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PREFACE

This thesis deals with two somewhat different topics,
although the difficulty of neutron detection underlies much
of the work.

The first section is conéerned primarily with a study

1 in energy states‘above 1C MeV excitation,

of the nucleus C
and was made by investigating the B?O(p,n)c1o, B1o(p,a)Be7 and
B10(p,He3)Be8 reactions in the tandem Van de Graaff accelerator
energy range. Iﬁ the first experiment an activation technique
was used, and the development of the apparatus is discussed.
The equipment was also used in a study of the F19(p,n)Ne19
excitation function. Both of the activation experiments
required a knowledge of the half-lives of the respective final
nuclei, and their measurement with high precision was undertaken.,
The second section describes the performance and inter-
pretation of an experiment to measure angular distributions of
neutrons scattered by alpha particles, for neutron energies |
from 16 to 26 MeV. The principal purpose of the experiment was
to provide data necessary for determining the n-He4 phase-shifts
in this energy range. However, the resonance at 22.15 MeV
neutron energy, corresponding to the 16.70 MeV state of Hes, and

the yield curve of the He4(n,d)T reaction have also been studied

in detail.
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A number of appendices have been used in the arrangement
of the thesis. The material in them is subsidiary to the main

argument, but it should not be thought that they are unimportant.

| The main theme of Section One.was suggested by Professor
‘E.W. Titterton, and the detailed work of designing the apparatus,
taking the data and analysing the results was done, in equal part,
by Mr,. L.G..Earwaker and myself, under Professor Tittertoh's
supervision,.
The experiment of section two was planned by Dr. R;E.
Shamu, who designed the apparatus. The work reported wasvdoné
jointly with Dr. Shanu. | |
Almost all of the work described has béen published as
follows 3
"Half-lives of Carbon-10 and Neon-19",
ﬁature 195 (1962) 271. ) |
nthe B'0(p,n)c'® Excitation Function from Threshold to
%0.6 MevH,
Nuclear Physics 42 (1963) 521
"ohe Bw(p,a)Be7 Reaction between 2 and 11 MeV",
» Nuclear Physics (to be published) ‘

"The B1°(p,He3)Be8 Reaction",

Physics Letters 4 (1963) 142




(v)

"The F19(p,n)N019 Reaction between 5 and 11 MeV",
Nuclear Physics i1>(1963) 453
"Neutron-Alpha Scattering in the 20-MeV Range",
Bull. Am. Phys. Soc. 8 (19673) 477, and Phys. Rev.
(to be published).
Mr. Barwaker, Professor Titterton and I also investigated

Ju

"Energy Levels of B’", Nuclear Physics (to be published), the

substance of which has not been included in this thesis.

No part of this thesis has been submitted for a degree

in any other university.
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SECTION ONE
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CHAPTER ONE  INTRODUCTION

A distinguishing feature of low energy nuclear reactions is
the existence of strong, well defined resonances in the various cross
sections, The accumulation of data on the position and properties of
such energy levels in light nuclei represents one of the major fields
of nuclear research. The primary purpose of the investigations
reported in Section One of this thesis was to determine the position
and properties of some sucﬁ levels which have become accessible with
the high resolution, high stability tandem Van de Graaff accelerator.

Such information is best obtained through reactions where
the nucleus of interest becomes the intermediaie; or compound, nucleus,.
it was Neils Boﬁr (1936) who first stated how the observed resonances
in cross sections could be understood in terms of virtual states of
nuclei. The fact that the resonances were not single particle levels
implied that the interaction between the incoming nucleon and the
individual nucleons of the target nucleus was strong. As a consequence,
the incoming particle and the nucleus it struck coalesced, forming a
compound system in which the energy of the incident particle was sharéd
rapidly with many of thé target nucleons. Therefore the compound state
lasted a long time; until one or more nucleons obtained enough energy,
by some statistical process, to escape from the nucleus, or the nucleus
de-excited by Y-ray emission. Bohr's picture described a nuclear
reaction as a two-stage process : +the formation of a compound nucleus

by the bombardment of a target nucleus with some projectile, and its

eventual decay by the emission of a particle or Y-ray, in a manner
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independent of the mode of formation. This theory was successful in
explaining nuclear resonance reactions in which the resonance energies
were clearly related to levels of the compound nucleus, S0 began a
long line of theoretical work that resulted in the R-matrix theory of
nucléar reactions. This theory, pioneered primarily by Wigner and co=
workers, is very general, and contains very few assumptions. Since the
early experimental studies of Fermi (1934), a tremendous amount of work
has also been accomblished in this field, This experimental work has
'been analysed successfully using the thecretical findings referred to
above, and has prompted further endeavours. A

‘When the theory is extended to higher energies, where the com-
pound system is excited in the region of many overlapping levels, the
statistical approximation is applied (see, for example, Weisskopf, 1937).
The assumption is made that sufficient time is available for thermo-
dynamic equilibrium to be established. Under these conditions the mode
of decay should be independent of the method of formation, so that the
cross .section for an (a,b) reaction is written

6 (a,b) = G;(a)Pc(b),

where G}(a) is the cross section for formation of thg compound nucleus
by capture of a particle a, and Pc(b) is the independent probability
that the compound nucleus decays by emission of a particle b, The
result is an averaging of the interference terms between different
anguler-momentum transitions; +that is, the phase relations between the

matrix elements of the transitions to and from the compound state are

random.
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The B1°

+ p work reported in this thesis has been analysed
successfully in terms of the first of these two theories, namely
the formal theory of resonances., However, ﬁhe nuclear gxcitation
energy region reached by the tandem accelerator is often somewhere
between the energy regions where the above theories are expected to
apply. This is therefore a difficult energy region to deal with
theoretically, and very little work has been done whidh has direct
relevance to data taken there. This problem arises in connection
with the remainder of the work discussed in Section One, and some
attention is given to the matter,

Not all collisions result in the formation of a compound
nucleus, of course. There is alwvays a finite.probability that the
incident particle will transfer its energy directly to a single
nucleon in a target nucleus as it grazes its surface,or tb a few
nucleons in the nuclear surface, resulting in the emission of part-
icles of higher energy than that expected from the compound-nucleus

picture. The several types of so-called direct interactions fall

into this category. In the work reported here some fraction of the
reactions proceed'through such mechanisms, but no attempt has been
made to study these in any detail. The compound nucleus events

were of primary interest,
1«1 The Choice of the WOrk

Several factors contributed to the choice of the work des-—

cribed in the first section of this thesis.
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Firstly, the purchase by the Nuclear Physics Department of
a tandem Van de Graaff, electrostatic, positive ion accelerator
greatly extended the energy range available for experiments in this
laboratory. The machine, a model EN tandem made by the High Voltage
Engineering Corporation (HVEG) of the USA, is capable of accelerat-
ing protons (and other positive ions) to energie; in excess of 11
MeV, while still retaining all of the desirable Van de Graaff accel-
erator characteristics. These include energy, current and positional
stability of the beam, high homogenéity and continuous control of
beam energy, and simplicity of operation and maintenance. Although
two charge-exchange processes are necessary in the acceleration,
beanm intensitiés can be obtained which proved to be more than ade=
quate for the experiments described here. The»beam;is, of course,
subjected to magnetic analysis, and during our work the tandem and
magnet were calibrated for energy every four months or so using the
following accurately known reaction thresholds, Al 27(p,n),
¢"?(p,n), B (p,n) ana 1:7%%0(p,m).

With this machine a new and higher range of excitation
energies in nuclei became available for accurate investigation.
However, the choice of such nuclei was somewhat restricted by the
necessity of obtaining suitable targets. While the type of farget
chosen depended on a large number of factors, including the experi-
ment and techniques to be used, targets were required which were

thin and isotopically "pure", so that the large backgrounds arising

from 10 MeV particle bombardment were kept to a minimum and the
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resolution obtained with machine and detector was used effectively.
The self-supporting foil target had become even more desirable
than before,

A good example of the development in target-making techniques
which followed as a result of this need is the element boron.
Self-supporting boron targets were particularly difficult to make
due to the element's high melting point (2000-2080)°C. In 1961
Muggleton and Howe developed a method for prepaiing thin, self-
supporting boron foils in vacuum, which involved the use of a
tightly focussed electron beam t§ provide intense but local
heating. Later Erskine and Gemmel (1963) reported an improved
version of the same type of apparatus incorporating a water-
cooled anode to reduce contamination of the target with crucible
material, and an improved method of removing the evaporated foil
from the temporary backing. Following negotiations by Professor
Titterton, Mr. Howe and his associates at Aldermaston graciously

supplied a range of boron targets,enriched to 89% B1o

and varying
in thickness from 50 to 250 pgm/cm?.

A third féctor which influenced the choice of the work was
the féét that little was known about the nucleus 011 in energy
states above 16ﬁMeV excitation, that is, in the tandem energy
range (see, for example, Ajzenberg-Selove and Lauritsen, A-S and

L, 1959). A state at 10.08 MeV excitation was well established,

and there seemed good evidence for others at 10,68 and 10.89 MeV,
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Work by Cerino (1956) on the Bw(d,n)c11 reaction using nuclear
emulsions had suggested levels af 11.26 and 11.52 MeV, and states
at 12.3, 13.8 andv15.7 had been proposed-by Kalinin et al, as a
:esult of a poor resolution, stacked foil experiment. However, a
great deal of information clearly remained to be found. Several
B10 + p experiments at once suggested themselves as possible modes
for investigating this energy fegion, particularly in view of the

elegant 310

self-supporting targets which were available.
An attempt by Gibbons and Macklin (1959) to investigate the

B1o(p,n)c1° reaction with an array of BF_, counters had been large-

3
ly unsuccessful; they were only able to put an upper limit on the
cross sectioh at about 5.4 MeV proton energy. The only other
reported B1o(p,n)c1° work was carried out by Ajzenberg and Franzen
(1954) when they detected, inrnuclear emulsions, the neutrons pro-
duced by 17 MeV proton bombardment of an enriched boron target.
However, the inherent difficulty of detecting neutrons with high
precision can belovercome in the B1o(p,n)c1o case, since this
reaction is extremely well suited to investigation by an activ-

10

ation technique, -100% of the positron decays of C proceeding

via the 0.717 MeV level of B1o. The detection of coincidences
between the 0.717 MeV Y-ray and one of the 0,511 MeV annihilation
radiation quanta allowed a unique identification of the

B1o(p,n)c1o reaction, even in the presence of other positron

activitiese.
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The decision to carry out this experiment also fulfilled
another desi?able if not necessary condition applying to the
choice of the thesis work, namely the building up of the range of
experimental apparé.'bus available with the Canberra tandem. A
good piece of activation apparétus was é useful addition to the
magnetic spectrometers and scattering chambers. Chapter 3 des-
cribes the de?elopment of the activation apparatus, and its use
in a study of the B1o(p,n)c1o reaction.

Several new 011 states were discovered in this and other
investigations (Ophel et al., 1962), and it was evident that
further work to try and determine some of thé properties (such as
spin, parity and reduced widths) of these levels, and other levels
below the B1O(p,n)c1o threshold, would be useful. The availability
of the solid state detector in a highly developed form made the
choice of a charged-particle experiment most attractive. Physi-
cists at the California Institute of Technology were known to be
investigating the elastic scattering of protons from}B1o; so it
was decided to study the Bm(p,a)Be7 reaction in the hope that,
together with other work, it would complete a quite extensivg

11 from 10 to 19 MeV.

survey of the excitation energy region in C
This B1o(p,a)Be7 work is described in chapter 4. During the
course of the experiment it became clear from the charged particle

spectra being collected that data on the B10(p,HeB)Be8 reaction

could be obtained simultaneously. This was done, and the material
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is discussed in conjunction with the B1o(p,a) considerations of
chapter 4.
. 10 10 , . .

During the B (P,n)c work the activation apparatus was
developed to a stage where it was performing very reliably and
producing data at a fast rate. F19(p,n)Ne19 is another neutron-
producing reaction well suited to investigation by an activation

10

method, and so the B + p experiments were followed by a study

of this reaction. ‘The work is reported in chapter 5., Excitation
energies in Nezo up to 23.3 MeV were attained, and the interpret-
ation of the excitatioh function data in terms_of Ne2o étructure
was not clear, The analysis of the data is discussed.

The two activation experiments reported in chapters 3 and
5 were based on measurements of the positron activities of the
final nuclei of the respective reactions. The analysis of the
~experiments required the values of the half-lives of these nuclei,
and the uncertainty of their magnitude was reflected in a corres-
ponding uncertainty in the activation results. Indeed, the
performance of the experiments depended on an accurate knowledge

0

of the half-lives. The C1 decay constant was known to only 5%;

that for Ne19 had been measured many times with various degrees

of accuracy, but even the better values did not agree. Hence,

before any of the activation work was begun,the half-lives of 010

and Ne19 were measured with high precision. The high degree of

accuracy achieved was made possible by a number of factors, among
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them being the availability of one of the Ynew generation'

multi-channel pulse height analyserse.

described in chapter 2.

These determinations are
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Fige 1 The positron decay schemes for 010 and Ne19°
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CHAPTER TIWO

10 19

THE HALF-LIVES OF C = AND Ne

2«1 Introduction

10 9

Both C and’Ne1 decay by positron emission, and both

transitions are allowed and favoured (or superallowed). Their
respective decay schemes are shown in figﬁre 1. -When this‘work

0 yalf-life had been

began only two measurements of the 01
reported; the first of 8.8 sec. (Délsasso et ale, 1940) was
thought to be in error due to an impurity in the boron powder
used, the second, due to Sherr et al. (1949) was 19.1 * 0.8 sec.
The latter measurement was made by collecting on ascarite

(NaOH on asbestos) the radiocactive gases produced by 17 MeV

10 10

enriched Can.B F3. In the case of

s about seven values ranging from 17.4 ¥ 0.2 sec. to

proton bombardment of B
Ne19
20.% £ 0.5 sec. had been reported (A-S and L, 1959), and even
the ones with least error did not agree.

As mentioned in chapter 1, the main purpose in measuring
these two half-lives was to obtain improved values for use in
the B1%(p,n)c'® anda F'%(p,n)Ne'’ activation studies. It is

appropriaté to outline here the simple theory pertinent to the

activation measurements to show how the experimental results

depended on the values of the decay constants of the beta-decaying
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final nuclei. However, there were other reasons why accurate
values of these half-lives were valuable, and these reasons
are outlined after the activation*th;ory. This is followed by
details of the experiment and the subsequent analysis of the

results.
242 Activation Theory

The first requirement in the analysis of the activation
measurements was a knowledge of the incident beanm energy; This
has been discussed in chapter 1. 1In addition, it was necessary
to know the number of transmﬁtations per incident proton. A
formula connecting this yield with the experimentally measured
quantities can be derived as followé H

Let n1 = number of reactions per proton

n, = number of protons incident per

second on the target

c = number of decays recorded

1
02 = number of decays recorded corrected
for previous bombardments 03 and for
backgrounds
ie.ep 02 = 01 - 63 -~ backgrounds
£ = efficiency of experimental apparatus

for detecting decays
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t = bombardment time

t2 = time between end of bombardment and
commencement of counting

t = counting time

N(t) = number of radioactive nuclei present at
time t (t = O, commencement of bombardment)

',\ = decay constant of radioactive nuclei
= -"-2_-33-2 y T = half-life.

