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

SOME STUDIES OF NUCLEAR REACTIONS IN LIGHT NUCLEI

by
W.M. Deuchars
Department of Natural Philosophy,

University of Glasgow.

Presented as a thesis for the degree of Ph.D.,
in the University of Glasgow,

September, 1955,




ProQuest Number: 10656208

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.

uesL

ProQuest 10656208

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



(4}

Preface

In this thesis I have presented results
on the experimental investigation of some
nuclear reactions in light nuclei. All the
experimental work was performed using the High
Tension Generator of the Natursl Philosophy
Department of Glasgow University.

Part I contains a general survey of nuclear
reactions in light nuclei, showing how the
important properties of nuclear energy levels
can be derived from the investigation of these
reactions. The material for this section has
been largely drawn from current literature.

In Part II I have reported the results
obtained in the investigation of the reactions
27Aﬂ(p,X)2851 and 26Mg(p,X)27A£. Assignments
to the spins and parities of several excited
states in 205i and 27A£ are made on the basis
of these results. All of this work is original,

Y)ZBSi was

The work on the reaction 27A£(p,
carried out in collaboration with Dr. J.G.
Rutherglen, P.J. Grant and F.C. Flack, the author

being primarily concerned in the experimental

measurements. The reaction 26Mg(p,¥)27A£/ was



studied in collaboration with Dr. J.G. Rutherglen
and Mr. K.A. Wallace, the author taking a full
share of responsibility in both experimental
and theoretical work.

Part III is concerned with the investigation
of the reaction loB(d,pX)nB. The proton
angular distribution measurements ere interpreted
in terms of "stripping" and compound nucleus
formation. Assignments are made to the spin and

parity of excited states of -1

B. Although similar
results of such measurements were published
shortly after the close of these experiments, the
interpretation of the results in this case is new.
I should like to acknowledge the assistance of

Mr. K.A. Wallace during the course of the experi-
mental work of this section.

In Part IV I have concluded with a brief
discussion of the importance of the results
presented in this thesis, pointing out various
improvements which could be made in experimental
technique and theoretical interpretation, in
order to increase the importance of studying

nuclear reactions in light nuclei,

I should like to thank Professor P.I. Dee



for his sustained interest and encouragement

during the course of this work, I should also
like to thank Dr. J.G. Rutherglen, Dr. P.dJ. Grant,
members of the H.T. Set research group, and
technical staff for their interest and assistance
during the course of this work. I wish to acknow-
ledge the receipt of a D.S.I.R. maintainance grent

during the past three years.



vy

SOME STUDIES OF NUCLEAR REACTIONS IN LIGHT NUCLEI

Contents

Part I. General Discussion of Nuclear Reactions.
I.1l. Classification of Nuclear Reactions.
I.2. Properties of Nuclear Energy Levels.
1.3, Detection of Products of Nuclear Reactions.
‘ (a) Gamma-rays.

(b) Charged Particles.
Part II. Study of (p,¥) Reactions in ILight Nuclei.
II.1. Introductory Survey.
II.2. The Reaction 27A£(91X)2831.

(a) Measurement of Y-ray spectra.

(b) Measurement of ¥ -ray angular

distributions.

(¢c) Interpretation of results.

II.3. The Reaction 26Mg(p,&)27A£.

(a) Measurement of ¥ -ray spectra.

(b) Measurement of Y-ray angular
distributions.

(c) Measurement of ¥=- ¥ angular
correlations,

(d) Interpretation of results.

Part II1/



W)

Contents (Contd.)

Study of (d,p) Reactions at Iow

Part III1

IIT.1.

ITI1.2.

Part IV

Deuteron Bombarding knerglies

General Survey of Deuteron Strlpplng

neactions.

10 11
The Reaction B(d,p¥) B

(a) Introduction.

(b) Development of angular distribution
- and correlation apparatus.

(¢) Measurement of proton angular
distributions.

(d) Measurement of (d,p¥) angular
correlations,

(e) Interpretation of results.

Conclusions




Part I. General Discussion of Nuclear Reactions

I.1l. A Classifiéation of Nuclear Reactions

The principal problem confronting nuclear
physics at the present time is the determination
of the nature of the forces which act on nucleons
inside the atomic nucleus. Although the fact
that nuclei are composed of neutrons and protons
has been known for many years, the nature of the
forces required to hold these nucleons inside the
compact structure of the nucleus has never been
fully determined. As a result of this lack of
knowledge, very little is known about the internal
structure of nuclei, and although several models
of nuclear structure have been proposed, they
generally fail fd explain one, or more, of the
experimentally determined properties of nuclei.

The principal experimehtal method used in
the study of nuclear structure has been the in-
vestigation of reaction products produced in the
bombardment of nuclei with wvarious nucleons, such
as protons, neutrons, deuterons, alpha-particles
etc. It is obviously impossible to give a

comprehensive survey of all the various types of
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nuclear reactions which have been investigated
during the past few years, and nence emphasis has
been given to reactions which are relevant to the
succeeding experimental work.

Let us consider the following general type of
nuclear reaction

a+X —» Y+ b | (1)
or, in a more compact notation, X(a,b)Y. The
notation means that particle "a" strikes nucleus
X to produce nucleus Y and anwoﬁxgoing particle
"pb", Particles "a" and "b" may be elementary
particles (protoné, neutrané), but they can also
be nuclei (e.g. deuterons, alpha-particles, tritons,
etc)e It will be simpler to include radiative
capture, i.e. when "b" is a gamma-ray quantum, in
reactions of type (i); although it should be pointed
out that in this case the general rule that the
number of particles remains constant throughout
the reaction does not hold if the ¥ -ray quantum
| is assumed to be a particle. |

In general the main interest in nuclear
reactions lies in the determination of the pro-

bability for the emission of "b" as a function of



the energy of "a", the energy of "b", and the
probability for the emission of "b" as a function
of the direction of emission.

If the mechanism of reaction (1) is studied
more closely it leads to the concept of compound
nucleus formation. In any nuclear reaction the
actual nuclear process of the reaction does not
start before the two initial particles "a" and X
have come near enough to one another, within the
range of nuclear forces. The nuclear process has
ceased when the two products have separated by
more than the range. During the time of inter-
action, a compound system is formed whose properties
are decisive for the course of the nuclear reaction.

Thus equation (1) should really be written as

a+X —>» C —>Y+0D (2)
where C is a compound state, and the reaction con-
sidered as a two stage process: (a) formation of
compound system C and (b) disintegration of C into
the products of the reaction. Bohr has pointed
out one valid assumption which can be made about
any compound system, i.e. the two stages (a) and

(b) can be treated as independent processes, so



that the mode of disintegration of C is independent
of the way it has been formed and depends only on
its specific quantum numbers.

A quantum mechanical treatment of this problem
leads us to expect that the total energy of the
nucleons in any compound system can only assume a
set of discrete values, the "energy levels" of the
nucleus. Thus the structﬁré of the nucleus must
be in many ways analogous to the structure of the
atom, of which the nucleus forms the central core.

Thus it is possible to represent the reaction

(2) by an energy level diagram as shown in Fig. I(1).

In this diagram the energy is represented on the
vertical scale and we plot the energy levels of the
three systems a + X, C, and Y + b. The arrows
represent transitions from one state to another, the
vertical arrows repregsent Y -ray {transitions, the
diagonal arrows transitions in which a particle is
emitted or absorbed.

‘For any compound system there exists a minimum
excitation energy, Wyyy, below which the compound
system can only de-—excite itself by the emission

of a ¥ -ray, but above which the compound state
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Fig. I(i). Energy level diagram for reaction
X(a,b)Y.



can emit an elementary particle. Nuclear levels
below this minimum energy are called "bound"

levels, denoted by full horizontal lines in Fig. I(1),
and levels above this energy are called "virtual®
levels, and are denoted by dotted lines in Fig. I(1).
It should be noted that quantitatively both these
levels are similar and it is only as a matter of
convenience that any distinction is madee.

In reaction (2) the excitation energy of the
compound state is given by Wg = E; + By, where Eg
is the kinetic energy of the incident particle and
By, is the binding energy of the nucleon "a" in
the compound system, E, is measured in the centre-
of-mass system of the incident particle and target
nucleus . The energy released in the reaction is
usually denoted by Q and it is equal to the mass
difference of the target and final nuclei expressed
in energy units. In Fig. I(1) Q, represents the
energy released when particle "b" is emitted to
the ground state of Y, similariy»Ql, Q2 etc.
represent the energy released when "b" is emitted
to the first and second excited levels of Y

respectively. Thus the total kinetic energy



available to the system Y + b is E5 + Q, (for the
ground state transition) and in order to measure |
Qo it is only necessary to measure the kinetic
energy of the particle "b", since the geometry of
the experiment and the principle of conservation

of momentum define the division of energy between

Y and b. Similarly we can measure Q; and Q2

and hence determine the energy levels of the nucleus
Y from the differences Q, - Q;, Q, - 02 etc., which
give the energy of the levels with respect to the
ground state of Y. These measurements can be
confirmed by measurement of the ¥ -ray spectra emitted
from the excited states of Y,and in the above case
we should expect to find a ¥ -ray of energy Q, - Qq,
corfesponding to a transition from the first excited
state of Y to the ground state.

In the preceding paragraph we have considered
the determination of the energy lévels of nucleil
formed by the emissibn of a particle from a compound
nucleus. If, on the other hand, the compound
nucleus C cannot decay by emission of a particle,
then it must return to the ground state configuration

by emission of gamma-radiation, and by studying



the probability of gamma-emission as a function

of the energy of "a", i.e. measuring the excitation
function for the reaction, it is possible to obtain
information on the highly excited levels in the
compound nucleus C. This is due to the fact that,
provided the excitation energy of C is not too high
and there exist discrete energy levelé, only discrete
values of the kinetic energy of the incident particle
will give a total energy, E, + By equal to one of
these discrete energy levels, and hence the excitation
function will exhibit sharp maxima, or "resonance",
corresponding to the formation of the compound
nucleus C in one of these discrete states.

Further information on the energy levels of
the compound nucleus C can be obtained from the study
of the ¥ -ray spectra emitted in the subsequent de-
excitation of C to the ground state. However,
these spectra are generally very complex,and the
subject will be treated in a later section,

So far we have considered the general case of
nuclear reactions and how they are used in the
determination of nuclear energy levels. No mention
has been made of the other properties of these

levels, and it will be left to a later section to



discuss these more fully.

The experimental work presented in this thesis
has been concerned with two distinct types of
nuclear reactions, and their importance with regard
to the foregoing discussion will now be briefly
discussed.

In the study of proton capture reactions we
are dealing with a typical examplé of a reaction
which proceeds by compound nucleus formation.

Let us consider the following case

X(Z, A=2) +p — Y(Z +1, A-3) + &

i.e. bombardment of a nw leus X, consisting of Z
protons and A - Z neutrons (A = atomic weight,

Z = atomic number), by a proton,with the formation
of a compound nucleus consisting of Z + 1 protons
and A - Z neutrons and the subsequent emission of
gamma-radiation from this nucleus.

As we have seen above, the compound nucleus
Y is formed in a highly excited state, which decays
to the ground state either directly or by cascade
transitions through intermediate levels, It will
be clearly seen that in all (p,¥) reactions it is

not the bombarded nucleus which is being investigated,



but the nucleus with atomic weight and atomic
number increased by unity, e.g. bombardment of 27A£
by motons gives information on the excited states
of 2851.

In recent years the study of deuteron induced
reactions has led to a new concept in the mechanism
of nuclear reactions. It has been known for some
time that deuteron reactions have a larger yield
than corresponding reactions initiated with other
charged particles. The new features of the deuteron
reactions can be traced to the following facts:

(a) the deuteron is a very loosely bound structure,
its binding energy of 2.23 Mev beinz much lower
than the average binding fraction; (b) its charge
distribution is very "unsymmetric": +the centre of
mass and centre of dhérge do not coincide. The
distance between the two centres is equal to the
"radius" of the deuteron.

) We shall consider only the (d,p) reaction,
although similar considerations hold for the (d,n)
reactions. If the deuteron forms a compound nucleus
in the usual way then we have the reaction:

X(z, A-2)+d-=>C(2+1, A=-2+1)2Y(Z2,A-12 +l)-l!;
| (3)




In general the excitation curve for this reaction
will not show any resonance maxima, as the excitation
of the compound nucleus will be so large that no
discrete energy levels will exist. Another feature
of deuteron reactions proceding by compound nucleus
formation is that the emission of either a proton
or neutron,or both)is always energetically possible.
Thus deuteron reactions, which proceed by compound
nucleus formation adhere to scheme (2) and any
gamma-radiation emitted comes from the excited
states of Y.

Because of the special properties of the
deuteron, compound nucleus formation is not the
only process which can occur. The following
processes occur with appreciable probability:

(a) The "electric" disintegration of the
deuteron by the Coulomb field of the target nucleus.
(b) Formation of a cbmpound nucleus by the
absorption of only one constituent of the deuteron.

We shall consider only process (b). (a) is
not important for light nuclei at low deuteron
bombarding energies. The mechanism of process

(b) is described as follows: Because of the

finite size of the deuteron, it may happen that one



constituent comes into contact with the nuclear
surface before the other one does. Since the
nuclear interaction energies are much higher than
the binding energy of the deuteron, the nucleon
arriving first at the nuclear surface is quickly
separated from its partner and forms a compound
nucleus Cl. If the second nucleon hits the nuclear
surface the compound nucleus C is formed as in case
(3)e If the second nucleon misses the nucleus,
however, process (b) results:

X(ZyA = Z) + 4 =2 Cl(Z,A -Z+ 1)+ 0p
which illustrates the case for a (d,p) reaction
proceding without passing through a compound
nucleus. The fact that the Coulomb repulsion
between the proton of the deuteron and the target
nucleus tends to keep the proton away from the
nucleus favours (d,p) reactions, as in this case
the proton would not have to penetrate the Coulomb
barrier in order to produce the reaction, as would
be the case either in direct compound nucleus
formation, or in (d,n) reactions proceeding by
process (b). The process is called "stripping"
at high energies and the “Oppenheimer;Phillips“«



Process at low energies. It will be discussed more
fully in a later section., |

1.2, ZProperties of Nuclear Energy Levelg
During recent years the emphasis in the experi-

mental investigation of nuclear energy levels has
turned from the determination of the position of
thesé levels to a determination of their characteristic
properties. Three of the most important properties
of a nuclear level are (a) the level width, (b) its
angular momert um, and (c¢) its parity. These will be
discussed separately, both from the point of view of
theoretical interpretation and exp erimental determinatim
(a) Level Width
The width of a nuclear level C is normally

defined by the equation
re- X
c
where |‘c is the level width, and.‘tC is the mean

lifetime of the level. Thus the level width
expresses the probability for decay of the level per
unit time.

In this case["c refers to the total width of
the level regardless of its mode of decay. The
fact that most compound states can decay by one or

more processes, or “channels", leads to the concept




of partial widths. Thus the total width of a
level can be written as the summation of a number
of partial widths corresponding to separate "channels"
in the decay of the level, i.e. ﬂ
c c
r =§r’£

where [;C is the partial width of level C corres-
ponding to its decay by channel k. The partial
widths are proportional to the relative probabilities
for the decay of the level by the appropriate channel.

Consideration of a particular type of reaction
will illustrate how partial and total widths can be
determined experimentally. In the case of resonance
capture of a proton, where the compound state can
only decay by emission of X -ray, we have only two
channels for the decay of the compound nucleus.
These are (1) re-emission of the captured proton,
and (2) emission of a ¥ -ray quantum. Thus the
total width of the level is composed of two partial
widths and -
r =rp +r'3 where r'p>> Fx
It can be shown that the cross section, o, for
a reaction of the type X(p,¥)Y is given by the

Breit-Wigner dispersion formula:



T
17 (EE"Er)%*t1ﬂz

where ) is the de Broglie wave-length of the
bombarding particle p, E is the kinetic energy of p,
E. is the resonance energy, and W is a factor which
depends upon the angular momentum changes involved
in the transition, and which is of the order of
unity for small changes of angular momentum. If

we integrate equation (1) over all values of E close
to E, for which o is appreciably different from
zero, we obtain the following expression for "Y"

the thick target yield in disintegrations per
incident particle.

y = l"ﬁl",
4ME6

Here € is the rate of loss of energy of the
incident particle in the target material per dis-
integrable nucleus per cc., and )\2 has been re-

2
placed by h” , vhere M is the mass of the
2ME

incident particle and h is Planck's constant.



