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During the past three years the author has
undertaken the study of some nuclear interactions induced by
neutrons, using nuclear research emulsions to detect the
products of the Yeaction.

At the outset of this work, the mechanism of neutron
induced reactions at an energy ~14 MeV was not clear. The
possibilities were either that the reaction proceeded through
the formation of a eombound nucleus, or by means of a direct
interaction, or a combination of both.

Neutron activation experiments of Paul and Clarke
had suggested the occurrence of a large direct interaction in
both (n,p) and (n,k) reactions at this energy for a large
number of different nuclei. Since such direct (n,®) reactions
appear unlikely as they would involve alpha particle
subgroups in all nuclei, this process was investigated first.
Nuclear research emulsions were irradiated with neutrons with
an energy ~14 MeV and the emulsions searched for evidence of
an alpha particle and electron starting at the same point,
indicating an (n,dl) reaction in Ag or Br. The observed
cross section for this process was much smaller than the

previously reported value. Later work performed by a rumber
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of authors, although not performed for the same elements,
has shown cross sections similar to those obtained by the
present author for the Ag and Br study. This work, described
in Chapter II, was undertaken entirely by the author.

Chapter III describes a Jjoint investigation with
GeBrown of the angular and energy distribution of protons
emitted from Al and Rh foils on bombardment with
uncollimated neutrons with an energy &~ 14 MeV. The author
performed the volume scanning necessary for the analysis of
the results and shared equally in the analysis. The results
of this experiment strongly suggested the occurrence of
direct interaction.

The remainder of the work described in subsequent
chapters of this thesis was performed independently by the
author under the supervision and guidance of Dr. P.V.larch,

To elucidate further the nature of direct interaction
a series of experiments, described in Chapter IV, were
performed on proton emission, under neutron bombardment,
from the separated isotopes F954, Fe56 and Ni6o. These
results provided more information upon both the direct
interaction mechanism and upon the decay of the compound
nucleus, The results were compared with theories of
direct interaction, and a modification by the author to

existing theories is described. This modification in
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which angular momentum conservation is assumed gives
angular distributions in good agreement with experiment.

The work previously described suffered from the
disadvantage of a large background subtraction due to protons
starting within the emulsion but unresolvable from protons
starting outside. By the use of higher neutron‘fluxes and a
neutron collimator, as described in Chapter_IV, a detailed
energy spectrum was obtained from aluminium. The energy
spectra of deuterons and protons at forward and backward
angles were found to exhibit structure. The energy levels
observed are shown to be in good agreement with thdse
observed by other workers in reactions leading to the same
residual nuclei.

The cross section for.the reaction n+p-)p+p+uf
at high energies is of particular importance because of its
dependence on the concept of charge independence. Previous
experiments performed on this reaction and other reactions
are in disagreement concerning the cross section for the
reaction n+p4)p+p¥w-at energies s 900 MeV. Nuclear research
emulsions were exposed to the 900 MeV neutron beam
from the Birmingham synchrotron by B.Munir and the emulsions
analysed, as described in Chapter V, by the author for

n+p-3p+p+W events., A cross section was obtained in



agreement with the previous measurement of the cross section
for this reaction.

The neutron flux was monitored by means of the
interaction of neutrons with the complex nuclei of the
emulsion. The characteristics of these disintigrations
are given. No previous studies of neutron interactions
with the complex nuclei of nuclear research emulsions have
been at sufficiently high energy for meson production to

play an important part.



CHAPTER I

INTRODUCTION

(1) Introduction

The central problem of nuclear physics is the
description of the forces acting between nucleons.
Studies of the inferactions of nucleons with nuclei
soon showed that known forces could not be used to
explain nucleon-nucleon interactions and a new type of
force - the nuclear force — was postulated. No complete
description of the interaction between two free nucleons
exists at present. Apart from this difficulty there ig no
experimental evidence that the interaction of two nucleons
within nuclei are similar, except for the restrictions
of the Pauli principle, to free nucleon-nucleon
interactions. Doubt is also present (e.g. Weisskopf, 1957)
concerning the mass of a nucleon within complex nuclei.
Thus at the present time any attempt to explain nuclear
reactions must proceed by means of apparently plausible
assumptions often guided by classical considefations. The
particular choice of assumptions may be taken as the

definition of a nuclear model.
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Many nuclear models are in vogue at the present
time, each with its strictly limited range of validity.
In general these models can be classified into two groups
according as to whether a nuclear reaction is assumed
10 involve all the nucleons of the nucleus or only a
few of the nucleons, In the compound nucleus model, in
which all the nucleons of the nucleus partake in the
reaction, it might at first be supposed that the
nucleon-nucleus interaction is strong. In the independent
particle model, in which nucleons are supposed to move
freely, and can be assigned definite quantum states, it
might be supposed that the nucleon—nucléus interaction
is weak. Within the last few years it has been realised
that this apparent contradiction can be explained.

The first part of this thesis concerns experiments
in the energy region where the compound nucleus model
appears to breakdown. Experimental results have been
obtained which cannot wholly be explained by the compound
nucleus model. A modification will be proposed to a
theory which considers nuclel as having both compound
nucleus and independent particle properties, and this

theory will be compared to the experimental results.
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(1i) Compound Nucleus and Statistical Models

Experiments performed by Moon and Tillman (193%5)
and Fermi and Amaeldi (1935) and by others indicated
large fluctuations in the cross section for slow
neutron scattering for small energy variations. The
large number of closely spaced resonances suggested a
many particle problem.

To explain the closely spaced resonances found
e<perimentally at low bombarding energies the compound
nucleus quel was advanced by Bohr (193%6). This model
may be referred to as the 'Bohr compound nucleus model’
to distinguish it from a model discussed later, Bohr
proposed that nuclear reactions should be considered as
divided into two stages. In the first stage the projectile
amalgamates with the bombarded nucleus to form a compound
state, in which the energy of the projectile is shared
with the nucleons of the bombarded nucleus within a very

short time of the order of lO-21

seconds. That is a time
corresponding to‘the time the projectile would take to
pass over a distance equal to'the diameter of the nucleus,
Intuitively Bohr argued that after a long time (much
greater than 1072L seconds) enough energy might be

concentrated on a single particle or group of particles



to allow it to escape. Hence in the Bohr compound nucleus
model the decay of the compound system bears little
relation to the manner in which it was formed.
| The basic predictions of Bohr's compound nucleus

model are that the emitted particles should have an
isotropic angular distribution and that the energy spectra
should have the llaxwellian shape common to all evaporation
processes. The energy spectra for charged particles
will be modified by the Coulomb barrier. Through all
stages of the reaction it is of course necessary that
total energy, angular momentum and parity must be conserved.

The lack of correlation between formation and
decay can be expressed mathematically by writing the cross
section for a particular reaction as the product of two
quantities. The first term represents the cross section
for the formation of a compound system, or sticking
probability. The second term represents the probability
for the decay of the compound system by a particular mode,
Hence the second term is given as the ratio of the
probability for the decay by one mode to the sum of the
probabilities of decay by all modes. Let the reaction

A +ta » C> B+b )

be considered, where a is the incident particle, b is
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the emitted narticle and A and B are the initial and

final nuclei respectively., Let G“(ﬂ’be the cross section

for the formation of a compound nucleus by a particle a

2t the excitation considered. Let‘thbe the mean life

of the compnound system for the decay by means of particle b,

Then the cross section for the process (a,b) is

olap) = 0(@) > @)

"
It is usual to define r' asr‘a.‘.r‘i. and so the units of r'

are those of energy., Because of its part in resonance

reactions it is usuval to refer to f' as a width., Equation (2)

r1

a,b) = — 3)
¢ (a,b) = o (a) T )

By applying the principle of detailed balancing the cross

now takes the form

section for a particular mode of decay is expressed in

terms of the cross section for the formation of a compound
nucleus by the tyne of particle whose emission spectrum

is required (Weisskopf 1937, Weisskopf and Ewing 1940).

The final expression for the number of particles Ni of type i
and with energy between E and E+dE emitted by a

comnpound nucleus 1s obtained as

N.AE)dE = K o, () Ew dE (®)

where/




whereﬂ'u(ﬁ)is the cross section for the formation of a
compuound nucleus by a particle of type i and with
energy€= E~-Q(where Q is the Q-value of the reaction),
is the level density of the residual nucleus and '( is
a constant.

The constant | is determined by the various

possible modes of decay. It is usual to assume that the

emission of protons, neutrons, deuterons and alpha
particles can be treated on an equal footing.

The variation of the level density is not
known with accuracy from nucleus to nucleus. The best
level density formula only predicts level densities
to within a factor of 3 (Newton 1956, Cemeron 1957).

In order to calculate the cross section for the
formation of a compoﬁnd nucleus it is necessary to make
further assumptions. It is well known that for light
nuclei the energy dependence of the total cross
section is accurately given by nuclear dispersion
theory. Bethe (1940) and Feshbachjy—Pmewsser and
Weisskopf (19%;) developed a method to obtain the
variation of the cross section with bombarding
energy for heavy nuclei. This simplified quéntum

mechanical calculation is usually referred to as the
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continuum theory. In this theory the range of nuclear
forces is assumed to be well defined. A particle which
renetrates into the nucleus is assumed to have an
energy glven by the sum of its energy outside and the
kinetic energy of internuclear motion, No individual
properties of nuclel such as resonances are considered.
The only parameters required are the nuclear radius and
the wave number of the projectile within the nucleus.
This theory predicts that the cross section for neutron
induced reactions is a smooth function of mass number
and that the total cross section is a monotonic
decreasing function of neutron energy.

Cross sections for the formation of the compound
nucleus by charged particles have been calculated by
Shapiro (1953%). Here the projectiles are regarded as
individual particles and so this theory does not include
deuteron stiripping. These calculations which depend
essentially on the barrier penetrability appear to be
in agreement with the (p,n) experiments of Blaser et al.
(1951 a and b). The cross section for.the formation

of the compound nucleus by a particle of 4e Broglie

waveleng‘bhx and angular momentum 1 has the form

o =X (2e+)T, (s}
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whereT is the Coulomb penetrability factor. It would be

2
expected that only particles with {(-R&- would interact
strongly with the nucleus where R is the nuclear radius.
If T‘. is assumed to be unity and summation in equation
(5) is carried out from €20 to 33% then the cross
section is found to equal &W R‘, or twice the geometrical
cross. section.

Quantum mechanically the resonance phenomensa
observed in slow neutron scatteringq-;\: describéd by
quasi stationary eigenstates of the compound system.,

The second stage of the Bohr compound nucleus model

must be represented as a sum over eigenstates. Hence

the second stage is only valid when the sum over eigenstates
is valid, that is at sufficiéntly high energy or when

the beam of bombarding particles is sufficiently
non-monoenergetic,

The work of Kapur and Peierls (1938) and Wigner
and Eisenbud (1947) has shown how the idea of
resonance elgenstates can be enlarged to define a
complete mathematical description of nuclear reactions.,
This approach is now often referred to as the compound

nucleus model e.g. Peaslee (1955). Using this definition

the compound nucleus model must always be valid for nuclear
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’reactions. Unfortunately this method of approach.
does not produce new physical information concerning
the nucleus.

A simplification of the compound nucleus (eigenstate)
problem is the statistical assumption. Here there is
assumed to be no correlation-hetween neighbouring
eigenstates., It is this statistical model which has
the properties proposed by Bohr; that is a lack of
correlation between the modes of decay and formation.

Using the statistical assumption it is possibler
to obtain, under general conditions (Wolfenstein, 1951),
the angular distribution of the emitted particles
as a function of cos2O, where @ is the angle between
the incoming and outgoing particles, in a nuclear
reaction. Hence the angular distribution of the
emitted particles is symmetric about 90o on the
basis of the statistical assumption. Any departure
from this symmetry will indicate the failure of the

statistical assumption.

As more accurate experiments become available

it is important to test the fundamental assumptions
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on which the statistical model is based. These assumptions
are that a compound system is formed immediately
by the bombarding particle and that the mode of decay
of the compound system is independent of the mode
of formation (independence hypothesis).

The independence hypothesis is difficult to
test experimentally. To test this hypothesis it is
necessary to form a compound system containing
the same number of neutrons and protons at the same
excitation energy by bombafding different nuclei., The
validity of this hypothesis would be expected to depend
on the nuclei and excitation energy involved;

The reaction NM'(n,p)C14 has been studied by
Stebler and Huber (1948) and the reaction Cla(p,n)l\ll14 by
Shoupp et al. (1949). These reactions both involve the
compound nucleus Nl5 and the same levels were found in this
compound nucleus in both reactions. This result, by itself,
since it is obtained by a mirror reaction, only indicates
the validity of the reciprocity theorem and does not give
information on the independence hypothesis. However, the

15

compound nucleus N7 is also formed in the reactions

N4 (n,) BT ang B (et,n) N4 which were studied by

‘Stebler and Huber (1948) and Walker (1949) respectively,
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and the same energy levels observed. The validity of
the statistical assumption is indicated by the two
sets of experiments having resonances at the same energy
values within the experimental errors. These
experiments indicate the validity of the independence
hypothesis in the region of a few MeV excitation
energy for light nuclei.

