can be easily 

understood when the gross properties of their nuclei are taken into account. For 

example, there is considerable evidence th a t the low-lying excitations of even- 

even nuclei w ith A > 1 0 0  are predom inantly of a collective natu re , the correlated 

oscillations of m any particles w ith respect to  a core of spectator nucleons. In 

addition, the onset of structures th a t can be a ttrib u ted  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 

th a t of Bohr and M ottelson (BM)®’'̂ . An excellent detailed description of the 

collective properties of nuclei is presented in their text Ref. (45). In addition, 

there are num erous excellent review a r t i c l e s ^ ® w h i c h  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 com petition of short-range and long-range 

interactions between nucleons gives rise to surface vibrations about an 

equilibrium  shape th a t can be spherical or deformed, w hether or not axially 

symmetric.

The surface of a nucleus can be expressed in te rm  of

B  =  B „ [l +  ^ aA ^ F y (e ,< A )] (2 .2 .1 .1 )
X,fj.

where Ro is the constant and are the usual Legendre polynomials. The

collective m otions can then  obtained by the tim e variation of the « a/x’s- In the 

usual quadratic approxim ation, the kinetic energy can be w ritten  aŝ ®

(2 .2 .1.2 )
X,fi

Similarly, the expression for the potential energy becomes^®

^  =  (22.1 .3)
A ,/i

Equation (2.2.1.2) and (2.2.1.3) correspond to  the fam ilar simple harm onic 

oscillator for each variable where the associated frequency for each a \ ^

is given^®

“ A = ( ^ ) '  (2.2.1.4)

The oscillations associated w ith 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 v ibration, of 

type A carries angular m om entum  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 

trip let of states w ith values of T + ,2+ ,4+  at twice the excitation energy of 

the first 2*̂  state. (Rem em ber the energy for a simple harm onic 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 th a t the degeneracies will be broken, bu t the 

predicted occurrence of levels at approxim ately the appropria te energies should 

correspond to those actually observed.

An energy spectrum  is not sufficient to identify the s tructu re  of a nucleus; 

knowledge of the wave functions of the states is also critical. The usual 

m ethod 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 fam iliar m ultipole operator M(EA). The B(EA) values are simply related 

to  the m ultipole operator, M (EA),through

B ( E \ , L i  ^  L f )  =  < L i \ \ M ( E \ ) \ \ L f  > '  (2.2.1.5)
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Fig (2.1) R e p r e s e n t a t i v e  energy  s p e c t r a  of  c o l l e c t i v e  e x c i t a t i o n s  in 
c o l l e c t i v e  Model. The s t a t e s  are labe led  by the ir  values and c h a r a c te r i s t i c  
quantum numbers,  ( a )  Spec tru m  of  a harmonic  vibrator.  The s t a t e s  are 
labe led  by the phonon number n. (b) Spec trum  of  a s y m m e t r i c  rotor. The 
spec trum  i s  divided into var ious bands: the ground band, y band, and p band, 
( c )  Spectrum of a r igid triax ia l  ro tor w i th  a s y m m e tr y  y =30° . (d) Spectrum  
of a y -uns tab le  o s c i l l a t o r .  The s t a t e s  are labe led  by  ̂ np, which  counts  
the number of p-vibrational  quanta. The f igure is f rom C iz e w is k i
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One can label the collective excitations by the num ber of phonons, n;^, and the 

angular m om entum  L. Transitions will only occur between states connected by 

A n^ =  ± 1 . The B(EA) values for allowed transitions between two levels are 

given by^°

^ 2  B [ E \  : n \  Li nx — 1 Lf )  =  n x B [ E X  : n \  = 1 nx = 0) (2.2.1.6)

The sum m ation of the left-hand-side of the equation is over all states to  which 

the initial sta te  can decay, given the selection rules of the B(EA) operator. For 

exam ple, consider the 4^  level (the subscript refers to  the occurrence of a 4"̂  

sta te) of the two A =  2 phonon trip let. Here n 2 =  2 and the only sta te  to  which 

the 4^ s ta te  can decay is the n 2 =  1 2 ]*" state. Therefore Eq. (2.2 .1 .6 ) reduces 

to

B { E 2 :  712 = 2 4 + 7 1 2  =  1 2+) =  2 H (E 2 : 2i-|- 0+) (2.2.1.7)

In addition, Eq. (2.2.1.6) implies th a t 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 num ber of the initial level times B(E2:2]*’ —> 0^), 

although the individual transition  to the lower n 2 =  2  s ta te  will not be 

necessarily of equal strength . The actual branching ratios are determ ined by 

the respective coefficients of fractional parentage (C F P ) for the coupling of 

particles w ith angular m om entum  A. In particu lar, for A =  2, 3, 4 these have 

been tabu la ted  by Bay m an and Laude^®. Im portan t branching ratios for some 

of the low-lying levels are presented in Table (2 .1 ).

A part from quadrupole oscillations, oscillations corresponding to  A =  3, known 

as octupole vibrations, may also occur at approxim ately the energy of the A 

=  2 two-phonon triplet^^. Again, an energy spectrum  given by E oc will 

occur, w ith the lowest s ta te  being a 3“ level. It should also be noted th a t
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Table (2.1)

B r a n c h i n g  r a t i o s  f o r  7- d e e x c i t a t i o n  o f  c o l l e c t i v e  s t a t e s  i n  t h e  c o l l e c t i v e  m o d e l
J i —+ J f

V ib rator®
S ym m etric* ’ A s y m m e tr ic  R o to r

J i —* J f R o to r Triaxial® 7 -u n s ta b le ‘*
22 —» Oi
2i —> 2^

0 0.70 0 0

3i 2i 
3i 4i

0 2.50 0 0

3i —> 4i 
3i —* 2 z

0.40 sm a ll

~ 0 . 0 2

0.40 0.40

42 —* 2 i 
42 -^ 4 i

0 0.34 0 e
4j —* 3i 
42 —» 2 2

0 2.23 0 e
Ü2 —► 2 i
O2 —* 2 2

00 00 f e
O3  —* 2 i
Oa —* 2 2

0 0 f 0

(a) The quan tum  num ber relevant to the v ibrator model is N, the phonon num ber. 
The states listed correspond to  the following values of N: 0% - a N =0; 2\ —> N = l; 
2 2 )Û2 , 4 i —̂ N =2; 4 2 , 8 1 , 0 3  —► N =3. The branching ratios have been calculated 
with the coefficients of fractional parentage^®.

(b) The relevant label for states in the symétrie rotor is the band (i.e.,ground , 7  
or (3 band) and the K quantum  number. The 0 i , 2 i , 4 i  states are members 
of the  K = 0  ground band; 2 2 ,3 %,42 states are members of the K = 2, 7 -band; 
O2 is the band-head  of the K = 0 ^  band; O3 is the band-head of the K = 0 two- 
phonon 7  band. In terband  transitions are assumed to  be ~ l /5 0  of the in traband 
transitions. W here applicable, Eq. (2.22.8) has been used to determ ine the 
branching ratios. ^

(c) All of the states, except for the excited 0 2 , 0 3  states, are members of the same 
“b and” . The branching ratios have been obtained with the B(E2) values of Ref. 
(51,52)

(d) The relevant quan tum  num ber 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 = l ;
2 2 , 4i - 4  r= 2 ;  4 2 , 8 1 , 0 3  r= 3 .  The O2 state has r = 0  but is the “head-band”
of the first ^  v ibration with n ^ = l .

(e) These branching ratios are not avaliable.

(f) Excited 0  sta tes do not occur for a rigid triaxial rotor.
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negative-parity  states characterized by a m ixture of quadrupole and octupole 

v ibration may occur. The lowest excitations of this type, nam ely w ith n 2 

=  1 and ns =  1 , will consist of five degenerate states w ith spin-parity 

1“ , 2 “ ,3 , 4 ~ , 5 “ . However, because both  the octupole v ibration and any 

higher order coupling of vibrations occur relatively high in excitation energy, 

there is a greater probability th a t these states will mix w ith non-collective 

excitations, so th a t their simple structure may be obscured.

2.2.2 The R otational Shape

A particu lar nuclear shape emerges as a result of the com petition between 

long-range and short-range interactions. The particu lar effective interactions 

th a t are im portan t to the BM description are the short-range monopole pairing 

in teractions and the long-range quadrupole-quadrupole in teraction between 

nucleons. A more detailed discussion of these interactions is presented in 

num erous 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 num ber 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 in teraction  is proportional to N^. Near closed shells, the pairing interaction 

will dom inate, bu t tow ard the middle of the shell, where AT, the

quadrupole in teraction will dom inate the pairing force and, hence, the nucleus 

will assum e a perm anent deformation.

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

(2.2.1.1) in to  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 , a 2 ^ Y f  {O',<!>')] (2.2.2.1)

where the a2  ̂ are related to earlier « 2^ through^®

«2.  =  X !  <l>’ V>) (2 .2 .2 .2 )

where the are the usual ro tation m atrices and ^,<^,'0 are the Euler angles,
are

which^related to the body-fixed and space fixed axes. Since^® a 2i =  «2 - 1  = 0  

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

the Euler angles ^ , 0 , 0  and a2o and a22- For convenience, the param eters a 2o 

and a 22 are replaced by /? and 7  through the following relations'^^

(I20 =  0COSJ

Ü22 =  - ^ i S s i n j  (2 .2 .2 .3)

The param eter /? is a m easure of the degree of quadrupole deform ation, while 

7  is a m easure of the departure from axial symmetry.

The expression for the kinetic energy is given by*̂ ^

where the L% are the angular m om entum  operators associated with the Euler 

angles. This kinetic energy, together w ith the appropriate potential energy, will 

be referred to  as the Bohr Hamiltonian.

Three types of potentials will be discussed. The m ost fam iliar, which 

corresponds to  the symm etrical rotor, occurs for /? 0, 7  =  0. The other
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two correspond to symm etrical ro tor : the triaxial ro tor, where V =  V (/5,7o) 

for a specific 70  7̂  0 , and the 7 -unstable rotor, where V =  V (/?) (i.e independent 

of 7 ).

The sym m etrical ro tor is characterized by a quadrupole deform ation /? which 

may be positive or negative, referring to prolate or oblate shapes, respectively. 

Em pirically, m ost deformed nuclei are prolate. Two types of collective 

excitations may occur: the nucleus may ro ta te  about an axis perpendicular to 

the axis of sym m etry or the nucleus may oscillate about its equilibrium  shape. 

These oscillations may be along the sym m etry axis, (3 vibration, or such as to 

in troduce sym m etries, 7  vibrations. In either case, ro tations will again be built 

upon the intrinsic structu re at excitation energy, E^ib. In all of these cases, the 

energy spectrum  can be simply expressed as^^

*■2
E  =  \L{L  +  1) — AT̂ ] -{- Eyib ( 2 . 2 . 2 . 5)

where ù  is is the m om ent of inertia  and K is the projection of angular 

m om entum  on to the sym m etry axis. For ro tations building from the ground 

sta te  and the /? vibrations, k =  0 the spin sequence will be 0 "^,2 "*',4"^, • • • while 

for the 7 -vibrations k =  2  and the sequence of levels will be 2" ^ , 3^ , 4"^, ' - . (The 

derivation of these spin sequences may be found in num erous references such 

as Ref .(45)). However w ith decreasing deform ation and increasing rotational 

frequency, the intrinsic nuclear structure is excited by ro tational m otion, and 

the quan tum  num bers K, r  are no longer exact constants of motion. This 

indicates a m odification in the rotational spectrum  of Eq. ( 2 . 2 . 2 . 5), which may 

often be described by a term  proportional to L^(L -f 1 )  ̂ as is characteristic 

of the ro ta tion  vibration interaction in molecules. One can thus expand the 

ro ta tional energy powers of angular m om entum . This gives^:

E{L(L  + 1 ) )  = Ek + A{L  +  1 )  +  B r ( L  +  1 ) ^  +  •• ( 2 . 2 . 2 . 6 )
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where is the  intrinsic energy and is the same for m em bers of the band. A and 

B are norm alizing param eters which can be determ ined from the experim ental 

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 ro tational band labelled by 

K, one obtains^

B ( E 2  : L i K  -  L f K )  =  <  L i 2 K 0 \ L } K  (2.2.2.7)

where Qo is the intrinsic quadrupole mom ent, and the right-hand-side contains 

the usual ClebSch-Gordqn coefficient. For deformed nuclei Qo is large,^^ thus, 

enhanced transitions occur w ithin a band. In general, for transitions between 

bands K» and Ky, the branching ratios are given by^®

B ( E 2  : L iK i  ^  L , K f )  ^  < L j 2 K K i  -  K f \ L f K f
B ( E 2  : L iK i  -  L ' f K f )  < L i 2 K K i  -  K f \ L ) K f  > 2   ̂ ’

where the m atrix  element M(K%, ATy) only depends on the intrinsic structu re 

of the bands and not on the particu lar states in question. This means th a t 

the branching ratio , commonly referred to as the Alaga ratio , from an initial 

s ta te  to two levels of the same rotational band only depends on the L and K

of the various states and not on the intrinsic structure , since the same m atrix

element M appears in bo th  num erator and denom inator of Eq. (2.2.2.S). Note: 

this description only holds for 2 < Ki -\- K f .  The case when K% -j- Afy <  2 , or 

where m ultipolarities o ther than  electric quadrupole are involved, are discussed 

in Ref. (48). Some characteristic E 2  branching ratios are listed in Table (2 .1 ).

Extensive investigations of the properties of nuclei w ith rigid asym m etric 

deform ation have been perform ed by Davydov and coworkers^®"®^. In their 

model, which consists of the Bohr H am iltonian with 7 -dependent potential, the
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nucleus is described by 7  and /?, where 7  may be determ ined 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 sym m etrical ro tor, the 2 ^ level 

and associated states are ro tational excitations ra ther than  mem bers of a 7 - 

v ibration. The difference in behavior of these “anom alous” ro tational states 

can be seen in Table (2.1), which presents some im portan t branching ratios for 

states in a nucleus w ith 7  =  30°, along with the predictions of the axial rotor. 

V ibrations can be added to this triaxial structu re by introducing /x, the “non- 

ad iabaticity” parameter®^. This param eter /x is a m easure of the im portance of 

the ro tation-v ibra tion  interaction. For /x <  ^ the distinction between rotations 

and vibrations is clear, while for /x >  | ,  the nucleus is considered “soft” and the 

d istinction is not obvious. The definition of /x and the value for m any nuclei are 

presented in Ref. (51). It should be noted th a t only by introducing the non- 

adiabaticity  param eter can excited 0 “*" states be incorporated  into the triaxial 

description.

A discussion of the Bohr H am iltonian with a potential th a t is defined to  be 

independent of 7  was presented by W ilets and Jean^®. A particu lar example of 

a 7 -unstable potential is the displaced harm onic oscillator where^®

y(/3) =  (2.2.2.9)

One result of the 7 -independent potential is th a t the Bohr H am iltonian can 

be expressed using two equations, one th a t depends only on (3 and one th a t 

depends on 7 , for which the separation param eter 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 m any ways, the spectrum  is similar to  th a t of the harm onic oscillator 

presented in Fig. (2.1a) where r  is analogous to  a phonon num ber n. The 

energy spacings are proportional, however, to r ( r  +  3 ) ra th e r th an  linear in n.

In conclusion, the model of Bohr and M ottelson can be used to describe a 

variety of nuclear shapes: spherical, ro tational, sym m etric and asym m etric. 

C haracteristic 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 M ottelson description 

is stric tly  phenomenological.

2.3 The Interacting Boson M odel 

2.3.1. General

The In teracting  Boson Model of A rim a and lachello®-11,56-58 a ttem pts to give 

a com bined account of nuclear collective excitations except for those near closed 

shells. The particles outside of closed shells are trea ted  as bosons, or pairs of 

particles, which can occupy one or two levels: a ground sta te  w ith an angular 

m om entum  equal to zero (called s-bosons), and an excited state  w ith two units of 

angular m om entum  (called d-bosons), higher angular m om entum  bosons may be 

in troduced  to  improve the model predictions. In particu lar an L =3, f, boson is 

required to describe negative parity  states and L=4, g, boson becomes im portan t 

a t 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 fam iliar bosons, these particu lar
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bosons may in teract w ith 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 

o ther for protons. The num ber of d-bosons is added to  the num ber

of s-bosons, N  = 71  ̂ +  71, which is a constant in the IBM description for a 

given nucleus. N is the num ber of pairs of neutrons plus the num ber of pairs 

of protons, outside their respective nearest closed shells, w ithout distinguishing 

between the particle or hole character of the pairs. For exam ple, is

characterized by N =  13, due to the 8 protons (4 proton pairs) -j- 18 n^ütrons 

(9 neutron  pairs) away from the closed shell.

As previously, interactions may occur between the s- and d-bosons, and even 

am ong themselves. Therefore, in the simplest term s, the H am iltonian of the 

system  can be w ritten  as®®

H  = EaS^S -\- Edd^ndjn -\-V (2.3.1.1)

where e,  and Ed are the s- and d-boson energies, s t (s) is the creation 

(annihilation) operator for s-bosons, d t  (d) is the creation (annihilation) 

operato r for d-bosons. The sum is taken over the 5 [2(L=2)-Fl] components 

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

In this description three na tu ra l lim its occur. The f i r s t ® o c c u r s  when 

E = Ed — SO th a t the energy spectrum  is simply given by AJ =  EUd,

the ground sta te  being a zero d-boson state. This first lim it is sim ilar to the 

harm onic oscillator of the geometrical picture described in section (2.2) of this 

C hapter. The IBM in terpreta tion  will be discussed la ter in section (2.3.2).

The o ther two lim its occur when V G, and correspond to  specific inform ation. 

If V is a quadrupole-quadrupole interaction®’®̂ between bosons, the system
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obtained is very sim ilar to a certain kind of deformed rotor. The IBM 

version will be presented in section (2.3.3). The th ird  lim it arises when a 

repulsive pairing interaction^®’®® exists between the bosons. As will be seen 

in the discussion in section (2.3.4), this lim it is very similar to  the geometrical 

description of the 7 -unstable oscillator of W ilets and Jean'^®.

The m ost general form of the IBM H am iltonian, in which all possible boson- 

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

m L = 0 ,2 ,4

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

where d^, d, s t ,  s are as described for Eq. (2.3.1.1) and the parentheses denote 

angular m om entum  couplings. The param eters Cl , ul , are related to the 

two-body m atrix  elements by®

C l  = <  d / L \ V  \ d /L  >

V2 =<  d a 2 \ V  \ d/2 > (5 /2 ) i

uo = <  I y  I s^O > (1 / 2 ) 2  (2.3.1.3)

U2 = <  ds2 I V  I ds2 > 52

Uq = <  6 ^ 0  I V  1 >

Eq. (2 .3.1.2) appears formidable, especially given the explicit form of the 

param eters, as introduced in Eq. (2.3.1.3). However, the term s correspond 

to  one of four types:
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(1 ) +  S d ^ ^ < Ù n d  -  simply counts the num ber of s-and d-bosons, 

respectively, and m ultiplies this num ber by the appropriate energy;

(2 ) the term s w ith coefficients C l ,  U2 and Uo represent in teractions in  which 

the to ta l num ber of d-bosons and s-bosons, separately, are conserved, i.e., n^ 

rem ains the same;

(3) a te rm  (w ith coefficient V2) in which n^ is changed by unity;

(4) a te rm  (w ith coefficient Vo) in which n^ is changed by two units.

W ith  regard  to the three lim its referred to earlier, the v ibrational lim it will 

correspond to  a H am iltonian with only n^-conserving term s, the ro tational lim it 

to  a situation  w ith one and two d-boson num ber changing term s, and the “7 - 

unstab le” lim it will represent the situation with two d-boson num ber changing 

term s included.

An a lternate  form, in which the general H am iltonian may often be w ritten , is 

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

^  =  £ X  -  fcQ-Q -  k 'L .L  +  fc"P .P  +  fcsTs.Ts +  &4T 4 .T 4  (2.3.1.4)
m

where e =  — e, is the boson energy. For simplicity, e , was set equal to  zero

only e = £d appears. The param eters k, k \  k",  k^ and k4 designate the strengths 

of the quadrupole, angular m om entum , pairing, octupole and hexadecapole 

in teraction  between bosons, respectively. The relation between k, k ', k" and 

the param eters of Eq. (2 .3.1 .2 ) are given in Table (2 .2 ).

A ssociated w ith the collective states calculated using IBM are transition 

operators. In the most general form, the EO, M l, E2, M3, E4 transition  

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

=  cc(St^[d^ x ^  +  . 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 param eters 
of com puter code PHINT®^.

E q u a t io n E q u a t io n  (2 .3 . 1 .4) P R I N T

( 2 .3 .1 .2 )
Q .Q

k
L.L
k'

P .P
k"

E { 2 t ) e + 9 /2 k £ — 6k^ c

Co - 7 k 12k' 56" C (l)

C2 3 /2 k 6ki 0

C4 - 2 k — 8ki 0 C(3)

V2 2\/35fc 0 0 F {one  — phonon)

Vo - 2 y / l k 0 - ^ 5 /2 * ! / / G{two — p honon)

uo 0 0 1 C H I

y-2 - 4 k 0 0 C H 2

E q u a tio n  
( 2 .3 . 1 .4 ;

P R I N T

£ E P S

k
4

k'
E L L

2

k " F A I R

ks - ^ O C T

fc4 I h H E X
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where i  denotes the m ultipolarity  w ith projection m , and a , 'y are the 

coefficients of the different term s of the operator. In particu lar for E 2  

transitions® ’̂ ’®®

=  a2[d1' X 3 +  X +  /?2 (d^ X (2.3.1.6 )

This operator has two parts: (d^ s +  s^ d) which satisfies the selection rule An^ 

=  ±  1, and (d t d) which satisfies the An^ =  0 selection rule. The coefficients a  

and (3 depend on the lim it involved or the appropriate in term ediate structure. 

The form of the operator th a t corresponds to  the various lim iting symmetries 

will be discussed later.

The H am iltonian solution, in either Eq. (2 .3.1 .2 ) or the Eq. (2.3.1 .4 ) form, can 

be a ttem p ted  either analytically or numerically. A rim a and Iachello®~^^’®®“ ®® 

have been able to  solve the three Ham iltonians analytically in the three lim iting 

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 

sta te  and the  single com ponent of the L =  0 s-boson state  span a linear vector 

space which provides a basis for the totally  sym m etric representations of the 

group SU(6 ), the special un itary  group in six dimensions. The group SU(6 ) is 

partitioned , w ith each totally  symmetric representation labelled by [N]. W hen 

all boson states are degenerate and no boson-boson interactions exist, all states 

belonging to  a particu lar 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 param eters 

which correspond to the param eters of Eq. (2.3.1.2), i.e, N, e and coefficients 

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

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

the diagonalization problem  is simplified. A rim a and lachello, in particular,
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have observed th a t there are three subgroups, namely SU(5 )®’®®, SU(3)®’®'̂ , 

and 0 (6 )^®’®®, the special unitary  groups in five and three dimensions, and the 

orthogonal group in six dimensions. The solutions obtained correspond to the 

same three lim its mentioned earlier, namely the vibrational, ro tational, and 

“7 -unstab le” lim its.

W hen the subgroup G under which the H am iltonian is invariant has been 

identified, the problem  may often be w ritten in term s 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 m ethod of solution in the different lim its 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 H am iltonian numerically. The advantage of 

this th a t the entire H am iltonian may be solved, not only in the lim its for which 

analytic solutions are readily obtainable, bu t also in the in term ediate cases. To 

this end, O.Scholten has w ritten a com puter code PHINT®^ which solves the 

entire IBM H am iltonian in Eq. (2.3.1.2) or Eq. (2.3.1.4) param eterization, or 

a convenient m ixture of the two forms. The relation between the param eters 

of Eq. (2.3.1.4) and Variable Names employed in PHIN T program  are given in 

Table (2 .2 ).

The com puter code presents the wave functions in the basis L’̂ ln^n^riA > , 

where is the spin-parity, n^ is the num ber of d-bosons, n^ is the num ber of 

pairs of d-bosons coupled to  angular m om entum  zero, and n ^  is the  num ber 

of boson trip lets coupled to zero angular m om entum . For exam ple, the 2 d- 

boson 0"̂  s ta te  would be denoted 0'*'|210 >; the 3 d-boson O'*" s ta te  would be
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0'^|301 > ; the 3 d-boson 2'*’ s ta te  would be 2^ |310 > , because the “parentage” 

of this s ta te  is the 0"^|210 > .

Calculations have been performed with this code to  reproduce a num ber of 

different situations: 1- calculations of the three lim iting sym m etries which 

recreate the analytic solutions; 2 - calculations of sym m etric deviations from 

these lim iting cases; and 3- calculations of situations, not necessarily physical, 

to understand  the operation and interplay of the different param eters 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 param eters is essential to further understanding, the th ird  case m ust 

be tackled immediately.

The situation  where only e 0 m ust first be considered. The resulting energy 

spectrum  is illustrated  in Fig. (2.2). It is characterized by a sequence of equally- 

spaced levels, w ith a num ber of degeneracies of states w ith different spin. Each 

set of degenerate states correspond to  a value of n^. This spectrum  is exactly 

w hat one would expect for the coupling of particles w ith an angular m om entum  

equal to  two. A spectrum  such as this could have been derived ju st as easily 

using the  “Young tab leaux” m ethod or any other system  for counting sym m etric 

states. There is, though, one im portan t difference, the finite dimensionality, 

given by N, of the IBM limits the num ber 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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3 € G \ 4 \ 3 \ 2 % 0 ^
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e 2 "

0 L o"

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-l). For example, the energy of the 2 ^ sta te  will be given 

by e +  0 2 (2 + 1 ) where C is a constant proportional to  k the strength  of the 

L in teraction. The system  of Fig. (2.2) w ith the addition of an L interaction 

w ith s treng th  k' is illustrated  in Fig. (2.3). Since the wave functions have not 

been altered , the labelling of states by the quantum  num ber 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 w ith n ^^T  will now no longer be degenerate w ith other states w ith the 

same value of n^, bu t will be shifted, depending upon the sign of the pairing 

in teraction. A situation  with a positive, i.e., repulsive, pairing in teraction is 

illustrated  in Fig. (2.4). The states are no longer pure in the basis In^n^riA > 

However, the  quan tum  num bers n^, n^, shown in Fig. (2.4), correspond to 

those in lim it of no pairing interaction. For example, as seen in Fig. (2 .2 ), one 

expects three states w ith 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 trip let which increase in energy due to the repulsive pairing 

in teraction. Similarly, the 2 "*' sta te  and other states w ith n^ =  1 are increased, 

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

Since the pairing in teraction includes two d-boson num ber changing term s in 

the H am iltonian (see Table 2 .2 ), the wave functions are considerably altered 

com pared to  the pure In^n^riA > configuration. The transition  probabilities 

are therefore, also affected, so th a t previously allowed transitions are now 

forbidden, and branching ratios altered. A more detailed study of the effects
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of a pairing in teraction will be presented in section (2 .3 .4 ), which discusses the 

sym m etry in which this force plays a dom inant role.

