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PREFACE

In this thesis are discussed four experimental
investigations in low energy nuclear physics which test
the validity of certaln applications of the nuclear shell
model. The experiments described were carried out by
the author betwsen October, 1953 and June, 1957 in the
Departmsnt of'Natural Philosophy of the University of
Glasgow. |

The review of the shell model and of three types of
experiment in the interpretation of which it is useful,
is given in Chapter I, to show the relevance of the
experimental work to an understanding of the nucleus.

The material for this chapter has been drawn mainly from
the current literature on the subject.

All the experiments were original in planning and
execution. In two cases 1t was discovered when the work
was almost completed that similar work, concurrently
performed elsewhere, had ylelded similar results. Accounts
of three of the experiments have been published and the
fourth was reported by Dr. K. G. McNeill at a meeting of
the Canadien Association of Physicists in June, 1956. The

author's degree of responsibility for the various parts of

each investigation is outlined below.
Chapter II describes an investigation of the production

of an isomeric state of Pb207 by a photoneutron reaction.



The identification of the radiocactivity, described in
section 2.2(1), was performed in collaboration with Mr.

J. M. Reid and Dr. K. G. McNeill. The author was responsible
for the experiments to measure the yleld of the isomeric
state from the photoneutron experiment and the experiments
with Bi®07 ¢o attempt to clarify the energy level scheme of
szOV, but is indebted to Dr. McNeill for help in analysing
the results of the former. The conclusions, and the
discussion of the relevance of the experiment to the theory
of photodisintegration are due to the author.

In Chapter III is described a search for a reported
isomeric state of Mn9%4., The experiments reported in section
3.2 were performed by the author except for those, brisfly
mentioned at the end, which were carried out at the
University of Saskatchewan and are clearly indicated in the
text. The author is indebted to Dr. McNeill for helpful
discussions concerning the conclusion in section 3.3.

An investigation of the radiocactive decay scheme of
the ground state and isomeric state of Mo9l is described
in Chapter IV. The author was responsible for the experi-
mental work, some of which was performed and analysed in
collaboration with Dr. MecNeill.

In Chapter V is described the investigation of the

radicactive decay scheme of I128, The planning and
execution of the experiments were the responsibility of

the asuthor who is nevertheless indebted to Dr. McNeill for



asgistance in the performance and analysis of some of them.
The discussion of the results, and the conclusions drawn

from them are the author's.,
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CHAPTER I INTRODUCTION

Section 1.1 The Role of Models in Nuclear Physics

In 1911 Lord Rutherford proposed an atdmic model
consisting of a small, dense, positively charged nucleus
at the centre of the atom, surrounded by negative electrical
charge. Structure was detected within the nucleus itself
and since then much of the research in physics has concerned
attempts to understand the atomic nucleus.

Two contrasting approaches to the problem, each
partially successful in the past, are still being pursued
today. The nucleus was found to consist of protons and
neutrons: one may perform experiments to measure thelr
mutual interactions and try to develop a consistent theory
of these forées in terms of which to predict the properties
of nuclei contalning large numbers of the basic particles.
Alternatively, by examining the properties of a large number
of nucleli, attempts may be made to deduce generalities which
apply to all nuclei. The first approach has led to the
study of the nuclear force law: the second has encouraged
the proposal of a number of models of the nucleus.

Since the dlscovery that nuclei are composed of
particles it has been apparent that there must be a
specific inter-nucleon force to overcome the electrostatic
repulsion betwsen the protons and to confine the nucleons

in the small volume which the nucleus was found to occupy.



Some features‘of the force law can be deduced from general
properties of nuclei such as the variation of nuclear
volume and binding energy with the number of constituent
nucleons. To determine the forces between pairs of
nucleons more specifically, nucleon-nucleon scattering has
been studied over the wide range of energlies now available
in the laboratory, from thermal neutrons up to 10,000 Mev
protons.

That the nuclear force field should be characterized
by massive "quanta®" was predicted by Yukawa in 1935 and
the discovery of w-mesons in cosmic rays, by the study of
tracks in photographic emulsions, confirmed the existence
of these short-lived particles which interacted strongly
with nuclei. It was found thét T-mesons could be produced
in the laboratory and the contemporary investigation of
the nuclear force law includes experiments involving light
and heavy mesons as well as the scattering experiments
which are still being checked and extended. There remain,
however, many unknown factors in the meson theory of
nuclear forces and even when these are eliminated the
second approach to the problem of the nucleus will be
fruitful in describing heavy nuclei, because of the
difficulty of finding even approximate solutions to the
many-body problem.

The experiments described in this thesis contribute

to the latter approach. Much information has been amassed
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about the propertles of nuclei, by many different types of
experiments: significant general features have been
observed and have inspired the proposal of models of the
nucleus based on analogies to other branches of physics.
Each of the models so far proposed has been successful
in éxplaining some properties of nuclel or nuclear
reactions but has been found unable to prediet correctly
other nuclear phenomena: several have been modified, in
the light of newer experimental evidence, to widen their
application. The liquid drop model, the optical model and
the shell model are examples.

The first was suggested by the constancy of nuclear
denéity throughout the periodiec table and the smallness
of the variation of binding energy with nuclear size, both
features being suggestive of the properties of molecules
in a liquid drop. The model proved particularly useful in
the treatment of fission but failed in its predictions of
the energy spectrum of the excited states of nuclel. It
was also applied to the theory of nueclear reactions by
Bohr and led to the idea of the compound nucleus, and the
concepts of nuclear temperature and evaporatlion of
particles.

The concept of the compound nucleus is, however, only

applicable to reactions in which a bombarding particle is

captured by the target nucleus and to describe the initial

stage of the reaction it is necessary to consider the
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abrupt change in potential which the incoming particle
experiences at the nuclear surface. Representing the
nucleus by a complex potential well predicts both
scattering and absorption of the incident wave packet.
The optical model of the nucleus, which is based on this
idea, has been successful in explaining many of the
resonance features of nuclear reactions.

The fact that several nuclear properties, such as
the binding of the last added nucleon, varied smoothly
over wide regions of the periodiec table but showed sharp
discontinuities as the number of neutrons or protons
passed certain values, suggested that nuclei were con-
structed by filling successive spells with nucleons.
Thus as each extra proton or neﬁtron was added it would
occupy a state of particular angular momentum and energy,
the number of nucleons allowed in each level being
determined by the Pauli principle, and the magic numbers
being explained by postulating large gaps between certain
energy levels and the succeeding omnes.

All these models are at present used to interpret
various experimental results; experliments are conducted
to determine the regions of applicabllity of the models;
and attempts are made to modify thelr theoretical basis
in order to extend the range of nuclear phenomena to

which they can be applied.
"~ Even models which are insufficlently detailed to



predict quantitatively the values of particular nuclear
parameters may still infer the variations of certain
gensral features throughout the periodic table. When
such trends are revealed by reviews of experimental data
such as those described in "The Properties of Msdium-weight
Nuclei™ (Way, 1956), then further experiments which either
corroborate the observed generalities or show exceptions
to them contribute empirical evidence which, together with
other results, forms a useful proving ground for the models.

To further our understanding of the nucleus by the
phenomenological approach experiments must, therefore, be
performed which help to define the limits of applicability
of the models or which confirm or deny the observed
empirical trends. In thils thesis are presented the
results of experiments on four nuclei, Mn54, Mogl, 1128
and Pb207, The interpretation of these results in terms
of the shell model throws light on the validity of applying
it to various nuclear phenomena.

In the remainder of the introduction the shell model
and some of its 1mprovéments are described (section 1l.2):
the interaction of electromagnetic radiation with nuclel
is discussed (section 1.3): and finally the application

of these theories to three types of experimental work
which appear in the following chapters, is briefly
outlined (section 1l.4).



Section 1.2 The Nuclear Shell Model

The suggestion that the motion of nucleons 1in the
nucleus is determined by an averagé potential rather than
by strong interactions with their nearest neighbours seems
unreasonable in view of the strength and short range of
the two body force found in nucleon-nucleon scattering
experiments. Nevertheless the model has been widely used
since 1949, when the introduction of the strong spin-orbit
coupling (Mayer, 1949 and Haxel, 1949) gave correct
predictions of the observed'magic numbers. Its success
in predicting most of the static and some of the dynamic
properties of nuclei overshadowed the apparent weakness
of its theoretical basis. Recently major advances in the
treatment of the many-body problem have revealed the
possibility of building the nuclear shell model on a firm
theoretical foundation.

Historically, the shell model was proposed in analogy
with the successful model of the atom in whieh the basic
motion of the electrons was determined by the field of the
nucleus and thelr mutual interactions treated as a |
perturbation. Certain discontinuities in nuelear properties
such as «- and (-decay ensrgies and neutron capture cross
sections, which occurred at points in the periodic table
corresponding to particular nucleon numbers suggested a
similarity to the closing of electron shells at the inert

gases. The assumption of some nuclear potential, such as
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Energy level scheme for protons as predicted by the

single particle shell model for a spherically symmetric
potential intermediate between the harmonic oscillator
and the square well of infinite depth.
oscillator grouping and the parity are shown on the left.
Numbers on the right are level degeneracies (curved

brackets) and total occupation numbers

The harmonic

[square brackets].



a three-dimensional square well or harmonic oscillator, '
yielded bound states of increasing energy which could be
filled consecutively with protons and neutrons as the
mass number, A, increased. No potential was found,
however, which successfully predicted shell c¢losures at
the observed magic numbers 50, 82 and 126 until, with
the aid of Jj-] coupling and a strong Spin-orﬁit interaction,
the doublets of high orbital angular momentum were shown
to be sufficlently widely split for the high spin member
to Joln the next lower shell. In fig. 1.1 is shown the
level order predicted for protons by Jemsen (1955). 1In
the harmonic oscillator potential the bracketed sets of
levels are degenerate. The order shown, ignoring the
spin-orbit splitting, 1s the same as that found for the
infinite square well potential, up to the 3s level. Tﬁe
order for neutrons is predicted to be the same up to
N = 50 but thereafter low neutron angular momenta are
more favoured than the corresponding proton states and
some levels will cross. At best the dlagram is approximate
but with its ald and some very simple assumptions many of
the nuclear ground state spins and parities can be
predicted.

In nuciei containing an even number oriﬁrotong and
an even number of neutrons (hereinafter céiled §yéq:ﬁﬁele1)
each successive'pair'or neutrons couples ﬁogethervto givél

zero angular momentum and the protons behafe similarly.
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The ground states of even nuclel have thus unambiguously
zero spin and even parity. No exceptions have been found
to this rule.

For odd proton or odd neutron nuclei the simplest
assumption is that all the nucleons, except the odd one,
pair in the above way and that the ground state proper-
ties are determined by the spin and parity of the one
unpaired nucleon. This'single particle shell model
provides many correct predictions but needs certain
modifications. In an unfilled shell we must take some
account of the nucleon-nucleon interaction; firstly, the
effect of palring energy must be included. If, to an
even nucleus with Z protons, two more protons are added
the pairing energy is defined as the binding energy of
the two protons minus twice the binding energy of the
(Z + 1)5% proton. The sign is always positive, and the
magnitude is almost the same for nearby odd-N nuclei
particularly if the last added neutrons are in a different
shell from the last added protons. Neutron pairing energy
can be defined in a similar way. The most significant
feature is that the pairing energy increases for levels
of higher orbital angular momenta. The pairing energises

(of the order of 1 to 3 Mev) of two successive levels may

differ by as much as 1 Mev which is sometimes more than

the spacing between the levels. Thls effect eliminates

many of the expected high spin ground states. In the



region N =82 to N = 126 the 1 shell 1s expected to be

13/2
the last to £ill (see fig. 1.1). Pb207 with 125 neutrons,

should therefore have one neutron missing from the 113/2

shell. Instead of a ground state spin and parity of léi-,

2

however, experiments show values of %-— (Strominger, 1958).

The explanation of this result is that the pairing ensrgy
gained in completing the 113/2 shell is greater than the
energy needed to raise a neutron from the 3P1/2 shell to

the 11 shell. In fact the pairing energy is so great

13/2
that the same holds true for both the 2f5/2 and 5P3/z

states as is indicated by the g-— and g-— natures of the

first two excited states of PbR07, No & ground state

13/2
has been observed in any of the nuclel witﬁ 112 < N < 126.
A similar argument explains the absence of spin %%
ground states in either the neutron or proton hll/z shells
although there is still some doubt about the order of the

-12—1- and g"' states 1in .‘?anlz5 123,

and Sn

In the 89/2 shell which closes at Z = 50 the pairing
energy is almost equal to the gap between the 39/2 and pl/2
states. Thus in 26 o0dd-Z isotopes in the region Z = 41 to
Z = 49 whose ground state spins have been directly measured,
or estimated from experimental evidence on g-decay, the

value % occurs in 17 cases and the value % in 7 cases. (The

occurrence of two ground states of spin and parity,%1— is

explained below.) Similarly in the 39/2 neutron shell

there are 9 known §-+ ground states, 7 nuclei with %-—
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ground states and 5 with spin and parity %-+ or g-+.

For nuclel containing an odd number of nueleons in a
shell which is neither nearly empty nor nearly full the
single particle shell model is not a good approximation
and the coupling of several nucleons to give spin and
parity values different from any of the available single
particle levels 1is possible. The Independent Particle
model considers the states which can be constructed by
coupling together all the nucleons outside closed shells
and can thus explain the occurrence of ground states suech
as that of Ma® with spin and parity 2, in the middle
of the r7/2 shell. and the above mentioned exceptions.

In nuclei of even A but odd Z and N (o0dd nuclei) the
properties of the ground state depend on the coupling of
an odd proton with an 0dd neutron. If the state of each
of the odd particles can be guessed from knowledge of the
nearest corresponding odd-Z or odd-N nucleus, Nordhelm's
rules (Nordheim, 1951) give an estimate of the resultant
spin. His weak rule, however, gives several possible
values for the spin and exceptions to both rules are known
so predictions about the ground states of odd nuclei require
more detailed calculations.

Such calculations have been successfully performed

for nucleil with one or two neutrons and protons outside

closed shells (de Shalit, 1953, Kurath, 1953) but the

calculations become rapidly more difficult as the numbers
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of equivalent particles to be considered increases.

The success of the single particle shell model (SPSM)
and the more sophisticated independent particle model (IPM)
in explaining the observed ground state spins and parities
is strong evidence for their validity and provides an
incentive to investigate their application to other nuclear
phenomena such as the well defined low lying excited states
of nueclei.

Again, the SPSM is useful in certain regions of the
periodic table near the magic numbers. In particular for
one nucleon outside a closed shell or for one "hole",
that is one nucleon missing from a closed shell, the
excited states might be expected to correspond to
excitations of single particles to the available shell
model levels. Pb208 has closed shells of both protons
(z = 82) and neutrons (N = 126) and Pb207, therefore,
with N = 125 should be particularly amenable to this
type of analysis. The %- ground state has been explained
above in terms of the pairing energy in the 113/2 state.
Excited states can be formed by exciting one nsutron
from the 115/2, p3/2, rs/z and rv/a states to complete
the Pl/z shell and these spins and corresponding parities
can plausibly be assigned to the known low-lying excited

states. In odd neutron or odd proton nuclei with N or

Z = 41 to 49 inclusive, a §+ ground state is predicted

except in those nuclel for which the pairing energy makes
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the %- state lower. It 1s expected that the other level
will be sufficiently close to form the first exclted
state. Thus in these regions many nuclei are found whose
first excited state differs by 4 units of angular momentum
from the ground state. This is particularly likely near
the beginning and end of the 89/2 shell; in nuclei where

the shell 1is about half full odd numbers of equivalent
7

89/2 nuclecons sometimes couple to glve §-+ states as
alternatives to the % + states. Similarly for odd nuclei

the spin and parity depend on the coupling of two or more
nucleons and predictions are less reliable. There is,
however, the possibility of high spins resulting from the
coupling of the odd nucleons in the same regions of the
periodic table. Adjacent nuclear levels of widely different
8pin lead to the phenomenon of isomerism and the possibility
of studying the transitions betwsen these levels in some
detail as described below in section 1l.4(ii).

The energies of particular excited states are scarcely
predictable from the shell model even near magic numbers
where fairly well defined single particle states are found.
Ignorance of the shape and the depth of the central potential
and the form of the interaction which should be used to

calculate the pairing energy leads to uncertainties in the
energy of single particle levels which are large compared

to their separations and not even the order of the states

can be accurately predicted. 1In confligurations involving
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twb Or more equivalent nucleons there are so many parameters
available that virtually any experimental results can be
fitted by theoretical calculations. Certain strikingly
regular nuclear spectra have, however, demanded an
explanation; 1t was not immediately supplied by the shell
model.