The situation is depictedbin figure 2.
The total number of radioactive atoms produced during
the bombardment time t, was

1

nyny Yy
In practice the number of such atoms present at time

t = t1 was

(]

»/\1:1)

N(t1) N(1 - e

wvhere N = equilibrium number of atoms

= “1"2/ \ (Raplan, 1956)



13.

At time t = ¢, + t2, t, seconds after the bombardment,

1 2

N(t, ».+‘.;t2) = N(t.)e =Aty

- (e =M2) (12 & A

At the end of the counting beriod

N(t1 + %, + t37) = N(t1) e ")\("‘2 + t3)

2

- N{e = M2y (o = M3y (4 _ o =AY,

Therefore, the number of positrons produced in the counting time
was

n = N(t1 + 1:2) - N(t1 + b, + t3)

- (n1n2/,\) (e “>‘t2) (1 - -Ah)

X(1 "Q-)\tB)o A

The number recorded (corrected for previous bombardments and

backgrounds) was
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and so the final expression for the yield n1, in transmutations

per proton, is
n = Gz)\ nzf(e '}‘tz)(i - “At“)(‘l -e -)\t?)o

Experimentally, the quantities to be measured were

023 N,y f, t1: tza t3 and )\ .

The measurement of the first six of these is discussed
in conjunction with the activation measurementsy the determin-
ation of A\ is the subject of the present chapter. It is to be
noted that the choice of the lengths of time t1, t2 and t3
depended largely on the value of the half-life of the radioactiﬁe
atoms. |

If the target thickness T cm. is known; it is possible
to make a direct measurement of the cross section O for the
reaction. The yield from a nuclear reaction (the nunber of
reactions per proton, n1) produced by protons of energy E is
given by

E

2 .
vn1 = f n1 (E).d.E

E,

where Ez - E1 is the energy spread of the proton beam and
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1
\//~ (£, ) dedx

n1 (E) =
x=0
3
d = target density (number of nuolei/cm )
x = distance proton penetrates target (cm.)
Ex = energy of proton at X

In the special case, which is satisfied in all the
experiments reported in Section One, where the variation in O~
over the energy ranges corresponding to the target thickness
and the spread of energy in the proton beam can be neglected,
this expression simplifies to

n, = & .d.T
or, the number of reactions per proton,
n, = G en

n target thickness in number of target nucle:i./cm2

]

2.3 Other reasons for measuring t(c10) and 'C(New)

In 1934 Fermi devised a successful theory of beta-decay
based on Paulits neutrino hypothesis. He drew an analogy
between the emission of electrons and neutrinos from nuclei and
the emission of photons from excited atoms, The forces involved
are weak, so the problem was 'b_reated using perturbation theory.

A basic result of the theory was the expression for the disinteg-

ration constant for the transition of a system from an initial
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state i to a final state f
A= C@ng)lu,|? an/as

wvhere dn/dE is the number of accessible final states per unit
of total energy released

and Hif is the relevant matrix element

Hip =f?{';: BHY; &v ,
in which,yLi and ybf are the initial and final state wave
functions and H is the Hamiltonian operator describing the weak
interaction between the electron-neutrino field and the nucleus.

Unfortunately neither the wave functions nor the inter-
action operator was, or now is, known. Fermi attacked the
problem by writing down quite arbitrarily for H the simplest
form that was consistent with the demands of relativity theory
- both the election and neutrino move at high speed. There were

only five possible forms that met all requirements, each having

By = gf[“f’.‘ &e (5_-) &v (iﬂ % Ui av,

Where &e(_x;) and bv(g) were the wave functions for the electron

a form

and neutrino, Ui and Uf described the nucleus before and after the

emission process, g was the Fermi constant, and 0x was an operator

that could have one of five forms, corresponding to a scaler,
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polar-vector, tensor, axial-vector or pseudo-scaler interaction,
Fermi himself postulated‘that the interaction responsible for
beta-decay was essentially a vector interaction, often called the
Universal Fermi Interaction. Gamow and Teller (1936), on the
other hand, suggested that axial coupling between the transforming
nucleon and the electron-neutrino field was of primary importance,
At present, the Gamow-Teller picture appears to describe most
cases of beta-decay, but there are a few instances where the Fermi
interaction is required to describe the observations. The

¢'%= B0, allowed and favoured, 37 = 0F — 0%, beta transition

to the second excited state of B1o is one such case., S0, from

19 1as been under close serutiny (for

time to time, the decay of C
example, Sherr and Gerhart,1953, Bartis et al.,1962). The
measurement of £ T value!; and hence of half-lives, for o* to ot

positron transitions was known to be of use in calculating the

vector coupling constant for beta-decay; for this can be compared

.’.

The £ T product or comparative half-life provides a useful
criterion for the classification of radioactive transitions as
allowed or forbidden to various degrees (Konopinski, 1941). Here
f is a theoretical factor which corrects the observed half-life T
for the effects of the nuclear charge and the energy of the

transition, thus reducing all half-lives to a comparable basis,
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with the coupling constant for muon decay, and so is of interest
in establishing the validity of the Universal Fermi Interaction |
(Freeman et al., 1962). Hence there were inducements other than
the immediate one for measuring the half-lives with the maximum

possible accuracy.
2.4 Experimental Details and Results

The experimental apparatus used for the half-life work

was that developed for the activation measurements. This equip=

ment is discussed in full in chapter 3, where the relevance of
its many features is clear. Here, only that amount of detail
necessary for the understanding of the half-life work is given.,

c10

- was produced by the B1°(p,n)c1o, Q== 4,40 MeV'
reaction. A 200-250 pgm/cm2 éelf—supporting boron target,
enriched to 89% 310 (by weight), was bombarded for 60 seconds
with O.1 pA of 7.5 MeV protons from the tandem accelerator.

The branching ratios for the ﬁ+~decay of 010

are 98.4%
o the first excited state of 310(0.717 MeV excitation) and .
1.65 ¥ 0.2% to the second excited state, which thenycascades

through the first excited state to the ground state (Sherr and

10

Gerhart, 1953), Hence the decay of C was uniquely identified

by the 0.717 MeV Y-ray which followed the emission of all of the

|
b
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Fig. 3(a) A gamma-ray spectrum taken with one of the
crystal spectrometers after a bombardment
of B10 with 8 Mev protonms The hatched areas
indicate the energy intervals selected for
the coincidence measurements.
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positrons (see figure 1). It was decided, therefore, to use this
Y-ray to measure the half-life, partiéularly as the target
contained 8% 011, which gave risé:tO'a‘strong 20 min. positron
activitys A 7.6 cm. x 7.6 cnm. NaI(Tl) crystal speétrometer was
set up with its front face 1.3 cm. from the target, and a yY-ray
spectrum taken with the crystal is shown in figure 3as A Franklin
non-overload, double-delay—line,fpreamplifier—amplifier systen
followed the photomultiplier, and pulses in the 0.717 MeV Y-ray
photopeak were selected with a single channel analyser and fed

to an RIDL model 34-12 400-channel analyser, operating in its
Time (multichannel scaler) Mode. In this mode the pulses of
constant amplitude from the single channel analyser were stored
in channel x until an external timing signal advanced the

storage address to channel (x + 1). With a series of equally
spaced timing pulses the number of counts pér channel as a
function of channel number was proportional to the number of
decays as a function of time. A 100.kc/sec. crystal oscillator,

5

having a stability better than one part in 107, was scaled down

to provide a pulse which, after differentiation and amplification,
was used to advance the analyser address every two seconds (figure
3b). The decay of the count rate in the single channel window was

10

followed for 290 seconds, about fifteen C =~ half-lives.
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It is worth noting here that at the beginning of this
work an RCL model 20618 512-channel analyser was used, operating
in its Scaler Time (multichannel.Scaler) Mode., This analyser
had its own clock, capable of providing address advance pulses
over a wide range of frequencies. However, the basic frequency
of this mechanical clock was found to be very temperature sensi-
tive, and to vary by as much as b 2 percent over time intervals
as short as 2 hours, despite the manufécturer's claim of better
than 0.2 percent stability. Also, the clock pulses occupied
memory time, and so contributed to the analyser dead-time. The
RIDL plus external clock system was clearly preferable.

The total counting rate detected had a maximum value of
abouf 9 x 103 counts per second, and the counting rate in the
single chaﬁhel analyser window had a maximum value of 15 x 103
counts per secbnd. Under these conditions the opposing effects
of pile up and counting loss combined so as to alter even the
highest counting rate by a negligible amount. The effective
dead time of the analyser was also negligible, since the proba-
bility of two or more pulses occurring in the 10 psec, memory-
cycle time was extremely small,

Throﬁghout the measurements the gain of the counter

system was monitored by observing the pulse height of the 0.511

MeV photopeak with another RIDL multichannel pulse height
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analyser. No significant gain changes were observed. The beam
currents used in the bombardment of the target were, indeed,
chosen to make all these possible corrections negligible,

There was a background counting rate of about 30 counts
per second beneath the decay curve, as can be seen from figure
'8, It was important to verify accurately that this background
was constant during the counting period. ’Data wasvaccumulated
for approximately 15 half-lives during each run, so the lasf 50
channels each contained less than 0.02 percent of the 010
acti#ity present at the beginning of the counting period. A
large number of runs were collected, and the counts in the last
30 channels normalised so that their mean value was 100 counts.
The resultant counts per channel were plotted as a functién of
their frequency of occurrence. As figure 4 shows,'the :eSulting

histogram was fitted very well with a Gaussian Distribution

function, proving that no long-lived activities were interfering

with the data, that is, that the background was constant;VVThe
possibility of the presence of shortflived activities was!

negated by the linearity of the logarithmic plot of the data, !
discussed in the next section dealing with the analysis.qf the

results,

As a further check that no other activities were affecting

the data, a number of half-life measurements were made by

following the decay of the coincidence count rate from a
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Dynatron type 1036C coincidence unit of 0.2 Hsec. reéolving time,
Here, two 7.6 cme. x 7.6 cm. NaI(T1 ) crystals, placed on opposite
sides of, and 1.3 cm. from, the target were used, one feeding a
single channel analyser with a window over the 0.717 MeV photopeak,
and the other a similar analyser with a window over the 0.511 MeV
photopeak.

About 90 separate experimental runs were made by one or
other of the two methods described above, and these were combined
into six independent groups of 15 for the analysis described in
the next section. This allowed each determination of the 010

half-life to have a high degree of statistical accuracy. The data

used for one calculation is shown in figure 5.

Apart from the differences now to be mentioned, the data

19

for determining the half-life of Ne was collected and processed

in the same manner as thatdesdribed for 010

e The F19(p,n)Ne19,

Q = «4.04 MeV, reaction was used. A F19 target was obtained by
vacuum evaporation of manganous fluoride (MnEz) on to a 300 ugm/bmz
gold foil, as neither the manganese nor gold gave rise to positron
activities when bombarded with protons. This target was subjected
to 0.1 MA, 4.8 MeV proton bombardment.‘ Because the decay of Ne19
proceeds 100 percent to the ground state of p19 (A-s and L, 1959),
the decay of the Ne19 nuclei produced was followed by observing

the decay in the counting rate of pulses passing through a single
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channel analyser window set over the 0,511 MeV annihilation .
Y-ray photopeak. Figure 6 shows a Y=ray spectrum obtained with
the 7.6 cm x.7.6 cm'crystal spectrometer used.

As a check on the presence of other activities, the decay
of coincidences between the two annihilation gquanta was also
followed. This did not exclude from the measurement other
positron activities on the target, but, because of the relation
in space between the directions of the %uMeV quanta resulting
from a positron annihilation, it did exélude the detection of
other positron activities not emanating from the taréet. For
example, the activity induced in the quartz viewer used to
observe the position and fdcus of the beam was not detected.

The linearity of the logarithmic plots indicatéd that the effect

of any impurity in the target was negligible.
2.5 Analysis of the Results

The fact that only one decay was measured in.eadh[éxpefi-
mental run meant that about 15 of theﬁ could be added togethé? to
provide data with from 30,000 to 40,000 counts in=th§ fifst |
channel. The last 25 chénnels of each such set of data were
averaged, and the mean value subtracted from ali.chdnne;s_as‘the

constant background. As noted earlier,'no other corrections had
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to be applied. The logarithm to the base 10 of the net ;coﬁnts
per channel was tabulated. |
For the decay of radioactive nuclei
N(t) = N(0)e~*
where time t = 0 is the commencement of ?he:détntiﬁg period -
N(t) is the number of radioactive nuclei'prééenf At
time 1t -
and /X is the reievant decay constant.
Hence log10 N(t)/N(O) = -_0.4343)\t.
However, the number of nuclei N(t) is proportional to the
measured activity A(t) (Kaplan, 1956), so that
N(s)/n(0) = A(t)/A(0)

or log,, A(t) log,, A(0) = 0.4343 )\ %,

i}

]

Hence, if the 10g10 of the measured activity is plotted
against time, a straight line should result whose slope is equal
?o -0.4343)\. The half-life is then very easily found from the
relation

T = 0.693/\ .
A plot of the logarithm of the net counting rate versus time for
one set of half-life data is shown in figure §.

Each point was then weighted by the reciprocal of the
square of its statistical uncertainty (its variance (5'2), and a

straight line fitted to the first 30 of the points by the linear
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least squares method of Rose (1953). That isy, a functional fit

was made to the logarithm of the net number of

seconds, pi, via

By

where, in our case,

Ai3

§°‘A Aia

log N, (%)
log N°

=0.4343 A

Ai4 = =

O.

The coefficients o ) were determined from

2
%wi(l-ii - %a)‘ AiA ) = minimum,

where the weights w;
since d(log Ni)

or CTz(logNi)

2
1/6°° = N
(1/Ni) an

1N .

2

n

=

N.
1

]

counts per two

Rose also derived an expression for the RMS error in Qye As

no computer was available,these calculations, which were not

difficult, were made by hand, yielding the slope of the fitted

straight line (a2 = =0.4343 )\ ), and hence the half-life, and

its RMS error. It is to be remembered that, although only 010Z
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19 were counted, the decay

constant obtained was that for the total 610 activity.

decays via the first excited state of B

This analysis was performed on the six independent sets

of 010 half-life data, and the five independent Ne19 measurements.,

The results are given in Table 1.

TABLE 1.

. .10 19 ,

Half-life of C = (sec.) Half-life of Ne ~ (sec.,)

Method Value Error Method Value Error
0.717 19.46 0.05 | 0.511 17440 0.10
0.717 19.55 0.12  COINC 17.48 0.10
0.717 19.45 0.05 04511 | 17429 0.15
COINC 19.42 0.05 0.511 | 17.32 0.14
COINC 19.40 0.07 | coInc 17.64 0.15
0.717 19.40 . 0.08

The standard -.deviation about their average of the respective

half-life values was also calculated, giving * 0.05 and b 0e13 sec.