Thus if [‘p>>f’x , © that [ = [

, D
equation (2) reduces to

2
= e T ®
so that a measurement of the thick target yield
provides a methed of measuring Fr

The total width P can be measured directly
from the width of the thin target excitation
curve, movided that it is greater than the ex-
perimental resolub ion. From these measurements
PP can be obtained from fhe relation

[[=Tp + Ty

Information on pprtial widths can be obtained
from the analysis of high energy deuteron "stripping"
reactions, but this is outside the scope of this )

survey.

(b) and (c) Angular Momentum and Parity

In this section we shall be concerned with the
importance of the angular momentum and parity of
nuclear levels on the course of nuclear reactions.
No discussion upon the theoretical reasoning under-

lying these concepts will be made.

According to the principles of gquantum mechanics



the orbital angular momentum of a system of
particles can only assume integral values in units
of 2?7’ However, the individual nucleons which
constityte the nucleus are known to have an intrinsic
spin of %(E%F . The total angular momentum J, of a
nucleus in a given state, will be the vector sum
of t he orbital angular momentum and intrinsic spin
of the individual nucleons, and can, therefore,
assume integral or half-integral values, depending
on whether the number of nucleons is even or odd.
The parity of a state is introduced in a wave
mechanical description of the state to define its
symmetry properties. The parity is defined as
being odd (-) or even (+)’according to whether
the wave function does,or does not,change its sign
when the co-ordinates of the particles are inter-
changede. |

In nuclear reactions involving only discrete
levels of nuclei, which possess definite values
of angular momentum and parity, it is the conservatid)
rules of angulaf momentum and parity which largely
control the course of the reaction. These rules

can be stated as follows:-




(1) the total angular momentum of any system
of particles must be conserved in a nuclear reaction.

(2) the parity of a system must remain un-
changed during a reaction.

One result of these rules can be stated as
followss

If there is a transition between two states
of differing parity then the engular momentum
transfer in the transition must have an o0dd value,
similarly if the two states have the same parity
then the angular momentum transfer must be even.
Thus in any transition between these two states
the angular momentum transfer must always be even
or odd, and no transition can occur involving both
even and odd angular momenta. It should be stated
that this applies only to transitions between
states with definite values of angular momentum
and parity,

Consideration of the "centrifugal barrier"
surrounding a nucleus reduces the order of orbital
angular momentum of any particle which plays an
appreciable part in any nuclear reaction. Thus

in the bombardment of light nuclei with charged



particles whose energy is < 1 Mev only orbital
angular momentum values of O, 1 and 2 are considered
to contribute appreciably to the reaction. This
applies both to particles absorbed and emitted by
the compound nucleus.

However, let us consider the generél case of
a reaction in which a particle with orbital angular
momentum £ and spin 4 combines with a nucleus,
with spin I, to form a compound nucleus in a level
C. [l, s and I are all in uni't's off] . It is
useful to introduce the vector sumrg’of I and s.
S is called the "channel spin", and for the case
of a proton or neutron where s = %, S=I + 4. It
is usual to consider the reaction as proceeding
independently through either of the entrance channels
S=I#%+%, From the conservation of angular
momentum we see that J, the spin of the compound
level C, is limited to the following values

lt-slsas 1€ +s|

This compound level C can then décay by emission
of a particle whose angular momentum and parity
are limited by the spin of the level to which the

transition takes place. Similarly if the level



decays by emission of a ¥-ray quantum the multi-
polarity of the transition depends on the spins
and parities of the two levels.

One of the most important experimental methods
used in the determination of the spin and parity of
nuclear eneréy levels 1s the measurement of the
angular distribution of the products of a nuclear
reaction. The term angular distribution implies
a measurement of the probability for emission of
a particle, or ¥ -ray, from a compound state as a
function of angle, which is measured relative to
gome fixed direction.. |

It can be shown that the angular distribution
depends on the following factors (1) S., the incident
channel spin, (2),21, the orbital angular momentum
of the captured nucleon, (3) J, the spin of the
compound level, (4).22, the orbital angular

momentum of the emitted nucleon, and (5) the

§2
emergent channel spin. In the case of ¥-ray emission
.Bz is replaced by L, where 2L is the multipolarity
of the ¥-ray, and S, is replaced by I, the spin
of the final level.

There are three general features of angular

distributions which apply to all nuclear reactions



involving discrete energy levels, provided both
the target nucleus and incident particle are un-
polariseds-

(1) As is clear on physical grounds, there
will be axial symmetry about the direction of the
incident beam,

(2) 1If, amoﬁg the incoming partial waves, only
those of angular momentum .e or below contribute
appreciably to a reaction, the angular distribution
of any single product particle cannot be more
complicated that that of the incoming contributing
partial wave., Indeed, the angular distribution
of the outgoing particle will be a polynomial in
cos ©, where © 1is the polar angle of emission
relative to the beam direction, of degree no higher
than 24 . This holds independently of the spin of
any particles,or of the number which take part.

(3) If the distribution of the product
particles contains any odd powers in cos &, i.e.
if it is not symmetrical with respect to the
plane normal to the beam, then two (or more)
intermediate states are involved with opposite

parities. Thus an even polynomial in cos © is a



typical consequence of reactions involving a
marked resonance.

A unique determination of the spin of a com-
pound level normally requires additional information
apart from the angular distribution measurements,
and this will be illustrated more clearly in Part II
of this thesis. The mrrity of a compound level
is generally inferred from a knowledge of the parity
of the target nucleus and the orbital angular
momentum of the captured nucleon.

When the spin of the compound level has been
determined an estimate of the spin of a particular
excited level in the final nucleus can be obtained
by measurement of the angular distribution of the
reaction product leading to this level. This
procedure will be illustrated in Part II.

Finally it should be noted that the above
congiderations do not apply to deuteron "stripping"
reactions. A special theory has been déveloped )
which enables the spin and parity of levels excited
in these reactions to be determined from angular
distribution measurements of the proton or neutron,

and this will be discussed in Part II1I.



I. 3. Detection of Products of Nuclear Reactions
(a) Gamma-ray s

During recent years various experimental
techniques have been developed to determine the
energies and relative intensities of X -radiation
emitted in the disintegration of light nuclei.

In order to understand the basic principles
underlying these techniques it is necessary to
study the manner in which gamma-radiation is ab-
sorbed by matter. This process is a complex
phenomenon, involving three processes of absorption#

(1) photo-electric absorption effect, prominent
for low energy X -rays, 1is still important up to
X -ray energies of 1 Mev.

(2) "Compton" absorption, in which recoil
electrons and scattered queoita are produced. Pre-
dominant in the energy region 0.6 - 2.5 Mev (in lead).

(3) "pair production", in which the absorption
is due to the formation of electron pairs and in-
volves the transformation of part of the X -ray
energy into the mass of the electrons. It does not
occur for energies less than 2 m.c*, i.e. 1.01 Mev.

The three processes mentioned above involve different

types of reduction in energy, (1) results in complete



absorption of the gquantum, (2) produces partial
transformation into /B-ray energy gnd yields scattered
quanta of degraded energies, and (3) results in the
production of positrons which, on eannihilation,
produce photons of 0.51 Mev.

In all of the earlier techniques only one of
the above processes was utilised in the measurement
of § -ray energy, e.g. the measurement of the maximum
p-ray energy emitted in (2), by measuring its
range and hence calculating E , or the measurement
of the energy of the electron pairs using a magnetic
pair spectrometer, or using the photo-electric
absorption process in a proportional counter when
measuring the energy of very low energy ¥ -rays. This
limited the energy range over which these techniques
could be efficiermt 1y utilised.

- In Y-ray spectroscopy two factors must be

considered in deciding the most efficient method
of detection available. These are (a) high resolution
efficiency of the ¥ -ray energy and (b) high efficiency
for the detection of the ¥ -radiation over a wide
energy range.

Most known methods do not satisfy condition (b},

€.ge. the proportional counter is only used in the
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very low energy region; measurement of the range
of the "Compton" electrons, while also not
satisfying condition (a), is only applicable
between energies of 1 - 3 Mevy and the magnetic
pair spectrometer, while providing very high energy
resolution, is only useful for energies > 2 Mev.
and even then its efficiency is rather low,

The development of the scintillation counter,
with sodium iodide (thellium activated) as the
scintillation phosphor, has provided a major advance
in the field of ¥ -ray spectroscopy. In this
technique all three modes of absorption are utilised,
and so the counter has a reasonable detection
efficiency over a wide range of ¥ -ray energy, ahd
also provides good energy resolution.

As this is the method of detection used in the
experimental work to be presented in this thesis,
we will now discuss in detail the mechanism involved,
and show the type of spectrum expected for a
particular ¥ -ray energy.

It is convenient to divide the energy of ¥ -rays
into three regions (é) low energys; up to 1 Mev.,

(b) intermediate energys 1 - 5 Mev., (c¢) high energy;
5 = 20 Mev.,



The cross sections for the interaction of
¥ -rays with sodium iodide are shown in Fig. I(ii).
For low energies the photoelectric effect, T ’
gives the major contribution to the total absorption
cross section, M , while for intermediate energies
the Compton effect, © , predominates, and for high
energies the pair production process, K , pre-
dominates. Each interaction process releases
electrons from the sodium lodide with a characteristic
energy distribution, and the combination of crystal
and photomultiplier produces a corresponding
electrical pulse height distribution, which can
be analysed by means of a differential pulse-height

|
analyser or "kicksorter".

|
If only'these priméry interaction processes

are considered then (1) the photoelectric effect

gives a "line" spectrum corresponding to the full

¥ -ray ehergy,l1y, (2) the Compton process gives

a broad distribution with a sharp upper limit and

(3) the pair production process gives a second

line at h V - 2m.c®. These theoretical distributions

are broadened by the finite resolution of the
apparatus resulting from the statistics of the

light production and photomultiplier operation
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Fig. I(ii). Cross-sections for interaction
of Y-rays with Nal.



and from inhomogenieties of the crystal and photo-
cathode.

However, the experimentally observed spectra
differ considerably from those expected on the
basis of the primary interaction process discussed
above; +the extent of the difference dependé on
the size of the crystal and the ¥ -ray energy.

The principal differences can be accounted for
by considering two secondary interactions which
take place in the crystals

(a) Scattered quanta following Compton
events may be captured thus moving counts from
theprimary Compton electron spectrum to higher
energy regions of the spectrum.

(b) Following pair production and the ab-
sorption of the kinetic energy hV-2 m.c? in the
crystal the positron annihilates producing two
0.51 Mev ¥ -rays, one or both of which may be
captured. If one is captured counts are shifted

z'to a new peak

from the pair peak at hY - 2 m.c
at by - m.c® and, if both are captured, counts
are shifted from the peir peak to the full energy
peak at hV . Thus pair production events may

contribute to three different peaks in the



spectrum.

Fig. I(iii), due to Griffiths, gives a
comparison between the theoretically predicted
spectra for two ¥ -rays of energy 2.62 Mev. and
6.6 Mev., and the experimentally observed spectra
using a sodium iodide crystal, 13" diameter and
2" long, similar to that used in the ¥ -ray measure-
ment in this laboratory. ©Effects (a) and (b)
are clearly evident in this graph.

From the above considerations it is obvious
that ¥ -ray spectra, containing ¥ -rays whose energy
is not widely different, will be very complex and
difficult to analyse. In such cases it is essential
to know the line shape spectra expected from mono-
energetic X-rays of the appropriate energy. These
line-shapes are characteristic of each individual
scintillation spectrometer, and must be determined
experimentally. We have used the ¥ ~radiation
from the following nuclear reactions and radio-

isotopes to determine the line-shapes: 1lB(p,¥)120
' '] 13 14 [
4.43 and 11.8 Mev] *3c(p,¥)**n 1 8.06 Mev.] ,

198(p,x¥)1% [6.13 wev ], 2*ma [1.38 ana 2.76 Mev] ,] ,
thctl [2.62 Mev] and 22Na [0.51 and 1.28 Mev] .
Fig. I(iv)_shows the line-shapes for single

—— T~ — - = ——— —
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high energy§ -reys normalised so that the peak
corresponding to the escape of both annihilation
quantum is at the same point. Fig. I{va ) shows
the line-shape spectrum of a'2.62 Mev. d —ray and
Fig. I(vk) the line-shapes for 0.66 Mev, 1.28
Mev. and 1.38 Mev X ~rays normalised so that the
total energy peak is at the same point.

By extrapolation from these results we can
obtain the'line-shapes corresponding to any
desired ¥ -ray energy. |

Intensities in a complex spectrum may be
compared by measuring the areas under the separated
single curves, but this is often difficult where
several J -rays, not widely differing in energy,
ere involved. It was found convenient to con-
struct curves of the quantity A/PH.where P is the
pulse height for a given peak, H is the number of
counts per unit pulse height interval at the peak,
and A is the area under the curve. Fig. I(vi)
shows this quantity plotted for the three peaks

2’ E8 -2m.02,

of electron energy Ey, Ey - m.c
as a funetion of Ey using the line-shapes shown
in Figs. I(iv, v). TUse of these curves enables

the area under a curve to be determined from a

knowledge'of P and H only.



Fig. I(iv). High energy ¥-ray line shapes using
Nel scintilllation spectrometer.
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Fig. I(va). Iine shape for 2.62 Mev §-ray using NaI.
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In this survey we have shown some of the
limitations and advantages pertaining to the use
of a sodium iodide scintillation spectrometer,

e more detailed account of the analysis of complex
¥ -ray spectra will be given in Part II.

(b) Charged Particles

In this section we shall confine the dis-
cussion to the detection of protons. Similar
considerations apply in the case of deuterons,

X -particles etc.

The most widely used methods for detection
and energy resolution of protons emitted in
nuclear reactions are, (1) magnetic analysis
(2) photographic plate method (3) proportional
counters, and (4) scintillation counters.

The choice of detector in any particular
experiment is governed by factors other than the
degree of resolution desired, e.g. in determining
the energy spectrum of protons from a reaction,
magnetic analysis, with its very high energy
resolution, has great advanteges, but it is
difficult to adapt this detector to measure the
angular distribution of these protons, and the

distribution measurements are usually made with



one of the methods (2), (3) or (4). 1In our
experiments we desired to measure both angular
distributions and angular correlations, which
made photographic plates an unsuitable technique,
and so we were left with a choice between (3)

and (4).

Experience gained in the use of a sodium
iodide scintillation spectrometer had shown that
this technique was well adapted to the measure-
ment of the angular distribution of the products
of nuclear reactions. Experiments leading up
to the final design of a proton spectrometer will
be discussed in Part II1I.

The principal difficulty associated with
the detection of a particular proton group emitted
in a nuclear reaction, is the detection of the
group in competition with any lower energy groups
which may have a much higher intensity. 1In the
case of scintillation counters this is avoided by
inserting sufficient aluminium foil between the
target and detecting phosphor to absorb all the
undesired low energy particles.

The results obtained using a scintillation

counter, with a "plastic" phosphor scintillator,



|

in measuring the proton spectrum emitted from

10 1l
the reaction B(d,p) 3B have proved very

satisfactory, as will be shown in Part III.



II. Study of (p,Y) reactions in light nuclei

(1) Introductory Survey

During recent years the study of (p,¥)
reactions in light nuclei has made an important
contribution to the determination of the position
and properties of nuclear energy levels.

Measurement of the excitation functions over
a wide range of proton energies has produced an
extensive catalogue of resonance levelg for
practically all of the light nuclei in which such
a reaction is energetically possible. For
example, nearly 100 resonance levels are known to
exist in 205i within the range of excitation
11.807 Mev to 15.555 Mev, corresponding to a
range of bombarding proton energies of 226 Kev to
4.1 Mevy nearly 50 levels have been measured in
24Mg in the range of excitation 0.8 Mev to 2.6
Mev. Reference to these, and all other known
levels observed in (p,¥) reactions in light nuclei
up to 4lCa, can be found in the reviews by Ajzenberg
and Lauritsen (1954) and Endt and Kluyver (1954).