An experiment performed by ébshal (1950) seems
to give evidence in favour of the independence hypothesis
for excitation energies in the energy region of
15-40 lleV and middle weight nuclei. By suitably adjusting
the energy of the bombérding particle, to take into
account differences in binding energy, the compound

64 was obtained with the same excitation energy

63

system Zn
by bombarding Ni6o with alpha particles and Cu
with protons. The decay of this system by means of a
neutron, two neutrons and a proton and g neutron was
investigated. The ratios of the cross sections of these
processes formed by the two different methods were found
to agree suggesting the validity of the independence
hypothesis. However,xa discrepancy exists between the

Q values suggested by this experiment and the Q values

obtained from mass measurements. sSubsequent mass
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measurements (Eastman et al. 1956) confirm this discrepancy.
The validity of the independence.hypothesis
with regard to heavy elements was investigated by
John (1956). In this experiment the excitation function
of the reaction Pb206@1,xn) was investigated where
x=2,3%,4, He compared the results of his experiments with
the results of Kelly (1950) who studied the reaction
81209(p,xn), again, where x=2,3,4. The same compound
nucleus participates in both reactions. If the independence
hypothesis is valid it should be possible to shift the
energy scale of the excitation curves so that
o(han):o(phin):o (bén)= o (x,an): o (x,30) :0 (ox,dn)
The shift in scale should be such that the same excitation
of the compound nucleus is involved in both reactions.
Although it is possible for the scale to be shifted
to bring the cross sections into agreement there is
again a small discrepancy between the magnitude of
the Q values and the energy shift.
Experiments performed by Cohen and Newman (1955)
were designed to investigate the relative probabilities
of proton and neutron emission from nuclei in the same
mass region, 48-71, when bombarded by protons with an

energy of 21 MeV and neutrons with an energy of 14 MeV,
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These experiments indicate that proton emission is more
probable than neutron emission when the bombarding
particle is a proton. This result is at variance with
the independence hypothesis. It is not possible to
bring these experiments into agreement by lowering
the Coulomb. barrier due to oscillations of the
compound nucleus nor by adjusting the energy level
formula at low excitation.

Experiments performed by Gugelot (1954) and
Eisberg and Igo (1954) on inelastic proton scattering
et energies of 18 MeV and 31 MeV,respectively, and by
others, from various middle weight and heavy nuclei also
do not agree with statistical model predictions. Energy
spectra of protons were obtained with many more high
energy particles than could be accounted for by an
evaporation process. An asymmetry in the angular distribution
about 90° was also found. More protons were found to
be emitted in the forward direction: a result suggestiing
the occurrence of direct interaction,

Less sensitive than the study of angular
distributions, and to a lesser extent energy spectra,
were a number of experiments designed to measure total

cross sections for particular reactions. The uncertainties
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in these experiments are mainly in the values used

for the penetrability of the Coulomb barrier. Nevertheless,
Waffler (1950) using neutrons with an energy of 9 MeV

and later Paul and Clarke (1953) using neutrons with

an energy of 14 MeV obtained cross sections for

neutron induced reactions much larger then predicted

by the statistical model.

A critical analysis of the statistical model
immediately shows that a breakdown is not wholly
unexpected. It is necessary to consider the variastion
0f the level width“ and the level spacing D. When
the level width is much less than the level spacing the
reaction will show well separated resonances. This in
general will occur for light nuclei. When the level
width is much greater than the level spacing no individual
levels may be distinguished and the phase differences from
different levels mightycancel. However, whether or not, in
the region of overlap of resonances the differences in
phase between individual levels do cancel has to be
made the subject of experiment.

Because of the unsatisfactory nature of the
statistical model in explaining some experiments it is

necessary to examine in more detail the experiments
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which give apparently anomalous results in the hope
that they might give some indication of a more general model.
One of the main experiments to throw doubt on
the absolute validity of the statistical model also gave
an indication of a method of overcoming this difficulty.
Experiments were performed by Miller et al. (1952) to
clarify the variation of the total neufron cCross
section with mass number in the energy range from
O.l to 3 MeV. These experiments showed, disregarding
the effect of individual resonances, that neighbouring
nuclei exhibit very similar variations of cross
section with energy while elements far apart display
appreciable differences. Barschall (1952)Ashowed
these results on a three dimensional plot. The axes
represent energy, mass number and total cross section
divided by the geometrical cross section. Further
confirmation of these results have been obtained by
Walt et al. (1953) and others. Part of these remarkable
results is shown in figure 1.
The gradual change in cross section with mass
number and energy suggests a simple picture of the

nucleus such as & representation in terms of a potential

well,



FIG. 1, Totalneutron cross sections of elements heavier than Mn as a function of neutron energy. The surface is based on measurements

for the atomic welghts at which straight vertical lines appear in the figure.
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(1v) Independent Particle Model

The first attempts to explain nuclear reactions
supposed that the interaction of the projectile with
the target nucleus could be approximated by a real potential
well. The radius of the well was assumed to be comparable
to the nuclear radius while the depth was considered
to be a few MeV, According to this model the elastic
seattering cross section was found to approximately
equal the nuclear dimensions, while resonances are also
predicted with an energy of 10 to 20 MeV apart. The
closely spaced resonances found by Moon and Tillman
(loc. cit.) and others led to the temporary abandoning |
of this model.

On the basis of the compound nucleus model it
would be expected that the total cross section for
neutron interactions at an energy of 90 MeV would be
little different from the cross section at an energy
of 14 MeV, The difference would be caused by the slightly
different nuclear radius due to the difference in the
de Broglie wavelength of the projectile. The neutron cross

section at an energy of 14 MeV was measured by Amaldi et al.

(1946). Experiments performed by Cook et al. (1949) on the -
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total cross section of 15 elements ranging from hydrogen

to uranium for neutrons with an energy of 90 MeV gave cross
sections considerably different from those obtained at an

energy of 14 MeV. It was found that the cross section for

light nuclei was appreciably lower than expected while the
cross section for the heavier nuclei tended to the expected
value.

Berber (1947) pointed out that at energies of

men K
the order of 100 MeV the aa of a

neutron or a proton ;ithr\aiio#I«lLlrci r1nllmnan_]l§1 will be of the

order of the nuclear radius and consequently the

nucleus will appear partially transparent to the

bombarding particle, i'ernbach, Berber and Taylor (1949)

showed that the results of Cook et al. could be explained

using a nuclear radius of 1.37 10" cm, a

neutron energy within the nucleus of 31 MeV and a mean

free path of a nucleon in nuclear matter of the order of
—17?

4.5 X 10" 'em. The method of I'ernbach, Berber and

Taylor is known as the optical model. In the optical

model the scattering of the incident particle is considered

in an analogous manner to the scattering of light by a

glass sphere. In both problems reflection, refraction

and diffraction occur. The inelastic cross section 1is
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obtained by considering the mean free path of nucleons
in nuclear matter.

In order that the optical model will give the
reaction cross section it is necessary to consider complex
potential wells. The model in which the potential well
has both real and imaginary parts is often referred to
as the 'cloudy crystal ball model'. The simplest complex
potential is

V= -vo(1+1§) for r{R

V=0 for rPR
where r» is the distance between the centre of the
particle and the centre of the nucleus, R is the nuclear
radius, V and S,are constants depending on the energy of
the bombarding particle. A model in whichQ:l was employed
by Bethe (1940) while Fernbach, Serber and Taylor (loc.
cit.) used essentially this model. Ford and Bohm (1950)
also used this model with § =0 while discussing
zero energy scattering. In a proper treatment of the optical
model it is essential to take into account the spin
orbit interaction.

Feshbach, Porter and Weisskopf (1954) applied

the optical model at low energies. They found that

with a well depth of 42 lieV, S =0,0% and a nuclear radius




of 1.45 Al/3 x [0 “13 om that the observed total neutron
cross section could be reproduced. They also obtained
good agreement with the neutron scattering cross section.
Although showing qualitative similarity the ratio of
neutron width to level spacing was not in good agreement.

Later Woods and Saxon (1954) found a well shape

Vir)= B
I+ e

more satisfactory than a square well,

The region intermediate in energy between the
work of Feshbach, Porter and Weisskopf (loc. cit.)
and Fernbach, Serber and Taylor (loc. cit.) was
investigated by Culler, Fernbach and Sherman (1956).
They obtained good fits with elastic scattering end total
cross section experiments performed using neutrons Ln
with an incident energy of 14 MeV by using both a square
well and rounded well potentials.,

A simple relation )t

LV, = e (E 4V,

was given by Francis and Watson (1953) to relate the
magnitude of the imaginary part of the complex potential
(SVO) and the mean free path (N) of a nucleon in nuclear
matter in terms of the mass of the nucleon (m), its

energy (E), and the real part of the potential (Vo).

19.
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Using this relation Morrison, Muirhead and Murdoch (1955)
obtained satisfactory values for the imaginary parﬁ
of the optical potential from nmucleon-nucleon
scattering values. Similar results were obtained by
Clementel and Villi (1955) and Lane and Wandel (1955).
Serber (1947) .pointed out that after the first
collision of a projectile with an energy of the order
of 100 MeV with a nucleon of a complex nucleus the energy
transfer to the nucleon of the nucleus W111 be of the
order of 25 MeV, Conseguently, the struck nucleon will
not have a high probability of escape from the nucleus,
A nucleon which participated in the initial
nucleon-nuecleon collision within a nucleus may itself
collide with another nucleon of the nucleus, and so
there arises the possibility of a nucleon cascade within
the struck nucleus. This model was developed by Goldberger
(1948) . His method consists of tracing individual
nucleons through the nucleus and following each
collision partner in turn. Owing to the large number
of possibilities statistical methods are employed.
Collisions are only considered which leave both
collision partners with an energy higher than the

maximum Fermi energy of the nucleus., (That is the



2,

maximum energy that a nucleon in the nucleus might

have in the stable state of the nucleus treating

the nucleons of the nucleus as a Fermi gas). The path
of each nucleon which has suffered a collision is
followed until it has either escaped or has insufficient
energy to penetrate the Coulomb harrier. Subsequent
de-excitation of the nucleus is assumed to take place
according to the evaporation theory of Weisskopf (1937).

Experiments performed by Hadley and York (1950)
measured the energy and angular distribution of fast
charged particles emitted from carbon,copper and
lead on bombardment with neutrons with an energy of
90 MeV, The results indicated a large direct interaction.
The more energetic emitted particles were found to be
more forward peaked, The results were not in general
in close agreement with the predictions oflthe
Goldberger model.

To test the Goldberger model in more detail
Bernardini, Booth and Lindenbaum (1952a) bombarded electron
sensitive nuclear emulsions.with protons and neutrons
with en energy of the order of 400 MeV. About 80%
of the events observed were due to reactions taking

place in silver and bromine, the heavy nuclei of the
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emulsion. The prong distribution, energy and angular
distribution all appeared to be in general agreement
with the Goldberger model.

The programme proposed by Goldberger of
following individual nucleons through the nucleus was
performed in later work by Bernardini, Booth and
Lindenbaun (1952b) for incident particles with an
energy of the order of 400 MeV. Monte Carlo methods
were used to treat the complicated cascade. The results
of this calculation were found to be in satisfactory
agreement with experiment.

At lower energy the de Broglie wavelength of
a nucleon becomes larger and so it might be expected that
the Goldberger model would be less valid. To test the
1limit of this model an experiment and calculation
similar to that of Bernardini et al. was performed by
Morrison, Muirhead and Rosser (1953) for protons
with an energy of 120 MeV, Evidence was found that
particles emitted with energy as low as 20 MeV could
perhaps be accounted for by the Goldbérger model. However,
their results at this energy tended to be pbscurehdue to
the large number of evaporation protons.

To investigate the possibility of a direct




nucleon-nucleon interaction within complex nuclei
at rather low energies it was proposed to use neutrons
with an energy of the order of 14 MeV as the
bombarding particle. Perhaps the simplest experiment,
from the theoretical standpoint, would be one of the type
(n,n') since it would not involve Coulomb penetrability.
However, the low efficiency for detecting neutrons
(£€5%) combined with the low fluxes (~10" neutrons per
second into klf) which were available in Glasgow at that
time ruled out this possibility.

The experiments of Paul and Clarke (loc. cit.)
on (n,p) reactions using neutrons with an energy of 14 MeV
indicated a direct interaction. However, #he errors in this
experiment were large while uncertainties existed as a
result of Coulomb barrier penetrability and level densities.
Since 1953 many experiments in this energy range, mainly
on inelastic proton scattering, have confirmed a form of
direct interaction. When the present series of experiments
were started no results had been published on the angular
distribution or energy spectra of protons or alpha particles
from a reaction induced in complex nuclei by neutrons with

an energy of the order of 14 ileV.
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CHAPTER 11

(nA) REACTIONS IN COMPLEX NUCLEI
(1) Introduction

The experimental results of Paul and Clarke
(loc. cit.) are very surprising. In this work values of (n,p)
and (n,dl) cross sections were found many times larger
(in some cases 1,000 times larger) than the statistical
model would predict. An attempt to explain the large
(n,p) cross section was made by Austem et al. (1953)
on the basis of direct interaction taking place
at the nuclear surface. By assuming that scattering
takes place near the surface of the nucleus, protons
would have only part of the Coulomb barrier to penetrate
in order to escape. Although this might explain the large
values observed for (n,p) cross sections it i1s difficult
to extend this explanation to (n,c() reactions. As a first
approximation i1t would be necessary to postulate alpha

particle subgroups within sill nuclei, even very heavy

nuclei.

Since direct interaction of some nature would be

required to explain the large cross sections found by
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Paul and Clarke the angular distribution would be expected
to be forward peaked. Hence it was proposed to investigate
the angular distribution of the alpha particles emitted
from neutron induced reactions in heavy or medium

heavy nuclei.

The main disadvantage of experiments employing
miclear emulsions is the long scanning time usually
required. In order to minimise scanning time it is
desirseable 1o have a simple geometric condition which
may be applied to the tracks being investigated. If an
external radiator is used then only tracks entering at
the emulsion surface need be considered. In the case of
alpha particles a very thin radiator is required to minimise
energy loss., Since reactions in which alpha particles
are emitted might be expected to have small cross sections,
partly due to the Coulomb barrier, it is difficult to
have a comparable number of "interesting" tracks

end background.

Although reactions can teke place when & nuclear
research emulsion is bombarded with neutrons with an

energy of the order of 14 MeV which involve both singly
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and doubly charged particles, it is possible to distinguish
alpha particles from singly charged particles. However,
since only alpha particles arising from (n,®) reactions
in heavy nuclei were to be investiigated it was necessary
to obtain a method of distinguishing these alpha particles
from (n,®) reactions in other nuclei. In a few cases
after a charged particle has been emitted from a nucleus
in which a neutron induced reaction has taken place the
residual nucleus is radioactive and decays by emission
of a beta particle. If electron sensitive nuclear emulsions
are used the beta particle from the radioactive decay will
be detected. The decay electron also indicates unambiguously
the direction of the alpha partidle.

The composition of an Ilford G.5. electron sensitive
nuclear research emulsion is given in table 1.