10

for C and Ne19 respectively. The good agreement between these

values and the RMS errors obtained from the least squares fitting
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was strong evidence against statistically significant, long-term
variations in the apparatus. The standard deviation of each of
the averages of the half-life values, sometimes called the
standard error (Evans, 1955), is given with the averages, which
were the final results of this work
T (C‘IO)
T (Ne19)
10

The C value differs markedly from that reported by Sherr et al.

]

19.45': 0.03 sec.

17.43 % 0.06 sec.

n

(19.1 b 0.8 secs), and it is not in close agreement with a measure-
ment reported subsequently, namely 19.27 ¥ 0.08 sec. by Bartis et

al. (1962). The Ne'

half-life is in good agreement with one of
the better values previously reported, namely 17.4 ¥ 0.2 sec. aue
to Herrmannsfeldt et al. (1959), but not with others.

10

Combining the C half-life with the branching ratio for

10

decay to the second excited state of B gave the partial half-life

for the interesting 0" —> 0% transition as 19.80 sece

2.6 Discussion

The C10 and Ne19 half-life values obtained are very

accurate; the errors are less than 0.15% and 0.35% respectively.
Until recently very few half-lives have been reported with such

a degree of certainty. If a computer had been available, this

could have been improved further if so desired, since it would
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have been possible to test for slighf curvatures in the logarithmic
plots, that is, for the'pfésence‘of very weak activities, and to
check the results obtalned by minimizing Zwi(ni ZAiA aA )
with respect to )\ rather than a>\ in a non-linear least-squares
straight-line fit. It is emphasized that the agreement between
the RMS errors obtained from the fitting and the standard devie .
ations about their average of the half-life values means that such
calculations were not important in the work described above.
However, in general, the ease, speed and accuracy of a computer
are clearly preferable, allowing exhaustive tests of the data to
be made.

The equipment now available, such as the new generation
of multi-channel analysers and computers; when used in conjunction

with careful and thoughtful experimental work, makes possible the

measurement of half-lives to almost any required degree of accuracye.

The method described in this chapter, where a unique Y-ray of other
means of isolating the activity of interest is available, is a

particularly powerful one.
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CHAPTER THREE
r#E B'%(p,n)c ' ExcITATION FuNCEION
3e1 Introductioﬁ

The major reasons for this s$udy, and its part in the

investigation of 011

energy states, have been discussed in
Chapter 1. DNeutron detection, even to a degree of accuracy an
order of maghitude worse fhan can be obtained in charged particle
work, remains one of the most difficult experimental problems in
nuclear physics; and as the high resolution machines attainhi@eraﬁi
higher energies this problem becomes more and more acute, because
the energy and the rate of production of background neutrons rise
alarmingly. As shall be illustrated here, and again in chapter 6,
many of the best methods for measuring neutron events are indirect,
in that the neutrons themselves are not detected. The activation
technigque is one such method.

Iransitions to the ground state of 019 in the reaction
8%p,n)c1® are inhibited by the large spin change, AJ = 3,
involved. As a result the cross section below the first excited

state threshold is small, and no excitation function for the

reaction had been measured. Information on high lying levels of
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1 yas scarce, particularly above the B1o(p,n)c10 threshold.

c
Kalinin et al. (1957) had carried out a poér resolution‘stacked
foil experiment which sugggsted the presence of broad resonances
in the B1o(p,a)Be? excitation function at Ep = 5,6 and 7.8 MeV,

1

corresponding to broad levels in C at 13.8 it 0.2 andr15.7 z 0.2

MeV excitation energy, and subsequently Ophel et al. (1962) had -

1 2% 13.90 £ 0.02 MeV using the

established the level in C
B10(p,p'Y) reaction; but this was all that was known.
’The work recorded here was undertaken to measure the
10 10 e A
B "(pyn)C " excitation function from threshold (Ep = 4.835 MeV,
Tkayanagi et al., 1961) to 10.6 MeV, and to search for levels of

C11

between 13.1 and 18.3 MeV excitation. As has been mentioned,
the reaction was investigated most readily using an activation
technique, since coincidences between the 0.717 MeV Y-ray and one
of the 04511 MeV annihilation radiation quanta (figs. 1 and 3a,
chapter 2) éllowed unique identification of the 010 activity even
in the presence of other positron activitiesy for example, the
B11(p,n)c11(5+)B11('C = 20 min.) reaction, produced in the !
content of the targets ﬁsed, had a cross section approximately 50
times that of B1o(p,n)C1o; and contributed largely to the failure
of previous attempts to study tﬂe B‘o(p,n)01o reaction.

The development of the activafion apparatus used is

discussed before consideration of the performance and interpretation

of the experiment itself.



31

32 Aparatus

The measurement of an excitation function by an activation

technique over an energy range as large as that of this experiment

involves the activation and subsequent decay of the target a very

large number of times. If the B1o(p,n)c10 experiment was to be

done in a reasonable time it was clear that the processes involved

had to be automated to the maximum extent. Care was then needed to

see that accuracy was maintained.

Apart from the necessity of automation, other design con=

siderations included

(a)

(b)

(c)

(a)

the use of two T.6 cm.x T.6 cm. NaI(?1 ) Y-ray
spectrometers to detect the Y-rays from the decay
ot ¢1°,

maximum counting efficiency, particularly as the
Bw(p,n)c10 cross section was expected to be small,
maximum shielding of the two crystals, particularly
during the bombardment periods, to minimize gain
shifts due to high count rates ahd activation of the
Nal crystals,

mounting positions for several targets and facilities

for positioning them accurately and automatically in

the beam (this facility, designed to allow relatively

long-lived activities to die away, was not used
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positron activity had to be eliminated for the F19(p,n)Ne1

32

extensively in this work because such activities did
not affect the results),

(e) a cold trap to minimize contamination of the targets
by mercury and carbon, and

(f) the provision of a quartZ'disc, viewed‘by a television
camera, to align the beam onto theﬁtarget.

The target chamber and cbunter arfangement are shown in
figuré T« The chamber;body was ﬁadeﬂof brass, and had to be comQ
pletely lined with 0.02 cm. thick tantalum sheet to prevent |
activation of the brass walls by the proton beam. Early in the:
experiment accidental bombardment of the»walls when aligning the
beam resulted in the production of long lived activities in the
copper and zinc components of the brass. These radioisotopes
emitted Y-rays with energies from 0.5 to 1.8 MeV, greatly increas-
ing tﬁe random coincidence counting rate. Also, all sources of

9 work

10 + p investigations, since no unique

which was to follow the B
Y=-ray existed in that case.,

A tantalum cylinder capable of moving vertically inside
two sleeves, one above and one below the chamber, provided
mounting positions for five targets. A remotely controlled motor

and TV camera wére used to drive the target support,and position

the chosen target in the line of the beam to better than 0.05 cm.
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A liquid air vapour trap of similar design to ones used
previously in the laboratoryk(aashkinland Ophel, 1962) was
placed directly in front of the target.  Some difficulty was
experienced during the experiment with_ﬁju@ps" occurring in the

Cl S
excitation function, being one or ﬁore éoints‘whiéh, by the dis-
continuous nature of the curve thainedgwweré"clearly in error
by as much as 20%,'#It is believed that this trouble was due to
incorrect.current integration, caused;by conduction through the
large amount of water whigh condenséd onto the target chamber
near the vapour trap. Certainly after the use of the trap was
discontinued no more "jumps" were observed; neither was there
any detectable build-ﬁp on fhe target of mercury or carbon.

At the beginning of the work a HVEC, compressed—ain—
driven,quartz viewer was used in the position shown, but as the
quartz became highly positron active, it was. arranged to withdraw
it to the end of the beam fube during counting operations. Here
rotation of the viewer caused a tantalum flap to fall across the
quartz disc, shielding it from the beam which passed through the
thin targetse.

In order to increase the detection efficiency, two flat
sections were inset into the side of the chamber to take the front
faces of the crystals. To minimize activation of the Na and I

(for example, 1127(n,Y)I128(ﬁ~) vhich gives a strong 0.45 MeV
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Y-ray), the two counters were mounted on small, remotely controlled
and compressed-air—driven trolleys, which were withdrawn 66 cm.

from the target during the bombardment period, and then brought to
within 1.3 cm. of the target for the counting period.

The shielding used is illustrated in figure 7(b). Concrete
lined with cadmium sheet served to shield the crystals from neut;ons
originating in the Faraday cup. Lead blocks were used to protect
the detectors in the counting position from residual positron
activity in the quartz, and in the distant position from the high
flux of Y-rays produced when aligning the beam with'the quartz
viewer. Lead sheet 0.32 cm. thick was wrapped around the crystals
10 reduce the intensity of low energy Y-rays from both the target

and the capture of slow neutrons in the cadmium.
3e3 Detectors

The use of two 7.6 cm. x 7.6 cm., Nal spectrometers mdunted
on trolleys has béen mentioned. As figure 8 shows these Harshaw
crystal-photomultiplier integral units were followed by Franklin,
double-delay-line preamplifier-amplifier systems, and pulses in
the 0.717 and 0.511 MeV Y-rﬁy photopeaks were selected with single
channel analysers and fed to a slow coincidence unit with a

~resolving time of 0.2 psece. Accidental or random coincidences

were counted simultaneously with a second coincidence unit having
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a one second delay in one channel.b

To prevent large'gain variations in the photomultipliers
caused by the high counting rates experienced when the beam was
incident on the target, the photomultipliers were shut off
during the bombardment by applying a reverse bias of -90.volts
between their photocathodes and focus grids (Farinelli and
Malvano, 1958). Small, slow gain drifts, made apparent by the
position of the 04511 MeV yY-ray photopeak recorded on a multi-
channel analyser, were corrected by Helipot adjustment of the

high voltage supply of each photomultiplier.
344 Targets

For proton energies up to 8.5 MeV a target of separated

10) of nominal thickness 600 p.gm/cm2

boron métal ( >99.9%4 B
deposited on a thick tantalum backing t was used. The energy
loss in this target was about 44 keV at Ep = 5 MeV. Preliminary
measurements showed that this target was non-uniform, and hence
care had to be taken to bombard the same portion of the target

throughout the experiment. The movable quartz viewer mentioned

above was used for this purpose, and at each setting the beam

T Obtained from the Harwell Electromagnetic Separator Group.
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was focussed to a spot less than 0.5 cm. in diameter located
centrally to better than 0,05 cm. This procedure allowed
reproduceable results to be obtained.

Above 8.5 MeV, neutrons from the tantalum backing
(Hansen et al., 1962) of the target produced prohibitively high
activities in the‘NaI detectors, even at the distant position
they occupied during the bombardment time., For the remainder
of the experiment a self-supporting boron film containing 105

10 as used. This target contained 89% 310, 8% 311,

p.gm/cm2 of B
some carbon and traces of tantalum. At first, reproduceable
results could not be obtained with the foil target. Calculations

showed that it was probable that the 010

nuclei formed in the
reaction were recoiling out of the target and being lost from the
counting region. A 3 mgm/cm2 gold foil was placed directly behind

the target to stop these recoiling nuclei, and the consistent

results then obtained were experimental proof of the diagnosise.
35 Experimental Procedure

The experimental procedure was as follows. The target
was irradiated for 60 seconds (slightly greater than three half
lives) by which tinme 90% of the equilibrium activity was established,

thus making small timing errors insignificant. The beam current

vas measured by an Elcor model A309A current integrator and was
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held as constant as possible during bombardment. Pen records of
the beam current were kept during a number of days of data
collection, and the beam current fluctuations observed contributed
an error of less than 0.1% to the activity calcuiated assuming a
constant current. This error.calculation.is.discussed in detail
in Appendix A, During the beam-on period the crystals were Qith—
drawn from the target and the photomultipliers weré biassed off.
At time 60 sec. a switch simultaneously operated a plunger to
interrupt the beam 6m from the target, started an electronic timer
and activated the compressed-air.cylinders to bring the crystals
up to the counting position (see figure 9). The crystals took
1.5 sec. to move into position. At time 62 sec. the timer
operated a fast acting relay switch which started the counting by
removing the 90 volts bias from the photomultipliers. Coincidences
in the two detectors were recorded for 60 sec., the count being
terminated by reapplying the 90 volts bias with a manual reset
pushbutton. Random coincidences were recorded at the same time.
At least a further two minutes was allowed before bombarding again,
which meant that less than 0.2% of the previous activity remained |
at the commencement of the following bombardment.

The beam current was chosen to be small enough so that
counting losses were less than one percent. Typical values were

0.03pA and O.1pA for the thick and thin targets respectively.
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3.6 Results and Discussion .

The relative cross section was obtained in the form net
true coincidence counts in 60 sec./u Coulomb, which was propor-
tional to 02/n2 in the notation of chapter 2, During a run over
a selected energy range, at 1east three determinations were made
at each proton energy and averaged. The statistical error on
this average was 13%. Each energy interval was covered be#ween
six and nine times and the resulting excitation function shown
in figure 10 represents an average of these individual runs
wéighted equally after normalisation. The r.m.s. error on the
averagé curve, obtained from the deviation of each measurement
from the mean, was i2%, a little greater than the statistical
error., This meant that the structure of the curve in the
region EP = T.5 MeV was not absolutely certain. However, the
fact that the averaging failed to smear the curve into a single
broad peak suggested the existence of two resonances in this
region.

The excitation curve consisted of resonance structure
superimposed on a continuous background. Presumably the
background was due to direb% interaction mechanisms and to
constructive interfereqce’between the direct interaction and
single particle resonahoeicont:;butions. The resonance. structure .

Lo

was of primary importance.
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3+.6.1 Levels in 011

The maxima in the excitation function, occurring at
proton energies of 5.92 X 0.02, 6.68 ¥ 0.04, 7.33 ¥ 0.05 ana
" 7.60 ¥ 0.05 MeV, corresponded to broad levels in the compound

nucleus 011

at excitation energies of 14.08 z 0.02, 14.78 he 0,04,
15.36 = 0.05 and 15.61 = 0.05 MeV.

Although the B10(p,n)010 reaction had not been studied
previously the lower excitation energies reached in this- experiment
had been attained through the~B1o(p,p'Y) and‘B1°(p,a) reactions,
Taking inﬁo account the broad nature 6f the levels and the
difference in penetration factors for the respective reactions, it
was reasonable to suppose that the lewl at 14.08 MeV corresponded
to the level previously reported at 13.8 z 6.2 MeV (Kalinin et al.,
1957) and 13.90% 0.02 MeV (Ophel et al., 1962). The ill-defined
level of Kalinin et al. at 15.7 ¥o.2 MeV probably reflected the

"double resonance® observed in this experiment near to 15.5 MeV

excitation.
3.6.2 Absolute Cross Section

The "thick" target used in the experiment between threshold

and Ep = 8.5 MeV was non-uniform and unsuitable for an abgolute

cross section measurement. The self-supporting B10 target used to
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obtain data from EP = 8.5 to 10.6 MeV was much more uniform. Its
thickness was measured by observing the energy shift of the 013(p,n)
threshold when the proton beam passed through it (figure 1) A
Nuclear Enterprises type NE 401 boron loaded plastic scintillator
was used to detect the slow neutrons. From the measured energy

loss in the target the content of B1°

u.gm/cmz, or 6.44 x 1()18 ]310

was calculated as 105 ¥ 0
nuclei/cm2.

