VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

THESIS

PRESENTED FOR THE DEGREE

OF

DOCTOR OF PHILOSOPHY

UNIVERSITY OF GLASGOW

1956.



ProQuest Number: 10656315

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 10656315

Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLO.

ProQuest LLO.

789 East Eisenhower Parkway
P.Q. Box 1346

Ann Arbor, M 48106- 1346



TITLE,

LOW ENERGY GAMMA-RADIATION _ FROM .

NUCLEAR REACT |ONS




- SRR A TLanymTE TR T e 2 o T

PREFACE

The writer has described in this thesis work carried out
on the detection and measurement of low energy gamma-radiation
emitted in certain nuclear reactions, and attempted to show how
the results give information about the energy levels of light
nuclei.

In the first chapter, the importance of a knowledge of
nuclear states is briefly discussed and methods of studying
these are compared, particular reference being made to de-
excitation by gamma-emission.

The second chapter contains a discussion on the experi-
mental methods of studying low-energy gamma-radiation. Mogt
of the material of these first two chapters is taken from the
literature.

Chapter three gives a description of the experimental
equipment used in the experimental investigations. Much of the
electronic apparatus, the counters used in preliminary work and
the rotating target chamber had been constructed by Dr.R.D.Smith
prior to the start of this work, but the gas-filled proportional
counter used to obtain most of the experimental data,-was designed
by the writer. This applies also to the modifications to the
single channel pulse analyser.

The experimental technigues used and the results obtained

are given in the fourth and fifth chapters. The method of

"differential absorption" was developed and used for the



initial studies on the radiation from deuteron bombardment of
Aluminium in conjunction with Dr. R.D. Smith, who was mainly
résponsible for the results obtained using scintillation counters.
Later work on this reaction, the development of the photographic
technigque, and the studies of other reactions were carried out
entirely by the author.

The last chapter contains a discussion and interpretation
of the results, which is the sole responsibility of the writer.

The author would like to acknowledge his indebtedness to
Professor P.I. Dee and Dr.S.C. Curran for their encouragement
and advice given during this work and to Dr.R.D. Smith and Dr.

J«G. Rutherglen for their co-operation and assistance.

PUBLICATION

The work on the gamma-radiation from the reaction

A127(d,p) A128 has been described in the following paper:-

"31 Kev Excited State of Aluminium-28", by R.D. Smith and
R.A. Anderson, Nature, London, 168, 429, 1951.
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CHAPTER 1

INTRODUCTION.

1. 1. THE IMPORTANCE OF NUCLEAR ENERGY LEVELS.

In classical atomic physics, the atom wag thought of
as a heavy nucleus, carrying a charge +Ze, where Z was the atomic
number and e the electronic charge, and surrounded by Z electrons
bearing negative charge. Thig picture, derived from experiments
such asRutherford's work on alpha-scattering and the penetrability
of beta-rays through matter, had, however, left two main experi-
mental facts unexplained.

The first of these was the discrete nature of the electro-
magnetic radiations from excited atoms, this being inconsistent,
on classical electromagnetic theory, with the stability of the
atom, This was explained by Bohr, using ideas which later
developed into quanfum theory and which predicted atomic energy
levels for the hydrogen atom, assuuing that the forces involved
were electrostatic.

The other difficulty was the realisation that nuclear forces
were not purely electrostatic in nature. Experiments on the
anomalous scaftering of alpha-particles were explained by assuming
a short range attractive force acting within the nucleus and
such a force also explained the long lifetimes found for alpha-

decay and the general stability of nuclei.



Meanwhile the study of particles and gamma-rays from
radioactive sources had shown_that there were well-defined
groups oanlpha-particles coming from any one nucleus (e.g. the
work of Rosenblum (1930) on the fine-structure of alpha particle
groups) and that there was a line structure in beta-ray spectra,
such as RaB (Ellis & Skinner; 1924). As in afomic physics where
the relationships between the frequencies of X-ray and optical
spectra can be explained in terms of transitions between energy
levelg, these groups and line spectra from nuclei could be due to
a similar structure of energy levels.

The gtudy of atomic spectra had given much information about
the interactions between electrons in the atom. Bohr's simple
quantum idea of energy levels defined by the gquantum number n
(Bohr, 1913) had been followed by Sommerfeld's introduction of the
orbital quantum number, 1 (Sommerfeld, 1916), and Moseley's work
on characteristic X-rays of the different elements (Moseley,1914)
had explained the periodic table and suggested the shell structure
of the electrons in the atom. Incfeased resolving power of
optical instruments used in the study of more complicated spectra
resulted in the observation of doublet and triplet lines and these
led to the idea of '"spin" (Goudsmit & Uhlenbeck, 1926).

Bohr's simple picture of electrons describing orbits round
the nucleus has been replaced by the mathematical developments of
quantum mechanics., These lead to a particle system having
gtationary states of definite energies, or energy levels, with

properties arising from the force interactions between the particles




In the atomic case these are primarily electrostatic, but
interactions of angular moments are also involved. Such a
treatment also explains why certain transitions between energy
levels either do not exist or else have very low intensity,
leading to the concept of forbidden transitions or selection
rules.

Thus the study of atomic spectra has lead to quantum
mechanics, which can predict the spectra, assuming the force
field; to the idea of angular momenta and the interactions

,between them; to a picture of closed shells, involving forces
which can only link a limited number of particles ("saturation
forces"); and to the principle of selection rules.

Now natural radiocactivity showed the same phenomena of
energy levels and the study of artificial radio-activity and
nuclear reactions produced by high-energy particles and
gamma-rays has revealed energy levels in practically every
nucleus (Mitchell, 1950, Alburger & Hafner, 1950, Ajzenberg
& Lauritsen, 1952). These levels must be due to the force
interactions within the nucleus giving rise to stationary states
and energy levels. Unlike the atomic levels, however, the
precise nature of these forces is not known, but a detailed
knowledge of the levels should give information about the
magnitude and nature of these interactions, and any theroretical
treatment of the forces must be consistent with the experimental

data on these levels.



Since one of the major probiems in physics is the
determination of these nuclear short range forces as much
information as possible about nuclear energy levels is desir-
able. In particular, knowledge of closely spaced levels,
especially in light nuclei whose level spacing is usually
large, would be extremely valuable, as these might lead to
doublet structure analogous to that found in atomic spectra.
The ability of any theory of the nucleus to predict such
doublets in agreement with experiment would be a most valuable

test of such a theory.

1. 2 METHODS OF STUDY OF NUCLEAR STATES.

In atomic physics, our knowledge of energy levels is
derived chiefly from X-ray and optical spectra, though infor-
mation also comes from ionisation potentials and work on
Auger electrons. The level spacing is greatest for the
lower states, decreasing for higher states, which tend asympto-
tically to the level equivalent to ionisation, i.e. at which
the electron has enough energy to leave the atom. Above this
there is a continuum of states, allowing the electron to leave
with any energy and reducing the value of studies of particle
emission.

The situation in the nucleus is very different. There
is a discrete level spacing above as well as below the energy

required to eject a particle. Below this we have bound

states from which gamma-radiation only is possible, but above



it, from the virtual states both gamma-radiation and groups
of particles may be emitted, of which the latter are more
likely. Thus the study of particle emission can give infor-
mation about these levels.

Due to the continuum of excited states and low energies
involved in the atomic case, it is usually easy to excite all
the bound states in the atom. This is not the case with
nuclear levels, high energies being involved and resonance
effects often restricting the excitationm.

Generally, particle emission from a virtual state will
be more probable than gamma-emission, implying a shorter
lifetime for particle emission (t ~ 10'zosec) than for gamma-
emission (%t A/10'123ec). Thus the emission of gamma-rays
from highly excited levels will be improbable unless the
probability of particle emission is reduced by a Coulomb barrier
or is forbidden by other considerations. It will usually
arise from residual nuclei in an excited case after the
emigssion of a particle from the original nucleus.

Methods of study of nuclear levels depend on the atomic
number, Z. PFor light nuclei and low excitation energies the
level spacing is large, greater than the level widths and the
resolving power of the experimental techniques, and it is
feasible to study individual levels. In this region
(below Z = 20) the Coulomb barrier is small enough to allow

appreciable penetration by charged particles, for both

bombarding and emitted particles, and thus the spectrum of



energy levels in this region can be studied fairly fully.

For larger Z, and high excitation energies, the level
spacing is small and it is difficult to resolve the levels
and usually the statistical properties of the nuclear levels
are studied in this region. Here also, Coulomb effedts are
significant and the levels studied are generally those not
involving charged particles - low lying levels at about 1 lev.,
from beta and gamma-spectra of radiocactive isotopes and levels
above the binding energy of a neutron from cross-section
regsonance in neutron capture.

If a reaction can be considered as due to the intermediate
formation of a compound nucleus, then it can be represented
by the equation:

A+ P—B —> C'+ R

c* C +hy.
and the study of tiiis reaction will give information about
two nuclei, B and C. However, the whole of the level structure
will not normally be covered in any one reaction, the region
covered depending on the Q of the reaction. This i1s the amount
of energy evolved in the reaction due to the mass differences
of the reacting particles, not including any kinetic energy
of the initial particles. |

Energy levels can be studied by various methods, of which

the following are relevant to the work described in this

thegis:—



(a) Heavy particle emission

(b) Gamma-emission

(c) Lifetimes or transition probabilities of
excited states.

(d) studies of properties of ground states.

Heavy particle emission.

In the compound nucleuis B formed from A + P, the
emigsion of a heavy particle will normally occur if energetvical-
ly possible, the re-emission of the initial particle being a
possibility competitive to any other reaction. In calculating
the relative pfobabilities of charged particle and gamma
emission from two excited states of a nucleus, the Coulonmb
effect must be considered, for this may reduce considerably
the probability of emission of charged particles, as in
alpha-decay of heavy radioactive nuclei.

Generally, 1f two or more groups appear in the same
reaction, for the same energy of bombarding particle, they
may be assigned to energy levels in the residual nucleus.

The measurement of the energies of charged particles
can be carried out by various techniques, as follows:-

By bending the charged beam in electrostatic or magnetic
fields. The resolution of this method has been greatly
improved in recenit years, largely using 180° focussing

(Strait, Van Patter, Buechner, & Sperduto, 1951).



By measurements of the range of the particles in air
or in thin absorber foils. This is the simplest and most
straight-forward, but if several groups are present the
straggling reduces the resolution, and it is also difficult
to detect short-range groups of low intensity against a back-
ground of long range particles.

By counters of the proportional type, which, in effect,
measure the ionisation caused by the particle or by subsid-
iary effects associated with the ionisation. These include
ionisation chambers, gas-filled proportional counters and
gscintillation counters, and nuclear emulsion plates may also
be thought of in this category.

The major difficulty, particularly for low energy groups,
is scattering of the bombarding beam or competing reactions
which may mask the groupé being studied. This has been
overcome by combinations of two of these methods. Thus
magnetic analysis with its high resolving power has been
used with various detecting systems of comparatively low
resolution - proportional or scintillation counters (Burcham
and Freeman, 1949) or nuclear emulsions (Strait, Van Patter,
Buechner, & Sperduto, 1951). Range measurements have been
improved by uging a proportional counter biassed to count
particles at the end of their range only (Benson, 1948).

The resolution of these charged particle energy

determinations is high, but it is only recently that it has

been reduced to better than 10 Kev., resulting in the



geparation of multiplet levels with separations of the order
of 50 Kev.

Measurements of the energies of neutrons is more
difficult because of their lack of charge and negligible inter-
action with atomic electrons. For fast neutrons, methods
involving eithef knock-on protons or nuclear reactions are
employed, but the resolution obtained is much poorer than that
obtained with charged particles. Such measurements are
certainly incapable of resolving closely spaced energy levels.
Slow neutrons are studied by velocity selectors or crystal
diffraction methods, but as such particles are not generally
produced in any great intensity in nuclear reactions, the high
resolution possible is of greatest value in the study of neutron
resonances, in the restricted region just above threshold for

the neutron induced reaction.

Ganmmna-emission.

The theory of gamma-emission will be treated more fully
later. |

Gamma rays are absorbed by matter, but, unlike charged
particles have no definite range. The intensity of a homogeneous
beam after passing through a thickness of matter x is given by
I = Ioexp.(-/xx), where I 1s the original intensity anév}b
the absorption coefficient. The absorpticon is due to three

distinct effects - the photo-electric effect, in which an
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electron is ejected from the atom with energy given by
E = hV¥ - X, where K is the ionisation potential of the electiron
shell concerned; the Compton or scattering effect, in which
the gamma-ray is scattered from one of the atomic electrons with
a change in energy (and hence wave-length), the electron taking
| up the energy lost; and pair-production, which occurs if the
energy of the gamma-radiation is greater than 1 Mev., and in
which an electron-positron pair is produced with energy
(E =hv -2 mcz).

The absorption co-efficient and the relative importance
of the different processes can be expressed in the following

formula for the absorpiion co-efficient per atom:-

A= azt A3 + BZA + cz°f (A )
where the three terms are due to photo-electric, Compton and
pair-production effects. A, B, C are constants, Z the atomic
number of the absorber and.,\ the wave-length of the radiation.

Generally, it is true to say that the photo-electric
effect is most important for soft gamma-radiation, (energies
up to about 100 Kev.), the Compton effect for energies from
100 Kev. to 2 Mev., and pair-production for higher energies,
though the value of Z will influence to a large degree these
figures.