A th ird  force, which may operate between bosons, is a quadrupole-quadrupole 

Q .Q  interaction. A spectrum  illustrating  the effects of this in teraction  in the 

case of 6 =  0  is shown in Fig. (2.5). A lthough the wave functions of these 

states are extrem ely complex when expressed in the basis In^n^n^ > , some 

simple characteristics may be obtained when an analogy is m ade to  th a t of 

the geom etrical sym m etrical 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 ) 

w ithin a band. Due to the degeneracies w ithin each grouping of levels, e.g, 

the 2 ^  and 2^  states, each grouping m ust be considered as one band. Strong 

cascade B (E 2)’s exist between members of a particu lar band, w ith in terband 

transitions being forbidden. T hat is, transition  within the 7 -band and (3- 

band are enhanced, which is contrary to the predictions of the usual ro tational 

picture. A more detailed description of the effects of a Q .Q  in teraction will be 

presented in section (2.3.3).

To sum m arize this section, the IBM developed by A rim a and lachello aims to 

predict the structu re  of collective states of even-even nuclei. This model can 

be analytically solved for the case of three lim iting sym metries; these will be 

discussed in the next three sections. This model can also be solved numerically 

w ith com puter code PHINT®^. A discussion of the transition  between the SU(5) 

—» SU(3) lim its will be presented in section (2 .3 .3 .a).
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2.3.2 The Vibrational SU(5^ limit

The first lim iting sym m etry 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 lim it corresponds to  the 0 (5 ), orthogonal group in 5 dimensions 

symmetry. However, the IBM H am iltonian can also be solved analytically for 

the  SU(5) representation®’®®.

In the SU(5) representation, the degeneracies of the levels in Fig. (2.2) are 

explicitly broken by the in troduction of interactions which conserve the num ber 

of d-bosons. The form of the H am iltonian in this lim it is given by®’®®

=  +  +  (2.3.2.1)
m L

where the C l ’s  are given in Eq. (2.3.1.3). An analytical solution to  this 

H am iltonian is presented in detail in Ref. (8 ).

The eigenvalue equation may be expressed as

H\ndVn^LM  > =  E\ndVri£^LM >  (2 .3.2 .2)

where H is given in Eq. (2.3.2.1) and the states are labelled by the quantum  

num bers n^, V, n ^ ,  L, M. The num ber of d-bosons, n^, the angular m om entum  

L and its projection M are already familiar; n ^ , is the num ber of d-boson trip lets 

coupled to angular m om entum  zero, and V is the seniority, which counts the 

num ber of d-bosons not coupled to angular m om entum  zero. An alternative 

representation involves the quantum  num ber n^, which counts the num ber of 

d-boson pair coupled to angular m om entum  zero; V and n^ are related by®® V 

=  nd - 2 n^. The to tal num ber of bosons is partitioned as®

rid — 2n^ +  3n^ -j- A (2.3.2.3)
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where A is the excess bosons and determ ines the angular m om entum  range®

Z =  A, A +  1 , A +  2 ,. • . ,  2 A -  2 , 2 A (2.3.2.4)

The angular m om entum  L =  2A - 1 is absent because of the requirem ent th a t 

bosons may only be coupled to form sym m etric states^®.

An alternative m ethod of solving the H am iltonian in Eq. (2.3.2.1) is to  rew rite 

it in term s of the forces presented earlier in Eq. (2.3.1.4). Only three param eters 

are necessary to  describe the interaction between two d-bosons, because only 

three angular m om entum  couplings can occur^®; L =  0 , 2 , 4. The coefficients 

C l(L  =  0, 2, 4) in Eq. (2.3.2.1), or three alternate  param eters a ,  /?, 7 , are 

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

o =  (1/14)(6C4 +  8 C2 ) 

^  =  ( 3 / 7 0 ) C ' 4  -  ( 1 / 7 ) 0 2  +  ( l / 1 0 ) O o  

7 =  ( 1 / 1 4 ) ( C 4  -  O 2)

A rim a and lachello have expressed the interaction as®

^  =  E  (2.3.2.S)
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

<  I  >= -nd(rid -  1 )

<  L >= J { J  4-1) — Qud (2.3.2.6)

<  p > =  {rid — v){rid -f- V -t- 3)
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The eigenvalues of the interacting d-boson H am iltonian 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) — 6 nrf]

A typical spectrum  in the vibrational lim it is shown in Fig. (2.6). The spectrum  

itself may be divided into several “bands” ; this term inology is valid since large 

E2 m atrix  elements exist between adjacent members of the same band. The 

states in Fig. (2.6) are labeled by the quantum  num bers: (n^, v, n a ) . The 

“bands” are very reminiscent of those occurring in ro tational nuclei. The Y- 

band corresponds to the ground band, X and Z to a 7 -vibrational band, (3 to 

a ^ -v ibra tional 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 E x (n d ,n d ,0 ,T  =  2ud -  2 ,M ) =  end +  ^ n d { n d  -  1) -  7 (871  ̂ -  2)

Z band E ^ (n d ,n d ,0, L  =  2nd — 3, M ) =  end + ^ n d { n d  -  1) — 7 (1 2 u j  — 6 ) 

f3 band E^{nd^nd  — 2 ,0 ,T  =  2nd -  4 ,M ) =  end +  ^ n d { n d  — 1)

+ 7 ( 1 2  -  16nd) +  /?(4nd +  1) (2.3.2.B)

A band EA{rid,nd,  1, T =  2nd — 6 , M ) =  end +  ^ n d { n d  -  1) -  6 7 (4 nd — 5) 

The general form of the electric quadrupole transition  operator T(E2) was given 

in Eq. (2.3.1.6). In the lim its for which analytic solutions are obtainable, Arim a 

and lachello require the transition  operator to be the generator of the underlying 

group. For the lim it characterized by SU(5), T (E 2 ) is given by®

7 l£ ;2 )  =  a [d t j  +  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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Y X X
3 r -

>

W

0f (4^ .0 )

5+J4^4.0)
,+ (4.4.0)

gf (3.3.0)

(2 ,2 ,0 )

,+ (1,1,0 )

2 + (2 ,2 ,0 )

0  L o + (0.0.0)

2+ (3,1.0)

0 + (2 ,0 .0 )

(4.4.1)

,+ (3.3.1)

Fig. (2.6) Typical spectrum  of a nucleus exhibiting the SU(5) symmetry. The 

states are labeled by the quantum  num bers J^ (n d ,v ,n ^ ). The spectrum  is 

broken up into a num ber of bands, as fu rther described in the text. This figure 

is from A rim a et al®.
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A rim a and lachello have obtained analytical expressions for several of the 

in ter-and  in tra-band  transition  probabilities which have been calculated and 

presented in Table (2.3), which also gives the values in  o ther lim iting 

sym m etries.

It should be noted th a t the results f o r  transition  probabilities in the IBM 

vibrational lim it are not the same as would be obtained for a vibrational 

s tructu re  in the geometrical picture. In particular®’®̂ ,

g ( E 2 : 4 +  -^ 2 + )  ^  [ K  =  l )  +  l][4(n^ =  l )  +  5] 2(2) +  1
B { E 2  : 2+ — 0^-) [(«d =  0) +  l][4(nd =  0) +  5] ^ 2(4) +  1 ^

The lim it N —̂ oo will provide the same results as the geom etrical vibrational 

picture; however, for finite N, the transition  probabilities, norm alized to  the 

2]*" —> 0]*' transition , will be reduced. The effects of this finite dim ensionality 

are illu stra ted  in Fig. (2.7). Experim entally it has been observed th a t the 

lim iting B(E2) ratio  of Eq. (2.3.2.10) is not realized, bu t is always found to be 

<  2 , as required by the present finite dim ensionality argum ent.

Nuclei which may be characterized by the vibrational lim it are expected to 

occur near, bu t not precisely at, closed shells. An example is ^^®Cd which has 

a trip le t of states w ith spin 2 " ,̂ 4"̂  at approxim ately twice the energy of 

the first excited 2'^ state. Also for the 2 j  s tate  the cascade to cross over to  E2 

the transition  ratio  is very large, as required by the E 2 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 R otational limit!

The second lim it of the IBM model is based on the SU(3) group and gives rise 

to  nuclear structures similar to a certain form of the sym m etric rotor. This 

sym m etry occurs when there is a dom inant quadrupole-quadrupole interaction 

between bosons, as described in section (2.3.1). The most general form of the 

interboson in teraction will also include a term  of the form Ti.Tj.

In Eq. (2.3.1.2), the entire IBM H am iltonian was presented. M any years 

ago, Elliott®^ showed th a t if a H am iltonian could be expressed in term s of the 

generators of a group, in particu lar SU(3), the special un itary  group in three 

dim ensions, the eigenvalue problem  could be solved analytically. The SU(3) 

case occurs when®’®̂

H  = - k ' ^ Q i . Q j  (2.3.3.1)

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

qu adr u p ole- quadrup ole 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 [ N ] { \ , f i ) K L M  >= E  I [ N ] ( \ , f i ) K L M  > (2.3.3.2)

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

two quan tum  num bers which label the representations of SU(3); and L,M are

the angular m om entum  and its projection along the z-axis, respectively. The 

additional quantum  num ber k labels the states having the same A,/x, L. In this 

basis, the eigenvalues can be written^

E  I [N]{X ,f i)KLM>= K [ L (L  4 - 1 ) - C(A,/^)] (2.3.3.3)
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Table (2.3)

Branching ratios in the lim iting symmetries of the IBM model.

J i  —> J f  

J î  J f
S U (5 )« S U (3)(' 0 ( 6 ) -

^ 2

2a —* 2\
0 u n d e f .

(0 .70)

0

3 i —»
3i - ^ 4 i

0 u n d e f .

(2 .50)

0

3i - 4  4 i 

3i —> 2a
0.40 0 0.40

4a —♦ 2 i 

4a -+  4 i
0 u n d e f .

(0 .34)

0

4a 4 i 

4a —» 2a
0.91 0 0.91

4a —* 3 i 
4a —» 2a

0 2.23 0
Oa —* 2 i 

Oa —*■ 2a
0 0 u n d e f .

(0)
Ü3  —» 2 i 
O3  —► 2a

0 u n d e f .

(0)

0

(a) The quan tum  num ber relevant to the SU(5) lim it is n^. The states listed 
correspond to  the  following values of n^: Oj —♦ =  0 ; 2 i —► =  1 ; 4 i , 22 —> rid
— 42 ,3 j, O3 > rid — 3.

(b) The quan tum  num bers relevant to the SU(3) lim t are K and (A,/i) for the  to ta l 
num ber of bosons N. The K =  0 (2N,0) states are O i,2 i,4 i; the K =  0 (2N - 
4,2) s ta te  is O2 ; the K =  2 (2N - 4,2) states are 2 2 , 3 i, 4 2 ; and the O3 sta te  
is K =  0 (2 N - 8,4). W hen both  transitions are forbidden, the branching ratio  
is undefined (undef). However, in parenthesis is given the ratio  when a slight 
pertu rba tion  is introduced.

(c) The quan tum  num bers of the 0 (6 ) lim it are (cr, r ,  ï^a)- The states correspond 
to the following quantum  numbers: Oi —̂ (N, 0, 0); 2i (N, 1 , 0); 4%, 22 

(N, 2 , 0); 4 2 , 3i (N, 3, 0); O3 (N, 3, 1); O2 (N - 2, 0). W hen both  
transitions are forbidden, the branching ratio  i 5  undefined (undef). However, 
the ratio  when a slight pertu rba tion  is introduced is given in parenthesis.
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where C(A,/Lt) is the quadratic Casim ir operator of SU(3 )®

(7(A,^) — Â  -j- -|- XfjL 4- 3(A -f- (2.3.3.4)

As m entioned earlier,the addition of the L interaction does not change the 

diagonalization problem . In its most general form, the H am iltonian therefore, 

becomes®

H  = - k Y ^  Qi.Qj  -  ife' ^  i i l j  (2.3.3.S)

w ith the eigenvalues^

E \[N ] { X , f i )K L M > =  a L { L  +  1) -  /3C(X,fi) (2.3.3.6)

a  = — k' /3 = k

The param eters k and k' of Eq. (2.3.3.5) can be deduced in the following way: 

k =  (Ez+ -  £?2^ ) / 6 (A - 1 ), k' =  0.75 k - E 2 ^ / 6

where E 2^ and E 2 ”̂ are the energy values of first and second states, respectively.

Due to their im portance in predicting the level spacings of deformed nuclei, the 

param eters (A,/^) will be discussed here in term s of the Young tableaux^* they 

represent. Each particle may be represented by a box, which can be coupled 

with another box to  form sym m etric or antisym m etric states. Exam ples of the 

different sym m etries are

Antisymmetric Mixed symmetricSymmetric

2 particles B
3 particles
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For bosons, antisym m etric couplings are not perm itted . An N boson state  will 

be of the  form

I  I 1

and will be labeled (A =  4,/z =  4), where A is equal to  the num ber of boxes 

rem aining in the top row, and (i is the num ber rem aining in the bo ttom  row.

An exam ple of the collective positive parity  states characteristic of the SU(3 ) 

sym m etry is shown in Fig. (2.8). The spectrum  is divided into a num ber of 

bands according to the (A, /x) value. The angular m om enta L which may occur 

in each (A,/x) group are given by®

L = k^(k-\-  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 m om entum  values are®

L =  maæ{A,/x},maæ{A,^} —2 , • • •, 1 or 0 (2.3.3.8 )

The quan tum  num ber k is analogous to the k quantum  num ber of a symmetric 

rotor, nam ely the projection of the angular m om entum  L along the nuclear 

sym m etry axis. Therefore, k =  0 and k =  2 bands of the (N-4,2) representation 

would correspond respectively to the /? and 7  bands, in the geom etrical rotor 

description of Section (2.2). However, in this lim it of IBM, states w ith the  same 

angular m om entum  and (A,/x) representation are required to  be degenerate; 

e.g, the 2^ and 2'î̂  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, A rim a and lachello require 

this operato r to  be a generator of the underlying group symmetry. For the 

case of SU(3) sym m etry, since the operators of Eq. (2.3.1.6), nam ely (d ts )  and 

(d td )  are already generators of the group®, the requirem ent reduces to fixing the 

values of the coefficients « 2  and /?2 in Eq. (2.3.1.6). The resulting E2 operator 

in the  SU(3) sym m etry is®

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

where here « 2  is the effective E2 charge; /?2 of Eq. (2.3.1 .6 ) became - ^ \ / f a 2.

Due to  the form  of the E2 operator, T(E2) in Eq. (2.3.3.9) does not connect 

states w ith 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 

geom etrical ro ta tional model, the 2^  sta te  will preferentially decay to the Ot

sta te  ra th e r th an  to  the 0 ^ state.

In a num ber of regions of the Periodic Table nuclei exhibit a ro tational structu re 

characterized by a L(L-f-l) level sequence. The requirem ent of degenerate (3- 

and 7 - vibrations, however, tends to limit regions of SU(3) sym m etry to those 

where the onset of prolate deform ation is occuring, such as the Gd isotopes. An 

exam ple is shown in Fig. (2.9) for where the calculated and experim ental

levels are placed side by side. A study of the agreem ent between the empirically 

determ ined B(E2) values and the predictions of the IBM is hard  to perform. 

Branching ratios for m any “forbidden” com pared to “allowed” transitions are 

difficult to  m easure. For example, B(E2: 2^ —> 0j") /  B(E2: 2'î  —̂ 0^) should 

be zero in SU(3) since the num erator is forbidden.
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Fig. (2.9) Com parison between the experim ental and theoretical SU(3 ) 

spectrum  for ^®®Gd where N = 1 2 . The experim ental levels are to the left of 

the theoretical levels. T he 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 m ost likely be obscured by the very intense 2 + —> Oj". However, the 

B(E2) ratio  above has been measured®^ in and was found to  be ~  0.06 

consistent w ith the IBM prediction®. As in the case of SU(5 ) sym m etry 

A rim a and lachello have obtained closed form expressions for several transition  

probabilities between states of the SU(3) lim it. In particu lar for transitions 

between mem bers of the ground band they obtained®.

B { E 2  : L +  2 -  L) =  ^ -  L ){2N  + L  + Z) (2.3.3.10)

Eq. (2.3.3.10) shows th a t all transition  probabilities depend explicitly upon the 

num ber of valence nucleons.

2.3.3.a The Transitional Limit From SU (5l to SU (3l

The v ib rato r SU(5) ro tor SU(3) transition  near A =150 was investigated by 

Scholten, lachello and Arima^®. In this investigation, they considered a simpler 

form of the IBM H am iltonian in Eq. (2.3.1.2) namely^®’®®’̂ ^’̂ ^

H  = e r i i - k Y ,  Qi-Qi L i . L j  -  k" P i .P j  (2 .3 .3 .a .l)
t ,j  i , j

where e, the bosonS energy, and the quadrup ole- quadrupole, L angular 

m om entum  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 num ber of bosons^®;

e = £c — ONi,

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

the transition , since £ , near SU(5), is much greater than  any interboson
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66 90 94
Neutron Number

Fig. (2.10) C om parion between the calculated (solid line) and experim ental 

(symbols) energies of the  2 ^ (circles). 4]  ̂ (squares) and Oj (triangles) states in 

the Sm isotopes. T he calculations were chosen to sim ulate an SU(5) —» SU(3) 

transition  as described in  more detail in Ref. (48). The em prical values were 

taken from  Ref. (54). This figure is from Scholten et a F \
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in teraction while, near SU(3), the quadrupole-quadrupole in teraction dom inates 

the boson energy.

The result of their calculations have been com pared w ith the observed level 

s tructu re  of the Sm^® and isotopes. As the neutron num ber increases

from the closed shell of 82 neutrons, the energy of the 2 ^ sta te  in JJm 

dram atically  decreases. Also, near the closed shell, the 4]*" and 0^ states are 

nearly degenerate, as expected for a vibrational nucleus, whereas, by neutron 

num ber 94,they are widely separated. The experim ental and IBM level energies 

for the , 4]  ̂ and Oj states in the Sm  isotopes are illustrated  in Fig. (2.10). 

Given the lim ited num ber of free param eters used, the agreem ent is very good . 

A sim ilar quality of agreement was also obtained for the experim ental and IBM 

calculation transition  probabilities^

2.3.4 The 7 -U nstable 0 (6 )  Limit;

A th ird  lim iting sym m etry of the IBM will occur when the interboson interaction 

is dom inated by a pairing force^^’®®. The first em pirical candidate for this 0 (6 ) 

lim it was ^®®Pt, and Fig. (2 .1 1 ), shows a com parison of the predicted and 

observed positive parity  levels for this nucleus.

Analogous to  the SU(5 ) and SU(3) sym m etries, A rim a and lachello have 

diagonalized the IBM H am iltonian, generated by SU(6 ) Eq.(2.3.1.2), by 

identifying a subgroup of SU(6 ) under which the H am iltonian is invariant. The 

particu lar 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 ) sym m etry of 

the IBM. The energy levels are given by Eq. (2.3.4.8) w hereN =6 , A=100 keV, 

B=30 KeV, and 0 = 5  keV. This figure is from  C asten et al^^.
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0 (3 ), the IBM H am iltonian in the 0 (6 ) lim it can be w ritten

•H =  A P q +  B C s  -}- C C s  (2 .3 .4 .1)

where Pe is the pairing operator in 0 (6 ) and C 5 and C3 are the Casim ir operators 

of 0 (5 )  and 0 (3 ) , respectively. A, B, and C are the strengths of the various 

com ponents. In term s of the IBM H am iltonian of Eq. (2.3 .1 .2 ) , Pe corresponds 

to  the te rm

+  (jt^t)(0)(<id)(0)](0) (2 .3.4.2)

while C5 and C3 correspond to the term s

e Y , d U , . +  Y ,  ̂ ( 2 i  +  l)»C 7i[(dtdt)(i)(rfd)(i)](o) (2.3,4.3)
771 L = 0 , 2 , 4

The relation between the coefficients A,B,C and the param eters of Eq. (2 .3.1 .2 ) 

is presented in Table (2.4).

of th e
The symmetry./^ irreducible representations of 0 (6 ) are labelled by a quantum  

num ber a  where^^’®®

(T = N , N  -  2 , N  or I f  or (2.3.4.4)

N  =  even N  =  odd

The expectation value of the 0 (6 ) pairing operator , Pg, can be w ritten  in term s 

of a  as^^’®®

< Pe >= ^ ( N e ) { 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  num ber r  is chosen to characterize the representation of 

0 (5 ) where

T = o-,cr — l ,  ,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 

param eters of the 0 (6 ) limit®.

E q u a t io n  

(2.3.1.2)

0 ( 6 )  P a r a m e te r s

A c
e. 0 0 0

0 2 / 3 B 6 C

Co 5/2A - 4 /3 B - 12c

Cz 0 1 /3 B — 6 C

C4 0 1 /3 B 8 C

V2 0 0 0

VO - y / s f i A 0 0

Uo 1 / 2 A 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 C 5 in the r  representation of 0 (5 )  is given

<  Cs > =  i r ( T  +  3) (2.3.4.T)

Therefore, the  eigenvalues of states corresponding to  the H am iltonian in Eq.

(2.3.4.1) are^ i’®®

E { \ N ] < j t v ^ L M )  =  —[N — cr)[N +  o- +  4 ) +  B t ( t  +  3)

+ C L {L  + l )  (2.3.4.S)

where the |  in Eq. (2.3.4.7) has been incorporated into the constant B. The 

quantum  num ber is useful in labelling the states; it is related to  n ^  which 

counts the num ber of boson trip lets coupled to angular m om entum  zero. The 

quantum  num bers r  and are related by r  =  3z/a +  A, for z^a =  0 , 1 , • • •. The 

value of A determ ines the angular m om entum  of states through^^’®®

i  =  2 A,2 A — 2,2A — 3, » A 4- 1 , A (2.3.4.9)

A rim a and lachello have also been successful in acquiring analytical expressions 

for transition  probabilities^^’®®. As in the SU(5) and SU(3) sym m etries, they 

require the E 2 transition  operator, T(E2), to  be a generator of the underlying 

group structu re  in this 0 (6 ) lim it. The form of T(E2) satisfying this requirem ent

isii,®®

T (E 2 )  = a2{dU + s U )  (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 ) 

structu re contained in 0 (6 ), the 0 (5 ) selection rule A t  = ±1 still holds. Some 

useful branching ratios are given in Table (2.3). In particu lar, it should be 

noted th a t, as in all IBM B(E2) values, the finite dimensionalHty of the system
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is autom atically  included. Due to the form of the transition  operator, branching 

ratios occuring in the 0 (6 ) lim it are independent of the param eters 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  num ber 

(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, bu t w ith different 

cut-offs given by r  =  cr. The levels of the same <r are further subdivided by the 

quantum  num ber z^a- A characteristic feature of a level scheme w ithin the 0 (6 ) 

lim it is, therefore, a recurring 0"̂ -2"*‘-4'*‘ p a tte rn  of levels w ith the E2 selection 

rule A t  =  ± 1  predicting strong cascade 7 -transitions w ithin the sequence.

W ithin each a  grouping itself, the level spacing resembles a v ibrational model, 

as described in Section (2.2), but w ith an energy spacing proportional to 

r ( r  -f 3) ra th e r than  simply to r .  This will give rise to  the energy ratio 

E (4 ^ )/E (2 ^ )  =  2.5 ra ther than  2 , as expected in the vibrational picture. Also, 

as T increases even larger energy differences will occur between states of different 

T . Furtherm ore, the degeneracies of the geometrical vibrational phonon model 

are explicitly elim inated by the L(L-j-l) term  and certain states, e.g. the 0 "̂  

states of the two phonon trip let, do not occur. As described earlier in section

(2.3.1), the s ta te  which would correspond to this 0"̂  s ta te  is “repelled” by the 

ground sta te , and energy is increased due to the repulsive pairing force which 

characterizes this lim it. Branching ratios and absolute B(E2) values also differ 

significantly from the geometrical description.

In some ways the level scheme presented in Fig (2 .1 2 ) is rem iniscent of the 

phenomenological triaxial models, discussed in Section (2.2), which are
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c h a r a c t e r i z e d  b y  l o w - l y i n g  2 ^  s t a t e s  a n d  “ m i s s i n g ”  O"*" s t a t e s .  H o w e v e r ,  w h e n  

T a b l e  ( 2 . 1 )  a n d  T a b l e  ( 2 . 3 )  a r e  c o m p a r e d ,  t h e  b r a n c h i n g  r a t i o s  a r e  n o t  t h e  s a m e  

i n  t h e  0 ( 6 )  a n d  t r i a x i a l  l i m i t s .  A l s o ,  i n  t h e  0 ( 6 )  l i m i t ,  e x c i t e d  0“*" s t a t e s  o c c u r  

i n  a  n a t u r a l  w a y ,  a n d  m a n y  m o r e  l e v e l s  a r e  p r e d i c t e d  b e c a u s e  o f  t h e  < r - g e n e r a t e d  

r e c u r r i n g  p a t t e r n .

T h e  0 ( 6 )  l i m i t  ( e s p e c i a l l y  f o r  l a r g e  N )  s e e m s  t o  r e s e m b l e  m o s t  c l o s e l y  t h e  

7- u n s t a b l e  m o d e l  d e s c r i b e d  b y  W i l e t s  a n d  J e a n ^ ^ .  I n  s u c h  g e o m e t r i c a l  

d e s c r i p t i o n s ,  a s  s h o w n  i n  F i g .  ( 2 . 1 . d ) ,  t h e  l e v e l s  f o l l o w  a  r ( r  +  3)  e n e r g y  

d e p e n d e n c e .  A l s o  t h e  s a m e  l e v e l s  a n d  l e v e l  s p a c i n g s  t h a t  o c c u r  i n  t h e  7- u n s t a b l e  

n /3 =  0  g r o u p  a r e  r e p e a t e d  f o r  t h e  h i g h e r - l y i n g  n ^  ^  0  g r o u p s .  I n  t h i s  w a y ,  t h e  

r o l e  o f  lip i s  a n a l o g o u s  t o  t h a t  o f  d i f f e r e n t  a  v a l u e s .  I n  t h e  0 ( 6 )  s c h e m e ,  h o w e v e r ,  

t h e  l e v e l  d e g e n e r a c i e s  a r e  n o  l o n g e r  m a i n t a i n e d ,  a n d  t h e r e  a r e  s p i n  c u t t o f f s ,  a s  

w e l l  a s  a  s p e c i f i c  n u m b e r  o f  d i f f e r e n t  a  g r o u p i n g s .