In the rare earth region of the periocdic table series
of excited states of even nuclel have been found with spin
and parity assignments 2+, 4+, 6+- - - and whose energies
were fitted by the simple relationship E = E /(I + 1).
Such regularity suggests a simple model and Bohr and
Mottelson have interpreted these levels in terms of
rotation of the whole nucleus.(Bohr, 1953). Despite the
suceess of the shell model, the strong inter-nucleon
forces make it likely that collective motions of the
nucleons will be possible. It has been shown theoretically
that with many particles outside closed shells, the
nucleon-nucleon forces lead to deformations of the nucleus
and that the lowest energy state may be one of spheroidal,
rather than spherical, shape. This in turn changes the
shape of the poténtial and produces different single
particle states, but a non-spherical equilibrium shape

permits the explanmation not only of the level schemes
mentioned above as excitations of the nucleus by unified

rotation but also of the very high electric quadrupole

moments which occur in the same reglion of the periodie
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table. The rotational spectrum is perturbed by coupling
between the independent particle motions and the collective
rotations and the model which takes this into account is
successful in classifylng the states of some nuclel in the
region A — 25 as members of rotational bands (Litherland,
1956). This Unified Model admits the possibilities of
either a spherical configuration or a spheroidal equilibrium
shape produced by the interactions of many particles outside
closed shells, of collective oscillations of the shape, of
rotations and finally of coupling between the single
particle motions and the collective motlions. Many of the
nuclear spectra and transition probabllities which it
predicts can also be predicted by the independent particle
model, taking account of the coupling between all the
particles outside closed shells and also of the perturba-
tions caused by the mixing of configuratioms. Very near

to c¢losed shells the pure shell model is applicable. 1In
the rare earth region large equilibrium deformations yield
rotational excitations of very low energy compared to single
particle transitions and thus very pure rotational spectra.
In the remaining regions the various models are applicable
to different phenomena.

In particular Way et al (1956) have shown that the

excited states of even nuclei in the region 22 < N < 90

display marked regularities. The energies of the second

and first excited states are inm the ratio Eand/ElstEQ 2.2
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and the product of the mass number and'Elst, the energy

of the first excited state, Ei5¢8 = 60 MeV. The ground
8tates are all O+ and almost all the first excited states
2+ and the second excited states are mostly O+, 2+ or 4+,
The energy distribution ratio can be explained in terms

of the IPM with a short range attractive force between
particles (Schwartz, 1954). The success, however, of the
collective model in explaining the energy and spin patterns
of the rare earth nuclear spectra suggests a similar attempt
in this region. Scharff-Goldhaber (1955) and Wilets (1956)
have explained the regularities in terms of vibrational
excitations of the nuclear core.

The success of both the IPM and the Unified Model in
explaining the same phenomena suggests a fundamental
similarity between the two models and 1t is now believed
that the same results can be obtained by treating the
nucleons as individual particles moving in an average
field, with their specific interactions as a correction
or considering the collective motions of a nucleus,
deformed by particle interactions, with the coupling
between collective motions and independent particle motions
as a correction.

In spite of the success of the IPM in explaining

observed nuclear data doubts have often been expressed
about its theoretical basis because it is diffieult to

see how a strong, short rangs, two-body force can supply
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a smooth average potential leading to undisturbed indepen-
dent motion 6f each nucleon within the nucleus. An early
suggestion by Weisskopf that the Paulli execlusion principle
might preclude the nucleon-nucleon interactions which
would be expected to disturd such motlion gave a qualitative
explanation of this effect but only recently has the work
of Brueckner and others shown how these ideas can be
quantitatively introduced. These ma Jor advances in the
treatment of the many-body problem (reviewed by Welsskopf,
1958) have greatly strengthened the theoretical basis of
the independent particle model.

The variety of models still required to explein the
current knowledge of the nucleus affirms the need for
further experimental results to clarify the proper region
of application of each model. The experiments described
in this thesis provide information concerning the ground
and excited states of nuclei and the interpretation of
these results in terms of the IPM further confirms its
validity in explaining certain nuclear properties.

Much of the experimental work concerns the emission
or absorption of electromagnetic radiation by nuclei and
it is therefore necessary briefly to review the theory

of this process in the next section.

Section 1.3 Interaction of Electromagnetic Radiation

with Nuclei

Transitions between different energy levels of the
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same nucleus may take place by emission or absorption of
y-rays and thus some of the dynamic¢ properties of nuclel
are disclosed by a study of the interaction of electro-
magnetic radiation with nuclel.

The nucleus is a quantum-mechanical system and a full
treatment of this problem would involve quantum field
theory. However, a semi classical treatment, developed by
Weisskopf (1952) and others, successfully explains many of
the experimental results.

For radiation, the wavelength of which is long compared
to the nuclear radius, the electromagnetic field may be
expanded in terms of vector spherical harmonics and then
the periodically varying field corresponding to an outgoing
wave from the nucleus at the origin can be expressed as a
sum of electric and magnetic multipole fields each of which
carries a particular angular momentum and parity.

The source of the fleld is the nucleus and Weisskopf
shows that each of thé multipole fields is related to a
"miltipole moment" of the nucleus. Classically the
multipole moments are proportional to integrals over the
nuclear volume of certain functions of the charge and
current density. The rate of emission of energy in each

of the multipole fields may then be calculated from the
nuclear properties. TUp to this point the treatment 1is

purely classical; the system must now be quantized.
Firstly the radiation field is quantized by replacing

the rate of emission of energy by the rate of creation of
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quanta times the energy, hw, of each quantum. Then by
dividing by the latter, the transition probability, i.e.
the rate of emission of quanta, is obtained. Secondly

the nucleus must be considered as a number of particles

and the integrals of functions of continuously varying
charge and current distributions are replaced by the matrix
elements of the corresponding operators between initial and
final nuclear states. Additional terms must be included to
take account of the intrinsic magnetic moments of the
neutron and proton.

Conservation of angular momentum and parity impose
selection rules, and nuclear states a and b of spin and
parity Jgqs Tg 804 Jy, Ty can only be connected by v-rays
of multipolarity / which satisfies |J, - T,|<2<7, + 7.
The electric or magnetic nature is decided by the parities.
If wgmy = (= 1)1 we have an electric transition:

1)1+1 gives a magnetic multipole.

Ty = (=
For systems with spherical symmetry the dependence of
the transition probabilities on the z components of angular
momenta only intrbduces statistical factors. These are
explained by Weisskopf (1952).
The total elsctric and magnetic multipole transition

probabilities are found to decrease rapidly with increasing
A so that only the lowest or perhaps lowest two values of {

permitted by the selection rule will contribute significantly

in any experimental situation. For simple assumptions
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about the nucleus the magnetic multipole transition, M/,
is calculated to be about 10 times weaker than the
corresponding electric multipole, Ef. Thus appreciably
more mixing is likely when the selection rules permit M}
and E(/ + 1) transitions than in the converse situation.
In view of the success of the single particle shell
model in describing some properties of low lying nuclear
states it appeared worthwhile to calculate the transition
probabilities for a single particle transition. Making
the simplest possible assumption about the nuclear wave
function, i.e. that the radial wave function is a constant
inside the nucleus and drops to zero at the nuclear limit¢,
Welsskopf (1952) estimated the electric transition
probability. The magnetic one 1s determined from general
arguments showing that the magnetic multipole matrix
element should be a factor or-ﬁgﬁ smaller than the
corresponding electric multipole moment but that the
intrinsic magnetic moment contributes 2 or 3 times as
much, Thus the magnetic transition probability, propor-
tional to the square of the matrix element is approximately
1o(h-&l;§)z smaller than the equivalent electric transition
probability. These assumptions permit the expression of
the transition probabilities in terms of the nuclear radius,

the energy of the transition and the multipolarity.
Better approximations to the single particle wave

functions are expected to reduce these values, owilng to the
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smaller overlap of the initial and final state radial wave
functions so a lower limit can be placed on the lifetime.
of the excited states in the single particle approximation.
Other nuclear models will, however, give quite
different results. The collective model for instance
predicts very fast E2 transitions connecting rotational
states (Bohr, 1953). The experimental results in the
region 90 £ N = 112 show transition probabilities about
100 times greater than the single particle estimate. The
large static electric quadrupole moments which occur in
the same region of the periodic table cbnfirm the existence
of strongly deformed nuclei which are expected to show
these rotational spectra with the enhanced transition
probabilities associated with collective nuclear motions.
The probability associated with a v-ray transition
thus depends on the spins and parities of initial and
final nuclear states and also on the details of the nuclear
wave function. Thus if the lifetime of an excited state
and the multipolarity of the transition are known the
validity of alternative descriptions of the nucleus may be
tested, or in regions where a particular model is known to
be applicable the multipolarity may be deduced from the

measured transition probability and information may be
inferred about the ground and excited states of the nuclei.

These theoretical i1deas about emission and absorption

transition probabilities will be seen to play an important
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role in the analysis of the formation and decay of the
isomeric states in Pb207 and Mogl and in the analysis of

the complex decay scheme of I128,

l.4 Experimental Investigations

Many fields of experimental work have contributed the
results on which the above theories are based and to which
they can be applied. Three particular types of investigation
which are relevant to the experiments described in this
thesis are briefly reviewed below.

(1) Photodisintegration

Studies of the interaction of electromagnetic radiation
with nuoleil include not only the emission, but also the
absorption of v-rays. If sufficient emnergy is imparted to
the nucleus by an incoming photon a nucleon or light nucleus
(deuteron, «-particle) may be emitted. Extensive experl-
ments on this phenomenon of photodisintegration have
revealed certain features common to elements throughout
the periodic table.

If the cross section for a particular reaction such
as the absorption of a v-ray by a Pb208 nucleus followed
by the emission of a neutron (szos(y,n)Pb207) is studied
as a function of the ¥Y-ray energy it is found to vary as
shown in fig. 1l.2. Similar curves have been observed for
a large number of photonuclear reactions and the general

characteristics of a broad peak occurring at an energy a
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few MeV above the threshold for the reaction (the binding
energy of the emitted particle) appear to be common to all
such reaetions.

The variation throughout the periodiec table of the
followling parameters connected with these peaks has been
observed and theoretical attempts have been made to explain
them:

(1) Epax. the v-ray energy for which the maximum cross
section occurs.
(11) oy,4 . the integrated cross section (the upper limit

of integration for many of the experimental results

is often imposed by the energy of the available

bremsstrahlung at 23 or 30 MeV. TFor comparison with

theory the limit is seldom taken above about 100 MeV
because of effects connected with meson production
which become important above this energy).

(i1 ) AE the full width at half maximum of the resonance.

The peak in a particular reaction cross section, such
as o{(v,n), might arise from the combination of two indepen-
dent effects. The rise might be due to the energy dependence
of the ¥-ray absorption probabllity and the fall be caused
by the increasing competition from other possible modes of

decay of the intermediate nucleus suseh as the emission of

two neutrons. Alternatively the peak might show the

presence of a resonance effect in the ¥-ray absorption

process. The former explanation was proven wrong, at least
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for the photodisintegration of Cu65, by experiments whiech
showed the (¥,2n) yield to be small compared to the (¥Y,n)
yield from this isotope even for peak bremsstrahlung
energies well above the (Y,2n) threshold.(Perlman, 1948).
The latter explanation emphasized the importance of the
variation of the vY=-ray absorption cross section as a
function of ¥Y-ray energy. A sufficiently excited nucleus
may, however, emit one or more of a number of different
particles and the theorstically important absorption cross
section is a sum of all possible A(¥,x) eross sections
where A stands for the initial nucleus and x represents
the emitted particle or Y-ray since we must also consider
the possibility of re-emission of a ¥-ray. Most of the
experimental results were obtained for (¥,n) reactions: in
only a few isolated cases were several cross sections
measured for the same initial isotope and estimates thus
made of total Y-ray absorption cross sections. As Z
increases, however, this limitation becomes less serious
because the emission of one or two neutrons rapidly becomes
predominant over other modes of de-excitation owing to the
increasing potential barrier which charged particles have
to penetrate when leaving the nucleus. Thus for heavy
elements a measure of the neutron emission or the residual
radioactivities produced by (v,n) and (¥,2n) reactions can
give a close approximation to the total v-ray absorption

cross section. Attempts were therefore made to formulate
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theories which would predict both the resonance energy,
Emax.» and the total absorption strength, oy,¢ , of the
broad peaks, known as "giant resonances".

An early theory of these resonances (Goldhaber, 1948),
proposed oscillations of all the protons of the nucleus
relative to all the neutrons. The incoming photon could
thus excite electric dipole vibrations in the nucleus.

Three different modes of oscillation were suggested: the

first involved harmonic vibrations of each proton about

its equilibrium position and predicted a constant resonance
energy, independent of A. The second, in which the nueclear
surface remalned fixed and neutron and proton density
variations were excited within the nuclear volume, predicted
EBpax. % A"l/s. Finally, a model, in which the neutrons and
protons were considered as two intermingled and incompressible
flulds which could be displaced with respect to one another,
was used to perform more detalled calculations. The resulting
variation of the resocnant energy with mass number,

B & Afl/s, agreed with the current experimental results.

max.
The formula for E ;4. contained two parameters one depending
on the slope of the nuclear potential at the nuclear
boundary and the other on the energy of interaction of a
neutron and proton. With reasonable values for these

parameters the formula gave values for Ep.y. for carbon

and copper in good agreement with the observed maxima of

the (v,n) cross sections.
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Calculations based on the second model, which con-
sidered neutron-proton oscillations within a fixed nuclear
surface, were extended by other authors (Steinwedel, 1950
and Danos, 1952). They again found the resonant energy to
be inversely proportional to the nuclear radius, R, but
also obtained the constant of proportionality Emax.='6°A-1/5
MeV using r, = 1.42 and R =.r°A‘l/3 10713 om. This value
is rather low when compared with experimental results but
To = 1.2 1s probably a better value and this would improve
the value for Epg4.

Neilther model makes quantitative predictions about the
width of the glant resonance although Goldhaber and Teller
suggest that ocoupling between the proton-neutron oscillation
and other possible motions of the nucleons broadens the
Tresonance.

Any satisfactory theory must also predict a value of
Tint. in agreement with experiment. The above theories
and the experimental results which they set out to explain
showed the importance of dipole absorption in the nuclear
photoeffect. The Thomas-Relche-Kuhn sum rule for the
absorption of dipole radiation by the electrons in an atom
was extended to apply it to the nuocleus (Levinger, 1950).

It was shown that oonsidering the motions of nucleons with

respect to the nuclear center of mass the protons had an

% and the neutrons also contributed with

effective charge e
an effective charge - e%. Summing contributions from all

possible dipole transitions of all the nucleons gave the
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result d;,, = 0.015A MeV barns in the approximation

N=2= %. This result requires further correction,

however, to take account of the exchange nature of the
nuclear force and should be modified to oy .= 0.015A(1+ 0.8x)
MeV-barns where x is the fraction of the nuclear force which
has exchange character, a result which is consistent with
the experimental data.

As both the above mentlioned collective models of photo-
disintegration 1nvoive all the nucleons they can be expected
to give the full absorption strengths predicted by this sum
Tule.

In the second part of a photonuclear reaction the
excited nucleus emits one or more nucleons. Both the
above models predicted a sharing of the Y-ray energy by
all the nucleons and, therefore, the subsequent emission
of particleé should be described by the statistical theory
of the compound nucleus which had been successfully applied
to other types of nuclear reactions. For heavier nuclei
proton emission would be expected to be strongly inhibited
relative to neutron emission. Measurements for elements
near A = 100 with 17.6 MeV ¥Y-rays (Hirzel, 1947) showed

(v,p) oross sections of a few per cent of the corresponding

(v,n) cross sections. The statistical theory predicted

gy
a(v,n

the experimental values were 20 to 1000 times higher than

values of between 10~° and 10~5 in this region so

the theoretical ones. To account for these results it was

suggested that most of the proton emission was due to the
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absorption of the v-ray energy by a single proton which was
then directly emitted before sharing its energy with other
nucleons (Courant, 1951). A combination of this direct
nuclear photoeffect and the collective models could then
account for both the (¥,n) and (v,p) experimental results.
A theory has, however, been proposed which consistently
explains the current knowledge of photodisintegration in
terms of a single model of the photonuclear reaction.
Furthermore it acknowledges the success of the independent
particle model (IPM) in describing the initial state of
the nucleus and assigns the Y-ray absorption to single
particle transitions between shell model states (Wilkinson,
1954 and 1956a). A difficulty in this theory immediately
arises because the agreement between the sum rules and the
experimental cross sectlions implies that all the nucleons
contribute to the absorption. But nucleons in the lower
shells cannot make dipole transitions of energy appropriate
to the giant resonance because the final states are already
occupied. It therefore appears that the nucleons in the
few closed sub shells nearest to the top of the potential
with avallable final states cannot account for the total
absorption strength. Wilkinson has shown, however, that

single particle transitions which complete a sub shell are
expected to be strongly favoured (Wilkinson, 1956b) and

absorptions that disrupt closed shells should be simllarly

enhanced. The lower lying nucleons also contribute by
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preventing downward transitions, induced emissions, which
if allowed would detract from the absorption strength of
a particular level. Thus the available single particle
dipole transitions are shown to account for the observed
glant resonance absorption (Wilkinson, 1956a).

The near equality of the energy of the various
transitions, which gives the resonance nature, is also
shown to be consistent with the IPM. The width of the
resonance is attributed to three effects (1) a slight
variation in the energies of the contributing transitions,
(11) a broadening of the shell model state by the inter-
action of the excited nucleon with the remainder of the
nucleons and (iii) coupling between the nueleons outside
closed shells and the core.

In a highly excited state the IPM gives a less valid
approximation to the actual nuclear properties than in the
ground state because the interactions with other nucleons,
which in the ground state are prevented by the lack of
unoccupied final states, are in the excited state allowed.
If a nucleon is excited by Y-ray absorption there is a
considerable probability of it scattering other nuecleons
and thus sharing its energy. The result is a eompound
nucleus. If the Y-ray energy is above the binding energy
a particle may be emitted: either the excited nuclean may
escape before interaction or the compound nucleus may emit

another particle. The latter process is described by the
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statistical theory of the decay of the compound nucleus
worked out for nuclear reactions (Weisskopf, 1952). The
former, named by Wilkinson the "resonance direct" effect,
accounts for the observed (¥,p) cross sections for heavy
nuclei being higher than those predicted by the statistical
theory, and for the excess of high energy protons and
neutrons. The relative contributions of the two effects
can be described in terms of the energy of excitation, the
size of the nucleus, the barrier (coulomb or centrifugal)
which the proton or neutron must penetrate, and the strength
of the interaction between the execited nucleon and the
remainder of the nucleons. The last term is related to the
imaginary part of the potential whiech gives the absorption
in the optical model, and information about its strength
can be obtained from other nuclear reactions.