Since the development of the sodium iodide

scintillation spectrometer, facilitating the



analysis of complex ¥ -ray spectra, many ¥-ray
decay schemes have been determined. These
measurements, apart from providing checks to the
already known energy level schemes, provide
information on the spins of the levels involved
in the transitions, and on the process of the
emission of electro-magnetic radiation from nuclei.
This can be seen from the following considerations.
It has been shown that the absolute probability
and multipole nature of the ¥ —transition from any
state of a compound nucleus to a lower state,
depends on the angular momenta and parities of the
two states. If the transition is a 2L - pole
one, the quantum carries away L units of angular
momentum, and the parity of the radiation field
is related to the multipolarity as indicated in

the following scheme;

odd parity even parity

L

1 electric dipole (El) magnetic dipole (M1)

2 magnetic quadrupole (M2) electric quadrupole (E2)
3

electric octupole (E3) magnetic octupole (M3)

The probability of a particular multipole



tranaition decreases with increasing order,
therefore where conservation of angular momentum
and parity permit a transition to have a mixed
multipole nature, it will normally be the lowest
multipole that predominates. However, electric
radiation is more probable than magnetic, so that
transitions of the type electric quadrupole -
magnetic dipole may occur with equal probability.
In practise it is usual to consider only the
lowest multipolarity possible as playing an
appreciable part in the transition.

From the above considerations it will be
seen that the relative intensities of ¥ -rays
emitted from various compound states, with differing
J values and parities, to the same excited state
of the nucleus can provide importent information
on the spin of this level, or, if the sgpin is
known, provide a check on the theory of radiation
transfer probabilities,

Apart from the measurement of ¥ -ray spectra,
the most important experimental results from this
type of reaction have been obtained from the

measurement of ¥ -ray angular distributions. The



importance of these measurements in determining
the spins of nuclear levels has been discussed

in Part I.2(b), and at this point we will only
point out the most marked features in the measured
distributions expected from different types of
reaction. These ares-

1. Whether isotropic or not.

2e If anisotropic, whether symmetrical about

the plane normal to the incident Dbean.

3. Whether the distribution is energy dependent
or not.

The various conditions affecting these ares

1. The distribution is always anisotropic unless
the J value of the compound state is O or %, or
the compound state is formed by absorption of a
nucleon with orbital angular momentum zero.

2. If the two states involved in the transition
have definite parities then the distribution will
be symmetrical about the plane normal to the beam.
3. The distributions will be energy independent
if there is only one level in the compound nucleus
involved in the reaction.

The first accurate measurements of ¥-ray



angular distributions were made by Devons and

Hine (1949) who measured the distributions from
the reactions 7Li(p,8)83e, Be(p,k)10 12C( ,X)l3N,
13C(p,K)l4N and lgF(p;KX) 0%, Since then many
measurements of this type have been made, and the
results have been listed in the review articles
mentioned previously.

Recent developments in the field of (p,¥)
reactions, include the measurement of the
polarisation of the high energy components in
the ¥-ray spectra by observation of the photo-
disintegration of deuterium in photographic
plates. Measurements of this type have been
carried out by Mr. I.S. Hughes in this laboratory .
on the reactions 27A1(p,¥)2831 and 26Mg(p,X)27Aﬂ.
They are especially important in determining the‘
parity change associated with a particular electro-
magnetic transition.

II. 2. The Reaction 27Aﬂ(p,X)28Si

Introduction

| In the region of proton energies below 800

Kev the reaction 27A£(p,¥)2831 has been investigated
.by Tangen (1946), Brostrum, Huus and Tangen (1947),



Ree, Rutherglen and Smith (1951), Hunt and Jones
(1953), Rutherglen and Smith (1953) and Casson
(1953).

Tangen measured the relative intensities of
six resonances at EP = 226, 294, 325, 404, 438 and
504 Kev. Brostrum et al measured accurately 29
resonances between 600 and 1380 Kev. Their energy
calibration was accurate to 0.2% and they found
that all the resonances had a width < 1 Kev,.

Hunt and Jones re-examined the low energy region
very accurately and found that their results agreed
with those of Tangen. Rutherglen and Smith
determined the excitation curve for the reaction,
together with that of the competing reaction
27A£(p,d)24Mg, in the range of proton energies
400-750 Kev, and showed that, while all resonances
produced ¥-radiation, ¥-particle emission was
forbidden at several of them.

In the present work we shall be concefned
with the resonances at EP = 404, 504, 630, 652 and
677 Kev.

Rutherglen and Smith, using a magnetic pair

spectrometer, measured the ¥ -ray spectra emitted



in the thick target bombérdment at EP = 750 Kev.
They observed three ¥ -rays 12.12 Mev, 10.46 Mev
and 7.62 Mev corresponding to transitions to the
ground state and first and second excited states
2851, respectively. Casson examined the thick
target ¥ -ray spectra from resonances below 450
Kev by means of a sodium iodide scintillation
spectrometer.

The energy level scheme of 2881 has been
determined by Peck (1949) using the reaction
278 (a,n)%8s1.

Prior to the present work no measurements
had been made of the § -ray spectra from individual
resonances or of the angular distribution of this

Y —radiation.

II. 2. Reaction 27A£(p,8)288i

(a) Measurement of ¥ -ray spectra

(i) Experimental Technique

The ¥ -ray spectra from this reaction were
obtained at five resonances in the range of
proton energy 400 - 700 Kev. using the Glasgow
University High Tension Generator to accelerate

the protons.



The ¥ -rays were detected by a sodium iodide
crystal scintillation spectrometer. The sodium
iodide crystal was about l.3" cube, and was mounted
on an E.M.I. 5311 photomultiplier tube. The crystal
was cleaned, polished, and sealed into an airtight
container, the space around the crystal being
filled with magnesium oxide, which acted as a
reflector. The whole operation was carried out
in the dry atmosphere of a "dry box", as sodium
iodide is very hygroscopic. Optical contact
between the crystal and a quartz window in the
airtight container was made using a thin film of
gsilicone grease, which was found to have almost
the game refractive index as the crystal and
quartz. Similar contact was made between the
window and photocathode of the multiplier. It
should be noted that poor contact between these
surfaces can produce appreciable loss in the final
pulse size from the photomultiplier.

Pulses from the photomultiplier were fed by
a cathode follower, of conventional design, into
a pulse shaping delay line, through a linear

amplifier, and hence into a five-channel pulse



height analyser. It should be noted that the
crystal was mounted at 90o to the direction
of the incident proton bean.

The targets were prepared by evaporating
pure aluminium on to a Brass backing, and they
were normally 15 Kev thick. The current of
bombarding protons varied dp to 7O/Kw$~ Care
had to be taken to keep the target clean as
both carbon and fluorine were liable to appear
as contaminants, producing background radiations
from the reactions 19F(p,‘x)l60* (X)lso [:6.13 Mei]

13 14
and C(p,¥) N [?.06 Me{L

The spectra were measured 6ver two distinect
regions (1) high energy 12 - 3 Mev (2) low
energy 3 - 0.8 Mev., The low energy region
- was ﬁeasured by increasing the E.H.T. supply to
the photomultiplier, ensuring that the pulse
height resolution over the two regions would be
comparable.

To overcome the loss in pulse height
resolution with decreasing input vdltage to the
pulse-height analyser, only a fixed range of

input voltage was used, the spectra being measured



by varying the gain of the amplifier and normalising
each run to one particular value of the amplifier
gain. To allow for fluctuations in beam current,
each run was taken for a fixed number of counts
in a discriminator, ensuring that every run would
be directly comparable,

The crystal and multiplier system was calibrated
in terms of pulse height against ) -ray energy
using the 2.62 Mev § -ray from ThC' and ¥ -radiation
from the following nuclear reactions 19F(p,o()160*
1% T6.13 wev] , “B(p,)'2c [4.45 and 11.8
Mev] and 13C(p,X)MN [?.06 Mev] . From these
calibration spectra a curve was constructed showing
¥ -ray energy plotted against pulse height at the
peak, as for a crystal of the dimensions used only
a single peak is produced for ¥ -ray energies >
4 Mev., From this curve the energy of peaks in a
complex spectra could be determined. The line
shapes of these calibration ¥-rays were wed to
estimate the line shapes of the various ¥-rays
found in the measured spectra, and these shapes
then used to estimate the relative intensities

of the various ¥ -ray components by estimating

the relative areas under the curve.



(ii) Results

Gamma-ray spectra from the resonances at
proton energies of 404, 503 and 630 Kev are
shown in Fig. II 1. Figs.II 1(a,b,e) shows
the high energy region down to about 3.5 Mev,
FPigs. II 1(c,4,f) were taken with the amplifier
gain increased by a factor offbwr, and show the
spectra in the energy range from 0.8 - 3.5 Mev.
The high energy spectra at the 652 and 677 Kev
resonances are similar to those at the 630 Kev
resonance except that the 10.5 Mev gamma-ray is
of slightly lower intensity, and the 652 Kev
resonance shows a very weak ground-state transition.

More detailed examination of the spectra
illustrated, in the region 2 - 4 Mev, has shown
the presence at the 630 Kev resonance of two
components, of energies 2.8 and 3.5 Mev, The
energies and intensities are summarised in Table
II(i). The energies of those X¥-rays which are
well resolved are accurate to within 3%4. The
intensities were estimated to be accuréte within

about 20%.
It will be seen that only the resonance at

Ep = 503 Kev produces the 12 Mev ground-state
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Reson.
energy

0-404

0503

0-630

0652

0-677

Table II(i).

*5j
excit. E,
energy

11-99 10-2
73

w
—

2-8

1-84
1-13?

e
N

~1

i
_—

28
1-84
1182

12:21 104
76

5-1,

12-23 12-2
7-5

51

Low energy region not measured

12:25 104
7-5

Low energy region not measured

Rel.
int.

0-05
1-0*

0-35

1-0
1-0*

09
1-0*
-3+

0-60

0-3
1-0*

1:0*
0-21

010

021
1-0*

0-07
1-0*

0-74

0-19

27 28
Al(p,¥) ©Si.
(A1l energies in Mev.)

Interpretation

1199 -1-8
11-99 + 46
1199 » 5-2
1199 »7-1
71 »18

52 »>1-8

46 —1-8

18 -0
?

1209 -0
1209 - 18
1209 —~ 46
12-09 » 5-2
12:09 > 71
71 »18

5218
46--18
1-8§--0

?

1221 >~ 1-8
12:21 - 46
12:21 — 52
12-21 -» 71
71 ~18

5218
{4-6—»1-8
180

?

12:23 -0
<1223 >1-8
12:23 > 46
1223 - 52
12:23 - 7-1
71 -18

1225518

{12-25 ->46

12:25 .52

* This figure was adopted as the standard of comparison for each spectrum.
intensity figures for different spectra are not directly comparable.

The



radiation with significant intensity, and it is
estimated that its intensity is sufficient to
account for all the radiation of energy 12.12 +
0.10 Mev observed in the experiﬁen‘b of Rae et al.
Thus a centre-of-mass bombarding energy of 490

Kev instead of 610 Kev should be used in evaluating
the Q-value., The amended figure is Q = 11.63 +
0.10 Mev,

This is in good agreement with that calculated
from the nuclear masses given by Ii(1952), Q = 11.59
+ 0.05 Mev, and that given by Feather (1953),

Q = 11.56 + 0.03 Meve The Q-value used will be
11,60 Mev,

The ¥ -ray energies are consistent with the
level scheme for 2885.,. deduced from the reaction
2700(a,n)%s1 and shown in Fig. IT(ii).

(b) Measurement of ¥-ray engular distributions

(i) Apparatus

For the determination of the angular distribu-
tion of the more prominent ¥ -ray components shown
in the above spectra, the crystal and multiplier
- assembly used in these experiments was mounted
on a movable arm which could rotate about the

central axis of a cylindrical target chamber,
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The distribution measurements were made in the
plane containing the direction of the incident
" bean,

The proton beam incident on the target was
accurately defined in direction by twd molybdenum
slits 1 mm, wide, separated by a distance of 15 cms.
It was essential that the beam be accurately
centred on the axis of rotation of the movable
counter, any displacement of the beam producing
an artificial anisotropy in the measured distribu-
tion.

Targets were prepared as before, except
that in this case the backing used was 0.005" or
0.01" copper foil so that the ¥-ray absorption
in the backing could be neglected, except in
the approximate direction of the plane of the
target, where a copper "stiffener" produced a
measureble absorption. This effect could be
avoided by setting the plane of the target so
that the absorption over the range of angles in
which measurements were taken, was negligible.
The target was water cooled to avoid evaporation
of the aluminium by the proton beam overheating

the copper foil.



The target chamber was insulated from
the main H.T. set in order that it could be
used as a Faraday cage to detérmine the total
beam current falling on the farget. |

A slight anisotropy in the apparatus was
found, and a correction factor determined by
measuring the angular distribution of the 6.13 Mev
Y -ray produced in the 340 Kev proton bombardment
of 19F. ‘This radiation is known to be isotropic
(Devons and Hine). The correction amounted to
about 3% in the measured distribution.

(ii) Experimental procedure

The angular distributions were determined
by setting the four channels of the pulse-height
analyser to cover the peak of the ¥ -ray under
observation, and recording the totai number of
counts in the four channels corresponding to a
definite number’of counts in a fixed monitor
counter, This monitor counter also consisted
of a sodium iodide crystal and photomultiplier,
and was situated relative to the proton direction
at an angle of @ = -90°.

Thus the number of counts in the movable

counter for each angular position was independent



of any fluctuations in the proton beam current
striking the target.

Every precaution was taken to ensure that
the gain of the multiplier and other electronic
apparatus did not vary during the course of the
experiments. These precautions consisted of
(a) checking the voltage on the photomultipliers
regularly by measuring a small fraction of it
with a vernier potentiometer, (b) keeping the
meins supply to each amplifier constant by
means of a Variacwariable transfamer on each
mains input, (c) choosing the angular positions
of the movable counter at random for short
counting periods, the total distribution being
taken as the aggregate.af all these short runs.
This eliminated any effect produced by residual
drifts in the electronic apparatus.

The distributions were normally measired
over a range of angles from‘e = 20o to @ = lOOo
where © is the angle the § -ray detector made
to the incident proton beam.

In order to obtain an accurate determination
of the angular distribution of a specific ¥ -ray,

it was necessary to know the line shape spectra



produced in the crystal by mono-energetic
¥-rays of known energy, and this was done

by determination of the spectra of the various
calibration ¥ -rays mentioned previously. This
procedure was especially important when con-
sidering a ¥ -ray other than the highest energy
component in the spectrum, as the contribution
of these higher energy ¥ -rays to the angular
distribution of the lower energy ones, ocould
seriously affect the distribution measured,
since they generally have different angular

di stributions.

(iii) Results

Angular distributions obtained at the
various resonances are shown in Figs. II(iii,
a, b, ¢, 4, e, £). In each case the curve
was fitted to the'experimental points by the
method of least squares, assuming that the
distributions had the form
W) =1+ 4 oos2 e

where & is the angle between the incident
proton direction and the direction of detection
of the ¥ -ray. There appeared to be no evidence

- for higher orders of cos & in any of the measured
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distributions. The experimental points have
been corrected for a slight instrumental
anisotropy, as mentioned previously, but no
correction has been applied for the finite
solid angle of the detector, as this was less
than 0.5%.

Table IT(ii) summarises the results obtained,
both as regards the emission of ¥ -radiation of
a given energy from a particular resonance, and
its angular distribution, if measured.

Also included are the results of Rutherglen
and Smith on the emission of X-particles from
these resonances,

(¢) Interpretation

In this section we shall interpret the
results presented in sections (&) and (b) in
terms of the spins and parities of levels in
2831. As stated in the préface, this interpreta-
tion is primarily due to Drs. J.G. Rutherglen,
P.J. Grant and F.C. Flack.

However, a brief discussion of the selection

rules governing the emission of X-particles

will help to clarify the reasoning in the later



° QAH . ) -]
ﬁmwmi Z.Jm (TT)II °TQBL

§ 280 €1-0+1

sax sax sax sax sax S R
9599 CT1-0—1 @509 01-0--1 0 2502 1€-0+1 .
9% $9X . SaX sIx . sax - €24
o1do1os] 9,509 8p-0—] 500 [[-0—] oidonos
Sax Sax X SO} ap Sxop vorg
srdonosj
ON I 197 ON sax OoN e14
ON ON sox sax T oN 0

LL9 cs9 0£9 £0¢ 1404 (a9y) soueuossy




discussion. Since the & -particle is known

to have even parity, then a transition between
two levels of the same parity can only occur by
X -particle emission if the change in angular
momentum is even. Similarly if the levels have
different parity then A J must be odd.