I t  i s  l o g i c a l  t h a t  t h e  0 ( 6 )  d e s c r i p t i o n  c o r r e s p o n d s  t o  t h e  7- u n s t a b l e  

g e o m e t r i c a l  m o d e l s ,  i n  a n a l o g y  t o  t h e  S U ( 5 ) - v i b r a t o r  a n d  S U ( 3 ) - s y m m e t r i c  

r o t o r  c o r r e s p o n d e n c e s .  A s  d e s c r i b e d  i n  s e c t i o n  ( 2 . 2 )  t h e  H a m i l t o n i a n  o f  a  7- 

u n s t a b l e  o s c i l l a t o r  i s  c h a r a c t e r i z e d  b y  p o t e n t i a l  e n e r g y  w h i c h  i s  i n d e p e n d e n t  o f  

7, a l t h o u g h  7- d e p e n d e n t  t e r m s  a r e  i n c l u d e d  i n  t h e  k i n e t i c  e n e r g y .  A  l i n k  e x i s t s  

b e t w e e n  t h e  c o - o r d i n a t e s  o f  t h e  B o h r - M o t t e l s o n  p i c t u r e  a n d  t h e  o p e r a t o r s  o f  t h e  

I B M .  A r i m a  h a s  s u g g e s t e d  t h e  r e s u l t  o f  t h e  7- u n s t a b l e  p o t e n t i a l  c o r r e s p o n d i n g  

t o  t h e  0 ( 6 )  l i m i t  o f  t h e  I B M  w o u l d  b e  o f  t h e  fo rm ® ®

V  = - C / 3 ^  +  ( 2 . 3 . 4 . 1 1 )

w h e r e  ^  i s  t h e  d e f o r m a t i o n  p a r a m e t e r  a n d  C a n d  d  a r e  a r b i t r a r y  c o n s t a n t s .  T h i s  

f o r m  o f  p o t e n t i a l  a r i s e s  f r o m  z e r o  d - b o s o n  a n d  t w o  d - b o s o n  n u m b e r s  c h a n g i n g  

t h e  t e r m s  o f  t h e  0 ( 6 )  H a m i l t o n i a n .  A  7- d e p e n d e n t  t e r m  i n  t h e  p o t e n t i c d  w o u l d
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be of the form (3^cos 8 7 , which corresponds to  the one d-boson num ber changing 

to  term s th a t are not included in this symmetry®®.

A convenient basis from which to  describe the 0 (6 )  level wave functions is th a t 

of the vibrational lim it, given by | n d n p n ^  > where n^, n^, n ^  are, as usual, 

the num ber of d-bosons, num ber of d-boson pairs coupled to angular m om entum  

zero, and the num ber of d-boson trip lets coupled w ith an angular m om entum  

of zero, respectively.

The relation between r  and the more fam ilar phonon num ber is given by 

calculating the expectation value of n^. Arima^^ has determ ined th a t, for the 

cr =  o-max = N states, the expectation value of n^ in the 0 (6 ) lim it is given by

The origin of the characteristic r ( r  -f- 3) energy spacing in the 0 (6 ) lim it is 

now apparen t, since the spacings depend on the boson energy times n^, or the 

effective n^ given in Eq. (2.3.4.12).

Two types of p ertu rba tions 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 lim it. The former type can be accomplished, 

for exam ple, by changing the boson energy from the value determ ined by 

section (2.2). This will alter the am plitudes of the non-zero components of 

all wavefunctions, bu t will not add new com ponents. The result will be to 

break the selection rule Acr= 0, bu t not to preserve the A a  =  ±  1 E2 selection 

rule. The second type of pertu rba tion  can be accomplished, for example, by 

the in troduction  of a quadrupole-quadrupole interaction force. Since such an 

in teraction 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 )  sym m etry is expected to be im portan t near the end of shells. Fig. 

(2 .1 2 ), however, shows th a t , overall there is a very good agreem ent between 

the em pirical level scheme and th a t predicted by the 0 (6 ) lim it of sym m etry 

scheme. ^®®Pt was the first empirical example of such a scheme, bu t Casten®® 

has uncovered and showed near A=130, an extensive region of nuclei displaying 

0 (6 ) symmetry.
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CHAPTER III 

EXPERIMENTAL ARRANG EM ENT

3.1 S in g le  S p e c t r a  M e a s u re m e n ts

Since the advent of semiconductor radiation detectors, there has been a 

trem endous im provem ent in the quality of the 7 -ray spectra obtainable from 

commercially produced radiation detection equipm ent. A pure germ anium  

detector was used to measure gam m a-ray energies up to about 200 keV, 

while the large volume true-coaxial Ge(Li) detectors were used for extensive 

m easurem ents of higher energy gamma-rays®®. The specifications of the above 

m entioned 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 ou tpu t pulses from the pream plifier were 

fed into a spectroscopy amplifier (Ortec-572) whose shape tim e 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 a t 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 tim e of 

the ADC was always below 10  %. As a result, pile-up effects^® were avoided 

and coincidence summing corrections as suggested by D ebertin and Schotzig^® 

m inimised.
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Table (3.1)

Specification of the detectors used in this work.

D e te c to r A p p r o x im a te
V o lu m e

R e la t iv e
E ffic ien cy

R e so lu t io n  (k e V )  
1 3 3 2 .5  k eV  (®°Co)

P h o t o p e a k /c o m p t o n  
1 3 3 2 .5  k e V  (®°Co)

Ortec Ge{Li) 60 10% 2.07 (16) 38

Ortec Ge{Li) 60 CC 9.6% 2.31 (19) 35

Oriec Ge 59.7 CC 31.3% 1.70 (11) 58.5
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3.2 Energy and Efficiency Calibration

D ata from the analyzer used in the singles 7 -ray experim ents were first 

transferred  to  the com puter. The gam m a-ray energies were calculated by 

means of a com puter program , SAMPO^^. A least-squares fit to  an 

degree polynom ial^ is made for the calibration points. The coefficients of the 

polynom ial are then used to calculate the energies of the rem aining gam ma-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 experim ental 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 approxim ation was used. In some 

cases where the Gaussian fit of the d a ta  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 com puter program  also yields error 

estim ates 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 d a ta  points.

In order to  calculate the intensities of 7 -rays from the photopeak areas of 

the singles spectrum , the photopeak efficiency of the detector m ust be known 

very accurately as a function of energy. The absolute efficiency of the Ge(Li) 

detectors were calculated with a set of calibrated sources^® from the formula®®

e =  7Vp/3.7 X 10^Ao I  fexp (-0 .693T /T i/2 ) (3.2.1)

where

Np num ber 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 tim e interval between the calibration of the source and the counting 

time.

T i /2  is the half-life of the source, 

t is the tim e m easurem ent.

The program  Sampo employs a functional representation of the efficiency

77curve :

e =  P i { E ^  + P3exp(PiE))  (3.2.2)

W here the four param eters P i , P 2 ? -Ps and P 4 are determ ined from the fit of the 

efficiency e versus the energy expressed in keV. Fig. (3.2) . illustrates the

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

The num erous 7 -ray spectra were analyzed off-line and searcl^for new peaks 

with an autom atic peak fitting routine in Sampo, which required relatively little 

user inpu t and produced very satisfactory and reliable results. The relative 

intensities of the gam m a-rays were determ ined by m easuring the num ber 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 determ ined by 

sum m ing 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 estim ates. The error estim ates include a 

contribution from the uncertainty in peak area and about 3% uncertainty in 

the detector efficiency calibration.

88



Experimental Arrangm ent/ch.3

F i t t e d  exp t .  data

* 10

M-
LU

U.MD 10

_o

1000 1200 1400 1600 1800800200 400 600

Energy (keV)

Fig. (3.2) Absolute efficiency curve of 1 0 % detector as a function of 7 -rays
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3.3 Detailed Description o f Electronics

For purposes of routine singles work with a Ge(Li) detector it is generally 

true th a t one need not overly concern oneself w ith noise, stability  and tim ing 

characteristics of the associated electronics system. However, in a precision 

Ge(Li)-Ge(Li) coincidence experim ent these factors cannot be ignored and, in 

fact, are critical to  the success of the experim ent. The tim ing characteristics 

are of param ount im portance due to  the very natu re  of the experim ent, the 

stability  requirem ents of all com ponents are pu t to  a strict tria l by the long 

counting tim es necessary for a coincidence run, and the noise behaviour of the 

equipm ent is extrem ely 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 experim ents 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 s ta te  device in which lith ium  ions have been 

diffused through a region of P-type germ anium  (a germ anium  crystal ,dop ed 

w ith electron acceptors such as gallium or boron) under the action of a reverse 

bias voltage®^. The lith ium  drifted region has a high resistivity®^. W hen 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 germ anium  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 lith ium  ions from diffusing 

out of the com pensated region and to reduce the num ber of electrons which
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a r e  t h e r m a l l y  e x c i t e d  i n t o  t h e  c o n d u c t i o n  b a n d  p r o d u c i n g  n o i s e ,  t h e  d e t e c t o r  i s  

k e p t  a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e .

W h e n  a  7- r a y  e n t e r s  t h e  c o m p e n s a t e d  r e g i o n ,  a n y  o f  t h r e e  p r i m a r y  t y p e s  o f

i n t e r a c t i o n s  c a n  o c c u r :  a  p h o t o e l e c t r i c  i n t e r a c t i o n ,  a  C o m p t o n  c o l l i s i o n ,  o r
are

p a i r - p r o d u c t i o n .  T h e s e  p r o c e s s e s ^ r e p r e s e n t e d  d i a g r a m m a t i c a l l y  i n  F i g .  ( 3 . 3 ) .  

I n  t h e  p h o t o e l e c t r i c  p r o c e s s ,  a l l  o f  t h e  e n e r g y  o f  t h e  7- r a y  i s  t r a n s f e r r e d  t o  

t h e  d e t e c t o r  c r y s t a l  t h r o u g h  i o n i z a t i o n  t o  y i e l d  a n  e l e c t r o n i c  p u l s e  w h i c h  i s  

p r o p o r t i o n a l  t o  t h e  t o t a l  e n e r g y  o f  t h e  o r i g i n a l  7- r a y .  W h e n  a  C o m p t o n  c o l l i s i o n  

o c c u r s ,  t h e  7- r a y  i n t e r a c t s  w i t h  a n  e l e c t r o n ,  d e p o s i t i n g  o n l y  p a r t  o f  t h e  e n e r g y  

w i t h  t h e  c r y s t a l  t h r o u g h  i o n i z a t i o n .  I f  a n o t h e r  i n t e r a c t i o n  d o e s  n o t  o c c u r  b e f o r e  

t h e  d e g r a d e d  7- r a y  e s c a p e s  t h e  d e t e c t o r ,  t h e  r e s u l t i n g  p u l s e  w i l l  c o r r e s p o n d  t o  

o n l y  a  p o r t i o n  o f  t h e  o r i g i n a l  7- r a y  e n e r g y .  W h e n  t h e  i n c i d e n t  7- r a y  i n t e r a c t s  

t h r o u g h  p a i r - p r o d u c t i o n ,  i t s  e n e r g y  i s  a b s o r b e d  i n  t h e  c r e a t i o n  o f  a n  e l e c t r o n -  

p o s i t r o n  p a i r .  T h i s  p r o c e s s  r e q u i r e s  t h a t  t h e  7- r a y  e n e r g y  b e  a t  l e a s t  1 . 0 2 2  

M e V  ( t h e  e n e r g y  e q u i v a l e n t  o f  t h e  r e s t  m a s s  o f  t h e  e l e c t r o n - p o s i t r o n  p a i r ) .  T h e  

e l e c t r o n  f r o m  t h e  c r e a t e d  p a i r  l o s e s  i t s  e n e r g y  t h r o u g h  t h e  n o r m a l  i o n i z a t i o n  

p r o c e s s ,  b u t  t h e  p o s i t r o n ,  a f t e r  c o m i n g  t o  r e s t  i n  t h e  d e t e c t o r ,  a n n i h i l a t e s  

a n o t h e r  e l e c t r o n  c r e a t i n g  t w o  7- r a y s  o f  0 . 5 1 1  M e V  e a c h .  O n e  o r  b o t h  o f  t h e s e  

7- r a y s  m a y  e s c a p e  f r o m  t h e  d e t e c t o r  b e f o r e  h a v i n g  b e e n  t o t a l l y  d e g r a d e d .  T h e  

r e s u l t i n g  p u l s e  t h e n  c o r r e s p o n d s  t o  a n  e n e r g y  w h i c h  i s  a g a i n  l e s s  t h a n  t h a t  o f  

t h e  o r i g i n a l  7- r a y .

I n  t h e  e n e r g y  s p e c t r a  w h i c h  a r e  o b t a i n e d  w h e n  t h e  d e t e c t o r  p u l s e s  f r o m  a  

p a r t i c u l a r  s o u r c e  o f  7- r a y s  a r e  p r o c e s s e d ,  p e a k s  o c c u r  f o r  t h o s e  7- r a y s  w h i c h  

h a v e  u n d e r g o n e  t o t a l  e n e r g y  d e g r a d a t i o n  i n  t h e  d e t e c t o r .  H o w e v e r ,  t h o s e  p u l s e s  

w h i c h  r e s u l t  f r o m  p a r t i a l l y  d e g r a d e d  7- r a y s  w h i c h  h a v e  u n d e r g o n e  C o m p t o n  

c o l l i s i o n s  c o n t r i b u t e  t o  a n  u n w a n t e d  b a c k g r o u n d  k n o w n  a s  t h e
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com pton 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  th a t of the full energy 

peak, while those pulses which result from pair-production where bo th  511 keV 

quan ta escape the detector contribute to  a “double escape” peak at the full 

7 -ray energy less 1022 keV.

In order to  increase the probability th a t a 7 -ray which enters a detector will 

be to tally  absorbed, the detector volume m ust be increased®^. This improves 

the peak efficiency which is defined as the ratio  of the num ber of 7 -rays of a 

given energy from a given source totally degraded in the detector to the to tal 

num ber of 7 -rays of th a t energy em itted by the source for a given source detector 

distance. The standard  m ethod for obtaining the relative efficiency of each of 

the detectors was to  com pare its counting rate  for the 1.332 MeV line of ®°Co 

with th a t of a 3“ x 3 ” N al(T l) detector using a standard  distance of 25 cm from 

the source-to-detector (The efficiency of the above size N al(T l) 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 w idth at half m axim um  (FW HM ) 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 m ust 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 tim e inform ation 

in a Tim e to  Pulse Height Convertor (TPH C ). The tim e spectrum  from the
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ou tpu t of the TPH C  is essentially of Gaussian shape. For m easuring tim e 

differences, the tim ing peak m ust be narrow, th a t is the tim ing resolution m ust 

be good. It is im portan t th a t the narrow peak be m aintained down to a small 

fraction of the to ta l peak height to make certain th a t all true  coincident events 

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

3.3.2 Preamplifier

The detector was equipped with a factory m ounted Ortec 120 preamplifier 

having a charge-sensitive field effect transisto r (FE T ) for the first stage input® 

The detector was DC coupled to the pream plifier for low noise operation®®'®^ 

(the noise rating  was 700 eV at 0 picofarad (PF) capacitance and the slope was

17 eV /pf). Typical ou tpu t pulses from the pream plifier have rise-times of 100
not

nsec or less and decay tim e 200 /xsec. In order th a t the pulses doroverlap (at 

5000 cps the average tim e between pulses in just 200 /xsec) the pulse m ust be 

reshaped by the amplifier to  reduce the long decay time.

3.3.3 Amplifier

In addition to  amplifying the signal received from the pream plifier, the amplifier 

removes the slow, exponential decay of these 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 

ra te  above 2 0 0 0  count/sec, an incoming pulse may be superim posed on the tail
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CnRn Differentiation
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R jC j Integration
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Pole Zero Cancellation

out

Sym metrical Diode Restorer Circuit

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

coincidence 7 -ray experim ents.
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of a preceding one and as a result it will be decreased in am plitude. 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  elim inate 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 m inor fluctuations in the baseline 

is removed. To com pensate 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 m ultichannel analyzer. 

In the analyzer, the pulse height is converted to digital inform ation by an analog- 

to-digital convertor (ADC) and stored in a m agnetic core m emory from which 

the inform ation can be retrieved on readout devices or displayed on a scope. 

In conventional ADCs the entering pulse triggers an oscillator and at the same 

tim e a voltage ram p, which increases or decreases to m atch the incoming pulse 

height. The num ber of cycles th a t the oscillator undergoes before the ram p 

voltage m atches the pulse height is utilized digitally as a channel location in 

which the event is recorded. W hen one pulse is being analyzed no other pulses 

can enter the ADC. The length of tim e 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 tim e of about 1 0 -2 0  //sec.
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3.4 Tim ing Spectroscopy

Time spectroscopy involves the m easurem ents of the tim e relation between the 

occurrence of two events®® The source of events is frequently a pair of 7 -rays 

or a com bination of 7 -rays and /o r  charge particles in cascade, which de-excite 

some level in the nucleus.

The m ost im portan t consideration in tim ing m easurem ent is the specifications of 

the detectors involved, such as electric field strength  in the detector, efficiency, 

peak-to-com pton ratio  and resolution [see Section 3.3.1]. It is im portan t to 

understand  some of the characteristics th a t affect the tim e resolution of the 

system  in the following sections.

3.4.1 Walk and Jitter

C haracteristics th a t strongly affect tim ing in germ anium  are the walk due to 

am plitude variations or rise tim e changes and the intrinsic tim e jitte r  of the 

detector signal These effects are shown by an ideal discrim inator w ith 

threshold Y t  operating on detector signals, see Figs. (3.5a, 3.5b and 3.5c). 

The discrim inators used in properly designed tim ing electronics have minimized 

the charge necessary to trigger an ou tpu t, and most of the apparent walk is 

contributed by variation in pulse am plitudes and rise times. Fig. (3.5c) shows 

the effect of the system  noise on the tim ing accuracy. The w idth of the tim ing 

uncertain ty  which is statistical in its natu re is given by the triangle rule:

(Tt  =
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Fig. ( 3 . 5 a  )- Time 
walk caused by 
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v a r ia t io n  and 
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s e n s i t i v i t y  
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W here (Tt  is the standard  deviation in the tim e m easurem ent in crossing the 

threshold V t ,  (Tv is the am plitude of the steady-state noise.

3.4.2 The Constant Fraction Timing Technique

Due to the varying rise times of germ anuim  detector signals, a modified constant 

function of pulse height tim ing is usually used with these devices. It is necessary, 

however, to understand  the C onstant Fraction Technique in order to  fully 

appreciate the benefits th a t can be gained by com pensating for both  the varying 

pulse heights and the varying rise times found in germ anuim  detectors. In 

addition , m any fas t/ slow coincidence systems utilize fast plastic scintillator 

and constant fraction tim ing in one branch of the system.

Experim ental works®^’̂  ̂ had shown th a t for a signal of given rise tim e and 

height there is a value at which the discrim inator can be set to  give the 

optim um  tim ing result, especially w ith scintillator/ photom ultiplier systems. 

The constant fraction m ethod is then a technique for greatly im proving time 

walk and resolution characteristics over a wide range of inpu t am plitudes, when 

com pared with other types of discrim inators. Fig. (3.6a) shows a negative input 

having a rise tim e of tr. Constant fraction technique operates on this pulse in 

the following m ethod. F irst the pulse is inverted and attenuated  by a factor 

equal to the fraction of the pulse height a t which tim ing is desired. Fig (3.6b). 

The linear signal is m aintained in its original slope and am plitude and delayed 

for a period of tim e somewhat greater than  the rise tim e Fig. (3.6c). The 

signals are then added together as shown in Fig. (3.6d), and the tim ing output 

is taken at the zero crossing point. All signals will cross zero at the same tim e, 

independent of rise times and am plitudes. W ith fast plastic scintillator, this
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R i s r  t i i n o

Inverted and 
attenuated signal

Delayed s ig n a l

Delay time

Shaped s ig n a l  
for  tim ing

Zero c r o s s in g  time

Fig. (3.6) Pulse shape and  time considerations for the constant fraction tim ing 

technique.

100



Experimental Arrangm ent/ch.3

technique can reduce the walk to less than  1 2 0  psec for 1 00:1  dynam ic range of 

pulse heights (a dynam ic range is defined as the ratio  of the largest pulse to  the 

smallest pulse th a t can be accepted by the tim ing system).

Gedrke and McDonald®^ have developed such fast discrim inators working 

in C FT. These discrim inators were suitable for bo th  Ge(Li) and scintillator 

detectors. The principle is shown in Fig. (3.6) which provides the best tim ing 

techniques.

3.4.3 Tim ing Performance of the System

The tim ing perform ance of the system had to be m easured in order to determ ine 

the tim e resolution characteristics of germ anuim  detectors and their related 

electronics. The system  is composed of the fast channel, and the purpose is to 

derive the best possible tim ing signal from each detector and to change the tim e 

inform ation into am plitude inform ation in a tim e 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 s ta rt signal for 

the TPH C . The other side of the fast channel is used as the stop signal for 

the TPH C . The stop signal will arrive a certain period of tim e la ter than  the 

s ta rt signal for events th a t actually are in true coincidence, in order to  give 

more flexibility for utilizing the various tim e ranges of the TPH C . In addition 

to setting up the system  for the appropriate tim e range, this delay can also be 

used to  perform  tim e calibrations of the A CE/CA RD  as shown in Fig. (3.7) 

while Fig. (3.8) illustrates the result.
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REFERENCE PULSER I C anberra  1407

Ortec 473A Ortec 463

CFDCFD

Ortec 425A

DELAY

Ortec 467
StopStart TPH C

N S710

MCA

Fig ( 3 . 7 )  B lo c k  d i a g r a m  o f  t h e  t i m e  c a l i b r a t i o n  o f  t h e  MCA
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The source m ost frequently used for determ ining tim e resolution is ®°Co. For 

the gam m a rays having an energy of 1.33 MeV are in tim e coincidence with 

those gam m a rays having energy 1.17 MeV. For any given system, the larger 

signals from the detector give be tte r tim ing results than  the smaller signals. 

T hat is to  say, the tim ing signals resulting from to tal energy disposition of the 

1.33 MeV gam m a rays from ®®Co will be be tte r than  those resulting from to tal 

energy disposition of the 0.511 MeV annihilation photon of ^^Na. Fig. (3.9) 

illustrates the prom pt tim ing curve m easured on the 1.33 Mev gam m a ray from 

a 10  p,Ci ®°Co source. This curve contains d a ta  of the resolving tim e 2tq =  3 .4 4  

n sec, and the FW ( j^)M  =  6 .40  n sec, of the two detectors. Notice again th a t 

the slope of the tim e spectrum  is essentially Gaussian.

3 .4 .4  R e so lv in g  T im e

Coincidence equipm ent may be classified according to their resolving time. If 

a tw o-detector system  is used, each detector applies a gate pulse of w idth r  

th a t constitu tes the coincidence circuit; therefore to be in coincidence, the two 

gate pulses m ust fall w ithin the interval 2 r  which is the resolving tim e of the 

coincidence system . A resolving tim e of less than  few tenths of a /isec is term ed 

“fast” , and larger resolving times are called “slow” .

Short resolving times are required wherever high counting rates are involved 

because the  random  natu re  of radioactive decay allows for the possibility th a t 

two uncorrelated pulses will happen to occur w ithin the coincidence resolving 

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

^ c h a n c e  ~  ^1^2 (^)
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Fi g .  (3.9) Prompt t i me  d 1s t  I but I on cu rv e  CO-60,
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W here 2 r  is the  resolving tim e, Nq is the source strength  and and 62 are the 

absolute efficiencies of the respective detectors. It thus appears th a t the best 

way to  reduce chance coincidences is to  make 2 r  as small as possible. However, 

2 r  cannot be reduced below the interval of the tim e jitte r  in the detector pulses 

w ithout losing true  coincidence. The coincidence counting ra te  is given as

^true ~  (2)

The ratio  of true  to  chance coincidence rates is given as

■Vtrue  I

^chance N
(3)

The accidental coincidence spectrum  in a particular gate will be exactly 

proportional to  the singles 7 -ray spectrum .

3.5  T h e  C o in c id e n c e  A p p a r a tu s

The capability of assigning 7 -rays to  a level scheme from energy and intensity 

considerations improves as the accuracy of these m easurem ents increases. 

However, in m any am biguous cases the tim e relationship of the em itted 7 -rays 

m ust be determ ined to  place them  reliably in the level scheme.

W hen 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 s ta te  by emission of a photon and this process is repeated until 

the daughter nucleus reaches the ground state. The usual tim e required for this 

cascade process to  occur is of the order of 1 0 ~® to 10  sec, and the enutted  

7 -rays are said to be in prom pt coincidence with one another.
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Coincident 7 -rays can be recorded w ith two detection systems which have the 

requirem ent th a t they only analyze 7 -rays which enter the detectors w ithin a 

certain  preselected tim e interval known as the resolving tim e. The coincidence 

requirem ent is m et by “gating” the recording ADC w ith a pulse which results 

only if a 7 -ray enters each detector w ithin the resolving tim e of the system.

Fig. (3.10) shows a block diagram  of the Fast-Slow coincidence system^^ which 

was used in coincidence experim ents on ^®^Gd and ^®^Sm. One of the

Ge(Li) detectors was used in the singles experim ent. The two detectors are 

set a t an angle of 90° to  each other, as shown in Fig. (3.11), to  minimize 

coincidences arising from  the Compton scattering of high energy gam m a rays 

from one detector to the other. Each detector was m ounted with an Ortec 

120 pream plifier. The ou tpu t signal from each pream plifier was sent to the 

O rtec 572 am plifier and to the O rtec 474 tim ing filter amplifier where it was 

used for tim ing purposes. The Ortec 572 amplifier was used to  amplify the 

signal for energy m easurem ents and to improve resolution at high count rates 

a pile-up rejection was operated. The unipolar ou tpu t pulse from the spectrum  

detector (detector N o .l, Table 3.1) was delayed and routed to  the high level of 

the  A C E /P C -C om puter.