Table 1

Composition of Ilford G.5. emulsion

Element gm/cm3
Silver 1.85
Bromine 1.34
Iodine 0.024
Sulphur 0,010
Carbon 0.27

- Nitrogen 0.067

Oxygen‘ 0.27
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After an (n,®) reaction in the lightest nuclei
of the emulsion» (carbon, nitrogen and oxygen) the final
nucleus is stable. Only 4.2% of the sulphur nuclei
occurring in natural sulphur after an (n,X) reaction
decay by emission of a beté particle. Since very little
sulphur is present in a nuclear research emulsion few
sulphur atoms will be observed to have an electron and
an alpha particle coinciding at the position of the
original nucleus. Similarly because of the small amount_of
iodine present, nuclei of this element may be neglected.

Natural silver consists of 52% Aglo7 and 48% Ag109

81

and natural bromine consists of 49% Br and 51% Br79.

(n,&) reactions in these nuclei are described by

Ag107 + n=-> Rhlodr + &
Aglog + n =y Rh106 + o
Br79 + N =9 As76 + o
BrPl + n-%» as’® 4 o«

78

Since the half life of As is 90 minutes many

8l will have an

electron at their origin. The half life of As76 is

of the alpha particles arising from Br

26.8 hours, and so if development takes place a few

hours after the exposure virtually no electrons from

this reaction will be observed,
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Both Rhlo4 and Rh106 are beta active isomeric nuclei

with half lives of 4.4 minutes, 42 seconds, and 2 hours
and 30 seconds respectively. Hence if processing commences
a few hours after the exposure it is possible to distinguish

(n,80) reactions originating in Aglo7, Aglo9 8l

and Br
from other (n,X) reactions.,

The cross section obtained by Paul and Clarke
(lLoc. cit.) using neutrons with an energy of 14 MeV for
an (n,el) reaction in Brot was 103 mb that is 572 times

larger than was predicted on the basis of the statistical

model.

Ilford G.5. nuclear research emulsions 400 microns
thick and 2"x2" in area on glass backings were used.
IThese emulsions were exposed to neutrons with an energy
of 14 MeV from the T(d,n)He4 nuclear reaction
induced by deuterons accelerated on the Glasgow H.T. set.
The tritium target consisted of tritium partly absorbed
and‘partly chemically combined with zirconium. This was
soldered to a braés waber cooled backing and fitted to
the H.T. set.

The neutrons entered the centre of the emulsion
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at an angle of 30° to the emulsion surface. The exposure
lasted two houis and the integrated neutron fiux at
the emulsion surface was 6.5x10° neutrons/bm2.

Three hours were allowed to elapse between the end
of the exposure and the start of the ge?eloping process,
The developing process consisted of first placing the
emulsions in a dish of water at 20°C and then lowering
the temperature rapidly tOﬁ'SOC. At this temperature the
emulsion is insensitive to charged particles and so any
radioactive decays which took place after the start of the
developing proceés were not recorded.

The method employed for processing was essentially
that proposed by Dainton, Gattiker and Lock (1951). This
method is described in table 2, Care was taken thatl the
emulsion never suffered a rapid change in temperature_
after the.initial lowering to SOC. Before being placed on
the hot plate excess developer was carefully removed
from the emulsion surface by £ilter paper. The remaining cold
stages were performed in large dishes standing in a
trough of cold water supplied by a cooling unit.

The thickness of the emulsion and glass backing

was measured before and after processing. These readings

together with the thickness of the emulsion measured on



Developer: Amidol 3 gm, Anhydrous sodium sulphite 12 gm,

Distilled water 1000 cc.

Stop bath: 3% Acetic acid.

Fix: Sodium thiosulphate 400 gm, Sodium bisulphite 30 gm,

Tap water 1000 cc.

Treatment

Pre sogk 90
Developer 5°C 90
Hot plate 20°C | 30
Stop bath 10°C 90
Wash, distilled water 5°C 90
Fixing 5°¢ 36
Wash 5°C 60

Drying ' 60

Time

minutes
minutes
minutes
minutes
minutes
hours

hours

hours
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a migroscqpe after processing gave the thickness of the
emulsion during the exposure,

Scanning was performed using a Watson binocular
microscope with x10 eyepieces and a x45 oil immersion
objective. To facilitate scanhing a graticule was placed
in one eyepiece. A volume at the centre of the emulsion
was scamned for alpha particles and electrons appearing
to originate at the same point. All tracks which appeared
to satisfy this condition were further examined by
means of a x90 oil immersion objective. Only tracks
having dips of both electron and alpha particle of less
than 450 in.the wnprocessed emulsion were recorded.

The scanning was made difficult by the large
background and the small number of events found, the
latter indicating a much smaller cross section than
thet reported by Paul and Clarke (loc. cit.). The small
cross section found in the present expériment led to
the abandoning of the attempt to obtain an angular
distribution and the cross section for the process

was calculated,
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(iv). Calculation of the Cross Section

Since tracks with dips of both electron and
alpha particle of less than 45° were accepted, (ii%i§)=%
of the desired type of track in the volume scanned
were recorded. Since the exposure lasted two hours
end the time after the exposure to the start of the
developing process was three hours virtually no events

78 were recorded. Hence only the reactions

Brel(n,a()As78, Aglo9(n,o()Rh106 and Ag107(n,d)Rhlo4

originating in Br

contributed to the events observed. The fraction of

nuclei of As78

which decayed before processing was
0.84, Since 36 events were found in a volume 0.82x10-30m3,

and if it is assumed +that the cross section for an

10 10 81
7’ Ag 9

(n,X) reaction in Ag and Br-~ are equel,
then each has a cross section of 9+5 mb. The error shown
allows the neutron flux to be in error by 50%.

A small volume of the emulsion was examined for
protons with an energy and angle to the incident
neutron direction satisfylng the condition for the
collision of neutrons with an energy of 14 MeV with the
hydrogen of the emulsion. (Such tracks will be referred
to in the following as 'knock-on protons'). Although no

systematic scanning for knock-on protons was carried out,
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the preliminary investigation indicated that such
scanning would glve the same integrated neutron flux
as the scintillation monitor to within 50%. Hence
the (n,M) cross section reported here is ten times
smaller than the value reported by Paul and Clarke
(Loc. ecit.).

The calculated cross section for an (n,R)

8l on the basis of the statistical

reaction in Br
model is 0.2 mb according to these authérs. Although
the present results do not agree with those reported
by Paul and Clarke they do not eliminate the possibility
of direct interaciion.

Because of the small cross section it is
not possible to obtain the angulaf distribution by the

method described here without an excessive amount

of work.

During the course of the work described above,
and since the completion of it, a number of results have
been reported on cross sections for (n,®) reactions

induced by neutrons with an energy of the order of 14 MeV.
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The cross sections obtained for medium heavy and heavy
nuclei are of the .order of 10 mb and less. Blosser et al.
(1955) obtained cross sections of the order of 4 mb

for Zn68, Zr90, Zr94 and In.l15

using counters and
chemical separation. Similar cross sections have been
obtained by Armstrong and Brolley (1955), Ribe and
Davis (1955), Dzantiev et al. (1957) and others., None
of these workers have studied the elements investigated

here,
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CHAPTER 111
(n&p) i"CTIONS IN NATURAL ALUMN im AND RHODIUM

(1) Introduction

To investigate the possibility of a direct
nucleon-nucleon interaction within complex nuclei at low
energy, as suggested by the experiment of Morrison et al.
(1953) it was proposed to study the (n,p) reaction using
neutrons with an energy of the order of 14 MeV as the
bombarding particle. The results of Paul and Clarke (loc.
cit.) for an (n,p) reaction were in general larger than the
cross section for an (n,cA) reaction. This is of course the
result that would be expected because of the lower
Coulomb barrier for protons. The larger cross section for
an (n,p) reaction together with the neutron flux available,
although allowing the use of an external radiator was not

sufficient for a collimated neutron beam to be used.

(11) Apparatus
The apparatus is shown schematically in figure 2.

The scattering camera consisted of a cylindrical brass



GOLD SHIELD
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Figure 2 Schematic diagram of apparatus
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container 5" in diameter and 53" long. In the centre of the
base was a water cooled block on which was placed a tritium
zilrconium target. The target was held in position by a
cover plate, which was attached to the water cooled
block by three small screws., In the centre éf the cover
plate was a hole 1/16" in diame%er 80 gliving an effective
point source of neutrons.

A plate holder of brass screwed into the base
of the brass cylinder. The plate holder was capable of
holding six nuclear emulsions 4"x1l" standing on end
hexagonally around the tritium zirconium target. To
minimise scattering the top of the plate holder was
Joined to the lower part by six thin brass rods. The
deuteron beam was collimated by a brass plate at the top
of the scattering camera with a hole >mm in diameter in
the centre. Beyond the collimating slit there was a
liquid air trap 93" long. The whole apparatus was
joined to the column of the H.T. set. The air pressure
in the scattering camera was that of the column of the set.

The material being investligated was placed between
400 micron thick sheets of gold and 400 micron
thick Ilford C.2. nuclear research emulsions. The thickness

of material used was aluminium 6 mg/bmz and rhodium 12 mg/cmg‘
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The aluminium was in the form of foil while the rhodium
was electroplated on to the gold sheets. Background
exposures were also obtained in which a 400 micron thick

sheet of gold alone was placed above the emulsion.

(1ii) Exemination of Fmulsions

Emulsions exposed to gold and the element being
investigated and emulsions exposed only to gold were
scanned in a region corresponding to neutrons incidentrat an
angle of 300 10 the unprocessed emnlsion surface for proton
tracks entering at the surface. The position of scanning
corresponds to neutrons with an energy of 13.2+0.2 MeV,
Because of subsequent energy correctibns and scanning
efficiency only tracks with dips between 10° and 45° to
the unprocessed emulslon surface were accepted.

Background effects present were due to tracks
from the gold foil and tracks starting within the emulsion
but unresolvable from tracks entering from outside. In
order to obtain the energy and angular distribution
of tracks arising in the gold scanning was performed
inside the emulsion. To ensure that most of the tracks

found within the emulsion stopped in the emulsion only the

top half of the emulsion was scanned. The geometrical
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acceptance conditions applied to tracks found within
the emulsion was the same as those applied to the surface
scanning, that is tracks were only recorded with dips

vetween 10° and 450 to the unprocessed emulsion surface.

Tracks found on the surface of the emulsion
exposed only to gold and tracks found in the volume
scanning were divided into two groups. One group consisted
of knock-on protons, the other consisted of all other
tracks. Using for normalisation the knock-on protons
it was found that there were relatively more tracks other
than knock-on protons on the surface than inside the
emalsion., These excess tracks were assumed to be due to
gold.

It was first assumed that all tracks satisfying
thie knock-on condition observed on the surface of
the background plates do actually arise within the
emulsion. Using these tracks and the knock-on protons
found in the volume scanning for normalisation the
energy and angle of tracks arising in the gold, other than
those satisfying the condition for knock-on protons, was

found. To allow for tracks originating in the gold and
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satisfying the condition for knock-on protons a few
tracks were added to the other gold tracks to give a
smooth energy and angular distribution of tracks from
gold. The energy of these tracks was modified according
to the tracks dip in unprocessed emulsion to give the
spectra expected from gold after the particles had
passed through the material being investigated.

In table 3 is shown the number of tracks entering
the surface of the emulsion exposed to gold and the
material being investigated ('Protons observed'), the
number of these found to be knock-on protons ( 'knock-ons'),
the number due to other optically unresdlvable background
within the emulsion ('Background') and the number due
to gold ('Gold'). The last column gives the number of
tracks from the material being investigated. |

Allocation of tracks

S —
Element | Protons | Knock- Backgroundl Gold | Protons

observed | ons from foil

=

1600 220 30 70

Rh 1140 | 490 _60
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Table 4

——— e ——— -
+

Energy loss in Al and Rh foils in eV

————— R

Initial Energj of Proton in MeV

angle of

proton

The energy spectra and angular distributions of the
protons from the material being investigated were
found by subtracting according to energy and angle the
total background from the tracks observed in the emulsion
exposed to aluminium and rhodium.

All angular distributions and energy spectra
were corrected for the geometry of the apparatus. Figure 3
shows the variation of the efficiency of the geometry
used to detect protons from the foil as a function of the
direction of the proton with respect to the incident
neutron direction;

An error is introduced in the energy spectra due
to the energy loss of protons in traversing the foil of the
material being investigated. The energy loss is a function
of proton energy and dip. The energy loss for a few typical
proton energies is shown in table 4 for protons assumed

to start at the centre of the foil.
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Figure 3 Geometrical efficiency (€ ) of apparatus as

a function of angle (@) to the incident neutron

direction.
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A method for correcting the energy spectre for
the finite thickness of the target foil was suggested
by G. Brown. In this method the target foil was considered
as divided into three foils each assumed infinitely thin.
A numericael trial and error method was applied to find
the spectrum from each foil which would give the observed
energy spectrum. Unfortunately this method suffers from
the disad#antage of smoofhing the energy spectra., This
method was applied to the aluminium energy spectrum.

As 1s indicated in table 4 the energy correction
due to the finite thickness of the radiator becomes
important at low proton energies. Since virtually
no protons were observed from rhodium with an energy
below 4 MeV the method of Brown, described above,
was not applied. The rhodium energy spectra was simply
corrected by adding to each track the energy it would
have lost if it had started at the centre of the foil.

The integrated neutron flux was obtalned from
the volume scanning., Only tracks which satisfied the
condition for knock-on protons were considered., The
geometric acceptance conditions applied were the same
as those used in the scanning for tracks entering the

surface of the emulsion and so the geometrical correction
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factors shown in figure 3 were used. Since neutron-proton
scattering at an energy of 14 MeV is isotropic in

the centre of mass system and the hydrogen content

of an emulsion is known it was possible to ca;culate the
integrated neutron flux at the cenﬁre of the emulsion
surface which wés scanned. The value obtained was

. used in calculating the differential cross section.

(v) Discussion of Algginium and Rhodium Resultg

In the case of aluminium & number of short
range tracks were found which were thought tp be alpha
particles. These were excluded from measurement.