One general conclusion can be drawn from
Table II(ii), namely, that there is no evidence
that protons having an orbital angular momentum
greater than unity take part in the reaction
at any of the five resonances. The assumption
of d-wave protons would not help to explain the
results ,

27AL has a nuclear spin J = 2 in its ground

state and, assuming the shell modil prediction

to be correct, it is a state of even parity.

With this assumption the possible states that

can be formed by proton capture are as followss
s-wave, L =0, J = 2(+), 3(+); p—wave,iz= 1,

J = 1(-), 2(-), 3(-) and 4(-). Of these, the
2(+), 1(-) and 3(-) states could emitX —particles
" to the ground state of 24Mg, which has spin zero

with even parity, while the others could not.



Rutherglen and Smith found no evidence of any
other x —particle groups apart from that emitted

24Mg . From this we may

to the ground state of
proceed to an assignment of spins and parities to
all five resonance levels:

(1) 503 Kev resonance

This must produce a state J = 2(+) since it
emit s ot-particles and emits ¥ -rays isotropically.
The isotropic emission of ¥ -rays implies formation
of the state by capture of s-wave protons.

(2) 677 Kev resonance

It is reasonable to assign J = 3(+) to this
state since it emits S -reys isotropically, but
does not emit X-particles.

These two assignments are consgistent with the
fact that the 503 Kev resonance produces ¥ -radiation

to the ground state of 2881

[ E2 transition,

2(+) —> O(+)_] while the 677 Kev resonance does
not [3(+) —> 0(+) would be a M3 transition] .
The other three resonances all have anisotropic

¥ -ray distributions, and cannot, therefore, be
formed by s-wave proton capture. Of the four

possible states which might be formed by capture



of p-wave protons, the 1(-) state does not

appear to correspond to an experimentally observed
level, since it should emit ground-stated-radiation
[l(-) —> 0(+) is an El transition] .

(3) 630 Kev resonance

This must lead to a 3(-) state in 2881 since
it emits o -—particles to 24M€. 1(-) is unlikely
as shown above.

(4) 652 Kev resonance

Since this resonance does not emit &X-particles
it must have J = 2(-) or 4(-). The fact that a
detectable ground-state transition occurs, limits
the choice to J = 2(~), as the M4 transition
4(-) =—>0(+) would be very highly forbidden.

(5) 404 Kev resonance

This resonance must also have J = 2(-) or
4(-) and since its ¥ -ray spectrum is very
different from that of the 652 Kev resonance, in
particular showing no observable ground-state
transition, and only a very weak transition to
the first excited level at 1.8 Mev, we assign
J = 4(-) to this resonance. ‘

From the fact that the 404 Kev resonance



produces very little ¥ -radiation to the 1.8
Mev level iﬁ 288i we may say that this level
cannot have J > 2 with even parity or J > 1
with odd parity. J = 1 seems unlikely,
firstly from consideration of the B-decay of
28,£ in which the transition to the ground
state of 2881 is highly forbidden compared with
the less energetic transition to the 1.8 Mev
level, and secondly because a low-lying dipole
level in an even-even nucleus has not hitherto
been observed. It is also thought unlikely

on theoretical grounds(Touschek 1950). We are
left with the assignment J = 2(+) to this level,
which is consistent with all the experimental
data on ¥ -ray intensities.

We shall now consider, in detail, the & —ray
angular distributions. The calcalation of the
theoretical distributions is a straightforward
procedure, and recently comprehensive tables
have been published which greatly simplify
these calculations [Sharp et al (1953)] . We
shall not discuss the calculations in detail,

although the following point should be noted.



In calculating the transformation coefficients
for the formation of the states J = 2(-) or J =
3(-) by adding a proton (spin %, £ = 1) to 27A2
(g+) there are two possible "routes", by the
addition of £ = 1 to either "channel spin"

S = 2, (% —-%), or S = %(%-+ %Q. The two
routes to a given J lead to different angular
distributions, so that the theoretical distribu-
tions for these two states are not absolutely
determined, but can be within certain limits.

It has been pointed out by Christy (1953) that
this indeterminacy is a consequence of lack of
knowledge of the wave function describing the
compound state, and could be removed by assuming,
for example, either j-Jj or I-S coupling, between

the incoming proton and the target nucleus,

If we define the channel-spin ratio

3
2]

then the values of F required to fit the experi-

7 = number of states farmed by S
number of states Iformed by S

mental data (J being known from other evidence)
may give further information about the compouna
state. In tﬁe formation of the states

J =2(+), J = 3(+) and J = 4(-) there is no



uncertainty, only one "route" being possible.

630 Kev resonance LJ = 3(-)_] This resonance

has a strong ¥-ray component to the 1.8 Mev
level, The theoretical distribution for a
transition 3(-) —> 2(+) is
w(e) = 5F(17 + 9 cosze) + 4(28 - ¢ coazg)
giving the limiting distribution functions
F=0, W) ~1- 0.32 cos®0yF =00, TC)~1+ 0.53cos* 6
5. (8~
1 - (0.112 + 0.01) cos°@, which can be fitted
vy F = /7.

Using this value of F, the calculated

The experimental distribution is Wex

distribution for the 1.8 Mev ¥ -ray transition

L2(+) — 0(+)J which belongs to the same

cascade, is W(6) ~ 1 + 0.18 cos°G. This

is in satisfactory agreement with the experimental

distribution Wexp.(g) ~1 + (0,13 + 0,05) coszg.
This resonance also produces ¥-radiation

to the levels at 4.6 and 5.2 Mev, which is

unresolved, and has an angular distribution

Woxp. (8) ~ 1+ (0.10  0.05) cos®e., This

result may be explained by assigning J = 3 to one

level of the doublet and J = 2 or 4 to the



other. The theoretical distributions, for
dipole transitions and F = 3/"'{ are
3(=) =>»3(+) W(e) ~ 1 + 0.15 cosZo
3(=) —»2(+) W) ~ 1 - 0.11 cosd
3(=) = 4(+) W(e) ~ 1 - 0.05 cos®
Combination in suitable proportions of the
first of these with either of the others will
readily explain the experimental result.
652 Kev resonance [J = 2(-)]
The ¥ -radiation leading to the 1.8 Mev

level is markedly anisotropic; Wexp(€)~1 -
(0.485 + 0.01) cosae. The theoretical d4istribu-
tions f or the transition 2(-) —>2(+), dipole,
are
F=20, WE)~1 - 044 00520;F=°° we)~1+ 0.16 cosG.
The distribution for F = 0 thus gives fair
agreement with the experimental result, although
the fit is not as good as might be expected,
The difference, which is outside the experimental
error, may be due to a small admixture of M2
radiation with the predominant El type.
Measurement of the polarisation of this

¥ -ray by Hughes and Grant (1954) has shown that



the predominant radiation is E1 type in agree-
ment with the above considerations,
There appears to be radiation to both the
4.6 end 5.2 Mev levels from this resonance, The
angular distribution of this radiation is
Wexp (e) ~1 - (0.12 + 0.05) coszé
The theoretical angular distributions for
F =0 are
2(-) — 3(+), dipole, W(8) ~1 + 0.16 00329
2(-) —> 2(+), dipole, W(6)~ 1 - 0.44 c0s29
2(-) — 4(+), dipole, W(6)~1 - 0.20 coszé
A suitable mixture of the first of these
with either of the others may easily be made to
fit the experimental result.

404 Kev resonance [J = 4(-)]

The angular distribution of the radiation to
4.6 and 5.2 Mev levels is Wexp—~1 + (0.31 + 0.01)

cosac. The calculated distributions are

4(~) =»3(+), dipole, W(O)~1 - 0.26 cose
4(-) =>3(+), quadrupole, W(8)~1 + 0.49 0820
4(=) —4(+), dipole, W(8) ~ 1 + 0.48 cos2g
Once more e suitable mixture will explain the

experimental result.



In conclusion Fig. II(ii) shows the
proposed decay scheme for 283i with spin and
parity assignments. It provides a good
explanation of all the experimentally observed
Y -ray intensities and angular distributions,
but further evidence from)¥ - ¥ correlation
experiments is necessary before it can be re-
garded as definitely established., Such experi-
ments might also serve to remove the uncertainties
in spin and parity assignment to the 4.6 and 5.2
Mev levels. By consideration of the theoretical
¥ -ray transition probaebilities, it is possible
to derive spin and parity assignments to both
of these levels, but in view of the uncertainty
of the theory it is felt that this is of very

doubtful value, and the correlation method

seems the more promising.



Part II. 3. The reaction ngg(p,X)27A£

Introduction

This reaction has been studied in the
range of proton energies 250 — 750 Kev. by
Tangen (1946), Taylor et al (1952) and Hunt
and Jones (1953).

Tangen, using natural magnesium, found
seven resonances in the range of proton energies
250 - 500 Kev, Taylor et al, using a separated
26Mg target, found four resonances in the range
of proton energies 300 - 750 Kev and Hunt and
Jones, using natural magnesium, found six
resonances in the range 300 - 500 Kev, Using
separated 26Mg targets, we have found five
resonances in the range of proton energies
250 - 750 Kev. These are at 290, 338, 454,
660, and 730 Kev, and correspond to thosefound
by the other investigators..

The gamma-ray spectra from the 338 Kev
resonances has been investigated by Casson
(1953) and from the 454 Kev resonance by Kluyver
et al (1953) and Russel et al (1952). Their

results are very inconclusive, and they made no



measurements on the angular distribution
of the ¥ -rays.

We have investigated the ¥ -ray spectra
from 211 five measured resonances, as well
as the angular distributions from the resonances
at 290, 338, 454, and 660 Kev., On the basis
of these measurements spin and parity assign-
ment s are made to some of the excited states
of 27Aﬂ.

(a) Measurement of § -ray spectra

(i) Experimental procedure

The ¥ -ray spectra from this reaction were
measured at five resonances in the range of
proton energy 250 - 750 Kev, using the Glasgow
University High Tension Generator to accelerate
the protons.

The ¥ -rays were detected by a sodium
iodide scintillation spectrometer. The sodium
iodide crystal, 13" diameter and 2" long, was
obtained, ready for use, from the Harshaw
Chemical Company. The crystal was mounted on
a DuMont 6292 photomultiplier, optical contact
between the crystal and photocathode being



obtained by using a thin film of silicone
grease. |
Pulses from the photomultiplier were fed,
after amplification, into a multi-channel pulse-
height analyser or "kicksorter", similar to that
designed by Hutchinson and Scarrott. The
coincidence input to the kicksorter was used,
and the kicksorter was triggered by a gating
circuit operated by a discriminaftor on the out-
put of the ¥ -ray amplifier. This arrangement
prevented pulses smaller than the discriminating
level reaching the kicksorter, and hence prevented
any tendancy to overload the kicksorter. A 4
Msec. delay was inserted between the amplifier
and kicksorter to ensure that the ¥-ray pulses
were coincident with the corresponding gate pulse.
The targets were separated.zsmg, lﬁftgma/Cm?
thick on a 0.02" copper backing, and were prepared
by A.ﬁ.R.E., Harwell. The targets were heated
to prevent the deposit of carbon which is normally
deposited during the bombardment of any target by

protons or deuterons, and which is thought to

come from the o0il in the diffusion pumps of the



main H.sT. set vacuum system.

The spectra were measured over three
energy regions:

(1) high energy 8 - 4 Mev (2) medium energy
4 - 2 Mev, (3) low energy 2 - 0.5 Mev. The
transition between each region being obtained
by varying the voltage applied to the photo-
multiplier.

As the crystal used in these experiments
had different dimensions from that used in
studying the reaction 27Al(p,¥)2881, and as the
electronic apparatus was entirely different, we
had to calibrate the apparatus in terms of
pulse height against ¥-ray energy as described
in Part II 2(a). In this case the mono-
energetic ¥-rays from the various nuclear reactions
were used to provide accurate line shape spectra.
This knowledge was especially important in
assisting in the interpretation of the complex
Y -ray spectré observed from this reaction.
Energy calibration of the measured spectra was
obtained using the 2.62 Mev ¥ -ray from 7uc?

22
and the 1.28 Mev and 0.51 Mev ¥-rays from Na.



Each spectrum was analysed by successive
subtraction, from the high energy region to
the low energy region, of the known line
shapes corresponding tq the measured peak
energies of the x-rays. In this ﬁay we
not only obtained information on the energy
of the ¥-rays present, but also on their
relative intensity.

(ii) Results

Gamma-ray spectra from resonance levels
in 27A£ at energies of 8.55, 8.59, 8.70,
8.90 and 8.96 Mev, corresponding to proton
bombarding energies of 290, 338, 454, 660 and
730 Kev, are shown in Fig. II(iv, a,b,c,d,e).
The statistical errors for each graph, except
that for the 290 Kev resonance, are negligible.
Only the line shape of the measured spectra
are shown.

The energies and relative intensities
of the more prominent ¥ —ray components at
all five resonances are summarised in Table
IT(iii). The energy of the prominent ¥ -ray

components in each spectra is accurate to 3%,
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and the relative intensities are accurate to
~r25%.

As the Q-value for the reaction is 8.26 Mev.
it will be seen that in all cases the transition
to the ground state of 27A£ is weak.

It was not possible to resolve the ¥ -rays
corresponding to transitions to the first two
excited states of - AL [0.84 Mev and 1.01 Mev].

At the 290 Kev resonance, it is obvious that all
the transitions proceed through the 0.84 Mev
level, but in the other cases measurement of
X-gX coincidence spectra was necessary in order
to determine the relative intensities of the two
transitions. The measurements and the r esults
obtained will be described in a later section.

The 8.55 Mev level in 27AE,(EP = 290 Kev)
exhibits the unusual feature of decaying only by
a single transition. This is perhaps due to the
very low intensity of this resonance, and it is
probable that the single transition is of El
type.

We have tried to correlate the measured ¥ -rays

27
to the known level scheme of Af. The extreme



complexity of the X-ray spectra, and the abundance
of levels in 2'Af make such assignmenté rather
tentative. The level scheme is that proposed

by Browne et al (1954) from inelastic proton
scattering experiments on 27AZ. Fig. II(v) shows
the proposed decay scheme, containing only those
transitions which have been definitely established.
The dotted-transitions represent probable inter-

pretations of some observed ¥ -rays.

(b) Measurement of ¥-ray angular distributions

(i) Apparatus

The target chamber used to measure the ¥ -ray
angular distributions from this reaction was
similar to that used in studying the reaction
27A1(p,¥)2881.

The § -ray spectrometer and electronic apparatus
were the same as that used in the measurement of
the ¥-ray spectra.

The targets used were separated ZGMg, 41 pgn/
cm?'thick on a 0.001" copper backing, prepared by
A.E.R.E. Harwell.

(ii) Experimental procedure

- The angular distribution measurements were
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confined to the high energy and low energy
regions of the J-ray spectra. No distribution
measurements were made in the medium energy
region.

At each resonance the distribution of all
the high energy ¥-rays was measured simultaneously
by observing the spectrum at each angular position
for a fixed number of counts in a monitor counter,

This monitor counter consisted of a similar
sodium iodide scintillation spectrometer to that
used in measuring the distributions, and it was
set at an angle of 0 = —90o to the direction of
the incident bean.

The distributions were measured over & range
of angles from € = 0° to © = 90° at 30° intervals,
where € is the angle between the Y-ray detector:
and the direction of the incident beam.

The angular distributions were calculated by
measurement of the area under the curve corres-
ponding to each X -ray component. In practice
only the areas corresponding to fixed energy
regions were calculated in each spectra for every
angular position. This method required an

accurate knowledge of the line-shapes for each



Y -ray in the spectrum, in order to allow for

the contributi on of high energy J-rayé in
calculating the distribution of any ¥ -ray, other
than the highest energy component.

It will be seen that this method of analysis
requires careful energy calibration of the spectra.
(iii) Results

Angular distribution measurements were made
at four resonance levels in 27ak; 855, 8.959,
8.70, 8.90 Mev, corresponding to proton energies
of 290, 338, 454, and 660 Kev, respectively.

Of these only the 8.59 Mev level gave anisotropic
angular distributions. Fig. II(vi,a,b,c) shows
the distributions obtained at Ep = 290, 338 and
454 Kev for the ¥-radiation emitted to the first
two excited states of 27A£, and Fig. II{vii a,b)
shows the angular distributions at Ep = 338 Kev,
of the 0.84 and 1.01 Mev ¥=-rays emitted from these
levels to the ground state. In each case the
curve was fitted to the experimental points by
the method of least squarés, assuming that the
distribution had the form

We)=1+a coszo,
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where © is the angle between the incident proton
direction, and the direction of detection of the
Y -ray.