A nother branch of the ou tpu t (the energy gating by detector No.2, Table 3.1) 

was am plified by O rtec 572 amplifier and routed to  an O rtec 551 tim ing single 

channel analyzer (N o.l, slow) set to select a particu lar energy.

The tim ing branch  of the signal from either pream plifier was sent to an Ortec 474 

tim ing filter amplifier which shaped the pulses for use by the Ortec 583 constant 

fraction discrim inator unit. In the Ortec 583 constant fraction discrim inator 

un it, the  technique of am plitude and rise tim e com pensation is used to the 

original pulse peak, regardless of its am plitude (see Section 3.4.2). The output
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Fig ( 3 .10  ) Block diagram of conventional Fast -  Slow coincidence system.
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Experimental Arrangm ent/ch.3

trigger pulses from  the constant fraction discrim inator units were used as s ta rt 

and stop pulses for the O rtec 467 Tim e-to Pulse-High-Convertor (TPH C ). In the 

TPH C the s ta rt pulse in itia tes the charging of a capacitor which is discharged 

by the stop pulse, creating a pulse whose height is proportional to  the tim e 

duration between the  s ta rt and the stop pulses. The TPH C  outpu t pulses were 

routed to  a T im ing Single Channel Analyzer (TSCA, fast No. 2 ) in which a 

window was set to select the  proper pulse am plitude which corresponded to 

pulses originating from  coincidence events (when in this condition, the TSCA 

window is said to  be set on the “prom pt peak” ). The pulse was delayed and 

routed to  the E lsint coincidence unit.

The TSCA (No. 1) connected to an Elsint coincidence unit which required th a t 

these signals lie above the noise region. The coincidence logic pulse was routed 

to the gate pulse generator to shape the width and the am plitude. Finally, 

the logic pulse triggered a gate and gating pulse to the ADC of the A C E /PC - 

Com puter.
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C H A P T E R  IV  

PR O P E R T IE S OF TH E ISO T O PE  STATES

P O P U L A T E D  IN  TH E D EC A Y  OF

4.1 Introduction

The level struc tu re  of which lies in the beginning of a transitional region

between spherical and d e f o r m e d ^ n u c l e i  may be studied either from the 

decay of ^®^Eu or ^®^Tb . The first decay has some experim ental advantage 

because of its long half-life (13.33 y). On the other hand, ^®^Tb does present 

some experim ental problem s due to  its ra ther short half-life (17.5 h) bu t 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 s truc tu re  of ^®^Gd has been investigated before. B arrette et al®̂  

considered th a t the spectra of this nucleus show more ro tational than  vibrational 

characteristics, i.e, it can be described as a deformed nucleus. Riedinger et 

al®® preferred to consider the low lying states as resulting from quasi-rotations 

and quasi-vibrations than  to  trea t them  as members of one, two, and three- 

phonon vibrational excitations about spherical equilibrium  shapes. Toth et al®® 

classified a second 2~̂  s ta te  at 930.58 keV, and another O'*" s ta te  a 1408 keV, 

as m em bers of a three-phonon vibrational band. Gromov et aP®® treated  the 

th ird  s ta te  at 1108.97 keV, the second 0"̂  state, and a possible 4"̂  level, as 

m embers of a three-phonon band. On the other hand, the works of Gino et 

aP®^, and Zolnowski et aP®^ on the conversion electrons em itted in the ^®®Sm 

(a ,2 n) and  ^®^Sm (a ,4 n) ^®^Gd reactions, indicate the ro ta tio i\n a tu re  of the 

levels in  ^^^Gd . The results of th a t work indicate the presence of a ro tational
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band up th rough  spin 10, w ith the 344.25 and 755.39 keV states taken as the 

first and second mem bers of this band. A nother /9-band of levels built on the 

615 keV sta te  was reported. Bloch et aP®® found th a t the inelastic scattering 

cross-sections of 12 MeV deuterons for the 615.54, 930 and 1280 keV levels 

are sim ilar to  those for the 0 ^ , 2 "̂  and 4"̂  respectively, m em ber of /9-bands 

in deformed nuclei, thus, describing this band as a quasi-/9 band. Baker et 

aP®^ calculated a ratio  of B (E 2 ) values for in terband transitions in ^®^Gd by 

considering it as an adiabatic rotor.

Conflicting values for energies and intensities em itted by ^®^Eu were reported 

by m any workers®^’®®’̂ ®^"^^^, and at the same tim e new transitions were sug

gested. Sharm a et aP®® gave a complete list of energies and intensities including 

those transitions seen by Riedinger et al®® and B arrette et al® .̂ Both workers 

reported new transitions, bu t they did not agree with each other. Baker et aP'^ 

reported another fourteen new transitions, some of which were determ ined from 

coincidence data . None of these were seen by other workers, while some of the 

transitions seen by Sharm a et aP°^ were missing from B aker’s et aP°^list. W hilst 

Yoshizawa et aP^® have reported  a set of da ta  starting  from energies above 270 

keV w ith a cutoff energy at 1528 keV.

In this work, all the energies reported by Sharm a 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 da ta  and 

energy sum  relations. Relative intensities and logft values were calculated and 

m ultipolarities, spin and parities deduced.
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4.2 Experim ental Procedure and Results

4.2.1 Source Preparations

The source was prepared by therm al-neutron capture (n,7 ) reaction ir

rad ia tion  of europium  oxide enriched to  97% for the mass 151 isotope, at the 

University of London Reactor Centre (ULRC) following the m ethod described 

in section (1.2). The source was left for two w eek after irrad iation  before taking 

any m easurem ents. This allows any short life activity to  be elim inated. The 

source was packed in a polythene th in  tube. A source activity of 1 0  /xCi is 

sufficient to  give about 1500 county sec 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 /?■•■, 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, bu t the coincidence technique was used to separate 

the transition  belonging to  each nucleus.

4.2.2 Singles Spectra

For the gam m a-ray energy and intensity m easurements 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. D eterm ina

tion of the energy and efficiency calibration was fully described in section (3.2). 

The spectrum  includes a num ber of additional peaks; escape and background. 

Fig. (4.1) shows a typical gam m a-ray spectrum  of ^®^Eu . The background 

spectrum , shown in Fig. (4 .1 a), collected for the same tim e 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 tra n 

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 

^®^Gd : th irteen  transitions were new and observed for the first tim e in this 

work. The in tensity  results of Sharm a et aP®® and Baker et al^®  ̂ are also given 

in this Table for com parison.

4.2.3 Coincidence Spectra

The ^®^Eu gam m a-gam m a coincidence experiment were performed with the 

two Ge(Li) detectors arranged in a 90° geometry throughout the experim ents. 

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 gam m a-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 estim ated at less than  

one percent, and, therefore, have been neglected.

Figs. (4.3-6) illustra te  the coincidence spectra, while Fig. (4.2) shows the to tal 

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

Com parison between present relative intensities {l^) of gam m a-ray transitions 
w ith previous studies in ^^^Eu decay (normalized to  1-^(344.25 =  1 0 0 ).

E n e rg y N u c le u s In te n s i ty  r e la te d  to  I ( 3 4 4 ) = 1 0 0

(keV ) P r e s e n t  w o rk S h a rm a  e t aP°® B a k e r  e t
121.78(15) S m 106.58(1.4) 109.70(2.2) 112.79(3.7)
125.69(15) S m 0.09(01) — —

147.94(09) S m 0.17(02) 0 .1 2 (0 1 ) <  0 .0 2
166.91(25) Gd 0.04(01) — —

173.17(15) Gd 0.03(01) — —

192.79(20) Gd 0.018(005) — —

195.05(24) Gd 0.023(005) — —

202.61(15) S m 0.022(005) — —

206.95(36) S m 0.024(005) 0.03(01) 0.027(009)
209.35(17) Gd 0.03(01) 0 .0 2 (0 1 ) 0.03(02)
212.50(18) S m 0.09(02) 0.08(02) 0.076(023)
237.38(11) S m 0.05(02) <  0 .0 1 —

239.47(33) S m 0.04(01) <  0 .0 1 0.025(12)
244.68(14) S m 29.66(39) 27.91(50) 28.38(93)
251.61(05) S m 0.25(02) 0.28(01) 0.28(04)
271.00(06) Sm^ Gd 0.29(02) 0.32(02) 0.28(03)
275.43(07) S m 0.16(02) 0.17(02) 0 .1 2 (0 1 )
286.15(22) S m 0.05(02) <  0 .0 1 < 0.025
295.91(02) S m 1.72(05) 1.61(04) 1.59(05)
315.25(09) S m ,  Gd 0.18(03) 0.24(02) 0.16(03)
324.86(04) Gd 0.27(01) 0.28(02) 0.27(04)
329.35(06) S m 0.47(02) 0.49(03) 0.45(05)
340.23(25) S m 0.11(03) — 0.091(009)
344.25(03) Gd 100 100 1 0 0

351.57(18) Gd 0.07(02) 0.08(02) 0.067(014)
367.78(02) Gd 3.16(05) 3.24(07) 3.18(11)
380.06(20) Gd 0.04(01) — —

385.92(20) S m 0 .2 1 (0 2 ) — 0.085(038)
389.07(11) S m 0.013(005) — —

395.75(19) S m 0.03(01) — —

411.12(02) Gd 8.44(12) 8.23(17) 8.26(21)
416.01(03) S m 0.41(02) 0.40(02) 0.39(04)
423.45(04) S m 0.021(005) — < 0 .0 2

443.97(02) S m 11.75(17) 11.66(06) 10.60(60)
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Table (4.1) (continued)

Energy Nucleus Intensity related to I(344)=100

(keV) Present work Sharma et aP°® Baker et aP°^
482.41(09) 5 m , Gd 0 .1 2 (0 2 ) 0.13(01) 0 .1 0 (0 2 )
488.69(03) S m 1.57(03) 1.52(02) 1.49(05)
493.56(05) S m ,  Gd 0.14(02) 0.14(02) 0.17(03)
496.57(16) Gd 0.05(02) 0.04(01) 0 .0 2 (0 1 )
503.46(06) Gd 0.61(04) 0.56(02) 0.55(03)
520.26(07) Gd 0.18(02) 0 .2 2 (0 2 ) 0.20(03)
523.11(18) S m 0.08(03) <  0 .0 1 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) S m 0.06(01) 0.04(02) 0.07(02)
557.76(18) Gd 0.04(01) — 0 .0 2
563.96(03) S m 1.81(04) 1.80(05) 1.86(07)
566.50(21) S m 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) S m 0.12(04) — —

615.83(29) S m ,  Gd 0.04(01) 0.03(02) 0.04(02)
644.29(29) S m 0.04(01) 0.03(02) 0.023(007)
656.47(06) S m 0.56(03) 0.51(03) 0.53(04)
664.83(15) S m 0.05(02) 0.03(02) 0.013(006)
671.21(15) S m 0.06(03) 0.05(02) 0.085(030)
674.66(03) S m ,  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) S m 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) S m 1.26(03) 1.30(04) 0.97(10)
727.42(16) S m 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) S m 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) S m 0.07(02) — 0.06(02)
810.45(08) S m 1.21(03) 1.21(04) 1.17(05)
838.84(50) S m 0.05(01) < 0 .0 1 0.062(035)
841.61(10) S m 0.60(03) 0.61(03) 0.60(09)
867.36(05) S m 15.84(28) 15.83(40) 15.06(27)
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Table (4.1) (continued)

E n e rg y N u c le u s I n te n s i ty  r e la te d  to  I ( 3 4 4 ) = 1 0 0

(keV ) P re s e n t  w o rk S h a rm a  etaP°® B a k e r  e t  a l'°^
896.59(09) * 0.21(04) — —

901.20(10) S m 0.31(03) 0.27(03) 0.28(06)
919.34(08) S m 1.59(04) 1.67(05) 1.47(05)
926.28(07) S m 1.05(05) 1.04(04) 0.95(09)
930.67(15) Gd 0.30(03) 0.28(03) 0.27(04)
937.11(23) Gd 0.04(02) — 0.046(015)
958.55(50) S m 0.08(03) 0.05(02) 0.06(03)
964.10(08) S m 54.34(74) 54.95(1.1) 53.08(1.4)
974.23(30) Gd 0.07(02) 0.05(01) 0.04(01)
989.99(18) Gd 0.13(03) 0.14(02) 0.12(04)
1005.22(11) S m 2.70(10) 2.80(10) 2.34(16)
1085.89(06) S m 38.37(52) 38.7(1.0) 37.12(67)
1090.05(08) Gd 6.22(40) 6.70(20) 6.16(29)
1112.09(02) S m 50.88(77) 51.2(1.0) 49.28(67)
1170.56(24) S m 0.18(03) 0 .2 0 (0 2 ) 0.13(03)
1206.28(38) Gd 0.05(02) 0.03(02) 0.03(01)
1212.92(07) S m 5.44(14) 5.24(11) 5.26(20)
1249.92(08) S m 0.72(04) 0.75(03) 0.65(05)
1261.33(20) Gd 0.15(02) 0.15(02) 0.13(03)
1292.84(15) S m 0.50(05) 0.39(02) 0.37(06)
1299.11(04) Gd 6.19(15) 6.22(15) 6.15(34)
1315.32(23) S m 0.03(01) 0.03(01) —

1348.23(19) Gd 0.07(01) 0.07(01) 0.063(008)
1363.72(22) S m 0 .1 0 (0 1 ) 0 .1 1 (0 1 ) 0.098(012)
1390.30(27) S m 0.024(008) <  0 .01 0.015(005)
1408.03(03) S m 77.36(89) 77.9(1.5) 76.20(2.2)
1457.55(07) S m 1.86(08) 1.92(04) 1.87(10)
1485.94(30) Gd 0.021(009) — —

1528.05(08) S m 0.98(08) 0.99(03) 1.14(07)
1605.57(27) Gd 0.03(01) 0.04(01) 0.029(006)
1608.50(27) S m 0.021(005) <  0 .0 2 0.021(005)
1647.42(14) S m 0.032(005) 0.03(01) 0.024(005)
1698.13(37) Gd 0.022(007) — —

1769.14(22) S m 0.03(01) 0.03(01) 0.033(004)

cannot be placed in the decay scheme.
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pulse height spectrum . A sum m ary of the coincidence results is given in Table 

(4.2).

4 .3  D e c a y  S ch em e

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 w ith 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 B arra tte  et al® ,̂ Riedinger et al®® and Baglin^^® (w ithin the reported 

errors). The value reported  B arra tte  et al®̂  and Baglin^^® for the 1108.97 (2^) 

keV level was as twice the value reported here. The value reported by Riedinger 

et al®® 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 value very much and the deduced spin and parity  are not affected. The 

energy level a t 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)

Sum m ary of gam m a-gam m a coincidence results following the decay of ^®^Eu to 
levels in ^®^Gd.

E n e rg y

(k eV )

G a te s  (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) 

121



Properties of Gd Isotope States Populated in the Decay o f^^^E u  / c h .4

E n e r g y

( k e V )

G a t e s  ( k e V )

3 4 4 4 1 1 5 8 6 7 7 9
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 — — —

1299.11 X — — —

1348.23 X — — —

122



PToperties o f ^ ^^Gd IsotopeStates Populated in the Decay o f ^ ^ ^ E u / c h .4

8 8888 88 8

X(D
Ü(D

: i
ID

LU

£
DL
■PÜ
&(0

(DpO
I—

Ô)
8 u_

01% SlNflOD

123



Properties of^^^Gd IsotopeStates Populated in the Decay o / ‘ " £ u  /ch.4

K)
-C

50*0601

*D

o  CL

T)
OJ
in

lO

m

OO'IZC

124



Properties o f Gd IsotopeStates Populated in the Decay of / c h .4

88 88888 8 8

>(DJU

_C

8 <D
 ̂ ë(DTJ

Ü
C
oo

Ê -

-  s '
^  T)

8 0 5
: i

LU

§L
Ü®

SlNnOG

125



Properties o f^^^G d IsotopeStates Populated in the Decay o f^^^E u  /ch.4

o
COin

U J

in

in

CD

LL

126



Properties o f Gd IsotopeStates Populated in the Decay o f^^^E u  / c h .4

CO

X  O J<-> in

LU

V)
o

cn

50*561

SlNflOD

127



Properties of Gd IsotopeStates Populated in the Decay of Eu / c h .4

00  u z  
£B SI9

Zl  ( I f
SZ SIC 
IC99S 
Z9 0C6

grcoz
9 S  £6t^ 

Z0>9Z

6Z Z6I 
86Y9C 
68 8AZ.

ZIC Î 
ZS ISC 
9Z9ZS

68 969 
S0S61 '
CZ>66

98 fZC 
9^ COS 
9(7 869 

SO 0601
16 9 9 1 -----

C6 S8PI [
IC8 C66 

82 90ZI

65 96f  
96 6SS 
99 f69
66  68 6  

CC 1921 
6S S09I

SC 602 
92 0 2 s 
S2>CS 
S6 2 16 
I I 6621

II6C6  
C2 8t^Cl 
90 08C I- 

Cl 8691 (-

-»o

i0É0

*
I

3

= S -Ov, O' ^  'O
— I

%oi o 
-1 -

dl

I
I
I
IrJ O'<£H O'.

Ê  5

/ i \
li
K>|
- I

S2 t't'C 

 »
•a
CD

cs
in

CD

E
CD

J Z
o
cn

m
>
CD

CD

'vf

C7)

TD
CD

C7)O

128



Properties o f ^^^Gd Isotope States Populated in the Decay of ^^^Eu / c h .4

Table (4.3)

Sum m ary of energy (keV) sum relations in nucleus.

E n e rg y  o f  T ra n s i t io n  
(k eV )

E n e rg y  S u m  
(keV )

E n e rg y  L evel 
(k eV )

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 o f Transition 
(keV)

Energy Sum  
(keV)

Energy Level 
(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 determ ined to  be 0+. This means th a t the B.R. of this level m ust be < 0 .01  

because this figure will give a logft value of about 16, which agrees w ith the 

deduced spin and parity.

Table (4.5) shows experim ental 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 m easurem ents reported  in this study. The experim ental (a&) values were 

norm alized to  the 344.25 keV transition, which is considered fe

a pure E2 transition . Good agreement between theoretical and experim ental (a&) 

values is shown in Table (4.5). This enables correct m ultipolarity for the given 

transitions to  be assigned, these deduced m ultipolarities were w ritten  in the last 

column of Table (4.5).

4.3.1 D iscussions o f Individual Levels in

4.3 .1.1 The 344.25. 615.54 and 755.39 keV levels

These are the well-known first (2+), second (0+), and th ird  (4+) excited states in 

^"^Gd , which have been studied in the past through the ^®^Eu decay^^^’̂ ^®’̂ ^®, 

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 sta te  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) 

Sum m ary of the levels properties in

E n e rg y
level

(k eV )

Qvalue
ep = 1819.2

Ç e d d eca y
X ]  I^ d e c a y  

-7-y feed
B .R  % lo g f t

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 .8 8 12.52

930.58 888.62 1.15 2 .2 2 1.07 0.30 12.73

1047.71 771.49 0.04 0.08 0.04 0 .0 1 14.03

1108.97 710.23 0.50 0 .8 6 0.36 0 .1 0 12.89

1123.19 696.01 0.32 51.61 51.29 14.10 10.72

1282.06 537.14 0 .0 2 0.16 0.14 0.04 12.77

1312.41 506.79 — 0 .1 2 0 .1 2 0.03 12.79

1318.34 500.86 0.08 0 .1 0 0 .0 2 0 .0 1 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 .0 2 12.44

1550.37 268.83 — 0 .2 0 0 .2 0 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 1 0 .8 8

1698.34 1 2 0 .8 6 — 0.06 0.06 0 .0 2 11.05
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Table (4.5)

Com parison between experim ental and theoretical a*, conversion coefficients. 
The deduced m ultipolarities are shown in the last column.

E n e rg y
j r

E x p e r im e n ta l T h e o re tic a l  a*(x lO ^) D e d u c e d
M u lt i 

(keV) Qk(x 1 0 *) E l E 2 M l p o la r i ty
271.00 0 + 2 + 302 (118) 207 764 1299 E 2

315.25 2 + 0 + 218 (141) 125 419 759 E2

344.25 2 + 0 + 300 (17) 104 341 628 E2

367.78 3" -> 4+ 60.08 (8 .6 ) 93.07 300 556 E l

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 M l

615.83 0 + 0 + 8333 (2421) 29 80 152 EO

678.62 3+ 4+ 46 (16) 21 54 103 E 2

764.87 2 + 2 + 50 (17) 18 46 86 E2

778.89 3 " 2 + 16.31 (1.9) 17 45 82 E l

1299.11 2 “ -> 2 + 8.04 (2.06) 6.7 16 25 E l
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for it (Table 4.5). The IBM calculations of the ground state  band 2 “̂  and 4"̂  are 

found to  be in poor agreement w ith the experim ental 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 al®® and Dzhelepov et 

al^̂ ® in the decay of ^®^Eu . Furtherm ore, Gromov et al̂ ®® have reported the 

population of this s ta te  in the decay of ^®^Tb and Bloch et al^®  ̂ found th a t this 

level had  a ra th e r large cross section in their ^®^Gd (d ,d ') experim ents. 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 w ith the E2 character th a t is expected. The 930.67 

keV transition  is the crossover decaying to the ground state  of ^®^Gd . The 

angular correlation by B arra tte  et al^̂ ® showed th a t the 586.31 keV transition  

{2p —> 2^) has a relatively large M l mixing [see Table (4.5) and Ref. (117)]. The 

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

4.3.1.3 The 1047.71 keV (O+I level

The existence of this level was established by Gromov et al̂ ®® who in their 

electron conversion m easurem ents 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 th a t 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 

coincidence w ith the 344 ]ceT/97,i04,iii,ii8^ Since no other sum-peaks involves 

the 703.46 transition , this 7 -ray m ust 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 Sharm a et al̂ ®®. This is a probable indication 

th a t th is s ta te  does not have collective characteristics. The IBM calculation
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[Section 4.5.2] suggests th a t there should be an 0+ level, bu t is higher value 

than  the  experim ental [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 m easurem ents 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 w ith the experi

m ental.

4.3.1.5 The 1123.19 keV (S~) level

This s ta te  is the lowest negative-parity level established in the past^®®'^^ '̂^^®. 

The 3“ assignm ent follows from the E l character of the 778.89 and 367.78 keV 

transitions [Table 4.5], and agrees w ith th a t 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. I t has been observed by Gono et al^^^, who was able to  excite several 

states in ^®^Gd by the ^^®Sm (cK,2 n) ^^^Gd and ^®^Eu (p ,2 n) ^^^Gd reactions. 

The coincidence experim ents show th a t 526.76 and 351.57 keV transitions feed 

the 755.39 and 930.58 keV levels respectively. It is believed th a t 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 gam m a-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  agreem ent w ith previous r e s u l t ^ T h e  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 w ith the 344 keV gate. Such a level was inferred by early work^®®’̂ ^®’̂ ®̂. 

on the  decay of ^®^Tb ( t i  =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  sta tes of ^®^Gd .

4.3 .1.8 The 1318.34 keV (2+1 level

The existence of this s tate  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 agreem ent w ith the Gromov et al̂ ®® 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 s ta te  a t 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 w ith the present result. The angular corre

lation e x p e r i m e n t s ^ e s t a b l i s h e d  the spin value of this sta te  as 3"*', which 

the IBM predicted as a lower value. This assignment is also consistent with the 

fact th a t 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 sta te , and is seen in the singles only, bu t as the 166.9 keV gam m a-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 th a t 

these should be an 0+ level between 1460 and 1490 keV. This assignment is 

supported  by the  decay of ^®^Tb , Zolnowski et al^̂ ®

4.3.1.11 The 1550.37 keV (4+1 level

This level has been found by B arra tte  et al® .̂ Coincidence m easurem ents con

firm the  existence of the level 1550.37, keV since the 1206.28 and 794.84 keV 

transitions de-exciting this sta te  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"̂  s tate  at 

615.25 keV suggests the 2 '̂  assignment for this level^®®’̂ ^®. 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 sta te , fourth  excited state  (2 '^), fifth excited state  (0 ^ ) and sixth excited 

state  (2 “̂ ) in ^®^Gd , respectively, have been detected in the gating spec tra  _. 

The 674.66 7 -ray is a composite transition , and it was found, in this study, by 

the coincidence m easurem ents, and therefore can be placed in the ^®®Gd level 

structure . T h a t is supported  by other works^®®’̂ ®®. There is a good agreement 

w ith 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 c o r r e l a t i o n ^ a n d  conversion coefficient m easurem ent
ike

The 712.75 keV transition  as de-excitingU643.46 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^®. Futherm ore, 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 m easurem ents [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 m ea

surem ents and, decays via 1348.23 and 937.11 keV which were detected in 

coincidence w ith the 344.25 and 411.12 keV transitions. The absence of a tra n 

sition to  the ground state  and the E2 nature^^® of the 1348.23 keV transition  

make the  4"  ̂ assignm ent m ost 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 form er 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 la tte r is seen 

in singles only, as it is direct to the ground state. The logft value of 10.6 is 

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

is found in the IBM calculations, bu t the 2"̂  s ta te  is raised higher in energy.

4.4 Nuclear M odel Calculations

4.4.1 Collective M odel

- The ^®®Gd nucleus with 64 protons and 88  neutrons (as well as 

the nucleus w ith 62 protons and 88  neutrons) lies a t the edge of the so-

called transitional region, nam ely the region where the level properties of the 

nuclei having N < 8 8  seem to be drastically different from those of nuclei having 

N >90. In the usual simple picture, the nuclei w ith N < 8 8  are said to  belong 

to the “v ibrational region” , whereas the nuclei w ith N>90 form a “rotational 

region” . Shiline et aF®® was the first to propose the existence of a correlation 

in the level struc tu re  of the “transitional” nuclei. Sakai et aF®® suggest th a t 

the so-called “v ibrational” nuclei should be regarded more in a framework of 

a ro ta tional picture than  a vibrational one. In this respect, following Sakai’s 

idea, g round-state  ro tational, /3- and 7 -bands should be present also in ^®®Gd 

. This suggestion, as far as the ^®®Gd nucleus is concerned, is supported by 

other work^^’®®’®®’®̂ ’̂ ®®’̂ ^ .̂ The ^®®Gd is considered as a deformed nucleus and 

calculation based on ro tational theory will be applied to  it. The two param eters 

A and B from Eq. (2.2.2.6 ) where determ ined by fitting the experim ental ener

gies of the first two excited states of the bands. Table (4.6) shows together the 

energies found experim entally and also the theoretical calculations. Fig. (4.8) 

shows the  experim ental and theoretical (rotational) energy levels as determ ined 

in this work.
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The experim ental results • : in this work for , and the d a ta  obtained

in a previous investigation®'^’̂ '̂̂ *̂ ^®, show in a negt and dram atic m anner th a t 

the ^®^Gd displays a ro tational nature , and not a vibrational one as previously 

suggested®’̂ ®®. This is shown in Figs. (4.8, 4.9), where the experim ental states 

in ^®®Gd and theoretical calculation are presented for comparison.