Since natural aluminium consists of 100% x?7
and rhodium consists of 100% Rh;o3, the investigation
being described involved only one isotope of these elements,

The angular distribution obtained for the charged
particles emitted (which shall be called for the present
protons) when aluminium and rhodium are bombarded with
neutrons with an energy of 13.2 MeV are shown in figures 4
and 5. The errors shown are the standard deviations,

The angular distributions of the protons observed from

aluminium were divided into three groups, namely protons

of energy less than 4 MeV, those with an energy between 4
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and 7 MeV, and those of energy greater then 7 MeV. Since
virtually no protons were found to be emitted from rhodium
with an energy below 4 MeV the rhodium angular distribution
is divided only into two, |

The solid line is the angular distribution
predicted by the model of Brown and Mhirhead (1956). In
this model the emission of protons is assumed to take place
in two distinet stages. Initially the emission takes
place due t0o direct nucleon-nucleon collisions occurring
throughout the nuclear volume and later by the decay of
the compound nucleus. They assumed that the target nucleus
could be represented as a Fermi gas of nucleons and that
direct collisions were limited by the Pauli exclusion
principle. The dotted line is the isotropic contribution
due to the decay of the compound nucleus according
to the theory of Brown and Muirhead.

The angular distribution of the protons from
rhodium is more forward peaked than that observed for the
protons arising in aluminium. Protons of energy greater
than 7 MeV are forward peaked for both aluminium and rhodium,
protons of lower energy from aluminium are more, if not,
isotropic within the present statistics. The distribution

according to the theory of Brown and Muirhead (loc. cit.)
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agrees with the rhodium data better than the aluminium.
This theory appears to give a forward peak more pronounced
than is indicated by the aluminium experimental results.,
Figures 6 and 7 show the experimental energy
spectra observed from aluminium and rhodium. In.neifher
case has the energy spectrum the Maxwelllan shape predicted
by the statistical model. The energy spectra of the
protons from aluminium and rhodium differ markedly in
shape, The aluminium energy spectrum shows a high peak
at low energy, that is for protons with an energy less
than 5 MeV, while most of the rhodium cross section 1is
for protons with an energy between 5 an@ 10 MeV, Assuming

-13 A;/3 cm, where A is the

a nuclear radius of 1l.4 x 10
mass number, the usual simple expression for the classical
height of the Coulomb barrier gives 4.5 MeV and 10 MeV
for aluminium and rhodium respectively. Thus for both
elements a considerable part of the cross section is below -
the classical height of the Coulomb barrier.

There are two possible explenations of the large
low energy peek found in aluminium, Since it is not
possible to distinguish protons and deuterons in Ilford C.2.

nuclear research emulsions the spectra may contain a

considerable number of deuterons. Although the Q value for
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an (n,d) reaction in aluminium is -6.09 MeV and for an

(n,p) reaction is -1.09 MeV it does not necessarily

follow that fewer deuterons than protons would be observed.
(A1l Q valuies were obtained using the binding energy tables
of Feather, 1953. These results are in substantial agrecment
with all later work on experimental mass valug determinations
for the elements investigated in this thesis). The higher
Coulomb barrier for deuteron than proton emission will

also not restrict appreciably the number of deuterons observed
if the (n,d) reaction takes place by a pick-up mechanism at
the nuclear surface. The number of deutefons emitted from
aluminium will be discussed further in Chapter V, Since the
Q value for an (n,d) reaction in rhodium is -4.,25 MeV a
number of deuterons may also be present in the spectra
observed from this element.

A second explanation of the large number of low
energy protons found in the case of aluminium may be
obtained by considering the Q values for the processes
(n,np) and {n,2n). Because of the Coulomb barrier it is
expected that the probablility of neutron emission is much
greater than the probability of proton emission from a
compound nucleus at the same excitation, assuming both

processes to be energetically possible. However, it is
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possible that for certain nuclei at a given excitation there
exists Q values forbidding neutron emission, but allowing
proton emission. This situation arises in the case of
aluminium where the Q value for (n,np) is -8.3 MeV

and for (n,2n) is -13%.0 MeV. Hence if.after the emission

of the first neutron the excitation energy of the aluminium
nucleus is less than 4.7 MeV only proton emission can take
place.

These mechanisms have not been considered in the
theory of Brown and Muirhead (loc. cit.) and offer
an explanation of the discrepancy between the results of
their theory and experiment at low energies.

With the experimental arrangement used in the
investigation being described the angular distribution
was obtained for protons emitted in the angular range from
0° to 1400 with respect to the incident neutron direction.
It was assumed that the differential cross section was
constant in the angular range from 900 to 180° and so the
total cross section was obtained. The values obtained
were 140+30 mb and 25+5 mb for aluminium and rhodium
respectively. |

The cross section obtained for aluminium may be

compared with the results of Allan (1957), working at
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Harwell, He measured the cross section for the emission of
protons when aluminium is bombarded with neutrons with

an energy of 14 MeV using nuclear research emlsions and
obtained a value of 140 mb. This cross section was measured
at an angle of 34°+20° to the incident neutrons in the
forward direction and so this value would be expected to

be higher than the value reported here.

The cross section for A127(n,p)M827

was measured
by Paul and Clarke (loc. cit.) and by Forbes (1952) using
an activation technique. They measured the residual
activity of the Mg27 nuclel after the bombardment of
aluminium with neutrons with an energy of the order of
14 MeV, Paul and Clarke obtained the value 52410 mb and
Forbes the value 82+5 mb,

If certain plausible assumptions are made concerning
compound nucleus decay it is possible to obtain a value
of the activation cross section from the energy spectrum
reported here. If a compound nucleus is formed by the
capture of a neutron with an energy of the drder of 14 MeV
after the emission of the first proton thg nucleus might
still have considerable excitation energy. Since the half
life against :f decay is very long Qompared to the |
half life against particle emission, & particle will in



general be emitted provided such a process is energetically
possible, Hence the area under the energy spectirum of the
emitted protons where the nucleus has not sufficient energy
to emit another particle might be expected to represent
the activation cross section. The value obtained for the
activation cross section from the energy spectrum reported
here was 55+15 mb in approximate agreement with the results
of Paul and Clarke and of Forbes. The theoretical wvalue
for the activation cross section according to the calculation
of Paul and Clarke for a pure statistical theory of the
reaction is 146 mb,

The theory of Brown and Muirhead (loc. cit.)
gives good agreement with the cross sections obtained
experimentally. This theory predicts cross sections of
150 mb and 25 mb for aluminium and rhodiwn while the
values obtained experimentally were 140+30 mb and 25+5 mb.,

Results on the energy spectrum of protons emitted
when rhodium is bombarded by neutrons with an energy
of 14.5 MeV have recently been obtained by Colli et al;
(1958) using counters. Although the energy spectrum
obtained by these workers only covers the angular range
0° to 400, and hence is not directly comparable with the

present results, it follows closely the relatively
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flat shape reported here,.

The emission of protons from natural iron when
bombarded by neutrons with an energ& of 13,2 MeV was
investigated by Brown and Morrison (Brown et al. 1957).
This experiment also pro#ided evidence fqr-a direct
interaction. A more detalled study of the protons emitted

from the iron isotopes will be given in the next chapter.,

Conclusions

There appears to be a contribution to the (n,p)
reaction in ealuminium and rhodium nuclei from a direct
interaction process. The most conclusive evidence
comes from the angular distribution of protons with an
energy greater than 7 MeV, Many particles were found with
an energy less than what might be expected to be the ,
height of the Coulomb barrier in both cases. A portion of
the low energy aluminium results might be explained by an

(n,np) or (n,d) process,
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HAPTER IV

— — — — — e e ——

56 ana m1®°

The rhodium and aluminium results showed that a
considerable fraction of the expefimentally observed cross
section gsould not bé explained by a compound nucleus
mechanism. Any type of direct interaction sihce it will
involve individual nucleons might be expected to differ
from nucleus to nucleus. However, because of uncertainties
in the calculation of Coulomb penetrabilities, it is
essentlial that any comparison of nuclei must be carried out
for nuclei of similar or the same charge, It would be
expected that owing to the large difference in the
Q values for the (n,p) reaction in Feot (Q value 0.3 MeV)
and Fe?® (Q value -2,9 MeV) that the contribution to
the direct interaction in these nuclel would differ.

When the previous results were obtained there
existed two theories pertaining to explain direct interactions
in reactions induced by neutrons with an energy of the
order of 14 MeV, In the model of Austern, Butler and

MceManus (1953) the direct interaction was assumed to be

due/
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due to collisions of the incident neutron with protons
of the bombarded nucleus which had leaked through the
Coulomb barrier., In this model the shape of the

angular distribution depends on the angular momentum
states involved. The second model, that of Brown and
Muirhead, which was briefly described above, considered
all particles to have the same Coulomb barrier to
penetrate after the n-p collision. This model predicts
rapid changes.in the cross section with ehanges-in the
Q value for the process andﬁnglevel densities, As a
result of these considerations this theory predicts
markedly different cross seotions and angular distributions

54 56

for the two isotopes of iron Fe and Fe” ', A study of

these nuclei would provide a test of this model,

56

The nuclei Fe54 and Fe also serve as a test

of the assumption that the low energy peak in the energy
spectra is the result of an (n,np) reaction. An (n,np)
process not competing with an (n,2n) process is possible

54 56. Because of the similar Coulomb

54

in Fe” "', but not in Fe

barriers the occurrence of such a peak in Fe and not
in Fe56 would serve as almost conclusive evidence for an
(n,np) type of reaction. Since it was hoped in the present

investigation to obtain better statistics than
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in the aluminium and rhodium experiment it would be
possible to measure the angular distribution of the low
energy peak. |

56

The nucleus Fe”~ was also thought to be of interest

because of an approximately rectangular energy spectrum
found by Allan (1957) for protons emitted from Fe°°

on bombardment with neutrons with an energy of 14 MeV., He
did not measure the angular distribution of the protons.

54 56

After the completion of thé Fe and Fe

work
it became clear that a study of the reaction NiGO(n,p)COGO,
which has a Q value of -2,0 Mev; that is intermediate

>4 and Fe56, but has an approximately similar

between Fe
Coulomb barrier, would be of interest. Since the experimental
arrangement.and analysis was very similar to that used

for Fe54 and Fe56 the investigation of all three isotopes

| will be described simulianeously.

Since no higher neutron fluxes were available
the apparatus used in this investigation was the same
as that used in the previous work except that the liquid
air trap separating the scattering camera from the H.T.

set was omitted, To improve energy resolution it was
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proposed to use thinner foils W6 mg/cm2) than that used
in the rhodium experiment (~12 mg/cmg). In the present

exposure the 200 KeV Glasgow H.T. set was employed.

Separated isotopes of Fe54, Fe56 and Ni6o

each of thickness 7 mg/cm2 covering an area 1} cm x 1} cm
were supplied by Harwell electroplated on to 5 micron

thick gold. The composition of the isotopes were:

54 56

and 23%% Fe” ,
56

Ni6o separated isotope consisted of 99.2% Ni60. These

Feot separated isotope consisted of 67% Fe
Fed® separated isotope consisted of 99.9% Fe”’~, and

gold foils were placed on top of 400 micron thick sheets

of fine gold 4"x1l" in such a position as to correspond

to neutrons incident on the separated isotopes at an

angle of 300 when the gold sheets were placed in the
scattering camera, The gold was placed on top of 400 micron
thick 4"x1" Ilford C.2. nuclear research emulsions

‘with the separated isotope next to the emulsion. Since

iron and nickel attack nuclear emulsions it was essential
that they be kept apart from the emulsion surface. This

was done using 5 micron diameter platinum wires placed
between the emulsion and the separated isotope one at the
top the other at the bottom of the foil. To protect the

emulsion from the light generated by gas scattering
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of the deuteron beam the glass backing of the emulsion
was covered by black tape.

In each exposure four foils of two of the
separated isotopes and two emulsions exposed only to
gold were placed in the scattering camera. They were
arranged alternately in the hexagonal plate holder.
Great cere was taken that the emulsion surfacelwas
perpindicular to the plane of the tritium target.

The deuteron current falling on the water
cooled block was measured throughout the exposure. A
plastic scintillator and photomultiplier placed 100 cm
from the neutron source was used to monitor the neutron
flux., The scattering ceamera was adjusted to give the
maximum current falling on the water cooled block while the
scintillation counter gave the integrated neutron flux,

In the last of the three Fé54, Fe56 exposures
and in all the Ni6o exposures, which were scanned, the
scintillator spectrum was observed on a kicksorter and
the bias of the discriminator set so as to record pulses
due to knock-on protons from meutrons with an enefgy
of the order of 14 MeV. This was found to be necessary

due to large differences in scintillation counter fluxes

and the fluxes observed by emulsion scamning in the first
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two exposures. The excess low energy neutrons appeared

to be due to the d(d,HeB)n reaction. Before all exposures
the whole apparatus was thoroughly cleaned to remove
deuterium deposited in previous exposures. The deuterium
deposit on the water dooled block and collimating slit
was large due to difficulty in focussing the deuteron

beam.,

An integrated neutron flux of a few times lO8

neutrons/cm2 at the emulsion surface was aimed at in all
exposures.

The H.Te set operated during the exposures at
a deuteron energy of 170 KeV,

The thickness of the emulsion and glass backing
of all plates was measured immediately on removing the
scattering camera from the column of the H.T. set in order
that the emulsion thickness could be obtained under
conditions as close to those in which the experiment
was performed as possible.

The method used for processing was the same
as that used previously, except that it was necessary to
add an additional stage. After the usual developing process
and when the dilution of the fix reached the stage

when fix could not be detected by a potassium permanganate
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solution the emulsions were placed in a 2% glycerine
solution for one hour, This prevented the emulsions
becoming too dry and brittle and so peeling off the
glass backings.
This method was found to give cleary evenly
developed emulsions with a low level of distortion.
Thickness measurements were performed after the
emulsions were dry with a comparitor, reading to at least
one micron, and a Cooke M 4000 microscope to the same
accuracy in order that the shrinkage factor of the emulsion

could be obtained at any subsequent time.

