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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.
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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:
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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 overc