4.4.1.1 The ground state band

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

(4+) in ^®®Gd and is also observed in the ^®®Tb (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 in terp reta tion  

of these levels as m em bers of a /?-band (k ^ = 0 )̂ '̂®®'®̂ '̂ ®®"̂ ®®'̂ ^®'̂ ^®'̂ ®®'̂ ®̂ .

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). A nother 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 th a t the level spacing is 

less th an  th a t found in the ground state  band also indicates a more collective 

na tu re  for these levels.
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Table (4.6)

The energies of levels in found experim entally com pared with the ro ta 
tional m odel and IBM (for positive parity) calculations.

E n e rg y

B a n d

E n e rg y  (keV )

E x p e r im e n t R o to r IB M
2 + 9 344.25 344.25 399

0 + 13 615.54 615.25 619

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+ 1 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 approxim ately twice the energy of the /5-vibrational band in deformed nuclei, 

one would expect to  find a ro tational band (k = 0 ) corresponding to the coupling 

of two /5-vibrational phonons. It is expected th a t the members of such a band 

would decay preferentially to  one-phonon states ra ther than  to  the m em bers of 

the ground sta te  ro tational band.

A group of levels analogous to such a band is observed in ^®®Gd with energies 

1047.71 (O"*"), 1318.34 (2"^), and 1692.48 (4‘̂ ). A similar one has been observed 

in ^®^Gd by Meyer et al®®, 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 th ird  k= 0  band^^^, 

since such a band  is expected to be located in ^®®Gd 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 adm ixture in the 

764.87 keV 2]| —̂ 2j" 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 experim ental B(E2) ratios for the members of this band 

are given in Table (4.8) and are com pared to other transitional nuclei and the 

theoretical prediction of the IBM.
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Table (4.7)

Experim ental B(E2) branching ratios for transitions from positive parity  states 
in com pared w ith adiabatic rotor^®* .̂

T ra n s i t io n

e . / e ;

E n e rg y
level
(k ev )

J i  —> J f

J i  —> J f

B ( E 2 ) R a t io

E x p e r im e n ta l T h e o ry IB M

315.25
586.31

930.58 2/3 —̂ 0/3

2/3 —̂ 2 g
2.29 (0.39) 0.70 0.807

930.67
586.31

930.58
2 /3 - O g  
2 /3 ^ 2 ,

0.017 (0.002) 0.70 0.049

351.57
526.76

1282.06
4/3 2/3 
4^ - >  4g

10.07 (4.2) 1.1 3.419

1206.28
794.84

1550.37 ^7
4^ 4g

0.042 (0.018) 1.1 0.067
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4 .4 .1.6 The second 7 -band

I t  i s  p o s s i b l e  t o  h a v e  a  t w o - p h o n o n  s t a t e  r e s u l t i n g  f r o m  t h e  c o u p l i n g  o f  o n e  

/ 5 - v i b r a t i o n a l  p h o n o n  a n d  o n e  7- v i b r a t i o n a l  p h o n o n .  T h e  b a n d - h e a d  e n e r g y  o f  

s u c h  s t a t e  w o u l d  b e  e x p e c t e d  t o  b e  a p p r o x i m a t e l y  t h e  s u m  o f  ,5- a n d  7- b a n d -  

h e a d s .  T h e  1 6 0 5 . 5 8  ( 2"*") k e V  l e v e l  i n  ^® ® G d i s  p r e d i c t e d  a s  a  m e m b e r  o f  t h e  

s e c o n d  7- b a n d  i n  t h e  p r e s e n t  I B M  c a l c u l a t i o n s .  T h e  a s s i g n m e n t  o f  t h i s  l e v e l ,  

s u p p o r t e d  b y  s t u d i e s  o f  t h e  d e c a y  o f  t h e  4 9 6 . 5 7  k e V  t r a n s i t i o n  b e t w e e n  t h e  

2"^ l e v e l  a t  1 6 0 5 . 5 8  a n d  t h e  2"*' s t a t e  o f  t h e  7- b a n d  a t  1 1 0 8 . 9 7  k e V ,  h a s  a  

l a r g e  i n t e r n a l  c o n v e r s i o n  c o e f f i c i e n t ^ ^ ® ,  t h u s  i n d i c a t i n g  t h e  l i k e l i h o o d  o f  s o m e  

E O  a d m i x t u r e .  A n d e r s o n  a n d  E w a n ^ ® ^  h a v e  r e p o r t e d  l a r g e  E O  c o m p o n e n t s  

i n  t h e  t r a n s i t i o n s  b e t w e e n  2̂  a n d  3 ^  l e v e l s  o f  a  s e c o n d  k =2 b a n d  a n d  t h e  

c o r r e s p o n d i n g  a n d  3 ^  l e v e l  o f  t h e  k =2 7- v i b r a t i o n a l  b a n d  f o r  t h e  c a s e  o f  

^ ® ^ G d . T h e y  h a v e  s u g g e s t e d  t h a t  t h e  u p p e r  k = 2  b a n d  m a y  b e  a  / 9 - v i r a t i o n a l  

b a n d  b u i l t  o n  t h e  7- v i b r a t i o n a l  b a n d .

4.4.1.7 The Negative Parity States

I n  t h e  t r a n s i t i o n  t o  a  d e f o r m e d  e q u i l i b r i u m  s h a p e  t h e  o c t u p o l e  s t a t e s  f o u n d  i n  

s p h e r i c a l  n u c l e i  a r e  e x p e c t e d  t o  s e p a r a t e  i n t o  K  =  0 ~ , 1 “ , 2 ”  a n d  3 “  c o m p o 

n e n t s .  T h e  k = 0  b a n d  i s  p r e d i c t e d  t o  b e  t h e  l o w e s t  i n  e n e r g y ,  a n d  t o  b e  t h e  

m o s t  c o l l e c t i v e  i n  c h a r a c t e r ^ ® ® .

I n  ^ ® ® G d  3 “  a n d  1 ” , l e v e l s  w e r e  o b s e r v e d  a t  1 1 2 3 . 1 9  k e V  a n d  1 3 1 2 . 4 1  k e V ,  

r e s p e c t i v e l y .  T h e  B ( E 1 )  r a t i o s  f o r  t r a n s i t i o n s  f r o m  t h e s e  l e v e l s  a r e  g i v e n  i n  

T a b l e  ( 4 . 9 ) ,  a n d  a r e  c o m p a r e d  t o  t h e  r a t i o s  f o r  k = 0  o c t u p o l e  s t a t e s  i n  o t h e r  

t r a n s i t i o n a l  n u c l e i .  T h e  i n v e r t e d  o r d e r  o f  t h e  1 ~  a n d  3  s t a t e s  m a y  b e  d u e  t o  a  

A k = l  c o u p l i n g  w i t h  t h e  k = l  b a n d  a n d  p o s s i b l y  o t h e r  n e g a t i v e  b a n d s  n e a r b y .

145



Properties of Gd Isotope States Populated in the Decay o f ^^^Eu / c h .4

B(E2) R atio  for 7 -bands.

T ab le  (4 .8 )

E n e rg y
level J f B (E 2 )  R a t io s

(k eV ) Ji  —> J f
(a ) *” S m  (b )

1108.97
2^ - 0 +

2 q ^ 2 ,
1.31(0.25) 0.14(0.05) —

1433.99
^7 ^9

1.00(0.09) 1.26(0.04) 1.19(0.03)

1433.99
Sy  --> 2y

2? 2 j
18.46(0.69) 18.74(1.56) 80.20(3.24)

1550.29
4^ —» 2j
4 7 - 4 ,

0.04(0.01) 0.15(0.02) 0.09(0.06))

(a) C alculated 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 ^®®Sm 
are 1086.10 (2+), 1234.15 (3+) and 1371.71 keV (4+).

146



Properties of Gd Isotope States Populated in the Decay of ^^^Eu /ch.4

Because this coupling would shift the odd-spin members of k = l  band to  higher 

energies, the lowest observed m ember of the k = l  band is the 2” state  at 1643.46 

keV. A sim ilar 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 ^®®Gd was considered as a deformed nucleus, showing ro tational spectra 

as reported  97,98,102,118 However, ro tational theory expects R =  3.33 by Bloch 

et aF®®, whereas the experim ental value is 2.2, closer to  the value of 2.0 as 

expected for a v ibrational nucleus. Since a spherical nucleus should exhibit 

v ibrational characteristics, Casten et al®® suggested th a t ^®®Gd should exist 

in a region where a spherical-deformed phase transition  is occurring. It is to 

be expected th a t such a nucleus should be described in term s of the IBM, as 

transitional between the SU(5) vibrational, and SU(3) ro tational, lim its.

The calculations were done using the IBM com puter codes PH IN T for energies 

and FBEM  for B(E2) values®®. The num ber of bosons im plied by the num ber 

of valence neutrons and protons in ^®®Gd is 10. The inclusion of an F boson, to 

generate negative parity  states, then producesa severe com putational problem  

in term s of the dimensions of the m atrices, which m ust be diagonalized. For 

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

W ith the fram ework of the IBM®’̂ ®, the ^®®Gd is considered as transitional 

nucleus between SU(5) and SU(3)^^’®®’̂ ®’®̂ , and calculations were made with 

transitional H am iltonian [Eq. (2.3.3.a.l)].
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Table (4.9)

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

Energy
level

(keV)

Ji —► Jf
Ji -> Jf

B (E 1) Ratios

*” Gd (a) i” Sm (b)

1123.19
3 - 4+ 

3-
0.62(0.01) 1.27(0.38) 1.51(0.25)

1643.46
2 -  - t  2 f  
2 - ^ 2 ,

0.36(0.03) 0.26(0.01) 0.31(0.07)

1643.46
2 -  - ,  2  ̂
2 -

0.35(0.07) 0.18(0.03) 36.74(1.31)

1643.46
2 -  3  ̂
2 -  - ,  2 ^

3.32(1.29) 0.04(0.01) 0.59(0.03))

(a) C alculated 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 param eters Q2 and P2 of Eq. (2.3.1.6 ) 

were ad justed  to approxim ately reproduce the measured B(E2, 2i Oi) for 

excitations of 2^  members of the ground state and gam m a-vibrational bands, 

respectively.

The present IBM calculation predicts the new /5-band w ith the new levels at 

1485.67 and 1698.34 keV. The assignment of the 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 la tte r gives a higher values than  the experim ental 

energy level. The result of the calculations for the energy levels are shown 

in Fig. (4.9) and com pared with the experim ent, while Table (4.6) listed the 

energy levels.

The values of the param eters used are the first four of the Table (4.10), whereas 

the rem aining two were needed for the calculation of the B(E2) values presented 

in Table (4.11), which is com pared with the da ta  from Gupta^^^. All experi

m ental 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 E.y is the gam m a ray transition  in 

keV, t i ( e x p t)  is the half life of a given transition  whose value is obtained from 

Baglin^^® and is the to ta l conversion coefficient.

It can be seen from Fig. (4.9) th a t the entire theoretical sequence of states 

has been well reproduced, and is in agreement w ith the experim ental results. 

Table (4 .1 1 ) shows a rem arkable agreement between theory and experim ent for 

transitions originating w ithin the ground state.
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4.5  C o n c lu s io n

The nuclear s tructu re  of the more “spherical” nuclei seems to  show a

ro tational na tu re  more than  a “vibrational” one as previously s u g g e s t e d ® I n  

fact, following a suggestion put forth by Seline^^®, and reported  in more detail in 

previous works®^d03|ii8)i26,i29^ states th a t groups of levels, which can be labelled 

as ground sta te , ,5-and 7 -vibrational bands, seem to be present in ^®^Gd . The 

observation of band structu re in ^®^Gd is similar to th a t observed in ^®^Gd as 

a weakly deformed n u c l e u s ® ® T h e  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 experim ental value is 2 .2 , is closer to  the value 2 .0  as expected 

for a v ibrational nucleus. Since a spherical nucleus should exhibit vibrational 

characteristics, Casten®® suggested th a t ^®®Gd should exist in a region where a 

spherical to deformed phase transition  is occurring. It is to be expected th a t 

such a nucleus should be described in term  of the IBM as transitional between 

the SU(5) v ibrational, and SU(3) rotational lim its. Re c e n t l y®®^®®Gd has 

also been com pared w ith such transitional IBM calculations. The experim ental 

results agree rem arkably with the IBM calculations are listed in Table (4.6) 

and shown in Fig. (4.9). The param eters used in the IBM calculation are 

listed in Table (4.10). The IBM calculation predicts a th ird  /9-band using Eq. 

(2 .3 .3 .a .l). Full H am iltonian and pure SU(5) [Eqs. (2 .3.1.4), (2.3.2.7)] were 

used to  com pare them  with the transitional result, bu t gave poor agreement 

and could not explain the ^®^Gd in term s of transitional nucleus.
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Table (4.10)

Param eters used in program s PHIN T and FBEM  to calculate positive parity  
states and absolute B (E 2 ) values.

E P S
(M e V )

P A IR
(M e V )

E L L
(M e V )

Q Q
(M eV )

E 2 SD
(eb )

E 2 D D
(eb )

0.3910 - 0 .0 0 2 2 1 0 .0 0 1 0 - 0 .0 2 1 0 0.1897 -0 .1190
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Table (4.11)

Experim ental absolute B(E2) values (e®b®) in comparison w ith IBM prediction.

Energy

(keV)

Transition 

Ji Jf

B (E 2 ) Values

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 (E 2 ) ratios from some positive parity  states. The the

oretical values®''' were calculated using the adiabatic ro tor modeH®^ W hile the 

experim ental values for the transitional nucleus were in full agreem ent w ith 

the IBM prediction, there was a significant departure w ith the rotor model 

theory. This indicated th a t 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

m ental B(E2) values were in full agreement w ith IBM prediction (Table 4.11).

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

and were m ostly singles m easurem ents. Sharma^®® provided the most complete 

list of energies and intensities, bu t, however, missed many. In this study using 

singles and coincidence techniques, the analysis has shown eight new tran si

tions. There are several differences in many of the intensity and energy values 

previously reported®^’®®’̂ ®^"^^^. However, a rem arkable agreement is observed 

with Baker et aH®  ̂ and Sharm a et aH®® [Table (4.1)].

The Ge(Li)-Ge(Li) coincidence m easurem ents carried out in this study and the 

energy values of the 7 -rays do not allow any other placing of the transitions 

except th a t established in Fig. (4.7).

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

via the 258 keV transition . This level has not been reported in previous 

works®'^’®®’̂ ®4“ ^^2. In this study it could neither be supported experimentally, 

nor predicted by the IBM calculations. It is therefore believed th a t the 258 keV 

transition  is background from the in the reactor.

The transition  1643.60 keV, which was detected by Sharm a et al̂ ®®, who 

could not place it in the decay scheme, has also been observed in this investi

gation in singles, bu t 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 ^®®Gd is supported 

by o ther works®®dZ3^

Three new levels have been introduced together w ith eight new transitions. The 

existence of these levels has been confirmed from coincidence d a ta  and theoreti

cal calculations. The spins and parities for these levels have been assigned from 

logft values and other possible inform ation. For level a t 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 th ird  /3-band. The new level at 1312.41 keV 

was assigned to be (1“ ), this level forms together w ith 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®2Sm ISOTOPE

5.1 Introduction

has a very long half life ( t i  =13.33 y). It decays by EC and /3+ to 

establish the decay scheme of ^®^Sm . Nuclei w ith 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 

au thors 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 w ith ro tation  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 ro tational 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 

th a t this level may be the 2 + m ember of the two phonon /3-vibrational band. 

The result from  the two nucleon transfer reaction supports this a p p r o a c h ^ 4 0 , i s 4  

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

Passo ja et al^^i found evidence for the 0 ^ states; the ground state, the /3

156



Studies o f the low-lying states in Sm  Iso tope/ch .5

vibrational band-head and the 1082 keV (unseen). This suggests th a t there 

is “spherical” excitation coexisting with ro tational excitation. Therefore, 

an in teraction  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 com pared w ith the experim ental 

results. Com parisons were made w ith predictions of the IBM calculation on 

the basis of transitional^^’̂ 42 nucleus between the SU(5) vibrational and the

SU(3) ro ta tional lim its.

The results of this study of the intensities of the 7 -rays em itted  in the decay of 

^®®Eu were given in the previous chapter. Table (4.1) shows th a t five new 

transitions were observed in case of ^®®Sm (one of these confirm ation 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 m ultipolarities were calculated, spins and parities deduced.

5.2 S in g le s  a n d  C o in c id e n c e  S p e c t ra

In chapter IV, the m ethod of measuring the singles spectra following the decay 

of ^®®Eu was described. These spectra were shown in Fig. (4.1) and the 

results were tabu la ted  in Table (4.1). A lthough the most extensive coincidence 

m easurem ents on the ^®^Sm isotope were carried out by Baker et aF®4  ̂ the most 

com plete analysis were reported by B arratte  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, 6 8 6 , 842, 919, 964 keV were chosen to 

provide sufficient coincidence da ta  to  establish the decay scheme. These gates 

provide a large am ount of coincidence da ta  and are well separated from other
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Table (5.1)

Sum m ary of the 7 - 7  coincidence results from the decay of the *®^Eu.

E nergy G ates (keV)

(keV ) 122 245 444 689 842 919 964
121.78 — X X X X X X
125.69 X — X — — — —
147.94 X X X X — — X
202.61 X X X X X — X
206.95 X X — — — — —
212.50 X X X X X X X
237.38 X X X X X X —
239.47 X X X X X X X
244.68 X — X — — — —

251.61 X — — — — X —

271.00 X — — — X — —
275.43 X X X X — — —

286.15 X X X X — — æ
■ 295:9T" X X X X X — X

315.25 X X — — — — —
-32935T X — — — X X X

340.23 X X — — — — —
385.92 X X — — — — —
389.07 X X X X X X —
3 9 5 . 7 5 X — — — — X —
416.01 X X X X X — X

■ 423.45 X X X X — — —
443.97 X X — X — — X

■ 482.41 X X X X — — —
488.69 X — — — — X —
493.56 X X X X — X

523.11 X X X X X X

556.48" X X — — — —
563.96 X X X X — — X

566.50 X — — — X —

595.61 X X X X — X

615.83 X — — — X
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Table (5.1) (continued)

E n e rg y

(k eV )

G a te s  (keV )

1 2 2 245 444 689 842 919 964
644.29 X X X X — — X
656.47 X X — — — — —
664.83 X X — — — — —

671.21 X X X X — — X
674.66 X X — — — — —

688.65 X — X — — — —

719.32 X X X X — — —

727.42 X — — — — X —

768.98 X X X X — — —

805.39 X — — — X — —

810.45 — — X — — — —

838.84 X X X X — — —

841.61 X — — — — — —

867.36 X X — — — — —

901.20 X — — — — — —

919.34 X — — — — — —

......926.28 X X — — — — —

958.55 X X X X — — —

964.10 X — X — — — —

TO'05.22 X X — — — — —

■■ ■ 1085.89 — — X — — — —

1112.09 X — — — — — —

1170.56 X — — — — — —

T212.92 X X — — — — —

1249.92 X — — — — — —

1315.32 X X — — — — —

— 1363.72 X X — — — — —

1390.30 X X — — — — —

1408.03 X — — — — — —

1457.55 X — — — — — —

1528.05 X — — — — —

1608.50 X — — — — —

■ 1647.42 X — — — — —
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transitions in the spectrum  of ^®®Eu , and at the same tim e are quite strong 

peaks. The 121.78 keV transition  depopulates the first excited s tate  to  the 

ground state . This m eans th a t 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 prom inent and well- 

separated  peak. The 443.97 keV transition  was suggested to  be doublet^^®’̂ ®®, 

thus this gate provides vital coincidence d a ta  to  investigate this suggestion, in 

addition to  the  fact th a t this line is a well-separated peak (Fig. 4.1). The 

two gates 689 and 842 keV provide useful coincidence inform ation for the levels 

which lie in the m iddle of the decay scheme. The 919 keV gives coincidence 

da ta  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 d a ta  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 m easurem ents 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 i M Table (5.2).
MA fiff, 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  num bers, the parities and 

finally, the energy levels in keV. The num ber 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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Table (5.2)

sum m ary of energy (keV) sum relations for

E n e rg y  o f  T ra n s it io n  
(k eV )

E n e rg y  S u m  
(keV )

E n e rg y  L evel 
(k eV )

121.78 ■ 121.78 121.78
121.78 +  244.58 .....  366.46 366.46
121.78 +  563.96 “ 685.74 685.74
340.23 +  244.bS +  121.78 706.69 ■ ■ 706.69
125.69 +  563.96 +  121.78 
443.97 +  244.68 +  121.78 
688.65 +  121.78 
810.45

" '811.43
810.42
810.43 
810.45

810.69

841.61 +  121.78 
964.10

963.39
964.10 963.75

316.20 +  340.23 +  244.68 +  121.78 ' 
656.47 +  244.68 +  121.78
901.20 +  121.78

1022.89
1022.93
1022.98

1022.93

674.66 +  244.68 +  121.78 
919.34 +  121.78

^ 0 4 1 .1 2
1041.12 1041.12

275.43 +  125.69 +  563.96 +  121.78 
719.32 +  244.68 +  121.78 
964.10 +  121.78 
1085.89

1086.86
1085.78
1085.88
1085.89

1086.10

1 47 :94  +  275.43 +  125.69 +  563.96 +  121.78 
271.00 +  841.61 +  121.78 
423.45 +  688 .65+  121.78 
867.36 +  244.68 +  121.78 
1112.09 +  121.78

1234 .80" ■ 
1234.39 
1233.88 
1233.82 
1233.87

1234.15

251.61 +  674.66 +  244.68 +  121.78 
329.35 +  841.61 +  121.78 
482.41 +  688 .65+  121.78 
926.28 +  244.68 +  121.78 
1170.56 +  121.78 
1292.84

1292.73
1292.74
1292.84
1292.74 
1292.34
1292.84

1292.71

18 6 .1 5  +  719.32 +  244.68 +  121.78 
664.83 +  340.23 +  244.68 +  121.78 
1005.22 +  244.68 +  121.78 
1249.92 +  121.78

1371.93
1371.52
1371.68
1371.70

1371.71
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Table (5.2) (continued)

E n e rg y  o f  T ra n s it io n  
(k eV )

E n e rg y  S u m  
(keV )

E n e rg y  L evel 
(k eV )

202.51 +  867.35 +  244.58 +  121.75 
395.75 +  919.34 +  121.78

1436.43
1436.87 1436.65

237.38 +  926.28 +  244.68 +  121.78 
295.91 +  867.36 +  244.68 +  121.78 
443.97 +  964.10 +  121.78 
566.50 +  841.61 +  121.78 
719.32 +  688.65 +  121.78 
1408.03 +  121.78

1530.12
1529.73
1529.85
1529.89
1529.75
1529.81

1529.86

207.31 +  286.15 +  719.32 +  244.68 +  121.78
493.56 +  275.43 +  688.65 +  121.78
556.48 +  316.20 +  340.23 +  244.68 +  121.78
615.83 +  841.61 +  121.78
768.98 +  443.97 +  244.68 +  121.78
1212.92 +  244.68 +  121.78
1457.55 +  121.78

1579.24
1579.42
1579.37 
1579.22 
1579.41
1579.38 
1579.33

1579.34

212.50 +  395.75 +  919.34 +  121.78 
416.01 +  867.36 +  244.68 +  121.78 
563.96 +  964.10 +  121.78 
838.84 +  688.65 +  121.78 
1528.05 +  121.78

1649.37
1649.83
1649.84 
1649.27 
1649.83

1649.63

389.07 +  1170.56 +  121.78 
595.61 +  964.10 +  121.78 
1315.32 +  244 .68+  121.78

■ 1681.4T ' 
1681.49 
1681.78

1681.56

644.29 +  964.10 +  121.78 
1363.72 +  244.68 +  121.78 
1608.50 +  121.78

1730.17 n
1730.18 
1730.28

1730.21

18 5 .9 2  +  1005.22 +  244.68 +  121.78 
523.11 +  867.36 +  244.68 +  121.78 
671.21 +  964.10 +  121.78 
1390.30 +  244.68 +  121.78

1757.60
1756.93
1757.09
1756.76

1757.10

139747 +  719.32 +  688.65 +  121.78
727.42 +  919.34 +  121.78 
805.39 +  841.61 +  121.78 
958.55 +  688.65 +  121.78
1647.42 +  121.78 
1769.14

1769.22
1768.54
1768.78
1768.98
1769.20
1769.14

1768.98
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Table (5.3) shows the EC+/9'*' branching ratios (B.Rs) of the decay of ,

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 m atch well w ith the  values reported 

previously^^’®̂ ’̂ '^^d44  ̂ value for 121.78 keV could not be obtained in this 

study, neither from B arra tte  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 al®®, 0.76% B arra tte  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 w e r e  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 r u l e s T h e  theoretical At, 

Rosel et al®®, were com pared with the experim ental values in Table (5.4). The 

experim ental values were obtained using the conversion electron intensities^ 

and the calculated 7 -rays relative intensities (I.y). The experim ental a t  were 

norm alized to  the pure E2 m ultipolarity of the first excited state  (344 keV) in 

^®®Gd (see chapter IV). In m ost cases there is full agreement w ith the predicted 

values of a t ,  and hence the m ultipolarity for the transition  can be assigned 

w ith confidence. Thus, the spins and parities of the levels depopulatedby these 

transitions can be com pared with those deduced from logft values.
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The b e ta  branching ratios 
in nucleus.