There will also be nuclear effects, such as reactions

62 in which the activity of the product

like Cu®3 (¥, n), Cu
will only be found for radiation above the threshold energy -

in this case 11 Mev., and usually rather high. There ig also
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the photo-disintegration of deuteriun, H2 + hY = p + n, with
a threshold energy of 2.18 Mev., where a determination of

the energy of either product particle gives the energy of the
incident radiation. The resolving power of these methods is
poor, and they will not be discussed further.

For high energy gamma-radiation, the best determination
of energy comes from pair-production, which had been studied in
cloud-chambers, in order to find the energy of both particles.
However, the development of the pair spectrometer by Walker
& McDaniel (1948), has improved the efficiency and resclution
of measurements of gamma-ray energies. The resolving power
of this technique is about 6% which is similar to that obtained
in the photo-disintegration of deuterium in nuclear emulsions
(Gibson, Green & Livesey, 1947), but with much superior
efficiency of detection and statistics.

The measurement of the absorption co-efficient of gamma-
radiation is useful for low energies, but for high energies
this becomes dependent on the geometry used. Absorption
co-efficient measurements are probably of greatest value in
the region 100 Kev. tg 1 Mev., where the electrons produced
are largely due to Compton effect. The enefgy in this region L
may be determined from measurements of the "edge'", or maximum
energy of the distribution of the Compton electrons. Recently

work has been carried out on coincidences between Compton

electrons and the scattered gamma-rays at a fixed angle, using

two scintillation counters (Bair, Mainschein, & Baker, 1951 and
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and Bannerman, Lewis & Curran, 1951).

Generally all these methods are useful for gamma-rays
of a single energy but they have insufficient resolution to
gseparate gamma-rays emitted from closely spaced levels, and
are also of little value in the presence of large intensities
of background and high energy radiation.

Thus it appears that gamma-radiation from transitions
from closely spaced levels will not be resolved by the methods
available, and it will be necessary to look for radiation
between such levels. This will have energies up to about 100
Kev., and we will discuss in a later section the possibility
of such radiation and metl.ods of detecting it, based on the

photo-electric effect.

Lifetimes or transition probabilities of excited states.

The determination of probabilities for transitions by
gamma-emission is of great importance in deciding the polarity
and parity change of the transition. TFor isomeric states with
lifetimes greater than seconds, normal methods of measuring the
intensity at intervals over a period of several lifetimes may
be used.

For extremely short lifetimes it may be possible to use
the method of Delbruck & Gamow (1931), in which a competitive
heavy particle transition from the same excited level occurs.
This is the case particularly in naturally radiocactive sources.

By comparing the intensity and the number of heavy particles
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emitted, the relative probability of the two processes is found.
Hence, if the transition probability of the particle emission
is known that of the gamma transition is determined. This
method has been used for partial lifetimes for gamma-emission

o~12 sec., but it is usually only in the heavy

as low as 1
elements that the Coulomb barrier reduces the probability of
particle emission sufficiently for it to be measurable.

A more common method for gamma-rays arising from residual
nuclei is the technique of delayed coincidences between the
gamma-rays and the particles emitted in the formation of the
residual nucleus (usually beta-particles) (De Benedetti & McGowan
1946). If the number of coincidences is plotted against the
delay time, a decay curi¥e 1is obtained, with decay constant
that of the gamma transition. This method has been used with
lifetimes from 107° to 10° sec.

Transition probabilities and hence half-lives can

also be obtained'from level widths in excitation functions.

Ground state properties.

Most of the techniques outlined so far do not give any
direct information about the properties of energy levels,
merely about transitions to other levels or to the ground
state itself - +the energy difference, change of angular
momentum and parity, lifetimes, etc. To obtain the properties
of these states it is therefore necessary fo know those of

the ground state.

With unstable nuclei, it may be necessary to study
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}the results obtained in beta-decay experiments, but usually
the angular momentum, spin and magnetic moment will be found
by experiments such as the study of optical fine structure,
the magnetic deflection experiments of Rabi (1937, 1939) and.

radio-frequency experiments (Alvarez and Bloch, 1940).

1.3. THEORETICAL EXPLANATIONS OF NUCLEAR STATES.

Many attempts have been made to derive models of the
nucleus which would explain the experimental data regarding
nuclear levels, of which three main types have had a degree of
success in explaining certain features of the data.

In the statistical or many particle models, no attempt
is made to consider individual levels or individual nucleons,
but a statistical analysis is made of the level density, thinking
in terms of the nucleons as a gas or liquid in the nucleus.
Results obtained from such models are suitable for comparison
with results on levels of high excitation in heavy nuclei, where
individual levels are not resolved. We shall not consider this
type of model in any detgil.

At the other extreie is the independent particle model,
in which the energy levels are considered ag arising from single
particles moving in a fixed field, in the same way as an atomic
electron in a Coulomb field. If the rotaticnal or vibrational
levels c¢f such g model:ineconsidered, nuclel with wmedium Z would

be expected to have equi-spaced levels.

Thus Wilson (1950,1952) considers a uniform shell with
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rotational and vibrational levelsg which give a spacing of

0.387 l"ev. for the vibrational levels of all nuclei and
compares this to the results of Wiedenbeck (1S47) in which
levels of Ag, Au, and In were found with spacing about 0.4
IYev.Rotational levels reduce the spacing to about 0.1 llev.

for all elements and excitations and the interaction of the two
types of motion give sets of levels corresponding to each
vibrational level, with a spacing varying with the wvalues of

A and 7. By taking different values of the constants involved
agreement 1s obtained with experimental results for certain
elements of medium Z and in particular certain triplets in

3128 are explained as due to overlapoving of different sets

of suck levels. Towever, ravher high values of the rotaticnal
and vibrational guantum numbers are required and many possible
values for energy levels are not exverimentally found. It has
been suggested that further study of level schemes with suffi-
cient resolving power will find these levels and give the
“triplet states into which all the levels should group in 8128,
on this theory.

Attempts have been made to explain discrepancies between
experimental results and the predictions of this type of theory
by suggesting that rotational and vibrational levels do explain
the observed regularly spaced levels butthat, due to the
selection rules for angular momentum and parity, not all the

levels will be detected in any particular reaction. Particular-

ly for light elements these theories are not very satisfactory.
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Examination of the stability properties of nuclei and
binding energies of neutrons and protons indicate that certain
numbers of neutrons and protons correspond to exceptional
stability and these numbers have been termed the "magic"
numbers (the same for neutrons and protons). Since in the
atomic case such high stability in the inert gases is due to
the closing of the electronic shells, it has been suggested
that there might be closed shells of neutrons and protons in
nuclei. Several attempts have been made to construct shell
theories giving closed shells for the correct numbers and that
of ¥.G. Mayer (1950) has been very successful in explaining
these and other features of nuclei and will now be discussed.

This model is based on a single particle theory in which
the particle moves in a potential which is a mixture of the
three dimensional oscillator, which gives energy levels
E=(n+ %)y, forns=1,2,3.....with parity (-1)", and the
square well type, which removes the degeneracy and splits the
ogcillator levels into states with different values of 1, each
of which is»doubly‘degenerate due to the spin of the particle
giving j = L ¥ $ and further degenerate as 2j + 1. Such a
theory had been advanced before (e.g. Feenberg, 1950) but gave
different values for the magic numbers from those found
experimentally.

To obtain the desired shells further assumptions are made,
1. that there is strong spin-orbit coupling (j-j coupling)

2. that in the lowest energy state the momenta of the even

nuclei combine to give 1 = 0, j = Oy, . and hence for an odd
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number of neutrons or pnrotons, the angular momentum is that of
the odd nucleon.

5. there 1s a negative pairing energy of the nucleons which
increases with the value of j for each member of the rpair.

4, the velue of the spin orbit coupling which separates the
terms j =1 I %+ increases with I and reduces the Bnergy of the
1 + £ level.

The result of these assumptions is to produce a level
structure as shown in Fig.l which gives a grouping in agreement
with the magic numbers.

Other features of nuclear prornerties which this theory
predicts in agreement with experiment are the spins and mag-
netic moments of nuclel with odd A and the position of regions
of isomerism in the periodic table.

Any shell will then consist of levels arising from the
same osclllator level n and hence with the same parity, and
Tor higher shells a level from the next oscillator level n = 1’£l
with opmosite marity and with the highest value of J available
from that level. This will be j = j' + 2, where j' is the
highest j in the shell apart from this. Since any low 1lying
levels are presumably from the same shell as the ground state
a transition between low-lying and ground states of a nucleus
should either have no parity change and a small change in jJ
poésible or a parity change and a change in j of at least 2.
2lectric diple garma-radiation corresponds to parity change
and carries away angular momentum of 1, and hence on this

picture electric dipde radiation between low-lying and ground




states is not possible. The existence or absence of such
radiation would be a valuable test of this theory.

The importance of this model is the prediction of 1éve1
properties and particularly of the ground state which it makes,
and although the calculations for excited levels are rather
conplex the predictions for light elements are not inconsistent

with the theory (Inglis, 1953).

1. 4 DE-EXCITATION BY GAMMA-EMISSION.

Gamma-radiation arises from a transition from one excited
. state to another in the same nucleus, the frequency being given
by hy = E1 - E2, the difference between the energies of the
two states. The intensity of the radiation will be determined
by the transition probability, which can be expressed as

A = £(bY )f\y: qV, av ﬁﬁ; a\y, dv.
where f is a function of the enefgy, \4/ 1,2 the wave-functions
of the states and q an operator which depends on the type of
radiation.

In a nuclear reaction, there will only be radiation
arising direct from the compound nucleus formed if the competi-
tive heavy particle decay is improbable, and will almost
certainly be of very low intensity in light nuclei.

For compound nuclei from which particle emission is

energetically impossible, and from residual nuclei left after

parvicle emission, the radiation will be much more intense and

will also have a well-defined energy, since the longer life-
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time compared to a state from which particle emission is poss-
ible implies a smaller level width
On a semi-classical basis, it may be shown that if the
radiation is thought of as arising from a dipole with dimensions
about that of the nucleus, the lifetime for radiative transi-
tions should be about 10'14sec. However, Delbruck & Gamow
(1931) tried to determine the lifetimes of gamma-rays emitted
in competition to long-range alpha-particle emission by finding
the branching ratio of alphas and gammas, which will be the
relative numbers of long and short range alpha-particles.
Since both groups arise from transitions to the same residual
nucleus, Gamow's alpha theory will give the transition probabil-
ity for the long range particles in texrms of the experimentally
determined lifetime for emission of the short range alphas.
Hence the transition probability for gamma-emission and thus the
effective lifetime may be found. For the intense 0.62 Mev.
gamma-radiation from RaC', the lifetime was found to be about
10"11 sec., about 103 times greater than was expected.
Weiszacker (1936) suggested that this might be due to
the multipolarity of the radiation, but it was the study of
igomerism or metastable states which raised the necessity .
for a more comprehensive theory. It is found that in certain
artificial radioactive materials excited states may have
extremely long lifetimes, of the order of seconds or longer,
even years, and that nuclei excited to these states may have

properties very different from those in the ground state.

Such nuclei are termed isomers, and it is necessary 1o explain



these long lifetimes. This is done by assuming that the states
have angular momen tum very different from that of the ground
state (or other lower 1e§els) and hence the transitions can

only occur by the emission of multipole radiation. Such
transitiohs are much less probable than dipole radiative transi-
tions and are termed forbidden transitions.

This idea, which will now be more fully developed, shows
that not only the transition probabilities, but also the
internal conversion co-efficients are influenced by the polarity
of the radiation, and Helmholtz (1941) has studied these
related properties for various isomeric states and found that

they were consistent with a common value for the polarity.

Multipolarity of gamma-radiation.

In determining the transition probabilities for gamma-
emission, the matter may be considered classically as due to
the emission of electromagnetic radiation from a system of
currents and charges in a nuclear system. Then Bohr's corres-
pondence principle may be used to transpose the results to a
form suitable for the application of quantum methods.

Classically the power emitted bj a radiator of angular
frequency w, and current distribution such that the component
pérpendicular to the line of observation is given by j, may

be shown to be

iR
Nc fg/ 4T

per unit solid angle, where k = w/c is the wave-number, and the
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"integration is.carried out over all the current distribution

at distance r' from the reference point of the radiating system.
This expression can be transferred to quantum mechanics
by replacing the continuous charge distribution by discrete
particles of charge e, mass M, and momentum P, and thinking of
each photon as carrying away energy hY where 2T YV = w. If this

is done the number of photons emitted per solid angle becomes

A e
27T?K:«y j\Pk I l7 \FZICL/F

For atomic and nuclear radiators, the dimensions are

less than the wave-length and thus k.r' will be small. If

the exponential is expanded we get

—-,i//&._’_r,’ ] ’02;
e T = | -ihk “:‘z‘“(’g/'”—“)

and the first term in this expansion will be predominant. This
is said to represent electrid dipole radiation, and will normally
be greater than the other terms. If r' is taken as about eQual
to R, the radius of the nucleus, successive terms in the expan-
sion would be reduced by about (kR)2 due to this effect. TFor
example, if R is taken as 6.5 x 10-13cm., the reduction for an

energy of 1 Mev. will be about 1073,
x_ 1
If, ho AT
, wever f% POF\’/N
disappears, then
¥ 1) d::‘gf'
W (& 2)P Y

may not, and the radiation intensity will be largely due to

this term and reduced by avout (kR)2. Such radiation ..
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is termed electric quadrupole radiation. If this term aléo
disappears, the next one gives us electric octopole. The value
of the integral igs termed the matrix element of the transition,
and if this can be calculated the transition probability énd
life-time for the transition may be found. The precise value
depends on the value of R taken, but Bethe (1937) has given as
an approximate formula for the life~time of an excited state for

de-excitation by gamma-radiation

T - 5x 10721 (11)° (20/E)

21+

where E is in Mev., and the transition is E 271.