Areas of emulsion surface corresponding to neutrons
incident at an angle of 30° to the emulsion surface on all
plates were examined. The area of scanning on each plate
was chosen so small that the incident neutron direction
was never in error by more than 3°. The energy of the
~incident neutrons was 13.5+0.2 MeV.

In order that the scanning efficiency would be as
high as possible the scanning was performed in two stages.
First the emulsions'were examined with x50 oil immersion

objectives and x10 éyepieces with a graticule and the
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coordinates af all fields of view in which a track appeared
to cross the emulsion surface were recorded. ihe position of
the track within the field of view was also noted together

with a rough drawing of the track. This was performed for a

whole "scan" (usually 6 mm in length) without stopping to

examine any track in detail. By moving a grain on one side
of the graticule to the other the microscope stage was
moved one graticule size (90 microns) at a time. The
graticule square was divided into four by the horizontal
axis and the graticule scale. On the emulsions exposed to FeS?
in which the density of tracks crossing the emulsion

surface was much greater than in any of the other exposures,
each square of the graticule was examined separately. With
this method an efficiency of at least 98% was achieved.

On completion of a scan the tracks recorded were
examined in more detail as to their direction. Those tracks
which appeared to enter at the emulsion surface were further
examined by means of a x90 oil immersion objective to
determine whether or not they actually entered at the surface.
It was possible to decide in very nearly all cases if the
track started at the emulsion surface to within % micron,
that is to the diameter of an emulsion grain. This

examination of tracks was performed by bhysicists to

standardise selection criteria. Agreement as to whether oOr
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not the tracks entered at the surface was obtained in all
cases., It was found difficult to decide in which direction
a few short range tracks were travelling. (These tracks
correspond to protons in the energy range 2-4 MeV), A
similar number of such tracks was observed in emulsions
exposed to gold and to gold and separated isotope.

Since it was difficult to tell in which direction
very short range tracks were travelling no tracks with
projected length less than 22% microns were measured. This
limit corresponds to protons with an energy of 1.5 MeV.
Because the scamming efficiency decreases for steep tracks
an upper limit of 45O in the unprocessed emulsion was imposed
on the dip angle. To eliminate the possibility of large
uncertainties in the energy of tracks passing through
large distances of foil no tracks were accepted with a dip
angle of less than 10° to the emulsion surface.

Tracks which satisfied the above conditions were
accepted for measurement. All measurements were made using
x50 oil immersion objectives. The projected direction of the
point of entering the emulsion on the plane of the emulsion
with respect to the sides of the emulsion was measured with
a goniometer eyepiece (horizontal angle). The projected

length on the emulsion surface of the track was also
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measured. The depth in the emulsion of the first 45 microns
projected length was measured. The depth in the processed
emulsion of the end of each accepted track was measured and
so also was the position of any sharp discontinuities in the
dip of the track, The thickness of the emulsion was
measured with a microscope each day.

Volume scanning was performed in which a given
volume of emulsion was searched for the start of proton
tracks. Great care was taken that no tracks were missed.
This was done by considering only % of the field of view at
a time. The volume scanning was somewhat easier than in the
aluminium and rhodium exposures due to less fogging of the
emulsion, The efficiency for detecting protons starting |
within the emulsion was greater than 95%. Tracks which
satisfied the same geometric conditions as applied to the

surface scanning were measured by the method described above,

The angle which each track made with respect to the
inecident neutron direction was calculated. Horizontal angle
measurements were made to within i2° and the dip angle in
the processed emulsion was correct to within i4°'and s0

the angle with respect to the incident neutron direction
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was correct to within tSO in all cases.

'The total dip along with the projected length and
details of any sharp changes in the dip were used to
calculate the energy of the accepted tracks assuming the

tracks to be protons. In the energy calculation the range

energy tables of Rotblat (1951) were used,

Figure 8 shows the distribution according to energy
and angle in space with respect to the incident neutron‘
direction of tracks with an energy less than 4 MeV observed
on a typical background plate. Very few proton tracks of
energy greater than 4 MéV do not satisfy the condition for
knock-on protons produced by neutrons with an energy of the
order of 14 MeV. Figure 8 indicates that background tracks of
energy less than 4 MeV can be divided into three groups of
which the central group corresponds to knock-on protons
produced by neutrons with an energy of the order of 14 MeV,

A possible explanation of the other two groups, as

suggested above, is that they are due to knock-on protons
from the collision of neutrons with an energy of the order of
4 MeV produced in the reaction d(d,HeB)n. If this is the

case it then appears that there are two sources of neutrons
with an energy of the order of 4 MeV; one at the collimating

slit, the other at the tritium target.



Figure 8 (Top) Number of protons (N, arbitrary units)
observed with an energy & 4 MeV starting
within the emulsion as a function of the
angle (©) to the incident neutron direction.
(Bottom) Number of protons (;:'t":{'e , arbitrary
units) per unit solid angle in the centre of
mass system as a function of the angle (8) in
the laboratory system to the incident neutiron

direction.
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(v) Anelysis of Results

Since the results of the aluminium and rhodium
investigation indicated a cross section for the emission of
protons from gold of 10 mb as an upper limit, it was decided
in the present investigation to neglect the modification of
the gold spectrum due to protons from goid passing through
the separated isotope layer, These protons comprise only about
20% of the total background and the energy loss is small for
most of these particles., Hence a straight subtraction of the
background tracks from tracks observed in the emulsion exposed
to the separated isotope was made according to space angle
and energy. The total number of protons entering the emulsion
surface from each isotope and the corresponding background
subtractions are shown in table 5.

Allocation of protons observed.

T Yomber of | T Suaber of
Isotope] protons Background protons from
observed isotope
Feot 1823 321 1502
Fe2® 2479 1222
11 00 | 2498 792
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The thickness of the foil was taken into account.by
adding to each track;,according to its‘dip in unprocessed
emulsion, the energy it would have lost in penetrating half
the thickness of the foil being investigated. The energy
corrections applied to protons of various observed energies
for an iron foil of thickness 7mg/cm2 are given in table 6.
The corrections for a nickel foil are very similar.

Table 6

Energy corrections for iron foils

Dip Observed energy of proton in MeV

The angular and energy distributions of the tracks
observed to originate from the separated isotope foil were
corrected for the geometry of the apparatus. An additional
correction was applied to the low energy tracks due to the
cut-off at projected lengths of 22% microns.

The volume scanning was used in the same way as in
the aluminium and rhodium investigation to obtain The
integrated neutron flux. Figure 8 . shows the angular
distribution of the knock-on protons from the collision of

neutrons with an energy of 13.5 MeV observed in the volume
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scanning. At an energy of 1%.5 MeV the angular distribution
of such protons is isotropic in the centre of mass system.
The loss of tracks at large angles C>70°) is due to the
experimental cut-off at an energy of the order of 1.5 MeV

on all tracks measured.

The angular distributions of the protons emitted

60 are shown in figures.9, 10 and 11

from Fe54, Fe56 and Ni
for protons of energy 0-~4 lMeV, 4-7 MeV and greater than

7 MeV,

54 _ 56

The energy spectra of protons emitted from Fe” ', Fe
and Ni6o are shown in figures 12, 13 and 14 for the
angular ranges 0°-60°, 60°-90° and 900—140o where the angles
are measured with respect to the incident neutron direction.
The first two angular intervals contain equal solid angles.,

The solid 1ine in figures 12, 1% and 14 is the
proton distribution for an (n,p) reaction predicted on the
basis of the statistical theory of Weisskopf and Ewing
(1940). The variation of the level density with excitation
energy was assumed to follow the formula given by Lang and

Le Couteur (1954). In these calculations the cross sections

for the formation of a compound nucleus given by Blatt and
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Weisskopf (1952) for a nucleus of radius 1.3 x 10713 Al/acm,

where A is the mass nunber, were used. The results are
insensitive within the experimental error to any reasonable
choice of nuclear radius. The energy distribution obtained

in this way was normalised to the energy distribution
observed for each isotope in the angular range 900-1400.

By assuming that protons emitted as a result of the
statistical model are emitted isotropically the corresponding
energy spectra were obtained for the other angular intervals
taking into.account the respective solid angles.,

54 56

The Coulomb barrier for Fe and Fe should be

almost identical and yet many more low energy proions were

54

observed from Fe than Fe56. This is presumably due to the

(n,np) reaction being allowed while the (n,2n) reaction is

forbidden for~Fe54

at certain excitation energies, as
discussed previously. The relevant Q values for the
various processes are given in table 7.

Table 7 shows that the (n,2n) reaction cannot occur
in Fe?* when the energy of the incident neutron is 13.5 ieV,
while the (n,np) reaction is possible for proton energies
from O to 4.3 ileV., For Fe56 the (n,np) reaction is only
favoured with respect to the (n,2n) reaction over the energy

interval O to 1.0 lieV where proton emission is prevented by
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Q values for Fe54, Fe56 and Ni6o

(e

Q value in MeV Maximum energy of

A ————— E—————————

Isotope (n,p) | (n,np)

(n,2n) | emitted proton (MeV)

Fes4 +0. 34
F656 —2093
60

Ni

296 ]

the Coulomb barrier. A similar argument suggests enhanced

proton emission from Ni60 for protons of energy less than

3.9 MeV.

54 60

For the angular range 90°-140° in Fe’" and Ni
the large low energy peak appears to cut off satisfactorily
at the expected energy for an (n,np) reaction.

The broken lines in figures 9 and 11 were drawn
through the experimental points at energies less than 4 MeV
in the angular range 90°-140°, This curve was then
transferred according to solid angle to the other angular
ranges. The good fits obtained with the experimental points

indicates that the low energy peak is isotropic as would be

the case if was due to an (n,np) process.

54

The absence of a low energy peak in Fe cannot be

related to a large negative Q value for the (n,p) process in



this isotope since a low energy peak is observed in N160

which has also a large negative Q value for the (n,p) process.

The angular distributions of the protons emitted from
all isotopes are approximately flat at angles greater than
90o for all energy intervals., To illustrate any departure
from isotropy at forward ahgles the dashed line was}drawn
through the mean of the e&perimental points at angles greater
than 90o for all isotopes and all energy intervals. The
protons emitted from all isotopes with energies less than
4 MeV are approximately isotropic. For proton energies
between 4 and 7 MeV there is a tendency for the distribution
to peak at forward angles, and for energies greater than
7 MeV there is a marked peak at angles below 60° for all
cases.,

For all isotopes, as shown in figures 12, 1% and 14
there are more high energy protons at forward angles than
would be expected from the statistical model. The energy
spectra of the excess protohs are approximately flat. The
statistical ‘accuracy of the results is such that the
presence of structure in the energy spectrum, similar to that
found by Gugelot (1954) and Cohen (1957) in the inelastic
scattering of protons, cannot be confirmed..

The total cross sections. for the emission of protons
from the separated isotopes on bombardment with neutrons with

an energy of 13,5 MeV were obtained by extrapoclating the
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observed angular distribution to 180°, The cross sections
obtained were 600+60 mb for Fe?’, 95+20 mb for Fe’° and
223+25 mb for NiGO.

If the isotropic part of the angular distribution
| is-assumed to be due to compound nucleus processes and the
forward peaking to a direct interaction, the cross sections
for these processes are given in table 8, The direct

interaction eross sections obtained in this way do not

include any isotropic component and so may be underestimated.

Table 8

By using a similar argument to that of Chaepter III
the present Fe5§ results give an activation cross section of
93+20 mb, which has to be compared with the experimental
velues of Paul and Clarke and of Forbes of 124+12 mbuand

97+12 mb respectively, at a neutron energy of 14 MeV,
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(vii) Nuclear Temperatures

Because of the rapid increase in the number of
possible exoited states with mass number and excitation
energy only a statistical description is possible at present
for all but the lightest nuclei and lowest excitation energy,
Weisskopf (1937) first .introduced thermodynamic concepts in
the study of nuclear reactions. The extent to which high
energy states of a nupleus are occupied is suitably expressed
in terms of the temperature (T) of the nucleus. The usual
expression for the énergy spectra in statistical model theory
is then N(E )= K@ E e E/T
where N(Ep) is the number of protons observed with an energy
of Ep and({tis the cross section fpr the formation of a
compound nucleus.

Since nuclear temperature is a statisticai model
copcept it is essential to use for its computation energy
spectra which contain the minimum number of protons from the
result of direct interaction. Hence the nuclear temperatures
54’ Fe56

for Fe and Ni6O were obtained using only protons in

the angular range 900-1400.

The temperature graphs for rFe” ', and Ni are
| N(E
shown in figures 15 and 16. In theseLﬂJeEar;é% was plotted
<

against Ep and the temperature is given by the gradient of
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?he resulting straighﬁwline. The values of G;Pused ﬁére were
those given by Blatt and Weisékopf (1952) for a nucleus of
radius 1.3 x 10722 A3 Cl.

| The experimental results are consistent with a

56 and two straight lines for Fe54. The

straight line for Fe
high energy straight line portion for Fe54 has the same
gradient as the straight line_repreéenting all energies for
Fe56. This gradient corresponds to a nuclear temperature of
1.2 lMeV, The junction of the siraight 1ines‘in the Fe54
temperature plot occurs at the same energy as the onset of
the (n,np) process and may be taken as illustrating its
occurrence. The value of MeV for this process ié
consistent with the values obtained by Cranberg and Levin
(1956) for nuclear temperatures at a few MeV excitation. This
gives more weight to the interpretation of the low energy
peak as due to (n,np) rathér than (n,d). The Ni60 results on
a temperature plot are very eimilar to thé Fe54 results.

Nuclear temperatures have been measﬁrea for iron and
nickel by various workers. Details of their resulis are
given in table 9.

.Alxhough the efficiency for detecting'neutrons by all
techni@ues is much iess than the efficiency for detecting

protons, because of the Coulomb harrier it might be expected

that proton emission would have a larger percentage direct



Nuclear temperatures

Isotope

Natural
Iron
Natural
Iron
Natural

Iron

Natural |

Iron
Fe54

Fe56

Natural

Nickel

N3 00

Reaction |Observer |Bombarding
Studied Energy (MeV)

(n,n') (a) 14

(n,n') (b) 15

CRDI BEORE BT

(p,n) | () 10

(n,p) (e) 1%.5
-—?;,p) (e) 13.5

(oo (@ | 18

(n,p) (e) 13.5

70.

