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FRErACL

In this thesis an account is given of the research
performed by the author, as a member of the Department
of Natural Philosophy at the University of Glasgow, during
the years 1953 to 1956,

In Chapter I a review is made of the theoretical and
experimental investigaticns of the mode of interaction of
nucleons with nuclei, It is concluded that many exgerimental
results, on the nuclear reactions induced in nuclei by
nuclecons with interumediate energies, might be interpreted
using a nuclear wmodel basically similar to that which has been
applied successfully to the reactions induced by nucleons of
high energy,

The calculation of the cross-sections for the reactions
induced in nuclei by nucleons with intermediate energies, is
reported in Chapter 11, It is shown that it is possible to
calculate these cross-sections using a siwmple nuclear model
which is basically siwmilar to that used for nucleons of high
energy. The derivation of the formulae for the total cross-
section for the collision of an incident nucleon with an
individual nucleon of a Fermi gas of nucleons, given in §3 (a),
was performed by Dr, H, Muirhead with assistance from the
author, The responsibility for all other calculations,
namwely those of the angular distribution of the nucleons

resulting from this collisicn process, of the level densities



of excited nuclei and of the applicutions of this model, is
equally that of Dr, H, Muirhead and the author,

An experimental investigation of the angular distribution

a A

of the protons emitted in reactions of the type ,N (n,p)z_\\l
induced by neutrons with an energy of 13,2 MeV, is reported
in Chapter III, Nuclear emulsions were used to detect these
protons, This work is original, Unfortunately, in these
experiments it was not possible to employ professional scanners
to advantage,and consequently the majority of the arduous
scanning of these ewmulsions and the measurements involved has
been performea by physicists, The apparatus which has been
used in these investigations was designed in collaboration
with Mr, G.,C. Morrison, The measurements made for the protons
emitted in the reaction zf!ﬂ%.ﬂ,b) 2;«“s6 and an initial
analysis of this data were alsc the responsibility of Mr, G.C.
Morrison and the author, A satisfactory analysis of this
data was not possible until a method of correction for the loss
in enerygy of the protcns produced in a semi-thick target had
been devised, A metnod cof correction was suggested and
applied by the author, The further analyses Of'QBYD reactions,
namely those of l3\'4\11( n,P) '_‘M{’ and WR\\M( ", )”Ru‘.ﬂ were
performed solely by the author, The cross-sections for the
emission of protons in these reactions have been determined,

end these values have been compared with the predictions of the

mecdel discussed in Chapter I1I, In this work the author was



assisted by Mr., W.T. Morton,

In Chapter IV the calculation of the cross-sections for
the interactiocn of neutrons of low energies ( £ 4 MeV) with
nuclei is discussed., These cross-sections have been
calculated using a potential of step form and the results have
been ccmpared with those obtained using a square well
potential, These calculations were perfcrined solely by the
author,

Finally the information which has been derived from this
research is discussed in Chapter V, Suggestions are made for

its extensicn,
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CHAFTER I,

A SURVEY OF THE EArE/IvoNTAL AND THECORETICAL INVESTIGATIONS

ON THE MODE OF INTERACTION OF NUCLEONS WITH NUCLEI,

§ 1, INTRODUCTION,

Many attempts have been wade to interpret the results of
experiments on the scattering of nucleons by nuclei in terus
of the strengtih oI the interaction between nucleons in nuclear
wmatter, Matheuwatical treatments of tne interaction of a small
nuuber of nucleons have been reasonably successiul, but the
extension of such treatments to the interaction of many nucleons
in close proximity is too complex, However it is possible to
obtain useful information on nucleon-nuclear interactions by
the use of models employing certain simplifying assumptions,

The model used in the first theoretical attempts to
interpret experiumental resulis was based upon the assumption
that the interaction between nucleons inside a nucleus was very
weak, When it appeared that the predictions of this wmodel
were not substantiated by experimental results, it was replaced
by its direct antithesis - that of the compound nucleus, In
the model of the compound nucleus a strong interaction was
assumed, so that the energy of the incident nucleon was shared
rapidly among 2 large number of nucleons, It was shown
however that at high energies ( ~ 100 MeV) this was not so;
the experimental results indicated an interaction between the

incident nucleon and inaividual nucleons of the nucleus, In



recent years refined experiments have shown that the latter
concept is also useful when the incident nucleon is of low
or intermediate energy ( < 30 MeV), The discussion of
these investigations will be divided into three sections:-

(2) the model of the compound nucleus,

(b) the study of the interactions of nucleons of high energy
with nuclei, ana

(c) the study of the interactions of nucleons of low and
intermediate energies with nuclei,

§ 2. THE BOHR HYPOTHESIS.