A fuller analysis considers radiation due to magnetic
interactions as well as electric, and these may be thought of as
due to currents, rather than varying charges. These will depend
on the velocities of the charges within the nucleus and will
be reduced from the corresponding electric radiation by a factor

of about v/c, which is also about 1072. MNote that while E 2T

ana 11 211

radiation are often considered as arising from the
later terms in the exponential ekpansion, and having the same
transition probability, this will only be true for gamma energies

of about 1 liev.

Selection Rules.

The transition probabilities are governed by the terms
in the expansgion of (E,g!}l which give non-zero values in the
inegral i.e. which matrix elements are non-zero. Properties

of the tnitial and finai states which effect thiese elements

will therefore determine which type of transition is possible
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and thus give us selection rules. If the states are such

that

J¥f Py 4t =0

electric dipole radiation is forbidden, if

f‘l’f*(&- D)Py, 4T =0

electric quadrupole is forbidden and so on.

Angular lMomentum,

Heitler (1936) showed that a photon from a 21 radiation
carries away angular momentum Y and thus if the initial and
final states of the nucleus have angular momentum I and I',
then|I - I'] < 1 < |1 + I'l determines possible
values of the polarity of the radiation. This may also be

\L-1 !
expressed by saying that j\ﬁctﬁ/ A )@ | % WL dT

vanishes except for values of 1 as given above.

Parity.

Since the parity of a self-contained system cannot
change, the parity of a gamma-radiation must be determined
by that of the two nuclear states involved. It can be shown
that, since the operator p = /1. v contains the first
power of r only, it must have odd parity. Thus radiations

corresponding to the term (5,2')1’1 have parity (odd)l, as

follows:
Tlectric dipole parity change yes
E.Q. and ]‘JI.DO 1’10 Change nO-

E.O. and 11.Q. - change yes




Electric Radiation |Dipole | Quad | Oct | 2% pole

1 +1] > 1 2 3 4

II-11 <

Parity Change Yes No Yes No
Magnetic Radiation Dipole | Quad Oct

I+ 1 2> 1 2 3
l1-1] <

Parity Change No Yes No
Approximate lifetime 10"11 10"8 ‘IO-5 sec

TABLE 1.

ALLOWED MULTIPOLE RADIATIONS
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Generally, the transition with lowest peolarity not for-
bidden by the above considerations of momentum and parity will
be predominant in the radiation, being of the order of 103 times
greater than any other. It should be mentioned however, that
experimentally it has been found that eléctric dipole radiation
is rather less probable (about 10-3) than would be expected on
this simple theory. This can be explained as due toAthe symmetr¥
of the nucleus, which reduces the charge asymmetry necessary
for dipole radiation.

Table 1 summarises these ideas. For example a transition
between states with I = 4, and I = 2, and different parities
would give magnetic quadrupole and electric octopole, but not
electric quadrupole. It also illustrates the predominant type
of radiation associated with different changes in angular
momentum. It should be noted that transitions between two
states with I = 0 are completely forbidden, for a radiative

transition involves angular momentum being carried away.

Probability of emission of low-energy gamma-radiation.

Since the transition probability for electric dipole radia-
tioh is proportional to W3 and thus to E3, and for higher
polarities to a further factor of (kR)2, which is proportional
to E2, the emission of low energy gamma radiation of about 100
Kev. is reduced considerably. Hence the emission probability foj
such radiation is less than that for a 1 Mev. radiation by about

10'3 for electric dipole, about 10_5 for quadrupole, and 10—7

for electric octopole, and a 100 Kev. dipole transition has a
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similar theoretical emission probability to 1 Mev., gquadrupole
radiation. Hence low energy gamnma-radiation in competition
with high energy radiation will have comparatively low intensities
unless the high energy transitions are forbidden, and any such
radiation detected is more likely to arise from a transition
from a low-lying state to ground than from one between two
exclted states. For such low energy radiation, too, the .
degree of competition from intermnal conversion will be high.
This will not effect the transition pfobability, but for short
lived excited states where equilibrium in a reaction is soon
reached, the intensity of {the low energy gamma radiation will
be reduced.

See, for example, table 2, where the approximate results
to be expected for the soft gamma-rays which might come from the

28 reported by Strait, Van Paltter, Buechner

low=-lying level in Al
& Sperduto (1951). The formulae used for these figures may be
found in the following references:-

Blatt & Weisskopf, 1952, pp.618, 627
Dancoff & Morrison, 1939

The final column gives the lifetimes which would be observed
experimentally, being shorter than for purely radiative transi-
tions due to the competitive effect of internal conversion which

we now discuss.

Competitive processes.

If the degree of multipolarity is large and the transitionm

by electromagnetic radiation highly forbidden, the life-time



for such a transition will be large, but the nucleus may de-

excite by interacting with the atomic electrons, ejecting one

of them from the K or L shell. This internal conversion effect
is strictly a competitive process with a definite transition
probability, causing a reduction in the life-time of the excited
state compared to that expected from gamma-emission alone. It
is not a case of gamma-emission followed by a photoelectric
effect. The value of oK , the ratio of the number of ejected
electrons to the nuﬁber of gamma-rays emitted, will depend on

Z, on E the energy of the transition, and also on the polarity

of the transition, for the interaction is between the wave-

functions of the two nuclear states and that of the electron,
and these wave-functions will depend on the momenta of the

nuclear states.

Selection rules for internal conversion.

These are similar to those for gamma-emission, but
electrons may be emitted when gamma-rays are completely for-
bidden e.g. in 0 — 0 transitions gamma-emission is not possible
but the transition may occur by emission of a K-shell electron.
Dancoff & Morrison (1939) and Hebb & Morrison (1940) have
derived expressions forcXK ags a function of the energy and
polarity of the transition and the atomic number of the aton,
and more exact values have been worked out by Rose,Goertzel,
Spinrad, Harr & Strong (1951). Internal conversion in the L-shell

is also possible and the ratio °<K/;<L is of some importance,

involving the polarity of the transition, and this has been
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calculated by Hebb & Nelson (1940).

It should be noted that the conditions for isomeric states
are sigilar to those for high internal conversion co-efficients,
i.e. low E and large changes in 1, and so the two phenomena may
be studied in the same nucleus, with a view to determining the
polarity of the transition. This was done by Helmholtz (1941)
when he obtained results for T,

A further de-excitation process is intermal pair production
for high energy transitions with I = I' = O and no parity change.
This is relatively rare due to the possibility of gamma-
transitions to intermediate allowed states and the most notable
example is the production of electron pairs of energy 6 lev in
the reaction

% ¥
Fqg(p,o<) O’]6 : O T —> 0 + € + e

Electromagnetic transitions by a single process with I = I' = O
and parity change are completely forbidden, but the formation of
two electrons er two quanta is a theorelically possible process

of small transition probability (Sachs, 1940).
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CHAPTER 2.

THE STUDY OF LOW ENERGY GANMMA-RADIATION

2. 1. TETHODS OF DETECTING SOFT GAMKA-RAYS AND OF
WEZASURING THEIR GNERGY.

The detection of soft gamma—rayé whose energies may
be determined otherwise is usually carried out by the effect
on photographic plates or by the ionisation caused by the
secondary electrons produced in ionisation chambers, for
measuring total intensity, or in photosensitive Geiger-
Muller counters with thin windows, for counting fthe actual
number of photons. Recently, the development of scintilla-
tion technigues, in which light excited by the passage of
charged particles is detected by photo-electric multiplier
tubes, has provided a sensitive method of detection of the
secondary electrons following the capture of gamma-radiation
in a crystal.

The energy of the radiation may be determined by
measuring the actual wave-length of the beam by methods
analogous to those used in the optical and X-ray regions.
These involve constructivereflection of the béam at successive
planes of atomic structure in crystals. Each plane will
reflect‘the beam at an angle equal to the angle of incidence,
but the radiation from successive layers will interfere with

each other and the reflection will only occur if nA = 24 sin e,

where n is integral, A the wave-length of the incident
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radiation, d the distance between the reflecting planes and

e the angle of incidence and reflection with the plane. This
effect is used in the Bragglspectrometer, in which a highly
collimated beam of X-radiation falls on a crystal face. A
photographic plate or ionisation chamber is positioned to
measure the reflected beaﬁ and as the crystal is rotated, the
X-ray intensity meaéured will give the spectrum of the beam.
Ssuch methods give extremely good resolution and have been used
in studying soft gamma-radiation from natural sources up to
770 Kev., as in Rutherford, Chadwick & E1llis (1930). Such
energies, however, are very difficult to measure, for glancing
angles of only about 10' are required and this involves very
good collimation, cutting down the intensity of the beam. Long
exposures and high intensities are required even for energies
about 20 Kev., for the reflection co-efficient of crystals at
this energy has been given by Compton & Allison (1935) as only
10_5. Thus it appears that for nuclear reactions induced by
particle bombardment, considerations of intensity render this
technique of little use.

If a gamma-ray beam of homogeneous energy passes through
matter, a certain number of the quanta will be scattered or
absorbed, reducing the intensity of the beam. It is found
that the intensity after passing through a distance x of
a material is given by I = I, e “MX . where I, is the original
intensity, andu the absorption co-efficient, which is related

to the mass and atomic absorption co-efficients. These vary

widely and depend on the atomic number of the absorber and the
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energy of the radiation, but have been studied extensively, both
experimenfally and theoretically. For the region of soft
gamma-rays we will coneider chiefly the absorption co-efficient
due to the photo-electric effect, for which M, , the atomic
absorption co-efficient, is proportional to Z4 A'3; This rule
ig strictly true for the absorption due to each electron shell,
no absorption occurring in a shell until the energy is great
endugh to eject a photo-electron, after which absorntion occurs.
This results in discontinuities at values of the gamma-ray energy
correcponding 0 these energies, as shown in fig.2. Thus,
although the most efficient absorbers are generally those of
high Z, the increase in a. at the I and L edges can effect this
and the most suitable absorbers for different energies may be
obtained from tables of absorption co-efficients.

Lowever, a valuable way of determining the energy of
a soft-radiation of homogeneous energy is often, instead of
ieasuring its abeorption co-efficient with an arbitrary =bsorber,
by using tne metiod of critical absorbers, as long as E is less
than S0 Kev. For one eleuent, of atomic number Z, the gauma-ray
may just not have enough energy to eject a photo-electron and so
the absorption will be small (equivalent to point 4 in fig.2).
For the element with atomic number Z-1, however, energy required
to eject the photo—-electron will be slightly less and the
absorption curve will be shifted slightly to the right. Thus
the absorption edge will lie at a slightly lower energy than
that of the gammna-ray, which will have a correspondingly higher

absorption co-efficient. By inserting absorberg of different
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atomic numbers and finding where a plot of A against Z shows a
sharp change a value of,\ can be found. This method is gsimple,
can be carried out with low intensities, and gives a resolving
power sufficient to establish the energy between limits in the
ratio of about 2/Z+2. Absorption methods, however, are not so
suitable for complex spectra or where there is a large back-
ground of other radiation.

When gamma-rays are captured, secondary electrons
are emitied with energy E=hVY- Wk’ E?=hv -Wl’ etc., where Wi
Wl’ etc., are the binding energies of the electrons in the
atom. Thug gemma-radiation falling on an element may emit
electrons of well-defined energies, whose measurement will give
that of the incident rzdiation. This measurement may be carried
out in several ways. The most direct is the emission of the
photo-electrons from a thin foil of lead placed over the source
and the study of these electrons in a magnetic field, as in a
normal beta-gpectrometer. Very thin foils are required as con-
verters to reduce the sﬁread of energy due to energy loss of the
secondary electrons in the foil, and for this reason, internal
conversion electrons are valuable. They may be compared to
photo-electrons without the use of external converters.

If the gamma-rays are captured in a gas the range or
ionisation of the secondary electrons may be determined in a
cloud-chamber or gas-filled proportional counter, thus giving

a measure of their energy. In the latter case, the X-ray
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enitted by the converting atom when it de-excites may also

give rise to ionisation, and the result is that if this X-ray
is also captured the ionisation produced will be a measure

of the total energy of the incident radiation. A similar
effect occurs in the scintillation counter, in which the

energy of the gamma-radiation absorbed in a crystal is
ré-emitted as light which can be detected by a photo-multiplier
tube. The emission of the tube gives a measure of the energy
of the incident gamma-radiation. In these types of measure-
ment,'the uncertainty in the energy due to spread in the.
output of the counter etc., is due to statistical variatiouns

in the processes involved and not to the energy loss of the
electrons in the converter. For these reasons increased
efficiency of detection does not involve a decrease in resolution,
ag is the case using foils as converters. The use of propor-
tional and scintillation counters will be discussed more fully

in later sections.

