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153 155 155 157 159 161Proton states of Eu, Eu, Tb, Tb, Tb, Tb and

l63Ho have been studied using the (a,t) and (3He ,d) reactions. Beams

of 24 MeV 3He and 25 MeV alpha particles were produced by the McMaster

University model FN tandem Van de Graaff accelerator. The reaction

products were analyzed with an Enge split-pole magnetic spectrograph

and detected with photographic emulsions. Ratios of the cross sections

between the (a,t) and (3He ,d) reactions were used as an indication of

the ~-values for the proton transfers, and the spectroscopic factors

were extracted using DWBA calculations. I~terpretation of the results

is made in terms of the Unified Model.

The results of the present work confirm the assignments of the

3/2+[411] and 5/2+[413] Nilsson ~rbita1s in the terbium isotopes. The

1= 11/2 members of the 5/2-[532] and 7/2-[523] orbitals are identified

i 161 b d 159Tb d h .. f· d'· 157Tb d l55Tbn T an an t e1r ass1gnments con 1rme 1n an •

It is necessa~y to invoke appreciable Coriolis mixing between these

two orbitals in order to describe the observed rotational level spacings

+and the spectroscopic strengths. The assignment of the 7/2 [404]

orbital is confirmed in 155Tb and 157Tb and this orbital is identified

ii



in "159 Tb and 161Tb • Previous assignments 9~ the 1/2~[411] particle state

with vibrational adolixtures" are cDnfirmed in 157Tb and 159Tb and the state

is identified in 161Tb • The present results support the earlier evidence

for the existence of a second fragment of the 1/2+[411] orbital in 159Tb

and suggest the presence of a similar state in 157Tb • The assignment.of the

the 5/2+[402] orbital is made and tentative assignment of the 1/2-[541]

orbital is considered for each of the terbium isotopes. I 163Hn 0, the

assignments of the 7/2-[523] and 7/2+[404] orbitals are confirnted, and

strong evidence for the assignment of the 3/2+[411], 1/2+[411], 5/2+[402]

and 1/2-[541] orbitals is found. In the europium isotopes, the assignments

+ + -of the 5/2 [413], 3/2 [411] and 5/2 [532] orbitals are confirmed, and

evidence for the assignment of tIle 7/2-[523], 1/2+[411], 7/2+[404] and

1/2-[541] orbitals is considered.
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CHAPTER J;

INTRODUCTION

To the nuclear spectroscopist, there are two important aspects

" ::tudy of nuclear excitations. The first is the knowledge of the

.~~tes of these excited states, most especially, their energies

.:...'ir angular momenta as well as their population intensities (which

.:~ ,m the nature of the study). The second aspect is the descrip-

.: :: these states in terms of some simple nuclear model. With such

,~ription, one can evaluate and understand the systematic trends

.~~ nuclear properties without clouding the picture by a complex

::tical formalism that requires a detailed description of the two

::uclear force.

The study of the nuclear states of 1~3Eu, l55Eu , 155Tb , 157Tb ,

" l6lTb a~d 163Ho in this work is done using both the (3He ,d) and

. 3
reactions. In the ( He,d) reaction, 'ions of helium-3 are projected

";~ target nuclei, and the numbers and energies of the outgoing

"r0ns are measured at various angles with respect to the incident

'\ -I f.rection. In the (ex, t) reaction, helium-4 ions are used as the

·'':tlles, and the outgoing tritons are studied. In both reactions,

·,.Clldual nuclei contain one more proton than the target nuclei, and

""nerally left in excited states. The measurements of the energies

" outgoing particles allow one to determine the energies of the

' •• (1 states in which the residual nuclei are left. The variation in

• ','1 l.ty of the reaction product with angle, as well as the differences

',I ~!Osities bet\veen the two reactions, pro.vides information that can

1
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be used to determine the angular momentum transferred to the nucleus

for each state populated. This information, together with data from

other studies (for example, gamma decay scheme works) can often

be used for a positive identification of the excited states. The

success of this spectroscopic technique is attested by the recent works

of Lu and Alford (1971), Price et a1. (1971) and O'Neil et a1. (1971)

who have studied levels in rhenium, iridium and lutetium isotopes

respectively. The principles on which the technique is based are

outlined in section 11.2.