(a) The potential well model.

The experimental results of the early investigations of
nuclear reactions were explained using a simple potential well
model of the nucleus, The effect of a nucleus upon an
incident particle was assuwed to be uescribed by an attractive

potential, V (r), such that
V(\') = - Vb \'<R

= 0 r>R (1.1)

where R is the radius of the nucleus, The magnitude of Vo

was a few tens of lMeV,

This model was used to explain the occurrence of resonances

in the reactions initiated by slow neutrons and to predict that
atl these resonances both capture and scattering of the slow
neutrons would be equally strong, The experiments of Bjerge

and Westcott (1935), Moon and Tillman (1935), Szilard (1935),



Fermi and Amaldi (1935) and others, showed, however, that the
strong absorption which took place at resonance was not
accoumpanied by strong scattering, This major weakness of the

model led to its replacement in 1936,

(b) The wodel of a compound nucleus.

It was suggested by Bohr (1936} that a wodel which is the

direct antithesis of the potential well model might be useful

in the interpretation of experimental results, Bohr reasoned
that the closely spaced resonances for the capture of slow
neutrons by heavy nuclei were probably those produced in a strong
interaction of the incident nucleon with a many particle systen,
He suggested that a neutron incident upon a nucleus would be
subject to a very strong interaction anda would be absorbed
immecdiately on entering the nucleus, to produce a compound state
in which all nucleons participated collectively. This is
equivalent tc assuming that the mean free path of a nucleon in
nuclear matter is very short,

This new view suggested by Bohr was extremely successful in
the interpretation of the experiments on the interaction of slow
neutrons with nuclei; not only was it possible to explain the
existence of closely spaced and narrow resonances, but more
important to predict the actual predowminance oi the capture
process over that of scattering,

It was suggested by Bohr that a nuclear reaction proceeds

in two distinct stages; the formation of a compound nucleus and

its subsequent decay, The mode of disintegration was assumed



to be independent of the specific way in which the compound
nucleus was formed, The conditions necessary for this
hypothesis are that the energy of the incident nucleon is
shared awmong all the nucleons contained in the nucleus, and
that the average energy possessed by a nucleon is less than
that requirea for escape from the compound nucleus, Therefore
the time which elapses before a nucleon acquires sufficient
energy to escape is long relative to the time it would take the
incident nucleon to cross the nucleus, Under these conditions
the independence hypothesis is probably justified,

According to the Bohr assumption the cross-section for a

reaction of the type X,(QSEQ Y may be written as
o(a,b) = o () W ({£.2)
where o.(a) = the cross-section for the formation of the

compound system by particle & ,

[

the probability that the compound system

e

will decay by the emission of the particle
b .
The calculation of the quantities involved in equation

(I.2) will be considered in detail in the following two sections

(c) Ihe cross-sections for the formation of a compound nucleus.

The calculation of these cross-sections on the continuum
theory for nuclear reaction§, decscribed by Feshbach and Weisskopf

(1949), did not involve the consideration of any detailed



structure of the nucleus, In addition to the basic
assumption that a nucleon was absorbed immediately on entering
the nucleus, it was assuwued Ulnat

(1) The nucleus had a well defined surface which was a

sphere of radius R, and that the nuclear forces only
acted on an incident particle when the distance
between it and the centre of the nucleus was less
than R,

(2) The average kinetic energy of the incident nucleon

increased by an amount V on entering the nucleus,

(3) MWMany different wodes of decuy of the compound nucleus

were possible, i.e, the ewission of the incident
nucleon witn its original energy was assuned to be
very improbable,