Table II(iv) summarises the results obtained,
the distributions other than those shown being

estimated from the measurement of W(OX/chl

(c) Measurement of ¥-X coincidence spectra and
angular correlations

(i) Experimental procedure

The apparaius was similar to that used in the
measurement of ¥-ray angular distributions. The
monitor counter, which remained fixed at @ = —900,
was used to detect only radiation emitted direct
to the ground state or first two excited states of

7A1, while the movable counter detected all
radiation with energy 2 0.5 lev.

Pulses from both counters were fed into a
coincidence circuit, of conventional design, which
supplied the gate pulse to "open" the kicksorter.

The low energy region (0.5 - 1.5 Mev) was
examined to determine whether the cascade transition
proceeded via the 0.84 Mev or the 1.01 Mev level.

The angular correlations were measured at two
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angles_only by moving the movable counter from
6 =00 to 6 =90° In this case the fixed
counter was also used to monitor the reaction.
(ii) Results |

Coincidence spectra were obtained at the
resonances corresponding to proton energies of
338, 454 and 660 Kev. The results are summarised

in Table II(v).

Table II(v)

Resonance Trangsition Relative
level (Mev.) T (Mev.) Intensity
8.55 8.55 —>0.84 1
8.59 599 —> 302 [é on
8.70 8,70 —» 0,84 1
8.90 8.90 —>1.01 1

The results for the 8.55 Mev level were
obtained by direct examinéfcion of the ¥ -ray
spectrum from this level.

All the measured correlations were isotropic,
within the statistical error of the measurements,
irrespective of whether the cascade took place
by the 0.84 or 1.01 Mev level. Table II(vi)

sumnmarises the results obtained:

~



Table II(vi)

Resonance Transition w(e)
level (Mev.) Mev.
8.59 8,592 0,84 —>0 1 + (0.05 + 0.1)cos>0

1
1

i,O.S)coszc

8.70 8.70—> 0.84=>0 + (0.02 + 0.06)cos~0
2
8.90 8.90>1.01—>0 1 - (0.05 + 0.07)cos ©

In this case © is the angle between the two ¥ =ray
detectors.
(d) Interpretation

In this section we shall attempt to interpret
the results obtained in sections (a), (b) and (ec),
in terms of the spins and parities of levels in 27A£.
The fact that the angular distributions from three
of the resonance levels are isotropic, anﬁ the
extreme complexity of the ¥ -ray spectra, results
in certain ambiguities in these assignments.

26Mg has a nuclear spin and parity J = 0(+)
in its ground state. Thus the possible states
that can be formed by proton capture gre as follows:
s-wave,£ =0 J = %(+); p-wave,£d=1J = %(—),%{-),
d-wave,ﬂ:z 2 J ='§(+),§(+). Of these J = %(+)
and §(-) give isotropic angular distributions,
while J =‘§(-), %(+) and §(+) give anisotropic

distributions.



In all cases there is only one possible
"channel spin" corresponding to formation of a
level with definite spin and parity.

290 Kev, 454 Xev, and 660 Kev Resonance levels

The excited states in EVAL at energies of
8,55, 8,70 and 8.90 Mev, corresponding to proton
energies of 290, 454 and 660 Xev, must have spin %
and +'° or -'° parity, since they emit ¥ -rays
isotropically. Of these three levels only that
at 8.90 Mev produces an appreciable amount of
ground state radiation, and as the ground state
of 27A£ is known to have nuclear spin J = '2.5’ (+),
it is reasonable to assign J = 4(+) to the 8.90
Mev level |4 (+) ——>'g’(+); E2 transition] and
J = 4(~) to the 8.55 and 8,70 Mev levels [%(-)-4>
g(+-): M2 transition, which is much less probable
than an E2 transi‘bion] .

Consideration of the decay schemes for the
8.55, 8,70 and 8.90 Mev levels shows that, as far
as transitions from these levels to the first two
excited states of 27Al are concerned, the 8.55

and 8.70 Mev levels decay only to the first
27
excited state of Af, while the 8.90 Mev level



decays only to the second excited state.

The fact that all three levels decay pre-
dominantly to one of the first two excited states
instead of the ground state of 27A£ indicates that
both the first and second excited states must have
J \{ %. This was verified by measurement of the
angular correlation between the ¥ -rays emitted from
the 8.70 and 8.90 Mev levels to the first and second
excited states of 27al respectively, and the
subsequent ¥ -rays emitted from these levels %o

the ground state. The theoretical angular

correlations for the following transitions are:

3 —2 3 — :':' : W(e) = isotropic

5 —> i ———7?_ s w(e) = 1-— 0,06 cosze
2 2

5 — S —_ 2 : w0} = 1 + 0.39 coszg
2 2

where @ is the angle between the direction of
emission of the two § —rays. The experimental
correlation for the 8.70 Mev level is W(@) =1 +
(0.02 + 0.06) co0s26, and for the B.90 Mev level
is W(e) = 1 - (0.03 + 0.07) cos®e.

From these measurements alone we can only say

that ror the tirst two excited sfqa‘ces of Al,



Jd =4 or é.
2

Further consideration of the decay schemes
from the three compound states at 8.59, 8.70 and
8.90 NMev shows that the rirst excited state ot
27A£ has (+ve) parity and the second excited
state has (-V€) parity. This can pe justitied
by the tact that it both these states had the
same parity then the trensitions from any or the
three compound states to both these lower excited
states would be ot the same type i.e. either EiL
or Ml and we would expect the transition pro-
babilities to pbe the same. Unliy it one transition
was El type and the other Ml type would there be
any ditterence in the transition probabilities.
Thus the tact that both the 8.955 and 8.70 lev levels,
which have J = %(-), decay only to the tirst excited
state, and the 8.90 Mev level, which has J = %(+)
decays only to the second excited state leads to
the above parity assignments, since this leads to

the roilowing transiti ons:

8.00 liev and 8.70 lev levels

(=) —> 3, g{+); El type - observed

(=) —> 4%, 9(-); Ml type - not observed
2



8.90 Mev level

2(+) —> %, %(-); El type - observed
(+) — %, %(+); Ml type - not observed
Thus we can make the assignments J = %,
%(+) to the first excited state of AL and
J =%, %(-) to the second excited state.

338 Kev. Resonance level

The excited state in 27AL at 8.59 Mev,
corresponding to a proton energy of 338 Kev,
must have J = %(:) or %(+) [:neglecting f-wave
capture of protons] sy Since it produces anisotropic
Y -ray angular distributions.

The experimental angular distribution for
the ground state ¥-ray is

W(e) ~ 1 - (0.14 + 0.04) cos®

and the theoretical distribution for the transi-
tion %(i)-—> %(+), assuming dipole radiation,
is W(e) =1 - 0.14 00329, in good agreement with
the experimental distribution. This leads to the
assignment J = %(i) to the 8.59 Mev level,

It should be pointed out that it is iﬁpossible
to discriminate between the angular distribution
of ¥ -radiation emitted from a compound state which
has been formed by p- or d-wave capture in a

nucleus which has J = 0O+, Thus from the angular



74

distribution measurements alone we cannot
distinguish the parity of the compound state.
The angular distribution of the ¥-radiation
emitted to the first two excited states of 2Ty e
is |
w(e) ~1 - (0.54 + 0,05) 00929
and the theoretical & stribution for the transi-
tion 2(+) —> %(+), assuming dipole radiation, is
W%(Q) =53 00320 =5 [; - 0,60 cosij
and for the transition %(i)'”4>'%(i)’ assuming
dipole radiation, is

- 2
W;(O) = %? + %? C0829 = %? [_1 + 0.75 cos QJ
2

As measurement of the coincidence spectrum
between the high energy ¥ -~rays and their associated
cascade ¥ -rays showed that, at this particular
resonance, the transition from the compound state
to the second excited state of 27A£ was 10% of
that to the first excited state, the measurement
of this angular distribution leads to the assign-
ment of J = 4(+) to the first excited state of
2y1,

Although the theoretical angular distribu-
tion obtained by assuming a 10% admixture of the



3 03 2 >3
transition 2 7~ 2 on to the predominant 2 2

transition is W(&)= 1 - 0.51 00329, this cannot

be taken as definite evidence that the spin of

the second excited state of 27A£. is %3 due to

the uncertainty in determining the relative
intensities of the transitions and the rather
large errors in the experimental angular distribu-
tion.

The spin of this level was further investigated
by measurement of the angular distribﬁtion of the
1.01 Mev X-ray émitted to the ground state.
However, the theoretical distributions for the
cascade transitions % —> %-—5’2 and %—J>%f—9%,
in which the first radiation is not observed and
the angular distribution of the second is measured,
are W(6) = isotropic and W(Q) =1 - 0.03 00329,
respectively. The experimental distribution is
w(e) =1 + (0.06 + 0.07) COSZQ. Although the
theoretical distribution for a % —%>%'—4>% transi-
tion lies outside the error of the experimental
distribution, this cannot be taken as definite
evidence that the spin of the second excited

state of 27A£ is 3(=).



The parity of the compound state was
determined by measurement of the polarisation
of the ¥ -rays emitted to the first two excited
states of 27A2.. . These measurements were
performed by(zgssg' hes and Mr. Sinclair, [?Hughes
and Sinclair (41Y»97 | , in this department, using
deuterium loaded photographic emulsions as the
polarisation detector. Their results indicated
that the predominant transition was El1 type, and
as the predominent cascade proceeded through the
first excited'state which has J = %(+), this leads
to the assignment J = %(—) to the 8.59 Mev compound
level.

This assignment is in agreement with the
fact that consideration of the angular momentum
barrier, and low proton energy would make the
probability of p-wave capture greater than d-wave
capture.

We have also measured the angular distribu-
tion of the ¥-rays emitted to the 2.75 Mev and
3.68 Mev levels in 27A2 at this resonance.

. These distributions were obtained by measurement
of the ratio W(O)/WC%).



The experimental distribution for the
5.85 Mev ¥-ray emitted to the 2.75 Mev level
is
w(e) =1 + (0.65 + 0,1) cos0
in reasonable agreement with the theoretical
distribution for the transition ‘21 - %, assuming
dipole radiation, which is
wW(e) =1 + 0,75 cosae
Thus the 2.75 Mev level has J = 3.
The experimental distribution for the 4.95
Mev ¥-ray emitted to the 3.68 Mev level is
W(e) = 1-(0.14 + 0.04) cos®e
in agreement with the theoretical distridbution
for the transition %—’»%, assuming dipole
radiation, which is
w(e) =1 - 0.14 cosze.
Thus the 3.68 Mev level has J = %.

730 Kev Resonance

Owing to difficulties associated with
operating the H.T. Set at this high voltage, we
have been unable to make any angular distribution
measurements at this particular resonance.

However, the marked difference between the

Y -ray spectra observed at this resonance, and



that observed at any other resonance leads

to the assignment of J =’g(i) or %(-) to

this level, which has an excitation energy of
8.96 Mev.,

This assignment is in agreement with the
fact that the most intense transition from
this level takes place through the 3.68 Mev
level, which has a J value ong, so that the
emitted radiation is probably El, whereas the
transition to any lower state, except perhaps
the ground state, would be Ml, E2 or M2 type.

Although tentative assignments can be
made on the basis of the relative intensities
of the cascade ¥-rays from this level, it is
felt that only the measurement of the) -ray
angular distributions will lead to definite
results. It is hoped that Mr. Wallace, in
this department, will perform these measurements
in the near future, as the H.T. Set has been
reconstructed since the above experiments were
performed.

Conclusion

27
The decay scheme for AL showing the



spin and parity assignments derived from the

above experiments is shown in Fig. II(V).

The assignment to the first excited state

[J = %(+)] is in agreement with that derived from

27Mg by Daniel et

examination of the B-decay of
al (1954), but the assignment to the second excited
state does not agree with that derived by Daniel,
who found J = §(+) for this level.

Although we have not discriminated between
J =% or % for this level,we are confident that
the level has (-ve) parity otherwise it proves
impossible to provide an explanation for the
observed decay scheme,

It should be possible, by careful measure-
ment of the ¥ - ¥ angular correlation, from the
8.90 Mev level, of the ¥ -ray emitted to the
second excited state of 27&1 and the 1,01 Mev

¥ -ray emitted to the ground state, to discriminate

between the alternative J values for this level.



IIT. Study of (d,p) reactions at low deuteron
bombarding energies

1., General survey of deuteron stripping
. reactions.

The basic principles underlying the theory
of deuteron stripping reactions have been presented
in Part I(i) of this thesis. In this section we
shall discuss more fully the theoretical inter-
pretation of the experimental results, as well
es giving a brief survey of these results for
both high energy and low energy reactions.

The term 'stripping" appears to have been
coined by Serber (1947), who applied mathematically
the general idea described in Part I(i), to the
case of véry fast projectiles in order to explain
the production of fast neutrons observed when
targets were bombarded with 190 Mev deuterons.
However, as mentioned previously, the general idea
had been put forward much earlier by Oppenheimer
and Phillips (1935) to explain the emission of
protons from targets bombarded with very slow
deuterons.

Recently, Butler (1951) and Bhatia et al
(1952) have developed theories of stripping



reactions, which show that the most important
experimental factor in these reactions is the
measurement of the angular distribution of the
emitted nucleons. Both theories yield strikingly
similar results, of which the following is a
general outline.

The shape of the experimental distributions
depends critically on the angular momentum £ of
the captured nucleon. It also depends on the
energies of the incident deuteron and the emergent
nucleon. If we consider the reaction A(d,b)B,
where b is either a neutron or proton, and B is
left in a state Bl’ then the angular momentum of
the captured nucleon is limited by two selection
rules:

(a) Addition by the vector sum rule of the &pin.
JA of the target, the orbital angular momentum
£ of the captured nucleon, and its spin %, must
be capable of yielding the spin JBl of the level
By i.e.
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(b) If the levels of A and B have the same parity,
jl is even, if the parities are different,.zf is
odd.

For given levels A and B these selection
rules frequently permit only one value of 2,;
In general, however, JB is unknown, and is determined
by cqmparison of the experimental distributions
with those predicted theoretically for various
values of IL . Knowledge of the correct L value
then fixes JB within the limits given in (a). The
particular dependence of the angular distribution
on f congists in the existence of a principal
maximum at & fairly small angle to the direction
of the deuteron beam, this angle increasing with
£ . 1f =0, the maximum is usually at 0°, but
otherwise at a finite angle. In most cases the
experimental distributions permit a unique determina-
tion of ﬂ sy even where various E values are per-
mitted by the selection rules.

Both theories include an arbitrary parameter
in the angular distribution formula for a given

value of £ . This parameter is interpreted as

the radius, R, of the target nucleus. However,



the theories disagree on the value of R required
to produce the best fit to an experimental
distribution even although they agree on the
L -velue. From experimental evidence it is found
that Butlgr's theory always produces a better fit
with the experimental curve for one value of,l ’
than any other, if the value of R given by Gamow
and Critchfield (1949), i.e., R = (1.7 + 1.22 A%) x
10'13 cm, is used. It is also found that the
best fitting radius, using the formula of Bhatia
et al., is,without exception,very nearly 1.0 x 10713
cm. larger than that using Butler's.

Neither theory considers the Coulomb inter-
action between the deuteron and target nucleus,
This produces doubts on the applicability of the
two formula as the deuteron energy is reduced,
on account of the increased Coulomb effect. However,
recently Yoccoz (1954) and Grams (1954) have con-
gidered the problem of low energy deuteron stripping.
Their conclusions can be summarised by three facts
(1) the position of the principal maximum is shifted
towards larger angles,(2) the distribution is broadened

(3) the magnitude of the principal maximum is reduced.

By discussing the experimental results in this



field after summarising the theoretical inter-
prétation we may give the impression that this
was the order in which the discoveries were made.
In actual practise the theories of Butler,and
Bhatia et al were developed to explain the experi-
mental results obtained by workers at Liverpool
in bombarding various target nuclei with 8 Mev
deuterons from the ILiverpool cyclotron. A very
good summary of all this early work, and also some
more recent experiments, has been given by Huby
(1953) and by Holt and Marsham (1953). Although
the Liverpool group were largely responsible for all
the early work, as well as much of the more recent,
many reactions of the type (d,p) and (d,n) havé been
studied in numerous laboratories during the past
few years, and it would obviously be impossible to
give a comprehengive survey of them all. We Shali
confine the discussion to the important features
arising from these experiments.