All of these theories of photodisintegration are of a
very approximate nature. Insufficient information is
available about the nuclear wave functions to allow exact
predictions: most of the experimental evidence deals with
broad features of the glant resonance. Each theory contains
sufficient ad justable parameters, such as the shape and
depth of the potential well used to calculate the independent

particle energy levels, to allow it to fit the experimental

results.
The shell model interpretation appears preferable,

however, because it is an extension of the theory which 1is
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known to be very useful in desc¢ribing low energy nuclear
properties and also because it postulates only one
absorption mechanism whereas the earlier theories require
two quite separate mechanisms, one for the direct photo-
effect and the oter for the collective oscillations which
lead to the giant resonance and compound nucleus formation.

The results of the experiments on PbZOB(X,n)szo",
described in chapter II, appear to add evidence in favour
of the Wilkinson theory.

(11i) Isomeric states

Photodisintegration experiments are concerned mainly
with the absorption of electromagnetic radiation. Information
concerning the emission of ¥Y-rays can also contribute to our
understanding of the nucleus.

The selection rule stated in section 1.3 implies that
radiation connecting two nuclear states must be of multipole
order at least equal to the difference between the initial
and final angular momenta. As the transition probabilities
decrease rapidly with inereasing multipolarity, ¥-ray emission
lifetimes will depend strongly on the spin change involved.

In 1917 F. Soddy suggested that nuclei with the same Z
and the same A might be able to decay in differént manners,

and proposed the name "isomers"™ for such nuclei. Not until
1938 (Feather, 1938) was it definitely proved that such a

phenomenon could exist. Many examples have since been found

and the term isomeric state is now often applied to any
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nuclear excited state whose lifetime i3 experimentally
measurable.

The long lived excited states were soon seen to form
well defined groups in the periodic table just below some
of the larger closed shells. The interpretation of this
phenomenon in terms of the IPM is straightforward for these
are just the reg;ons where states of high angular momentum
are being filled and where the model predicts adjacent
states of widely different angular momenta. The known
isomeric states have been classified according to their
multipolarity (Goldhaber, 1951 and 1952). When the
measured lifetimes were plotted against energy the different
multipolarities were well separated. The M4 transitions in
particular lay very close to a plot of the theoretical
lifetimes predictéd by Weisskopf. Values of K oconversion
coefficients and K to L conversion ratios assisted in the
assignment of the multipolaritiss and all the known decay
schemes listed by Goldhaber and Hill were in oconcord with
the states expected from the strong spin-orbit coupling
shell model.

Thers remained, howsver, problems in the interpretation
of the transition probabilities. The formulae of Welsskopf were
based on the simplest possible assumption of the radiation
being entirely due to one proton moving in the field of the
other nucleons. Thus specific properties of the nuclear

wave functions were expected to produce wide divergences
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between the predicted and measured lifetimes. Such were
observed for the E3, E4 and M3 transitions. But the M4
transitions formed a remarkably homogeneous group including
both odd-proton and odd-neutron transitions. According to
Weisskopf's theory the latter should be much longer lived
than the former,

Further experimental work was, therefore, of value to
see if this agreement would be confirmed or denled by newly
discovered isomers. This interest in M4 transitions provided
part of the incentive to clarify the decay scheme of Mogl
which exhibits such a transition.

(1ii) Studies of decay schemes

The collection of experimental information on isomerie
states is a specialized branch of the general field of study
of radiocactive decay schemes.

Data on the energles, spins and parities of low lying
nuclear levels can often be obtained from investigations of
the G-transitions and the assocliated y-rays in the decay of
radioactive nuclei. The theory of p-decay shows that there
are strong selection rules governing the transition
probability and thus a knowledge of the half-life and energy
of a f-transition may give evidence concerning the relative
spins and parities of the states which it connects.

A full treatment of the theory of weak lnteractions
involves field theory and is beyond the scope of this
introduction. Only the simplest results which apply to
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nuclear p-decay and can be Jjustified approximately by
simplifying assumptions will here be stated. The dependence
of the interaction probability on energy and atomic number
can be included in the so-called Fermi function f£(Z,E).
These functions have been extensively tabulated for 8~, g+
and K capture transitions.(e.g. Siegbahn 1955). They
express the dependence on the phase space available to the
electron and neutrino and on the external coulomb field of
the nucleus. The function f times the half-life ¢t is

called the comparative half-life and includes all the
extranuclear effects but ignores all the effects of the
nuoclear initial and final states except thelr relative
energy. Thus ignoring nuclear effects the product ft should
be the same for transitions of different energy and different
Z.,

Two sets of selectlion rules are possible depending on
the form of the interaction between the nucleon and the
electron-neutrino field, and both are now believed to
contribute. Both show that the strongest transitions will
be those in which the A-particle and neutrino carry zero
orbital angular momentum and the parity of the initial and
final nuclear states 1s the same. All other transitions

are predicted to be of much lower intensity. Fermi selection
rules apply to cases in which the intrinsic spins of the

neutrino and electron are anti-parallel and thus the net

change in angular momentum 1s O for the allowed transitions
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l.e. AT = 0, ni'z ) where Ty and T, are the parities of
the initial and final nuclear states. The alternative
Gamow-Teller selection rules apply to the interaction

in which the spins are parallel. Then for an allowed

transition, AT = 0, * 1 (except that I; =1 =0 18
forbidden), and again Wy = 7e. The Tt values give an
indication of the allowed or forbidden nature of a transition
and together with other considerations are a help in
assigning the spins and parities of the nuclear states
involved. For complex AB-spectra where decay takes place
to two or more states of the daughter nucleus the partial
helf-lives for each transition must be measured in order
to calculate the ft value for each transition separately.

The decays to excited states are often followed by
y-rays and thus the detection of coinclidences between the
two types of radiation can help in measuring the branching
ratio. The ¥Y-ray energies themselves and the Y-ray
branching ratios in cascades can also contribute informa-
tion about the excited states.

Such information about nuclear level schemes 1s useful
both in testing specific predictions of nuclear models and
in contributing to the knowledge of empirical trends which

suggest new models or the application of 0ld ones in new

regions of the periodic table. Thus even experiments which

do not provide crucial tests of current theories can add to

our understanding of the nucleus.
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CHAPTER II THE PHOTOPRODUCTION OF Pb207”"

Section 2.1 The Nucleus 82Pb3°7

The discussion of photodisintegration in section 1.4(1)
demonstrated the possibility of explaining this phenomenon
in terms of the nuclear shell model which was briefly
reviewed in section 1.2. The nucleus Pb298 contains closed
shells of both protons (Z = 82) and neutrons (N = 126) and
therefore neighbouring nuclei in the periodic tgble are
particularly well interpreted by the shell model. In this
chapter an experiment on the (¥y,n) reaction in lead is
described in which ths relative ylelds leading to two known
states of szov were measured. A similar experiment, using
bromine, has been adequately explained by the statistical
model of the ocomplex nucleus (Katz, 1952). In contrast,
the present results appear to require the resonance direct
mechanism of the Wilkinson theory for their explanation.

In this section the experiments which led to the discovery
of the isomeric state in Pb207 and of its photoproduction
are reviewed; in the following two sections the experimental
methods and results are described; and in section 2.4 the
agreement of the results with the current theories is

discussed.
In the course of a search for short lived radioactive

isotopes and isomers produced by the bremsstrahlung beam

from the 23 MeV synchrotron Reld and MecNeill (1953) bombarded
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lead and discovered an activity of half-life 0.8 * 0.1
seconds. They associated this with the isomeric state of
PbR07 which had been studied by several other authors whose
results are summarized below. Campbell and Gooderich (1950)
irradiated lead with reactor neutrons end found two Y-rays
of energles 0.5 and 1.0 MeV and a half-life of 0.9 seconds.
G. Vendryés (1952) using neutrons from the Beg(d,n)Blo
reaction to bombard lead, was able to confirm the energies
of the v-rays and improve the measurement of the half-life
for which he obtained the value 0.82 *+ 0.02 seconds.
Vendryés attempted to identify the radioactivity and
tentatively assigned it to an isomeric state in Pb207 for
the following reasons., Neutrons slowed down in graphite
produced much less activity, thus suggesting that neutron
capture was not the reaction mainly responsible for its
formation. The high coulomd barrier for lead makes
reactions involving the emission of protons or «-particles
unlikely and a flfteen minute irradiation showed no evidence
for the production of the known T1207, 1208 ,p gg205 |
activities. A (n,2n) reaction was impossible as the maximum
neutron energy was less than 5 MeV and the smallest neutron
binding energy involved was 6.9 MeV for szoa.

The conclusion was, therefore, that the activity was
probably produced by a (n,n') reaction in one of the

naturally occurring lead isotopes.

Pb208 was considered unlikely because, being a doubly
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closed shell nucleus, it was not expected to have any low
lying excited states and the 2.62 MeV state, known from
leoe,d-decay, was thought to be the lowest. Thus isomeriec
transitions involving v-rays of 0.5 and 1.0 MeV could not

be assigned to it. Similarly in Pb206 g 1evel at 0.8 MeV
found in &~ and A-decay experiments was thought to be the
lowest and the ratio of the X conversion coefficient to the
L conversion coefficient for transitions from it to the
ground state indicated E3 radiation and therefore a lifetime
much shorter than 0.8 seconds. Also, other levels in Pb208
found by Harvey (1953) by the reaction Pb207(d,t)Pbe08 dia
not explain the measured y-ray energies. Finally PbR04 was
Truled out as the two isomeric states which had already been
found in this isotope did not agree in energy or lifetime
with the activity under investigation. The activity was
thus thought to be due to an isomeric state of PbR07 produced
by (n,n') reactions and Vendryds discussed this assignment
in the 1light of the work of Neumann and Perlman, Goldhaber
and Sunyar, and Grace and Prescott presented below.

Neumann and Perlman (1951) measured the energy of
conversion electrons emitted in the decay of B1207 and also
found three low energy groups of a-particles in the decay of
Po?ll, on the basis of these Tresults they suggested a level
scheme for Pb207 which was open to considerable doubt as,
with no intensity or coincidence measurements it was

impossible to know which transitions were in cascade. The
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discovery of conversion electron groups corresponding to

y-rays of 0.565 and 1.063 MeV, however, increased the

certainty of the above assignment of the isomeric state.
Goldhaber and Sunyar (1951) analysed a large number

of known isomeric transitions and on the basis of Campbell

and Goodrich's measurements of half-life and v-ray energies

they designated the isomeric transition M4. Using the

~ shell model predictions they suggested the scheme

113/2 1.06 MeV Y--ray> rs/a 0.56 MeV Y-ray> Py/g -

Grace and Prescott (1951) performed further experiments
with Bi207 and showed by coincidence measurements that the
1.1 MeV and 0.56 MeV v-rays were in cascade. Using thelir
own results together with those of Neumann and Perlman they
found a value of K; /Ky g5g consistent with the M4, E2
éssignmant of Goldhaber and Sunyar for the isomeric stafe
cascade.

Finally, Pryce (1952) inveétigated the predictions of
the shell model for the ground and excited states of nuclei
near the doubly closed shell nucleus 82Pb2°8. On the basis
of his calculations and the experimental evidence then
available he deduced that the isomeric state was an 113/2
level at 1.63 MeV which decayed to an f5/5 level at 0.52 MeV
which in turn decayed to the P1/2 ground state. Thus the

energies and multipolarities of the v-rays associated with

the isomeric state decay were known when the state was first

produced by photon bombardment of lead (Reid, 1953).
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Experiments to measure the relative photonuclear ylields
to ground and isomeric states had already been performed
with other nuclei. In particular, Katz et al. (1952)
investigated BrBl(Y,n)BrBO*, Goldemberg and Katz (1953)
studied (v,n) (v,y') and (v,2n) reactions in 1nllS leading
to In114, Inll4*, 1n115* ana 1n113* and Katz et al. (1953)
measured (v¥,n) ylelds to ground and isomeric states of M09l
and Zr®9. 1In each of these cases the yields were determined
by measuring the quantity of radiocactivity produced, the
isomsric and ground states having sufficiently different
half-lives or decay schemes for them to be measured
separately. The results were interpreted in terms of a
compound nucleus model and the known or assumed spins and
parities of the various states.

It was decided to investigate further the activity
produced by Reld and McNeill to ascertain whether it was
in fact the known isomeric state of Pb207 and to measure
the relative numbers of (¥,n) events leading to the isomeric
and ground states of the final nueleus.

This reaction was of particular interest because of
the large spin change between the spin 0 ground state of
Pb208 and the spin 32 isomeric state of Pb207, A1l the
above mentioned similar experiments had concerned isomeric
states in the group occurring just below the closing of the
89/2 shells gt nucleon number 50 and the spin changes

involved in the photodisintegrations were much smaller.
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The difficulty of the lead experiment was increased
because the ground state of Pb207 ig not radioactive and
therefore the relative yields had to be measured by an
indirect method:

(1) the relative yields of neutrons from the (y,n)
reactions in natural lead and lead enriched in Pb208 were
measured,

(11) the ratio of the yields for photoproduction of
Pb207* and Cub2 were measured, |

(1i1) the yields of Cu®2 from cu®3(v,n) and of neutrons
from Pb(Y,n) were teken from the papers of Katz and Cameron
(1951) and Montalbstti et al. (1953) respectively.

The product of the three ratios gave the desired ratio of
the ylelds of Pb207* to the yileld of Pb207 from (¥,n)
reactions in PbR08,

In the following sections the various parts of the work
on lead are described. In section 2.2(1) experimental proof
is presented that the radioactive decay produced by X-ray
bombardment of lead is indeed due to the isomeric state of
pp207 produced by the reaction szoe(v,n)PbZOV*. Section
2.2(ii) contains an account of the measurement of the
relative photonuclear yields of the'competing processes
Pb208(y n)Pb207 and Pb208(y ,n)Pb207*  while section 2.3 is
concerned with work on the possibility that the transition
to the isomeric state 1s through an intermediate level of

PbR07, Finally in section 2.4 the results of all these
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experiments are discussed in terms of the Wilkinson theory

of photodisintegration.

Section 2.2 The Photoproduction Experiments

(1) Tdentification of the photoproduced radiocactivity

As outlined in the previous section the first experi-
ments by Reid and McNeill (1953) measured the half-life of
the v-ray aétivity produced in lead by bombardment with the
bremsstrahlung beam from the 23 MeV synchrotron, as 0.810.1
seconds which suggested that the 1somefic state, Pb2°7*,
was being produced. The particular interest of this reaction
prompted further investigation,

The same authors showed (Reid, 1954a), by comparison of
the yields from natural lead and a Pb208 egnriched sample,
lent by Professor F. Soddy (Soddy, 1916), that the activity
was almost certainly produced by Pb208(y ,n)Pb207¥ and not
Pb207(y,y1)Pb207* or Pp208(n v)pp207*, |

To confirm that the observed ¥-rays were in fact from
the decay of the known isomeric state 1in Pb207 it was
necessary to measure thelr energies. A lead target was
irradiated for short periods in the bremsstrahlung beam and
immediately after the synchrotron was switched off the
Y-rays from the decay of the induced activity were detected
in a NaI(Tl) scintillation spectrometer placed below the
target. Several extraneous longer lived radioactivities

were produced in the crystal, crystal mounting and shielding
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material, by the photoneutrons from material in the
bremsstrahlung beam. In order to be able to obtain a
reasonable number of counts from the Pb activity 1t was
necessary to repeat many periods of alternate irradiation
and counting and therefore the long lived background had
to be eliminated. To accomplish this the following cycle
was used: (1) the lead target was irradiated in the
bremsstrahlung beam for 2.4 seconds, (ii) the synchrotron
was switched off and the amplified pulses from the
scintillation spectrometer were pulse-height analysed and
recorded, (iii) the spectrum for a second counting period
of 2.4 seconds was analysed and separately recorded. The
cycle was repeated many times and two pulse height spectra
were obtained. The second spectrum was subtracted from
the first thus eliminating the effects of any activities
of half-life long compared to 2.4 seconds, the contributions
of which would be virtually the same to each spectrum.

As only one 100-channel differential pulse-height
analyser was avallable it was necessary to use it for the
analysis and recording of both spectra. The channels 0 to
45 were used to record the pulses occurring in the first
2.4 seconds after eaeh irradiation and channels 50 to 99

for the pulses from the second counting period.

A block diagram of the equipment built to achieve this

is given in fig. 2.1. The amplified pulses from the

scintillation counter were fed to the inputs of two
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proportional gate circuits which were opened in sequence by
pulses from the decatron clock (Reid, 1954b). The negative
outputs from these two circuits were fed through an inverter
to the inputs of the univibrator mixer c¢ircuit. Pulses
from one input were passed unchanged through the adding
circuit and thence to the input of the pulse-height analyser.
Pulses arriving at the other input triggered the univibrator,
the pulse from which was added to the input pulse in the
adding circuit. Thus the pulses from channel 1 were recorded
in the first 45 channels and the spectrum in channel 2 was
displayed on the pulse-height analyser with the zero of its
energy scale in channel 46. The amplitude of the univibrator
pulse and of both inputs was adjustable so that the gain in
each channel and the position of the upper spectrum could
be adjusted to allow a direct subtraction of the numbers in
corresponding channels in the two spectra.