Because of Chis last assumpiion, the theory was only
applicable for fairly he.vy target nuclei (R 2 50) and for
incident neutrons with an energy greater than 3 MeV, As a
consequence of tnese assumptions, the radial wave function,

Uy, » of & subwave of orbital angular momentun Y was written

in the forw of an ingoing wuave only: -

a4y ~ tx‘x—[ﬁK\-] (1.3)
where K = [z"(e*v)]k‘

A

= the wave number of the incident nucleon, of

energy E, inside the nucleus,



The problem of ceterwining cross-sectionswas werely
one of calculating the phase and amplitude of the wave
function for v>Q relative to the wave functicn for r<R, for
each possible value of the angular momentum R . This
was achieved by matching the wave functions and their logarithmic

derivatives, ¥{ , at the nuclear surface,

i
;Q =R ?/“Q (I.4)

r=R,
Integration over all possible values of the angular

momentum was then periormed,
Thus the only information about the nucleus which was
used in this Ulheory was ccntained in the form of the wave
function inside the nucleus,
It was found by Feshbach and Weisskopf (loc.cit,) that
when the energy of an incident neutron was high the cross-section,

S , for the elastic scattering of the incident nucleon

<\
and the cross-section, O, , for the capture of the incident

nucleon were given by
<~ W (ReX)° A <R (1:5)

~ C

0".\

The total cross-section, O, , was given by

T = 20 0\*{)1 X <R (1.6)

where A = the de Broglie wavelength of the

relative motion divided by 2W .



To determine the behaviour cf these cross-sections when
the energy of the incident neutron was low the resonance
theory o¢f Feshbach, reaslee and wWeisskopf (1947) was used,

In this theory assuuption (3) was not made and thus the radial
wave function inside the nucieus included a term representing
an ocutgoing wave, The cross-secticns were cobtained from this
theory in the same way as before except that the new form of
the radial wave functiocn was used, It was found that for
incident neutrons of low energies the magnitude of the total

cress-section when averaged over resocnances was

o z—'ﬁr—- A= R (X,7)
where kR = the wave nuuber of the inciaent neutron

cutsige the nucleus

- [RME]™
X

Feshbach and Weisskopf (loc.cit,) used the continuum
thecry to determine values for the radius of the nucleus from
the measurements of Amaldi et, al, (1946) for the total
cross-sections for neutrons with an energy of 14 MeV and of
Sherr (1945) at 25 MeV, Using these values of the nuclear
radius they computea the values of the cross-sections for the
formation of a cowmpound nucleus by neutrons with an energy of
14 keV, These values were ccnsistent with the cross-sections
for tne inelastic scattering of 14 MeV neutrons by nuclei,
measured by Amaldi et., al, (loc,cit.) and Phillips et. al,

(1952), This agreement suggested that neutrons with an energy



of 14 MeV were imumediately absorbed on entering a nucleus,
They also computed the values of the total cross-sections,
when averaged over resonances, for neutrons with energies less
than 1.5 MeV by using the resonance theory of Feshbach, Peaslee
and Weisskopf (loc.cit.). They observed that there was
agreement between these values and those weasured by Barschall
et, al, (1948, and by Bockelmann et., al, (1949),

(d) The statistical theory for ithe decay of the_ compound
nucleus,

Weisskopf (1937) and Weisskopf and BEwing (1940) applied
statistical methods to the decay of the compound nucleus, The
probability, M, (equation I.2), that the compound system

decayed by the emission of the particle ® was written as

T
T

where Tl = the probability that the compound state

q\bz (108)

decayed by the emission of the particle
b .
The sumunation is over all possible modes of decay of the
compocund system,
The probability,Wy(€) dE , of decay of the compound
system by the emission of the particle ® with an energy
between E and E+dE was derived from the principle of detailed

balancing to be

Wy(B)AE = const. M (24+1)Eoy (E) wy (Epe,~€) QE, (1.9)



where E = the energy of the emitted particle b ,
of mass W and spin s ,
E ey = the maximum energy of the emitted particle,
Wo (B wea,~B)4E = the number of levels of the residual nucleus
with an excitation energy between E,,, -E
and E,  -€E-4&
O\Gﬂ = the cross-section for the capture of the
particle b , with an energy E , by the

residual nucleus with an excitation energy

of EBaex - .