Table (5.3)

, logft values, spins and parities assignm ents for levels

E n e rg y
lev e l

(k eV )

Q v alu e
e/3 =  1819.2

¥ e d d ecay
^ I ^ d e c a y  

—Ty feed
B .R  % lo g ft

121.78 1758.12 223.01 106.58 — 1.62 11.39

366.46 1513.44 28.91 29.64 0.73 0 .2 0 12.24

685.74 1194.16 0.09 0.09 — — —

706.69 1173.21 0.06 0.08 0 .0 2 0 .0 1 14.48

810.69 1069.21 1.61 5.82 4.66 1.28 11.23

963.75 916.15 1.04 1 .1 0 0.04 0 .0 2 13.75

1022.93 8576.97 0.06 0 .8 8 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 1 1 .1 0

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 .1 1 10.83

1768.98 110.92 — 0.36 0.36 0 .1 0 10.78
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Table (5.4)

Deduced m ultipolarities from k-shell internal conversion coefficients for ^®®Sm.

E n e rg y
j r

E x p e r im e n ta l T h e o re tic a l  a t(x lO ^ ) D e d u c e d
M u lt i 

(keV) û k (x lO ^ ) E l E 2 M l p o la r i ty
121.78 2 + 0 + 6098 (414) 1391 6856 8507 E2

244.68 4+ 2 + 748 (51) 238 933 1367 E2

295.91 2 " 3+ 85 (18) 148 545 842 E l

443.97 2 " 2 + 43 (46) 52 159 275 E l

488.68 2 “ 3" 117 (2 2 ) 42 121 214 E2

563.97 2 “ 2 + 35 (16) 33 93 164 E l

566.50 2 “ 1 “ 119 (50) 32 92 162 E 2 / M I

656.47 4+ -V 4+ 431 (87) 22 59 103 E 0 / E 2

674.66 3~ -> 4 + 11 (19) 20 52 91 M l

688.65 2 + 2 + 347 (33) 18 49 86 E 0 / E 2

719.32 2 ~ 2 + 40 (17) 18 46 81 E2

810.45 2 + -4 0 + 30 (13) 15 38 66 E2

867.36 3+ -> 4 + 26 (3) 18 33 57 E2

964.10 2 + 2 + 22 (2 ) 10 24 40 E2

1005.22 4+ -4 4+ 22 (7) 9 21 35 E2

1085.89 2 + 0 + 18 (2 ) 8 19 31 E2

1112.09 3+ 2 + 16 (2 ) 8 18 30 E2

1212.92 3 " -4 4+ 22 (6 ) 7 16 26 E 2 / M I

1408.03 2 " - 4  2 + 4.2 (0.4) 5 12 18 E l
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5.3.1 D iscussion o f 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 am ount of inform ation has been accum ulated from the decay of the ^®^Eu 

97,98,104,105,111 other reactions studied^^’̂ ^®” ^̂ ®. Rem arkable agreement 

between experim ental and theoretical value of ak  of the 121.78 keV transitions 

supportsthe 2"̂  assignment of the 121.78 keV level. The experim ental a*, for the 

244.68 keV transition  is in full agreement w ith the theoretical a*.. This support 

the E2 m ultipo larity  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 experim ental values of the 6 "̂  level were compared w ith the predicted 

values from ro tational theory and Kumar^®®. The agreement is poor w ith the 

ro tational, and poorer w ith Kumar^®®. However, the experim ental values are 

rem arkably 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 ^ -v ibrational band 

respectively. It has been reported th a t the transition  563.96 keV is masked 

by the  transition  564.01 keV in the decay of ^®^Eu , and both  considered as 

d oub le t^^ . 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 experim entally com pared w ith ro tation
calculations and w ith values from other nuclear models.

Jk
E x p e r im e n t

E n e rg y  (keV )

R o to r IB M IB M ^i PPQM ^®° B e t ®̂2

2 0 + 121.78 121.78 117 1 10 114 121

40+ 366.46 366.46 362 340 314 346

0 0 + 686.74 686.74 663 — — —

60+ 705.69 639.74 715 681 585 706

2 0 + 810.69 810.69 791 854 855 835

1 0 " 963.75 963.75 — 990 — —

40+ 1022.93 1022.93 1037 1172 1039 1082

30" 1041.12 1041.12 — 1030 — —

2 2 + 1086.10 1086.10 1011 1039 1397 1050

32+ 1234.15 1234.15 1213 1214 1559 1353

2 0 + 1292.71 1292.71 1348 — — —

42+ 1371.71 1363.66 1344 1357 1705 1441

2 2 + 1436.65 1436.65 1507 — — —

2 1 " 1529.86 1529.86 — 1450 — —

31" 1579.34 1579.34 — — — —

22" 1649.93 1649.63 — — — —

41" 1681.56 1649.68 — — — —

30" 1730.21 1730.21 — — — —

32" 1757.10 1757.10 — — — —

2 0 + 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 w ith 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 in tensity  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). B arra tte  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. Furtherm ore, the 315.25 keV weak 7 -ray was seen in coincidence 

w ith the 244.68 keV gated spectrum . This transition  can be fitted between 4^ 

and 6 + levels. The stronger m ember of this doublet (315.25 keV) is placed in 

^ " G d  .

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 

experim ental ajt value, this suggested EO m ultipolarity for this transition , since 

it depopulates the 1022.93 (4^) keV level to the 366.46 (4+) keV level. This
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supports the 4+ assignment to the 1022.93 keV level. The ro tational theory 

calculations (Table 5.5, Fig. 5.9) show agreement as well^with the experim ental 

for this band.

Table (5.6) shows the B(E2) B.R. for transitions depopulating these levels,

the agreem ent w ith the theoretical values®’̂ ^’̂ ®”’̂ ®̂  is not good for all

transitions. For B(E2) ratios involving in terband transition , the experim ental

and theoretical B.Rs are in agreement, i.e the ratios B (E 2 , 2^ — 4 + /  B (E 2 ,

2^ —̂ 2+ ) and B(E2, 2+ —> 2 + /B (jF 2 ,2+ —> 0+) agree w ith present IBM

calculations and previous r e s u l t s ^ ® W h e n  band mixing is present as for
and theory

the o ther ratios in Table (5.6) poor agreement between experim ent jwas seen. 

This band  mixing could arise from coupling between the ro tational and intrinsic 

m otion of the  nucleus, which would support a transitional natu re  of ^®^Sm .

5.3.1.3 The 1292.71 keV level

In th is 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 bo th  in the 121.78 and 244.68 

keV gated spectra , the 482.41 keV transition  which was found in coincidence 

w ith 121.78, and, above all, w ith 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 w ith the 122 and 245 keV gated 

spectra  (Table 5.1).

The spins and parity  of th e  level confined to (2 +) from these da ta  and 

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

Experim ental B(E2) ratios for transitions depopulating positive parity  states in 
^^^Sm com pared w ith different nuclear model.

T r a n s i t io n E n e r g y J j  —* J f B ( E 2 )  R a t i o

e -t/ e ; B a n d J f  —► J f P r e s e n t
W o rk

I B M I B M
[111

P P Q M
[1501

B E T
[ A i” ]*

B E T
[ B i : : l *

B E T
[100]

443.97
688.65

2.12 (09) 4.67 0.41 4.90 3.08 3.35 2.80

810.45
688.65 0 0.17 (01) 1.76 0.08 0.11 0.23 0.12 0.26

901.20
656.47 0 0.11 (01) 3.22 - 0.01 0.21 0.15 0.32

964.10
1085.89 1 2.55 (05) 3.15 1.00 2.33 1.06 0.79 1.06

964.10
719.32 7 - I E 17.78 (27) 15.27 1.60 19.70 5.26 2.39 9.14

275.43
964.10 7 - - 'S’, 1.55 (19) 0.23 - 0.96 2.78 7.00 2.64

1112.09
867.36 7

"  -  ( . ) ,
0.72 (02) 0.84 1.00 1.42 2.30 2.32 2.68

1249.92
1005.22 7 0.09 (01) 0.06 - 0.16 0.46 0.50 0.34

* A and B represent two different cases and correspond to  adjusting param eters 
best fit to  the (2 +) excited state.
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t h e  l e v e l s  o f  t h e  g r o u n d - s t a t e  r o t a t i o n a l  a n d  /3- v i b r a t i o n a l  b a n d s  ( k ’" = 0+ )  a n d  

t o  t h o s e  o f  t h e  o c t u p o l e  r o t a t i o n a l  b a n d  ( k ^ = 0 " ) .  N o  7- r a y s  d e e x c i t i n g  t o  

t h e  2 +  o r  3 +  l e v e l s  b e l o n g i n g  t o  t h e  7- v i b r a t i o n a l  b a n d  ( 1 0 8 6 . 1 0  a n d  1 2 3 4 . 1 5  

k e V ,  r e s p e c t i v e l y )  h a v e  b e e n  d e t e c t e d  i n  t h i s  i n v e s t i g a t i o n .  T h e r e f o r e ,  i t  i s  

v e r y  t e m p t i n g  t o  i n f e r  t h a t  1 2 9 2 . 7 1  k e V  l e v e l  i s  t h e  2+  m e m b e r  o f  a  n e w  t w o -  

p h o n o n  / 3 - v i b r a t i o n a l  b a n d  i n  ^ ® ^ S m  a s  s u g g e s t e d  b y  S c h ic k ^ ^ ®  a n d  B a r r a t t e  

e t  a l® ^ . F o l l o w i n g  t h i s  l i n e  o f  r e a s o n i n g  t h e  v a r i o u s  B ( E 1) a n d  B ( E 2) r a t i o s  

o f  a l l  t r a n s i t i o n s  d e e x c i t i n g  t h i s  l e v e l  h a v e  b e e n  c a l c u l a t e d  a n d  t h e  r e s u l t s  a r e  

s u m m a r i z e d  i n  T a b l e  ( 5 . 7 )  w h e r e  v a l u e s  o f  k ^  o t h e r  t h a n  k ^  = 0 +  h a v e  a l s o  b e e n  

i n s e r t e d  f o r  c o m p a r i s o n .  F o r  t h e  d a t a  p r e s e n t  i n  T a b l e  ( 5 . 7 )  i t  c a n  b e  o b s e r v e d  

t h a t  t h e  a g r e e m e n t  w i t h  t h e  t h e o r y  f o r  a  k ^ = 0 +  a s s i g n m e n t  t o  t h e  1 2 9 2 . 7 1  k e V  

l e v e l s  i s  f a r  f r o m  b e i n g  s a t i s f a c t o r y  e x c e p t  f o r  t h e  B ( E 1) v a l u e s  p e r t i n e n t  t o  

t h e  t r a n s i t i o n s  d e c a y i n g  t o  t h e  k ’^ = 0 “  b a n d  m e m b e r s .  T h e r e f o r e ,  t h e  n a t u r e  o f  

t h i s  l e v e l  c o u l d  b e  e x c i t e d  i n  t r a n s i t i o n a l  m o d e  o f  e x c i t a t i o n  b e t w e e n  v i b r a t i o n a l  

a n d  r o t a t i o n a l  d e g r e e s  o f  f r e e d o m .  T h e r e  i s  a l w a y s  p o s s i b i l i t y  f o r  p r e d o m i n a n t l y  

s p h e r i c a l  s t a t e s  ( v i b r a t i o n a l )  c o - e x i s t i n g  w i t h  d e f o r m e d  s t a t e s  ( r o t a t i o n a l ) .  T h i s  

a s s u m p t i o n  w a s  s u p p o r t e d  b y  t w o  n u c l e o n  t r a n s f e r  r e a c t i o n  i n  t h e  s t u d y  o f  H i n d s  

e t  a l^ ^ o  j  M c l a t c h i e  e t  a F ® ^ . H i n d s  e t  a l^ ^ o  a n d  P a s s o j a  e t  a l^ ^ i  p r e d i c t e d  

a  O3 s t a t e  w h i c h  i s  a  h e a d - h a n d  f o r  t h e  1 2 9 2 . 7 1  k e V  l e v e l .  T h e  p r e s e n t  I B M  

c a l c u l a t i o n s  p r e d i c t  t h i s  b a n d  ( F i g .  5 . 1 0 )  a s  a  s e c o n d  / 3 - b a n d .

5.3.1.4 The 1768.98 keV level

T h e  e x i s t e n c e  o f  a  1 7 6 8 . 9 8  k e V  l e v e l  w a s  f i r s t  p r o p o s e d  b y  L a r s e n  e t  a P ^ ® ,  

w h o  d e t e c t e d  t w o  t r a n s i t i o n s  a t  1 6 4 7 . 4 2  a n d  1 7 6 9 . 1 4  k e V  d e e x c i t i n g  t h i s  s t a t e .  

B a r r a t t e  e t  a l® ^  c o n f i r m e d  t h i s  l e v e l  a n d  f i t t e d  f o u r  m o r e  n e w  7- r a y s  p l a c e d  

a s  d e e x c i t i n g  t h i s  l e v e l .  T h e  p l a c e m e n t  o f  t h e s e  t r a n s i t i o n s  w a s  s u p p o r t e d  b y  

t h e  c o i n c i d e n c e  d a t a  ( T a b l e  5 . 1 ) .  T h e  t r a n s i t i o n s  w e r e  i n  w e a k  c o i n c i d e n c e
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Studies of the low-lying states in Sm  Isotope/ch.5

w ith gates 1 2 2 , 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  assignm ent of 2 + for this state which is in agreem ent w ith the probable 

m ultipole 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 d istribution of 

the em itted  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 s tate  to the lower energy positive parity  levels as pure 

E2 transition  the relative B(E2) ratios were calculated and com pared with the 

theory^order to  try  to  assign a k^ quantum  num ber to  this level. The results 

are sum m arized in Table (5.7). From the da ta  presented in Table (5.7), it 

seems th a t k^= 0+  or k ^ = 2 + is equally valid. However, it can be noticed th a t 

the transitions are deexciting to /3-band and to the ground-state ro tational 

band. These facts lead to suggest th a t a k ^ = 0 + is a correct assignment for the 

1768.98 keV sta te  and predicted as a first excited state for the th ird  /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. B arratte  et al^̂ ® performed angular correlation

m easurem ents on the 7 -rays deexciting these levels to the 2+ and 4+ levels of

the g round-state  ro tational band which determ ined the E2/M 1 m ixture of these

transitions. The. ,^086.10 keV was assigned (2 +) in view of logft value (Table

5 .3 ). T h e ^ r f e c t  agreement between theoretical and experim ent (a&) for this 
A

transition . The 1085.89 keV transition depopulates the 1086.10 keV level to 

ground. This together w ith E2 m ultipolarity for the 1085.89 keV transition  

support the (2+) assignment for this level. The 719.32 keV transition  linking
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Studies of the low-lying states in ^^^Sm Isotope/ch.5

the 2 + level at 1086.10 keV to the 4+ ground-state ro tational level (at 366.46 

keV) is a com posite transition  which is E 2 multipole (Table 5 .4 ). B arra tte  et 

aP  found th a t 15% of the 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 m ultipole (Table 5.4), while the second transition  depopulating 

this level to  the  121.78 (2+) keV level is another E2 multi pole (Table 5.4, Fig. 

5.8). Furtherm ore, the 147.94 keV 7 -ray was seen in coincidence w ith the 964.10 

keV gate spectra  and confirmed between 3+ 2+.

The th ird  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 d ep o p u la te  

this level to  the  s ta te  366.46 (4+) keV, since full agreement between theoretical 

and experim ental a* value (Table 5.4) indicates th a t this transition  is E2 

m ultipole. T he 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 in tensity  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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Studies of the low-lying states in Sm  Isotope/ch.5

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 a t 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 w ith the 964.10 and 919.34 keV gates. The level 1649.63 keV
b e by the

could^depopulatq/212.50 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 determ ined for this level because 

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

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

5.3.1.7 The 963.75 and 1041.12 keV levels

The two levels a t 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*̂ ®. B arra tte  et aP^® studies the 

angular correlation between 919.34 and 121.78 keV 7 -rays to  confirm the E l 

n a tu re  of this transition . Thus, using the very reasonable assum ption th a t the 

7 -rays deexciting these two levels are E l in nature , the relative B(E1) values
were

to  the ground-state ro tational band^calculated, and the results are presented in 

Table (5 .8 ). The ro tational theory values are similar to  experim ental values at 

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

the experim ental values for the two levels. It could be explained by the fact
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Studies of the low-lying states in Sm  Isotope/ch.5

th a t sym m etry 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 sta te  (3 ) in ^^^Sm , which was described to  a k ^ = l "  band, was

observed in the study of Bisgaard et aP^®, Veje et aP^® and K onijn et aP P

These d a ta  showed th a t this level has a strong collective character. The 2~

and 4~ ro ta tional 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 B arra tte  et aP^®;
the

it was found th e  488.69 keV transition  deexciting^3" 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 Sharm a et aP®® 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 w ith this 

assignm ent.

Through coincidence measurem ents (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 com pared with those expected in the ro tational model. The 

results are sum m arized in Table (5.9). The theoretical branching ratios for
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other possible values of K which can be attached to each level of this band  are 

also included merely for comparison.

The determ ined B (E 1 ) ratios for the levels belonging to  k ’" = l~  band are still 

in poor agreem ent w ith those given by the sym m etric-rotor model which could 

indicate th a t the couplings of this band with bands o ther than  the k’"= 0 “ are 

im portan t. This may suggest th a t ^®^Sm is ra ther transitional nucleus than  

ro tational.

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 tim e by 

Larsen et aP^®, and confirmed by B arra tte  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 sta te  

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 m ight be considered as the band-head of the octupole band with k^ = 2  , 

and this assignm ent 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

T he 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 th a t the 1608.50 keV is an E l transition  

which supports the assignment of this level. Since the 1608.50 keV transition  

d e c a y s  to the 2 + first excited state in ^®^Sm , the spin of the 1730.21 

keV level cannot be  5" as suggested in previous s t u d i e s ® ® %n Table 

(5.9) notice th a t this level is is agreement w ith a k ^ = 0 "  assignm ent, and can 

be supposed to form a new octupole ro tational band k ^ = 0 " built on the /3- 

v ibrational band.

5.4 Nuclear M odel Calculation

5.4.1 Collective M odel

Deformed nuclei can exhibit ro tational spectra, which depend on the nuclear

equilibrium  shape, for sym metric nuclei, the energy spectrum  is given by

Eq. (2.2.2.6 )̂ ®®’̂ ®®. The param eters A and B are determ ined by fitting to

the energies of the first two experim ental levels in the G SB. Such a relation

implies th a t the ratios between the energies of the excited states in the GSB is 
CLwdl

E (4 + )/E (2 + )= 1 0 /3 ,Je (6 + )/E (2 + )= 7 /1 .

In this section, ^®^Sm w ith N=90 is considered as a deformed nucleus, and 

calculations based on ro tational theory will be applied to it. The two param eters
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A and B were determ ined as described above for the GSB. The values calculated 

are: A =21.14 and B=0.14 keV. The values of the param eters of the other 

ro ta tional bands are given in Fig. (5.9).

The energy spectrum  calculated using these values is given in Table (5.5), 

together w ith the energies values obtained experimentally, and from the IBM 

m odel. Fig. (5.9) shows the comparison between experim entally determ ined 

energy levels and those calculated by ro tational theory. In general, there is 

agreem ent. However, the bands consisting of negative parity  levels show more 

discrepancies from theory than  the positive parity  bands. This m ight be due to 

the  existence of configurations of the nucleus differing from axial symmetry, or 

arising from  coupling between vibrational and rotational interactions.

T he difference for the positive parity  levels could also be due to  departures 

from  axial sym m etry, indicating some vibrational characteristics which is tu rn  

suggest a transitional natu re  of the ^®^Sm nucleus. The energy level ratio  for 

the  ground sta te  band supports a mainly ro tational character, bu t could allow 

some vibrational degrees of freedom since experim ental E (4+ )/E (2+ ) is 3.02 

and E (6 + )/E (4 + ) is 5.8 com pared to  the purely ro tational 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 ro tational 

s p e c t r a ^ LSI,157 The calculations based on the transitional region between 

spherical and deformed nuclei. In the SU(5) vibrational lim it, the ratio 

E (4 + )/E (2 + ) is 2.0 while in SU(3) ro tational lim it, 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) lim it.

The IBM calculations were done using the IBM com puter codes PH IN T for 

energies and FBEM  for B(E2) values®^. The num ber of bosons im plied by 

the num ber of valance neutron and proton in ^®^Sm is 10. The trunca ted  

m ultipole expansion of the IBM Ham iltonian for the transitional ^®^Sm nucleus 

from  SU(5) to  SU(3) were used in the c a l c u l a t i o n s ^ E q s .  (3 .3 .3 .a .l)]. In 

the present IBM calculations the multipole Ham iltonian Eq. (2 .3 .1.4) gives the 

fitting to  the experim ental level, and is in agreement w ith Suhonen^®^ and also 

supported  by Vanjsackeriss^ The full Ham iltonian predicts the second /5-band 

at 1072 (0+) keV band-head, in agreement w ith 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 param eters used in this calculation are 

listed in Table (5.10).

Fig. (5.9) show a closer agreement between theory and experim ent for energy 

levels of the bands. Since these calculations were based on ro tational theory, 

then  one assumes th a t these bands have more tendency tow ards rotational 

properties th an  vibrational ones. The two levels at 964.10 and 1041.12 keV show 

poor agreem ent w ith the ro tational theory, but closer agreement is achieved with 

the transitional limit^^. It is possible to conclude th a t this band possesses more 

v ibrational properties than  rotational ones.

For the B (E 2 ) calculation, the two param eters « 2  and /?2 (Eq. 2.3.1.6) were 

approxim ately adjusted to  the experim ental 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 experim ental values and the different 

theoretical values for the B (E 2 ) of the 121.78 keV transition . Good agreem ent 

between theory and experim ent is achieved. Table (5.12) gives the electric 

quadrupole mom ent Q experim ental values. W hen com pared to  the theoretical 

values a good agreement was seen. Table (5.13) gives all the experim ental 

transitions which are assumed to be pure E 2 and the corresponding com pared 

w ith present IBM calculation. The results of the B(E2) ratios are given in Table 

(5.6) and com pared w ith those predicted in IBM and other models.

The branching ratio  B(E2: 2+ —> 0+ ) /B (E 2  ; 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 lim its, 

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

5 .5  C o n c lu s io n

The ^®^Sm nucleus has been considered as a deformed nucleus showing 

ro ta tional characteristics bu t allowing some vibrational degrees of freedom. 

The expectations of the ro tational theory for the energy levels show reasonable 

agreem ent w ith the experim ental. Fig. (5.9). The transitional calculations 

of the IBM^^’̂  ̂ show smaller values for the GSB than  the experim ental, 

while for the /5-band the experim ental values are lower than  the theoretical 

values. For 7 -band, these predictions are lower than  the experim ental values. 

The present IBM calculations using the full H am iltonian, and hence having 

some 0 (6 )  characteristic predict the second and th ird  /5-band which were 

m issing 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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Studies o f the low-lying states in Sm  Isotope/ch.5

Table (5.13)

E xperim ental B(E2) values (e^6^) in ^®^Sm com pared with IBM predictions.

E n e rg y

(k eV )

T ra n s i t io n

J i  J f

B ( E 2 ) V a lu es

E x p e r im e n t Suhonen^®^ IB M

121.78 2 0 + 0 0 + 0.678 0.680 0.678

244.68 40+ -> 20+ 0.999 1 .0 2 0 0.962

340.23 60+ -4 40+ 1.176 1 .1 2 0 1.041

810.45 2 0 + -> 0 0 + 0 .0 2 2 0.005 0 .0 1 1

1085.89 2 2 + -> 0 0 + 0.044 0.018 0.057

1005.22 42+ 40+ 0.049 0.034 0.174
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which indicated th a t is a transitional nucleus between

SU(5) and SU(3). The present results of the IBM calculations are listed in Table 

(5.5) and shown in Fig. (5.10). There is a good agreement between the GSB and 

the experim ental values. The experim ental values of the first and th ird  /3-band 

are in good agreem ent, while for the second /3-band the experim ental value is 

lower th an  the theory. For the first 7 -band, predictions are lower than  the the 

experim ental values, bu t for the second 7 -band the IBM prediction is higher 

th an  the new established level at 1436.65 keV which is assigned to  be 2 “*". In the 

negative parity  band (k’̂ = l“ ), the two experim ental values lie in  between the 

theoretical value^^. Many models, including the Variable M oment of Inertia  

(VMI)^®®, Pairing Plus Q uadrupole Model (PPQM)^®®’̂ ®®, Boson Expansion 

Technique (BET)^®^’̂ ®® and R otation V ibration Model (RVM)^®^, have been 

used to  calculate bo th  the band energy and the B(E2) ratios for ^®^Sm with 

varying degree of success. The results of these studies indicated th a t there is a 

coupling between the ro tational and intrinsic motions of the nucleus, suggesting 

a transitional na tu re  of ^®^Sm , From those considerations, it is clear th a t the 

^®^Sm nucleus is transitional, but the energy spectrum  is more ro tational than  

vibrational

In the  case of B(EL) ratios, the agreement between the experim ental and theory 

is poor and no correction is made for possible ro tation-vibration interactions. 

For an axially sym m etric rotor, the intrinsic and the ro tational m otions of 

the nucleus do not d isturb  each other^®^. Therefore no correction should be 

m ade 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 sym m etric ro tor
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Table (5.14)

E xperim ental B (E 2 ) ratios for transitions from (3 and 7  ratios to  ground band 
in ^®^Sm com pared with theory.

Transition

e ^ / e ;

443.97
688.65

Energy

Band J i

2+ (4)+

(2 );

B (E 2 ) Ratio

Present
Work

2.12 (09)

IBM

4.67

Bohr 
et al®

1.80

Reidinger 
et ap5®

5.36

Barrette 
et al®̂

2.14

810.45
688.65 P >+ (0 )+

(2 );
0.17 (01) 1.76 0.70 0.33 0.25

443.97
810.45

»+ (4)+

(0 );
12.57 (65) 2.65 2.60 16.20 8.49

901.20
656.47 P 4+ (2 )+

(4);
0.11 (0 1 ) 3.22 1.10 0.11

964.10
1085.89 7 2 + (2)

(0 ),
2.55 (05) 3.15 1.43 1.69

964.10
719.32 7

►+ (2)+

(4),
17.78 (27) 15.27 20.00 0.57

1085.89
719.32 7 2+ (0 )+

(4);
6.69 (11) 4.86 14.00 0.34

r-tjrT-
2.70

867.42
1112.09 7

(4)+

(2);
0.84 (02) 1.19 0.40

1005.22
1249.92 7 1 + (4)+

(2 ),
11.35 (6 8 ) 18.15 2.94 3.54

A w ithout band  mixing 
B w ith band mixing.
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m odel w ithout mixing between the bands, while Riedinger et aP®® showed the 

predictions of Bohr and M ottelson model (assum ing a sym m etric rotor®’̂ ® )̂, 

bu t w ith mixing corrections. B arra tte  et al® gave the predictions of the ro tor 

m odel using the corrections made by Mikhailove^®^. It is seen th a t when mixing 

corrections are m ade, the theoretical values get closer to  experim ental.