Test runs with radioactive sources and the gate in
operation gave ldentical spectra thus demonstrating both
the equality of the lengths of the two gate pulses and the
proper operation of the univibrator mixer unit.

A lead target was irradiated in the bremsstrahlung
beam and spectra obtained as described. Fig. 2.2 is a plot
of the difference of the two spectra. Calibration spectra

with radioactive sources replacing the target gave both the

energy scale and the spectrum shape for Y-ray emergies of

1.33, 1.17, 0.66 and 0.51 MeV. 1In fig. 2.2 there are seen
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to be prominent peaks at 0.50 and 1.01 MeV indicating y-ray
energies in good agreement with the previous measurements
of v-rays from the decay of the known isomeric state of
pp207,

The shapes of the experimental spectré provided the
information necessary to separate the obsserved Pb207*
spectrum into contributions from the two v-rays. The
dependence of the total detection probability for v-rays
passing through the orystal on the v-ray ensrgy was calculated
from tabulated values of absorption coefficients (Siegbahn,
1955). The intensity ratio for the two v-rays at the
crystal was then calculated and corrected for the absorption
and scattering of v-rays in the target to obtain the ratio
of the intensities emitted by the Pb207Y The final result
was intensity 1.01 MeV/intensity 0.56 MeV = 1.2 * 0.35
which is consistent with the assumption that the two v-rays
are in cascade, for in that case their intensities would be
equal.

The half-life measurement and ths v-ray energy and
intensity measurements were together considered adequate
confirmation that the observed activity was identical with
the isomeric state of Pb207 found in the other experiments
discussed in section 2.1.

(ii) The measurement of the yield ratio

The reasons for wishing to measure the yield PbR07%*/yield
Pb207 ratio from the Pb298(x,n) reaction have been outlined
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in section 2.1 and the indirect method by which it was
achieved was described. The first step was to measure the
relative ylelds of neutrons from the X-ray bombardment of
Pb208 and natural lead.

The sample of lead, enriched in szoa, which was used
in the earlier experiments (Reld, 1954a) discussed in
section 2.2(1), was again borrowed from Professor Soddy. A
target of natural lead was made of the same dimensions as
the enriched sample. These two targets werelirradiated
alternately in the bremsstrahlung beam from the synchrotron,
operated at 22 MeV peak energy and the neutron yields were
measured by a method developed by McNeill (1955).

A 13" diameter by 2" long thallium activated sodium
iodide crystel was used as neutron detector. The crystal
was placed below the target and fast neutrons from the (y,n)
reaction in the lead produced radiocactive I128 in the crystal.
After the synchrotron was switched off the strength of the
1128 gource could be measured using the crystal itself as
detector and thus a relative measurement of the total
neutron flux during the synchrotron irradiation could be
obtained. The 25 minute half-life of I128 made long
irradiations impracticable and the small size of the
enriched sample (30 gms.) and the rather small available
bremsstrahlung beam of about 0.3 r/min. at 1 metre made it
necessary to eliminate as completely as possible the effect

of backgrounds.
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It was thus necessary to shield the crystal from other
sources of fast neutrons such as the internal synchrotron
target and the wall of the room where the beam struck 1t;
to shield it from external radiation during the counting
period and to choose a discrimination level which gave the
best ratio of detection efficiency for the I128 decay to the
background counting rate. The crystal and photomultiplier
were surrounded by 3 inches of iron, a layer of cadmium to
absorb thermal neutrons and 1} feet of paraffin wax. A
horizontal tapered slot of rectangular cross section pierced
this composite box to allow a path for the bremsstrahlung
beam; the crystal was just below the lower side of the slot.
The lead target was suspended in the slot, above the Nal
crystal and in the centre of the X-ray beam. Even with
this shlelding thelextraneous neutrons, produced by an
irradiation with no target in pesition, ecreated an I128
activity about one half as strong as that obtained with the
lead target in position. The length of each irradiation
was limited to 56 min. because of the relatively short
half-1ife (25 min.) of the I128 aetivity. As the absolute
counting rates obtained were small it was necessary to add
the results of several irradiations to obtain satisfactory
counting statistics.

The integrated flux of the bremsstrahlung beam was
measured by ocounting in a standard geometry the Cub2

activity pfoduced in a thin sheet of copper through which
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the beam passed before reaching the target. As cusz has a
half-1ife of 10 min. two sheets woere used in each 30 min.
run, one for the first 15 min. and the other for the second
half, The bremsstrahlung intensity was continuously
monitored by an lonization chamber and d.c. amplifier the
output of which was displayed on a meter and the intensity
was kept constant to within * 10%.

Five sets of 1rradidtions were made each set consisting
of a run with no target, one with the natural lead target
and one with the enriched lead target. The results were
combined and the ratio of the yields from the two targets

was

yieldpatural _ g,92 + 0.17
Yieldgpyiched

The atomic weight of natural lead is 207.21 and its
composition is 52.3% Pb?98 and 47.7% Pv207  PpR06 gpa pp204,
The enriched sample has extra PbR08 and a knowledge of its
atomic weight, 207.7 and the isotopic abundances in natural
lead allow one to calculate that it is 82% Pb208 and 18%
other isotopes.

With this information and the measured yield ratio
above it is possible to calculate that the ratio of the
(¥,n) ylelds from natural lead and Pb208 is 0.87 + 0.18

for bremsstrahlung of 22 MeV peak energy.
The second step was to measure the ratio of the yleld

of Pb207* to the yield of Cub2 for irradiation by the same
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integrated bremsstrahlung flux. The ylelds were measured
by the activation method. Natural copper contains both
Ccub3 and Cub® and thus Cub4 is produced as well as Cub2,
The latter can, however, be measured in the presence of the
former by counting for several periods during the first few
half-lives of the Cub2 decay and eliminating the effect of
the long lived Cub4,

The same experimental arrangement was used as in the
previously described experiments with lead. The copper
target placed above the scintillation spectrometer was
irradiated for 15 minutes, the synchrotron was switched off
and the 0.5 MeV annihilation radiation from the positrons
emitted by the copper target was counted for 5 minute
periods. A thin aluminium absorber prevented positrons
from entering the crystal. The target was removed for one
five minute period so that the T128 getivity produced in
the crystal by neutrons during the synchrotron irradiation
could be measured. The counting rates were corrected for
the long lived Cub4 activity, for the 1128 activity and for
natural background, and thus the yield of cub2 was obtained.
The integrated bremsstrahlung flux was agaln measured by
the activity produced in a thin standard sheet of copper
through which the beam passed before reaching the target.

For the measurement of the Pb207¥ a lead target
replaced the copper one. Its thickness was such that the

correction for the different absorptions of the decay Y-rays
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in the lead and copper targets was as small as possible,
though the targets could not be made very thin because of
the small yield obtained in the lead experiments. The
clock gating unit (Reid, 1954b) was used to provide cycles
of 1.2 second irradiations followed by three, 1.2 second,
counting periods during each of which the counts were fed
to separate scalers. Runs were limited to 15 min. to
preserve accuracy of the bremsstrahlung flux measurement
using the copper activation monitors. Successive fifteen
minute runs had to be separated by an hour to allow the
background of I128 gctivity to decay. From the differences
between the total counts during the first and second
counting periods of each cycle and the second and third
counting periods, the pbeO7¥ activity was calculated
independently of any longer lived activities which might
be present. As a.check on the apparatus the half-life of
the Pb2°7* decay was calculated for each run and only those
runs were accepted for which the value was within the errors
expected from statistical fluectuations in the counts.

In counting both the lead and copper activities the
discrimination level of the counter was set at 0.4 MeV.
The counting geometry in the two experiments was identical.

The relative total counting efficiencies for 0.5 and 1.0 MeV

y-rays for the crystal were calculated and checked experi-
mentally for 1.28 and 0.5 MeV Y-rays using a Na22 source.

The spectrum shapes were determined experimentally using
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radioactive sources. Then the relative yields were corrected
for counting efficiency, absorption in the target and all
backgrounds; as only a yield ratio was required it was not
necessary to know the absolute integrated bremsstrahlung
flux and the copper activation monitors provided a relative
value.

The corrected ratio for irradiation with bremsstrahlung

of peak energy 22 MeV was found to be

yield p#/DOT atom Pb208

PplO
yieldCusg/per atom Cubd

=0.27 * 0.03.

Y

62
—SU"__ obtained from the published values
YPv(y,n) 5 6

(Katz, 1951 and Montalbetti, 1953) is 25 for a peak

bremsstrahlung energy of 22 MeV. This last, together with

The ratio

the two measured ratios gives a value for

Ypp207¥ _ Ypp207* x Toub2 x Ypb(y ,n)
Ypp207 Youé2  Ypu(y,n) Trp208(y,n)

- 2.6 —
=0.237 x 58 x 0.87 = 0.022

YPb(x,n) is the yleld of neutrons from 22 MeV
bremsstrahlung irradiation of natural Pb. Yop208 is the
yileld of neutrons from simlilar irradiation of PpR08,;
bezos(x,n) is very nearly equal to Yp,207 as 98% of
(¥,n) transitions lead to Pb207 and only 2% to PvR07*, fThe
inclusion, however, of neutrons from (¥,2n) in bezoa(r,n)

will make the observed value too large and the true ratio
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is likely to be slightly larger than the value given above.

Section 2.3 The Delayed Coincidence Measurements Using B1207

A measurement of the threshold of the reaction
Pb208(y,n)Pb207*  based on the assumption that the activation
ourve would be similar in shape to those of AgiO9(y,n)aglO8
and Agl07(v,n) Agl06, gave a value of 9.1 * 0.1 MeV (Reid,
1954a). In the same paper it was shown that this value,
together with the known values of the energy differences
between the Pb208 and Pb207 ground states and betwsen the
Pb207? ground and isomeric states, proved it unlikely that
the reaction took place by direct emlission of a neutron from
an excited state of Pb208 to the isomeric state of Pb207,
For if the ¥-ray absorption near threshold were E2 or Ml as
might be expected, then the emission of an L = 4 or L = 6
neutron would be required and the emlssion of such neutrons
at the energy available should be strongly inhibited by the
centrifugal barrier. Reid and MeNeill therefore proposed

the existence of a state of spin 11 ond odd parity Jjust

2
above the 1someric state. Such a state could be fed by E2
Y-ray absorption in PbR08 £o110wed by emission of an { = 3
neutron and this they concluded was the most likely produc-

tion mode in view of their threshold measurements.
Such a state of odd parity and spin %%iin Pb207 should

be detectable in the decay of Bi%07, Electron capture
transitions to it from the h9/2 B1807 ground state would be
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"allowed" and therefore expected to compete strongly with
the other transitions. It would be expected to decay
Primarily by El v-rays to the lsomeric 113/3 state.

The existence of a low energy Y-ray transition of
energy 0.137 or 0.064 MeV in the decay of Bi207 was
suggested (Neumann, 1951) to explain an observed electron
group but this was later shown to be more probably an Auger
electron group (Wapstra, 1953). No other low emergy Y-rays
had been reported but the results of Prescott (1954)
indicated that there might be a second state very close to
the 113/2 state. Using a coincidence circuilt of 1.5 micro-
seconds resolving time Prescott found 1.07 MeV Yerays in
prompt coincidence with the K X-rays following electron
capture in B1207, If an %%- state were close enough to
the 115/2 state the M3 transition of qnergy 1.07 MeV to the
rs/z state, with an expected half-life about 1 to 5 micro-
seconds, might compete appreciably with the El transition
to the isomeric state and the latter might have escaped
detection owing to its low energy. This situation oould
explain both the results of Reid (1954a) and the prompt
coincidences found by Prescott (1954).

The lifetime of such a Y-ray, of energy about 1 MeV
and M3 nature should be measurable by modern delayed
coincidence methods and it was therefore decided to
investigate the K X-ray - 1 MeV vY-ray colncldences using
a shorter resolving time than that employed by Prescott.
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A Bell-Petch fast-slow eoincidence circuit, kindly
lent by Dr. G. M. Lewis, was used to examine coincidences
between lead K X-rays and 1.06 MeV v-rays emitted by a Bi207
source. Two NaI(Tl) scintillation counters were used as
detectors. One crystal one ineh square was only 1 mm. thick
end had, therefore, a low detection efficiency for either
1.06 or 0.5 MeV ¥=-rays but an absorption probability of 70%
for lead K X-rays of 75 keV., The other crystal, a 2" long
by 1%" diameter cylinder had a detection efficiency of 65%
for 1.06 MeV v-rays passing through it. The discriminator .
on the slow channel fed by the large erystal was set Jjust
above the total absorption peak in the spectrum of Csi37
y-rays (0.66 MeV) so as to ensure rejection of all pulses
from 0.5 MeV v-rays but accept those from 1.06 MeV v-rays.
The other discriminator was set at the photopeak from RaD
45 keV Y-rays to give high efficlency for the lead K X-rays.

with the Bi297 source placed between the two counters
the coincidence counting rate was measured for various
additional delays betwsen the counters, TIn fig. 2.3 the
logarithm of the counting rate is plotted against delay in
milli-microseconds. It can be seen that either the delay
of the 1.06 MeV y-ray after the K X-ray is < 5 x 10~8 sec.
or that if there is any long-lived component it is of very
low intensity.

The colincidence counting rate at large delays is 2 0.5

counts/min. The random coincidence rate calculated from the
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me&asured single channel counting rates and the measured
resolving time is 2 0.3 counts/min. Thus the counting rate
from any long-lived component is << 0.1% of the prompt
coincidence counting rate. It 1s therefore concluded that
there are no M3 Y-rays of energy about 1 MeV of measurable
intensity, following the decay of B1207 unless the half-
life of the transition 1s very much less than that predicted
by Weisskopf's single particle formula and the existence of
the state proposed by Reid and MeNeill to explain their
threshold measurements 1s unlikely.

(Shortly after this work was completed, the discrepancy
noted by Reid and MoNeill was resolved by the work of Bendel
et al. (1955) who directly measured the effective threshold
for the Pb208( y,n)Pb207* reaction and found it to be 10.2
MeV. Thus although the energy difference between the Pb208
ground state and (PbBOV* + n) is only 9.0 MeV the centrifugal
barrier effectively prevents neutrons being emitted with
less than 1 MeV energy. Once the energy is sufficlent to
overcome this barrier the cross section rises much more
steeply with further increase of v-ray energy than the
cross sections for the (¥,n) reactions in the silver isotopes
and this fact, unknown to Reid and McNeill, explains the
error in their result. Later work by Lazar and Klema (1955)
showed that all the K X-ray - 1.07 MeV prompt coincidences
found by Prescott (1954) could be accounted for by

coincidences between 1.07 MeV transitions and K X-rays from
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internally converted 0.5 MeV transitions from the rs/z state
to the Pb207 ground state.)

Section 2.4 Conclusions

The measured ratio of the relative ylelds of the
isomeric and ground states of Pb207 may be compared with
analagous results obtained for the isotopes BrS0 (Katz,
1952), Inll4 (Goldemberg, 1953) and 2r®9 (katz, 1953).
(The results in the last paper for Mo91 are in error owling
to a mistake in the interpretation of the decay scheme of
Mo?l and its isomeric state--see below, Chapter IV.)

In each of these three cases the ratio of the croés
sections for production of the ground and isomeric states
remains almost constant as the incident v-ray energy

increases through the giant resonance. As the variation

with energy of the Y-ray absorption for higher multipolarities

1s expected to be quite different from that for the dipole
resonance it appears that the measured ratio is that
associated with production of both the states by dipole
absorption.

Katz has shown that the assumption of dipole absorption
of v-rays and statistical emission of neutrons from the

compound nucleus ylelds a plausible explanation of the

measured ratio for Br8o,
A similar analysis of the lead experiment follows and

will be seen to predict a ratio much smaller than the
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observed ons but if ths reaction is described in terms of
the Wilkinson theory of photodisintegration reasonable
agreement with the observations is obtained. First let us
consider dipole absorption of a v=-ray followed by statistical
emission of neutrons from the excited Pb208 nuclei.

The spin and parity of the Pb208 ground state are 0+;
therefore an intermediate state formed by dipole absorption

will have spin and parity l-. If this excited state emits

a neutron Pb207 will be formed and subsequent v-ray emission

may leave it in either the 113/2 isomeric state or the pl/2

ground state. As there are known excited states of Pb207,

below 2.4 MeV, with spins g, g and % it is unlikely that any
higher state willl reach the 113/2 state by v-ray cascade
unless its spin is at least %%. To form such a state

requires the emission of a neutron from a spin 1 state with
orbital angular momentum [ > 4. ' Such emission is highly
inhibited, if the neutrons are emitted according to a
statistical process, by the centrifugal barrier.

If the (v,n) cross section curve for PbR08 is assumed
to have the same form as that for natural Pb (Montalbetti,
1953) the relative numbers of reaction proceeding through
a Pbe08 excited state of energy between E, and E, + dEy can

be found by multiplylng the ordinate of the cross section

curve by the number of bremsstrahlung quanta in the energy

range, as found from the tables published by Katz and Cameron

(1951)., The e¢ross section as a function of Ey, and the
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product of the bremsstrahlung quctrum times the cross
section are shown in fig. 2.4. For several excitations E,,
the energy distribution of emitted neutrons was calculated
usinhg the statistical theory developed by Weisskopf (1952).
The nuclear temperatures were calculated from ths excitation
energy, €, available in the residual PbR07, The curves
plotted in fig. 2.5 (s0lid lines) are the prediected neutron.
energy distributions for excitations corresponding to
absorption by Pb08 of y-rays of energy 10.7, 12.7, 14.7
and 16.7 MeV respectively. The area under each curve is
proportional to the corresponding ordinate in curve 2, fig.
2.4.