The character of the low-lying (up to about one MeV excitation)

spectra in odd-A deformed rare earth nuclei (l5l<A<19l) is in general

well described by the Unified Model. The review article by Bunker and

Reich (1971) considers much of the experimental information about these

nuclei in terms of this model. Simply, the Unified Model combines the

single particle and collective picture of nuclear excitations.

In the single particle picture, the odd-A nucleus is described

by a central potential in which the odd nucleon moves. This average

potential is generated by the nuclear force due to all the other nucleons.

There are two properties of the nuclear force that are·found to be

important for deformed rare earth nuclei but are not described by the

average central potential. The phenomenological quadrupole force is

considered to be an important part of the long range two particle inter~

action, that is not accounted for by a central force. This non-central

force is simplY derived from a mathematical expression for the general

two body force (Preston, 1961, chap. 9) and can be thought of as one

which depends not only on the separation of the two interacting nucleons,
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but their position in the nucleus as well. The inclusion ot this force

in the expression for the central potential can lead to a spheroidal

potential. The odd nucleon is assumed to move in this deformed poten­

tial, which is the shape of the deformed nucleus. The other property

of the nuclear force, to be included in the single particle description,

is that of pairing. This is an effect which induces nucleons to travel

in pairs with a total angular momentum of zero. The ground state angular

momentum of zero for all even-even nuclei (even Z and even N) is evidence

of this effect. The pairing force distorts the energies expected for

single particle excitations but it simplifies the nature of the spectra

as it does not allow particle pairs to be broken for the low energy

excitations.

The two main collective effects are rotations and vibrations.

The characteristic energies of a rotational mode of excitation are often

observed in deformed nuclei (Bunker and Reich, 1971). These excitations

are described by rotations of the whole nucleus and are generally assumed

to be independent of the single particle motions. The vibrations, which

are described as oscillations in the shape of the nucleus, are attrib­

uted to the same long range forces that generate the static distortion

in deformed nuclei.

In the Unified Model, both single particle and collective effects

are expected to be observed in the nuclear excitations. As well, there

are couplings between the various phenomena which can distort the proper­

ties of the nuclear states. If these couplings are strong, identifi­

cation of the states in terms of the model is often very difficult.

-- --.-----...~.~---~--.-.~~.~----,------,,-.,-------,-,....-.,.,.~~------ ............----------II!!!!!!!!
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. 153 155 155In th~s work, the p~opert1es of the states in Eu, Eu, Tb,

157 159 161 163 .
Tb, Tb, Tb and Ho were studied in terms of the Un1fied Model.

Most of these nuclei have not been previously investigated using proton

transfer reactions. In this mass region, the states of odd-N nuclei

(many of which have been studied by neutron transfer reactions such as

(d,p) or (d,t» are found to be difficult to describe in terms of the·

simple Unified Model. For many states, the effect of the complex mixing

phenomena, which is normally assumed to be small,. was found to be appre-

ciable. The purpose of the present investigation is to identify the low

lying nuclear levels that are populated by the proton transfer reactions,

and to discover how well they can be described by the Unified Model.



II Theoretical Description

11.1 The Unified Model

The nature of the nuclear states of low excitation « 1 MeV)

which are generally observed for the deformed rare earth region,

suggests that the Hamiltonian for the Unified Model should be written

as:

H=L:
i

Hidf d +H , i +H ", l,+H ib ' l+H.,e orme pa~r ng rotat~ona v rat~ona m~x~ng

single particle

(1)

The solutions

The deformed single particle, pairing, rotational and vibra-

tional parts of the Hamiltonian are considered to be independent of

each other and all coupling terms are placed in H . ,
m~x~ng

of this Hamiltonian are expected to describe the general characteris-

tics of the states of deformed rare earth nuclei.

The Hamiltonian of the Unified model is an approximation of

the general Hamiltonian for the two body interaction with N nucleons:

H' =~
i

(2)

Ti is the kinetic energy of particle i

~j is the general interaction between particles i and j

Exact solution of (2) is not possible, partly because the two nucleon

interaction ~, is not well understood, but mainly because of the
iJ

mathematical complexity of this many particle problem. The success

of the model approach as an approximation to the general Hamiltonian

is demonstrated by the spherical Shell Model (Preston 1963, Chap. 7)

5
























































































































































































































































































