In general, it is difficult to  evaluate the band mixing, especially for nuclei 

clustering around the transitional region^®®. It was noticed th a t there is a 

general disagreem ent between the experim ental and the theoretical B.Rs for the 

m em ber of k ’̂ = l~  band (Table 5.9) which could be due to  Coriolis Coupling 

between these negative parity  bands.

T he 1292.71 keV level could be a m ember of k ’̂ =0“*" band (Table 5.7). The ratio  

B (E 2 , 482)/B (E 2, 1170) is 56 ±13 supports this assum ption, therefore this level 

could be a m em ber of another ^ -band . The present IBM calculations predicted 

the second ^ -b an d , and the band-head for this level was also located at 1072 

keV in full agreem ent w ith Passiga^^^. The K -quantum  num bers of the other 

levels were confirmed by com paring the experim ental and theoretical B.Rs of 

transitions depopulating them .

Two new levels have been proposed, together w ith 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^^’®'̂ ’®®’̂ ®̂ ’̂ ^®’̂ ®®"^^ .̂ 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 da ta  (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 agreem ent w ith 

the prediction of Konijn et al^^ for this level from (o:,2 n) reaction. The 1315.32 

keV transition , previously reported by Sharm a et al̂ ®® 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 182W ISOTOPE

6 . 1  I n t r o d u c t io n

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 m any facets of the level structure. The level scheme of the even even 

nucleus has been theoretically and experim entaly investigated by m any

workers®’®’̂ ^’̂ ®^"^^®’̂ ^^’̂ ^®’̂ ®®” ®̂®’̂ ®̂ . Most of the levels have been successfully 

interpreted^®^'^®®"^®^ as belonging to different ro tational bands according to  the 

unified nuclear model developed by Bohr and Mottelson®. Recent theoretical 

studies, such as Duval et aP®®, have focussed atten tion  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 em its 

two sets of gam m a energies; a low energy portion (<300 keV) and the high 

energy portion (>900 keV). Considerable d a ta  on 7 -ray transition  in the /?- 

decay of ^®^Ta is available^^®’̂ ^®” ^̂ ®. The earliest results are sum m arised in 

Schmorak^®®. Subsequently, energies and intensities have been reported from 

singles m e a s u r e m e n t s ^ ® ® A  level scheme has been investigated by 

M urrey et al̂ ®®, Sapyta et aP®^, recently by Rikovska et aP^® and Jilong^^^. 

Sapyta et aP®^ have carried out singles and coincidence m easurem ents using 

planar and coaxial Ge(Li) detector. Their list started  from 85 keV transition
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w ith a cutoff a t 1453 keV and some transitions were missed from  their list. The 

reported  errors in relative intensities were 1 0 % for energies <400 keV and 7% 

for energies >400 keV. In their coincidence experim ent, 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 w ith 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 

d a ta  removed earlier am biguities and allowed an accurate level scheme for 

to  be built up for reliable comparison with current nuclear models®’̂ ®®. 

C alculation have been carried out based on the sym m etric ro to r in troduced by 

Bohr and Mottelson*^, and the IBM®’̂ ®®’̂ ^®’̂ ^ .̂ The ^®^W isotope is a strongly 

deformed nucleus giving rise to ro tational bands. Two new energy levels and 

five possible new transitions, have been placed in the decay scheme. These were 

confirmed from the coincidence da ta  and energy sum relations. The spins and 

parities were assigned from logft values and confirmed from the o ther 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 m ultipole forces performed 

by N eergard and VogaP®^ well reproduced the k ^ = 2 "  state  at 1289 keV. 

A lthough these calculations were more realistic in explaining the band mixing 

between octupole vibrational m ultiplet states, the experim ental evidence found 

by Herzog et aH®® suggested th a t 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 w ith k ^ = 2 "
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and a ra th e r strong Coriolis coupling of this band to  the  k^ = 3  m em ber 

of the octupole m ultiplet. The inelastic scattering cross section of deuterons 

m easurem ents indicate th a t the k’"= 2 “ ro tational band in is ra th e r more

pure th an  predicted theoretically^®®. It was suggested th a t there is some 

configuration mixing with k ’̂ =2 “ band.

6 .2  Experim ental procedure and Results

6 .2.1 Source Preparations

The ^®^Ta source was prepared by the (n,7 ) capture reaction after therm al 

neu tron  irrad ia tion  of na tu ra l ^®^Ta (99.99% purity) in a form of th in  wire, 

a t the university of London Reactor Centre (ULRC) following the m ethod 

described in Section (1 .2 ). The source was left for two w eek after irrad iation  

before taking any measurem ents. This allows any short life activity to  be 

elim inated. A source activity of 10 /xCi is sufficient to  give about 1500 counts/sec 

w ith 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  G erm anium  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 to tal of 43 7 -rays to  be identified
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Table (6 .1 )

E n e r g i e s  ( k e V )  a n d  r e l a t i v e  i n t e n s i t i e s  o f  7- r a y s  e m i t t e d  f r o m  t h e  d e c a y  o f  ^ ® ^ T a .

E n e r g y

( k e V )

I n te n s i ty  r e la te d  to  I  ( 1 1 2 1 )  =  100

P r e s e n t Meyer^°® Jlni74 S ch ohzig^ ’̂ ^ F irestone^ 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)

E n e r g y

( k e V )

I n t e n s i t y  r e la t e d  to  I  ( 1 1 2 1 ) = 1 0 0

P r e s e n t M e y e r Schohzig^^® F irestone^ 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.
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w ith the com puter program  SAMPO for the purposes of peakfitting and energy 

calibration as described in C hapter III.

Table (6.1) shows the relative intensities of 7 -rays resulting from  the (3~ decay 

of ^®^Ta . A to ta l of five transitions were identified for the first tim e 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 

182 w  . The intensities of the 7 -rays were com pared with Meyer^®®, Jin  et aP^^, 

Schohzig et aP^® and Gehrke et aP^®. There was a good agreem ent 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 d a ta  were collected in the ACE buffer and stored in the PC- 

com puter to  accum ulate sufficient counts for the gating spectrum . The analysis 

were perform ed offiine by SAMPO on the VAX-computer in order to  identify 

the streng th  of the observed line in the coincidence w ith each gate. A typical 

to ta l 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 m anner 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 im portan t since such a transition  depopulates the first 

excited s ta te  of and most transitions will be in cascade w ith it, therefore

showing up in the coincidence spectra. The second gate was taken to  provide 

more coincidence d a ta  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 m easurem ents during 

this study. The coincidence between the high energy transitions and the rest 

of the spectrum  were studied by considering the last three gates 1 0 0 2 , 1 1 2 2  

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 

d a ta  which allows us to study the transitions between the mem bers of this band 

and the m em bers of other bands. The 1289.15 keV transition  depopulates the 

first m em ber 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 

d a ta  taken in these five gates provide a required evidence for the existence of the 

new energy levels and transitions. The sum m ary 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.

E n e rg y G a te s  (keV )

(k eV ) 1 0 0 . 1 0 2 29 .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

1 0 0 .1 0 — 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)

E n e rg y

(k eV )

G a te s  (k eV )

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)

Sum m ary of energy (keV) sum  relations in nucleus.

E n e rg y  o f  T r a n s i t io n  
(k e V )

E n e r g y  S u m  
(k e V )

E n e r g y  L ev e l 
(k e V )

1 0 0 .1 0 1 0 0 .1 0 1 0 0 .1 0

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

4 2 .7 4 +  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) (C ontinued)

E n e rg y  o f  T r a n s i t io n  
(k e V )

E n e r g y  S u m  
(k e V )

E n e r g y  L eve l 
(k eV )

1113.50 +  229.33 +  100.10 1442.93

1342.73 +  100.10 1442.83 1442.88

1157.53 +  229.33 +  100.10 1486.96

156.46 +  1231.03 +  100.10 1487.49

198.34 +  1289.15 1487.49 1487.41

113.75 +  1373.81 1487.56

1387.41 +  100.1 1487.51

1180.88 +  229.33 +  100.10 1510.31

1410.15 1 0 0 .1 0 1510.28

110.15 +  1113.50 +  229.33 +  100.10 1553.08

65.58 +  113.75 +  1373.81 1553.14

179.27 +  116.43 +  1257.43 1553.13

222.08 +  1231.03 +  100.10 1553.21 1553.24

264.03 +  67 .8 3 +  1221.43 1553.29

1224.00 +  229.33 +  100.10 1553.29

1453.22 +  100.10 1553.32

136.65 +  198.34 +  1289.15 1624.14

1294.57 +  229.33 +  100.10 1624.00 1624.07

169.34 +  1157.53 +  229.33 +  100.10 1656.30

146.72 +  1410.15 +  100.10 1656.97 1656.64

2 2 0
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parities and  the K -quan tum  num bers. The num bers a t the  base of the  arrow 

ind icate  the  energy of the  transition . T he new transitions and  levels are shown 

as do tted  lines.

T he experim ental and theoretical K -shell in ternal conversion coefficients a*, are 

shown in Table (6.4). T he conversion electron in tensities (I^) were taken  from  

Helmer^^^ and  N ilsson et al^®^, while the  7 -ray in tensities (I^) were calculated 

(Table 6.1). In the  low energy portion  of the  spectrum , the  experim ental ak  

of the  100.10 keV transition  from  the first excited s ta te  to  ground s ta te  was 

norm alized to  the theoretical ak  for pure E 2  m ultipolarity .

In the high energy portion , the  experim ental of th e  1222 keV lines was 

norm alized to  th e  theoretical a*  for pure E2 m ultipolarity , since th is s ta te  

form s the first excited s ta te  of the 7 -ro ta tional band. T he theoretical values 

were taken  from  Rosel®®. The com parison between theoretical and  experim ental 

ak  values enables us to  deduce the  transition  m ultipo larity , hence it is possible 

to  assign spins and parities to  the concerned levels. G ood agreem ent between 

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

T he logft values were calculated according to  the  relations given by 

Mozskowski^^. The B .R  were calculated from  th e  balance betw een the 

decay and feeding of the  7 -rays for each level. T he end point energies of the (3~ 

electron were taken  from  Lederer et al^“̂® (Q value is 1811.3 keV). T he 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).

2 2 1
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Table (6.4)

Deduced m ultipolarities from  k-shell in ternal conversion coefficients for

E n e rg y

(k e V )
J " J f

E x p e r im e n ta l T h e o r e t ic a l  a* D e d u c e d
M u l t i 

p o la r i tyE l E 2 M l E 3 M 2

84.64 32“ 2 2 “ 5.43 (0.84) . 0.47 1.07 6 .6 6 1.54 55.53 M l

1 0 0 .1 0 2 0 "̂ 0 0 + 0.78 (0.08) 0.31 0.87 4.10 1 .8 8 30.41 E 2

113.75 42“ -> 32“ 2.42 (0.27) 0 .2 2 0.69 2.87 1.71 19.56 M l

116.43 32“ -> 2 0 + 0.17 (0 .0 2 ) 0 .2 1 0.65 2.69 1 .6 6 18.03 E l

152.42 32“ 2 2 + 0 .1 1 (0 .0 1 ) 0 .1 1 0.35 1.25 1 .0 1 7.02 E l

156.46 42“ 32“ 0.09 (0 .0 2 ) 0 .1 0 0.33 1.18 0.96 6.56 E l

179.27 44“ 32“ 0.52 (0.05) 0.07 0.23 0.79 0 .6 8 3.96 E 2 /M 1

198.34 42“ 2 2 “ 0.18 (0 .0 2 ) 0.06 0.18 0.62 0.54 3.00 E 2

222.08 42“ 32+ 0.04 (0 .0 1 ) 0.04 0.13 0.44 0.38 1.93 E l

229.33 40+ -+ 2 0 + 0.13 (0 .0 1 ) 0.04 0 .1 2 0.42 0.36 1.83 E 2

264.03 44“ -> 2 2 “ 0.08 (0 .0 1 ) 0.03 0.09 0.32 0.28 1.35 E 2

*891.73 2 2 + 40+ 4.31 (0.78) 0 .0 2 5.24 13.17 1 1 .6 6 33.56 E 2

927.90 2 0 + -> 40+ 4.05 (0.65) 1.89 4.74 10.41 11.61 29.20 E 2

959.69 2 2 “ 40+ 8.99 (1.45) 1.73 4.30 10.24 9.31 25.36 EZ

1001.67 32+ 40+ 3.48 (0.55) 1.52 3.73 8.48 7.90 20.46 E 2

1044.39 32“ -4 40+ 4.23 (0 .6 8 ) 1.45 3.56 8 .0 2 7.51 19.32 E 1 / M 2

1113.50 42+ -> 40+ 2 .8 6 (0.55) 1.35 3.29 7.28 6 .8 8 17.48 E 2

2 2 2
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Table (6.4) (C ontinued)

E n e rg y

(k eV )
j r  -> J ?

E x p e r im e n ta l T h e o r e t ic a l D e d u c e d
M u l t i 

p o la r i tyE l E 2 M l E 3 M 2

1121.33 2 2 + -> 2 0 + 2.99 (0.47) 1.33 3.26 7.20 6.81 17.27 E 2

1157.53 2 0 + 2 0 + 4.81 (0.84) 1.28 3.11 6.81 6.48 16.31 E 2 /M 1

1189.11 2 2 "  2 0 + 3.82 (0.61) 1.23 2.98 6.47 6.19 15.47 E I / M 2 / E 3

1221.43 2 2 + 0 0 + 2.53 (0.40) 1.18 2.85 6.13 5.90 14.61 E 2

1224.00 44" 40+ 2.74 (0.71) 1.17 2.84 6 .1 0 5.88 14.54 E l

1231.03 32+ 20+ 2.44 (0.39) 1.16 2.82 6 .0 2 5.81 14.35 E 2

1257.43 2 0 + 0 0 + 2.43 (0.39) 1 .1 2 2.71 5.74 5.57 13.65 E 2

1273.75 32" 20+ 2 .8 6 (0.45) 1 .1 0 2.65 5.57 5.42 13.22 E l / M 2

1289.15 2 2 "  -> 0 0 + 10.61 (1.71) 1.07 2.58 5.40 5.29 12.81 M 2

1342.73 42+ 20+ 2.17 (0.35) 0.99 2.37 4.82 4.80 11.38 E 2

1373.81 32" 00+ 3.95 (0.63) 0.94 2.25 4.49 4.52 10.56 E 3

1387.41 42" 20+ 3.84 (0.63) 0.92 2.19 4.35 4.39 10.19 E 3

1410.15 40+ 20+ 2 .1 0 (0.39) 0.89 2 .1 0 4.10 4.19 9.59 E 2

1453.22 44" 20+ 3.21 (0.61) 0.82 1.93 3.64 3.80 8.44 E 3

*For the  rem inder of the Table all a*, values are to  be m ultip lied  by 10^.
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Table (6.5)

The b e ta  branching  ratios, logft values, spins and  parities assignm ents for levels 
in  nucleus.

E n e rg y
lev e l

(k e V )

Qvaluc 
C/3 =  1811 ,
( k e V ) & d e c a y

I^ d e c a y  
- 4  fe ed

B .R  % lo g f t

1 0 0 .1 0 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 .1 1 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 .1 1 2 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

2 2 4



Studies o f The Excited States in Isotope/ch.6

6.3.1 D iscussion o f  Individual Levels in

6.3.1.1 The 100.10 keV (2+1 level

This is a  well-known first (2+) excited s ta te  in which has been

stud ied  in th e  past th rough  the  ^®^Ta decay^®®, deuteron  inelastic scattering  

experiments^®® and the  decay of ^®^Re by Sapyta^®^. R em arkable agreem ent 

betw een experim ental and theoretical value of a* for the  100.10 keV transitions 

suppo rts  the  2 + assignm ent (Table 6.4). T he calculated logft value for th is level 

gives ano ther support for the  2+ assignm ent (Table 6.5). The IBM  calculation 

of th is level is in full agreem ent w ith the  experim ental value (Table 6 .6 ).

6.3.1.2 The 329.43 keV f4+l level

T he existence of this level was previously reported  in the  decay of ^®^Ta . The 

spin of the  329.43 keV level was confirm ed from  the  a* value of the  229.33 keV 

tran sitio n  depopulating  th is level (Table 6.4) to  the first excited sta te . The 

spin and  parity  were also confirm ed from  logft values (Table 6.5). The IBM 

calculations of th is level is in  very good agreem ent w ith  the experim ental value.

6.3 .1 .3  The 1221.34 keV (2+) level

T his level is assigned as a 2 + on the basis of its deexcitation to  the  ground state . 

T he 1121.33 and  891.73 keV transitions deexcited from  1221.43 keV and were 

found in coincidence w ith  100.10 and  229.33 keV gated sp ec tra  respectively. 

The spin of the 1221.43 keV level was confirm ed from  the  ak  values of the 

1221.43, 1121.33 and  891.73 keV transitions depopulating  th is level (Table 6.4) 

to  the  ground, first and second ground s ta te  band  respectively. The spin and
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Table (6 .6 )

T he energies of levels in  found experim entally  com pared w ith  ro ta tiona l
and  IBM (for positive parity ) and  w ith  values from  o ther m odel.

J k
E n e r g y  (k eV )

E x p e r im e n t R o to r IB M GCM®^ P P q M®3 BET® B E T ^2

2 0 + 1 0 0 .1 1 0 0 .1 1 0 0 .1 1 1 1 104 1 0 0 1 0 0

40+ 329.43 329.43 333.7 346 314 328 329

2 2 + 1221.34 1221.34 1 2 2 2 .6 1164 936 1 2 1 0 —

2 0 + 1257.46 1257.46 1259.9 1359 1063 1260 —

2 2 “ 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 — — —

5 4 - 1656.64 1656.64 — — — — —

2 2 6
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parity  were confirm ed from  logft values (Table 6.5). Full agreem ent between 

theoretical IBM , ro to r m odel calculations and  the  experim ental values (Table

6 .6 ) was found.

6.3.1.4 The 1257.46 keV (2+) level

G unther et al̂ ®® observed this level in (d ,d ')  reaction and  proposed the  2 + 

assignm ent. S ap y ta e t al^ had  proposed th a t 1157.53 keV tran sitio n  depopulates 

from  th is level to  the 100.10 keV (2 +) sta te , and the  o ther tran sitio n  proceeding 

from  4~ 1487.41 keV s ta te  s ta te  to  4+ , 329.43 keV sta te . This is confirm ed by 

present coincidence spectra . The spin of the  1257.46 keV level was confirm ed 

from  ak  values of the  1257.46, 1157.53 and  927.90 keV transitions depopulating  

th is level (Table 6.4) to  the  0+, 2 + and 4+ ground s ta te  band  respectively. The 

spin and parity  were confirm ed from  logft values (Table 6.5). G ood agreem ent 

between theoretical IBM  calculations and experim ental values was found (Table

6 .6 ).

6.3.1.5 The 1289.17 keV level

T he 1289.15 keV level has been assigned spin and  parity  2“ by S apyta et aF®^ 

and Herzog et aF®®. T he 31.69, 67.83, 959.69 and  1189.11 keV transitions 

as deexciting the 1289.17 keV s ta te  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). T he present logft value of 8.29 is consistent w ith  a spin and  parity  of 2 " ,  

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

T he existence of a s ta te  at 1331.37 keV is confirm ed by the  observation of 

th e  1231.03, 1001.67 and 42.74 keV transitions in  coincidence w ith  the  100.10, 

229.33 and  1121.33 keV, respectively. This is in good agreem ent w ith  Sapyta et 

aii67 Yhe angular correlations experiment^^® supported  the  spin value of this 

s ta te  as 3+, while the  IBM  prediction is in agreem ent w ith  the  experim ental 

value. This assignm ent is also consistent w ith the  fact th a t 1331.37 keV level 

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

6.3 .1 .7  The 1373.85 keV (3~1 level

This s ta te  is a m em ber of the octupole ro ta tional band  established by Herzog et 

al̂ ®® and S apyta et aF®^. T he 3“ assignm ent follows from  the E l character of 

the  1273.75, 1044.39, 152.42 and 116.43 keV transitions (Table 6.4), and agrees 

w ith  th a t m ade by Jilong et aF^^ and  Rikovska et aF^®. T he spin and parity  

were also confirm ed from  logft values (Table 6.5).

6.3 .1 .8  The 1442.88 keV (4+1 level

S apyta et aF®^ observed th is level by the decay of ^®^Ta and  ^®^Re and  proposed 

4+ assignm ent. This assignm ent was supported  by the angular correlations 

experiments^® and the (d ,d ')  reaction^®®. T he coincidence experim ent show 

th a t 1342.73 and  1113.50 keV transitions feed the  100.10 and  329.43 keV states 

respectively. T he spin and  parity  were confirm ed as well from  (Table 6.4) 

and  logft values (Table 6.5). T here is an agreem ent betw een th e  IBM  prediction 

and  th e  experim ental 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 ro ta tional band  and  has spin value 

4~ as suggested by S apy ta et al^®? and Herzog et aF®® a m em ber of ro ta tional 

band. Coincidence m easurem ents confirm  the existence of the  level 1487.41 keV, 

since the  1387.41, 1157.53, 198.34, 156.46 and  113.75 transitions deexciting this 

s ta te  have been detected in  the 100.1, 229.33, 1121.33 and  1289.15 keV gated 

spectrum . T he spin and parity  of th is 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

T his level was observed in previous worksS®^«S7o,i74 G u ther et aF®® and 

Rikovska et aF^® could not place it in the ir decay schemes. T he present 

coincidence m easurem ent confirm  the  existence of th is level a t 1510.28 keV. 

This level depopulates the  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 confirm ed 

from  the ak  values of the  1410.15 keV (Table 6.4). T he spin and parity  were 

also confirm ed from  logft values (Table 6.5). The IBM  predic tion  of th is level 

is in good agreem ent w ith the  experim ental 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^®^’̂ ®®’̂ ®̂ . Coincidence m easurem ents also established th is 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 confirm ed from  the  a*, values (Table 6.4). T he spin and 

p arity  were also confirm ed from  logft values (Table 6.5).

6.3.1.12 The 1624.07 keV (5+1 level

T he new level a t 1624.07 keV is suggested by the transition  a t 1294.57 and 

136.65 keV: the  form er is in  weak coincidence w ith the  100.10 and  229.33 keV 

gates, 80  it can go to  the • established level a t 329.43 keV. T he 136.65 keV 

tran sitio n  is seen in strong  coincidence w ith  the  1289.15 keV gated spectrum . 

T he logft values of 9.30 is consistent w ith  a spin and parity  of 5+ for th is 

level and'^considered as^m ember of 7 -band. This assignm ent is supported  by 

Je ltem a et aF®®, G alan et aF®® and H arm atz et aF®® from  ^®^Re decay.

6.3 .1 .13 The 1656.64 keV (5~1 level

T he new level at 1656.64 keV is suggested by the  observation of a  new transitions 

a t 146.72 and 169.34 keV which depopulated  this level to  the  1510.28 and 

1487.41 keV levels, respectively. The spin 5“ is repo rted  previously^®®“ ®̂® 

from  the  ^®^Re decay. The 146.72 keV tran sitio n  is seen in coincidence w ith  the

100.10 and  229.33 keV gated  spectrum . The 169.34 keV tran sitio n  is seen in 

coincidence w ith  the  100.10, 229.33, 1001.69, 1121.33 and  1289.15 keV spectra. 

T he logft value of 8.78 is consistent w ith a spin and  parity  of 5“ .
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6.4 N uclear M odel Calculations

6.4.1 C ollective M odel

T he nucleus is considered as a  deform ed nucleus. Nuclei possessing

a nonspherical shape show a ro ta tional spectra^^. In axially sym m etric 

deform ation nuclei, the  calculation based on ro ta tional theory  will be applied to 

it. T he two param eters A and  B from  Eq. (2.2.2.6 ) were determ ined  by fitting  

the  experim ental energy values of the  first two excited s ta tes of th e  bands. Table 

(6 .6 ) shows together the  energies found experim entally  and  also th e  theoretical 

calculation. Fig. (6.9) shows the  experim ental and  theoretical (ro ta tional) 

energy levels as determ ined in  th is study. The value of the param eters  A and 

B for ro ta tio n al bands are given in Fig. (6.9).

T he ra tio  E (4 + )/E (2 + ) of the  ground band  is 3.29, while the  ra tio  E (6 + )/E (4 + ) 

is 6.81. These two ratios are in agreem ent w ith  the  theoretical predictions of the 

sym m etric rotor^^ ’̂ ®̂ . The general feature of the  calculations of the  ro ta tiona l 

spec tra  is the  good agreem ent between theory  and  experim ental which indicates 

th a t is tru e  deform ed nucleus w ith axial sym m etry.

6.4.2 The Interacting Boson M odel

T he IBM  approach has proved useful for describing the  collective behavior of 

m edium  and  heavy nuclei in  term s of p ro ton  and neu trons pairs®’̂ ®®’̂ ^®»̂ ^̂ . The 

num ber of bosons for the ^®^W nucleus is 13 and  the  ra tio  E (4 + )/E (2 + ) is 3.29. 

T he ^®^W nucleus is considered to  be deform ed and  lie on th e  SU(3) lim it of
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the  IBM ^. T he H am iltonian  required is

H  =  ^ E L L (L .l)  +  ^ Q Q (Q .Q ) +  P A IR (P .P )  (6.5.2.1)

w here the  param eters  ELL, QQ and PA IR  characterise the m agnitude of the  

angular m om entum , th e  quadrupole-quadrupole and  pairing  in teractions. The 

first two term s give th e  exact SU(3) lim it in which eigenstates are given by the  

qu an tu m  num bers N, the  to ta l num ber of bosons, L, th e  angu lar m om entum  

w ith M as its  Z pro jection , and  K, the  pro jection  of L along the  axis of nuclear 

sym m etry. A ddition of th e  th ird  te rm  breaks th e  SU(3) sym m etry  and  raises 

the  energy of th e  first excited s ta te  of th e  /3-band (K ’̂ =0“̂ ) above the  first 

excited s ta te  of th e  7 -band  (k ^ = 2 " )̂ as required by experim ent.