2. 2. THE USE OF GAS-FILLED PROPORTIONAL COUNTERS.

lIost of the methods described in the above section
are unsatisfactory in the presence of a background of high
energy radiation, with an intensity comparable to that of
the soft gamma-rays being investigated. This is the situa-
tion encountered in the study of low-energy transitions
between states of light and mediunm nuclei excited by particle
bombardment. However, the development of gas-filled pro-

portional counters (Curran, asngus & Cockecroft, 1943) suggested
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the possibility of distinguishing low energy gamma-rays

from background radiation. In designing a counter for this
pvurpose, the criterion must be a high counting efficiency for
low energy gamma-rays, coupled with a low efficiency for
other types of radiation. Bearing this in mind, a counter
with an exceptionally large window, which could be operated
at pressures of 3 atmospheres of filling gas, was designed
and built.

The essential feature of a gas-filled proportional counter
is that the potential difference between +the case and the
central wire causes a multiplication of the ionisation causes
by the incident radiation. In the ionisation chamber, the
field is such that the mean free path of the electron in the
gas is too short with the field strength applied to give the
electrons enough energy to ionise the atoms it strikes. Thus
the total charge collected on the central wire will not be
greater than the original amount of ionisation. In the
Geiger-lluller counter, on the other hand, the potential is
so great that any original ionisation causes a discharge along
the whole length of the counter, and the total charge collected
is large, many times greater than the original ionisation and
independent of it. The proportional counter lies between
these two éases and in this the original electrons of the
ionisation cause no further ionisation until they approach a
critical distance from the central wire where the field is
high, and then produce a limited number of further electrons.

This results in each initial electron giving a number of
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electrons, termed gas multiplication. Ideally this number of
electrons produced by each initial electron is constant, and
deviations from this are responsible for the finite resolution
of such counters, but we will neglect these here. The total
current collected on the central wire is then proportional to
the original ionisation. The value of the gas multiplication
factor is a function of the operating voltage, the type of gas
and the pressure used, the presence of impurities and the
dimensions of the counter. While theoretically it might be
possible to calculate the pulse gize for a given ionisation from

these variables and the capacity of the associated circuits,

this is not practicable. To obtain quantitive results for
the ionisation produced and hence the energy of the radiation
incident on a proportional counter, it is necegsary to calibrate
the counter by using particles of known energy, E. If these
produce a pulse height, h, the ration E/h gives a constant which
may be used to determine energies of other particles. The
assumption of proportionality may be verified by studying
several radiations of known energy.

For measurements of soft gamma radiation, the calibra-
tion may best be carried out using X-rays, produced by one of
the'following techniques. |

An ordinary X-ray machine will give white radiation,

but by collimating the beam and directing it on metal foils,

Oobservation at right angles to the incident beam will give

characteristic X-rays of homogeneous energy practically free

from white background.
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Certain radioactive sources decay by K-capture of an
orbital electron, followed by emission of thé characteristic
X-rays of the daughter element as the vacant K-level is filled,
for example:

Zn65 K capturg> Cu65——————a Cu X-rays

This gives the possibility of a range of convenient X-ray
sources.

If materials are bombarded with charged particles, these
will cause ionisation, which will be followed by emission of
characteristic X-rays of the material. In conjunction with
a source of high-energy protons, such a technique can be
equivalent to fairly strong sources, and if the counter is
being used to study excitation levels arising from proton or
deuteron bombardment, it is of great value; Previous work by
Henneberg (1933), Peters (1936), Livingstone, Genevese &
Konopinski (1937) and Smith (1950) has shown that the intensity

of the radiation is roughly proportional to gt or 5/ 312

y Where
E 1s the energy of the incident beam and Z the atomic number

of the radiator.

2+3. BACKGROUND AND EFFICIENCY CONSIDERATIONS.

The counter used was similar to an ordinary proportional
counter, fitted with guard rings and field tubes as described
by Cockcroft & Curran (1951), but to give a large efficiency
it had a large window. This had a diameter of 1.8", and

consisted of a foil of Al of thickness 0.01". There was an

internal lining of Al, 0.002" thick. Such a window has a

transmission factor better than 50% for gamma-rays of energy
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greater than 15 Kev.

The counting diameter of the tube was 10 cm., and the
counting length 15 cm. Thus if the criterion for proportional
counting is taken to be that the range of secondary electrons
is less than the radius of the counter, it can be seen from
the ranges of electrons given in Curran & Craggs (1949) and
Rasetti (1936), that the counter may be used satisfactorily
up to 80 Kev. if filled to a pressure of one atmosphere with
argon, and up to 150 Kev. if filled to three atmospheres.

Because of the large window, the solid angle efficiency
will be large, but the intrinsic efficiency of the counting @s
will be low, about 1% for 100 Kev. radiation and 6% for 40 Kev.
radiation at a pressure of three atmosvheres.

Since the purpose of the proportional counter is largely
to separate the soft gamma radiation from general background,
some consideration of the relative magnitudes of these to be
expected and the relative efficiencies of the counter will
now be given.

First, consider the spectrum produced by soft-gamma radia-
tion. This will produce in the gas both photo and Compton
electrons, and these will be about equal at 75 kev., with
the photo-effect of much greatef importance at lower energies.
However the elecrons: arising from Compton scattering will have
a large spread in their energy distribution with a maximum

of intensity well below the energy of the photo-electrons

e.g. at 10 Kev. for E = 50 Kev., and at 28 Kev. for E = 100 Kev
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The spectrum due to photo-electrons will appear as a peak of
half-width about 20% and at a much higher energy than that due
to the Compton effect, and thus the latter will not effect

the sharpness of the photo-electric peak.

Any soft gamma radiation incidént on the walls of the
counter will be absorbed, owing to their thickness, as will
gecondary electrons and X-rays resulting from interactions by
higher energy radiation. The purpose of the Al lining is to
ensure that any characteristic radiation reaching the gas will
be low energy Al X-rays réther than Cu or Zn X-rays from the
_brass of thezounter body.

Soft gamma-rays which are absorbed in the window of
the counter will produce secondary Ai X-rays which are so soft
(energy about 1 Kev) that they give negligibly small pulses,
and also photo-electrons ffom Al, many of which will be
totally absorbed in the window and the others will have an
energy spread due to energy loss before leaving the foil.
Since the range of photo-electrons of given energy is known,
the number 0of gamma-rays which will be absorbed in a layer
near enough to the surface to produce electrons energetic
enough to reach‘the counting gas can be determined. This can
be shown to be only about 2! for 50 Kev. and 0.5% for 100 Kev.
gamma-radiation, and not all the electrons produced in this
way will travel forward and reach the gas. Thus, as with
Compton electrons, the background from this effect will not
be enough to mask the main peak of photo-electrons.

The background which will be of most concerm will be
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that arising from high energy gamma-rays,neutrons, and beta-
rays from nuclear reactions, which might be expected to have
similar intensities to that of the soft radiation being
studied. The latter may be eliminated by the use of hydrogen-
ous absorbers and magnetic fields and in any case would only

be expected 1o enter by the window, but gamma-rays and neutrons
will be considered further.

If we take gamma-radiation of up to 10 Mev., it will
produce electron pairs in the counter walls and surroundings
with ranges much greater than the counter dimensions. They
will tend to cause minimum ionisation in their passage through
the counter gas. If this is taken as about 50 ion-pairs per
cm. at atmospheric pressure the ionisation created in the 10 cm.
average path will be about 500 ion-pairs or equivalent to a
15 Kev. X-ray. At 3 atmospheres this will be 45 Kev. Again
thére will be a broad spectrum of pulses but they will lie
about the energy regilon of particular interest.

Particularly with deuteron induced reactions, the
presence of neutrons will give heavily ionising knock-on
particles frbm the gas and walls of the counter. For argon
these will have an energy about 0.1 times that of the neutron
and so may produce rather large pulses.

To obtain an estimate of the relative efficiencies
for hard and soft gamma-radiation, consider the counter as

having dimensions as follows:

Length 6", diameter 4", window diameter 1.8".
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The X-rays will count only if they pass through the window
but hard gamma rays must be considered as counting if they
strike the counter anywhere within the counting dimensions.

Therefore Efficiency of defecting soft gamma rays

" ] " ha rd ] "

area of window x mass absorption coeff x mass of argon

H " Coun‘ter X n " " 11 1 brass
= approximately 1/7.
Thus gammas will be expected to give an order of

magnitude more counts than an equal number of soft.ones.

2.4. PREVIOUS EXPELRIIIENTAL WORK.

A search of the literature shows no sign of any
detailed work to determine the existence of soft gamma-
radiztion from nuclear reactions with light elements, with
7Z < 20, although the existence of long lived isomers with
large 2, involving transitions with large internal conversion
factors, is known. At the time this work was started the
results of previous work on energy levels of nuclei with Z2<10
had been summarised by Hornyak & Lauritsen (1948) and Hornyak,
Lauritsen, lorrison & Fowler (1950), and gave no indication
of low-lying levels, but showed that close doublets of levels
separated by less than 100 Kev. were known in several cases.
It was originally proposed to undertake a general survey of
reactions in this region, using protons and deuterons of
energy up to 800 Kev., but this was not carried out, as will

be explained later.
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For slightly heavier nuclei, 72 between 10 and 20, the
level swpacing is rather less, and Alburger & Hafner (1950),
reporting the known experimental results in this region, zive
indications of level spacings about 50 Kev. for large excita-
tions, of the order of 8 Mev., in several of the nuclel
mentioned. The observations of soft gamma-rays from these
nuclel would verify nrevious work and give information regard-
ing the changes of pnarity and angular momentum in such
transitions.

These levels have been studied mostly by work on neutron
absorption. Such techniques give the energy levelgs about
the excitation energy available frecm the capture of a neutron
of zero energy, i.e. the Q value of the reaction. The level
spacing is precise, though the absolute value of the excita-
tion may be uncertain to the extent of the uncertainty of the
Q-value. These levels have also been studied by gammna-ray
excltation curveg from nroton bombardment. If 1t is assumed
that the reactions are (p,¥ ), these curves give levels of the
recultant nucleus which are high and which may be closely
spaced. There may well be a posgsibility of a soft radiation

o

vetween two such levels in competition with the transition wo
the ground state. Vork done by Brostrom, Huus & Tangen (1947),
Burling (1941), Curran and Strothers (193S), Plain, Herb
Fudson & Warren (1940), Swann, 'andeville & Whitehead (1S950)
and Tangen (1947) indicated that the following reactions

would give rise 1o level s»nacing about 10-100 Kev. with

the energies available from the Cockcroft-Walton particle



accelerator in Glasgow.
. 1,20 27,
e23(p, ¥) ugth; 1e?P(p, ¥y w188 TET (R, ¥ ALY

J.J_b L) .‘Ll

A127(p,b’) 5128; ;3129(p,7() P3O; P31(p,,X)S32

The (p,¥ ) reactions mentioned in this review may
imply that the gamma-radiation may come directly from the
capture nucleus, or zrise from the daughter nucleus following
particle emission. The latter case would still indicate level
spacing in the intermediate compound nucleus, but the probab-
ility of gamna-emisgion, particularly of low energy, in
competition with particle emission would be very small. ILater
work on the energy of the gamma-radiation for proton bombard-
ment of P (Grove, Coover, & Harris, 1550) and of Al
(Rutherglen, Rae, & Smith, 1951) indicates that in these
reactions at least, the gamma radiation comes from the direct
(v, ¥) reaction.

However, transitions between close but high levels are
rather improbable due to competition from transitions direct
to the ground state, unless the latter are forbidden. lore
promising from an experimental point of view and of greater
significance theoretically would be transitions from a low-
lying level to the ground state.

Such levels in light nuclei have only been observed by
studying the emission of high energy particles in nuclear
reactions, using magnetic-focussing spectrometers to give the

high resolution of less than 100 Kev., of which other methods

are not capable. Using this technique, Strait, . Van Patter,



Buechner & Sperduto (1951) have studied the reaétions

£127(a,p) 412° ana P3'(a,p)P32 and found that the proton

groups previously known as due to transitions to the ground
states were actually doublets, indicating levels in A128

at 31.2 Kev. and in P32 at 77 Kev.

42.
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CHAPTER &,

EQUIPLENT.

In this chapter no description will be given of
electronic equipment in general use in the beam and control
room of the Glasgow high voltage generator, such as the gener-
ator itself, the current integrator, and timing unit, nor will
standard T.R.E. equipment such as the 1008 amplifier, scalers

and the 5-channel pulse analyser be discussed in detail.

3. 1. GAS-FIILED PROPORTIONAL COQUNTERS,

Three of these were used in preliminary work, though only
the third (counter "C") was used to obtain the results described
later. The other two will be described briefly.

"Counter "A", as shown in Fig.3 was a small brass counter
which had been used previously by Dr.R.D. Smith, and was known
to be in good working order, This was used to check that the
electronle equipment was in correct working order before using
the other two counters.

Counter "B", as shown in Fig.4 had been designed to have
a large solid angle and work at high »nressures of filling gas.
As illustrated the window consisted of the aluminium central
portion, which had been obtained seamless from a large beaker,
and joined to end-pieces with "0" ring connections.l It was
found that the pulses from the X-rays of a Ge71 source give very

poor groups which rapidly deteriorated. It was suspected that
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this was due either to small leaks in the counter or to poison-
ing of the gases by vapours coming from insulators, etc., and a
hot calecium purifier, with a2 diaphragm pump to circulate the
gas, was fitted to attempt to improve the counter'!s performance.
No improvement was noticed, however. By filling counter "A"
with gas from this counter after different lengths of time it
was veplfied that the poor groups and deterioration were partly
due to progressive poisoning of the filling gas and partly
Inherent in the counter itself. Work on this counter was
finally abandoned and counter "C" designed and built.