The emission of low energy neutrons with high angular
momenta is lnhibited by the centrifugal barrier. The
probability of a neutron being emitted with given angular
momentum, 4, and energy, E, is given by the transmission
coefficient Ty(E). These functions have been plotted by
Feld et al. (1951) and are shown in fig. 2.5 (dotted 1line).
It can be :seen that over 80% of the neutrons are expected
to be emitted with energies below 2.5 MeV in a ;egion where
Ts 18 negligible and T4 is below 10%. From these curves it
is estimated that very much less than 1% of the neutrons
will be emitted with L 2 4.

This theory is very approximate but it does seem to

predict a considerably smaller ratio of the ylelds than
that obtained experimentally.



Table II.1

tions by which a yv-ray may be absorbed by szoa.
percentages shown were calculated using values of the enhance-
ment factors and radlal overlap integrals given by Wilkinson
(1956a) and effective charges of qg for protons and -o% for

neutrons.

Relative strengths of the single particle dipole transi-
The

Neutron Transitions Proton Transitions
Percentage of Percentage of
Transition total absorption||Transition total absorption|
liy5/5 = lii5/2 16.0 1hyy /5 - 1113/2 20.3
1113/3 - 1313/2 0.15 1h11/z - 1111/2 0.26
1115/2 - zhll/z 0.80 1h11/a - 289/2 1.10
3p1/2 - Bdz/p 1.22 381/ - 3P3/p 1.68
3p1/2 - 431/2 0.37 351/2 - 5p1/2 0.84
3p3/z - Bdg/p 2.20 2dz /5 = 2fg/p 4.46
Bp3/p - Bdz/p 0.25 2d5/5 - 3pg/p 0.14
3pz/z - 481/p 0.74 2dz/p = 3py/p 0.68
2f5/5 = 28/ 4.66 2d5/p = 2fy/p 6.45
2f5/5 = Bd5/p 0.04 2dg/5 - 205y 0.32
2f5/5 = Bdg/p 0.62 2d5/5 - 3Pz/z 1.23
2fy/s - 28g/n 6.02 lgy/z = lhg/p 13.2
28y /5 - 2873 0.17 lgy/z - 2fy/g 0.03
2fy/p =~ 3dg/3 0.87 lgy/z = 2853 0.74
lhg/z - 1111/2 11.2 lgg/z - 2f7/2 0.97
lhg/p = agg/z 0.02 lgg/z - lhg/z 0.31
lhg/z = 28y/2 0.59 Total = 52.71%
lhyy /2 - 289/2 1.36
1hyy /5 = 1119 /2 0.33
Total = 47.61%
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The theory of photodisintegration proposed by Wilkinson
and discussed in the introduction provides an interpretation
in terms of the resonance direct effect which comes closer
to predicting the observed ratio. If the absorption of
Yy-rays by the Pb208 pucleus takes pPlace by single particle
transitions, and if some of the nucleons thus excited are
emitted directly, certain of these events will leave the
Pb207 nucleus in the isomeric state. An approximate
calculation of the numbers of these events can be made.

Using the enhancement factors and radial overlap
integrals given by Wilkinson (1956a) and the effective
charges e% for protons and e% for neutrons, contributions
of the important neutron and proton transitions were
calculated. Each of these transitions should contribute
the percentage shown in tab;eiE.l to the total dipole
absorption assuming they are all of equal energy. If the
energies of the individual transitions were known the
percentages should be corrected for the increase in the
transition probability proportional to (E.)2 and for the
reduction of the number of quanta in the bremsstrahlung
spectrum with increasing energy, Ey. From table IT.1l it
mey be seen that there are three possible transitions for
neutrons in the 1;z/5 shell. Direct emission of one of
these neutrons will leave the unperturbed core with one
unpaired neutron in the 115/2 state, the configuration
corresponding to the isomeric state of Pb207, The
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probability for such emission is given by Wilkinson as

c - 2kPh®/MR

W

= wave number of execited nuclecn

mass of nucleon

U B K
i

W represents the complex part of the optical model

potential of the nucleus and measures the interaction

strength between the excited nucleon and the core. Wilkinson

suggests a value, for lead, of 2W = 3 MeV.

P is the penetrability through the barrier which, for
neutrons, is purely centrifugal and is therefore equal to
Tl(E) for a neutron of orbital angular momentum £ and
energy E (see fig. 2.5).

The energy of neutrons emitted from the 1315/2 or
2hyj /p states leaving the Pb207 in the isomeric state will
be given by

E=Ey~ 7.3 MeV = 1.6 MeV
where 7.3 MeV is the separation energy of a neutron from
Pb208 1.6 MeV is the excitation of the isomeric state in
Pb207 ang E, the energy of the incident Y-ray.

transition, which gives the second strongest absorption,
occurs at the centre of the glant resonance then E, = 13.7
MeV, E = 4.8 and the value of T, is sufficiently small to

make the contribution of the resonance direct effect

= radius = 1.35 x 10134 ¢m =8 x 10-13 gm for PbRO8
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negligible (= 0.5%). The energy of the transition, however,
may be somewhat higher. Wilkinson estimates that 1t occurs
at 1.05 times the energy of the hll/z'_’ils/z proton
transition, the strongest single transition. If we accept
this ratio and set the latter at E, = 13.7, then E for the
J15/2 neutron becomes E = 5.5 MeV and the contribution of
the resonance direct emission = 0.7% of the total number of
transitions. TgpE increases very rapidly with E in this
region and thus for the transition to contribute the full
measured value of 2.2% it would only be necessary to assign
it to a v-ray absorption energy of 15 MeV. Thus the con-
tribution of the resonance direct emission, associated with
this transition, to the formation of the 1someric state
depends critically on the energy difference between the
113/3 and 315/2 states. Avallable nuclear data does not
permit a decisively accurate calculation of this energy
difference but a value which would allow the transition to
contribute the whéle observed yield of the isomeric state
is not unreasonable.

The transition of an 113/3 neutron to the 2h11/2 state
might also make a significant contribution. Its strength
as shown in table II.l is only 0.81%. However, as it involves

a change in principal quantum number, it is expected to occur

at considerably higher emnergy than the transition to the

315/2 state—~in the analagous case for protons in lead

Wilkinson places the lh — 2g transition at approximately
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twice the energy of the lh — 11 transition. If the
113/2-—»2h11/2 energy difference is near the top of the

observed giant resonance at say, 1l7.9 MeV then its strength

17.9\3
13.7) over

the strength for transitions at the giant resonance peak

would be expected to be enhanced by a factor (

but reduced by a factor 0.62 for the reduced number of
bremsstrahlung quanta giving a net enhancement of l.4. As
the penetrability of the centrifugal barrier is in this
case Tg(E), the total contribution to the isomeric state
would be about 0.8%.

Thus with reasonable assumptions about the transitions
the resonance direct emission of neutrons excited by dipole
absorption from the 1;5/p level of Pb208 can account for
the observed ratio of the production of the isomeric state
of Pb207 to the production of the ground state whereas
simple calculations with the statistical model predict a
much smaller ratio. This experimental evidence thus
strengthens the arguments in favour of Wilkinson's interpre-
tation of the photodisintegration process.
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CHAPTER III THE SEARCH FOR AN ISOMERIC STATE OF Mno%

Section 3.1 The Nucleus Mn%4 (z = 25, N = 29)

The experiments discussed in the previous chapter wers
shown to throw light on the theoretical understanding of
photonuclear reactibns. In Chapter I it was also shown that
the interpretation of long lived excited states of nuclel
was one of the important applications of the shell model.

A search was therefore made for other nuclei with isomeric
states which had not been fully investigated and which might
be produced by photonuclear reactions.

A report on a pg-decay of half-life about 2 minutes was
published by Caldwell and Stoddart (1951) and this activity
was assigned by them to an isomeric state in MnS4 (Caldwsll,
1951 and 1955). The activity was produced by bombarding
iron with 10 MeV deuterons and 14 MeV neutrons. The assign-
ment was based on the relative strengths of the sources
produced in natural iron targets and Fe94 enriched targets
and the assumption that the reactions taking place were
(d,2p) and (n,p) respectively. Caldwell (1955) also reported
that similar g-activities had been produced by 18 MeV protons
in spectrographically pure targets of manganese and ironm,
presumably by the reactions Mn®9(p,pn) and Fed7(p,«) but that
preliminary attempts to produce it by the reaction Mn95(y,n),
and by the reaction 0r54(p,n) using 10 MeV protons, were
unsuccessful. |

Considerable information about the ground state of MnY4
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and about the neighbouring isotopes Cr93 (29 neutrons ) and
Mno® (25 protons) was available and prediections could be
made on the basis of the shell model about other states of
MnS4,

The spin of Cr°% was measured by several methods (see
Nuclear level schemes, 1955, for references) and found to
be % which suggests that the lowest state for the single
neutron outside the closed shell at N = 28 is the 2p5/2
state and not the nearby rs/z state.

Mn 99 is, however, one of the exceptions to the single
particle shell model predictions of ground state spins and
parities. 1Its 5 protons in the f§/2 shell couple together
to form a state of spin g (Nuclear level schemes, 1955).

54 will thus probably depend

The ground state spin of Mn
on the particular configuration of five f7/2 protons and
one p3/2 neutron which gives lowest energy and would be
expected to have a spin between 2 amnd 5.

The electron capture decay of the Mno4 ground state to
crS4 was well known and the energy difference between the
ground states of the three isobars Cro4, MnS4, and Fe54 had
been established. The ground state spin and parity of Mn 94
seemed almost certainly 3+ (Nuclear level schemes, 1955).

The existence of states of very high spin in this region
of the periodic table was both predicted by Flowers (1952)

and confirmed by experiment--e.g. the Sc44 isomeric state of
spin 6 or 7, the VOO0 ground state of spin 6--and therefore
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the existence of an isomeric state in Mn°%4 seemed quite
reasonable. Such a state would be capable, at least from
energetic considerations, of decaying by emission of
negatrons, positrons or Y-rays. As the detection of Y-rays
would permit the efficient use of a thicker source than
could be used for detecting p~ -particles and as Y-rays
would be present in either of the last two types of decay,
and possibly in the first one, it was decided to search for
a Y=-ray activity connected with this.radioactivity.

If the reported activity was in fact the decay of an
isomeric state of Mn5%4 1t seemed reasonable that it could
also be produced by Mn55(Y,n).

Section 3.2 The Experimental Search for the Reported

Isomeric State

Solid sampies of spectrographically pure manganese were
irradiated in the 23 MeV peak energy bremsstrahlung beam
from the syﬁchrotron and quickly removed to a seintillation
spectrometer consisting of a 12" diameter by 2" long NaI(Tl)
erystal, a DuMont 6292 photomultiplier, and conventional
electronics. It was found that a considerabls Mn®6 activity
was produced in the sample by neutrons in the beam and this

unwanted background was reduced by placing around the

manganese target 4" of paraffin and a 0.01l" thickness sheet

of cadmium.
The pulse height spectrum from the scintillation
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spectrometer was displayed on a 100 channel pulse-height
analyser. Spectra were obtained for several short counting
periods after each irradiation in order to be able to
separate any short lived activities from longer lived
backgrounds such as the Mn%6 of half-life 2.6 hours.

The spectra shown in fig. 3.1(a) represent the counts
obtained during the periods from one to seven minutes after
the end of the irradiation and from 16% to 224 minutes
after irradiation. 1In spectrum 1 there are peaks at 0.51
MeV and 0.85 MeV and in specetrum 2 & peak only at 0.85 MeV.
In fig. 3.1(b) is shown the difference, 1 - 2, showing that
the only short lived Y-ray is the one at 0.5l MeV. Several
other runs with different amplifier gain settings, to look
for higher or lower energy Y-rays showed the same peaks and
no other short lived Yv-rays.

Using a single channel pulse height anaiyser set to
accept pulses in the 0.51 MeV total energy peak, the decay
rate was measured. The counts from six such runs were added
to reduce the statistical error and the results are plotted
in fig. 3.2. The half-life thus obtained is 2.2 * 0.2
minutes.

The energy of the Y-ray suggested that it was positron
annihilation radiation: this was confirmed by a coincidence
experiment. The irradiated manganese was placed between two
2" x 13" diameter NaI(Tl) erystal spectrometers arranged

coaxially face to face. The pulses from one photomultiplier
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went to the single channel analyser set to accept those
from the 0.51 MeV total energy peak and its output was used
to gate the 100 channel analyser. The pulses from the
other photomultiplier were fed to the input of the 100
channel analyser. The coincidence spectrum thus obtained
showed a peak at 0.51 MeV. A second run was made with the
crystal axes perpendicular and the centre of the source
located at their intersection. The counting rate was
negligibly small showing that the 0.51 MeV coincident y-rays
had a strong 1800 angular correlation and thus confirming
that they were positron annihilation radiation. The
coincidence counting rate was small but a decay curve was
plotted and the half-life found to be 2.0 * 0.5 min. in
agreement with the earlier measurement.

It was thus shown that irradiation of manganese with
bremsstrahlung of psak energy 23 MeV produced a very weak
positron activity of half-life 2.2 * 0.2 min. and no other
detectable Y-rays.

An attempt was made to measure the positron end point
energy. A thin NaI(Tl) crystal, approximately circular and
about 13" diamete: by'%" thick, was used to detect the
positrons. A pilece of manganese 0,010" thick was irradiated

for 4 minutes and placed against the thin NaI(Tl1l) crystal.

Pulses from counter 2 (see fig. 3.3) were passed to the

single channel analyser and its output used to gate the

100 channel analyser which recorded the coincident pulses
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from the thin crystal. Thus the spectrum of pulses in the
thin crystal in coincidence with 0.51 MeV annihilation
radiation was obtained and the p~ backgrounds eliminated.
The counting rate and spectra were obtained for the period
from 1 Yo 4 minutes after each of 6 lrradiations and added
together. From their sum was subtracted the sum of the
spectra obtained during the periods from 11 to 14 minutes
after each irradiation. Thus the effects of long lived
activities were eliminated. The resulting spectrum was
consistent with a A+ end point emergy of approximately

2.0 MeV.

The weakness of the activity, its positron decay, half-
life and end point energy all suggested that it might be due
to 015 produced by (v,n) reactions in a very small amount
of oxygen impurity, possibly due to surface oxidation of the
manganese samples. This possibility is further discussed
below.

Another possible method of production of Mn54* was
Mn55(n,an) and samples of the pure manganese were therefore
irradiated with 14 MeV neutrons from the H?’(d,n)He4 reaction
for 4 minutes and then removed to the v-ray spectrometer.

In the ungated y-ray spectrum a strong peak was observed
due to a short lived v-ray of 1.40 MeV. This was assigned
both by its half-life and energy to the decay of V92 which
could have been produced by the MnS5(n,a)V92 reaction.

y-rays from Mn®6 decay were also observed but no 0.5 MeV
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y-rays of sufficient intensity to be detected in the
presence of the other activities. To confirm this result
another sample was irradiated and the Y-ray spectrum in
coincidence with 0.5 MeV pulses was measured with the source
between the crystals. An aluminium absorber between each

of the crystals and the source prevented A-particles from
being detected. Although a small number of real coincidences
was observed there was no sign of a peak at 0.51 MeV and

the counts could be explained as coincldences betwsen
bremsstrahlung from the V92 p'-particles and the associated
crd2 Yy -rays.

If the weak g*-activity produced in manganese by
irradiation with 23 MeV bremsstrahlung was indeed to be
assigned to the decay of the same state as produced by
Caldwell then it should be detectable in samples of iron
irradiated with fast neutrons. As separated isotopes were
not available natural iron targets were irradiated with
14 MeV neutrons. Positrons were detected in the resulting
decay but the measured half-life of about 9 minutes suggested
that they were due to Fe 93 produced by the reaction
Fe94(n,2n)Fe®3., The Q-value for this reaction is -13.2 MeV
(Nuclear level schemes, 1955) and it was therefore possible

to utilize the variation of energy with angle of the neutrons

from H3(d,n)He4 to reduce it. The energy of the deuteron

beam was 160 keV and the effective thickness of the tritium
target (tritium absorbed in zirconium) 70 keV. Thus the
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neutrons in the forward direction had energies from 14.8 MsV
to 15.0 MeV and the energy available in the centre of mass
frame, when interacting with an Fe94 nucleus, was from 14.55
to 14.75 MeV. With the iron target so placed that the
neutrons reaching it came from the tritium target at an

angle of > 130° to ths incident deuteron direction the
maximum energy avallable in the centre of mass frame was

13.3 MeV. Samples of iron irradiated in this latter position
showed no detectable positron activity.

In all the Y-ray measurements aluminium absorbers were
placed between the sources and Nal crystals to eliminate the
direct detection of A*- or A -particles. When the iron
samples irradiated in the 135° position were placed beneath
a geiger counter a short lived activity was detected which,
since it had no 0.51 MeV ¥Y-rays assocliated with it, had to
be é A -decay. 1Its half-life was measured and found to be
1.8 0.2 min.

An attempt was made to measure the end polint energy
using a thin (0.006" thick) iron target and a plastic
scintillator. As the counting rates were low the spectra
from counts following six irradiations were combined. The
result for the end point emsrgy was 2.4 + 0.3 MeV, the low

counting rates making a more accurate measurement unfeasible.