The detection efficiency of the coincidence counting system
used in the experiment also had to be known. For the decay of one
C10 atom this was 22182, where 81 and 82 were the Y-ray photo-
peak total detection efficiencies of the spectrometers for the
0.511 MeV annihilation quantum and 0.717 MeV y-ray respectively.
The calculation and measurenments of 81 and 82 are discussed in
detail in Appendix B. It is sufficient to say here that a satis-
factory calculation of 52 was very difficult because of the high
absorption (""50%) in the 0.32 cm. of lead shielding and in the
target chambef. Instead the absorption was measured experimentally

for the 0.66 MeV yY-rays from a 05137

source, and used to correct
the calculated 0.717 MeV Y-ray detection efficiency without
absorption. An experimental determination of 81 was made ‘using
a Na22 source. Apart from the uncertainties in 8‘1- and 82 other
errorswere in the current integrator, ‘which was accurate to :1%,

~and in the timing of the bombardments and counting periods, which

+
were accurate to =0,5%4, The r.m.s. error on the average number of
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counts per micro Coulomb was therefore estimated to be i'2%. The
distribution of errors is shown in Table 2; other sources of
uncertainty, for example, in the value of the half-life, were

negligible compared with those listed.

Table 2

Distribution of errors in the absolute cross section

measurement

Source of error | Percentage
Target thickness Z10%
Counts/p coulomb 229
Total detection efficiency £, 22.5%
Total detection efficiency £, 15%

o+
Total error =12%

The reaction cross section, & , was calculated as follows s
In chapter 2 it was found that, in general, the number of reactions
per proton, n1, was given by

2 ¢, M2 (e” 22) (16" XH1) (16" A3)

]

1
where 02 = number of counts recorded
bl = efficiency of counting arrangement
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n number of protons/sec. incident on the target

2

A

t1,t2,t3= bombardment, waiting and counting times respectively;

and, under certain conditions which were fulfilled in the B1o(p,n)c1°

]

decay constant

experiment, n1 was also given by

n, = QG n
where n = number of target nuclei/cma.
Other factors considered were :

(a) There was no correlation between the directions of the
0.511 and 0.717 MeV yY-rays. There wés a correlation
between the positron direction and that in which the
0.717 MeV Y-ray was emitted, but the directions of
the two 0.511 MeV quanta wére independent of the
positron path provided the positron did not annihilate
in flight; and so both the 0.511 and 0.717 MeV Y-rays
were isotropic and non-correlated.

(b) £ = 261.82 =2 81(1’28;) (see Appendix B) where the
2 arose from'the fact that the two annihilation quanta

were emitted in opposite directions.

Hence, for this case,

n, = C.\ /o €8 (e"Atz)(1-e-)\t1)(1-—e->\t3) where all
1 2 271%2 .

the quantities on the right-hand side were known, and O = n1/h.
The absolute reaction cross section at a proton energy of 8.50

MeV was found to be 2.0 ¥ 0.2 mb. A cross section for the reaction




43

had been reported by only one other group. Gibbons and Macklin
(1959) suggested the value © €2 mb at 5.51 MeV, while our
measurements gave 0.50 : 0.04 mb at 5.51 MeV.

3.6.3 First Excited State of G1°

The sharp rise in cross section at EP = 84,55 MeV was
interesting. It corresponded closely to the energy at which

10

neutron transitions to the first excited state of C bedame

energetically possible. Because of the large spin difference,

10 was restricted, hence

neutron emission to the ground state of C
the yield was lowe. At the threshold of the first excited state,
however, s-wave neutron emission became possible and, in the
absence of resonances in this energy region and for a thin target,
the yield above threshold was expected to rise according to the
square root of the centre of mass neutron energy En (Blatt and
Weisskopf, 1952, for example). This region of the excitation

function was repeated in greater detail and the data fitted by a

L
curve of the form cross section aEn2 (see inset in figure10). The

)

continuous line represents the fitted En

curve, and it can be seen
that a reasonably good fit to the experimental data was obtained.
Assuming that the cross section rise at EP = 8,55 MeV was a

threshold corresponding to the first excited state, the level was

located at 3.38 z 0.03 MeV compared to the previous determination

of 3.4 £ 0,2 MeV (Ajzenberg and Franzen, 1954).
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' Fig. 12 The energy level scheme for 011 at the time when the
B10(p,a)Be” work was begun.
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CHAPTER FOUR
mE B'%(p,a)Be’ REACTION BETWEEN 2 and 11 MEV
4.1 Introduction

As mentioned in chapter 1, a study of the B1o(p,a)B'_e7
reaction logically followed the B1o(p,n)c10 investigations. A
number of 011>¢nergy levels,‘both below and above the
B1o(p,n)c10 threshold, were known, but few attempts had;been
made to determine their properties. For reasOns'that will become
clearulater, attention was rgstricted to those ievglﬁ abovem10

1 1 energy states known

MeV excitation in C1 « A summary of fhe C
at the beginning of this work is given in figure 12.
Approximately 10 groups of workers had observed the 10.08

10, 5 ana 37

MeV s#ate using a number of B + d reactions (A-S and
L, 1959 and 1952). Cronin (1954) and Overley and Whaling (1962)
had assigned a spin of 7/2+ to this level, and determined a
number of its other properties, such as reduced widths, using the
B10(p,a)Be7 and B1°(p,p)B1° reactions. Overley and Andreev et al.
(1962) had confirmed the existence of a state at 10.67 MeV, first
seen in the‘B‘lo(d,n)C11 work of Cerino (1956) and Graue and

Prumpy (1957). Overley had suggested that the spin and parity

were 9/2*, and had given values for the o, and proton reduced
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widths, Cerino, Graue,and Day and Huusi (1954) investigations
of the B1o(p,Y)C11 reaction had placed a state at 10,89 MeV,
while Cerino had suggested further possibie levels at 11.3 and
11.5 MeV. The latter had begn confirmed by the work of Ophel

et al. (1962),‘whose B1o(p,xY) studies had also suggested states
at 12.65 and 13.90 MeV. The B1°(p,n)c1o experiment of chapter 3
had earlier confirmed the originall& uncertain 13.9 MeV statevof
Kalinin ef al. (1957). The (pyn) work had also suggested further
states 14.8, 15.4 and 15.6 MeV. No confirmation had been found
for the 12.3 MéV state tentatively suggested by Kalinin and Bain
et al. (1955).

The B1o(p,a)Be7 experiment was begun in the hope of more
firmly establishing many of these levels and 6f determining some
of their properties. Because the alpha-particlerhas spin zero,
there was only one channel spin available to the outgoing systen,
and this increased the possibility of making assignments of spins,
parities and‘reduced widths to states of the intermediate system,
011, by studying the angular distributions of the alpha-particles
produced.

Semi—copductor,charge-particle detectors were used, A
great deal has justifiably been written aboutrthé revolution these
counters have wroqght in lqw epérgy nuclear physics (for example,

G.L. Miller et al. (1962)). Their more outstanding characteristics

can be appreciated if a comparison is made with other charged-
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particle detectors. They are superior to scintillators because
of their linearity over a very wide range of energies, their
speed of response, low background, and the low voltage supply
required for their operation. .However, they do have slight
limitations with respect to size>and depth of depletion layer.
The variability of the depletion layer of a solid state counﬁer
is one of its major assets, and this facility was used in the
Bm(p,a)Bé7 experiment. They are highly stable devices, and
their resolution is only a little inferior to that obtainable
with magnets. Compared to magnetic spectrometers they have the
advantages of allowing an entire spectrum to be;taken at once,
a larger effective solid angle, smallness of size and relative
cheapness. ‘

With these detectors excitation functions were taken for
alpha-particle groups from the B1°(p,a)Be7 reaction proceeding
to the ground (ao) and first excited (a1) states of Be7, for
proton bombarding energies from 1.8 to 10.8 MeV. Thirty angular

distributions for both ao and o, were taken between proton

1
energies of 2.8 and 7.0 MeV. The limits on the energy ranges
over which these data were taken are explained in éection 4.2.

During this study of the B1°(p,a)Be7,reaction it became

clear that information on the B1°(p,He3)Be8 reaction could be

obtained simultaneously. Measurements of the excitation functions

for the (p,He3) reaction leading to the ground state of Be8 were
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taken at laboratory angles of 50° and 900, together with a
number of angular distributions obtained in the energy range
E_ = 4 to 10 MeV.
P

Existing information about the reaction B1o(p,He3)Be8 was
of a preliminary nature only. Craig et al. (1952) had idenfified
the reaction at two proton energies using an electrostatip

analyzer to detect the He3

particles. They had determined an
approximate differential cross section at.Ep = 3.4 MeV and
measured the reaction Q-value. Reynolds (1955) had also observed

the reaction, but made no quantitative measurements.
4,2 Experimental Procedure and Results

A 100 ugm/cm2 self-supporting boron target, containing
89% B1o and 8% B11 by weight, was mounted on a rotétable support
at the centre of an 18 cm diameter scattering chamber, and was
bombarded with a 0,02 pA proton beam from the Canberra tandem
accelerator. The beam entered the chamber through two 1.6 mm
diameter collimating holes in carbon discs, which‘were followed
by two carbon antiscatter discs with %.2 mm diameter holes.
After passing through the target the beam was collected in a
Faraday cup, which was insulated from the chamber to allow

integration of the beam current.

The alpha-particles were detected by a 4.5 mm x 4.5 mm,
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300(1).-cm, gold-silicen surface barrier detector, which was
mounted inside the vacuum, 6.35 cm. from the target, in such a
manner that it could be placed at any angle, wi%h respect‘to
the beam axis, around the target. The angular scale was
determined by taking measurements of the energy of the ao
particles at a number of angles to the left and right of the
beém direction. The sensitive depth of the counter was adjusted,
by varying the reverse bias on it, in such a manner that the
maximum energy which protons deposited in the counter was always
considerably less than the H63 and a-particle energies. By this
procedure it was possible to separate the helium particles from
the high background of elastically scattered protons. The pulses
from the detector were amplified by an Ortec charge-sensitive
preamplifier-amplifier sjstem, and were collected by a multi-
channel pulse~height analyser. It was established eiperimentally
that if the dead-time of the analyser was not allowed to exceed
5%, "pile-up? of pulses in the electroniqs was negligible. A
spectrum, taken at a proton energy of 4.70 MeV, is shown in figure
13.

Spectra were taken at a number of energies and angles to
prove that the small peak clearly evident in most of them (see
figure 13) was due to He particles from the B1o(p,He3)Be8

reaction, proceeding to the ground state of Be8. This proof is

discussed in Appendix C. A similar method was used to first
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identify the « and @, groups from the B1o(p,a)Be7 reaction.

1
To obtain absolute cross sections for the reactions it

10

was necessary to measure the thickness of B in the target.

This was done by comparing the yields of B1o(p,ao) alpha-particles
from the target used and from a target of the same composition and
method of manufacture, whose thickness had been determined
previously by measuring the energy lost in the target by 3.3 MeV

protons (see chapter 3). This comparison was made at several

10

energies, and the thickness of B'~ determined as (77 ha 15) ngm/cmz.

3

The yields of ao, o, and He” were measured, as functions

1
of proton bombarding energy, every 50 keV from 1.8 to a maximum
of 10.8 MeV, at laboratory angles of 50° and 900. The excitation
functions obtained are shown plotted as differential cross
sections in figures 14 and 15. The ao excitation funcfiqn‘at 50?
was taken up to 10.8 MeV bombarding energy, but thét atFQOO was
‘measured to only 9.5 MeV because of increased overlappiﬁg above_;

this energy of the ground state alpha-particle group and ‘bhe'He3

3

1 excitation functions

at 90° cease well below the corresponding ones at 50°. The lower

group. For a similar reason the «, and He

limit of the excitation functions, namely EP-= 1.8 MeV, was
imposed by the minimum energy helium-particles that could be
detected by the solid state counter., Below this energy the

increased noise and poorer resolution of the detector, caused by

the very low bias that had to be applied to suppress all the
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scattered proton pulses, made the spectra obtained unusable.

The value of (10 I 2) mb/str. for the B1°(p,ao)
differential cross section at 90° at the Ep = 2.2 MeV resonance
is not in agreement with the (18 ¥ 2) mb/str. reported previously
by Overley and Whaling (1962). The solid angle subtended by the
sensitive area of the counter at the centre of the target was

3

4.87 x 10”7 st

Angular distributions for “o’ «, and He3 particles were

1
measured at the proton energies shown arrowed in figureé 14 and 15,
and selections of them are shown in figures 16,17 and 18, Angular
distributions could not be taken at lower proton energies becausé
the low energy helium particles could not be detected at backward
angles. As the proton energy was increased above 6.0 MeV, H§3 |
measurenents at backward angles again became impossible due “to

increased overlapping of the He3

group and the first excited state
a group. Most of the angular distributions were taken with

thirteen angles, from ©. . = 30° to 150° in 10° steps, enabling

lab
an estimate to be made of the magnitude of the contributions of
terms of orders O to 6 to the polynomial expansion described in
section 4.3.1. Measurements were not made at smaller and larger
angles because of the possibility of intercepting the beam with

the counter assembly.

Data were taken with the target at 450 to the beam direction.

The angular range 30° to 100° was covered with the target foil in
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4,3 Analysis and Discussion of Results

4.3.1 Least Squares Analysis of Angular Distributions

An expression for the angular distribution of the
particles resulting from a reaction in which a single resonance
level of the compound nucleus is excited has been given by Blatt
and Biedenharn (1952), who simplified the general equatioris of
earlier workers by eliminating all sums over magnetic quantum
numbers, Such a reaction is characterized by the quantities
¢ s ,(1 ‘£2 J a' st 451' «62', where a denotes the pgfticular
pair of particles in the ingoing channel; s is the vector sum of

the spins of the pair (the channel spin), [ and .62 are two

1
possible values of the relative orbital angular momentum between
the pair, and J is the spin of the compound state through which
the reaction passes. The primed quantities have identical

definitions in the outgoing channel, The differential cross

section is then given by

a6 /an (a,at)

L
'}Raz/(21+1)(21+1) Z BL(a',a)PL(cose),
L=0 . '

{(-1)8"8 ¢ C(3,)2 + (/2)2] ]x

where BL(a',a)

L1}
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Zz(( Jf J,sL)Z(['JZ'J, s' L)g ¢ 8aS£23a:sr£1c

1
Bytgt lz' X cos [_gat1“§al,2+ gat _éit"‘ §at gat]

Here }(a is the de Broglie wave length divided by 27U ,

i and I are the projectile and target nulcleus spins,

Eo is the resonance energy,

r‘ is the total width of the resonance,

go:stis the square root of the partial width r’ase
and go: L1 - ga 52 is the phase difference between the two
partial waves. ‘

The Z (abc dy e f) are the Z coefficients defined by
Biedenharn, Blatt and Rose (1952), which are closely related to
the Racah coefficients. They obey all the selection rules for
Racah coefficients * as well as the selection rule Z = O unless
(a + ¢ + f) is even. The most useful tabulation of the Z
coefficients has been given by Sharp et al. (1954). In the

7

1o(p,cu)Be reaction, B'9 haa spin 37 and the proton had spin 3+,

so there were two possible ingoing channel spins 7/2 and 5/2.