Counter "C", as shown in Figs. 5 and 6 and PFlate 1, was
desi;ned with a large window able to stand filling pressures of
3 atmospheres, ATt this pressure it was estimated that gamma-
radiation of up to 150 Kev, energy would produce secondary
electrons with a range of less than the radius of the counter
and.thus give proportional counting.

This counter was of the end-corrected type, as developed
by Cockeroft & Curran (1951), with a field tube around the
guerd ring to obviate non-proportionality due to end effects.
This tube is maintained at a potential corresponding to its
diameter in the counter, which is given by El/EO= log (rg/rl)
/log (ra/ rl), where E,, are the potentials of the field

1’

tube and case, and the radil of the wire, the field tube,

T1,2,3
and the case. In this counter using a wire of diameter
0.,003", this ratio is thus 0,725,

As the large window might be exvected to distort the

field, some time was spent arranging that this would not occur,
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Finally the Al lining was made of thickness 0.002" and covered
the gap in the cylinder at the window. It was pierced many
times, care being taken that no sharp edges were left, and
this ensured that the fioil was not disturbed while the counter
was being evacuated or filled. The size and number of these
holes was known and hence the effect of this‘foil in reducing
the efficiency of the counter could be calculated.

Previous experience with counter "B" had shown that the
system would be very liable to pick up thé high-frequency
suprly used for heating the valves of the high tension gener-
ator and to overcome this the counter was placed in an
insulated box covered with thin aluminium foil. All leads
were led shielded into this box which was earthed and the
outvut to the head amplifier was also shielded., As a result
the R.F. pick-up was reduced to little more than the noise
due to the amplifier. This arrangement also facllitated the
use of metal absorbers between the counter and the source, as
the voltage on the counter was not exposed.

A table of the efficiency of this counter is given in
Table 3. Note that as the region between the window and the
Al lining 1s not part of the countinggas, but acts as an
absorber, this will reduce the actual efficiency. The table
includes the aprarent efficiency, which neglects this effect,
and the actual efficiency.

Calibrations carried out with the X-rays from proton
bombardment of iron, copver and lead verified that the counter

was counting proportionally and Fig.7 showing the results for
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lead X-rays illustrates the performance of the counter.

The filling normally employed was 15 cm. partial pressure
of CH5 and three atmospheres of A. Gases of commercial purity
were used and it was not found necessary to use cold traps or
other purifying systems while filling. The size of the pulses
due to radiation of a specific energy drifted slightly over a
period of days and calibration runs with proton-induced X-rays
were carried out for each experimental run. There was little
deterioration in resolving power, however, and it was found
adequate to refill the counter once a week. It should be men-
tioned that contamination of the filling system may spoil the
performance of a counter filled therefrom. At one stage of
the work described, the performance of the counter deteriorated
to such an extent that groups were not obtainable, and this was
only overcome by dismantling the counter and filling system and
thoroughly cleaning them. As other workers had simllar diffi-
culties it was concluded that this was due to the presence in
the filling system of Xylene, which was being used in licuid
scintillation experiments. Great care was therefore taken that
no traces of such organic liguilds were allowed to enter filling

systems used for proportional counters.

3, 2. SCINTILLATION COUNTERS.

These were not used as much as the proportional counters.
The detecting system was similar to that used by Drs. R.D.Smith
and J.G. Rutherglen, and consisted of a thalllum-activated

sodium iodide crystal, of dimensions 1 cm. square and thickness
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1 mm., irmersed in liquid paraffin to prevent delicuescence and
the top surface covered with a thin foil of aluminiuﬁ, to in-
crease the light intensity reaching the photo-rmltiplier tube,
This was the ©.1'.,I., type 5511,

Lrd

3. 5, POWHER SUPPLILES,

The hiph-tension supnly used was obtained from a stabil-
1sed 4 Kev. pover back dve to Dr.R.D. 8mith and shown in Fig.S8.
This is of the series varallel type, in which a smoothed output

appearing across C_, is taken to the H.T. output through the

5
controlling valve, CV 73. The output is also fed through a
resistance chain, Part of this voltage is thus fed to the
amplifying valves (SP 41s), whose output is apnlied to the grid
of the CV 73, thus resulting in stabilisation. C; and C, serve
to feed riprle to the stabiliser, while storning the D.C. from
reaching it. The reference voltage 1s the neon stabiliser
valve 85 A 1 fed from a ~300 volt sunmnly, the screen voltage of
the CV 73 is maintained by the VS 70'from.a +400 volt supply,
and the output voltage 1s determined by the setting of the

potentiometer R which is a standard T.E.L. potentiometer.

3,4

S.4, AVPLIFIZR.

The amplifier.used was the T.R.E. type 1008 with high-
frequency head amplifier, with the modification that the heater
supnly to the valves of the main amplifier was: fed separately,

in order that D.C., might be used to reduce hum from A.C. heating.
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3. 5. PULSE-SHAPING.

As discussed by Wilkinson (1950(b)) the pulses from

proportional counters are fairly long (of the order of 100

usec), due to the action of positive ion collection. For fast

counting rates this may result in distortion of the spectrun
due to pulses lying on top of one another, To overcome this
difficulty of slow pulse formation, it is desirable to sharmen
the pulses. This may be done by using swrall time-constants
of differentiation @nd integration before the main amplifying
stage, and the output pulses will then have a width about
that of these time constants. If the rate of rise of the
pulses is independent of the pulse slze, as is usually the case
with proportional counters, the spectrum will not be distorted,
but there is a danger of overshoots at the back-edge of the
pulse, which may be undesirable.

It is therefore more satisfactory to use a delay line,
as discussed in Hlmore & Sands (1949). By using a delay line,
the original pulse has imposed on it another pulse similar in
shape but of opnosite sign which has been delayed by the time
taken to travel down the line. This second pulse is ususlly
attenuated by the line. 'For a square wave this results in [
a sharp pulse of width t, the time talen for the pulse to
travel down the line. A similar effect occurs with a pulse
with a sharp leading and slow back edge. In the work des-
cribed, the delay line with lumped parameters shownrin Figl.9

was used, having a characteristic time of about 2 usec.
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Variable resistances were adjusted to ensure that the line was
sultably matched at the input and output and that the reflected

pulses were attenuated correctly to prevent over shooting.

. 6., PULSH ANALYSIRS,

then this work was started it was decided, reather thsan
build a rmulti-channel kick-sorter, to use one involving a sinsle
channel only. Such an instrument requires stabilised movier
supnlies which were available in the control room of the proton
adcelerator and should be able to deal with a high counting rate
to give reasonable statistics. To do this the circuit shown
in ¥iz.10 was used, having been originally designed by DmR.D.
Smith, but modified during the course of this worl:,

The ouvtput pulses from the 1008 amplifier are fed into Vq
and arplified by a factor of about four to up to 200 volts.,
This valve normally has its anode set by the zero set potentio-
meter VR 1, at the same voltage as the 250 volt supply, to which
the positive terminal of the amplitude meter 1s connected. The
other terminal is connected to the anode of the diode Vg, anc
hence the meter rcads the voltage across the diode, vhich will
be the smallest pulse size which can thus enter the "GO" channel.
The sub-standard voltmeter used may be read to 0.2 volts which
is therefore the degree of amplitude discrimination.

The anodes of the diodes are held at V and V + AV volts
below their cathodes, where V 1s the reading of the meter and
A vV is the channel width supnlied by a 1% volt battery,

monitored by a meter. Thus nulses greater than V can pass the
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discriminator and fire the "GO" channel, those greater than

V + AV firing the "I0-GO" channel as well. By teking the
outputs of the two channels in anti-coincidence, the result
will be a count 1f and only 1if the original pulse had a voltage
between V and V +. V. Both channels are similar, a limiting
amplificr firing a cathode counled nhantastron trigger circuit,
which ;ives square pulses about10 usec. long. This run dowm

time is determined by the tTime constant of the 200 »nf condenser

and 100 K resistance in the grid circuilt and variable resistors

VR 4,5. VR 6 adjusts the trigrering potential of the "gGoO"
channel and is set so that, ifAV = 0, both channels trigcer
simultaneously.

The outruts of the ftwo channels are fed into the mixer
circuit. In this V8 is normally conducting and V9 cut off.
Thus, if a negative pulse from the "GO" channel aprears on
the grid of ¥g this will be cut off and a pulse aprear at the
output, unless at the same time a.positive pulse from the
"110-G0" appears on the grid of Vg making it draw current
instead.

then this lkick-sorter was put into oreration it was found
that certain modifications were required for satisfactory
results., There was a zero error due to the finite voltage re-
auired to fire the phantastrons, and this was reduced by

increasing the bias on the grids of V as far as possible.

6,10
This involved increasing the suppressior grid resistances from
the orir-inal 2.2 K to 10 X. There was a tendency for self

oscillation if this bias was made too great and to ensure

maximuy sensitivity consicstent with this a variable resistance
was also included in the "N0-70" channel.
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‘When this had been done it was found that, in spite of
the 50 pf condensers fron earth to the sznodes of the discrinin-
ating diodes, spurious pulses from the anode-cathode capacitance
of these valves were large enough to trigger the channels,
rarticularly for large amplitudes of input pulses. The size
of these spurious pulses was therefore reduced by feedins the
grid of V4,8 with a portion of the input pulse out of phase
with that coming through the diodes but passing through similar
RC combinations, where the diodes were represented by variable
capacities of about 10 pf. This reduced the spurious pulse
size considerably These modifications are shown in IMig.1l,

The worl described was started with this pulse analyser
but only a few experiments were carried out with it before the
T.H.4, five channel pulse analyser was made'available to the
Glasgow Devartment of HNatural Philosophy and most of the later
work was carried outbt using it. This instrument has been des-
cribed by Cooke-Yarborough, Bradwell, Florida & Howells (1850).
In principle 1t counts all pulses greater than a set size and
divides them in four channels whose upper limits have to be set

and one vwhich tales all pulses greater than the top limit, As
a result.all pulses greater than the lower level fire a trigger
circuit vhich brings fhé actual analysing and counting circuits
into action. Following this there is a dead time during which
no further pulses are counted. For this analyser this dead
time is about 60 u sec, and this restricts the total number of

counts including those in the top channel with no upper limit,.

Thus a background of pulses hisher than those which are being
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analysed will reduce the counting rate available. To overcore
this 1t is desirable to trevent pulses with amplitudes greater
than those being counted in the analysing channels reaching
the trigger circuit and this led to the develovrment of the low-
pass discriminator, described later.

In using this pulse analyser it is necessary to set the
channel widths and to determine their values, This was
adone, in the first place, by using a pulse generator and setting
the channel heights in terms of the single channel kick-sorter,
Later, when doubts arose about the‘zero level of the latter,
this procedure was replaced by taking the output of a pulse
‘generator through a resistance chain and hence obtaining
accurate relative pulse sizes with which the analyser was
adjusted. The relative channel widths were verified experil-
mentally by taking readings from a radioactive source such as
radium D, and using different D.C. levels in the analyser.
This meant that the same part of the spectrum would fall in
different channels on different readings and thus the relative

numbers of counts gave the relative widths of the channels.

S¢ 7o LOU=PASS DISCRINIIATOR.

As mentioned before, the comparatively long dead-time
of the T.R.E. 5 channel pulse analyser makes it desirable
to prevent all pulses greater than those being counted weach-
ing the input of the analyser. To do this, the circult as
shovn in Fig.12 was used. In ‘this, the outnut of the main

amplifier is fed through a cathode follower To prevent over-
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loading of the ammlifier, and then fires a trigger circuit,
whose triggering amplitude is adjusted so that the width of the
tor channel of the pulse analyser, as restricted by this
circuit, 1s about that of the other channels. Any pulse greater
than this size then produces a 5 u sec blanking nulse vwhich is
aprlied to a double diode clamp. This then prevents the original
pulse from reaching the output of the system. To give.the
trigger time to fire, it is necessary that the pulses rmust be
delayed before reaching the gate and this is doneby passing

them through a length of delay line, followed by a fed-back
amnlifier to off-set the attenuation. The circuit reduces

the pulse amplitude by about 40%: but is linear and does not

have any zero error., The introduction of the delay line
provides facilitiesbfor triggering C.R.0.s8, etc., from the
output of the cathoae follower and this was made use of Iin

later worl.

Coe 8¢ ROTATIVG TARGIT CHALIBLR.

The most convenient source for calibration purposes in
this worl was the bombardment of targets by energetic protons
from the Coclkcroft-lialton accelerator. This, howevér, involves
changing targets between the calibration and the experimental
run, and it is most undesirable to have To open the tarset
chamber and admit air during this change. To avoid this diffi-
cult&, the rotating target chawber shovn in iz 13 and Plates
2 snd 3, was used. This is essentially a six-sided aluminium

. TS, N At
block screwed on to a brass rod which, by using a rubber "0
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ﬁing as a gaslet, could be rotated in the target chamber with- |
out admitting air, Suitable calibration and experimental tar-
gete could be fastened to the various faces, and the blank

face was available for background runs. To reduce soft gamme
radiation as little as possible in iIntensity, it 1s necessary
to have a thin window on the target chamber. This rust be

able to withstand variatlions of pressure of up to one atmos-
phere and should be fairly large. At first a foll of cello-
phane 0,002" thiclk was used but this disintegrated under

ressure., It was replaced by 0.015" of "Styrene' which,

3

however, was found to leal, Finally a foll of 0.005" of

cellophane was used and this proved satisfactory.
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CHAPTER 4.