Two independent sets of runs gave similar results. The

half-life and energy measurements permit the assignment of

this activity to the decay of Mn®7 produced by Fe57(n,p)MnS?
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Thus from neutron irradiations of natural iron, no
ﬁ*—activity which could be associated with Mn54*'was
observed and any 2 minute half-life A~ -activity would be
masked by the Mn®7 decay.

At that time Dr. K. G. McNeill, who had collaborated
in some of the preliminary measurements for the above work,
was spending the summer at the University of Saskatchewan
and had avallable a 23 MeV Betatron giving a bremsstrahlung
intensity 20 times greater than that obtainable with the
Glasgow synchrotron and the peak energy of which could be
very accurately'controlled. A sample of the pure manganese
was therefore sent to him and he measured the threshold for
the production of the 2 minute half-life positron activity.
Both the threshold energy and the shape of the activation
curve Jjust above it were identical with those for 016(Y,n)015.
Further, a comparison of the strength of the activity with
that produced in a copper target showed that (i) if it was
due to Mn54* the peak cross section in the giant resonance
region for the reaction Mn55(Y,n)Mn54* was < 3 x 10~29 cm?
and (ii) all the observed activity could be accounted for
by an oxygen impurity of 0.1%. Although this impurity was
considerably greater than the maximum quoted by the suppliers
of the manganese, in view of the possibility of surface

oxidation and the experimental evidence it seemed most likely

that the observed positron activity was 015,
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3ed Conclusions

It was therefore concluded that there was no evidence
for the production of a positron or v-ray activity by
bremsstrahlung irradiation of manganese or by neutron
irradiation of iron. Although a 2 minute half-life negatron
activity might be produced by F954(n,p) it could not be
detected without a separated lsotope target because of the
large amount of MnS7 produced when natural iron was
irradiated with 14 MeV neutrons. Finally, experiments
performed by L. Katz and W. Link (McNeill, 1957) confirmed
that the peak cross section for the production of a short
lived negatron activity by the irradiation of manganese
with bremsstrahlung was < 1028 ¢m® whereas the MnO5(y,n)Mn54
(ground state) peak cross section is 10725 cm®.

The question therefore arises whether it 1is likely that
M S4% might be produced by the Fe54(n,p)mn54* reaction
(Caldwell, 1955) and yet not be formed by a photoneutron
reaction. To consider this, let it first be assumed, for
the sake of argument, that the original Caldwell and Stoddart
result is correct--i.e. that there is an isomeric state of
2 minute half-life which decays by the emission of a negatron
of peak energy 2 MeV. As the MnS4 ground state lies 0.54 MeV
above that of Fed% (Nuclear level schemes, 1955), the isomeric
state must then be 1.46 MeV above the Mn®4 ground state.

The absence of Y-rays in the decay implies that the spin
change involved must be at least AT = 4 and as the spin of
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the ground state is probably 3 (Nuclear level schemes, 1955)
the spin of the isomeric state would have to be at least 7.
As shown in section 3.1, shell model considerations suggest
that this or larger values are quite probable.

Calculations of the probable orbital angular momentum
values for 14 MeV neutrons interacting with nuclei (Katz,
1952) yleld an average valus of lav. = 3.5 but considerable
probability for / values up to 6. Thus the spin of the Fe9d
compound nucleus in the reaction FeS54(n,p)Mn54™ could easily
be the sum of the Fe94 ground state spin, O, plus 6 for the

1 value of the neutron, plus L for the spin of the neutron,

that is %? and therefore exciied states of Mh54, produbed
by subsequent emission of a proton, might be expected to
have spins of 7 or even higher.

The possibility of producing such a state by a photo-~
neutron reaction must next be considered. On the basis of
the Wilkinson model the strongest neutron transition
associated . with the Mn99(y,n) reaction is expected to be
from the closed fy/p shell to the gg/p state and if a
neutron were so excited, and then emitted by the resonance
direct process there would remalin an odd f7/2 neutron and
an odd r7/2 proton which could couple td give a spin 7
intermsdiate state of MnS%, Thus high spin excited states
of Mnd4 could easily be farmed by either the (n,p) or the

(vy,n) reaction.,

Further difficulties arise, however, when the decay of
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the state 1s considered. A 2-minute half-life for a A-decay
of 2 MeV energy implies an allowed transition sb the decay
cannot take place from a high spin state to the spin O ground
state of Fe%%4, So the decay must take place to a higher
spin excited state of Fe94 and the isomeric state must be a
correspond ing amount more than 1.46 MeV above the ground
state of Mn94, The lowest known excited state of Fe4 is
of spin 2 and at 1.41 MeV and suggesting that MnS4* 1ies
more than (1.46 + 1.41) MeV above the Mn®% ground state
requires an even higher spin to inhibit its decay by v-ray
emission with corresponding difficulties of formation of
the state by either the (Y,n) or the (n,p) reaction.
Alternatively the assumption that the pf-decay energy 1is
less than 2 MeV eliminates the spin change difficulties by
permitting the assignment of spin O and an energy of
excitation less than 0.1 MeV to the isomeric state. With
this small energy and a spin changes of 3, Y-ray emission to
the ground state might be sufficiently inhibited to give the
observed 2 minute half-life. Such:a level should, however,
be equally attainable by the Fe94(n,p) and Mn95(y,n)
reactions, and furthermore it would be expected to decay inmn
part by positron emission to the O+ ground state of Cro%.
Assuming a A-decay energy larger than 2 MeV only

accentuates the difficulties detailed above.

To summarize, if the A-decay energy is high it 1is
difficult to interpret the decay of the state and in any
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event its production by the (v,n) reaction should be possible
if it can be produced by FeS4(n,p). If the A-decay energy
were very much lower than reported the decay would be much
more easily éiplicable but a positron branch would be
expected. The experiments show that photoproduction of

such an activity is at most very weak and that there is no
evidence for the production of either a negatron or positron
activity, associated with Mn54, by fast neutron bombardment
of natural ironm.

Since the original rsport of the isomeric state two
other isotopes in this region of the periodic table, Vo3
(Schardt, 1956) and MnS7 (Cohen, 1954) have been found to
have negatron decays of 2.5 and 2.6 MeV energy and 2.0 and
1.7 minutes half-lives respectively.

In view of the these facts the existence of the isomeric

state of Mn®% should not be accepted without reservations.
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CHAPTER IV THE DECAY SCHEME OF Mo9l AND Mo91*

Section 4.1 The Nucleus Mo%l (Z = 42, N = 49)

~ A further search for isomeric states which could be

photoproduced and had not been fully investigated led to an
examination of known isomers with odd neutron or proton
numbers between 40 and S50.

In this region of the periodic table the 89/2 shell
is being filled and the independent particle model predicts
that there will be a number of isotopes in which a 89/2
state and P1/2 state will be ad jacent the upper of these
states 1s then expected to be metastable and to decay by
lepton or Y-ray emission or a combination of both. 1In
these isotopes it is possible for either the 89 /2 OT the
P1/2 level to form the ground state. The former situation
arises when the odd nucleon fills a vacancy in the 39/2
shell; but P1/2 ground states occur in nuclel in which the
pairing energy predominates and the addition of the last
nucleon leads to an extra pair in the 89/2 level leaving an
unpaired nucleon in the P1/2 state. Several isotopes of
each type had been found to have isomeric states, among
them Mo91,

A number of experiments had establishéd the existencs

of two decay modes with half-;i?es about 67 seconds and

15.3 minutes respectively, which could be attributed to Mo®l

(Fuclear level schemes, 1955, contains references to early
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papers on'Mogl). Disagreement had arisen, however, as to
which of the half-lives should be attributed to the ground
state and which to the isomeric state.

In the experiments of Katz et al. (1953) the two
isomers were produced by the reaction Mo92(v,n) end assign-
ments of the 67 second decay to the ground state and the 15
minute half-life to the isomeric state were made on the
basis of measurements which showed the threshold for the
production of the latter activity to be.higher than the
threshold for the former. With th;s assignment and assuming
that no isomeric transition from the upper state to the
ground‘state occurred in the decay the relative (v,n) ylelds
to the two states were calculated from the measured A-particle
‘strengths of the two activities. Finding the 15.5 minute
state more abundant than the 67 second one they concluded
the former was the P1/2 level and the latter the 39/2 level
on the basis of the probable spin changes in the photonuclear
reaction.

Subsequent experiments disclosed, however, a strong
0.65 MeV Y-ray in the 67 second decay, of intensity 2.3
times as great as the positron emission of the same half-
life (Axel, 1955). As the electron capture competing with

the positron emission was estimated to be very small the
0.65 MeV transition had thus to be assigned to a transition

in Mo®l between the isomeric and ground states. It was

further shown that existing discrepancies between the (n,2n)
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and (Y,n) thresholds for the production of Mo%1 could be
resolved, and the measured activation ratio for the two
levels, near the (Y,n) threshold, could be explained by a
67 second, 0.65 MeV, Pl/z isomeric state and a 15 minute,
89/ ground state of Mo91 (Axel, 1955).

Further uncertainty existed in the measurement of the
positron end point energies which had been va;iously
reported as 2.6 MeV (Duffield, 1949) and 3.0 MeV (Katz,
1953) for the 67 second activity and 3.7 MeV (Duffield,
1949), 2.7 MeV (Sagane, 1940) and 3.32 MeV (Katz, 1953) for
the 15.5 minute half-life. Finally, Katz et al. (1953) had
re-analysed the experimental results of Duffield and Knight
(1949) and obtained the wvalue 3.2 MeV instead of 3.7 MeV.

Moreover, v-rays of 1.2 and 1.5 MeV and several other
possible transitions between 1.8 and 2.9 MeV from the 67
second activity, had been reported by Axel (1955) but had
not been assigned places in the decay scheme,

It, therefore, seemed very worthwhile to clarify the
decay schemes of these lisomers and the following experiments

were performed for that purpose.

Section 4.2 Experimental Methods and Results

Mo?l was produced by the reaction Mo®2(v,n)Mo®l by the

irradiation of natural molybdenum in the X-ray beam of a
23 NeV synchrotron.
For examining the *- and v-spectra of the Mo9l, plastic
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and 2-in. thick Nal scintillators were used in conjunction
with DuMbnt 6292 photomultipliers, conventional circuits,
and a 100-channel pulse-height analyser.

In the v-v and ¥-4* coincidence work, there was, in
addition to the above apparatus, a 2-in. thick NalI crystal
spectrometer used with a single-channel pulse-height analyser.
The output from this analyser could operate a gate in the
input of the 100-channel pulse-height analyser. By using this
equipment, the A~ and v-spectra in coincidence with pulses

from the total energy peak ("photopeak") from a particular

y-ray could be determined. Corrections were made, if necessary,

for the fact that Compton recoils due to higher energy v-rays
could operate the gate as well as total absorption pulses
from the desired y-ray. In addition, corrections were made
for the effects of longer lived activitles induced in the
other molybdenum isotopes.

A typical v-ray spectrum of Mo%l and Mo%1* obtained in
this work is shown in fig. 4.1. The spectrum shows the
presence of lines at 0.51, 0.65 * 0.02, 1.20 * 0.02, and
1.50 + 0.02 MeV. The 0.51 MeV y-rays were identified as
positron annihilation quanta. In some of the runs weak
peaks were also present at 1.7 MeV and 2.0 MeV, but these
were thought to be due to the addition of 0.51 with 1.20
MeV Y-rays and 0,51 with 1.50 MeV ¥-rays. This was confirmed
by measurements taken with the source at varying distences

from the crystal. No other evidence was found for lines
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other than the four first given above.

By using the y-spectra obtained in a number of runs,
and knowlng the relative efficiency of the crystal for the
different Y-ray energles, the relative strengths of the
0.65, 1.20 and 1.50 MeV lines were computed. It was found
that the intensities of the rays were in the ratios ‘

0.65 MeV:1.20 MeV:1.50 MeV = 100:39:39.
It will be seen that the two higher energy lines are of
approximately equal intensity.

By using the single-channel pulse-height analyser, set
to accept pulses from the photopeaks of the three lines,
measurements were made of the half-lives of the three v-rays.
All three had the same half-life to within the experimental
accuracy, the average value being 64 + 1 seconds.

With the single-channel pulse-height analyser set on the
photopeaks of the 0,51, 1.20 and 1.50 MeV lines, respectively,
determinations were made of the spectra of Y-rays in
coincidence with these three lines. These yY-Y coincidence
results are presented graphically in figs. 4.2 (a), (b),

(¢), and are summarized below. The range of energy
investigated in each case is given in parentheses.

(a) In coincidence with 0.51 MeV vy-rays (0.2<E <1.8 MeV)
—0.51 MeV, 1.20 and 1.50 MeV Y=-rays.

(b) With 1.20 and 1.5 MeV Y-rays (0.3 <E <2.0 MeV)—0.51

(c) With 1.20 MeV y-rays (0.1<E < 0.7 MeV)=~—0.51 MeV

¥y-rays.
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Thus while the 1.20 and 1.50 MeV lines are assocliated
with a positron decay of the isomeric state, the 0.65 MeV
line is not. Moreover, the 1.2 MeV and 1.5 MeV Y=-rays are
not in coincidence, even though this is suggested by their
having equal intensities. A special search was made for a
0.3 MeV Y-ray which might be expected to be in coincidence
with the 1.20 MeV line (1.5 MeV minus 1.2 MeV) but no such
line was found (fig. 4.2(c¢)). The large number of counts
betwsen 0.1l and 0.3 MeV is due to scattering of the 0.5 MeV
annihilation quanta, and is relatively high because of the
thickness of the source being used. This explanation was
confirmed by using a thick Cu®? positron source for
comparison.

A 0.0l-inch-thick molybdenum sheet was irradiated in
the X-ray beam for 30 minutes, and then placed before a 1l-
inch-thick plastic scintillator, the spectrum from which
was displayed on a 100-channel pulse-height analyser. After
allowing time for the isomeric-state activity to die away,

the positron spectrum of the 15-minute activity was determined.

The average of several runs gave an end-point energy of
3.3 + 0.2 MeV, in agreement with previous measurements of
this energy by Katz (1953).

The observed coincidences between 0.51 MeV quanta and

l.2 and 1.5 MeV vy-rays showed that the ¥-rays followed

positron emission and the complex g*-decay of the 64 second

state was therefore investigated. Immediately after a 2
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minute irradiation in the X-ray beam, a 0.01" thick sheet

of molybdenum was placed between a plastic scintillator and

a 2" thick Nal crystal. As described in a previous para-
graph, the output from the plastic scintillator went to the
100-channel pulse-height analyser, while pulses from the

Nal crystal spectrometer were fed to a single-channel pulse-
height analyser, which in turn operated the coincidence gate
of the 100-channel pulse-height analyser circuit. By a
sultable setting of the single-channel analyser, the spectrum
of positrons in colncidence with either 1.5 or 1.2 MeV y-rays
could thus be obtained.

The attainable.counting rates were small and the results
of fourteen lrradiations were combined for each of the
spectra. The small numbers of counts made an absolute
measurement of the end points of the g*-spectra unreliable
but a comparison of the curves obtained in coincidence with
the 1.20 MeV and.l.50 MeV lines, respectively, showsd that
the former had an end point energy 0.2 + 0.1 MeV higher than
the latter. It is therefore concluded that the A"-decay
proceeds via two excited states of Nb%l one of which
de-excites by means of a 1.20 MeV yY-ray and the other by a
1.50 MeV ¥-ray.

All sources which decay by positron emission can also

decay by orbital electron captufe and the two processes

compete. The relative numbers of the two types of decay to

each of the axcited levels of Nb9l were calculated from the
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theoretical results of Feenberg and Trigg (1950), and the
values obtained are shown in the table of fig. 4.4.

The possibility of a third branch in the positron
decay must be investigated for the following reasons. There
is an isomeric state of Nb°l at an energy 0.105 MeV above
the ground state and these two levels were assigned spins
and parities %- and %+ respectively (Nuclear level schemes,
1955). Either of the probable shell model assignments for
the 64 second state, Pl/z OT &g /3s would permit allowed
transitions to the corresponding state of Nb9l: sueh
transitions would be expected to compete with the decays to
the higher excited states. The positron energy of the decay
would be (3.3 + 0.65) MoV or (3.3 + 0.65 = 0.105) MeV (see
fig. 4.4). The ungated g*-spectra from thin molybdenum
sheets were therefore observed, following 2 minute irradia-
tions in the bremsstrahlung beam. The fifteen minute
activity was also present; to reduce its effect the spectrum
obtained between 4 and 6 minutes after the source was placed
on the counter was sﬁbtracted from that obtalned in the
first two minutes. The results of four irradiations were
added. The combined spectrum showsd evidence of a high
energy positron branch with end-point energy 3.9 £ 0.2 MeV

energy. The large errors were due to the thickness of the

source which could not be reduced because the activity

attainable was extremely weak. These difficulties also

prevented an accurate measurement being made of the relative
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intensity of the high energy branch. It was estimated to
be less than 15% of the total positron decay of the 64
second level.

An alternative method for finding the strength of this
transition is to measure the intensity of the 0.51 MeV
radiation associated with the 64 second decay relative to
the 1.2 and 1.5 MeV ¥y-rays. Each pqsitron decay gives two
0.51 MeV quanta so one half of the number measured is equal
to the total number of positroms, that is &) + 85 +4z. (The 8°
branches are numbered in order of increasing energy, see fig.
4.4). The 1.5 and 1.2 MeV Y-rays follow either a positron
decay or an electron capture event and thus vi+ v, = Alﬁ-él+
g + €5, The geometrical effects on the counting rates were
the same for the v-rays and the annihilation radiation because
with the thick sources used in this part of the experiment
virtually all the positrons stopped in the source or in the
aluminium absorber between it and the scintillator.