T he p rogram  package F E IN T  was used to  provide the  best overall fit to 

the  experim entally  determ ined  energy levels (Table 6 .6 ). T he values of the 

param eters  used are shown in Table (6.7). The experim ental values of B(E2) 

were calculated according to  Eq. (4.4.2 .1 ). In the calculation of B (E 2 ) values, 

the  two param eters  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 ad justed  to  reproduce the  B(E2) 

values of the  first and  second sta tes  of the  ground s ta te  and  gam m a-vibrational 

bands. T he B(E2) listed  in  Table (6 .8 ) for five transitions show th a t the  IBM-1 

values are ju s t as good as the IBM -2 values of Duval and  Barrett^®®.

T he resu lt of the  calculations for the energy levels are shown in Fig. (6.10) 

and  com pared w ith  the  experim ental, while in Table (6 .6 ) the  energy levels are 

listed. Good agreem ent between theory  and experim ent is seen.
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6.4.3 D iscussion o f 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 th e  (64 h) decay. T he values of the

ro ta tional theory  is in full agreem ent w ith the experim ent, while the  IBM 

predicts 333.7 keV for the 4* .̂ T he prediction of the  provides the

best agreem ent w ith the experim ental (Table 6 .6 ), bu t these calculations are 

given only for the  ground s ta te  band .

The B.Rsof the 100.10 and  329.43 keV levels are 0.06% and 0.09%

depending on the  decay-feeding balance of the gam m a-rays. These values are 

supported  by Firestone^^®, and  are in  agreem ent w ith the  assigned spins and 

parities as predicted  from  logft values. The experim ental B(E2) values and  the 

quadrupole m om ent (Q) for the  transitions depopulating  these levels are shown 

in Table (6 .8 ) together w ith different theoretical m odels. The best agreem ent 

between theory  and  experim ent is achieved when IBM  calculations are used.

6 .4.3.2 The 7 -band (k^—2~*~)

The 2 ^ ,3 ^ ,4 ^  and 5"̂  levels of th is  band are observed a t 1221.34, 1331.37, 

1442.88 and 1624.07 keV, respectively. This study  suggeststhat the  last level is 

new. T he K quan tum  num ber is assigned in view of th e  com parison betw een 

the experim ental and the  theoretical branching ratios B(crL)/B '(crL), which are 

shown in Table (6.9). T he ro ta tional theory calculation for the energy spectrum  

is in full agreem ent w ith the experim ental values. T he IBM calculations are also 

in good agreem ent w ith experim ental values (Table 6 .6 ). T he spins and parities
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of the  first th ree  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 a t 1257.46 (2 + ) and 1510.28 (4+) keV. The 

1135.81 keV is the  band-head  of the  /9-band observed by Sapy ta  et aF®^, G alan 

et al^Gi and  G ravrilyuk et aF®^. T he present IBM  calculations predicted  this 

band-head  at 1160 keV which is higher th a n  the  experim ental value, while the  2^ 

and  4'*' are in very good agreem ent w ith  the experim ental values. T he ro ta tional 

theory  calculations show a full agreem ent w ith the  experim ental values (Table

6 .6 ).

T he K quan tum  num ber for th is band  is assigned also in  view of the  com parison 

betw een the  experim ental and  theoretical B(E2) ra tio s as given in  Table (6.9). 

T he spins and  parities of these levels were confirm ed from  logft values (Table

6.5) and  from  values (Table 6.4).

S apyta et aF®^ assigned the  values (2 ^ ,3 ^ \4 + )  for the  spin of the  1510.28 

keV level, while Rikovska et aT^® could not observe th is level in the ir decay 

scheme. T he above theoretical calculation for the  energies of th is band  support 

the  assignm ent of 4"  ̂ for th is level.

6 .4.3.4 The negative parity state fk^ = 2  1

T he 2“ ,3~  and 4~ levels of this octupole ro ta tio n a l band^®® observed in this 

s tudy  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 th a t sm all adm ix ture 

of o ther tw o-quasiparticle sta tes also show the  transition  p robab ility  for the

1289.15 keV, M2 transition  proceeding from  this level. This is supported  by 

th e  p resent a* (Table 6.4). T he logft values calculation assigned the  1289.17 

keV as 2“ s ta te  and classified as allow ed/forbidden tran sitio n  for /5-decay to  

occur. T he ro ta tiona l theory  calculations agree w ith the  experim ental values 

(Table 6 .6 ). It was m entioned before (6 .4.1.5) th a t the  tran sitio n  959.69 keV 

which depopulates the  1289.17 keV level to  the 329.43 keV (4"^) level is of a 

single partic le  na tu re . This supportsthe  idea of broken sym m etry  in  th is band. 

T he spins and  parities of these levels are assigned in view of logft values (Table

6.5) and  from  values (Table 6.4). T he K quan tum  num ber for this band  is 

assigned in view of the  B((rL) B .R  as given in Table (6 .1 0 ).

6 .4.3.5 The negative parity state (k^—4~)

T he 1553.24 keV level was assigned as 4“ by G rigorev et aF®^ and  from  (d ,d ') 

reaction^®®. T he large E3 com ponent of 1453.22 tran sitio n  is consistent w ith 

k = 4  assigned for 1553.21 keV level, although the  B(E2) ratios shown in Table

(6 .1 0 ) for transitions  proceeding from  th is level do not support th is  assignm ent.

G rigorev et aF®^ have considered possible adm ix tu re  in the  1553.24 keV sta te  

using the  band-m ixing param eters given by Mikhailov^®®. T heir analysis 

ind icates th a t adm ix tu re  of o ther k-values are large for th e  levels of th e  k ^ = 4 "  

and  k ’̂ = 2 ~ band . T he calculations of Soloviev et aF®® ind icate  th a t negative 

parity  s ta tes  w ith  K > 2  are m ore properly  classified as quasiparticle s ta tes ra th e r 

th a n  octupole v ib rational sta tes. T he spins and parity  of the  1553.24 keV level 

were confirm ed from  logft values (Table 6.5) and  from  the  a* (Table 6.4).
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6.5 Conclusions

C erta in  features of the  s tru c tu re  are ra th e r  well established^®^470,i74,i75

T he ground s ta te  ro ta tional band  is popu la ted  up to  J= 1 0  in the  ( a ,2 n) 

reaction^®^, while in the present work it is popu la ted  up to  J = 4 . This study  

proved th a t 351 keV is a background tran sitio n , supported  by H uibin et aF^®. 

It was not seen in the  coincidence spec tra  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  H uibin et aF^®. T he B (E 2 ) values for deexcitation of 

th e  1 0 0 . 1 0  and  329.43 keV sta tes  are listed  in Table (6 .8 ). T he 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 s ta te  which was observed for th e  first tim e in coulomb 

excitation  studies^®® and explained as asym m etric ro to r states'^®. These three 

s ta tes  have been trea ted  as 7 -ro ta tional sta tes in agreem ent w ith the  present 

assignm ent (Tables 6.4, 6.5).

T he excitation of the 1257.46 keV level by inelastic deuteron  scattering^®® 

favours k = 0  /9-vibrational assignm ent for th is level. This is in  agreem ent 

w ith the  present choice of large E2 for the  1157.53 keV tran sitio n  (Table 6.4), 

since collective v ib rational levels deexcite th rough  enhanced E2 transitions. 

T he 1135.81 keV (0"^) s ta te  reported  by F i r e s t o n e ^ h a s  been predic ted  by 

present IBM  calculations as an (0“̂ ) s ta te  and considered as a band-head  for 

the  /5-band. However, Rikovska et aF^® did not place a 1510.28 keV level 

in  the ir decay scheme. The present coincidence m easurem ents show th a t the

1410.15 and  1180.88 keV transitions are in coincidence w ith 100.10 and  229.33 

keV transition , respectively, establishing the 1510.28 keV level. This has been 

supported  by previous works^®^4 7 o,i74

2 4 2
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T he 1289.17,1373.85, and  1487.41 keV sta tes are from  a k ’̂ = 2 “ ro ta tio n a l band 

built on th e  1289.17 keV s ta te , which according to  G allager and  Soloviev^®® can 

be characterized as a p ro ton  tw o-quasiparticle sta te . Also th e  m ixing ratios of 

the  84.64 and  113.75 keV transitions, (Table 6.4), which connect sta tes of the 

k ^ = 2 "  ro ta tio n a l band , are identical, a resu lt which is expected for ro ta tiona l 

band. T he 84.64 and 113.75 keV transitions have m ultipo larity  M l, while the 

179.27 keV tran sitio n  from  the  4~ to  2 “ band  (A k = 2 ) is E 2 /M 1 . These mixing 

ratios are thus in qualitative agreem ent w ith  th e  k assignm ents of the  negative- 

parity  levels. These assignm ents are in  agreem ent w ith  present calculation 

for the  spin and parity  for these sta tes (Table 6.5). T he 1553.24 keV sta te  is 

characterized as a neu tron  tw o-quasiparticle state^®® w ith  k ’̂ =4” . The large E3 

com ponent of the  1453.22 keV transition  is consistent w ith  a k = 4  assignm ent 

for the  1553.24 keV level. This is supported  from  logft value for the  spin and 

parity , and  by Sapyta^®^.

T he new level a t 1624.07 keV is assigned to  be 5"  ̂ from  its logft value. Thé 

IBM  calculations predicted  this level as m em ber of a 7 -v ib rational band . ^This 

assignm ent is in agreem ent w ith F i r e s to n e ^ a n d  B ohr et aF .

The new level a t 1656.64 keV is assigned to  be (5~) from  logft value (Table

6.5). T he assignm ent of th is level is in agreem ent w ith  o ther studies^®®"^®®.

Nuclei which lie in  the  m ass range 155<A <185 are considered as strongly 

deform ed and therefore possess ro ta tional spectra . The ^®^W lies w ith in  this 

range, hence it should show ro ta tio n al characteristics. T he ro ta tio n al theory  was 

applied to  ^®^W and the  results are given in Table (6 .6 ). T he SU(3) ro ta tional 

lim it of the  IBM  was applied w ith  the  add ition  of a  very sm all am ount of the 

pairing  (P .P ) in teraction  This allowed the energy of the  first excited s ta te  of
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th e  /9-band (k ’̂ =0"'') to  be raised above the  first excited s ta te  of the  7 -band  

(k ^ = 2 '^), and  to  get the  best fit to  the  experim ental values. Table (6 .6 ) shows 

the experim ental values for the  energy levels, com pared w ith the  predictions of 

five different theoretical nuclear m odels. T he calculation of the  Pairing  Plus 

Q uadrupole M om ent (PPQM)^®®, Variable M om ent of In ertia  (VMI)^®®, and 

the  G eneral Collective M odel (GCM)^®^ provide varying degrees of agreem ent 

w ith  experim ent for the  low spin sta tes. However, the  IBM  calculations gives 

the  best agreem ent overall.

The agreem ent between bo th  the  ro ta tio n al theory  and  the  SU(3) lim it of the 

IBM  calculations w ith the  experim ental values of the energy levels supports the 

assum ption  th a t is a  deform ed nucleus and  is very m uch like an axially

sym m etric rotor^®^, as is suggested by th e  energy ratios E (4 '^)/E (2"^)=3.29 of 

the  ground band  states and the  B(E2, 2.̂  —► 0 ^ )/B (E 2 , 2^ 2 ^ )= 0 .2 6 . The

assum ption  th a t the tran sitio n  between (3 and  7  bands and  th e  ground sta te  

ban d  is absolutely forbidden as s ta ted  in the  SU(3) lim it was investigated  and 

experim entally  supported .
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CH A PTER  VII 

SUM M ARY

I n  t h e  p r e s e n t  w o r k ,  c o m p r e h e n s i v e  s t u d i e s  o f  t h e  7- r a d i a t i o n s  f r o m  t h e  t w o  

r a d i o a c t i v e  i s o t o p e s  ^ ® ® E u a n d  ^® ® T a w e r e  u n d e r t a k e n .  T h e  w o r k  h a s  s u c c e e d e d  

i n  r e s o l v i n g  m a n y  o f  t h e  d i s c r e p a n c i e s  r a i s e d  b y  p r e v i o u s  w o r k e r s  r e g a r d i n g  

t h e  t r a n s i t i o n s  a n d  l e v e l  s c h e m e s .  I n  a d d i t i o n ,  t h e  u s e  o f  G e ( L i )  d e t e c t o r s  i n  

s i n g l e s  m e a s u r e m e n t s  a n d  i n  7-7 c o i n c i d e n c e  m o d e  a l l o w e d  a  l a r g e r  n u m b e r  o f  

t r a n s i t i o n s  a n d  l e v e l s  t h a n  b e f o r e  t o  b e  i n c l u d e d  i n  t h e  d e c a y  s c h e m e .  T h e  u s e  

o f  a n  i n t r i n s i c  G e  d e t e c t o r  h a s  g i v e n  a  g o o d  c h e c k  f o r  l o w  e n e r g y  t r a n s i t i o n s .

T h e  a d d i t i o n a l  l e v e l s  a n d  t r a n s i t i o n s  l e d  t o  t h e  c o n s t r u c t i o n  o f  n e w  d e c a y  

s c h e m e s  o f  ^ ® ^ G d , ^ ® ^ S m  a n d  ^ ® ^ W . T h e  p r o p e r t i e s  o f  t h e s e  i s o t o p e s  w h i c h  

h a v e  b e e n  e x p l a i n e d  i n  t h e  c o n t e x t  o f  t h e  I B M ,  e n a b l e d  n e w  a s p e c t s  o f  t h e  

c o l l e c t i v e  n u c l e a r  d y n a m i c s  t o  b e  r e v e a l e d .  O t h e r  m o d e l s  w e r e  a p p l i e d  a s  a  

m a t t e r  o f  c o m p a r i s o n  a n d  w e r e  f o u n d  n o t  t o  g i v e  s u c h  a  g o o d  o v e r a l l  a g r e e m e n t  

w i t h  e x p e r i m e n t .

7.1 T h e  n u c le u s

T h e  l e v e l s  o f  t h e  ^ ® ® G d  n u c l e u s  a r e  p o p u l a t e d  b y  j3~ d e c a y  o f  ^ ® ® E u . T h e  

r e s u l t s  o f  s i n g l e s  m e a s u r e m e n t s  w e r e  a b l e  t o  c o n f i r m  t h e  p r e v i o u s l y  r e p o r t e d  

t r a n s i t i o n s ,  a n d  a l s o  t o  s u g g e s t  e i g h t  n e w  t r a n s i t i o n  w h i c h  w e r e  p l a c e d  i n  

t h e  d e c a y  s c h e m e .  T h e  d e c a y  s c h e m e  o f  ^ ® ^ G d , e s t a b l i s h e d  f r o m  e n e r g y  s u m  

r e l a t i o n s  a n d  7-7 c o i n c i d e n c e  m e a s u r e m e n t s  e m p l o y i n g  f o u r  g a t e s ,  i n c l u d e s  t h r e e  

n e w  l e v e l s  a t  1 3 1 2 . 4 1 ,  1 4 8 5 . 6 7  a n d  1 6 9 8 . 3 4  k e V .
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T he new levels at 1485.67 and 1698.34 were assigned spin and  parity  values of 

0"̂  and 2 "*", to  form a th ird  /3-band. The new level a t 1312.41 keV was assigned 

to  be (1~), and together w ith the level 1123.19 keV (3“ ) forms an octupole

band^^®420,i2i

The placem ent of the 674.66 keV transition  between levels 1605.58 keV (2 "'") 

and 930.58 keV (2"*') in ^®^Gd is confirm ed, while the transition  1643.60 keV, 

which was detected by Sharm a et al̂ ®® who could not place it in the  decay 

scheme, has also been observed in the singles only and is considered as due to 

sum m ing effects.

T he spin of the level at 1550.37 keV was confirmed as 4"^, while th a t of level at 

1605.58 keV was confirmed to  be 2"*". A new value of 4“*' was confirmed to  the 

level a t 1692.48 keV. These levels were assigned by the IBM  calculations and 

logft values.

Ism ail et aF^^ has proposed a new level a t 1381 keV (4"''), which depopulates 

by the 258 keV transition . This could not be supported  experim entally  nor 

predicted by the IBM calculation. It is therefore believed th a t the 258 keV is a 

transition  background from  ^^^Pb in the reactor.

Conversion electron coefficients have been m easured by com bining present 7 - 

ray intensities w ith the conversion electron intensities reported  from  conversion 

electron experim ents, thereby allowing the  m ultipolarities of transitions 

contributing  to  the conversion electron process be deduced. This is achieved 

by com paring the experim ental conversion coefficients w ith the theoretical 

values predicted  for different m ultipole orders. B ranching ratios of (3~ decay, 

and  therefore logft values, have been determ ined from the  in tensity  balance
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between transitions feeding and depopulating a level; using the logft values and 

m ultipolarities obtained the sp in /p a rity  assignm ent of seventeen excited states 

of ^®^Gd were determ ined consistent w ith  (3 decay and 7 -emission selection 

rules.

In the  IBM space, the subgroup decom position of this space has th ree subgroub, 

SU(5), SU(3) and 0 (6 ) . The first two correspond to  the  fam iliar v ibrational 

and ro ta tional lim its, while the 0 (6 ) lim it corresponds to  the  7 -unstab le picture. 

One of the m ost powerful and appealing aspects of the IBM is the  trea tm en t of 

the  transitional regions between these extrem e lim iting coupling schemes. The 

inform ation offered by s truc tu re  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 com puter program  PH IN T  which calculates 

the energy levels. Also, the electrom agnetic transition  rates are calculated using 

the  program  FBEM .

E arlier work on the ^®^Gd nucleus indicated  th a t it could be purely v ibrational 

and in itia l a ttem p t to  fit the energy levels (and  transition  probabilities), 

incorporating  the  new transitions and levels was accordingly m ade using the 

SU(5) lim it of the IBM . T he result indicated  th a t the energy levels were not well 

reproduce and  agreem ent w ith transition  probabilities was poor: a new /3-band 

found experim entally  could not be predicted. On the  o ther hand , applying the 

transitional SU(5) —̂ SU(3) IBM gave excellent agreem ent for bo th  the  energies 

and B(E2) values (Eq. 2 .3 .3 .a .l) and Tables [(4.6 ),(4.11)]. T he param eters used 

in the IBM calculations are listed in Table (4.10). No im provem ent was found 

by using the  full H am iltonian. It may be concluded th a t the nuclear shape is 

more th a t of an oblate ellipsoid, than  th a t of a pro late ellipsoi d.
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7.2 The Nucleus

Singles m easurem ents of the decay reveal the  existence of five new 7 -

ray transitions. The result of 7 - 7  coincidence m easurem ents and energy sum 

relations enabled twenty excited states to  established. Two levels a t 1436.65 

and 1681.56 keV are new suggestions. The (2 +) assignm ent to  the new level 

a t 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 d a ta  (Table 5.1, 

5.2). The spin and parity  are assigned to this level in view of logft values, and 

th is is in  agreem ent w ith the prediction of K onijn et al^^ for th is level from 

( a ,2 n) reaction.

The 1315.32 keV transition , previously reported  by Sharm a et al^°® and Baker 

et al^°4 bu t 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 ro tational 

spectra . The energy level ratios for the ground sta te  band  supported  a mainly 

ro ta tional character, bu t could allow some vibrational degrees of freedom since 

experim entally  E (4 ^ )/E (2 ^ )= 3 .0 2  and E (6 ^ )/E (2 ^ )= 5 .7 9  com pared to  the 

pure ro ta tional values of 3.33 and 7.0 respectively. M any m odels, including 

the (PPQM)i50'2oo (BET)i52,i60 ^nd { R Y U y ^ \  have been used to

calculate bo th  the band  energy and the B(E2) ratios for ^®^Sm w ith varying 

degree of success; indications being found th a t there is a coupling between the
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ro ta tional and  the  in trinsic m otions of the  nucleus, suggesting a transitional 

na tu re  for

In the case of ^®^Sm it was verified th a t the  previous use of the  SU(5) —» SU(3) 

transitional IBM was in quite good agreem ent w ith the  experim ental results. 

Nonetheless this could not predict a second /9-band in which was placed a 2 “*' 

level a t 1293 keV, and whose 0"̂  band-head at 1082 keV was one of three O'*" 

sta tes found by Passaija et al^^i. W hen the com plete H am iltonian was used 

these th ree 0"*' sta tes could be obtained, and also a fourth  0"̂  sta tes a t 1485 

keV was predicted  which could be the  band-head  of a th ird  ^ -b a n d  in which 

the level a t 1768.98 keV could be placed. Also, it was found th a t much 

be tte r agreem ent was obtained overall. Tables (5.5.5.13), when the  com plete 

H am iltonian 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 obta ined  for the  param eters. Table (5.10),re veal th a t the nucleus can be 

regarded as deform ed 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

m easurem ents w ith 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 fu rther check on background energies. The singles m easurem ents 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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l o g f t  v a l u e .  T h e  I B M  c a l c u l a t i o n s  p r e d i c t e d  t h i s  l e v e l  a s  m e m b e r  o f  a  7- b a n d .  

T h i s  a s s i g n m e n t  i s  i n  a g r e e m e n t  w i t h  F i r e s t o n e ^ a n d  B o h r  e t  al"^. T h e  n e w  

l e v e l  a t  1 6 5 6 . 6 4  k e V  i s  a s s i g n e d  t o  b e  5 “  f r o m  l o g f t  v a l u e  T a b l e  ( 5 . 5 ) .  T h e  

a s s i g n m e n t  o f  t h i s  l e v e l  i s  i n  a g r e e m e n t  w i t h  o t h e r  s t u d ie s ^ ® ® ~ ^ ® ° .  T h e  6 8 1  k e V  

l e v e l  w a s  d e p o p u l a t e d  b y  a  t r a n s i t i o n  a t  3 5 1  k e V  w h i c h  H u i b i n  e t  a P ^ ®  r e g a r d e d  

a s  b a c k g r o u n d .  T h i s  i s  s u p p o r t e d  b y  t h i s  w o r k  a n d  i t  c o u l d  n o t  b e  s e e n  i n  t h e  

c o i n c i d e n c e  s p e c t r a ,  t h e r e f o r e  t h e  l e v e l  6 8 1  ( 6+ )  c o u l d  n o t  b e  p l a c e d  i n  t h e  

^ ® ^ T a  d e c a y .  T h e  s p i n / p a r i t y  o f  1 5 1 0 . 2 8  k e V  l e v e l  w a s  u n c e r t a i n .  T h e  p r e s e n t  

I B M  c a l c u l a t i o n  a l s o  p r e d i c t s  a n  O'*’ s t a t e  a t  1 1 3 5  k e V ,  w h i c h  w a s  r e p o r t e d  

b y  F i r e s t o n e ^ ^ ® ,  a n d  i t  i s ,  c o n s i d e r e d  t o  b e  t h e  b a n d - h e a d  o f  t h e  ^ - b a n d  i n  

w h i c h  t h e  I B M  a l s o  g i v e s  a  4"^ a s s i g n m e n t  f o r  t h e  1 5 1 0 . 2 8  k e V  l e v e l .  T h e  7-7 

c o i n c i d e n c e  m e a s u r e m e n t s  a l s o  s u g g e s t  t h e  1 4 1 0 . 1 5  a n d  1 1 8 0 . 8 8  k e V  t r a n s i t i o n s  

w h i c h  d e c a y  f r o m  t h e  v e r y  m e n t i o n e d  l e v e l  a r e  i n  c o i n c i d e n c e  w i t h  s p e c t r a  g a t e d  

b y  1 0 0 . 1 0  a n d  2 2 9 . 3 3  k e V  7- r a y s  a t  l o g f t  o f  9 . 8 5 .  T h i s  s u p p o r t s  a  4"^ a s s i g n m e n t  

f o r  1 5 1 0 . 3  k e V  l e v e l .

A c c o r d i n g  t o  t h e  e n e r g y  r a t i o  E ( 4 ^ ) / E ( 2 ^ ) = 3 . 2 9 ,  t h e  ^ ® ^ W  n u c l e u s  c o u l d  b e  

c l a s s i f i e d  a s  d e f o r m e d ,  a n d  c a n  b e  t r e a t e d  a s  a  s y m m e t r i c  r o t o r  a s  i n  B o h r  

e t  a P ® ® , o r  a s  a n  e x a m p l e  o f  a  n u c l e u s  o n  t h e  S U ( 3 )  l i m i t  o f  t h e  I B M .  T h e  

p l a c e m e n t  o f  n e w  l e v e l  i s  s u p p o r t e d  b y  t h e  n e w  I B M  c a l c u l a t i o n  w h i c h  s h o w s  

t h a t  t h e  S U ( 3 )  H a m i l t o n i a n  g i v e s  a  g o o d  d e s c r i p t i o n  o f  t h e  ^ ® ^ W  n u c l e u s .  

W i t h  t h e  a d d i t i o n  o f  a  s m a l l  p a i r i n g  i n t e r a c t i o n  a  v a l u a b l e  i m p r o v e m e n t  t o  

t h e  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t  i s  o b t a i n e d  a s  s h o w n  i n  T a b l e  ( 6.6) a n d  F i g .

( 6 . 1 0 ) .  T h e  H a m i l t o n i a n  u s e d  i s  i n  E q .  ( 6. 5 . 2 . 1 ) .  T h e  a d d i t i o n  o f  t h i r d  t e r m  

b r e a k s  t h e  S U ( 3 )  s y m m e t r y  a n d  r a i s e s  t h e  e n e r g y  o f  t h e  f i r s t  e x c i t e d  s t a t e  o f  

t h e  / 9 - b a n d  ( k ’^ ^ O '* ')  a b o v e  t h e  f i r s t  e x c i t e d  s t a t e  o f  t h e  7- b a n d  ( k ^ = 2"*") a s  

r e q u i r e d  b y  t h e  e x p e r i m e n t .  T h e  p r o g r a m  P H I N T  w a s  u s e d  t o  p r o v i d e  t h e  b e s t  

o v e r a l l  f i t  t o  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  e n e r g y  l e v e l s  T a b l e  ( 6.6) a n d  F i g .
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(6.10). The B (E 2 ) values were ob ta ined  from  the  program  FB EM  are listed in 

Table (6 .8 ); the  param eters  ob ta ined  are given in  Table (6.7).
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