AE Energy range over which T was measured

(a) Graves and Rosen (1953)

(b) Whitmore and Dennis (1951)

(e¢) Gugelot (1954)

AE z
(MeV) (MeV)
1-4 ' 0.76
1-3 0.6
5-8 1,%6
10-16 2.6
2-6 | 0.95
5-8 1.2
4=10 1.2
2-4 0445
2-10 1.2
5-8 1.2
10-16 2.6
410 | 1.0
2-4 0445

(d) Gugelot (1951)

(e) Present results
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component and so is perhaps less reliable for determining
temperatures. Direct effects not subtracted would give rise

to high values of the nuclear temperature.

During the course of the present work results on the
energy spectra at forward anglesioffprotons emitted from
similar elements to those investigated here were reported
by Allan (1957) using nuclear emulsions and Colli et al.
(1956,1957) using a counter technique. Neither of these
authors measured ihe angular distribution or prove
satisfactorily that structure'was preéent in the energy
spectra.

Allan attempted to allocate cross sections to (n,Dp)
and (n,np) compound nucleus and direct interaction from his
energy spectra at angles 34°i200' His results and the present
results are given in table 10. The cross sections given for
the (n,np) process are always in good agreement. Because of
Allan's angle of observation it might be expected that his
(n,p) compound nucleus would be overestimated and direct
interaction underestimated. This appears to be the case £or

56 56

all isotopes except Fe’ . Allan's results for Fe seem to

contain events above the largest energy expected from the

Q value of the reaction. Figure 17 shows the results of

Colli et al. (l957)lfor protons emitted from natural iron



' Figure 17 Energcy spectra at forward angles from Fe56

Solid line, present results
Dotted line, results of Colli et al. (1957)

~ Crosses, results of Allan (1957)
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Table 10 | !

Present results/Allan's results in mb

Fe ; Fe56
600/680 !

(n,p) compound | 306/460 |

70/0

(92% Fe56) on bombardment with neutrons with an energy:of
14.5 eV, the results'of Allan for Fe56 separated isotope
for neutrons with an energy of 14.07MeV and the present
results all measured at forward angles and normalised to the
seme cross section. The large number of high energy tracks
reported by Allan suggests an incorrect background subtraction
Recently results have been presented by Colli et al.
(1958) for caleium using counters and Allan (1958) for
copper using nuclear emulsions on the angular distribution
of protons emitted on bombardment with neutrons With an
energy of the order of 14 lleV. Both groups deduce conclusions
similar to those given here concerning forward peaking of the
angular distribution, Allan claims to have found sitructure in
his energy spectrum.
Work of a similar nature is at present being performed

in a number of laboratories among them the Glasgow H.T. set.
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(ix) Comparison With Direct Interaction Theories

54

The cross sections obtained experimentally for Fe” ',
Fe’® and N1%© were 600 mb, 95 mb and 22%mb while the theory
of Brown and Muirhead gives 595 mb, 100 mb and 1%0 mb
respectively. The energy spectra observed experimentally

60 than

indicates more low energy protons from Fe54 and Ni
this theory would predict. An explanation of this
discrepancy as due to an (n,np) process has been discussed
above and hence the agreement of the experimental cross

54 may be fortuitous,

section with theory for Fe

According to the theory of Brown and Muirhead the
more negative the Q value for the process the larger will be‘
the ratio of direet to compound cross section. For the
isotopes investigated here the ratio of direct to (n,Dp)
compound cross sectioﬁ is 0.23%, 0,27 and 0.77 while their
theory predicts 0.1, 0.37 and 0.26 for Fe54, Fe56 and NiGO
respectively. Thus the variation predicted with Q value for
different isotopes was not observed.

A doubtful assumption in this theory is in the
calculation of Coulomb penetrablilities for protons in whigh
they used the ratio of the cross section for the formation
of a compound nucleus by protons and neutrons. The
distribution of angles at which a particle leaves a nucleus

will in general be different from the angles at which it

enters.



The angular distribution of the protons emitted from \
Fe54 has been compared with the predictions of two theories |
(figure 18). Since most of the ?rotons arisiﬁg in direct
interaction would be expected to be of high energy comparison
has only been made for protons of energy greater than 7 MeV.
Elton and Gomes (1957) while considering the inelastic
scattering of protons with an energy of 31 MeV from tin traced
the paths of individual nucleons through the nucleus and
found that total internal reflection reduced to negligible
amounts direct effects arising in the nuclear volume, This
treatment of surface direct interaction is not immediately
transferable to lower energies. The criterion here is that
the reduced wavelength at the height of the Coulomb barrier is
less than, or approximately equal to, the surface thickness

(1.5 x 10717

cm). This corresponds to an incident energy of
at least 10 MeV above the Coulomb barrier and so the present
investigation is on the limit of validity of this theory. To
fit the angular distribution of protons'with energy greater
than 7 MeV it was assumed that the entire cross section was
due to surface direct effects. It was then necessary to
assume three effective protons for scattering per nucleus.

That is of the order of nine protons per nucleus are required

to be outside the Coulomb barrier,
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(A) Solid line theory of Brown and Muirhead (1957)
Dotted line theory of Eltoﬁ and Gomes (1957)
(B) Solid line volume direct interaction with

angular momentum conserved
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The Fe54 experimental results appear to place some
doubt on the direct interaction taking place entirely at the
nuclear surface. Apart from the unsatisfactory nature of the
Coulomb penetrability in the model of Brown and iuirhead, a
difficulty which cannot easily be surmounted, the other
serious omission in this theory is the neglect of the
conservation of angular momentum.

The argument presented here is similar to that usually
applied to surface direct interaction (Butler 1957). This
method of approach is entirely classical. Let a nucleon,
assumed to be at rest, at a distance I from the centre of
a nucleus be struck by a préjec‘bile having a momentum ‘gi.

" Let the final momentum of the outgoing particle be Dpe If the
momentum transfer to the nucleus isﬁg, then

‘HS= _Ei "f-;

Thus the angular momentum transferred to the nucleus is

4] =hl8Am|=HQr|singl

where@is the angle betweeng andl", . Now the angular

momentum given to the nucleus can only be integral multiples

of?\ and so L= ch ,Mﬁ'
o b= w b+ P52 i pyces6)

Whereais the angle between p. and p
~L ~f'

The nucleus ean then be considered as divided into

shells of constant radius?'; and #he number of nucleoﬁs in
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each shell calculated assuming a constant nuclear density. The
number of effective nucleons in each shell for emission of a
particle with a given angle and energy can now be calculated
using equation § .

The angle and energy distribution of nucleons
without taking into account the conservation of angular
momentum was calculated using the equations of Brown and
Muirhead for the collision of a neutron with an energy of
the order of 14 MeV with a Fermi gas of nﬁcleons. These
equations take into account the Pauli exclusion principle and
the Q value of the reaction. To the distribution of
emitted particles accbrding to anglé and energy was applied
the factor determined above for the number of collisions
within the nucleus which could satisfy angular momentum
conservation. The resulting angular distribution is shown,
compared with the Fe54 experimental results, in figure 18.
Because of uncertainties in Coulomb penetrability the
theoreticai curve was normalised to the experimental points.
The normalising factor was » 2, The absoiute theoretical
cross section for directvinteraction is equal to the cross
section for direct interaction within the nucleus multiplied
by a factor ( a~ 0.2) determined by the Coulomb penetrability
and the mean free path of a nucleon in nuclear matter. Hence

the present experiments indicate that the latter factor has

been underestimated probably due to enhanced emission af the
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nuclear surface.

The most significant difference in the angular
distribution resulting from the inclusion of angular
momentum conservation is the disappearance of the very high
peak at angles less than 50. None of the experimental
angular distributions gave evidence for such a pesak.

The shape of the energy spectra is altered very little

by including'angular momentum conservation.

Conclusions

The protons emitted from Fe54, Fe56 and Ni60 appear to

result in part from a direct nucleon-nucleon collision. It is
possible to explain the.results qualitatively by a model
assuming nucleon-nucleon collisions within complex nuclei,
with a possible enhanced emission at the nuclear surface, and
including angular momentum conservation. Any subsequent
de-excitation of the nucleus is by compound nucleus decay.
The low energy protons from the isotopes investigated
in this Chapter appezr to arise from an (n,np) reaction when

the (n,2n) reaction is energetically unfavourable.




78.

CHAPTER V

COLLIMATED NEUTRON BEAi STUDY OF ALUMINIUM

S S G SE S e S e S e I G e S

(i) Introduction

To investigate more fully the energy spectra of

charged particles emitted as a result of neutron interactions
in the 14 MeV energy range a new experimental arrangement
has been designed and constructed. This was made possible by

the higher neutron fluxes available.

The disadvantages of the previous arrangement are

two fold. Since the nuclear emulsions are not shielded
from the neutron source there always exists a large
background subtraction due to knock-on protons and other
optically unresolvable events inside the emulsion. These
considerations suggest that a collimated neutron beam
should be used. The other main disadvantage is the
limited energy resolution due to the long distances
protons travel through the foil of the material being
investigated. This disadvantage has its origin in the
thickness of the foil and the acceptance angles of tracks
in the photographic emulsion which can be detected with
high efficiency. The difficulty in observing steep tracks

made it impossible to detect with high efficiency tracks
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bassing through the foll at angles greater than 450 in
the previous arrangement. In order that tracks of greater
dip may be observed it is necessary to incline |
the surface of the emulsion to the surface of the foil,
This involves the separation of the emulsion from the
foil and so the introduction of an additional solid angle.
The'magnitudé of this solid angle will be principally
determined, if a collimated beam is used, by the
dimensions and type of collimation.

It is not possible {0 use a scattering foil of
large area without introducing corrections to the
incident neutron direction and also additional background
due to protons from the foil but outwith the efficient
range of observation.

The interpretation of the low energy peak fomnd
in the previous aluminium exposures (Chapter.III) was not
altogether clear. The angular distribution of protons with
an energy less than 4 MeV suggested that these protons
might be forward peaked. Hence it was decided to investigate
the charged particles emitted from aluminium.

Shortly after the start of this experiment results
were reported by Haling et al. (1957) for the charged
particles emitted from aluminium on bombardment with



neutrons with an energy of 14.0 MeV using nuclear
emulsions and a collimated neutron beam, They obtained a
forward peaking of the low energy protons. Their results
suggested that the low energy peak moved towards higher
energy with increase of angle to the incident neutron
direction. An effect of $his type was not found for any of
the isotopes previously investigated here. The results of
Haling et al. did not allow a detalled comparison of the
energy speetrum‘at forward and backward angles; It was
decided to investigate this.

The results of Allan (1957) suggested that the
low energy peek at forward angles in aluminium might

consist of two peaks,

The apparatus which is shown schematically in
figure 19 consists essentially of two parts; =a collimator
and a scattering camera. By considering the eross section
for neutron interactions and the number of-scattering
centres per unit length an iron collimator was chosen in
preference to lead. The collimating properties of brass

are as good as those of ironm.

In the design of the apparatus the reduction in
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neutron intensity at an emulsion placed within the
scattering camera was considered as a function of the

two s0lid angles involved for the detection of protons
from a foil placed at the centre of the scattering camera,
The solid angles considered were those subtended at the
foil by the tritium target and the solid angle subtended
at the emulsion surface by the foil. The length of the
scattering camera was determined by the angular range of
protons which might usefully be investigated. The optimum
conditions were found to be a collimator of length 10"
(that is of the order of four mean free paths in iron for .
neutrons with an energy of 14 MeV) and a scattering
camera of length 63", The scattering camera was an
evacuated box 63"x253"x1%" of brass 1/16" thick.

The dimensions of the collimator were such as to
shield the camera from the neutroﬁ source. The height of
the collimator was 13" and the breadth at the cameré end
was 6". The breadth at the end next to the neutron source
was 1",

A cylindrical hole of radius #" was cut out of the
centre of the iron collimator. A brassApipe was made to fit
exactly into this hole.This allowed variations in the

shape and size of the collimating slit without requiring a
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wsea Sor
new collimator for each case, The brass pipe&ﬁn the

exposure wsexsaomd had a taperedrrectangular hole. The
dimensions of the cross section of this slit at the front
end of the collimator was 1.2 em x 1 cm and at the other_
end 2 cm x 1 cm. These dimensions were calculated using the
nearest distance that the iron collimator could be

placed to the neutron source. The object of the tapered hole
was to eliminate, as much as possible, neutrons from

being degraded in energy by passing through only part of

the iron (or brass) collimating system.

The foil to be investigated was stretched across
the centre of the camera perpindicular to the direction of
" the nentron beam. The emulsions were placed on the floor of
the box with their long sides parallel to the neutron |
beam direction. All parts of the imterior of the box (that is
all parts except the floor) from which protons could reach
the emulsion surface and appear to come from the foll were
covered by 400 micron thick sheets of fine gold.

The collimator and camere were held in position on a
common base to prevent relative changes in their poéition
during the exposure,

An eluminium foil of thickness 14 mg/cmz, placed

in position in the scattering camera, was exposed to
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neutrons from the T(d,n)He4 reagtion induced by deuterons
accelerated on the 200.KeV Glasgow H.,T. set. The set was
operated during these exposures at an energy of 150 KeV.
The line of the collimating slit was at right angles to
the deuteron beam direction, and so the neutrons considered
had an energy of 14.1+0.1 MeV (Fowler and Brolley,-1956).
The end of the collimator was 5 cm from the neutron
source, The tritium zirconium target was mounted at right
angles to the deuteron beam direction, and hence presented
a line source with respect to the collimating slit direction.

The neutron flux was monitored throughout the
exposure by a plastic scintillation counter frequently
calibrated by the aid of a kicksorter.

The integrated neutron flux was checked by means of
nuclear emulsions. A nuclear emulsion was placed across
the neutron beam at the far end of the brass box. The
emulsion surface was at an angle of 300 to the incident
neutron direction. A 400 micron thick sheet of gold was
placed on top of the emulsion to shield it from external
sources of protons. This nuclear emulsion was changed
halfway through the exposure.