The function is defined only for integral or half-integral
values of the quantities a b ¢ d e and f, with the limitation
that each of the four triads ( a b e), (c d e), (a ¢ £) and

(b d f) has an integral sum.
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4,342 The Ep = 242 MeV level

The known resonance at EP = 2,18 MeV (10.67 MeV excitation
in 011) was very evident (figure 14). Overley and Whaling, on
the basis of their proton elastic scattering cross section and
the non-resonant behaviour of the a1 group, had suggested that
the level was J ¢ = 9/2*, with the proton and o partial widths
contributing equally to a total width of 200 keV. This figure
for [? was confirmed by a measurement of (220 I 30) kev.
Unfortunately it was not possible in our experiment to take
angular distributions over the resonance in an attempt to verify

this spin and parity assignment because the low energy alpha-

particles could not be detected at backward angles.
4.3.3 The EP = 4,4 MeV level

The dominant resonance in the remainder of the energy
range covered was that at a bombarding energy of 4.4 MeV.
This level, at 12.65 MeV excitation in 011, was resonant for
both @, and a1, and‘had a total width of approximately 400 keV,
These valuesrwere in agreement with those of Ophel et al., who
reported a level at 4.36 MeV, 400 keV wide. The absolute total

cross sections (47tA°) for the B1°(p,a°) and B1O(p,a1) reactions
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at Ep = 4.4 MeV were (160 £ 30)mb and (75 £ 15) mb respectively,
the errors being imposed by the uncertainty in the target
thickness measurement. |
It was assumed that there was only a single level in the
peak at 4.4 MeV, and that the usual single level formulae
applied. Then the argument proceeded as follows s
A lower limit on the spin J of the compound state’was
imposed by a knowledge of the absolute cross section. The cross
section for a resonant reaction at the peak may be written
o = T(}izszn)/(zin)(21+1)]4I"p T"r/r'2 ceeee (1)
where TﬂP is the partial width forrthe incoming channel
rwr is the partial width for the outgoing channel

and rj is the total width.

Here Fgr-;+l:°+ra1+[jﬁ33+rp;
gr'p +[:o + Fa1’ since /—;; was negligible (Ophel) and

3

since the He” data showed no resonanée structure in this energy
region, Because the ratio of the partial widths at any energy is
equal to the ratio of théir cross sections at that energy,.rﬂ
was expressed as F ,—' + a F s where r' was found in
terms of r7 and a was therefore a known constant at the

%
resonance energy. The B1O(p,ao)Be cross section then had its
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maximum value when Jj; =a r: s and so the following inequality
o

was established
0 (psu) < ( TUXY/a) [(zam)/(zm)(am)]
where J was the only unknown quantity.
The lower limit on the spin of the 12.65 Mev state of

|
11, imposed by the total (p,a ) and (p,a ) cross sectlons after

C
subtraction of an estimated background from other sﬁates, was
aT> 11/2“". -

Using equation (1) for r = a and r ='ai? in turn, and
substituting the measured value rﬂ= 400 keV aﬁdvé J value
;> 11/2, it was possible, by solving these two equations and
the total width equation simultaneously, to get predicted values
for the partial widths r_;, I_;o and r—;1 for each spin value
" chosen. The penetrabilities PaL for the protons and alpha-

particles of various orbital angular momenta 4& were calculated

using the graphs of Coulomb Functions compiled by Sharp et al.

If the present data had been normalised to that of Overley
and Whaling at EP = 2.2 MeV, then the total (p,ao) cross
section at Ep = 4.4 MeV would have been approximately 280 mb.
After background subtraction, this would have implied a spin

5™ > 19/2 for the state.



58,

(1955). The channel radius was chosen according to the
prescription R = 1.45(.4.1 1/3 + A21/3‘) b4 10"'13 c‘m. Then the

2 -was used to calculate
asl

relationship r.asl = PaL oY
predicted reduced widths Yasl o There is an approximate upper
limit to the value any reduced "wid'bh can have, tl\le so-called
Wigner limit (Teichmann and Wigner, 1952) 0 < v°< *3h*/2 wr?,
where -F) is Planck's constant divided by 27C
¢ is the reduced mass in the channel
and R is the channel radius.
It was found that spins of 11/ 2 and more gave alpha-particle
reduced widths exceeding the Wigner sum rule limit, which
suggested that the valuesAfor the cross sections were too large.
HOwever, the figure for the total width of the level
seemed reliable, | ' = 400 keV. But | = I—; + r'ao +r'a1 and,
at B = 4.4 MeV, Fa1/Fao = G’(p,q1)/0'(p,ao) = 0.37. Maximum
(p,ao) cross section was obtained if l_; = 1.37 [—lao. So Fao
.= 0.15 MeV and r‘a1 = 0,05 MeV. The corresponding reduced widths
were less than the Wigner limits only for lao 4 3 énd
/(.a1 < 4, giving JTL-\< 7/2:. The maximum cross sections
obtained for J = 7/2 were then 36% less than the measured values.

The vanishing at Ep = 4.4 MeV of all A, with L even and

L

non-zero in the polynomial expansions, suggested that the

resonance contributions to both the @, and a1 angular distributions

there were isotropic. J = 7/2% yielded isotropic distributions
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for ao and a, if it was assumed that only s-wave protons con-

1
tributed; JTr:= 1/2- could not give isotropic distributions.

The existence of the large, resonant A, term in the a distrib-

3

ution could be exphined as interference between the 7;2+ state
and a neighbouring state of %?, since such an interference would
contribute an L = 3 term onlf, as required.

A tentative assignment of Tt . 7/2+ was therefore adopted,
and using it, partial widths rjp, I—;o and ’_31 were calculated
from the measured (p,ao) and (p,a1) total cross sections
reduced by 36% and a total width of 400 keV. The dimensionless
reduced widths for this state, :92 = Y2 E 2p.R2/(3'15n 2)'], did
not exceed the Wigner sum rule 1iﬁit. The effect of level shifts
(Lane and Thomas, 1958) was neglected. Table 3 gives the

"

properties of the 12.65 MeV state of C ' derived from the present

experiment.

Table 3

Properties of the 12.65 MeV'C11 level, from the Bw(p,a)Be7 reaction

N

Laboratory energies (MeV) o 92 02
P « o

o] TS Te | T ol

o 1

7/2% 4,36 0.20| 0.15 0.05 0.02 | 0.29 | 0.08
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4.3¢4 Other levels

The a1 yield was peaked strongly at forward angles at

Ep = 3.0 MeV (see fig. 17), which could have been due to the

state at 11.45 MeV excitation in 011. The @, yield was only

weakly resonant. The anomaly at a proton energy of (5.10:0.05)

MeV depicted by Ophel et al., corresponding to an excitation
energy of 13.33 MeV in 011, was confirmed. The broad peak at
Ep = 643 MeV covered the region where several resonances had
been observed previouSly._ The analysis of section 4.3.3'

suggests that one of these states could be the J'Eﬁz £~ state

interfering with that at 4.4 MeV,
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CHAPTER 5
THE F 12 (p,yn)Ne'® REACTION BETWEEN 5 AND 11 MEV
51 Introduction

As outlined in Chapter 1, another reaction well suited
to investigation by an activation technique was F19(p,n)Ne19
(B+)F19. Having developed the apparatus described in chapter 3
to0 the point wheré it was operating very reliafly it was decided
to investigate the value of a study of the F19(p,n)Ne19 reaction
in the tandem energy_rang;. '

A nunber ;f groups had examined the higher excitation
energy region in:Nezo; éné‘Waréh et al. (1962) were known to be
* conducting a detailed study of the F19(p,a)016 reaction at
Florida State University. The present state of our knowledge of
the relevant energy region in Nezo is shown in table 4 of
section 5.4. Willard et al. (1952), using a single Nal crystal
and a long counter, had examined the F19(p5aY)016 and F19(p,n)Ne19
reactions in close détail from 2 to 5.4 MeV proton energy, and
had discovered a number of resonances, which were verified by

several workers including Blasser et al. (1951) and Marion et al.

(1955) who also studied the F19(p,n)Ne19 reaction. In view of
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this agreement and the thoroughness of Willard's studies, in
which excitation functions were taken in 7 keV steps, no
attempt to repeat this work was expected to be useful.

The agreement between the positions of levels seen in
different reactions leading to a Ne20 compound nucleus also
strongly suggested that, below about 18 MeV excitation energy,
compound nucleus‘effects predominated. However, the reaction
mechanisms operating at the higher energies which the tandem
could attain were not known. Some preliminary data had been
obtained by Broude and Gove (1960) on the yields of the
F19(p,a0)016 and F19(p,Y)Ne2o reactions from 4 to 10 MeV proton
energy, and Warsh had kindly sent details of his F19(p,a)016'
work, including an excitation function from 3 to 12 MeV
bombarding energy and a number of angular distribution measure-
ments. Their hopes of making a direct réaction analysis of the
results were largely unfulfilled by the presence of several
features which strongly indicated that a sizeable proportion of
compound nucleus formation was taking place. For example, the
excitation function fof the reaction was not a smoothly varying
one, there were correlations between resonances in the excitation
curves for the gf&und, first and second excited state groups,
and direct interaction fits were found at minima in the cross

sections. It was concluded by the ﬁlorida group that ",.. a
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direct reaction - compound nucleus interference calculation
should be made when the state of the reaction theory permits
it." Broude and Gove had remarked s "The a yield shows a
large number of narrow resonances in cdntrast to the gamma
excitation‘functidn. This in itself suggests that the broad
peaks in the gamma yield may be_enfelopes of unresolved
resonances., Further, there ;ppeaf;'ﬁo be some correlations
between the two modes 6f qéc5y eee " Myhich suggests that some
further measurements could be méde %o‘establish whether this
correspondence is‘gequine." Teplov et al. (1960) had earlier
remarked that in the.prqtoﬁ energy region from 5 to 6.5 MeV,
there were sizeable contributions from both direct and compound
nucleus interactionse.

All of this work had concerned primarily the
F19(p,a)016 reaction. I+t was clear that extension of the earlier
F19(p,n)Ne19 yield function up into the 20 MeV excitation energy
range in Nézo would help to clarify these reaction-mechanism
discussions by bringihg the results of a study of a differeht

reaction to bear on the subject.
5.2 Experimental Details

In the reaction F19(p,n)Ne19(B+)F19 the positron decay of

Nel9 proceeded 100 percent to the ground state of F19, and so no
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unique Y-ray existed as in the B1O(p,n)c1°(ﬁ+)B1o case.
However, due to the care taken to eliminaté all sources of
background positron activity, the contribution from other such
activities present on or near the target had been shown to be
negligible (chapter 2). Apart from the half-life measurements
at 4.8 MeV proton energy, others were subsequently taken at
EP = 108 MeV to verify that the earlier conclusion was valid
over the whole of the energy range of interest. As a result,

a measure of the neutron yield was obtained by recording

coincidences between the two 0.511 MeV annihilation quanta{fig. 22),

The.apparatus used was the same as that described in

chapter 3, except that the triple (fast-slow) coincidence

technique was used. Here a fast (time)'coincidence was required

directly after amplification of the pulses from the detectors,
and also a triple coincidence demanded between the positive
output of the fast coincidence unit and the outputs of the two
single channel analysers, each of whose window was set over a
0.511 MeV Y-ray photopeak. This téchnique increased the
experimental resolution and eliminated the necessity for a
second coincidence unit to record accidental coincidences.

The fluorine target was obtained by vacuum evaporation
of MnF2 onto a 3 mgm/cm2 gold foil, the thickness of gold

19

being chosen to prevent the radioactive Ne nuclei formed in
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Fig. 23 The measurement of the thickness of the MnF, target. The
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the reaction from recoiling out of the target and being lost
from the counting region.

The target thickness was determined as follows. A
piece of thick aluminium foil was placed alongside the gold.

backing during the evaporation of the MnF, target, and the

2
thickness of MnF2 deposited was determined by observing the
apparent energy shift of the 773 keV A127(p,7)8128 resonance
when the proton beam, obtained from the Canberra 1.2 MeV

Cockcroft-Walton accelerator, passed through the MnF_ layer,

2
A 12,6 cm. diameter x 10.2 cm. thick sodium ibdidé crystal was
used to detect the 12.3 MeV gamma radiation proceeding to the
ground state of 8128. As fig. 23 shows, the result, typical of
several determinations, was a proton energy loss of 8.7 keV at
Ep(lab) = 780 kevi.

During'a,runf§ver a selected energy range three
determinatiqﬁs of'thé neutron yield were made, and averaged,
every 20 keV. All sections of the curve were repeated once, and
some energy';nterﬁalélas many as three $imes. The statistical
errors on the final cﬁrve were less than one percent.

This method éf measuring the total reaction cross section
assumed that the'final nucleus was formed in its ground state, or

decayed to it if it was formed in an excited state. Any mode of

decay of the final nucleus other than positron decay prevented

the desired (p,n) event from being detected. This difficulty
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arose in only one case in the activation work reported in this
thesis, namely in the availability of the F'2(p,n)Ne'?(a)o'?
channel above 7.95 MeV laﬁoraxory proton energy. Hence, above
this energy the results were incomplete to the extent that they

19

did not contain events which produced Ne in a state which

decayed by this means.
5.3 Results

The results aré displayed in figure 24, Maxima in the
excitation function occur at proton bombarding energies of 4.96,
5.03, 5411y 5426, 5.37, 5.73y 6403, 6.15, 6435, 6.53, 6.81, Te14,
Te2Ty Ted41y Te52, T7.74, 8.02, 8.15, 84,28, 8,37, 8,70, 8.82, 9.08
MeV (all I 0.02 MeV), 9.2, 9.5, 9.8 and 10.2 MeV, corresponding
to possible levels in the compound nucleus Nezo at 17.55, 17.62,
17.69, 17.84, 17.94, 18.28, 18.57, 18.68, 18.87, 19.04, 19.31,
19.62, 19.75, 19.88, 19.98, 20.19, 20.46, 20.58, 20.71, 20.79,
21.11, 21422, 21.47 MeV (all ¥ 0,02 MeV), 21.6, 21.9, 22.1 and
22.5 MeV,

The absolute F19(p,n)Ne19 cross section was determined
as follows. The proton stopping cross section per molecule of
MnF,_, at Ep = 780 keV was found from the relationship

2
E (molecule XnYm) = n.E(atom X) + m.E(atom Y)

or e(Man) = E(Mn) + 2 EF)
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where € is the stopping cross section and & (Mn) and & (F)
were inferred from Whaling (1958), Demidioglu and Whaling and
Green et al. (1955).