4, BXPERIMZINTAL PRCCEDURES

This chapter contains an outline of the various experi-

mental technlques used in this work,

4, 1, WORK WITH GAS-FILLED PROPQITIONAL COUNTHERS.

It was soon reallsed that a simple analysis of pulse
size would not be capable of resolving any soft radiation from
background, for the latter was large and also variable with
time, showing large fluctuations as well as a steady increase.
To determine the soft radiation a method using absorbing foils
wias used, The general principle of this technigque was that
successive readings were taken with and without suitable
absorbing foils between the target and the counter. The
difference between these successive counts was then taken as
being due to the soft gamma radiation, and this procedure
could be carried out at different settings of pulse analysers
being used.

At first a foil of tin. thickness 0.017" was used, but
it was realised that this would also reduce beta-radiation
from either e of A128, in the'case of the deuteron‘bombard-
ment of Al. To overcome thils, pairs of foils were used, of
equal surface densities, but different materials, so that
their absorption of the soft-garmma radiation was very different,
but that of the beta radiation very simllar. The first ones

used were 0.017" of Sn, and 0.048" of Al, but these were soon
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replaced with 0.0025" of Pb and 0.011" of Al. As there was a
steady increase in the background, each setting of the pulse
analyser involved two sets of two readings, one with the Al
foil, and then the Pb foil, and the other with the Pb foil first
This gave two sets of difference counts and the mean of these
was taken.

Since some of the background came from the beta-
radiation mentioned above, 1t was desirable to shield it off,
and this was done by the use of perspex or polythene absorbers
and by using a deflecting permanent magnet to remove any
electrons which might penetrate these absorbers. The effect
of these methods was verified by studying the beta-spectrum
after the beam had been cut off following a run, and the
absorption of the garma-radiation by the polythene examined
by studying its effects on X-rays from the proton bombarment
of tin,

Some time was spent analysing the large background, It
was concluded that much of the background arose from the
resolving chamber of the accelerator, where the particle
beam struck the sides, and particularly from the "d on 4"
reaction when deuteron induced reactions were being studied.
This would explain the slow increase in background counts
during runs and why the background should vary from run to run,
as did the time necessary for a run. As a result of this
analysis, the counter was finally arranged as shown in Fig.14,
the counter itself being surrounded with 2" - 3" of lead.

Great care was taken during runs that the accelerator and
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target chamber were carefully aligned and that the beam did not
strike the walls, and the target chamber and counter were placed
as far as convenient from the resolving chamber. Such pre-
cautions reduced the background to such an extent that it was
possible to carry out runs for which the spectrum due to the
soft gamma-radiation was clearly visible over the background.
It was not, however, always possible to reduce the background
as much as this,

The standard procedure when using gas-filled proportional
counters was tc carry out a calibration, using a natural source

such as Ge71

or ReD, or X-rays from the proton bombardment of
suitable targets such as BaClg, Sn or l'o. The pulse analyser
was set to count in the region to be covered, as indicated by
the calibration, and successive counts taken with, for example,
the Pb, Sn, S3n and Pb absorbers. The pulse analyser setting
was then altered and a further group of counts taken, This
procedure ensured that systematic variations of the background
during the experiment were not involved when the counts with
the Pb absorber were subtracted from those with the Al absorber
to rive figures which were taken as due to soft gamma radlation
of an energy corresponding to the pulse analyser setting.

A further calibration was usually taken at the end of the
experiment to ensure that there had been no drifts of the
analyser, amplifier or other equipment during the run. To
keep the background reasonable constant, the beam current

was maintained steady, =s 1t was found that rapid drifts of

the beam resulted in variations of background even 1if the
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integrated resolved beam current was the same during each run.,
For this reason a note of the time taken for each run was usually
noted and any runs showing marked deviatlons in this were

discarded.

4. 2, VOEXK WITH SCIVTILLATION COUNT=RS.

The techniques used here were similar to those with the
gas-filled proportional counters. Shielding was rather easier
in this case, but it was found when studying the reaction
P51 (d,p) P52 that the high-energy background was exclting
fluorescent X-rays in the lead shielding and therefore the
absorﬁers used were of Sn and Al rather than of Pb. The
crystal was also shielded from 211 lead by 0.032" of Sn foil
to rrevent this. Generally it was found that, owing to the
lower resolution of the scintillation counter and its efficiency
for detection of background the results obtained did not show
the presence of soft gamma radiation as clearly as did the
proportional counter results., A thin crystal, about 0.3 m.m.
was prepared by rubbing down a thicker crystal with a damp
cloth, to attempt to reduce background., This was partly

successful but still did not give results comparable with

the proportional counter.

4, 3, CRITICAL ABSORPTIOIN IM=THODS.

These were used to verify the energy of the radiatlon
found by other methods. Solutions were made up containing

equal masses/cm2 of the eleménts whose K-absorption edges
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lay near the estimated energy of the radiation. The
strengths of the solutions were calculated to give an optirmum
increase of absorption in going through the absorption edge.
Following a calibration the pulse analyser settings were then
arranged so that the assumed energy corresponded to the centre
of the counting channels, and counts taken of the spectrum
with the different absorbers between the target and the
counter, . A decrease in the total counts in the four channels
was taken as due to the absorption of the soft gamma radiation

whose energy then was given to within 1 or 2 Kev,

4, 4, PUL3S PHOTOGRAPIHY,

The methods given above were used for the study of the

28 .,
, in

22 Kev. gamma-radiation from the reaction A127(dp) Al
which results by other workers had given an indication of

the energy at which the radiation was to be expected. ILven
with this information, the difficulties of background rendered
experiments very slow and laborious, and it was felt that

the methods would not be directly apnlicable to a general
study of other reactions in which there was no indication

of the possible existence and energy of soft-gamma radiation,

It was desirable to develop some technigue which would be

capable of determining the existence of low energy gama-
radiation from a reaction, with an aprnroximate indication

of the energy.
To do this, the technique of pulse photography as

outlined below was developed and its value determined by
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comparing the results obtained with it from the reaction

A127 28

(dyp) A1l"~ to those obtained by other methods.

The pulses were fed into a cathode ray oscilloscope
(T.R.E. Monitor C.li.0. type 1000),from the outputiof the ~-lowspass
discriminator, the C.R.0. being triggered by the input. Since
the signal proper has a delay of 5.5 u secs, this results in
the signal appearing in the centre of the screen.

Lrn . oseilloscone camera was attached to the screen and a
series of exposures taken at different screen intensities and
numbers of counts, using R55 film. llhen developed the more
suitable ones were examined for evidence of maxima of intensity
denoting low-energy gamma radiation. The best screen intensity
and number of counts required was obtained by experience, but
it was usual to take ten or a dozen exposures as the work and
time involved in taking extra exposures was small compared
with that in setting up the equipment and developing the film.

To see whether or not the method was quantitative some
of the exposures were enlarged on to quarter-plate size
lantern plates and examined on a microphotometer. The results
were not satisfactory due to the graininess of the plates
and the uncertainty of the position of the base-line. However,
no attempt was made to develop the technique to give numerical
results as it was felt that the methods described above were
more suitable and were capable of giving intensities. This

method was used only to determine the existence and apnroximate

energy of soft gamma radiation in nuclear reactions, which




PLATE 4, Gamma-radiation from RaD.

PLATE 5, Radiation from AINA(d,p) Al28
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could then be analysed more fully by pulse analyser methods.
Typical results are shown in Plate 4, which illustrates
the results using the gamma radiations.from a RaD source in
the region 10-20 Kev., Plate 5 shows how the radiation from
the reaction A127 (d,p) A1%8 verifies the value of this
technicue. A rough comparison with a similar figure taken
with Sn X-rays as a calibration gives the energy as between
30 and 35 Kev,, which 1s an adequate degree of ﬁrecision for

the purpose for which this technique was to be used.
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CHAPTER 5.

BXPERIMENTAL RESULTS

5. 1. THE DZUTERQON BONMBARDIMENT OF ALUMINIUM.

VWhen this work was undertaken 1t had been intended to
examine systematically reactions caused by protons and
deuterons of energy up to 750 Kev. from the Glasgow Cockcroft-
Ualton accelerator. However, Inge, Buechner, Sperduto & Van
Patter (1951) reported that a study of the e charged varticles
emitted in the reaction of A1%7 (d,p) A128, carried out with
a 180° sincle-focussing magnetic spectrometer, had indicated
that the prdon group of energy about 5.5 lMev. going to the
ground state of A128 was, in fact, a doublet. This result
suggested that there was a level of A1°® at 31.2 T 2,0 Kev.
with a yield of 55% of that of the ground state In this
reaction. As this was the lowest level reported for such
a lisht nucleus, it was felt that it would be well worth while
attempting to detect radiation from the de-excitation of this
level to the ground state, and to measure theenergy and yield
of such radiation, if detected.

The earlier experimental results obtained have errors
due to uncertainties in the zero errors of the pulse analysers,
and hence in the calibrations, and have larger background

counts. The errors indicated in the figures are the square

root of the total number of counts, including background and
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the figures given are the difference between the counts with
the two different absorbing foils.

The position of the pealr in the pulse distribution could
be determined graphically, but the results quoted were obtained
on the assumption that the distribution would be Gaussian,
and the average was taken. When it was obvious that this

as

o

curmytion was not justified, as, for example, when a
scintillation counter was used, a "background" was talren from
the experimental figures before this average was taken,

5.1.1. Proportional counter results using the single channel

pulse analyser.,

These were the Cirst seté of results obtained on this
reaction, before the background had been studied and reduced,
and as only one calibration had been talen (with lo X-rays
from proton bombardment), this may be in error due to zero
errors of the pulse analyser.

In the first of these, shown in Fig.l5 there was no
shielding and the beta-rays from the target were bent away
from the counter by using the field of a large permanent
magnet. A foil of thickness 0,017" of tin was used and the
difference between counts with and without it in position
between the target and counter was taken as due to soft-gamma-
radiation. As shown the difference counts were at most 60
per channel. As mentioned before, each difference figure

involves four counts.

The second and third had the counter shielded from back-

ground and used foils of 0.017" of tin and 0.248" of aluminium,
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The second used the magnet to deflect the beta-radiation, the
third absorbed them with a polythene absorber. The results
are shown in Figs. 16 and 17. Rather longer runs were taken
and background was reduced, giving better statistics, but
there is uncertainty about the energy determination.

S5.1.2. Scintillation counter results.

In obtaining these, the beta-radiation was absorbed with
a ﬁolythene absorber, and two sets ol results were obtained,
one using foils of 0.017" of tin and 0.048" of aluminium,
and the second foils of 0.0025" of lead and 0.011" of aluminium.
The difference counts were about 500 in these results and the
backrround was about 2,000, The low resolving nower, however,
renders‘the results less liable than those with the proportional
counter., These results are shown in Figs. 18 and 19.

5.1.3. Further vproportional counter results, using the

5-channel pulse analyser.

To obtain more precise measurements of theenergy and
intensity of the gamma-radiation in this reaction, the back-
ground was studied and reduced as described earlier, and the
counter shielded, with both polythene and magnet placed to
prevent beta-radiation reaching the counter. Following this
three further sets of readings were obtained. In the first
of these, shown in Fig.20, peak difference counts of 600 were
obtained with a background rate of 2,000, which gave a very
prominent peak which could be readily seen above background.
Unfortunately, the calibration carried out for this run with

tin X-rays and gamma radiation at 14 Kev, and 47 Kev. from RaD




"syjoa Ul Bui3ias aasA|DUD as|hd
oz 6l 8l L 91 B v El 4

00

10]0)

00

mu_csoU

25U242})1Q
o]0

J%/ojyubnb QIX26° =A
£ 00

A2) 9-1€ =3

'$129105qD SD |y |10 PuP 4d  SZOG-. 4w

1323un0d |pUOlIlodoud mc_v.:“.b.oz ‘P 1V 12 b1 00




92

‘'s3joa vl buiyas ..sl_ocﬁo ag|nd
se ve €2 2e e ot 61 81

Ll

00

o]0

00

ole]) 4

. N LT = e A stk e

Sv/ojubnb A1 x09: =A

25V2)2441Q

©)]

0 suno D

| d+ 5 og
€

A2 G-lE =3

"$12QJ10SqD SD |y Jo- o

PUD qd SZOO- YilM J423unod |puoiyaodosd buisn‘g oN ‘p+y zz'6id

N S Ll e e D i S as St S ot m b Al s e b M

sjunoy . |

OO\|v

00|9

0o0|s

oolol

ooicl



Solutions used

Absorption edge

Counts

1.49 gm. of tartar emetic
(containing Sb.) in water,
made up to 8.2 c.c.

30.5

10,640

0.875 gm. of Te dissolved
in HNO3 and HC1 and made
up to 10 c.c.