This probability has no meaning unless the interval of
energy QB is chosen sufficiently large that many levels of the
residual nucleus are included, It is usual to assume under
these conditions that the angular distribution of the particles
emitted with energyies between © andE+AEis symmetrical about

90°.

The total probability, .YL , for the emission of particle
b was obtainea by the integration of equation (I.9) over all

possible values for the energy of the emitted particle,
eﬂ“

TL = eonal, M (2141) Eo,(5) we (B men—E) AE

°
Thus the probability of emission of a particle is strongly

(I.10)

daependent upon the magnitudes of both the cross-sections for
the capture of thal partiicle by an excited nucleus and the level

density of the residual nucleus,
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The magnitudes of o\Qé), as a function of the energy of
the incident particle and the atomic weight of the target
nucleus, have been calculated using the continuum theory by
Feshbach and Weisskopf (loc.cit,) for neutrons, and by Shapiro
(1953) for charged particles,

It was suggested by Weisskopf (loc.cit.) that the
dependcnce of the level density, w(W) , of an excited nucleus
upon its energy of excitation, \\ , might be given by the

formula

w(Q) = cuk[am] (I.11)

where o and C are constants,

The values of o and QU were dctermined by Weisskopf
(loc,cit.) from the data available on the level densities of
excited nuclei, He found that these constants varied with the
atomic weight of the nucleus, and that C also depended on

whether the nuwber of neutrons and protons in the target nucleus

was even or odd, The latter variation in C was found to be
Co-o - Co-g - Q‘_e (I. 12 )
" 2

More recently Lang and Le Couteur (1954) have analysed
experimental evidence related to the density of levels of
excited nuclei, They have suggested a more complex formula
which takes into account the possible variation of level density

with the atomic weight of the nucleus,



§>3, THE INFORMATION OBTAINED FROM BAPERIMENTS ON THE
INTERACTION OF NUGCLEONS OF HIGH BNERGY ( 2 100 MEV)
WILH NUCLEI,

(a) The model of Goldberger,

The physical ideas for the description of the mode of
interaction of nucleons of high energy with nuclei were
proposed by Serber (1947), who noted several aspects of
experimental results which differed from those at lower
energies, He pointed out that for nucleons of high energy

(1) the de Broglie wavelength of the incident nuclecn

is small compared to nuclear dimensions,
(2) the collision time between the incident nucleon and
a nucleon of the nucleus is less than that between
the individual nucleons contained in the nucleus,
and (3) the cross-section for the interaction between free
nucleons is small at high energies,

Thus at high energies the mean free path of a nucleon in
nuclear matter might be of the order of nuclear dimensions,
and nuclear reactions might take place as a result of collisions
of the incident nucleon with single nucleons within the nucleus.,
This leads to the phenomenon of transparency of nuclei to
incident nucleons of high energy, These considerations are
Just the opposite of those upon which the model of the compound
nucleus was besed,

Goldberger (1948), following these ideas of Serber (loc,cit),

has made quantitative estimates of the mean free path of a



nucleon inside nuclear matter, In addition he described a
method of calculating the angular distributions and the energy
spectra of the nucleons emitted from a nucleus after collisions
of the type sug.ested by Serber (loc,cit,); this method has
becowe knownas the 'Monte Carlo!' wmetinod, It was assumed Dby
Goldberger (loc,cit,; that tne neutrons snd protocas of the
nucleus could be represented separately as non-interacting
Fermi gases, and that the collision of the incident nucleon
with one of these nuclecons was subject to the restrictions of
the Pauli Exclusion Principle, The calculation of the mean
free path of a nucleon in nuclear matter consisted of
determining the total cross-sectiion for scattering of the
incident nucleon by a nucleon inside the nucleus under these
conaitions,