Measurement of the ratio of the intensity of the 0.51
MeV line'associated with the 64 second activity to the
intensity ¥ t ¥y was complicated by the necessity of
subtracting the contribution of the 15 minute annihilation
radiation from the observed spectrum. The longer lived

activity arises both from direct production during the

irradiation and from the y-decays of the 64 second state.
Axel et al. (1955) estimated from their own preliminary

experiments and from a re-analysis, using the correct decay
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scheme, of the measurements of Katz et al. (1953) that for
bremsstrahlung energies well above threshold approximately
one half of the 15 minute activity resulted from the decay
of the isomeric state and half was produced directly. TUsing
this ratio and assuming a small value for Az, the relative
contributions of short and long lived decays to the 0.51 MeV
peak were calculated. The ratio of g* emission from the 64
second state to the combined intensity ¥; + ¥, was found to
be 1.0. The transition g5 is therefore equal in intensity
to the sum of the electron capture transitions to the higher
excited states, 1l.e. 83 2 6%, which justifies the assumption
made above.

Finally, the 64 second state ecan also decay to the Mo91
ground state by the emission of conversion electrons. Taking
account of the contributions from both the XK and L shells
the ratio of conversion electrons to rv-rays was estimated .
from the tabulated theoretical values given in Siegbahn
(1955). The value thus obtained was e/y = 0.036. It is of
interest to see how this value compares with experimental
results for other M4 transitions betwsen %-— and gﬁ-states
in the same region of the periodic table. Values of e/y for
nine odd-neutron and three odd-proton M4 isomeric transitions,

obtained from Strominger (1958) are plotted against the

energy of the transition, Ev, in fig. 4.3. The values of

e/y are plotted on a logarithmic scale just to facilitate
interpolation. The points lie close to a curve which gives
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e/y = 0.05 for EY = 0.65 MeV. There is thus close agreement
between the value predicted theoretically and that obtained
by comparison with experimental values for other similar
transitions. The best estimate will 1ie betwsen the two
given above and e/y = 0.04 has been used in the deecay schems.
The relative intensities of all the radiations from the

64 second state of Mo%l are shown in fig. 4.4.

Section 4.3 Discussion of the Decay Scheme

The radioactive decay scheme shown in fig. 4.4 has been
drawn up on the basis of the experimental results described
above together with certain information from previous
experiments by other authors.

The assignment of the 0.65 MeV Y-ray to a transition
between two states of Mogl, suggested on the basis of
intensity measurements (Axel, 1955) is conclusively
established by the present experiment which shows that it
is not in coincidence with positrons or with other Y-rays.
The 64 second activity must then characterize the decay of
the excited state and the 15 minute half-life be associated
with the ground state of Mo9l, The arguments of Axel et al.
concerning the spins of the states are thus strengthened and

the assignments of P1/2 and g9/2 to the upper and lower

states, respectively, are confirmed. Reasons for accepting

a similar order for the levels of NbYl are given in Nuclear

level schemes (1955).
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The relative ensrgles of all the states can now be
established. The measured end point of A4 (fig. 4.4)
locates the Mo91l ground state relative to the Nb9l ground
state and the energy of the isomeric transition gives the
position of the metastable state of Mol as 0.65 MeV above
the ground state. The transitions 4, and 4; have allowed
ft values and therefore involve a spin change of 1 or 0 and
the succeeding ¥Y-rays most probably go to the low spin
member of the Nb9l isomsric pair. The energies of the second
and third excited states of Nb%! are then fixed at 0.1 + 1.2
MeV and 0.1 + 1.5 MeV. The possibility of the two Y-rays
starting from the same level and de-exciting to two lower
levels 1s excluded by the absence of 0.3 MeV Y-rays and by
the measured difference in energy of the positrons in
coincidence with them. Knowledge of the positions of these
levels permits the calculation of the end point energies of
Ay, Ap and Gz as 2.35 MeV, 2.65 MeV and 3.85 MeV, respectively.
The first two of these values are consistent with the coinci-
dence positron spectra obtained and the energy difference of
0.3 MeV between 4y and S is in agreement with the measured
value of 0.2 + 0.1 MeV.

The percentages shown express the relative strengths

of the possible decay channels of Mogl* and from these, the

partial half-lives of all the branches are calculable.
The transition probabllity for the 0.65 MeV Y-ray is

of particular interest for the reasons discussed in section
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1.4(11i), dealing with isomeric states. The partial half-
life of the 0.65 MeV ¥Y-ray, obtained from the measured half-
life of the state and the percentage of the transitions
proceeding by this branch is 123 * 6 seconds, equivalent to
a mean life of 178 * 9 seconds, Welsskopf's formule, with
the statistical weight factor included predicts a mean life
of 125 seconds. As the formula makes the very simplest
assumption about the nuclear wave function this is good
agreement. The observed value belng slightly greater than
the theoretical estimate 1s in fact a common feature of M4
transitions.

The reasons for assigning the spins and parities shown
in fig. 4.4 to the levels of Mol and to the two lowest
energy states of Nb9l have already been given., The values
shown in brackets beside the third and fourth states are
tentatively suggested by the following arguments. The
positron decays to the 1.3 and 1.6 MeV states of Nb91 have
log £t values of 4.6 and 4.3 respectively and are thus
certainly allowed and the states are therefore thought to
be of odd parity and spin either % or %. The latter value
can be simply explained by the shell model. If the con-
figuration of the ground state is (Pl/z)zgg/z then the first
excited state 1s formed by execiting a P1/2 proton to the

&9/2 level. This state, with configuration (pl/z)l(gg/z)z,

will have a spin of %-—: it lies very close to the ground

state because the pairing emergy in the 89/2 state is muech
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higher than for a pair of pl/g protons and the difference
almost compensates for the single particle excitation. The
next excited state may then be formed by raising a D3 /2
proton to the Pl/é state. This leaves (ps/z)a(pl/z)z(gg/z)2
and the three P3/2 protons can couple in different ways to
give a resultant spin g. If the interactions between the
protons remove the degeneracy of these states them both the
1.3 and 1.6 MeV states may be assigned to the same configura-
tion and the resultant spin and parity %-— would permit
allowed gt transitions from Mo91*,

The 3.85 MeV positrons, 4z, connect two states of spin
and parity %- and the transition is therefore an allowed
one. Its log ft value of 6.3, found in this experiment, is
therefore rather large. In the table of A-decays of odd A
nuclei given in Siegbahn (1955) there are listed fifty-three
- allowed transitions of which only four have log ft values
over 6.0: however, of the four, three are positron decays
in the same region of the periodic table as Mogl, and two
of these transitions are between pj /2 initial and final
states. It therefore appears that some effect, as yet not
understood, may operate in this shell to inhibit A-transitions
in which a P1/2 neutron or proton transforms into a P1/2
proton or neutron and the measurement of the dscay constants
of other examples of these transitions would be of particular
interest.

By establishing the details of the decay scheme the
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validity of the shell model description of the nucleus in
this region of the periodic table has been further confirmed.
The transition probability for the M4 Y-rays from the
isomeric state has been shown to be in good agreement with
the experimental values for other M4 transitions and to agree
with the present theory as nearly as may he expected in view

of the approximations used in 1its derivation.
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CHAPTER V THE DECAY SCHEME OF 1128

Section 5.1 The Nucleus I128 (Z = 53, N = 75)

In section 2.2(11) the method of detecting photoneutrons
by the activity which they induced in a NaI(T1l) crystal was
described. The neutrons captured in the I127 nucleus
produced radiocactive 1128, At the time of these experiments
the decay scheme of I128 had not been clearly defined. A
more complete knowledge, it was seen, might yield informa-
tion about the 1128 ground state and the low lying excited
states of the neighbouring stable isobars Tel28 and XelZ28,
The spins and parities of odd nuclel can throw light on the
‘mode of coupling of several particles outside closed shells.
The known flrst and second excited states of medium weight
even nuclel showed some remarkably regular features (Scharff-
Goldhaber, 1955) which could be interpreted in terms of
collective oscillations of the nuclear core. Further
experimental evidence to confirm or refute the empirical
trends could contribute to the strength of the theoretical
conclusions.

The shell model assignments for the odd proton and odd
neutron of 531128 are subject to some doubt. The three
protons outside the closed shell at Z = 50 might be expected

to occupy the g7/2 level (see fig. 1l.1l) but 1127 has a

ground state spin of g (Mack, 1950) suggesting that the

proton 2d5/2 state lies Jjust below the 1g7/2 level. With 75
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neutrons the lhll/z sub-shell, which closes at N = 82, must
be partially full. ~The large pairing energy in the hll/z
state prevents the occurrence of any %%- ground states for
odd neutron nuclei in this region. Considering the pairing
energy and fig. 1.1l .one might predict the configuration
(331/2)1(11111/2)6 and a ground state spin and parity of %+
like Xel29 6 one of the adjacent isotones of 1128, put Tel27
which is the other neighbouring isotone of 1128 was assigned
a 54- ground state because of its allowed B-decay to I127
(Day, 1955). Thus the probable states are either 2d3/2 or
383 /p for the odd neutron and 2dg5,/3 or possibly lggp/p for the
odd proton. The d3/2 and ds/p combination gives, according
to Nordheim's strong rule, the definite assignment of 1+ to
the I128 ground state but the other possibilities yield many
possible values for the resultant spin.

The A-decay of I128  of half-life 24.99 minutes (Hull,
1941) was shown to be complex (Sieghbahn, 1946) and to have
a maximum energy of 2.02 MeV. Siegbahn also found a v-ray
of 0.429 MoV but more recent work (Wapstra, 195%) amended
its energy to 0.455 * 0.005 MeV and reported a second yv-ray
at 0.98 MeV. The fraction of the 1128 decay proceeding to
Tel28 by orbital electron capture and p*-decay was measured

relative to the M4 -decay by means of a mass spectrometric

analysis of the decay products (Reynolds, 1950). Scintilla-

+=
tion counter studies showed that & -2
" 4 < 1000

decay to Tel28 must be electron capture, which was confirmed

, S0 that the
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by measurements of the accompanying Te X-rays (Mims, 1951).
The same authors showed that K-capture accounted for

6.3 £ 0.7% of the decays. Another y-ray measurement
(Germagnoli, 1953) gave an energy of 0.439 MeV. Thus the
Y-ray spectrum and the decay scheme required further
clarification.

[Note: The experiments described below were begun
during July, 1955, and studies of the y-ray spectrum, A=Y
and Y=Y coincidences had determined the decay schéme prior
to receipt of two publications on the same subjJect (Benczer,
1955 and 1956, and Gupta, 1956). The experiments to show
that the 0.75 MeV ¥Y~-ray was in coincidence with the electron
capture branch were completed after this date. However, the
possibility of an unreported Y-ray in that branch and the
confirmation bf the previous results by a different experl-
mental technique was deemed adequate Jjustification for

continuation of the work in progress.]

Section 5.2 Experimental

The investigation of the decay scheme was carried out
in four parts: (1) measurements of the energies and relative
intensities of the y-rays, (ii) ¥Y-Y coincidence experiments,

(1i1) measurements of the maximum energies of the A -

components in coincidence with three of the y-rays and (iv)
a coincidence experiment to show that one of the y-rays was

in the electron capture branch.
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(1) The v-ray spectrum

1128 was produced by exposing iodine to neutrons from
a set of antimony-beryllium sources. The five sources were
situated near the centre of a tank of water for shielding
purposes and the iodine samples were placed nmear their
geometric centroid. The sources had a combined antimony
activity of 2 curies. The water also served as a moderator
and inereased the number of neutrons with energies in the
range from 2 to 600 eV in which the strong neutron capture
resonances of liodine occur.

The Y-rays were detected in a 2" long by 12" diameter
NaI(Tl) erystal mounted on a DuMont 6292 photomultiplier
and after amplification the resultant pulse-height spectrum
was recorded on a 100-channel pulse-height analyser. An
aluminium absorber was placed between the crystal and the
source to prevent the A -particles from entering the
scintillator. A semi-log plot of a typical spectrum is
shown in fig. 5.1. The energy scale was calibrated using
Hg?03, 8137, Na22 and Zn®% sources which give ¥-rays of
ensrgy 0.279, 0.662, 0.51 and 1.276, and 1.114 MeV respectively.
The spectrum was analysed using experimental spectra for
single ¥-rays to determine the contribution of the compton
distribution of each peak to the lower part of the energy
spectrum.

Having thus found the total number of counts from each
of the Y-rays it was possible to correct theoretically for

the total absorption efficiency of the crystal at each
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energy and determine the relative intensities of the Y-rays.
The measured energies and relative intensities of the Y-rays

are given in table V.1l.

Table V.1
Transition Eﬁ;ﬁﬁf Intensity
¥y 440 t+ 8 100
¥s 540 * 8 12.2
Y 745 * 9 2.65
Y4 980 * 10 5.0

The analysis of the spectrum showed that there was a
larger number of counts in the region of 640 keV than could
be explained by the compton distributions of the other y-rays
but several attempts falled to resolve a peak in this region.
This evidence, however, suggested that a search for a y-ray
of 640 keV should be made using coincidence techniques.

(ii) ¥-¥ coincidences

In these experiments a source prepared as described
above was placed between two NaI(Tl) scintillation
spectrometers of the type described above. The output of
one was amplified and fed to a single-channel pulse-height
analyser with an aceceptance channel which ecould be varied
in width and energy. Its output was used to gate the 100-
channel pulse-height analyser to which was fed the spectrum

of pulses from the second spesctromster.
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Spectra were taken with the single channel set to
accept pulses from each of the photopeaks in turn. Those
obtained with the gate set on the 0.44 MeV peak and the
0.54 MeV peak are shown in figs. 5.2 and 5.3. In the
former some low energy pulses from the 0.54 MeV peak
operate the gate and the coincident 0.44 MeV Y-rays have
almost prevented the resolution of the 0.54 MeV line. The
latter, howsver, clearly shows that the 0.54 MeV pulses are
in coincidence with 0.44 MeV pulses. No Y-rays were found
in coincidence with 0.98 MeV Y-rays. The strongest I128
sources which could be obtalned were not sufficiently
intense to deny emphatlically the posslbility of ¥-rays in
colncidence with the 0.75 MeV line. An upper limit of =
50% of the intensity of the 0.75 MeV line could be placed
on such coincidences if they existed.

(iii) A-Y coincidences

The technique of producing I128 in a NaI(Tl) crystal
was employed to provide "zero thickness" sources for a study
of the low energy branches of the A -decay. Crystals were
packed in aluminium cans with aluminium oxide as diffuse |
reflector and thin glass windows, 0.035" thick. The neutron
irradiation produced no confusing activities in the aluminium

and those from such thin gléss were of negligible intensity.
Crystals were irradiated in the same position as the iodine

sources. It was found, however, that a strong phosphorescencs

was produced in the crystal which decayed at first exponentially
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with a 6 minute half-life but contained a long lived non-
exponential decay which reached half its original intensity
in about 65 minutes. These effects were thought to be
caused by the strong flux of Y-rays from the source and not
by the neutrons. They were satisfactorily reduced by
surrounding the crystal by a 1" thickness of lead.

The irradiated crystal was mounted on a DuMont 6292
photomultiplier and the spectrum from it fed to the 100~
channel analyser. Y-rays leaving the radioactive crystal
were detected in the scintillation spectrometer described
above, the pulses from which, after selection by the
single-channel analyser, were again used to gate the 100-
channel analyser. The resultant spectrum thus contained
pulses from g-particles in coincidence with ¥Y-rays.

The spectra shown in figs. 5.4 and 54b were obtained
with the window set on the 0.98 MeV and 0.54 MeV photopeaks
respectively. The graphs shown are Kurle plots of the spectra
after a correction had been applied for the small amount of
Na24 formed in the crystal during the neutron irradiation.
As 1ts decay contained ¥-rays some coinecidence counts
resulted from it. But the half-life of Na®4, 15 hours, is
long compared to that of I128, g0 its coincidence spectrum
was measured after the I128 had decayed away, and was

subsequently subtracted from the observed spectrum.

The measured end point energies are 1.13 * 0.03 MeV
for the A4 in coincidence with the 0.54 MeV v-rays and



0.5

10
P* ENERGY - MeV



97

1.20 * 0.05 MeV for the A 1in coincidence with the 0.98 MeV
Y-rays. The estimated error for the latter value is larger
because of the lowar counting rate available owing to the
low intensity of the 0.98 MeV Y-ray.

The spectrum in coincidence with the 0.44 and 0.54 MeV
photopeaks together was found to be complex. The higher
energy component has an end point energy of 1.67 * 0.03. It
was agsumed to have a linear Kurie plot and its contribution
below 1 MeV was estimated from the extrapolated straight
line. The remaining counts, after subtraction give a
straight line Kurie plot with an end point energy of
1.15 + 0.03 MeV® All these results are consistent with the
decay scheme shown in fig. 5.7 which shows that the 0.98,
0.54 and 0.44 MeV Y-rays all follow g -emmision.

The place of the weak 0.75 MeV ¥Y-ray in the decay scheme
was 8till undetermined. Owing to its low intensity and the
confusioﬁ caused by low energy pulses from the 0.98 MeV
¥-rays, the method described above for studying the spectra
of g -particles in coincidence with the other ¥-rays was
impracticable. An attempt was therefore made to find out
whether the 0.75 MeV y=-rays followed A -decay or electron
capture.