18 kev-cmz/molecule, and

It was found that f;(MnFZ) = 28,0 x 10~
consequently, using the measured proton energy loss in the
target, that the content of fluorine was 19.5 b 2.5 ugm/cmz.
The detection efficiency of the positron counting system was
determined using a Na22 source which was calibrated to ht 2.5
percent and which was mounted in the target chamber in an
identical fashion.to the target. A correction for the coincidences
recorded due to the presence of the 1.28 MeV Na22 Y~rag Compton
"tail" was made., The forﬁulae developed in Chapter 2 were then
used fo determine the absolute F19(p,n)Ne19 cross section as
27 R 4 mb, at a proton energy of 5.58 ﬁev.

The main sources of error were the uncertainties in the
target thickness, and in the efficiency of the counting system
due to the possible error in the source strength. Comparisons
with the two previously reported measurements of this cross
section (Blasser et al., 1951, and Gibbons and Macklin, 1959) were
difficult because of the small energy region in common, the thick
targets used previously and the lack of good error estimates.

However, agreement between the three to better than a factor of

two was present at 4.9 MeV proton energy.
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54 Discussion

The results, not unlike the F19(p,a)016 yield curve in
appearance, showed a large amount of structure in the excitation
function, superimposed on a smoothly varying background. This
presumably direct interaction and interference contribution led
to considerable reduction in the "peak-to-valley!" ratio, but
was not thought likely to afféct the structure qf thg_excitatiqq_
function markedly. | - |

The structure, almost certainly due§fc some compound
nucleus mechanism, was not easily explained at such high‘ |
excitation energies. If the maxima were interpreted as
individual compound nucleus levels, their density was sdm¢730
times less than that predicted by level density formnlée. For
example, around 18 MeV excitation the experimental density was
about one per 100 to 150 keV, whereas the work of Le Couteur et
ale (1954 and 1959) predicted a density of states of about one
level every 4 keV. The formula of Cameron (1958), derived from
earlier work using the Fermi gas model, gave a similar value,
although Cameron had not tested his formula in this energy
region. It seemed clear that individual compound states were
not being seen.

There was therefore a possibility that the peaks seen

were due to statistical or random fluctuations in the sense
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described by Ericson (1960). His theory applied to the so-called
continuum energy region in nuclei, where the number of available
exit channels was so large that the lifetime of the compound
nucleus was small and the average level width (or uncertainty in
energy of the compound system) r_'was very nmuch larger than the
level spacing. Then there was a considerable amount of over-
lapping of the energy levels, épd, particularly if there was a
spread in the beanm energy of the order of [—7or larger, all the
many intermediate states excited contributed coherently though
randomly to the reaction process. The result was statistical
fluctuations in the cross section as a function of energy.
However, the generalization that the levels of many nuclei with
A.;> 10 and with anomalously small densities at high excitation
energies were due to these sorts of fluctuations (for example,
Austin, 1962) seemed far too wide. For the following reasons,
the variations in the F19(p,n)Ne19 results were not thought to
be explained by Ericson's theory s

(a) The energy spread in the beam from the tandem was ~~2 keV
as was the target thickness at this energy. Hence it seemed
unlikely that the experimental energy spread could have led to
averaging over a large number of compound nucleus states.

(b) The magnitude of the fluctuations predicfed by Ericson was
O = O (1% 1/()E)
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where N = number of compqund_nucleus statgs excited and
n = number of final states to which the compound nucleus
decayed.
This meant that the reaction cross section.for which n was large
should have had small fluctuations. The low energy level

structure of Ne19

was not well known, but if it was assumed that
it had a level density similar to F19, then the variations
predicted by the above expression were too small to explain the
F19(p,n)Ne19 structure, particularly below about 20.5 MeV
excitation. |

(¢) A comparison of the positions of the maxima in the (pyn) o
excitation function with the work of others on fesonances in Nezo
above 16,6 MeV excitation is shown in Table 4. The agreement
between the four sets of (p,n) data where they overlap was quite
good, and that between the (p,aé) results reasonable. The two
sets of (p;Y) results covered different energy regions except for
agreement on the Ep = 5,20 MQV level.

It was not to be expected that all reactions would show
every resonance in Nezo, as selection rules applied which were
especially strong in the (p,ao) case. However, the agreement
evident between the levels seen in the different reactions
leading to a Ne20 compound nucleus strongly suggested an inter-

pretation of the maxima in the results in terms other than those

of Ericson, since, from his model in which averaging effects were
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inherent, he logically predicted that there was no correlation
between statistical fluctuations in the cross section functions
of different reactions leading to and from the same compound

nucleus.

If there was; in fact, a 1evelvspaoing of only a few keV,
then it was possible that the levels were sufficiently close to
cause overlapping in such a way that they fell into groups.' In
1955 Lane et al. had provided a "giant resonance" model which was
intermediate between the independent particle model and the
uniform model, According to their interpretation, the average
widths of levels of the compound nucleus were larger cloée jo
states of the independent-particle model than those situated.
further away. As a consequence, fhe nuclear cross sections had
a gross structure. But the conventional nuclear potential gave
values for the widths of the "giant resonances" which were far
too large.

Izumo (1961) attacked the problem differently. He noted

that nuclear reactions at intermediate energies had previously

" been intepreted either by a direct interaction theory, in which

the incident particle gave its energy to only one or two target
nucleons, or by the statistical model, in which a compound
nucleus was formed when the incident particle shared its energy

with all of the target nucleons. Izumo suggested that the real
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situation lay somewhere between these two; +that is, that the
bombarding particle interacted strongly with a few target
nucleons (via two body forces) and that the remainder of the
target nucleons acted like an inert core which always remained
in its ground state and affected the incident particle and
outer nucleons only through an average potential acting on them.
In this way only a partial equilibrium was reached in the con-
pound state. Since only a few nucleons were involved the model
predicted "intermediate resonances" in the excitétion function,
about 70 keV wide, which, because of the compound state
assumption, were correlated with "intermediate resonances" in
other reactions producing the same interﬁediate nucleus.

- Izumo used his model (1962, 1963) to predict the
angular distributions, nuclear temperatures, totalAand partial
widths and excitation functions for many nuclei at‘intermediate
excitatioﬁ energiés. He founa moderate agreement with experi-
mental results if he assumed that fhe number of outer nucleons
reacting strongly with tﬁe bombarding particle was about 6,
This number six was, he»suggested,‘almost independént of mass
number and excitation eﬁergy within the ranges 20 < A < 180
and 5 < E, < 25 MeV. His nuclear core, then, had little in
common with the shell model. - Finally Izumo claimed that,in a

large number of reactions in which different compound nuclei

were formed,the positions of almost all of the "intermediate
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resonances" coincided; and he divided nuclei into three groups
at these energies, with 5, 6 and 7 outer nucleons respectively
taking part in the reactions.

Some objections can be raised to this model, such as
the meaning of the "magic" number six, and the almost complete
absence of any participation of the nuclear core in the feaqtions
at these energies., One wondered, too, if Izumo's very s&eepigg
conclusions would be born out when more data was obtained in
these wide mass and energy ranges. The "coincidences" of the
"intermediate resonances" in different nuclei as shown in fig. 6
of his 1963 article seemed suspect. However, data such as our
F19(p,n)Ne19 cross section function below 8 MeV proton energy
required some sort of compound state interpretation, Iiumo was
one of the first to appreciate the need for such a model., With
an ever increasing amount of high resolution data now becoming
available in this energy raﬁge, it is to be hoped that his work
will inspire others to further studies. .

Above 20 MeV excitation in Ne20 it'appearéd that the
levels were becoming so broad and closely spaced thatvstatistical
effects were becoming important, for only a suggestion of

structure was present,



_ SECTION TWO



T4.
CHAPTER SIX
NEUTRON-ALPHA SCATTERING FROM 16 TO 24 MEV
661 Int§oduction

Experimental neutron—He4 studies have two main objectives.
Firstly, accurate total cross section, differential cross section and
relative polarization data can be interpreted in terms of the relevant
scattering phase shifts. Since the polarizing power of hélium can be
calcglated from these phase shifts, helium can then be used confidently
as a polarizer or polarization analyser.

Secdndly, He4 is the simplest spin zero nucleus, and it is of
considerable theoretical interest to see how well the experimental
results can be understood in terms of whét is known of the nucleon-
nucleon interaction. Reviews on the subjectAof nucleon-alpha-particle
scattering have been published by Hodgson (1958) and Burke (1960).

Most n—He4 measurements below 10 MeV have been fitted well with
the phase shifts of Dodder, Gammel (1952) and Seagrave (1953). However,
during recent years many experiments in the 20 MeV neutron energy rahge
have been carried out which required a knowledge of the analysing
power of helium (Benenson et als, 1962; Perkins and Simmons, 1963}
Bertozzi et al., 1963), even though, above 10 MeV, the phase shifts
were not well known. For example, Benenson‘et al. had to calculate the

n--He4 analysing power at 23%.7 MeV neutron energy from phase shifis

obtained by extrapolating up the phase shifts given by Seagrave.
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Recent measurements of the asymmetry in the elastic scattering of
polarized neutrons by helium at energies near 20 MeV (May et al., 1963;
Trostin et al., 1961) have further emphasized the lack of knowledge of
the n-a phase shifts in this energy range.

Phase shifts which have been used at-these higher energies are
those extracted by Perkins (1963) from :the p--He4 phase shifts of Gammel

and Thaler (1958), who used an optical model potential to exténdvthe

4

p-He" phase shifts up to 40 MeV. Perkins derived his n—He4 phase shifts

(GTP) by calculating the logarithmic derivatives of the wave functions
at a radius of 2.9f, and by assuming that these described the n-He4'
system at a CM energy reduced by 0.8 MeV, the éouloqb energy differende

between the mirror nucl.ei_,,He5 and Li5. In addition to the GTP phases,

there were the n—a phase shifts proposed by May et al. (MWB2), who also
found that the p-a phase shifts suggestéd by Brockman (B) fitted their
asymmetry data well at 16.4 MeV neutron energy. The GTP phase shifts

appeared to fit asymmetry measurements at 16.4 MeV and 20.7 MeV, but
not those at 23.7 MeV (May et al., Trostin et al.). The MWB2 phase shifts

were consistent with the total elastic scattering cross section and

asymmetry measurements at 23.7 MeV neutron energye.

The variation with energy of the n—a phase shifts must, of

course, be consistent with parameters of the resonance levels of the

5

compound nucleus. A state of He” in the energy range of present

interest is the 3/2+ level at 16,70 MeV excitation energy. In the
past, a number of attempts have been made to fit the pronounced max-

imum in the T(d,n)He4 cross section at 110 keV deuteron energy (16.70

MeV excitation in Hes). Single-level formulae were used, but fits
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were found for a variety of channel radii and penetration factors. It
has been remarked by Bransden (1960) that "it is just possible, although
unlikely, that the fits arise out of the freedom allowed by the
formulae, rather than from the existence of a genuine level', "An
attempt by Flowers to explain the reaction purely by barrief pénetration
effects eeeses was unfortunately rendered inconclusive by fitting the
theory to data that is in conflict with that now generally accepted.
Hence there was’some uncertainty as to the nature of this anomaly.
Determinations of phase shifts in the 20 MeV energy range nay
also have to take into account the inelastic process He4(n,d)T, the
threshold of which occurs at a neutron energy of 22,07 MeV. The con-
ditions that this threshold should cause an observable anomaly (cﬁsp or
roundéd step) in the cross section of another chanhel were that there i
were only two outgoing particles (Delves, 1958) and that there was no
coulomb interaction between them (Breit, 1957). The second of theée con-
ditions was not fulfilled in the present experiments
Thisvchapter describes the perfofmande and interpretatiqn'of an
experiment to measure angular distributions of neutrons scattered by i

alpha~-particles, at neutron energies of 16.4, 20.0, 21,0, 21.85, 22.6
and 2%.7 MeV. This was done by observing the energy spectra of the
recoiling alpha~particles in a high-pressure gas scintillator.

The principal purpose of the experiment was to provide some of
the data necessary for determining n—He4 phase shifts in the neutron
energy range from 16 to 24 MeV. In this chapter the data obtained are

compared with angular distributions computed from the sets of phase

shifts which have been suggested by the various authors. However, the

data may be good enough to extract 8-, P- and D-wave n-a phase shifts
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directly, and this will be tried‘later.

Additional data were taken in 25 keV steps over the 16.70 MeV
resonance of He’ (EN = 22.15 MeV), and through the He4(n,d)m thresholde
It was hoped that these studies would clarify the situation regarding
the He5 state at 16,70 MeV excitation.

Two notable investigations of the n-He4 elastic scattering pro-
cess had been made previously. Bonner et al. (1959) found only a slowly
decreasing cross sectiontfor the neutron energy range 16 to 21.9 MeV,
but observed a pronounced resonancé at 22.15 MeV. Austin et al. (1962)
measured neutron angular distributions in the range 2 to 23 MeV neutron

energy .«
642 Method

The neutron angular distributions were measured by observing
the energy spectrum of the recoiling alpha-particles in a high-pressure
gas scintillator. It has been shown by Barschall and Kanner (1940)
that the energy distribution of the recoiling alpha-particles in the
laboratory system is proportional to the angular dis#ribution of the
scattered neutrons in the centre-of-mass system, provided that this dis-

tribution is expressed as a function of the cosine of the centre-of-mass
scattering angle. This proportionality also holds relativistically
(Barschall and Powell, 1954). Throughout the discussions that follow

the neutron energies quoted are measured in the laboratory system, and

the scattering angle, ©, is expressed in centre-of-mass coordinates.

6.3 Detector

Most of the‘earlier measurements based on the above
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principle used ionization chambers or proportional counters.
Since the range of the recoiling alpha-particles must be small
compared to the dimensions of the counter, a high gas pressure
had to be used at higher neutron energies. Consequently the com=
plete collection of ions produced was difficult, and so recently
a high-pressure gas scintillator,has been employed (Shamu, 1962;
Austin et al., 1962).

In the present experiment a counter very similar to the
second of the two described by Shamu was used, The.gas scintillator
was a mixture of helium and xenon at a total pressure of about 140
atm. The helium served both as a target for the incident neutrons
and as part of the detection system. The xenoh was necessary to
increase the light output and to decrease the'range of charged
particles in the gas. The percentage of xenon and the total gas
pressure were chosen to yield the highest stopping power‘consistent
with a minimum contribution from xenon disintegration particles.