It is obvious from the nature of the experiments
that the principal requirements of any technigue
designed to measure angular distributions from

stripping reactions are (a) high energy resolution



(b) good angular resolution and (c¢) small intervals
between angles of observation especially near the
forward direction. Perhaps the most common
method of particle detection used in these experi-
ment s is the photographic plate method. It is
obviously well adapted to satisfy all the necessary
conditions. Holt and Marsham, who have been
responsible for much of the experimental work in
this field, used a proportional counter telescope
for the detection of protons,and their results

ere summarised in Proc. Phys. Soc. Vol. 664,

One of the most important features of the
majority of the experimentel distributions is that
it is necessary to subtract an isotropic background
from the experimental points to provide a close
fit to the theoretical curves. This background
has been attributed to compound nucleus formation,
end it will be discussed in greater detail in a
later section.

Despite the fact that one or two distributions
cannot be fully explained by the present theory,
the experimental results have, in general, supplied

a great deal of information, not only on the spins



and parities of the excited states of light

nuclei, but also on other important properties of
these levels, such as their “educed widths"™ etc.

It is an important feature of this type of reaction
that a direct study of these levels is possible
without the reaction proceding through an inter-
mediate compound state.

In cases where there is some doubt as to the
spin of an excited level it may be possible to
resolve this difficulty by measurement of the
angular correlation between the nucleon leading
to this level and the ¥ —radiation emitted to the
ground state or lower excited state. It has
been shown theoretically (Satchler and Spiers
(1952)) that this correlation is similar to the
Y -ray angular distribution produced in the bombard-
ment of the target nucleus by unpolarised particles,
(similar to those absorbed in the stripping reaction)
incident in the direction of the absorbed nucleon.
In certain cases measurement of this correlation
will lead to a unique determination of the spin
of the excited state, and in other cases it will

reduce the probable limits on the spin.



- Recently attention in this field has turned

to the measurement of the angular di stributions
produced in (d,p) and (d,n) reactions using low
energy deuterons. Experiments using deuterons of
energy 3 - 4 Mev, which is less than the limit to
which the theories were deemed valid, have, in

fact, shown that they still provide very goocd agree-
ment with the experimental distributions e.g.
Ajzenberg (1952) and Fulbright et al (1952) .
However, at still lower energies the agreement
becomes less certain, and, in general, a definite
assumption about the nature of tﬁe "background"
distribution due to compound nucleus formation

has to be made before any conclusions can be drawn
from the experimental distributions. The surprising
feature of all these low energy di stributions is
that any form of agreement can be obtained, con-
sidering the fact that the Coulomb effect is
completely ignored in both existing theories. For
example Endt et al (1952) have measured the angular

distributions obtained in the bombardment of loB,

120, and 4N with low energy deuterons (& 600 Kev)

and have obtained remarkable agreement with theoretical



predictions, assuming an isotropic background

due to compound nucleus formation, The results
of other workers confirm this, although in some
cases it is necessary to superimpose a stripping
distribution on to an anisotropic component from
compound nucleus formation in order to fit the
experimental curves [‘Canavan (1952)] . It has
generally been found that the £ values predicted
from low energy measurements agree with those
predicted by the high energy experiments.

At present no adequate theory of these low
energy reaction exists, however, perhaps the
accumulation of sufficient experimental data will
provide a basis on which to construct such a
theory. The principal problems to be solved by
such a theory include (a) determination of the
interaction between a deuteron and target nucleus
in the Coulomb field of the nucleus, (b) the effect
of interference between stripping and compound
nucleus processes, (c) the distribution of the
compound nucleus component considering interference
between broad overlapping levels in the compound

nucleus. It is hoped that the present work



will eventually help to solve some of these

topics.

10 11
III. 2. Study of reaction B(d,p) B

(a) Introduction.

There are seven proton groups with a Q-value
> 1 Mev emitted from this reaction | Van Patter
et al.(l951):]. We shall be concerned only with
the three highest energy groups (denoted groups
O, 1 and 2). The reported Q-values for these
groups are given in Table III(i).

Table III(i)

Q{Mev.)
Group Os 9.235 + 0.011 0
Group 1ls 7.097 + 0.009 2.138
Group 2s¢ 4.776 + 0,008 4.459

These results are also due to Van Patter et
al,

The angular distributions from this reaction
have been measured at ED = 7.7 Mev by Evans and.
Parkinson (1954), at Ep = 8 Mev by Holt and
Mersham (1953), et Ep = 1.06 and 1.43 Mev by

Burke et al (1954), at Ep = 300 Kev by Endt et al



(1952) and at Ep = 200 Kev, 450 Kev, 600 Kev by
Paris et al (1954).

Analysis of these results by stripping theory
gives general agreement on the l value corres-—
ponding to group Oj P’n = 1, The results for the
other groups which have been measured are not in
such close agreement, e.g. Evans and Parkinson
predict in = 1 for both group 1 and 2 contrary
to the results of Paris et al who predict ’en =3
and O respectively.

The present work, which covers the same
energy range as that investigated by Paris et al,
was completed before Paris's results became avail-
able to us. The results show essential agreement, ‘
although the higher statistical accuracy obtained
by our technique considerably improves the agree-
ment between theory and experiment. The results
obtained for the distribution of group O were not
in agreement with the predicted stripping theory
assuming L n =1, and an isotropic background from
compound nucleus formation. This will be discussed

more fully later.

- The angular correlations between groups 1 and



2 and their associated cascade ¥ -rays in the

nucleus 11

B have been measured at Ep = 500 Kev.
The results are in agreement with Thirion (1954)
who measured the correlation at € = 90° and 180°
onlye.

III 2(b) Development of apparatus

As most previous experiments on stripping
reactions had been concerned solely in the measure-—
ment of the angular distribution of the emitted
nucleon, and as these experiments principally
used nuclear emulsions as a detector, they could
not be adapted to the measurement of angular
correlations between the emitted nucleon and its
associated cascade ¥ -rays.

Therefore, as we wished to perform both types
of measurements, it was necessary to devise a
completely new technique enabling both distributions
and correlations to be measured easily with the
same apparatus.

Type 1.

The essential feature in the design was that

both detectors i.e. the proton detector and the

¥ -ray detector, could rotate independently around



the fixed axis. In type I this was achieved by
mounting the X—ray counter on a rotating arm
outside the target chamber, as in the previous
Y -ray angular distribution experiments, and
detecting the protons in a secintillator placed
at the end of a specially designed perspex light
guide which rotated inside the target chamber
about the same axis as the ¥-ray detector. A
diagram of the target chamber (not showing the
Y -ray detector) is shown in Fig. III(i).

Perhaps the most unusual feature of the
design was the use of the perspex light guide.
In most previous experiments using a light guide
for the transmission of light from a phosphor to
& photomultiplier, the only requirement of the
light guide was that any light emitted by the
phosphor be registered as a pulse by the photo-
multiplier, irrespective of the energy dissipated
in the phosphor. In the present apparatus the
light guide had to transmit the light without
seriously affecting the pulse height spectrum from
the phosphor.

As will be seen from Fig. III(i) the light
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guide had to have two right-angled bends, and in
the initial models this was achieved by joining
three straight pieces of perspex rod by two right-
angled prisms. This method of construction
proved unsatisfactory for two reasons)(l) it was
difficult to produce joints which were of a uniform
nature, and (2) the loss in intensity due to re-
flection of the light at each interface seriously
affected the pulse-height resolution. In the final
model of the apparatus the light guide wés constructed
by machining it from a solid piece of perspex., This
design proved fairly satisfactory, as we shall show
later,

In order that the light guide could rotate
freely while the photomultiplier remained fixed,
a rotating oil seal was used as shown in Fig. III(i).
This was normally filled with paraffin oil which
proved to be the most convenient substance, both
from the point of view of light transmission pro-
perties, and for ease in handling.

A great deal of research was carried out on
the problem of finding the most suitable phosphor

for detecting the protons inside the vacuum. The



main requirements for this phosphor were:

a) good pulse height resolution (a resolution
of 10% full width at half maximum peak height was
required using the light guide),

b) long term stability of scintillating
efficiency,

c) low vapour pressure to enable it to be
used ineide the vacuum of the H.T. set,

d) low efficiency for detection of ¥ -rays,
beta-rays and other background radiations,

Of these (a) is the most important condition.

Previous work on phosphors had shown that with
regard to condition (a) sodium iodide (thallium
activated) was the most convenient phosphor. It
also satisfied conditions (e) and {d) provided it
was used in the form of a very thin crystal.
However, as this substance is very hygroscopic it
must be maintained in & dry atmosphere, and this
necessitates considerable precautions in the pre-
paration of the crystal if it is to satisfy condition
(b). Initial experiments on the use of this phosphor
proved unsuccessful, primarily because moisture

managed to reach the crystal before it could be



properly mounted,

We were thus forced to try some other
phosphors which, although not as efficient
scintillators as Nal would be easier to work
with. First of all zinc sulphide was used.

The main difficulty with this phosphor is that
it can only be obtained in the form of a micro-
crystalline powder which is opague to its own
emitted radiation. This means that the phosphor
can only be used efficiently in the form of very
thin layers, and the micro-crystalline structure
means that the pulse-height resolution is very
poor. Although we managed to obtain very thin
uniform layers of the phosphor, the results
obtained from these did not Jjustify any further
attempts to develop it in a form useful for our
apparatus.

The next phosphor tried was anthracene. As
the commercial crystals available to us were too
thick for our purpose, a series of experiments
were carried out on the preparation of thin anthracene
crystals from hot satured solutions of anthracene
and amyl acetate. The amyl acetate was first
purified by repeated distillation. Anthracene



was then dissolved in this amyl acetate, which
had been heated to about 120°C, until a saturated
solution was obtained. This solution was then
allowed to cool very slowly over a period of
several hours, and the anthracene crystallised
out of the solution in the form of thin uniform
crystals. The opacity and uniformity of the
crystals depend largely on the purity of the amyl
acetate and anthracene.

The dimensions of the crystals varied greatly,
the best being 1 cm. x % cm. x 4 mm.

The pulse height spectrum obtained from these
crystals using a P, « -source showed an improvement
on the results obtained from zinc sulphide, but the
resolution obtained did not offer any hope of using
this phosphor in the proton spectrometer.

While this work was in progress Endt et al
(1953) reported a suitable method of packaging thin
sodium iodide crystals for use in heavy particle
spectrometry.

In this method the crystal is cleaned and
polished in a dry box and sealed in a specially

designed container, which is then completely



§vaculated. The design of the container is shown
in Fig. III(ii). The cleaning and polishing of

the crystals was the important part of the operation.
After experimenting unsuccessfully with wvarious
organic solvents, we finally decided to clean and
polish the crystals by rubbing with fine emery

paper and polishing with carborundum powder., This
method proved quite satisfactory. '

Optical contact between the crystal and quartz
window is obtained by cementing them together with
a layer of silicone grease,

The protons enter through the aluminium foil
window which, in our case, was 0.001" thick.
Unfortunaetely this thickness of aluminium foild did

not allow P, & —-particles to penetrate to the

0
crystal without an appreciable straggle in their
energy, 80 that a direct comparison of the relative
merits of sodium iodide and the two previously used
phosphors was not possible.

However, measurement of the pulse height
spectrum obtained from the annihilation quantum

emitted from a 22Na source, with and without the

light guide, showed that the resolution decreased
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from 18% without the light guide to 40% with it.
As Endt et al had reported 4% peaks for the
proton groups emitted in the-reaction loB(d,p)llB
when the crystal was placed straight on to the
photo-cathode of the multiplier, it was expected
that 10% resolution could be obtained using the
light guide in conjunction with the sodium iodide
phosphor for detection of protons.

Thus sodium iodide should satisfy all the
conditions of a suitable phosphor.

However, after this model of the target
chamber had been used for the measurement of the
angular distribution of the two highest igergy

10
proton groups from the reaction B(d,p) B at

various deuteron bombarding energies, a serious

defect in the design was discovered, which necessitated

complete redesign of the apparatus.

It was fpund that the end plate of the chamber
which held the light guide, and which could be
removed in order to mount the crystal, tended to
buckle under the strain of supporting the weight of
the target chamber. In arder to replace it the

light guide had to be removed by cutting it close



to the second right angled Jjoint. When the
apparatus was re-assembled it was found that

the light guide had been distorted to such an
extent that it was no longer practical to use

it. Thus we had to decide whether to construct

a new light guide or completely redesign the
apparatus. The fact that we chose to redesign
the apparatus was due to the following reasonss

1) the results obtained with the first model
were not as satisfactory as had been at first
expected, in particular it proved impossible to
resolve the third proton group produced in the
reaction 10B(d,p)llB so that this severely limited
the usefulness of the apparatus.

2) we had by that time acquired a supply of
plastic phosphors, and initial experiments had
shown this to be ideal for our purpose, principally
because of its low sensitivity for Y -radiation,
and also because it could easily be obtained in
any shape or thickness desired.

3) provided the plastic phosphor was mounted
directly on to the photo-cathode of the multiplier,
.the pulse height resolution for the 9 Mev proton
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group from the reaction lOB(d,p)llB was 10%,

and the three highest energy proton groups‘were
clearly resolved.

4) we had available new photomultipliers, DuMont
6292 type, whose improved performance more than off-
gset the loss in scintillating efficiency due to

the replacement of sodium iodide by the plastic
phosphor.

Type 2.

The new design of target chamber retained
the essential features of type 1 except that in
this case the protons were detected by a phosphor
situated outside the chamber instead of inside
the vacuum system. The same target chamber was
uged, modified as shown in Fig. III(iii). The
light guide was no longer used, and the protons
emerged from the target chamber by thin Dural
windows situated round the circumference of the
chamber as shown. The windows were §" diameter,
0.001" thick and were equally spaced at 15° intervals
over an angular range of 0° to 1359 with respect
to the incident deuteron direction. The deuteron
beam was collimated on to the target by two slits,

-f%" wide and separated by a distance of 4".
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The target holder could be rotated relative
to the incident beam direction and was easily
removed to facilitate changing of targets. The
target was water cooled to avoid overheating.

The two ports at © = -45% and 6 = -120° were
used to provide a means of monitoring the reactions,
and also measuring the excitation function at
e = 1200. Their importance will be discussed
later,

As in the case of the apparatus used to measure
the ¥ -ray angular distributions, the entire target
chamber was insulated from the main H.T, set in
order to provide a Fareday cage fo measire the
total beam current falling on the target.

As we have mentioned,the protons were detected,
after passing through the thin Dural windows, by
a plastic phosphor scintillator mounted straight on
to the photo-cathode of a DuMont 6292 photomulfiplier.
The size of the scintillator was chosen such that
it was larger than one of the emission ports, but
not large enough to overlap two of them, thus en-
suring that only protons from one angular position

were detected during any particular run. The thickness
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of the scintillator was chosen such that it would
just stop the highest energj protons emitted in

the reaction, thus reducing the effect of background
radiations such as neutrons end ¥ -rays.

Optical contact between the scintillator and
photo-cathode was maintained by a film of silicone
grease am the scintillator was covered by two
layers of aluminium foil 0.005" thick to produce
a light-tight system.,

Rotation of the proton spectrometer was pro-
vided by mounting it on an arm,attached to two-
ball-races)coaxial with the central axis of the
target chamber. The angular position of the
spectrometer was determined by a circular ring,
external to the main target and coaxial with the
axis of the target, to which the rotating arm could
be attached in known angular positions.

For the angular correlation measurements the
proton spectrometer was replaced by a sodium iodide

¥ -ray spectrometer similar to that used in the

study of the ¥ -radiation from the reaction 26Mg(p,¥)27Al

In this case the proton spectrometer was held

in a fixed position at @ = =459 t0 the incident
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.beam direction and used not only for the detection
of the protons in the correlation, but also to
monitor the reaction.

No account of the electronic apparatus will
be given at this stage, this being left till the
more detailed discussion of angular distributions

and correlations.

III 2(c) Measurement of proton angular distributions

(1) Exvperimental procedure

Initial measurements of the angular distributions
of group O and 1 were made using type 1 of the target
chamber. As t he experimental procedure adopted was
gimilar for both models of the apparatus, and as all
the results to be presented were obtained using type
2, we shall not discuss the experiments on type 1
in any detzail.