31.9

11,270

1.07 gm. Nat1 in water,
made up to 10 c.c,

33.3

11,536

TABLE 4. Results of critical absorption experiment

on radiation from A1 + 4d.
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were not consistent, and theenergy measurement is rather doubtful.
This was before the cathode follower was added to the low-pass
discriminator, and the output of the amplifier was found to
be overloaded, giving distortion of the spectrum for large
pulses., There was also an error due to the zero error of the
single channel pulse-analyser, which has been used for calibra-
tion of the 5-channel analyser,

Finally, the last two runs taken were free from such
calibration errors and had a low background rate. ZX-rays fron
a target of BaCl, fused on copper were used for the calibration
and the results obtalined are shown in Figs 21 and 22, The lineara
ity of the calibration was verified using 47 Kev. gamma-
radiation from RaD and X-rays from Sn and p.

S.le4., Critical absorption results.

The solutions used, shown in table 4, had as constituents
aprroximately equal eormentrations of the absorbing elements,
Sb, Te and I. They were held in perspex cells with a thickness
of 5 mm., and using the figures given in Corpton & Allison
(1935) for the absorption co-efficient of iodine immediately
above and below the absorption edge, these absorbers will reduce
the intensity of gamma-radiation by about 25% if the energy is
less than the absorption edge and by about 80% if it is greater;
The results, shown in table 4, are consistent with the presence
of a soft gamma radiation of energy between 30.5 Kev. and 31.9
Kev.

5.1.5. Subgidiary experiments.

The photographic technicue was developed »rimarily for
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the detection of further low energy gamma lines, but the
convenience made it useful for carrying out subsidiary
experiments to obtain results which would not have justified
the time involved with the more elaborate techniques.

As a check that the method using different absorbers
was not giving rise to fallacious results, the photographic
method showed the presence of radiation in the region 30-35 Kev.
when there was no absorber betwesen the target and the counter.
The_intensity of this radiation was substantially reduced by
using a lead absorbing foll.

It was possible the radiation was coming, not from the
reaction expected, but from excitation of characteristic X-rays
by deuterons on impurities in the Aiuminium.targets used,
although it is relatively improbable that sufficient Cs,
which has characteristic radiation of the energy detected,
would be present in the spectroscopically pure alumihium used
for targets. It might also be conceivable that the radiation
arose from background exciting characteristic radiation in the
counter walls or window. To verify that these possibilities
were not occurrihg, the target was bombarded with protons
and the srectrum photographed. Proton excitation of
characteristic X-rays would give greater intensities than
deuteron excitation and the background would be expected to be
similar to that in the deuteron case. Fowever, no sign of
radiation of the relevant energy was detected, and this would

suggest that the radiation did, in fact, arise from the

reaction suggested.




Expt. | Type of expt. Calibration | Energy of | Yield per uC
No. used radiation of deuterons
(in Kev.)| at 700 Kev. .
1. Proportional X-rays from 31.7 JR—
Counter Mo + p
2. " n 32.9 —
3. ! " 30.7 0.89 x 10°.
4. Scintillation Ra 47 Kev. 33.2
Counter line 1.75 x 103
5. ! Sn + p 31.9 1.16 x 103
6. Proportional RaD 47 Kev. 32.7
Counter Sn + p 28.8 0.77 x 103
7. " BaCl, + D 31.9 0.92 x 10>
. " " 31.0 0.60 x 103
9. Critical absorption 3005 == 3149 ——————2

TABLE 5.

Summary of results on Al + 4.
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The radiation arising from deuteron bombardment may be
due either to de-excitation of a low-lying excited state

28
of Al or from an excited state of Si28

, following the beta
decay. To test whether it could arise from the latter
hypothesis, a set of photographs of the beta-spectrum, taken
at the end of a run with the beam turned off, were examined.
There was no indication of the presence of a low-energy gamma
radiation.

Rae & Grant (1951), in the Dept. of Natural Philosophy,
at Glasgow, have attempted to detect the conversion electrons
arising from the transition giving this radiation, using a
180° magnetic spectrometer, but have been unable to do so.
From the sensitivity of Thelr gporuratus and the experimental
vield of the radiation, they conclude that the internal con-

version co-efficient for the transition is less than 2.

5.1.6. Surmaryof results on A127,

The results of these experiments are summarised in
Table o, It is concluded that a radiation of energy

P 3
31.6 ¥ 0.4 Kev. with an intensity of 1.0 x 10° + 0.3 x 10

quanta per u C of deuterons of energy 700 Kev., 1s emitted

in the deuteroﬁ bombardment of A127.
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Oe2e THZ DEUTZRON BOMBARDIMEINT OF PHOSPHORUS.

Strait, Van Patter, Buechner & Sperduto (1951) also

reported a low-lying state in P52 from the reactipn_P51(d,p)P52.

This was at 77 Kev., above the ground state. The proportional
counter used for the aluminium reaction would be much reduced
in sensitivity for radiation from such a level and therefore
this reaction was examined with a scintillation counter. The
results are described below,

A target of Cu P was used and the method of differential

absorbers used, as in the aluminium experiments. | The
absorbers were 0,025" of lead and 0,105" of aluminium, to
allow for the increased energy of raaiation expected. In
the first run which was carried out, the results shown in Fig.Z23
were obtained, indicating a peak In the radiation at 74 Kev.
which could be observed above background. However, it was
thought that this might be due to fluorescent A-rays of lead
excited in the surrounding shielding by the background.
Therefore a second run was carrlied out, in which the crystal
was shielded from all lead by 0.032" of tin foil, and the
absorbers used were 0.032" of tin and 0.087" of aluminium.
The peak corresponding to radiation at 74 Kev. was reduced
very consliderably ana, as shown in Fig 24, was . colncident
with lead X-rays which were excited by a strong RaD source
to simulate the background. It was concluded from_these

experiments that it was not possible to detect radiation

from the excited state of P32, and, as the sensitivity of



PLIKTE 6, Radiation froin C + d.

nm
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the proportional counter for the required energy would be

lower, no attempt was made to detect it using this method.

5.5, SEARCH FOR FURTHER SOFT GAIMI'A RADIATION FROM NUCLEAR
RBACTIONS

Following the investigation of the radiation from
A127(d,p)A128, the photographic technicue was developed to
search for further such radiation, as describea earlier.
Targets of Cu, Sn, C, AL and B on a copper backing were
placed in the rotating target chamber and series of
vhotographs talken for proteoen and deuteron bombardment at
500 Kev,., energy. . Different attenuations in the amplifier
were used and calibrations with RaD and Ge’7l were also talen,
and thus a wide coverage of energies was taken.

The results indicated the possibility of the following
lines:~ from C + v, a line at below the coprner X-rays,

i.e. from 6 to 8 Kev; from B + d, slight evidence for radiation
of about 60 Kev. was found; and from C + d, there was a strong
line at about 40 - 50 Kev., which apneared consistently in all
the exposures covering this energy range, a typical exposure
being shown in Plate 6., There was also a strong line about

90 Kev. which apneared in several cases, but it was suspected
that this was due to excitation of characteristic X-radiation
from lead shielding.

0f these results, the radiation from C + d appeared
of most value to investigate further and therefore a further

set of exposures was made, which verified the previous results

with this reaction. To see whether or not the lire was due to
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electromagnetic radiation, rather than other tyves of
radiation, the spectrum was taken without any folls between
the source and counter, then with an aluminium foil and
finally with a lead foil. The aluminium foil made very
little reduction in the intensity of the line, but it was
considerably weakened by the lead foil. The beta-spectrum
was also examined at the end of a run, and showed no evidence

of the radiation in cuestion,

5.4, T¥3 DEUTwRON BOLBARDIISHT OF CARBON

In.view of the results obtained from the photographic
methods, as discussed above, it was decided to investigate
further the gamma~radiation from deuteron bombardment of
carbon, using pulse analysis technicues. The energy and
intensity were studied with proportional counter methods
and later with a scintillation counter. Finally, the
spectra from isotoric targets of 012 and C13 were examined
photographically to find which isotope was ziving rise to
the soft garma-radiation found.

5.4.,1. Proportional counter results.

The first experiment was carried out as a straight-
forward analysis of the smectrum, using the T.R.Z. five
channel pulse analyser without any absorbers. The results,
as shown in Fig.25, verified a line above the general back-
sround, but the latter was too large to enable any estimate

of the energy or intensity of the radiation to be made, The

calibrations carried out with RaD, using the 47 Kev.gamma
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line were inconsistent,‘due to a émall leak in the counter
during the experiment.

Sets of readings were then taken using foils of 0.025"
of lead and 0.105" of alumipium, and an absorber for beta-
radiation of 1 cm. of perspex., As shown in Fig.26, this
resulted in a well-defined peak corresponding to an energy
of about 30 Kev. This result 1is ﬁuch lower than any of the
other determinations of the energy of this radiation made
either before or afterf It is suggested that an aluminium
target had becn used in the rotating target chamber instead
of a carbon one, and that it was the radiation at 32 Kev.
from Algv(d,p)AIQB wnich was detected.

The next experiments used about 2" of lead shielding
round the counter, and a permanent magnet with " of
nolythene as a beta-particle absorber, as was done with
the later experiments on the aluminium reaction. The first
of these (Fig.27) gave an energy of the radiation of about
50 Fev., although the calibration from RaD was rather wide
for an‘accurate determination of this, The second, however,
used calibrations from X-rays from proton bombardment of
l'o and Sn as well as the RaD radiation and gave the results
of Fig.28, wvhich gives thé energy and intensity of radiation
found.

With a view to obtaining better statistics and verifying
this result, two further sets of readings were taken, 1in

vhich the magnet and polythene were replaced by LT of perspex

as the beta-varticle absorber. The first of these gave the




Fig.29 C+d No.5, with absorbers,
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No, 6, with absorbers,
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results of Fig.29, and the second, which involved many more
readings than earlier ones and hence better statistics, gave
those of Fig.30. After the latter a short analysis of
the spectrum from the radioactive products of the reaction
was performed and this gave no indication of the presence of
the radiation.

5,4,2., Scintillation counter results,

lleasurements similar to those with the proportional
counter were carried out, using absorbing foils, but 1t was
found that using a thick crystal of NaI(Tl), the background
counts were too large to enable any peak in the distribution
to be found, even taliing difference counts. To try and reduce
this baclrround, the thin crystal, about 0.3 rm. thick was
used. However, this still resulted in the soft radiation not
being detectable, and it was decided that 1t was preferable
to use the nroportional counter.

12,13

S5.4,5. Photographic results using sevnarated C isotopes.

c12,13

As this work was being finished, targets of
separated by the mass srectrometer at A,3,1,1., Harwell,
were received., As it was desirable to determine whether
the radiation was due to deuteron interaction with C12 or 015
the photogranhic technicue, using the proportional counter,
was used to study the radiation arising from these two
targets on bombardment with deuterons. The exvosures
showed the rather surprising result that the radiation

appeared to be present from both isotopes. Unfortunately

time was not available to verify this result using the pulse



Expt. Type of expt. Calibration | Energy of Yield per uC
No. used Radiation of deuterons
(in Kev.) at 700 Kev
1 Proportional RaD 47 Kev. 50 ——
counter
2 " " 30 () —-<
3. n 11 49.5 ———
4. " " 5143 3.8 x 103
5. " " 44.0 6.4 x 10°
6. ] ] 49.0
Mo + p 49.3 3.6 x 103

TABLE 6. . . Summary of results on C + d.
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analyser method, but there would appear to be little doubt
that this is the case.

S5.4.4., Summary of results on C + d,

The bombardment of Carbon with deuterons therefore gives

a soft garma-radiation of energy 49 I 2 Kev., with an intensity

of 4.0 x 10° ¢ 1.0 x 10° quanta per uC of beam current. The

results are summarised in table 6, There is also slight
evidence for the presence of this radiation from the bombardment

of both CL2 ana cT°.
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CHAPTER 6.

DISCUSSION OF RESULTS

6.,1. RADIATION FRON THEL DEUTERON BOIBARDINT OF Al.,

The work of Buechner's group as reported in Strait,
Van Patter, Buechner, & Sperduto (1951), Enge,Buechner,
Sperduto, & Van Patter, (1951, a,b) and Enge, Buechner,
& Sperduto (1952) indicates that the reaction Alzv(d,p) A128
gives proton groups, corresponding to transitions to the
ground state and to an excited state at 31,2 + 2.0 Kev. The
group corresponding to the excited state had a yield of 55%
of that to the ground state, using deuteron bombarding
energies of 1.2 and 1.8 llev., A search for radiation arising
from transitions from this excited state to the ground state
was made by this group but was unsuccessful, owing to the
high background.

It seems reasonable to suppose that the radiation
reported here did arise from de-excitation of this level,
and this radiation has since been reported in studles of the

decay of Mg28

(Sheline & Johnson, 1953, Wapstra & Veenendaal,
1953, and Sheline, Johnson, Bell, Davie, & McGowan, 1954).
HEZB decays with electron emission to A128 and this work has

verified that the radiation arises from decay of the excited

28
state of Al7~.

The doublet represented by the ground and first excited
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states of A128

is of some interest in the discussion of
nuclear models and the polarity and parity change of the
garma-radiation is significant in this respect. These may
be determined by a study of the internal conversion co-
efficients of the radiation or the lifetime of the excited
state.

Table 2,facing page 25, gives figures for the K-shell
conversion coefficient and effective lifetime of the state
for various polarities, These have been derivéd from the
formulae of Dancoff & l‘orrison (1939), for the conversion
coefficlients and Blatt & ‘YWeisskopf (1952) for the lifetimes.
However, more recent calculations have been made by Spinrad
& Keller (1951) and lose, Goertzel & Ferry (unpublished)
and these are quoted by liapstra & Veenendaal (1953) as leading
to values for O(Kibr different types of radiation of 0.08 (.1
0.22 (BI) 2.0 (¥2) 4.1 (E2).