The emulsions were processed by the method described

previocusly.
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(iii) Neutron Flux Measurements and Efficiency of Collimator

On developing the flux monitdr emulsions a black
band was clearly observable with the unaided eye across
the centre of the emulsion suggesting a high efficiency of
collimation.

A known volume of the flux monitor emulsion was
scammed for knock-on protons by the procedure previously‘
described (Chapter IV). Although the neutron flux was higher
than in the previous exposures in which volume scapning -
was carried out the efficiency for detecting the start of
proton tracks was of the order of 95%. Fields of view at
regularly spéced intervals were examined across the width of
the emulsion exposed to neutrons which had passed down the
collimating channel, No significant fluctuation in neutron
intensity across this area was observed.

The energy and angle with respect to the incident
neutron direction was calculated for all tracks. The tracks
resulting from the collision of a neutron with an energy
of 14,1 MeV with the hydrogen of the emulsion was obtained
in the usual way by considefing the accuracy of measurements.

Since the geometry of the flux plates was the same
as that used in Chapters III and IV the geometrical

efficiency factors used there (figure %) were again used,
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The distribution of knock-on protons was found to be
isotropic within the experimental errors. The integrated
neutron flux at the monitor emulsion surfaces was found to
be 5.7 x 10° neutrons/cm2 and 7.2 x 108 neutrons/cm2. The
ratio of the neutron intensity at the two emulsions as
glven by the plastic scintillator was 1l.5.

A volume of emulsion within the camera was searched
for tracks starting and ending within the emuision. Tracks
of projected length greater than 22% microns at all
horizontal angles with dips less than 50° to the
unprocessed emulsion surfacerwere measured in the usual
way. By considering the total dip of the track and the
thickness of the emulsion a factor was obtained to_sallow
for the layer at the top or bottom of the emulsion in
- which a track originating of the total dip being considered
would not have terminated in the emulsiom. The second stage
of the correction allowed for the dip cut-off at 50O to
the unprocessed emulsion surface. For a track at an angleeaﬁ
to the incident neutron di?ection the correction factor was

! (2252)

The number (R) of knoek-on protond found in the

emulsion exposed in the cameré divided by the number which

would have been found without neutron collimation for
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various knock-on protonienergies is given in table 11,

Table 11

Efficiency of collimator

Knock-on Energy in MeV

(iv) Scenning Procedure and Analysis of Data

The emulsion surfaces of plates exposed in the
camera were scanned in a region corresponding to protons
from the aluminium foil in the angular range 16°-48° and
132°-164° by the procedure outlined in Chapter 1V for
tracks crossing the emulsion surface. Only tracks compatible
with the assumption that the particle originated at the
aluminium foil were accepted. This condition implied that
only tracks with dip: between 5° and 50° to the
unprécessed emulsion surface and horizontel projected
angle. of 0° to 50° on the emulsion surface with respect
to the incident neutron direction were measured. No tracks
with a projected length on the emulsion surface less than
224 microns were measured.

The energy of all accepted tracks was obtained, as

previously, by assuming that they were protons and
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applying the range energy tables of Rotblat (1951). The
angle of all such tracks was also found with respect to
the incident neutron direction.

The background subtraction for forward angle tracks
was obtained by scamning the emulsion on the other side
of the aluminium foil in a symmetrically opposite posifion
for tracks satisfying the same geometrical conditions. The
background for backward angle tracks was obtained in the
same way., This method is valid since the areas scanned
were close to and symmetrical about the centre of the
scattering camera and far from the ends where the neutron
beam enters and leaves where most of the local background
might be expected. The number of tracks found in the

various areas is given in table 12.

Table 12
Forward Backward
Angles Angles
(16°-48°) (132°-164°)
Area scanned 0.513% cm2 0.441 cm2
Tracks accepted 2125 741
Background tracks 307 118

Treacks from AL 1816 623
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As illustrated in table 12, the neutron collimator
and the thicker radiating foil, made possible due to

shorter path differences in the foil of the particles

investigated, greatly reduced the percentage of background
fracks as compared to the apparatus used in the
investigations described in Chapters III and IV.

A correction was applied for the loss of energy of
tracks passing through the aluminium foil by adding to
each track the energy a p;oton would have lost in
penetrating half the thickness of the foil. Thus protons
having ranges in the emulsion corresponding to energies of
2, 6 and 10 MeV were considered to have had initial
energies of 2.75+0.75, 6.4+0.4 and 10.2+0.,2 MeV, respectively.

The number of tracks observed at each angle was
corrected for the geometry of the apparatus., This was
performed using the geometrical efficiency factors obtained
by the method described in Appendix 1.

A small correction to the low energy tracks was
applied since no tracks with projected length on the

emulsion surface less than 223 microns were accepted.

Figure 20 shows the energy spectra of charged
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particles emitted from aluminium on bombardment with
neutrons with an energy of 14.1 MeV for the angular
ranges 16°-48° and 132°-164°, The proton energies shown
in this figure are centre of mass energles. The energy
spectra at forward and backward angles exhibit structure,
The solid arrows correspond to the energy levels observed
in the deuteron stripping reaction Mg26(d,p)Mg27 as
reported by Hinds et al. (1958). This reaction is

27 nucleus, which

im the residual nucleus in an (n,p) reaction in A127.

dependant on the energy levels in the Mg

The levels as observed by Hinds et al., are at energies of
zero, 1.0, 1.66, 3.50, 3.56, 3.75, 4.13 and 4.75 MeV. The
ground state (n,p) transitién was not observed. Not all of
the other levels have been resolved. There exists a broad
group at proton energies of about 10 MeV corresponding to
the 1.0 and 1.66 MeV levels, and another broad group at a
proton energy of 7.5 MeV corresponding to the levels at
3450, %.56, 3.75 and 4.13 MeV. The 4,75 MeV level has been
resolved as is shown most clearly in the backward angle
energy spectrum,

Since it is not possible to_distinguish protons and
deuterons in Ilford C.2, nuclear research emulsions the

energy spectra displayed may contaln deuterons. The-
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maximum possible deuteron energy as determined by the
Q value for the (n,d) process is 6.9 MeV. Since the energy
spectra shown here were assumed to contain only protons
any deuterons present would be assigned the wrong energy.
Table 1% shows the energy of deuterons with the same range
as protons of a fixed energy. This table shows that no
deuterons can be present in the energy spectra at energies
above '5.,% MeV',

Table 13

Energy of deuteron with same range as proton of given energy
| 6.0 56| a2 ] 20

A small error will also be introduced because of

Proton energy

Deuteron energy

the assumption that all particles were protons when
correction was mede for the energy loss in the aluminium
foil and in the centre of mass transformation.

An (n,d) reaction in N

will involve the energy
levels of Mg26. Levels in this nucleus were reported at
1.8 and 3.0 MeV by Endt and Kluyver (1954). These together
with the ground state transition are indicated by dotted

arrows in figure 22,

If the low energy particles displayed in figure 22
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were in fact deuterons use of the proton energy correction
and centre of mass motion would each displace the low
energy tracks by about 0.3 MeV, Thus at forward angles
-the spectrum would be displaced by about 0.6 MeV towards
lower energies while at backward angles the displacements
would cancel. Hence the low energy peaks in the energy

spectra are consistent with the reaction A127(n, 26

d)Mg
indicating that a large portion of these tracks are
deuterons,

Absolute cross sections were obtained using the
monitor emulsions exposed directly to the collimated
neutron beam,

The distribution in angle of the protons observed
at forward and backward angles are shown in table 14,

These results indicate a smooth variation of the number

of protons with angle over the angular range investigated.
Many more protons were found at forward than backward angles
for all energy intervals., The ratio of forward to

backward cross section is given in table 15. In the
classification given in this table the majority of the low
energy tracks were assumed to be deuterons.

The forward peaking of the low energy protons

(Less then 4 MeV) shows that a direct mechanism such as

(n,d) must be responsible for most of the particles as
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Table 14

- W ——

20-24 [24-28 [e8-32]52-36 |36-40 l0-44 |44-4

Fl.s 4.0 ho.5 ho.o |10.0 | 9.2 |9.6 | 8.7

9.6 | 7.0 [7.2 |9.1 | 6.3 6.1 |7.7 | 7.2
36 |140 |144 |148
lall energied 8.2 [6.6 |6.8 |7.2

136~

Table 15

Forward to backward ratio

Proton I 20~

energy MeV %8

2.8 2.1

opposed to an (n,np) reaetion.

The ratio of the differential cross section for
all particles emitted in the forward angular interval to
that for the backward intervel is 2.63 ingood agreement
with the value of 2.69 obteined by Haling et al. (loe. cit,)
for the ratio of the differential cross section at 300i15°
to that at 15001150. The absolute value obtained here

for the differential cross section in the forward interval



is 19.3% mb/ster. while Haling et al. obtained 9.8 mb/ster.
at 30215°, |

If it is assumed that the angular distribution of
particles emitted at angles greater than 90° is flat and
that the distribution between 48° and 90° is smooth then
the total cross section for single charged particle
emission from aluminium is 117 mb. The result obtained in

Chapter III was 140+30 mb,

Conclusions

The peeks observed in the energy spectra of charged
particles emitted from aluminium are in agreement at
forward and backward angles with the levels expected from
previously studied reactions involving the same residual
nuclei. ForwaXrd peeking was found for all energies of
emitted particles, The particles observed at low energies

are probably deuterons,
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CHAPTER VI

In general high energy nuclear reactions produced
by neutrons have been studied less than the corresponding
proton reactions. The fundamental neutron reaction is its
mode of interaction with a proton or another neutron. To
study the n-p interaction it is possible to bombard
deuterons with protons. This method is rather unsatisfactory
chiefly because of the shadow effect of the proton on
the neutron of the deuterium nucleus. These considerations
together with the impossibility of studying the n-n reaction
with a proton beam make it desirable to have a source of
high energy neutrons. Such neutrons may be obtained in two
ways. Deuterons may be accelerated and neutrons obtained
from a stripping reaction. The alternative possibility is to
accelerate protons and produce neutrons in a charge
exchange scattering using a beryllium or some such nucleus
as a target.

The neutéons obtained from these sources are of

course not monoenergetic. It would be hoped that the
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neutron spectrum would contain many néutrons with an
energy comparablé to that of the accelerated proton.
However, many low energy neutrons might also be expected
from the decay of compound nuclei. For visual techniques
in which, in general, particles of all energy are recorded
it is essential to have an estimate of the cqntamination
of the neutron beam with low energy neutrons.

At high energy the disintegration of complex
nuclel is pictured as taking place by the Goldberger model
as described in Chapter I. That is by considering
individual nucleon-nucleon collisions within the nucleus.,
At these energies it would be expected, partly due to
exchange scattering, that disintigrations produced by a
neutron or a proton in complex nuclei would have similar
characteristics. The characteristics of the disintigration
of the nucleli of a nuclear research emulsion by high
energy protons have been studied by a number of workers,
Lock and March (1955) and Lock et al. (1955 a,b) used |
protons with an energy of 600 MeV and 950 MeV respectively,
Philbert (1956) used 900 MeV protons, and Lanutte et al.
(1955) used 2,300 MeV incident protons. Many more studies
have been performed at lower energies, but these will be

neglected since meson production would not play an
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important part. No similar studies have been made with
neutrons with an energy above about 350 MeV

(Bernardini et al. 1952a). Hence it was decided to check
the assumptions that high energy nuclear disint®grations
produced by neutrons and protons are similar, and, at the
same time, to use this assumption, if it was found to be
valid to obtain an estimate of the number of high energy
neutrons in the beam. Since it was not possible to
monitor the neutron beam dquring the exposure a study of
the interactions with complex nuqlei would serve as a

monitor by comparison with known cross sections.

The circulating proton beam of the Birmingham proton
synchrotron working at an energy of 960 MeV was allowed
to strike a 3" thick Be target placed within the wall of
the chamber. The nuclear emulsions were placed in a
collimated neutron beam at a distance of 10 metres from
the Be target. Protons were bent away from the emulsions
by the fringing field of the machine. The emulsions were
exposed with their surface horizontal and one edge
parallel to the neutron beam direction.

In the first exposure Ilford G.5. emulsions on




glass backings were used. In later work to allow a
longer path length of track to be followed pellicles of
G.5. and L series emulsions were used. The usual

developing procedure was adopted.

(1) Scamning Procedure

The emulsions were searched for two or more tracks
appearing to originate at the same point. A Watson
binocular microscope with a x20 o0il immersion objective
and x10 eyepieces was employed. A volume of emulsion of
1,19 x 102 cm’ was scanned and 278 events found.

All events were examined using & x90 oil immersion
objective to confirm that the tracks did actually
originate at the same point. The projected angle and dip
of all tracks was measured and 8ll tracks were‘foliowed
until they left the emulsion or stopped. The range of all
tracks which ended in the emulsion was measured. The grain
density in a projected length of 150 microns was ﬁeasured
using a x90 objective of tracks leaving the emulsion.

Tracks ending in the emulsion were classified
as to whether they were due to singly or doubly charged

particles, All singly charged particles will be referred

97.
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to as protons, doubly charged particles as alpha particles.

The emulsions were searched for¥-u.edecays in
which the elecron remained within the emulsion for more
than 300 microns. Such an electron being relativistic

pProvided a normalising point to grain density measurements.

(i1) Analysis of Events

The angle of the prongs of all stars was obtained
with respect to the incident neutron direction. The energy
of prongs stopping within the emulsion was obtained <from
range energy tables. The energy of tracks passing out of
the emulsion was obtained from their grain density. The
tables used for singly charged particles were those for
protons and for doubly charged perticles those for alpha
particles.

Some charged particles which undergo a nuclear
interaction in the emulsion will be confused with neutron
induced stars. In particular the nuclear scattering of a
proton will occur frequently and may be recorded as a two
prong star. Events in which the grain densities of both
prongs of a two prong star were equal were assumed to be
due to the elastic scattering of protons and so eliminated

from the analysis. Inelastic scattering of protons could
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only be eliminated in cases where the direction of motion
of the prongs could be determined.