The two principal difficulties associated with
type 1 weres
(2) The proton pulse height resolution was in-
sufficieni to enable resolution of the three highest
energy proton groups, and even groups O and 1 were

difficult to resolve when the protons were detected



through the target backing; A typical proton
spectrum is shown in Fig. III(iv). The large
rise in intensity towards lower energy is due to
neutrons and ¥ -rays,as can be shown by interposing
sufficient aluminium foil between the crystal and
target to absorb all the charged particles. The
shape of this spectrum is sketched in Fig. III(iv).
(b) The monitoring of the reaction by means of
& sgodium iodide scintillation spectrometer proved
unsuccessful, We had hoped to bias the counter
so that only pulses corresponding to detection of
a ¥ -ray from the reaction 10'.B(d,p¥)11]3 were recorded.
However, it was found that the background radiations
from the slits, both neutrons and ¥ -rays, were so
intense that they rendered the monitor unreliable.
This defect was remedied in type 2 by monitoring the
reaction by means of protons emitted from the reaction.
This method has proved very satisfactory.

We shall now discuss, in detail, the technique
adopted using type 2 of the apparatus.

The targets used were of separated lOB prepared
by A.E.R.E., Harwell, and were normally 1O}Lgms/cm2

thick, on either 0,001" aluminium or 0,001" copper
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‘backings. The reaction is so intense that the
beam current was reduced to less than 1 tanmp,
although even then some difficulty was encountered
due to overheating of the thin backings.

As ment ioned previously the protons were
detected, after passing through the thin Dural
windows, by a scintillation spectrometer consisting
of a plastic phosphor and photomultiplier (DuMont
6292). Pulses from the photomultiplier were fed
by a cathode follower to a linear amplifier, and
hence through a 4/p.sec delay line to the coincidence
input of a Hutchinson Scarrott multi-channel pulse-
height analyser. The kicksorter was triggered by
a gating circuit which was operated by a discriminator
on the output of the linear amplifier. The coincidence
input to the kicksorter was used to prevent pulses
smaller than those required to trigger the gate
circuit reaching the kicksorter, amd so enabled
much faster counting rates to be used in the high
energy region. The total counting rate was normally
about 100 counts/sec. and, as the kicksorter had a
dead time of 0.25 msec., this meant that the maximum

loss in counts was 2.5%. No correction was made for



variations in this loss. The 4u sec. delay was
used to ensure that‘the proton pulses arriving at
the kicksorter were coincident with the corres-
ponding gate pulse, which was delayed by about

2 usec. and lasted for {/Lsec.

A typical proton spectrum is shown in Fig. III(v).
In comparison with Fig. III(iv) it will be seen
that groups O and 1 are well separated and that
group 2 is reasonably well resolved, although once
again the rising background under the peak from this
group is due to neutrons and gamma-rays.

The angular distributions were measured in two
digtinct sections. Initially the plane of the
target was set vertical and the distribution measured
from 6 = 0° to 45° and from & = 105° to 135°, thus
avoiding excessive absorption of the protons in the
target backing. The plane of the target was then
rotated to be at an angle of about 30O to the beam
direction, and the distribution measured from
& = 45°t0 90°. The two 45° positions were used
to normalise the total distribution. In both cases
the angular positions were chosen in a random order

~to reduce the effect of variations in the monitoring
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system.

The reaction was monitored using a plastic
phosphor scintillation spectrometer similar to
that used in the movable counter. Pulses from
the monitor counter were fed by a cathode follower
to a linear amplifier, and hence through a discriminator
to a scaler. The scaler operated a timing unit
which could stop the kicksorter after a fixed number
of counts had been recorded. The bias level of
the discriminator was set to correspond to the valley
between the peaks from groups 1 and 2, thus minimising
the effect due to any drift in the bias level,

The angular distributions of groups O and 1
were measured simultaneously by observing the proton
spectrum at each angular position for a constant
nunmber of counts in the monitor counter set at
6= -45% as shown in Fig. III(iii). The distributions
for group 2 were obtained»by increasing the gain of
the amplifier and repeating the above procedure.
In this case an accurate estimate of the background
in each angular position was obtained by repeating
the observation with an aluminium foil, sufficiently

thick to absorb all the charged particles emitted
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in the reaction, between the target and the
phosphor. This background spectrum was obtained
immediately after the observation of the proton
spectrum to ensure that any variation with time
could be neglected.

The experimentsl angular distributions were
calculated by measuring the total area under each
peak in the spectrum, after subtraction of the
appropriate background spectrum. For .groups O
and 1 the error introduced in fixing the limits
in pulse height over which the area was to be
calculated was negligible compared to the statistical
error. In the case of gfoup 2 a 3% error in the
total count was introduced to allow-for this un-
certainty. The principal error present in the
calculation of the experimental distributions lay
in the uncertainty with regard to the isotropy of
the apparatus, which could be due to (a) variation
in the distance from the target to the detector,
and (b) variation in the size of the ports for
emission of protons. Effect (a) was measured by
means of the angular distribution of the isotropic

6.1 Mev gamme-ray from the reaction lgF(p,“X)lGO
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gt Ep = 340 Kev [:Devons and Hine (1949)] , using
a sodium iodide scintillationAspectrometer in
place of the proton spectrometer. The effect
was found to be negligible.

Experiment ally the error introduced by (b)
was more difficult to assess than that due to
(a). Although it was felt that the areas of
the emission ports were constant to within 1%
it was obviously desirable to obtain experiméntal
verification of this. Apart from direct measure-
ment of the port diameters with a travelling
microscope, which would only be a satisfactory
method provided great care was taken to ensure
that each port was examined under identical
conditions, the only satisfactory method appeared
to be the measurement of the angular distribution
of some known isotropic radiation. As this
radiation must only pass through the Dural windows,
and not the walls of the target chambér, we were
reduced to using either (a)protons or &« -particles
from a nuclear reaction or (b) low energy B-rays
from a radio-active source. No known proton
groups are isotropic and no X-particle group with

sufficient energy to reach the crystal is known
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to be isotropic, thus we were forced to try (b).

A source of RaE, which emits 1 Mev p -rays,
deposited on a 0.001" nickel foil was used.

These B-rays did not penetrate the wall of the
target chamber, and when detected by a very thin
piece of plastic phosphor gave a peak in the pulse
height spectrum. However, measurements of the
angular distribution of these B-rays did not
produce an isotropic distribution. Instead the
distribution had a shape which could be attributed
to backscattering of the B -rays in the source
backing. We were thus forced to abandon this
method, as this fault will be present in all such
experiments unléss the source is prepared on a
very thin backing, in which case it is very
difficult to define the source size, a necessary
feature in any satisfactory method.

The error was finally estimated by plotting
the summation of all the experimental distributions,
and fitting a smooth curve to the resultant points.
This method is justified on the basis that, apart
from statistical fluctuations, every separate

distribution should be a smooth curve, and hence
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summation of all the distributions, while re-
ducing the statistical variation on each point,
will not effect any systematic error due to
the apparatus. It was found that no point was
more than 2% from this curve. Thus it was
decided to éllow a 2% error on each of the
experimental points for group O and 1 and a 5%
error (including the 3% error already mentionéd)
corresponding to groupgz.

The statistical error on each point for all
the distributions was generally less than 1%.
(1i) Resulte '

Angular distributions for groups O and 1
were measured at bombarding energies of 350, 500,
575 and 675 Kev and for group 2 at 500, 575 and
675 Kev., Figs. III(vi), (vii) and (viiii}show
the results for groups 0, 1 and 2 respectively.

For comparison Fig. III(ix) shows the
distributions obtained with type 1 of the apparatus
for group O at bombarding energies of 400, 500 and
600 Kev.

At this stage it should be pointed out that

these initial results largely determined the
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Fig. III(vi). gElar dlstrlbutlons for proton group
O from reaction +0B(d,p)ll

Dot-dash curve represents compound nucleus distribu-
tion given by W(®) ~— 1 - 0.25 Pp(cos ©). Dashed
curve represents stripping dlstrlbutlon given by
theory of Bhatia efjal, with R = 5.8 x 10-13 cms.
for the radius of B, and = 1. Full curve

represents the summation of stripping and compound
nucleus distributions.
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the summation of stripping and compound nucleus

distributions.
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Fig. III(viii). Angular 8lstr1bgilons for proton
group 2 from reaction 19B(d,p)

Dot-dash curve represents compound nucleus distribu-
tion given by W(€) = isotropic. Dashed curve
represents stripping distribution given by theory
of Bhatia et al, with R = 5.8 x 10-13 cm. for the
radius of 103, and £y = 0. Full curve represents

summation of stripping and compound nucleus
distributions.,



(e) Ep = 675 Kev.,

Fig. III(viii).Anﬁular di gtributions for proton group
2 from reaction OB(d,p)ﬂ .

(a) Ep = 400 Kev.

Fig. III(ix). Angular distributions of proton group (
from the reaction 10B(d,p)l1lB using type 1 of the
angular distribution apparatus,



2 3
i)
1) }M“T‘*\J\*

o2r

(b) Ep, = 500 Kev,

(o) /k)/fﬂ//d ~
T(o) N N
o1
o8
O
¥
o‘ 3
oa.
(o] 20 40 60 80 100 120 e (7o)
)

(e) Ep = 600 Kev.

Fig. III(ix). Angular Sistrib}ﬂions of proton g-oup
O from the reaction 10B(d,p)+lB using type 1 o7 th:
angular distribution apparatus.



po

|

course of the later experiments. Examination
of Fig. III(ix) shows that the shape of the
distribution varies markedly between 500 Kev

and 600 Kev. At 600 Kev there are definite
signs of symmetry about & = 90° not present at
400 and 500 Kev. Measurement of fhe excitation
function at © = 120° of the reaction leading to
the ground state of “1B showed a definite dis-
continuity in the region of Ep = 575 Kev,

The excitation function was checked many times
and always exhibited this discontinuity. As the
intensity of any stripping component in the
distribution is zero at 6 = 120° then it is a
reasonable assumption that this discontinuity is
due in some way to compound nucleus formation,
Thus we were first led to suspect the existence
of a broad resonance level in the compound nucleus
corresponding to a bombarding energy of ~575 Kev.
We have provided further verification for this
assumption by careful measurement and analysis

of the distributions over a range of bombarding
energies from 350 Kev to 675 Kev. Other experi-

mental evidence will be described and discussed
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in a later section.

All the measured distributions have been
corrected for variation in solid angle in centre
of mass system, but no correction has been made
for ﬁariation in centre of mass angle with respect
to the laboratory system, as such variation was
negligible.

The distributions have been plotted asa
function I(g)/I(O) against angle. This is only
a matter of convenience, as there was no direct
calibration between distributions at different
energies.

III 2(4) Measurement of (d,p)) angular correlations

(i) Introduction

Theoretically the measurement of the (d,pX)
angular correlation in this, or any other, reaction
is of interest for two particular reasonss
(a) it may establish the spin of an excited state
in cases where the interpretation of the stripping
angular distribution leads to an uncertainty in
this value
(b) it provides an estimate of the relative

. importance of the two competing processes, stripping
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and compound nucleus formation, due to the
variation in the theoretical predictions fronm
the two theories.

In the case of the present reaction, Thirion
(1954) has measured the correlations between
proton groups 1 and 2 and their respective cascade

11B. He only made measurements for two

¥ -rays in
angular positions of the proton and ¥ -ray detectors,
i.e. 6 = 90° and 6 = 180°. As his results were
published before the importance of this type of
measurement was fully realised, it was felt that

e more accurate méasurement of the correlations

may provide additional information of type (Db).
Apart from this, the angular distribution measure-
ments, at low deuteron energies,[;Paris et al,
present work:] for group 2 were so much at variance
ﬁith those obtained at higher bombarding energies
by Evans and Parkinson, that we hoped to resolve
some of this difficulty by measurement of the

correlation.

(ii) Experimental Procedure

The target chamber was the same as that used

for the measurement of the proton angulaer distributions.
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The ¥ -rays were detected by e sodium iodide
crystal, 13" diameter and 2" long, mounted on a
DuMont 6292 photomultiplier. This replaced the
rotating proton spectrometer used in the angular
distribution experiments. The protons were
detected in a plastic phosphor scintillation
spectrometer set at € = =450 to the direction of
the incident beam, as shown in Fig. III(iii).
The targets used consisted of separated 10B,
prepared by A.E.R.E., Harwell, lB/Lgms/cmz thick,
on a 0.005" copper backing,.
A block diagram of the electronic apparatus
is shown in Fig. III(x). The coincidence circuit
was of conventional design, and had a resolving
time of 0.25 u sec. A variable delay ( > twice the
resolving time) in one side of the coincidence
circuit allowed a direct measurement of the random
coincidence spectrum to be made. The slow triple
coincidence unit was used to provide a gating pulse
for the kicksorter, and also to reduce the number of
random coincidences. All the electronic eguipment
was available in the laboratory with the exception

of the triple coincidence unit, which was built and
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tested by the author.

Previous experiments (Curling et al and
Landon), studying the p — ¥ coincidence spectra
had shown that the first two excited states of
llB decay direet to the ground state. Thus
proton group 1 is in coincidence with a 2.14 Mev
¥ -ray and group 2 with a 4.46 Mev ¥ -ray. As
we had no reliable single-channel analyser avail-
able, all the ¥-ray pulses corresponding to an
energy > 0.5 Mev were fed into one side of the
coincidence unit, and all the proton pulses from
groups 0, 1 and 2 into the other side.

Owing to the complex nature of the ¥ -ray
spectrum, it was decided to use the proton spectrum
in the measurement of the correlations. This method
had two principal advantagess
(a) the single peaks from each proton group made
the measurement of the intensity at each angular
position relatively simple,

(b) the intensity of group O at each position
relative to the intensities of group 1 and 2 gave
a direct measurement of the random coincidence

-rate corresponding to each group, provided the
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random coincidence spectrum was accurately known.

Before measuring the correiations the random
coincidence spectrum was measured accurately at
two angular positions to ensure that it was
independent of the angular position of the ¥ -ray
counter, This method of measuring the random
coincidence rate tends to produce similar
fluctuations in two correlations measured simultaneausly,
due to statistical variation in the number of
random coincidences in group O and to variations
in the monitoring system.

Both correlations were measured simultaneously
at Ej = 500 Kev. The angular position of the¥ -ray
detector was varied from © = 0° to © = 120° in 30°
intervals, and the proton coincidence spectrum
taken at each position for lO6 counts in the proton
counter, which was used as a monitor. The intensity
of groups 1 and 2 at each angular position was
corrected for random coincidences as described
above.,

The isotropy of the apparatus was estimated
from the angular distribution of 6.1 Mev ¥ -ray
from the reaction l9]3‘(p,o<<‘f)160 at EP = 340 Kev,
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This radiation is known to be isotropic]j Devons
and Hine (1949):]. The correction was found %o
be negligible. No correction was made for the
variation in absorption of the ¥ -rays in the
target backing or for the finite solid angle of
the detectors, as both of these factors were
negligible in comparison with the statistical
errors in the correlations.
(iii) Results

The measured correlations are shown in Fig.
IIT (xi). In this case © is the angle between
the incident deuteron direction and the ¥ -ray
counter. Both correlations are isotropic. This
is in agreement with Thirion.

The interpretation of these results in terms

llB

of the spins of the first two excited states of
will be discussed in the next section. The fact
that the correlations were isotropic precluded any
further measurements at different bombarding
energies or at different angular positions for
proton detection, as both correlation will be

isotropic irrespective of the experimental conditions.

IIT 2(e) Interpretation/
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III 2(e) Interpretation

(i) Groupﬂo
The spins and parities of the ground states
of 105 and 1B are known to be 3(+) and %(-)

respectively. Thus stripping theory will allow
e minimum £ -value of 1 for the orbital angular
momentum of the captured neutron in the reaction

10 1
B(d,p)?t 11

B leading to the ground state of B.
Experimentally this has been verified at high
bombarding energies by many workers.