In all cases the maximum range 6f the recoiling alphé-particles

was less than 4 mm. As a result, the pressures of xenon which were
used ranged from 24.5 atm for data at 16.4 MeV neutron energy to 38
atm for data at‘23.7 MeV. ‘

The gas scintillator was contained in a thin-walled,
stainless-steel cell, with a tempered-glass window. The glass was

backed with a perspex disc in order to apply a more uniform

retaining pressure. The counter is shown in figure 25, with a
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cross—-section view on the left and a view looking into the counter
on the right. The seal between the‘cell and the window was a
teflon ringe. An Australian-made viton-A O-ring was originally
used, but it outgassed, contaminated the gases used, and thereby
severely impaired the light output and resolution of the detector.
The scintillations were viewed through the glass window with a
photomultiplier tube.

A source of alpha-particles, consisting of a deposit of
polonium on the end of a siiver wire,which was fastened to a 1.5
mm diameter steel rod, could be moved in and out of the counter
through the gas;‘filling tube. The steel rod passed out of the
tube through a teflon gasket at an elbow in the tube.

In order to reduce the spread in the pulse height of the
scintillation pulses, the inside of the steel cell was coated with a
high reflectance surface of mégnesium oxide over a thin film of
aluminium. In addition, the Mg0 and the inside of the glass
window were coated with a wavelength shifter, diphenyl stilbene,
becaﬁse most of the scintillation light was in the ultra-violet
region of the spectrum. Good reSolution was‘difficult to obtain
because absorption of the light on the reflecting surfaces meant
that tracks of equal energy, occurring in different parts of the
gas volume, did not produce pulses of.the same height. Further
investigations on the roles of the different components of the

present counter showed that a clear, even aluminium layer was a
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significant factor, but more important, that the relative amounts
of wave-length shifter on the walls and window of the cell had to
be adjusted accurately to obtain uniform efficiency throughout the
gas volume. A resolution of 5% was obtained for 15 MeV alpha-
particles. .

Shamu (1962) found that, for a mixture of 42 atm of helium
and 8 atm of xenon, the counter gave a response which was linear
to better than 3% over the alpha-particle energy range from 0.4 to
14 MeéV. This was not found to be the case for the higher gas
pressures used in this experiment. A curve taken at pressures;off
34 atm of xenon and 103 atm of helium is shown in figgre 26.  éheseAf
pressures are typical of those used in the experiment. The
T(d,n)He4 and T(p,n)He3 reactions were used as neutron sources.
The determination of the maximum recoil energy is discussed later.
The counter was non-linear for alpha-particles of energy less than
about 2.5 MeV, and linear from 2.5 to 16 MeV, with an intercept of
about E, = 0.6 MeV on the energy éxis. When the helium pressure
was reduced to 7 atm, while retaining an xenon pressure of 34 atm,
the curve was more nearly linear, and the straight line drawn
through the higher energy points intersected the energy axis at
0.25 MeV alpha-particle energy.. Further, when the conditions
uséd by Shamu were dﬁplicated, the response curve for alpha-particles

was again found to be linear. In 1956 Nobles had obtained a

positive intercept of 0.5 MeV for an xenon-filled scintillation
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counter,

These effects were investigated further by observing
the variation in pulse height of groups of electrons, alpha-
particles and protons as a function of helium pressure, for a
constant xenon pressure of 34 atm and a‘neutron energy of 22.6
MeV. The results obtained indicated thaﬁ,'for the alpha-particles,
"quenching" of the light took place even when only a small amount
of helium (e.g. 6 atm) was added. The queﬁching effect was
observed to incrgase with addition of helium up; to a total

pressure of about 145 atm, the highest used.
6.4 Other Apparatus

Monoenergetic neutrons were produced by bombarding tritium,
in a gas target, with deuterons. The method was similar to that
developed by Johnson and Banta (1956), in which a uranium tritide
furnace was used as the tritium store. The deuterons were provided
by the AN.U., tandem, and, after passing throﬁgh a 3 mm diameter
collimator, entered the tritium target through a 1.2 h thick nickel
foil. The neutron flux was monitored by integrating the deuteron
beam current.

The energy spread in the neutron beam produced was due %o
straggling of the incident deuterons in the nickel foil and the

tritium gas, and the variation of the neutron energy over the angle
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subtended by the counter at the source., The tritium gas pressure
was adjusted so that the total energy spread of the neutrons was
about 70 keV for the measurements around the 16.7 MeV level of
Hes, and a little greater elsevhere.

A continuum of neutrons from the breakup of incident
deuterons was,present in addition to the monoenergetic neutrons.
Since it was difficult ‘o take into account the effect of these
breakup neutrons, the low energy part of the pulse-height distrib—
ution which could be affected by them was omitted. Other factors
which determined the minimum aﬁgle at which data were reliable were
the non—linéafity of‘the counter; the maximum electron pulse height
.and the magnitude of the counter béckgfounds.

The scintillation counter was placed at‘Oo witp respect to
the deuteron beam for all measurements except those at 16.4 MeV
neutron energy, when it was at 730. The axis of the cylindrical
counting volume pointed at the tritium target. The distance from
the centre of the 5 cm long tritium cell to the centre of the
counter was 22.8 cm, except for the 16.4 MeV measurements, for
which it was 3%0.5 cm.

The gas scintillations were recorded with an EMI 5 cm.
diameter photomultiplier. The voltage pulses from the photomultiplier
were amplified by a Tennelec preamplifier and a Franklin double-
delay-line aﬁplifier, and stored in an RIDL pulse-height analyser.

The linearity of the amplifier and analyser system was checked
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periodically with the aid of a Franklin precision pulse generator,
The system was found to be consistently linear to less than one
perbent for the range of pulse heights of interest. The gain
stability of the electronics was checked frequently with the aid of

the polonium alpha source.
6.5 Experimental Procedure

The procedﬁre generally used for taking data was as
follows |

First, the scintillation counter, filled with the helium-
xenon mixture, was bombarded with neutrons for a measured integrated
beam current. The beam currents used were chosen so as not to
endanger the nickel foil of the tritium target, and,‘for the same
reason, the beam was focussed so that about 10% of it feil onto
the collimator.

Secondly, the‘effect of background neufrohs, produced in
the nickel foil and the tantalum backing of the target, was
subtracted by taking a run at the same neutron energy wifh the
tritium target evacuated. This background was only present at
small pulse heights.

Thirdly, after the above data had been taken at several
energies, the counter background was measured at these energies by

bombarding the counter with neutrons when it was filled only with
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xenon (at the same pressure as before). This counter background
was caused primarily by disintegrations of xenon nuclei, but also
by_recoil and disintegration particles from the counter wall.

The output of light produced by the disintegration and
recoil particles was different in pure xenon than for the helium-
xenon mixture for the éame neutron energy. 'Also, the variation in
light output as a function of gas composition was not the same for
different kinds of particles. Henceyaccurate normalization of fhe
counter~-background data to that for the gas mixture was difficult;
However, for the helium-xenon filling, an appreciable number of
pulses cauéed:by counter background were observed jﬁst above the
alpha-particle recoil spectrum. Therefore the amplifier gain'Was
adjusted so that these particles had the same pulse height for both
the xenon and helium;xenon fillings. The magnitude of the gain
change required was supported by the investigations of the way in
which the pulse height of these particles varied as a function 6f
helium pressure. A procedure used previously (Austin et al., (1962))
of adjusting the gain until the pulse height of the ?9 alpha-
particles for the two counter fillings was the same, was found %o
be grossly in error at the pressures used here, due to saturation
or "quenching" effects.

Because of the fact that the light output as a function of

gas composition was not the same for different kinds of particles,

this gain adjustment would have been in error for some portion of
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the background unless it was all caused by one kind of particle.
Therefore two auxiliary experiments were carried out to study

the nature of this background. In one experiment the contribution
of the counter walls was reduced by covéring the inside of the
steel cell with 0.2 mm of lead, and by decreasing by morebthan a
factor of two the amount of reflecting material and wavelength
shifter inside the cell. No significént decrease in the number of
background pulses was observed, which implied that most of these
pulses corresponded to xenon disintegrations. In the other
experiment the size of the background was measured as a function
Qf xenon pressure. This experiment also indicated that the
background was caused mostly by xenon disintegrations. Of the
several kinds of charged disintegration particles which coul& be
emitted with energies in the range of interest, protons had the
highest probability of penetrating the coulomb barrier of the xenon
nucleus. Consequently it is believed that most of the observed
disintegration pulses correspdnded to protons.

For the experimental procedure outlined above, an error in
the counter background was introduced if the xenon or tritium
pressures were not the same forrsteps one and three (that is, for
counter fillings of the mixture aﬁd pure xenon, respectively).
Therefore, at several energies, data were also taken in the sequence
three-one-two, a procedure which eliminated these possible sources

of error. Very good agreement was found between the two sets of

datae.
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In addition to the neutron and counter backgrounds, another
correction which had to be applied to the data was that for the
wall effect., Some of the recoiling alpha-particles hit the window,‘
end wall and cylindrical wall of the céunter. For each recoil_»
energy, the number of recoils hitting the walls was calgulaﬁed
from the geometry of the counter (end wall assumed plane), and
added to the measured number at‘that energy. _These'recoils'proé
duced smaller pulses than they would have withouf wall-effeef,
and the resulting events had to be subtracted frémqthe number of
pulses observed at lower energies. This subtraction was done under
the assumption that all residual ranges of the recoils hitting the
walls were equally probable.

Several other corrections to the data had to be considered.
However, since they proved to have a negligible effect on the data,
and because they are described in detail elsewhere (Austin et al.,
1962), they are discussed only briefly here., The background caused
by room—scattered neutrons was estimated by placing a shaddow cone
between thé neutron source and the detector; and the effect of
neutrons scattered by the steel body of the scintillation counter
was assessed by slipping over the counter a slightly enlarged copy
of the steel cell. These effects were negligible, as were those
due to the finite resolution of the counting system and to multiple
neutron scattering in the gas scintillator. An estimate of the

number of neutrons scattered backward into the counter by the
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window indicated that this background was unimportant.

Figure 27 shows the background corrections and the
corrected pulse-height distribution for 22.6 MeV neutrons. The
broken curve and the solid curve represent the neutron background
and the counter background, respectively. For the smallest recoil
energies, where it is seen to be iargest, the former background
varied from 3% for 16.4 MeV neutrons to 5% for 24 MeV neutrons.
The counter background is seen to be relatively largest near the
minimum in the corrected distribution, that‘is, near channel 70 in
the figure. Near this minimum the counter or "xenon" background
ranged from 20% of the total number of counts ét 16.@ MeV to 56%
at 24 -MeV, The correction for the wall effect, which is nof s@own
in the figure, was less than 5% of the corrected counts for ali‘ofy'

the data of this experiment.

The pulse-height distribution obtained after all corrections

were applied is shown by the closed circles. Of the several factors
mentioned earlier which had bearing on the determination of the
minimum channel at which the corrected data was reliable, the
magnitude of the backgrounds at low pulse heights imposed the most
severe restriction. The peak in this distribution at channel 43

was caused by disintegration particles from the He4(n,d)T reaction,
since both the deuteron and triton were detected by the gas

scintillator. The threshold for this reaction is 22.07 MeV neutron

energy. The tail above channel 108 is a result of the resolution
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of the counter. To decide which channel corresponded to the
maximum helium-recoil pulse height which would have been observed
if the counter had not had finite resolution, the pulse-height
distribution was extrapolated smoothly beyond the point where it
began to drop off. A vertical line was then drawn at such a
position that the number of pulses larger %hﬁn this pulse height
was equal to that below this pulse height and between the extra-
poléted and observed distributions. The channel corresponding to
this line was taken as equivalent to a neutron CM scattering éngle

of 180°,
646 Analysis of the Data

The pulse héight distributions of the recoil alpha-particles
which were thained corresponded only to relative‘apgular Qistrib-
utions. A cross section scaie was determined by fitting eagh
distribution with a series expansion of Legendfe polynomialé, as
described in chapter 4 of this thesis. It was found that an
expansion containing polynomials of orders zero to fouf was
sufficient to fit all the angular distributions satisfactorily,?

. including those over the 16.70 MeV resonance of He5. A différ-
ential elastic scattering cross section scale was then found by
normalizing the value of the zero-order coefficient to the total

elastic scattering cross section, which was extracted from

the n-He4 total crOSs‘section measurements of Shamu et al.
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(1963). The contribution to n--Hé4 total cross section of the
He4(n,d)T reaction Qas found from the ‘inVersg . reaction
T(d,n)He4, whose cross section is Qell known. In this way a cross
section scale was established for the measured angular distributions.
The method was subject to some uncertainty‘since the data extended
over only a limited angular range, and did not cover the small-
angle region where the diffgrential cross section was largest.

In the next section the angular distribution results are
compared with angular distributions computed from sets of phase
shifts which have been published by various authors. These
calculations were carried out on an IBM 1620 computer, using the

following formula

6(e) = A’_‘A-»B"'B'
where
ae) = 1/eix 3 o S (a4k) [exp(21 8. ) - 1] P (cos0)
B(e) = 1/2ik ZI: ZJ 2i(J-L) | exp(2i SLJ) - 1] PL(cose) |
and in which § =1L % %

SiJ are the phase shifts

and PL(cose) are the Legendre polynomials.
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6.7 Results

The angular distfibutions which were obtained below and
above the EN = 22.15 MeV resonance are shown in figureanB and
29, The differential elastic scattering crosé seetionsfare plotted
as a function of the cosine of the CM scattering angle,mef The
statistical uncertainties were gfeatest for the 16.4‘MeV data,
whére they ranged from 1% & the smallest angle to 3.5% at the
minimum of the udiétribution. For the measuremeﬁt; at 22.6 ana
23.7 MeV, no angularvdistribgtion data were obtained near cos® = +0,2
because of the presence of disintegration particles from the
He4(n,d)T reaction. The neutron energy’spread was less than 170
keV for each of these measurements, except at 16.4 MeV, where the
spread was about 700 keV, 7

Systematic errors may be present in the angular distributions
because of experimental uncertainties in the background corrections.
For each of these distributions an indication of the magnitude of
this error at a small angle and at the minimum in the distribution
is given by an error bar. At the largest angle this error was about
equal to, or less than, the size of the data,point (except at
23.7 MeV). The size of each of these error bars corresponds to an
estimated uncertainty of = 10% in the background corrections.

There were two possible sources of error in the abscissa scale.

Firstly, the estimation of the channel for which cos @ = -=1.,0 was
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subject to a maximum uncertainty of one channel, or about 1%.
Secondly, the extrapolation of the linear portion of the linearity
curve (figure 26) back to zero pulse height to determine "zero"
channel, or cos & = +1.0, may aiso have been in error, but by less
than 1%. \

In figures 28 and 29 the solid curves are differential
elastic scattering cross sections computed from the GTP phase
shifté, and the broken curves at 16.4 and 23.7 MeV are cross
sections computed from the Brockman (B) and May, Walter and
Barschall (MWB 2) phase shifts, respectively.