The spectrum of Y-rays from the irradiated crystal was

observed by feeding the output of the scintillation spectro-
meter to the 1l00-channel analyser and was compared to the

same spectrum gated in coincidence with any pulse above

jtSee Fig. 5.5,
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0.1 MeV in the radioactive crystal. The 0.98, 0.54 and 0.44
MeV Y-rays appeared in the gated spectrum. However, the
0.75 MeV ¥-ray appeared in the ungated spectrum but not in
the coincidence spectrum. This suggested that the 0.75 MeV
¥-ray was not in the g~ branch, but as the peak was scarcely
resolved the evidence was inconclusive. Further experiments
were therefore undertaken, to see if the 0.75 MeV Y-ray was
in coincidence with Te X-rays and therefore in the electron
capturs branch.

(iv) X-ray - ¥Y-ray coincidences

In these experiments a NaI(Tl) crystal was irradiated
and the pulses from the I128 decay in it were fed to the
single~-channel analyser set to accept 20 to 34 keV pulses.
Thé spectrum of Y-rays emitted by the radiocactive crystal
was detected by a 2" Nal scintillation spectrometer and
displayed on the 100-channel analyser. The spectrum was
gated by the output of the single-channel analyser.

The pulses accepted by the single-channel analyser were
those due to (1) low energy Q& -particles, (ii) Te X-rays of
27 keV following electron capture in I128, Thus the
coincidence spectrum will contain v-rays 1n coincidence with
A-particles and X-rays but the ratio of the latter t0 the

former should be enhanced relative to the ungated spsctrum
as only a small fraction of the A~ pulses are accepted by

the single-channel analyser.

Fig. 5.6 shows the ungated spectrum and a coincidence
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spectrum with roughly equal numbers of counts in their 0.44
' MeV peaks. It is seen that the 0.75 MeV peak appears in
the colncidence spectrum and not in the ungated one. Thus
the 0.75.Mev line is shown to be in coincidence with X-rays
of about 27 keV energy. The 47 keV Y¥-ray from RaD was used
to calibrate the gain of the single-channel analyser, before
irradiation of the crystal.

Many similar runs were carried out to try to decide
whether there was also a very weak Y-ray at 0.63 MeV. 1In
most of them there 1s slight evidence for a peak at that
energy but it is inconclusive. As the gain of the 1l00-
channel analyser varied by 2 or 3% from day to day it was
impossible to add all these runs directly and thus obtain
good statisties in that reglon.

- If the transition exists and is in the electron capture
branch then it is a Tel28 y-ray. Sbl28 is thought to decay
to Tel28 and if such a ¥-ray were found in its decay the
energy of the state in Tel28 might be determined. An
attempt was therefore made to study the decay of Sple8,

The isotope can be made by Tel28(n,p)Sbl28, Irradiation
of natural tellurium with 14 MeV neutrons produced pre-
dominantly the radiocactive tellurium isotopes by (n,2n)
reactions. It was therefore necessary to separate the Sb
from the Te after irradiation.

A chemical procedure was evolved by which the Sb could

be extracted from 20 grams of sodium tellurate in about 10
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minutes. Samples of sodium tellurate were irradiated with
the maximum flux of 14 MeV neutrons available and then the
Sb was separated as quickly as possible. Y-ray spectra
showed prominent lines at 0.32, 0.42, 0.50, 0.70 and 0.77
MeV associated with decajs having half=lives ?rom about 10
.50 20 minutes. Attempts were made to“find coincidences
between the various transitions but with the neutron flux
available (w 10° neutrons/second) it was impossible to make
sufficlently strong sources to distinguish the several
decays. At least five half-lives between 7 and 40 minutes
have been variously assigned to Sb isotopes between A = 126
and A = 130. With considerably stronger sources the
application of coincidence techniques and the knowledge,
from other experiments, of the energy levels of the
corresponding Te isobars might permit a more definite
assignment of these decay schemes. However, no evidence
was found for a v=-ray of 0.63 MeV.

On the basis of the experimental results a decay scheme
can be drawn for 1128 and is shown in fig. 5.7. Supplemental
notes on this decay scheme follow:

(1) The fact that Yp,-Yy coincidences were found shows
that they are in cascade.

(1i) The presence of negatrons of the same energies in
coincidence with both ¥35 and v, shows that the latter is the

crossover transition from the second excited state to the

ground state.
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(iii) The 1.67 MeV negatrons feed the first excited
state and thus explain the greater intensity of v, than vp.

(iv) The 0.75 MeV Y-ray is assigned to the electron
capture branch because of its coincidence with K X-rays.

(v) The energy of the ground state transition, A4z, was
estimated from the energy of 4 + the energy of ¥;. An
ungated spectrum of the pulses in an irradiated crystal
confirmed this value.

The ratio of the ungated counting rate in the irradliated
crystal to the counting rate in coincidence with 0.54 and
0.45 Y¥-rays, together with the calculated efficliency for
detection of the Y¥-rays gave an estimate of the intensity
of the ground state transition relative to the other two

A~ branches of
__;éé__. n4
Bs + B

Section 5.3 Discussion of the Decay Scheme

From the experimental results and knowledge of some of
the common properties of nuclel, it is possible to deduce
many features of the energy level schemes of the isotobes
involved in this radioactive decay.

All known ground states of even nuclei have spin 0 and

even parity and all the measured first excited states in the

medium weight region, N = 22 to N = 88, have spin and parity

2+. The second exclited states with a few exceptions have
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0+, 2+ or 4+ (Way, 1956). For the second excited state of
Xblzs the first of these values is ruled out by the existence
of a 0,98 MeV ¥Y-ray which cannot connect two O+ states.
Neither is an assignment of 4+ probable because the prediected
intensity (single particle approximation) of an E4, 0.98 MeV
Y=ray is only 0.25 x 10-8 of the intensity of the 0.54 MeV,
E2 transition to the first excited state.

The sequence of spins and parities 0+, 2+, 2+ for the
first three states of Xel28 is consistent with the observed
properties of medium weight nuclei which were summarized by
Way et al. (1956). The observed ratio of excitation
energles %%.: gf%%'%%% = 2.2 and the product of first
excited state energy times nmass  number, El1A = 56 MeV,
support the view that Xel28 15 o typical member of this
medium weight group. Since neither N nor Z for this nucleus
is near a magic number these excited states may be interpreted
as vibrational levels with some interaction between the
collective and independent particle motions which perturbs
the energies away from the simple ratio of 2:1. Furthermore
the y-ray intensities support this interpretation§ the
conflict between the single particle prediction for the
intensity ratio, v,/¥, © 20, and the observed value

Y4/¥2 = 0.4, is resolved if the crossover transition is
thought to be inhibited by its 2 phonon nature and ¥o

enhanced, over its single particle value, by the collective

mot ion of the nucleons.
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The A-decay results substantiate the O+, 2+, 2+ sequence
for Xel28, The log ft values although somewhat high are
more consistent with allowed transitions than first forbidden
ones: the 1+ assignment for the ground state of I128 which
was shown in section 5.1 to be the most probable would give
allowed A-decay to the three states of Xel28, These values
for the spins and parities of the ground state of I128 ana
the first three states of Xel28 are thus shown to be consis-
tent with current understanding of the nucleus and most
probable in the light of the experimental results. There 1is
some evidence of vibrational excitations in Xel28 and the
empirical trends noted by Way et al. (1956) are further
substantiated.
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CONCLUSIONS

The experiments described in thls thesis, like most
contemporary experiments in nuclear physics, do not suggest
a new nuclear model or even provide an unique critical test
of a current theory. The results obtained do, however,
contribute to the body of knowledge of nuclear properties
which is the basis of all the successful models of the
nucleus. Each of the experiments contributes confirmation
or criticism of a part of the accepted theory and some of
them point the way to further investigations which might
extend our understanding of the nucleus.

The work described in Chapter II on the relative ylelds
of the ground and isomeric states of Pb207 produced by a
photoneutron reaction, extended a type of investigation,
initiated by others, to a heavy element in which the spin
difference between the isomeric and ground states was much
larger than in those previously studied. The discussion in
section 2.4 showed that the large spin change involved in
the production of the isomeric state leads to the interesting
conclusion that the results could be much more easily under-
stood in terms of Wilkinson's theory of photonuclear reactions
than in terms of statistical emission of a neutron from a
compound nucleus. A study of the yields of ground and
isomeric states of Inll7 following the photoproton reaction
in Snll8 might yield even more conclusive results as in this

case the statistical emission of protons would be very
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strongly inhibited by the coulomb barrier. With a very high
intensity bremsstrahlung beam the experiment might be
possible with about 1 gm of separated Snll8; such a quantity
is currently available from A.E.R.E., Harwell.

The negative result obtained in the search for an
isomeric state of MnS4 strongly suggests that the reported
radiocactivity was due to some other isotope. This conclusion
removes the difficulty of understanding the decay of the
isomer in the light of the available information about MnS4
and its neighbouring isobars and the difficulty of explaining
why such an isomeric state should be easily produced by
(n,p) and (4,2p) reactions but not by a;phbtoneutron reaction.

The clarification of the decay scheme of Mo®l added
further confirmation of the similarity of the nuclear matrix
elements for allvthe known M4 isomeric transitions. It also
demonstrated again the reliability of shell model predictions
for nuclei near closed shells. Finally it revealed a third
example of an allowed A-transition between two states of
8pin and parity %-—, which has a rather large log ft value.

A similar transition has been found in the decay of Nbeg‘
(Diamond, 1954) but its energy has not been sufficiently
well measured to allow calculation of its log ft value,

Such a measurement would be of considerable interest to

confirm or deny this apparently common feature of these

particular transitions.

The study of the I128 decay scheme yielded information
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about two excited states of Xel28 which suggested that they
could be better described in terms of collective nuclear
vibrations than single particle motions. The similarity of
the properties of this nucleus to other even nuclei in the
same general region of the periodic table is confirmation
of the importance of collective motions.

Each of the experiments then made some contribution to

the extension of our understanding of the atomic nucleus.



REFERENCES
Axel, P., Fox, J. D., and Parker, R. H., 1955, Phys. Rev.
97, 975.

Benczer, N., Farrelly, B., Koerts, L., and Wu, C. S., 1955,
Phys. Rev. 100, 955A.

Benczer, N., Farrelly, B., Koerts, L., and Wu, C. S., 1956,
Phys. Rev. 101, 1027.

Bendel, W. L., Toms, M. E., and Tobin, R. A., 1955, Phys.
Rev. 99, 672A.

Bohr, A., and Mottelson, B. R., 1953, Dan. Mat. Fys. Medd.
27, no. 16.

Caldwell, D. O. and Stoddart, H. ¥., 1951, Phys. Rev. 81,
660A.

Caldwell, D. 0., 1955, private communication.
Campbell, E. C. and Goodrich, M., 1950, Phys. Rev. 78, 640.

Cohen, B. L., Charpie, R. A., Handley, T. H., and Olson, E. L.,
1954, Phys. Rev. 94, 953.

Courant, E. D., 1951, Phys. Rev. 82, 703.
Danos, M., 1952, Annalen der Physik 10, 265.

Day, M. C., Jr., Eakins, G. W., and Voigt, A. F., 1955,
Phys. Rev. 100, 796.

de Shalit, A., 1953, Phys. Rev. 91, 1479.
Diamond, R. M., 1954, Phys. Rev. 95, 410.
Duffield, R. B. and Knight, J. D., 1949, Phys. Rev. 76, 573.

Featheg, N. and Bretscher, E., 1938, Proc. Roy. Sooc. A 165,
530.

Feanberg, E. and Trigg, G., 1950, Rev. Mod. Phys. 22, 399.

Feld, B. T., Feshbach, H., Goldberger, M. L., Goldstein, M.,
and Weisskopf, V. F., 1951, Final Report of the First
Neutron Data Project AEC~-NY0-636, page 1l15.

Flowers, B. H., 1952, Phys. Rev. 86, 254.



Germagnolli, E., Malvieini, A., and Zappa, L., 1953, Nuovo
Cimento 10, 1388.

Goldemberg, J. and Katz, L., 1953, Phys. Rev. 90, 308.
Goldhaber, M. and Teller, E., 1948, Phys. Rev. 74, 1046.
Goldhaber, M. and Sunyar, A. W., 1951, Phys. Rev. 83, 906.
Goldhaber, M. and Hill, R., 1952, Rev. Mod. Phys. 24, 179.
Grace, M. A. and Prescott, J. R., 1951, Phys. Rev. 84, 1059.
Gupta, R. K. and Jha, S., 1956, Nuclear Physics 1, 2.
Harvey, J. R., 1953, Can. J. Phys. 31, 278.

Haxel, 0., Jensen, J.H.D., and Suess, H. E., 1949, Phys.
Rev. 75, 1766.

Hirzel, 0. and Waffler, H., 1947, Helv. Phys. Acta 20, 373.

Hull, D. E. and Seelig, H., 1941, Phys. Rev. 60, 553.

Jensen, J.H.D., 1955, "Beta- and Gamma-ray Spectroscopy”,
Chapter XV, page 421l. Edited by K. Siegbahn, North-
Holland Publishing Co.

Katz, L. and Cameron, A.G.W., 1951, Can. J. Phys. 29, 518.

Katz, L., Pease, L., and Moody, H., 1952, Can. J. Phys.
30, 476.

Katz, L., Baker, R. G., and Montalbetti, R., 1953, Can. J.
Phys. 31, 250.

Kurath, D., 1953, Phys. Rev. 91, 1430.
Lazar, N. H. and Klema, E. D., 1955, Phys. Rev. 98, 710.
Levinger, J. S. and Bethe, H. A., 1950, Phys. Rev. 78, 115.

Litherland, A. E., Paul, E. B., Bartholomew, G. A., and
Gove, H. E., 1956, Phys. Rev. 102, 208.

Mack, J. E., 1952, Rev. Mod. Phys. 24, 179.
Mann, A. K. and Halpern, J., 1951, Phys. Rev. 83, 370.

Mayer, M. G., 1949, Phys. Rev. 75, 1969 and 1950, Phys. Rev.
78, 16 and 22.



McNeill, K. G., 1955, Phil. Mag. 46, 321l.

McNeill, K. G., Prentice, J. D., Katz, L., and Link, W.,
1957, Can. J. Phys. 35, 753.

Mims, W. B. and Halban, H., 1951, Proc. Phys. Soc. A 64,
753.

Montalbetti, R., Katz, L., and Goldemberg, J., 1953, Phys.
Rev. 91, 659.

Neumenn, H. M. and Perlman, I., 1951, Phys. Rev. 81, 958.
Nordheim, L. W., 1950, Phys. Rev. 78, 294.

"Nuclear Level Schemes A 40 - A 92", 1955, AEC-TID 5300,
by K. Way, R. W. King, C. L. McGinnis and R. van Lieshout.

Perlman, M. L. end Friedlander, G., 1948, Phys. Rev. 74, 442.
Prescott, J.R.P., 1954, Proc. Phys. Soc. A 67, 540.
Pryce, M.H.L., 1952, Proc. Phys. Soc. A Q_S_, 773.

Reid, J. M. and McNeill, K. G., 1953, Proc. Phys. Soc. A 66,
1179.

Reid, J. M. and MeNeill, K. G., 1954a, Phil. Mag. 45, 957.

Reid, J. M. end Telfer, J.C.W., 1954b, Rev. Sci. Imst. 25,
300.

Reynolds, J. H., 1950, Phys. Rev. 79, 789.

Rose, M. E., Goertzel, G. H., Spinrad, B. I., Harr, J., and
Strang, P., 1951, Phys. Rev. 83, 79.

Sagane, R., Kojima, S., Miyamoto, G., and Ikawa, M., 1940,
Phys. Rev. 57, 1179.

Schardt, A. W. and Dropesky, B. J., 1956, Bull. Am, Phys.
Soc. 1, no. 4, 162.

Scharff-Goldhaber, G. and Weneser, J., 1955, Phys. Rev. 98,
212,

Schwartz, C. and de Shalit, A., 1954, Phys. Rev. 94, 1257.
Siegbahn, K. and Hole, N., 1946, Phys. Rev. 70, 133.

Siegbahn, K., 1955, "Beta- and Gamma-ray Spectroscopy"
North-Holland Publishing Co.



Soddy, F., 1916, Ann. Rep. Chem. Soc. 13, 247 and 272.

Strominger, D., Hollander, J. M., and Seaborg, G. T., 1958,
Rev. Mod. Phys. 30, 585.

Vendryes, G., 1952, Annales de Physique 7, 655.

Wapstra, A. H., 1953, Thesis, University of Amsterdam
(unpublished).

Wapstra, A. H., Verster, N. F., and Boelhouwer, 1953a,
Physica 19, 138.

Way, K., Kundu, D. N., MeGinnis, C. L., and van Lieshout, R.,
1956, Annual Review of Nuclear Science 6, 129.

Weisskopf, V. ¥. and Blatt, J. M., 1952, "Theoretical Nuclear
Physics™, John Wiley and Sons.

Weisskopf, V. F., Gomes, L. C., and Walecka, J. D., 1958,
Annals of Physics 3, 241.

Wilets, L. and Jean, M., 1956, Phys. Rev. 102, 788.

Wilkinson, D. H., 1954, Proceedings of the 1954 Glasgow
Conference, p. 161, Pergamon Press.

Wilkinson, D. H., 1956a, Physica 22, 1039.
Wilkinson, D. H., 1956b, Phil. Mag. 1, 127.