However, the results of Paris et al., at
low bombarding energies do not appear to justify
the assumption that the addition of an isotropic
background, due to compound nucleus formation, to
the stripping distribution for an,g—value of 1,
will produce a close fit to the experimental
points, especially in comparison with his results
for groups 1, 2 and 3 from this reaction. This
can be seen from Fig. III(xii) showing the
distributions obtained by Paris at ED = 580 Kev |
for groups 0 and 2. The present reSuits will
show that the assumption of an anisotropic

-distribution, symmetric about & = 90°, due to
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compound nucleus formation leads to good agree-
ment between theory and experiment over the
range of deuteron energies investigated.
Theoretically an anisotropic background in
this type of reaction could arise from one or more
of three processes. These are (1) interference
between stripping and compound nucleus formation,
(2) interference between overlapping levels in
the compound nucleus, and (3) single level formation
in the compound nucleus. Of these only (3) will
produce a distribution which is symmetric about
& = 909, unless the interfering levels have the
same parity, and as this is the only assumption
about the nature of the background which has been
required to fit the present experimental results,
processes (1) and (2) have been neglected in the
present case, although it is realised that these
effects may be present.
Examination of the experimental curves shown
in Fig. III(vi) shows that the distribution at
ED = 575 Kev exhibits a symmetry about © = 90°.
This is not evident in the distributions at

Ep = 350 and 500 Kev., and only slightly in evidence



at ED = 675 Kev,

It is also evident from Fig. III(vi) that
none of the experimental distributions can be
fitted by the theoretical stripping curve on the
assumption of an isotropic "background" due to
compound nucleus formetion, and the di stribution
at ED = 575 Kev suggests that this "background"
is anisotropic, but symmetric about & = 90°. |

It should be noted that the use of the next
allowed £ -value in the stripping calculations
does not produce as good results as does the
assumption £, =1 .

By making three definite assumptions we have
managed to produce close agrecment between theory
and experiment. These assumptions weres-

(1) the experimental distributions were compounded
of two separate distributions from stripping and
compound nucleus reactions, and these are assumed
incoherent,

(2) the theoretical stripping distributions were
calculated from the theory of Bhatia et al for an
angular momentum f —-value of 1 and using the value

10

R =5,8 x 10"13 cms. for the radius of B.



-(3) the component from compound nucleus
formation was anisotropic, but symmetric about
e = 900.

Using these assumptions we have analysed the
distribution at Ep = 575 Kev in the following way.
From the fact that the stripping intensities at
6 = 1059, 1200 and 1359 can be assumed negligible
or zero, and using (3) above, we obtained estimates
of the stripping intensities at 6 = 459, 60° and
750 from the differences 1450 - 11350, I6O° - 11200’
1750 - 11350 respectively. Thus we obtained a
mean value for the gtripping intensity at © = Oo,
since we knew the shape of the stripping distribu-
tion accurately. We were then able to subtract
from the experimental points a stripping component
whose intensity at 6 = 0° corresponded to this
mean value,

After subtracting this stripping component,
the remaining points can be fitted by a curve of
the form W(6) = A[1 - 0.25 By(cos 0)]. If it
is further assumed that the anisotropic component
of the compound nucl eus distribution is due to

.a single broad level in the compound nucleus 120,
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then each of the experimental distributions
should posses a component of the form

& [1 - 0.25 By(cos ©) |, the value of a*
varying with bombarding energy. _

To verify this each of the experimental
distributions was analysed in a similar manner
to that described above, After subtracting
the stripping component and analysing the re-
maining distribution in terms of Legendre
polynomials, it was found that all the distribu-

tions had the form
wi(e)=11 (O-OZiO'OI)P,(aDO)—- (0-251005)P, (cng) — (0-01 +0-01)F (wn
Allowing for the uncertainties associated o
with the method of analysis,these results gave
striking confirmation that each experimental
distribution possessed a component pf the form
w(e) = al [1 - 0.25 Py(cos 0)].
In Fig. III(vi) the dot-dash curve represents
the cémpound nucleus distribution, given by
W&(G) = A [1 - 0.25 Pz(cos G)] and the dashed
curve represents the stripping distribution,

which was also expanded in & series of Legendre

" polynomials. It will be seen that the agreement
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with the experimental distributions is
remarkably close over the range of deuteron
energies investigated.,

The relative yields of the two processes
at each bombarding energy were calculated by
integration of the Legendre polynomial ex-

pansions over 47l solid angle., A graph showing

Yield (compound nucleus)
Yleld (stripping)

is shown in Fig. III(xiiia). The yields at

y plotted against ED’

400 Kev and 600 Kev were calculated from the
distributions measured with type 1 of the
distribution apparatus at Ep = 400, 500, and

600 Kev. The result for 500 Kev agreed with
the later wvalue . In the absence of resonaﬁce
effects in the compound nucleus formation, one
would expect this function to exhibit & smooth
curve. However, as will be seen from Fig. III
(xiii a) there is an abrupt discontinuity at

Ep = 575 Kev., although the existence of a
maximum value of the function at this particular
energy cannot be taken as definitely established
due to the rather large errors introduced by the

method of analysis,and to the fact that, owing to
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for group O.
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limitations in the H.T. set, we were not able

to continue the measurements beyond ED = 675 Kev.
The presence of this discontinuity in the yield
function, and the fact that the anisotropy in
all the compound nucleus distributions is the
same, pointed to the existence of a broad
resonance level in the compound nucleus 120.

This was further investigated by measurement
of the excitation function, at & = 120 for the
reaction leading to the ground state of llB.

These measurements were performed using the

proton emission port at © = 120°, as shown in

Fig. III(iii), the target chamber was used as a
Faraday cage. The yield of group C was measured
at each energy value for the same deuteron current,
as measured by a current integrator, incident

on the target. - The yield was measured from

Epy = 300 Kev to ED = 675 Kev in 25 Kev intervals.
The measurements were repeated on several occasions
using clean pieces of target on each occasion.

The mean value of the excitation function is shown
in Fig. III(xiii b). The slight discontinuity at

Ep = 600 Kev is real, being observed every time
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in the course of the separate experiments.
This result offers further evidence for the
existence of a compound level,

A further check on the two previous measure-
ments was made by examining the ratio IO = 120°

IO = 00

as a function of ED’ and this is shown in
Fig. III(xiii ¢). As most of the yield at
e = 120° is expected to arise‘from compound
nucleus formation while the yield at © = 0° arises
from both processes, this measurement should
provide additional information on the behaviour
of the compound nucleus reaction as a function of
energy. If there is no resonance effect, the
yield from compound nucleus should be a slowly
increasing function of Ep, as should the yield

from a stripping reaction. Thus in the absence
Ig = 1200
Ig =0

reasonably constant when measured as a function

of ED'

of resonance the ratio should be

The ratio was measured by placing two
independent plastic phosphor scintillation

‘spectrometers at & = 0° and 0 =1209, and measuring
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the number of counts in one at each particular
energy corresponding the a fixed number of counts
in the other. The results were then independent
of fluctuations in beam intensity or variations
in the position in which the beam strikes the
target, factors which may have effected the
ordinary excitation function measurements,

It will be seen that the ratio exhibits a
definite discontinuity in the neighbourhood of
ED = 575 Kev, in agreement with the two previous
measurements, and providing further evidence for
the existence of a compound level.

In view of the preceding experimental
results, the existence of a compound level in
120, corresponding to an excitation energy of
~ 25.7 Mev, appears to be well established.

No previous report of such a level has been made.
It appears unlikely that this level corresponds
to the reported levels at 25.36 Mev | Paris et al
and 26.0 Mev [Burke et al;]

A theoretical analysis of the compound

nucleus reaction has been made in order to

-investigate the possible values of the spin and
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parity of this level, on the asgssumption that
it decays to the ground state of llB by emitting
a proton group with an angular distribution
given by W(e) — [:l - 0.25 Pz(cos Gil

The fact that the proton distribution is
anisotropic forbids the formation of this
state by capture of s-wave deut erons. D-wave
capture appears unlikely on account of the
low deuteron energy, and so we have aésumed that
the state is formed by capture of p-wave deuterons.
Vector addition of the spin Il[}(+):] of the
target nucleus loB and the intrinsic spin 1 of
the deuteron gives the values 4, 3 or 2 for the
incoming channel spin, Sl’ in this reaction.
These value s of Sl lead to the following values
of J, the spin of the compound states S1 = 4,
J =5, 4, 33 5, = 3, d =4, 3, 2% S, = 23
Jd = 3, 2, 1. All negative parity.

Since the parity of the ground state of
llB is odd, the orbital angular momentum of the
emitted proton must be even. As before S-wave
emission is forbidden, and hence the compound

state must decay by emission of d-wave protons.
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Since the "outgoing channel spin" S,, given

by the vector addition of the spin I, [-g—(—)J
of the ground state of llB and the intrinsic
spin, 4, of the proton, has the values 2 and
1, this eliminates J = 5 as a possible value,
Congideration of the relative intensities of
proton groups O, 1 and 2 shows that these are

. consistent with the assignments of 2, 4 and 1
to the angular momentum of the emitted protons
respectively. It will be shown later that
consideration of the angular distribution and
correlation ﬁeasurements for groups 1 and 2
leads to assignments of £#(-) and % or %(+) for
the spins and parities of the first and second
excited states in llB. Thus the angular
momentum values for the emitted protons will
only be consistent with a high J value for the
compound state. In fact J = 4 eppears to be
the most probable assignment, and in this case
we only have one variable parameter F, the
incoming channel spin ratio. By choosing

F =2 we can fit the experimental distribution.

5
However J = 3(-) and J = 2(-) cannot be
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ruled out, although in these cases we have

two variable parameters, the incoming and
outgoing channel spin ratios, present in the
calculations, and hence suitable adjustment of
these will provide any desired distribution.

Irrespective of the J value chosen for the
compound state, there exist variable parameters
which can be adjusted to give isotropic distribu-
tions for groups 1 and 2, and hence the compound
nucleus componenets in both of the se distribu-
tions have been assumed isotropic.

We have looked unsuccessfully for any ¥ -rays
emitted from this level to the ground state or
first excited state of 120. This was done using
& sodium iodide scintillation spectrometer biased
to record only pulses > 15 Mev., in order to
eliminate any badk ground from neutron capture in
the crystal. The negative result is consistent
with the level having a high J-value and small
¥ -ray partial width.

(ii) Group 1
It will be seen from Fig. III(vii) that in

this case the assumption of an isotropic background



due to compound nucleus formation produces a
reasonable fit to the experimental distribu-
tions by the addition of a stripping component
calculated from the theory of Bhatia et al,
assuming £, = 3 for the angular momentum of the

13

captured neutron and R = 5.8 x 10—~ cms. for

the radius of loB. The assumption of an isotropic
background has been Jjustified in the preceding
section. ”

From the observed£n value of the stripping
component, the angular momentum and parity of
the first excited state in 11B is found to Dbe
32 < 7 Q-J—'zi, negative parity, assuming the

105 4o be 3+.

ground state of
Measurement of the angular correlation
between this proton group and the corresponding
cascade ¥-ray from the 2.14 Mev level in 11B,
leads to a more definite assignment of the J
value of this state.
As has been previously mentioned, it has
been shown that, in a stripping reaction, a
(d, p¥) correlation can be treated theoretically

as an (n,¥) angular distribution, with the
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direction of the captured neutron as an axis
of symmetry. The angular momentum of the
captured neutron used in the theoretical
calculations is obtained from the experimental
angular distributions. Thus, according to
stripping theory, there are only two cases,
apart from fortuitous mixing of variable para-
meters, in which an isotropic correlation will
be obtained. These ares (a) the J value of
the intermediate state is 4 or 0 and (b) the
angular momentum of the captured neutron is O.
According to compound nucleus theory,

condition (a) will also produce an isotropic
correlation, although this is not necessarily
true for (b). |

~ Thus in view of the isotropy of the measured
correlation, and the fact that the Ern value
corresponding to group 1 is not zero, we can
assign the values %(-) to the spin and parity of
the first excited state in 1lB. This is in
agreement with the shell model predictions
[Lane (1953)] .

The discrepancy between the low energy
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results for this group [Paris et al, present
work J and those obtained at higher bombarding
energies [EVans and Parkinson (19541] is
difficult to understand. We only wish to point
out that, (a) the choice of £, = 1 for the
angular momentum of the captured neutron gives
a stripping distribution which shows a pronounced
forward peak, no evidence of this has been found
in the experimental distributions, which are
remarkably constant over the range of energy
investigated, (b) if £, = 1 then J cannot be %,
and the expected correlation would not be isotropic,
in disagreement with the experimental result.
(iii) Group 2.

In this case, as will be seen from Fig.
III(viii), the experimental distributions can
be fitted by assuming an isotropic compound
nucleus component plus a stripping component
calculated from the theory of Bhatia et al.,
assuming,en = 0 for the angular momentum of the

captured neutron, and R = 5.8 x 10713 cm. for

2
the radius of loB. This gives J = 5 or %,
positive parity, for the second excited state

of 11m,
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In this case the isotropy of the measured
correlation, between group 2 and the 4.46 Mev.

J -ray emitted to the ground state of llB, does
help to differentiate between the two possible
values, since the isotropy is due to the absorption
of an s-wave neutron.

It should be noted that if the {  value of
the captured neutron is 1, as predicted by Evans
and Parkinson, then the correlation expected
from a stripping reaction would be

W(g) ~ 1 - (0.2 + 0.05) cos® g  where
g is the angle between the direction of the
captured neutron and the emitted ¥-ray.

No evidence was found for such & correlation.



Part IV. Conclusion

During recent years there has been a gradual
accumulation of spin and parity assignments to
the energy levels of light nuclei. It is only
by the knowledge of these properties that we can
hope t0 construct a reliable model of nuclear
structure. The problem is analogous to the case -
of atomic structure. In this case it was only
by using the earlier empirical determinations
of the energy levels in the hydrogen atom that
Bohr was able to advance his theory of atomic
gstructure. It is to be hoped that similar
success will be obtained in the case of nuclear
structure, even although the problem is very
much more complex,

The present experimental investigations
have enabled spin and parity assignments to be
made to some excited states in the nuclei 11B,
2742 ana 2831.

The interpretation of the results obtained
from the study of the (p,§) reactions is more
conclusive than that obtained from the (4,p)

reaction. This is due to the indeterminacy of



the theory associated with low energy deuteron
reactions, and the fact that the theory of (p,¥)
reactions has been well established by previous
experiments.

There are still several features of the
study of (p,¥) reactions in which increased
accuracy in the experimental measurements would
considerably increase the importance of this
type of reaction. For example, if the energy
resolution of the ¥ -ray detector could be improved,
without any subsequent loss in detection efficiency,
it would be possible to make more accurate estimates
of the relative intensities of ¥-ray transitions
between nuclear levels of known spin and parity,
and this would lead to an increase in knowledge of
the electro-magnetic radiation transfer probabili-
ties from the energy levels of light nuclei.
Another important feature of (p,¥) reactions which,
up to present, has not been fully utilised, is the
measurement of ¥ - ¥ angular correlations. Such
measurements will usually remove any uncertainties
in the spin and parity assignments derived from

" the measurement of ¥-ray angular distributions.
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However, these measurements will only become a
practical consideration when the energy resolution
of the Y-&ey detector has been improved to

enable measurements to be made on the ¥ - ¥
correlations of ¥-rays which cascade through the
third, fowth or fifth etc. excited states of
nuclei. At present such experiments are generally
confined to ¥ -rays which cascade through the first
two excited states.

It appears that this increase in energy
resolution will only be achieved by the use of a
detector which produces a single peak, in the
pulse height 4i stribution, corresponding to a
mono-energetic X—ray, in contrast to the triple
peaks produced by a sodium iodide single crystal
spectrometer. Even the use of double-or triple-
crystal scintillation spectrometers does not
provide the answer, due to the large drop in
detection efficiency associated with these types
of spectrometers.,

In the study of low energy deuteron reactions,
the interpretation of the experimental results

is seriously hindered by the lack of an adequate
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theoretical treatment of this type of reaction.
Although several attempts have been made to
extend the current "stripping" theories of
deuteron reactions to the case of low energy
reactions, these have so far proved unsuccessful.
The principal problems which such a theory nmust
answer ares (a) determination of the deuteron
wave function in the Coulomb field of the target
nucleus, (b) the coherence or incoherence of
stripping and compound nucleus reactions, and
(¢) the effect of interference between levels
in the compound nucleus on the angular distribution
of the nucleons emitted in this type of reaction,
It is hoped that the present experimental
results on the angular distribution of proton
groups emitted from the reaction loB(d,p)llB,
will provide the type of information useful in
the construction of such a theory. In particular,
the interpretation of the compound nucleus distribu-
tion associated with group O is interesting, in
that it does not adhere to the usual assumption
of an isotropic distribution from this type of

reaction during deuteron bombardment. However,
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we feel that the experimental evidence in
gupport of our interpretation is very strong,
and we hope that these results will lead to
careful examination of the results from other

low energy deuteron reactions.
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