Rae & Grant (1951), using a 180° masnetic spectrometer
at Glasgow, attempted to detect the conversion electrons
arising from this transition but were unable to do so. From
the sensitivity of their apparatus and the experimental yield
of soft radiation given above, they concluded that the
internal conversion coefficient is less than 2.

Since the yield of gamma-radiation is known, a value
of the I.C.C. could be obtained if the number of transitions
to the excited state was known, This could be obtained

from the proton yield in the reaction Alzg(ﬂ,p)Alz7 only if

i s , 1 tates
the relative transition probabilities from the excited sta
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to the ground and first excited state were known. Since the
results in the literature for proton yields are rather uncertain
and require extrapolation from the deuteron energies used to
those at which this work was carried out, it was assumed that
the mean transition probabilities to the ground and first
excited state were the same. liekiillan & Lawrence (1935)

used deuterons of an energy of 2.2 Mev. and found a total

vyield of protons of 8 per 107 deuterons; corresponding to

5 x 106 per uC., Using the formula of Oppenheimer & Phillips
(1935) for the excitation function for d,p reactions this

fives a yield of 7.5. x 10°/uC at 700 Kev. though the extra-
rolation to low energies is rather uncertain, The final
ficure of about 4 x 10% transitions to the first excited state
is slightly below the number of gquanta found, but the uncertain-
ties involved suggest that the figures are not inconsistent
with a low intefnal conversion coefficient.

Later work of Allan & Wilkinson (1948) was carried out
at 930 Kev., but it 1s difficult to determine the yield of
protons from this paper, particularly in the short-range region
of the proton spectrum. However, a yield of about 109 protons
per uC per unit solid angle at a bombarding energy of 930 Kev.,
is indicated by the fipures. At 700 Kev., bombarding energy
this would be reduced by a factor of about 6, and hence the
total number of transitions to the first excited state would be
about 105/ uC. The aprroximations involved make this agreement
with the number of quanta emitted somewhat fortuitous, but it

indicates that these results agree with the internal conversion
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coefficient being small.

These values for the internal conversion coefficient
suggest that the radiation rmust be electric or megnetic dipole,
or possibly magnetic guadrupole, radiation. As we shall see
later, shell model theory suggests that the transition between
this low=-lying doublet in A128 would be by magnetic dipole
radiation and the experimental results are thus in agreement
with accented theory.

e shell model, as described by lirs,layer (1950),
uses j= i coupling and describes heavy nuclel well but is
not so successful for light nuclei. 1Inglis (1953) has
suggested this is due to (LS) coupling and intermediate coupling,
in a manner similaf to the atomic case, However, he points
out that complete j-j coupling is to be expected when a single
s-nucleon spin is coupled to the j of a shell which is almost
full, |

In the case of Al 8, the order of filling of the energy
states of the shell model is such that the 1& protons willbe
in the states
)2 S

using the usual nomenclature. This is one short of the sub-

hi 3 "1
shell of 6 d5/2 nucleons, and hence may be written as (d5/2) .

Similarly the 15 neutrons will be in the states

(1 s0%, (10)°, (145,,)°%, (2s)?

28 will erise from the coupling

Fence tha r=nmnd state of Al
of the sl neutron with what, in effect is a d5/2 proton. If

j-j coupling is assumed, this will lead to doublet consisting
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of dz and do states, which will thus have J = 3%, ot

If this 1s the case, the radiation from the transition
between these states would be magnetic dipole, in agreement
with the results glven for the internal conversion coefficilent.
This assignment of J values to these states is further verified
by the relative yields of protons to the two states found
by =nre, Buechner, & Sverduto (1952), who showed that the
vield to the excited state was 69% of that to the ground
state for 2d = 2.1 I'ev. Since the orbital angular momentun
of the cartured neutron is 1, = 0, as found by Black (1953)
from a study of the angulsar distribution of the protons, for
both states, the relative yield of protons should be in the
ratio of (2J + 1). This agrees with the experimental result
if the _.round state is taksn as J = 5+, and the excited state

as J = 2+.

6.2. DISCUSSION 07 RESULTS ¥R0M DEUTSRON BOMBARDIENT OF p&1

It was not found possible to detect any softwgamma
radlation corresponding to de-excitation of the excited state
at 77 Zev. in P°® peported by Van Patter, Indt, Sperduto %
Buechner (1952) from the analysis of the protons in the

5l(d,p)Psg. This was largely due to the excitation

reaction P
" of secondary X-rays of energy 75 Kev. in the surrounding lead
shielding of th:e scintillation counter used, but it is
probable that 1f the same intensity had been present as was

the case with the 32 Xev. radiation from bombardment of Al,

this would have been detected. Since the efficiency of the
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thick NaI crystal is similar for the two energies, this
implies that the yield of the radiation must be less than 10°
quanta per uC of deuterons. There appear to be no figures
in the literature for the proton yield in this reaction, but,
as it is fairly recently that this reaction was studied
(Pollard, 1940, first measured the ground state protons and
Allen & Rall, 1951, the protons to the excited state), the
vield may well be low, This is also reported by Van Patter,
Endt, Sperduto & Buechner (1952), who mention that the yield
was lower than that from (dp) reactions with lighter nuclei.
However, radiation of energy 77 Kev, has been reported from
neutron capture in sulphur (Day, 1953), and this may well be

following, the reaction Ssg(n,p) P32, vith subsequent de-

74
excitation of the excited state of Pvz. However, there is

no available data to determine the nature of the radiation.

6.5, RADIATION FROM THS DEUTERON BOMNBARDMENT OF CARBOI.

As there is no previous evidence of levels following
such bombardment that could account for this radiation, we
will discuss possible reactions which might lead to it. It
will not, however, be possible to make any definite

assignment,

Clg(dlp)clg. According to the review article of Ajzenberg

& Lauritsen (1952), from which many of the figures given in
this section are talken, the Q value for this reaction is

2,72 lev. and hence the reaction is energetically possible
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and may also proceed via the excited state at 3.09° liev. The

13 .
, are in reasonable

energy levels in ¢1® and its "mirror" N
agreement with each other, and have been assigned values of J,
and parities, on the shell«model, which agree with the experi-
mental evidence. They both consist of the 1s; shell containing
e

2 neutrons and 2 protons, and a full 1p5/2 shell with a single
nucleon outside 1in the 1p% shell,

ixcited levels may be formed by excitation of the single
nucleon from 1ts p% state to a s% or d5/2 level, corresponding
to the levels at 3.09 liev., in 015 (experimentally assigned as %+)
and »t 3.89 ¥ev. (5/2%). Alternatively, one of the shell of
P3/2 nucleons may be excited, to give a configuration (p5/2)7,
(P%)z. Since either a neutron or a proton may be excited, ana
then the p3/2 hole couple with the partial configuration (p%)g,
it aprears that this excitation might give rise to a doublet
of suitable separation.

However, this reaction has been studied, using magnetic
analysis of the proton groups, by Buechner's group (Buechner,
Strait, Sperduto & lalm, 1949) and there apnears to be no evidence
for a doublet group, corresponding to an excited state near the
ground state. In view of the resolving povers obtained by these

workers, it is probable that such a state would have been

detected by thern.
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Clg(d,n) le. The Q of this reaction is -0.28 lev. and

therefore none of the reported excited states would be excited
by the beam energy used. The three excited states which have
been reported in this nucleus appear to correspond to those
mentioned before for the mirror nucleus Cr°. The excited levels
at 3,511 and 3.558 lev, are of some interest, their seraration
being similar to the energy of the radiation detected, though
energetically it 1s not possible for this radiation to srise
from a transition hetween these levels. It would aprear, however
that these levels do not form a true doubiet, but their proxi-
mity is largely accidental, for the corresponding levels in

015, as found by comparing the assignments of J and parity {
values, are separated by some 0.2 liev. As mentioned in

the discussion earlier, these levels, on the shell theory,
arise from different modes of excitation, rather than any
level splitting.

The literature gives no indication of magnetbic analysis
of charged particles in transitions to the ground state of
this nucleus, and therefore it 1s feasible that this reaction
nicht bé responsible for the radiation arising from a transi-

tion between a low-lying excited state and ground.

C.lgjd;X)Blo. Since the § of this reaction is =1.35 MNev.,

this reaction is not energetically possible and need not be

considered.
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Cls(d,p)cl4. The Q for this reaction is 5.94 lev. and hence

the reaction is energetically possible and the reported

6.1 llev, level may also be excited. The shell model gives'

a configuration of (1p5/2)8 (1p%)2, where the two nucleons
outside the sub-shell are both neutrons. Thus the isobaric
spin nuﬁber will he given by T = 1, and the ground state should
be given by'T,= 0 (j-j coupling) or 1SO (LS coupling) corres-
vonding to an excited state of N14. mxcited states vould be
due to raising one of these nucleons to higher levels, or to
raising one of the p3/2 nucleons from the sub-shell to a p%
state. This would give a fairly large value for the position
of the first excited state, and little chance of splitting of
the sround state. However, the anomalous long life of Clé
is not in agreement with the shell theory, and it 1s possible

that the assignments made to Cv%, nt#

are not accurate, and
hence the possibility of a low-lying level in 614 is not com-
nletely ruled out. It is felt, however, more likely to be

14 nucleus than in this as will be discussed later.

found 1in the N
Thig reaction has been studied by Sperduto, Holland,

Van Patter & Buechner (1950). They used a comraeratively thick

target about 90 ¥ev. thick, with the resvlt that the reak in

the spectrum corresponding to the ground-state protons was wide.

Its shape, as given in curve 2 of their paper, would not be

inconsistent with the existence of two closely spaced groups.

Tt is therefore possible that the radiation was due to this

reaction.
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C (d,n)\14. The Q-value for this reaction is 5.32 iev., and

hence the transition can occur to the ground and to séveral of
the excited stetes., Shell theory predicts that there will be

two nucleons (one proton, and one neutron) in the configuration

ny outside the p7/2 sub-shell., The ground state: will be

J=1, on j-j coupling, or Sl’ on LS coupling, but higher levels
will depend on the type of coupling. On simple j-j theory,
the first excited state will be due to splitting of the 8tate

with two nucleons.in the nl shell, and will give J = O, or 1S

QO

which is analogous to the round state of cl4

. Higher states
will be dve to excltation of one or two of the p5/2 nucleons

to the p% subshell, with subsequent coupling, between the
"holes" for threse cases. The first of such levels would,
according to Inglis, (1953), be a state with J=0, on j-j
coupling OPSD state on LS counling. If LS coupling occurs,
this level will be depressed. It has been suggested by Feenberg
% Hammack (1949) that the mno-alous long lifetime of C1% might
be explained if the pround-state of W% was °D. Fowever, if
this were the case there would be two other low-lying states

of the 5D triplet, and these have not previously been renorted,
though Van de Graaf, Sperduto, Buechner, & tnge (1952) have
studied the reaction 016(d,o<)N14, using a magnetic analyser to
search for low-lying levels. Their target was such that

groups apreared in the analyser as doublets, due to the

reactions occurring or either side of the backing material,

and the irvestigation was not searching for such low levels as

would be required to account for this radiation. Their
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rublished graphs also g¢ive an indication of a small group at
the low energy edge of the main proton group to the ground
state, though it is not possible to derive any cuantitative
results from this article, Thus, if the radiation does arise
from this reaction, 1t would be commatible with LS coupling
giving rise to 5p ground and excited states. Such an assign-

ment might also explain the long life-time of 014.

ct3(a, %),  The @ for this reaction is 5.16 Kev., and

thus the reaction could proceed to the ground state and.also
the excited levels of B11 at 2,14, 4.46 and 5.0% llev., Shell
theory would suggest that this nucleus 1s one short of the

closed shell of 8 p5/2 nucleons and thus may be rapresented

as a (pz/z)-l configuration. Higher states would occur from

excitation of one of these nucleons to an s, or d5/2 state
: . . 1 )
giving a configuration (pg/c)6, (sy ~ ). A stuvdy of this
: ~ 2/ v

reaction was rerorted briefly by Strait, Van ratter,

Sverduto & Buechner (1951), who do not mention any sign of a
doublet state of the ground or low-lyine levels. The
“eaction Blo(d,p)Bll, to the same final nucleus, has been
studied more fully by Van Patter, Buechner, & Sperduto (1951,)
and there appears to be no evidence in their work for doublets
in any of these levels. It is, of course, possible that
transitions to a low-lying excited level might occur in one
reaction 2nd not in another, but it aprears that this reactilon

would not be the one from which the reported radiation arises,
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COLCLUSTON ,

Unfortunately, the results obtained by using
targets of separated isotopes of @42 anc 0%5 were not
sufficiently definite to be able to allocate the radiation
to one or the other, but it would aprear to be more probable
that it was arising from the cld target. If this were the
.case it would agree with the most probable allocation of the
raaiation on the discussion above- that it arises from a

transition from an excited state of N14

to the ground state,
following the reaction Clo(d,n)N14. Other reactions which.
mirht lead to the radiation, by a transition from an excited

state to the ground state of the final nucleus, would be

cl2(a,n) W%, ana ¢'°(a,p) cl%
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