The events were classified using the notation
of Lees st al. (1953). That is an event or star having
n secondary branches, ( all the branches in the case of
a neutron induced reaction are, of course, secondaries) of
length greater than 10 microns, is denoted as an n-prong
star. The 1limit of 10 microns was taken to eliminate

recoiling nuclei.

Sl S o T Sy SED S S G S e— —— S

As is indicated in table 1 the constituents of a
nuclear research emulsion can be divided into two groups.
These are the light nuclei carboh, nitrogen and oxygén and
the heavy nuclei silver and bromine. Except for hydrogen,
Y0 which kinematic considerations may be applied, the
separation of events into heavy and light nuclei is not
easlly achieved. Because of the very low grain density of
minimm ionising tracks in dilute emulslors the_use of
dilute emulsions is not completely satisfactory. The method
usually adopted to achieve this separation is known as
the alpha particle method.

The alpha particle method was first suggested by
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Heidmann and Leprince-Riguet (1948). This method is based on
the assumption that an alpha particle with an energy of
9 MeV or less will experience great difficulty in
penetrating the Coulomb barrier of a silver or bromine
nucleus, An alpha particle with an energy of 9 MeV has a
range of 50 microns in a nuclear emulsion and e préton
of this range has an energy of 2.3 MeV, Such a proton will
also experience great difficulty in penetrating the Coulomb
barrier of a heavy nucleus as is illustrated by the
Rh(n,p)Ru experimental results in Chapter III. The largest
number of charged particles which can be emitted from a
light nucleus is 8 which will arise from the complete
disint®gration of an oxygen nucleus. Meson effects will be
neglected here.vHence any star in which there was 8 or lesé
charges apparent and which had a track of length less than
50 microns, but gfeater than 10 microns was assumed to
represent the disintigration of a light nucleus.

There are certain serious limitations to the alpha
particle method. If a light nucleus produces a star
without a prong of length between 10 and 50 microns then the
above classification would not include this event as a
light nucleus disintigration. In general this would be

expected the smaller the number of emitted particles., If a
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large portion of the excitation energy of a heavy nucleus is
concentrated near the surface an alpha particle or proton
at the surface may be emitted without penetrating the full

Coulomb barrier. Although it would appear that the alpha

particle method is suspect for a number of reasons it hes
been found in the past to give fair agreement in
investigations where more than one method has proved
feasible.

In the present investigation 44 of the 273 events,
that is 15%, were assigned to reactions induced in light
nuclei., This result may be compared with the reéults of
Lock and March (loc. cit.) and Lock et al. (loc. cit.)
who obtained 21% and 8% using incident protons with an
energy of 600 MeV and 950 MeV respectively.

It is possible to compare these results with the
absorption cross section for protons and neutrons at various
energies obtained using counters. Results of experiments |
of this type are shown in table 16. The work atvan energy
of 650 MeV was performed by Moskalev and Gavrilovskii (1956),
Booth et al. (1958) at 765 ileV, Chen et al. (1955) at
860 MeV, Booth et al. (1957) at 895'MeV and Coor et al, (1955)
at 1400 MeV, In the case of incident neutrons the effective

energy is given which they predicted from the expected
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Table 16

Absorption cross section in mb

ncident particle and energy

Element 650 765 860 895 1400

protons jneutrons { protons | protons | neutrons

carbon

copper

Table 17

Element
Ag
Br 850 1.02 866
230 1.6 512
0 280 1,02 285
Table 18

Prong distribution of heavy nuclei

Number of stars
Number of prongs 11

Number of stars 1]

e [T e
I 2 1 P Y




103,

shape of the neutron spectrum and_the»variation of the
efficiency of the counter with energy.

The number of muclei (N)/cm’ of the various
elements constituting a nuclear research emulsion is given
in table 17. Also shown is an estimate of the absorption
cross section (6,) for a neutron induced reaction at an
energy of the order of 9OQ MeV as obtained from the
results shown in table 16. The last column shows the
product of the absorption cross section and the number
of nuclei per cma. Hence it follows that 25% of the
interactions observed in the nuclear emulsion of the
present experiment might be expected to be due to light
nuclei. Since in the present experiment 15% of the
interactions were found to teke place in light nuclei by
using the alpha particle method, perhaps not all of the
light nuclei events have been discovered. A defect in the
method is not unexpected. However, the alpha particle
method does allow a reasonable separation into heavy and

light nuclei.

The prong distribution for heavy nuclei as

obtained by the alpha particle method is given in table 18,
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Figure 21 shows the prong distribution observed
in the present experiment ahd those observed by Lock and
March and Lock et al. using incident protons ﬁith an
energy of 600 and 950 MeV. The three experiments have been
normalised to the same total number of stars.

The number of stars with more than 9 prongs in
the present experiment shows that the neutron beam probably
contains many neutrons with an energy higher than 600 MeV.
If the present results are directly comparable with
the proton results the continued rise in the number of
stars with decreasing prong number for prong numbers
between 6 and 2, an effect not observed in the 950 MeV
proton data, might indicate a number of low energy neutrons
in the beam.

To take into account the difference in charge of
the bombarding particle the number of prongs in a neutron
induced reaction should perhaps bé modified when compared
with proton induced reactions. Cross sections for various
processes in p-p and n-p collisions af an energy of the
order of 600 MeV, at which the most detailed information
is available, are given in table 19, These crqés sections
were obtained using the results of Prokoshkin and Typakin

(1957), Dzhelepov et al. (1956), and others at Dubna. The



60r

40

30

20}

Figure 21 Number of events (N) against number of prongs (P)
Dashed line, results of Lock and March (1955)
Dotted line, present results

Solid line, results of Lock et al. (1955)
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number of charged secondaries produced is also shown in
table 19, From these results it is found that thé total
number of charged secondaries in a proton induced reaction
divided by the totael number of charged secondaries in a
neutron induced reaction is 1.6. Hence when comparing stars
induced by neutrons with stars induced by protons at high
energies the most valid procedure is perhaps to add 0.6
prongs to stars with a small number of prongs and leave
unaltered stars with many prongs. This modified prong
distribution tends to be flatter than the unmodified results
and closer to the 950 MeV proton results,

Table 19

Cross sections at 600 MeV

Reaction mb charged secondaries
D+Dy DP+p 20 2

- p+p+1° 3.6 2

4,p+n+1r* 14.2 2
n+p-n+p | 20,1 1

.9p+p+“'- 3,6 3

4>nwn+1f+ 3.6 1

»p+n+ T° 7ol 1

The increase in the number of events with high

prong number as the bombarding energy increases is
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usually explained in terms of both the increase in
excitation energy and the absorption of o -mesons
produced in the individual nucleon-nucleon collisions
taking place within4the nuclei. At energies of the order
of 2000 MeV (Lanutti et al., loc. cit.) the prong
distribution is almost flat for prong numbers less

than 1l.

The total mean prong number of the unmodified
neutron result is 4.4. The total mean prong number as given
by Lock et al. for protons with an energy of 950 MeV is
4,26, However, this figure includes one prong events. When
these are eliminated the mean prong number becomes 5,0,
Hence the difference in mean prong number of the 950 MeV
proton experiment and the present experiment is 0,6, in

good agreement with the theoretical result deduced above,

Since most of the prongs left the emulsion before
stopping the energy of nearly all prongs was obtained by
grain counting. Using the usual notation, first proposed
by Brown et al. (1949), tracks were divided into three
groups according to thelr grain density.

Let go be the grain density of a particle at
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minimum ionisatiom. Then particles with a grain density
between l.4g° and g° are referred to as 'shower' tracks.
For protons 1.4go corresponds to a kinetlic energy of aboud
450 MeV and for mesons about 60 MeV, Tracks with a grain
~density between l.4g° and 6g° are referred to as 'grey!
tracks. The upper limit in this case corresponds to a
proton with an energy of about 30 MeV. The remaining
tracks are referred to as black tracks.

The average number of shower, grey and black tracks
per star is given in table 20, Also in this table is given
the corresponding distribution for stars induced by
950 MeV protons as reported by Lock et al..

Table 20

Shower

The 950 MeV proton data contains one prong events
and so is not directly comparable with the present results,
If it is assumed that the secondary of all one prong

events is a shower or a grey track the average number
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of shower plus grey tracks per star becomes 2.4 and this
has to be compared with the value 1.9 obtained here., This
again agrees with the theoretical difference derived

above., The average number of black tracks observed in the
proton and neutron experiments are equal within statistics.

The mean number of grey plus shower tracks as a

function of star size is given in table 21 for proton

and neutron induced stars.

Table 21

Prong number

Neutron stars

The angular distribution of shower, grey and black
tracks 1s given in figure 22, Thése results indicate, as
expected, that the angular distribution of emitted
particles tend to isotropy as the energy of the emitted

particle decreases,

The forward to backward ratio of shower, grey and
black tracks was 6.5, 3.2 and 1.5 and the results obtalned

for 950 MeV protons was 22+7, 5+1.5 and 1.4+0.1. The
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only discrepancy between the two sets of results occurs
for shower tracks. However, the proton results contain
one prong events which were not ineluded in the present
investigation. If the same relative number of one prong
events are assumed in the present experiment as found by
these authors and it is assumed that these are all shower
tracks at an angle of 20° to the incident neutron
direction then the forward to backward ratio becomes 17

in satisfactory agreement with the results of Lock et al.,.

B, n=-p Interactions

Rosenfeld (1954) showed assuming charge independence
that the cross section for meson production in individual
nucleon-nucleon collisions could be represented as sums
of the three partial cross sections 0y, Joand O where in o7 g
the ¢ and J' represent isotopic spin states of the initial
and final nueleons. Using these results it is possible
to interrelate cross sections for the fundamental meson
production processes in two nucleon collisions. The cross

section for the reaction n+p> p+p+ﬂ'. is given by i(d'“'l—co,)

(1) Analysis_of Events

A given volume of emulsion was scanned specifically
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for three prong eventis resulting from the collision

of a neutron with a hydrogen atom. An analysis of such
events is made difficult by the uncertain neutron energy.
All events which appeared that they might balanee momentum
in the up-down and left-right direction were subjected to
analysis, Using only the angles at which the tracks .were
observed with respect to the incident neutron direction
and kinematics the ratio 6f the momentum of each secondary
to the momentum of the incident neutron was obtained.
Sternheimer (1954) gave the maximum proton angle in the
n+p-» p+p+ X~ reaction &s a function of neuiron energy.
Applying this condition it was possible in many cases

to assign one of the observed tracks to the meson.
Multiple meson production at the energy considered here
may be neglected. If it was not possible to assign one

of the tracks to the meson each track was considered to
be the meson in turn. By assuming various values for the
incident neutron energy the most suitable value was found
to glve prongs at the observed angles. In many cases a
neutron energy outwith the energy available was required
and hence such‘events were eliminated., The prongs of the
remaining events were grain counted and those with an

energy determined in this way compatible with the energy
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obtained by kinematic considerations were assumed to

be true events.

— —— — — — " —— A —— — ———— T Y . e S S w— S e S —

Four events of the type n+p4;p+p+ﬂrwere found
in 4%0 three prong stars, If it is assumed that the cross
section for formation of three prong stars is equal for
neutrons and protons then the cross section obtained by
'along the track scanning' by Lock et al. may be used here
1o obtain the cross section for the reaction studied.
These authors obtained the cross section 1300 mb
for the interaction of protons with an energy of 950 MeV
with the nuclei of nuclear emulsions. Since they found
30 three prong events in a total of 262 events their cross
section for three prong events is 149 mb. Hence the cross
section for the reaction studied is 1.4+2 mb. If it is assumed
that the cross section for a four prong proton induced
event is equivalent to a three prong neutron event the
corresponding cross section is also 1l.4+2 mb.

The results of Hughes et al. (1957) at an energy of
924 MeV on the reaction p+p4>p+p+ﬂpgives aa =6t2 mb and so
using this value and the experimental value obtained above

fori(%,«ﬂ’“ he wvalue of d;'is obtained as 0+3 mb.
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_Results of Batson and Riddiford (Private
communication by W.0. Lock) on the reactions n+p»p+p+ W
and n+p»p+n+ W using a deuterium filled diffusion
cloud chamber, give ©p,=0.2+1.3 mb and Og=16+7 mb
respectively. Hence the present experiment is in agreement

with the results obtained in the n+p>p+p+ i study.

Future Prospects

e e e - — — -

In the study of the n+pSp+p+ reaction described
above all true events appeafed to be initiated by a neutron
with an energy of the order of 900 MeV. The study of the
interaction of neutrons with complex nuclei also indicated
many high energy neutrons in the neutron beam, Hence it
appears possible to study the reaction n+p->p+p+W
in moré detail by obtaining good statistics on energy and

angle of emitted particle.
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Let the radiating foil be on the X-Z plane and the
emulsion surface on the X-Y plane with the scanning region
defined by X=+F and Y=H to Y=J, as shown in figure 23, If
P(xl,O,zl) is a fixed point on the foil and PA is the
direction of a proton from the foil reaching the emulsion
at the point A and making an angle @ with the incident
neutron direction PR then the locus of A is given by

(x-:,)a'-n- 2t = gyl lo
which 1g the equation of a hyperbola, Let the hyperbola cut
the lines X=+F, 2=0 at the points S and T. Then three cases
arise according as (a) the curve SAT cuts the line Y=H, Z=0,
(b) lies between Y=H and Y=J, or (c¢) cuts the line Y=J. The
angular limits of © are easily obtained from equation (A.1)
for each of these cases,

Case (b) will be considered,

Let the line PS meet the plane Y=W, where W is an
arbitrary constant, in V and the line PT meet this plane in Q.
Then the points V and Q define an arc of a circle on the
plane ¥=W. The coordinates of V are

{Q;-W)(x.-xn).g.x, y W, 21y, w)}
X s

and a similar result exists for Q. Hence the probability

that a proton originating at P and at an angle © to the



Figure 23 Geometry of aluminium exposure
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incident neutron direction will pass through the area
L . =} ( vQ )

scanned is Adn
L AW o 6

ereLBY {2 () F o) v 22 (o4 )

A similar formuila exists for the other two cases.

72 points equally spaced were picked on the foil and

sunmation carried out over the foil.
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