Relative angular distributions which were measured just
below, on, and just above the 22.15 MeV resonance are shown in !
figure 30. These distributions have been corrected for backgrounds
and wall effect. The neutron energy spread for the data in
figures 30 and 31 was about 70 keV.

In figure 31 a part of the angular Qistribution data taken
over the resonance is presented as excitation functions. Each of
these data points is the sum of two channels of a pulse-height
distribution. The smooth curves through these data points are
fits ﬁy eye to the data.

The observed yield from the H§4(n,d)T reaction is shown at
the top of figure 31 by the closed circles. The brokén curve
represents the He4(n,d)T cross section computed from the cross

section for the inverse reaction by using the principle of
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reciprocity. This curve corresponds to a smooth curvé drawn
through a plot of published measurements for the inverse4reaction.
For the open circle, crosses and closed triangle, the individual
published cross sections were used for the computation. The solid
curve was obtained by adjﬁsting the broken curve for the neutron
energy spread. For this adjusthent, the energy spread was approx-—
imated by a rectangular function with a width of 70 keV. The
relative cross section data of the present experiment was assigned
a cross section scale by normalizing the data to the solid curve
near its peak., The present data were corrected for backgrounds,
wall effect, and a variation in neutron flux with energy of about
2%. This variation was caused by the change in fhe cross section
of the neutron producing reaction, and by the loss of tritium
through the nickel foil. The daté‘clearly supports the higher
values for the inverse cross sécfion'in the region of EN = 22435
MeV. |

The angular distributioné were fitted with Legendre
polynomial expansions. The ratio of each of the coefficients to
the zero-order coefficient is Shown in figure 32 and listed in
Table 5. The coeffipients represented by the solid symbols in
figure 32 were obtained from the data displayed in figures 28, 29
and 31. Coefficients for two sets of data are shown at 21.0 and
21.85 MeV. The open symbols at these energies correspond to data

taken with the same xenon pressure in the counter as at 23.7 MeV.
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TABLE 5

RATIOS OF COEFFICIENTS OBTAINED FROM LEGENDRE-POLYNOMIAIL-EXPANSION

FITS TO THE ELASTIC SCATTERING ANGULAR DISTRIBUTIONS

Ey Qror |Oasr | A, A/ Ay /n - EWA
(Mev) | (mb) | (mb) | (mb/sr) ° 0 ° -0
1604 908 0 | 7202 | 1.53%.05 1.2720.05 0.10%0,03 | =0.03%0,02
20,0 755 | 0 | 60.1 | 1.64%0.08 | 1.46%0.09 | 0.31%0.05| 0.08%0.03
20,0 755 | 0 | 60.1 | 1.58%0.07 | 1.38%0.08 | 0.21%0.04 | 0.04%0.02
21.0 | 729 | 0 | 58.0 | 1.65%0.05 | 1.41%0.05 | 0.26%0.03 | 0.05%0.02
2185 | 719 | 0 | 57.2 | 1.6620,04.| 1.4420,04 | 0.3020.03 | 0.0620.01
21.85 | 719 | 0 | 57.2 | 1.6020.11 | 1.36%0.11 | 0.2020,06 | 0.03%0.03
21.97 | 720 o | 57.5 | 1.64%0.10 | 1.40%0.10 | 0.28%0.06 | 0.0420.03 |
21,99 | 722 0 | 57.5 | 1.62%0.14 | 1.3620.15 | 0.23%0,09 | 0.01%0.04
22,02 | 728 0 | 57.9 | 1.66%0.13 | 1.40%0.14 | 0.30%0.09 | 0.02%0.04
22,05 | 741 0 | 58.9 | 1.70%0.08 | 1.47%0.09 | 0.3920.05| 0.06%0,02
22.07 | 770 0 | 61.3 | 1.67%0.08 | 1.43%0.08 | 0.3820.,05 | 0.0320,02
22,10 | 810 3 | 64s2 | 1.76%0.18 | 1.63%0,19 | 0.69%0.12| 0.13%0.06
22,12 | 863 | 35 | 65.9 | 1.80%0.10 | 1.74%0411 | 0.9020.,07 | 0.1420,03
22,15 | 905 | 81 | 65.6 | 1.89%0.07 |1.90%0.07 | 1.11%0.05| 0.21%0.02
22,18 | 863 | 91 | 614 | 1.88%0411 [1.89%0.12 | 1.0720.08 | 0.1920.04
22,20 804 86 571 1.8720,07 | 1.86%0,07 | 1.0220.05 0.1910._02
22,23 | 783 | 77 | 56.2 | 1.8020.06 |1.7620.06 | 0,8970.04 | 0.1520,02
22,25 | 769 | 69 | 55.7 | 1.83%0.13 |1.79%0.14 | 0.89%0.09 | 0.18%0.04 |

(continued next page)
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TABLE 5

(contta)

TO THE ELASTIC SCATTERING ANGULAR DISTRIBUTIONS

Ey

6nor

Gar )
D A

(mb)

(mb/sr)

A
1/A°

A
2/Ao

A3/a

-0

A
: 4/10

(MeV) |(mb)

22.52
22.37
22.42
22.6

23.7

748

736 }

728
711
665

54
49
46
40

5542
54.7
54,5
53¢ 4

5041

1.73%0.10

1.76%0.06

1.75%0.11

1.68%0,06

1.63%0.13

1.63%0.11
1.6639,07
1.65%0,12

1.5320,07

0.67%0,07
0.6920,04
0.66%0.07
0.52%0,04

0.37%0.08

0.09%0.03

0.1350.02..

0.14%0,03
0.07%0.02

~0,0120,04

35 1.42%0.14

The means square erro:s'which are given for each of the ratios are
related to the mean square errorsdefined by Rose (Lawrence). Thé
methodvuséd to ob%éin the values of Ao given in the table has been
discussed in the previous section of fhe chapter.,  The angular
distribution coefficients are given in detaii because Pisent (1963)
and Pisent and Saruis (1963) have recently developed a method for
extracting phase shifts from éuch coefficients. Also, the smooth

variation of the coefficients with energy was a useful preliminary

indication of the reliability of the data.
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6.8 Discussion

As can be seen from figures 28 and 29 discussed above, the
agreement between the data and angular distributions calculated
from the GQP phase shifts at neutron energies from»16 to 21 MeV
was very good. It supported the validity of the GTP phase shifts
in this energy range. Austin et al. (1962) had earlier suggested
that this might not be so. |

Figures 30 and 31 show how markedly the elastic scattering:

cross section changed near E_. = 22,15 MeV. As outlined in the

N
introduction to this chapter, several authors had suggested that
the maximum in the T(d,n)He4'cross section, generally interpreted

as a 3/2+>level in H95

at 16,70 MeV excitation, might have been
associated only with the proximity of its own neutron threshold.
However, in the present experiment the elastic.scattering channel
was investigated; a channel other than»the one in which the
threshold occurred.‘ As mentioned in the introduction, it has been
pointed out (Wigner, 1948) that a threshold in one channel can cause
an observable anomaly in another channel under certain conditions.
However, the He4(n,d)T fhreshoid cannot ‘have caused the anomaly in
the elastic scattering channel in the present experimént because

of the coulomb interaction between the two outgoing particles.

Furthermore, the changes in the differential cross section away

from a parabolic shape, even below the He4(n,d)T threshold,
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suggested that neutrons with £ ~-values greater than one were
participating in the elastic scattering process (Wheeler and
Barschall, 1940). The presence of D-wave neutrons would agree

with the J ' = 3/2+ assignment made to the He5

excited state; and,
indeed, preliminary calculations have shown that a good fit to the
angular distribution data taken at 22.15vMeV neutron energy can
be obtained with a D3/2 phase shiftAof 90°»and a fransmission‘
coefficient less than one. These facts were further evidence for
an interpretation of the anomaly in terms of a level in the com-
pound nucleus, He5, at an excitation energy of 16.70 MeV.

At neutron energies above 22 MeV the agreement between the
data and the angular Qistributions~predicted by the GTP phase shifts
was not as good. This was not altogether surprising, since Gammel
and Thaler took no account in their calcﬁlations either of the
opening up'of the ineiastic channel or of the presence of the
resonance. They derived only real phase shifts. At 22.6 MeV.
either or both of these factors may have ihfluenged the angular
distribution. However, at 23.7 MeV, the 3/2° level, which is
about 105 keV wide, would only have contributed a few degrees to
the D3/2 phase shift. The fact that the data differed from the
GTP predictions in essentially the'same way at both 22,6 and 23.7

MeV suggested that it is not reasonable to ignore the inelastic

channel when determining phase shifts in this energy range.
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APPENDIX A

The purpose of this appendix is to calculate the
difference between the activities induced in a target by a
constant beam current and by one with a periodic variation of

the type seen during the activation experiments.

Let N(t) = number of radioactive nuclei present
at time f
k- = rate of production of such nuclei for
a constant bombarding currgnt
)\ = decay constant (probability that any
pParticular nucleus will disintegrate
in unit time).
 Then N(t). A = rate of decay

n

and avn(t)/at k - N(t)e A eess eees eees (1)
for a constant beam currents
Using an integrating factor e t, integration of this equation
yields

(e M = /AN o)
W N1 = ) rer eeas (2)

At time t = 00 , k/)\ =. N(o@),

- At

or N(t)

giving N(t) = N(0O )(1 - e ), the well-known form.

In the case of 010, )\ 0.036 sec“1

t

60 SecCy

so N(60) = 25 k.

fl
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In practice there were two approximateiy ginigoidal variations .
in the beam current about is mean, The first was a very small
fluctuation with a frequency of 2 cycles/sec;, which was
caused by the periodic motion of the Van de Graaff accelerator
charging belt. The second Was_ailarger fluctuation, of :'3%
maximum amplitude and 0.2 cyclq/sec;’ffeqﬁency, which was
apparent in the pen records takén of the‘beam current.
For such variations, azsiﬁva)t, equafibn'(1) becomes
an(t)/at = k(1 + a sinew t) - N(t)s \
This equation can be integrated using the integrafing factor
e )\t, giving
N = WA =AY s e/ A2 0D
X ()\sin Wt - ) cos Wt + W /e }\t) eees (3)

Equations (2) and (3) differ by the factor

(xa/ ,\2 + wz)()\ sin @t - Weos W + W Je }\t) ees (4)
For the larger fluctuation, and using the G'° half-life,
A= 0.0%6 sec”
t = 60 sec
a= % 0,03
and W= 2 7TCf = 1.3 fadians/sec,

and so the difference (4) has a maximum absolute value of
-t
«(ka/gy )(1 - e )

= 0,02k,

This is only 0.1 percent of the activity induced by a constant
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beam current. Hence, a maximum error of 0.1 percent will
result in the cross section calculations if it is assumed that
a constant beam current gave the measured integrated charges
- 19 19
A very similar result pertains to the F'°(p,n)Ne
19

measurements reported in chapter 5, in which the decay of Ne

was followed.
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APPENDIX B

The subject of this appendix is the determination of the
Y-ray photopeak, total detection efficiencies of the two crystal
spectrometers for the 0.511 and 0.717 MeV Y-rays. These have been
denoted 81 and € 2 respectively. They are related to the total
detection efficiencies 8? and Eg by the relationship

T . ) .

E =7 E jr 1= 142, where ry = peak-to-total detection
efficiency ratios. Graphs of r versus Y-ray energy for Nal

crystals have been given by Marion (1960).
Be1 The measurement of 81 (0.511 MeV Y-ray)

A calculation of 851[“ could not be made because a large
num‘ber of the positrons produced were energ.et,:"Lc‘ enqugh to escape.
from the B‘lo target and move a substantial distance before
annihilating, A Na22 source, calibrated to ¥ 2.5 percent in a
4JC B-Y coincidence counter, was therefore used to determiile
8 f experimentally. The source was mounted in the tafget chamber

in an identical fashion to the B10

targets. The number of counts
appearing in the 0.511 MeV single channel analyser window was
corrected for the contribution of the Compton-scattering "fail"

of the 1.28 MeV Y-ray associated with the decay of Na22 nuclei,



101,

B.2 The determination of E;g (04717 MeV Y=-ray)
The total efficiency, that is the probability of
detecting a Y-ray emitted into 47U steradians from a point

source S, is given by

Crystal

fig. B1

emax - Tx
T 1 (1 -e ) sin@ 4@
82 = 2
(¢}

where T = absorption coefficient in the crystal.
This integral has been plotted for Nal crystals as a function
of Y-ray energy by Marion (1960).

However, when there is absorption in media between the
Y-ray source and the detector, as in the present case, the

efficiency is given by
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Sg = % fema.x e STixi (1 - 'Cx) siné d e
- 0

whére 1:i.are the absorption coefficients for the different
media - the brass walls of the target chamber, the tantalum
cylinder and lining, the 0.32 cm lead sheet and the aluminium
casing of the crystal. This integral was performed»numeriéally
using Simpson's Rule, yielding f;g = 0.066, a value which indicated
that there was 48 percent absorption in the me&ia listed. Thé
error involved in such a calculation may be large. For example,
the calculation assumes that the photopeak of the full energy
Y-ray is infinitely narrow, that is, that any scattering whatever
prevents the detection of the yY-ray. In fact, finite resolution
and a quite broad single channel analyser window were used.

It was decided to check the calculation by measuring

experimentally the absorption for the Cs137

s 0.66 MeV yY-ray.

This was done by simulating as nearly as possible the actual
experimental condit;ons on a bench, but in a manner that enabled
the absorbers to be removed; Under a wide range of experimental
conditions (SCA window width, source position, etc.) the absorp-
tion was consistently 10 percent greater than the calculated
value, This was considered reasonabie agreement, the experimental

value being used in the calculations of the reaction cross section

because of its consistency.
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APPENDIX C

The identification of the He3 group from the proton
bombardment of B10, proceeding to the groundstate of Bes, is
the subject of this appéndix.

Firstly, at a proton energy of 4.4 MeV,charged-particle
spectra were taken at laboratory angles of 300, 500, 700, 900,
1100, 1309 and 1500. The multichannel analyser used was
calibrated for channel number versus particle energy usiﬁg the
positions and calculated energies of the “0 and «

1
the Bw(p,a)Be7 reaction. The position of the "unknown" peak

groups from

at each angle was plotted on the resulting curve, and the
energies of the grpgps s0 obtained was found to be consistent
with thosé enefgiesrcaiéulated from the kinematics of the
B1O(p,He2)Be8 reaction (éeé figure C1).
Secondly, épectra were taken at laboratory proton
energies of 4;0,,5.0, 6.0 and 7.0 MeV{ and a plot made of the
calculated Hes energy versus the observed energy of the "unknown!"
peak. A straight line of unit slope resulted, as figure‘cz showé.
The "unknown!" peak was theréfore unambiguously identified

3

as the He” group from the reaction B1o(p,He2)BeB.
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