The wmethod of calculating the characteristics of nuclear
disintegrations consisted of tracing the path of an inciaent
nucleon and those of its collision partners, which arose in
collisions for which the Pauli Exclusion Principle was not
violated, until they either escaped from the nucleus or were
captured to form an excited nucleus, This calculation was
repeated a large number of times so that the average character-
istics of such collisions were reproduced, The characteristics
oI tne nuclear disintegrations produced by nucleons of high
energy have been explained successfully in this way by several

authors (Bernadini, 1952; MNorrison, Muirhead and Rosser, 1953
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Combe, 1954, 1956). Since only a few nucleons are involved
in this nucleon cascade, the forward momentum of the incident
particle produces a forward peak in the angular distribution
of the reaction products, and the energy spectra of these
nucleons contain a large proportion of nucleons of high energy.

When the energy of a nucleon decreases its de Broglie
wavelength and the cross-sections for the scattering of this
nucleon by free nucleons incresase, Thus the assumption that a
particle of interwediate energies ( £ 30 MeV outside the
nucleus) interacts with a nucleus through single nucleon-
nucleon collisions might be wrong, Indeed it was suggested
by reaslee (1952) that when the energy of an incident nucleon is
less than 30 MeV outside the nucleus, that it will be captured
on eatering thne nucleus Lo forwm a compound state, This
nypothesis was tested by Morrison, Muirhead and Rosser (loc,cit,)
They calculated the energy spectra and the angular distributions
cf the protons emitted from a heavy nucleus with energies less
than 30 MeV as a result of the interaction of 140 MeV protons
on the basis of two hypotheses, The first was that nucleons
produced in the nucleon cascade with energies less than 60 MeV
( No = 30 MeV) were captured to form a compound nucleus,
which was assuumed to decay according to the statistical theory,
The seccna was that only nucleons whose energy was below the

nheight of the assumed potential well were captured to produce

an excited nucleus, A comparison of the energy spectra and



L
of the ratio of the number of protons emitted in the forward
hemisphere to those emitied in the backward hemisphere,
obtained on these hypotheses, was made with those observed
experimentally by Lees, Morrison, Muirhead and Rosser (1953),
It was shown that a comparison of both the energy spectra and
the forward/backward ratio indicated that the nucleon cascade
continued until the energy of the nucleons inside ithe nucleus
was 50 MeV, For energies less than this the comparison of the
energy spectra was insufficient to decide between the two
hypotheses, but the forward/backward ratio was more consistent
with the assumption that the cascade proceeded down to the
lowest energies,

Tnese authors calculated that if an incident nucleon with
an energy of 1 MeV could be assuued to move as an independent
particle on entering the nucleus, it would possess a mean free

12

path of approximately 10 ~° cm,

(bj Ihe mathematical formulation of the 'Optical Model!,

Cook, Mclillan, Peterson and Sewell (1947, 1949) have

found that the total cross-sections of heavy elements for

383 MeV neutrons are approximately equal to the values given by
equation (I,6), but those for light elements are considerably
below this value, These results have been interpreted by
Fernbach, Serber and Taylor (1949) in terms of the optical or
transparent wodel of the nucleus, The basic assumptions wmade

in this calculation are just those discussed in the previous
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section; namely, that the mean free path of a nucleon of high
energy in nuclear matter is long, and that its interaction with
the nucleus is by single nucleon-nucleon collisions with the
nucleons centained in the nucleus,

The wave number of the incidcat nucleon inside the nucleus,
R , Was written as

\\ = \\.\. \\\ “* \_\_(\i {2:15)

where R = the wave number of the incident nucleon,

of energy E , outside the nucleus,

k= k [(\ * !Eg)"-l

Vo = the magnitude of the assumed potential
well inside the nucleus (usually taken as
~ 30 MeV),
and K =the absorption coefficient,
The absorption of the incident nucleon was assumed to
take place by the wechanism suggested by Serber (loc,.,cit), and
thus the absorption coefficient was related to the magnitudes
of the cross-sections for the scattering of free nucleons by

the formula

| A
K - = = (1,24 )
A % TR3
where A = the wean free path of the incident

nuclecn inside the nucleus of radius R .

8 = _Yi‘rlg b L“—qu-!ul f
A




with Z

I

Snn awd S

C—-o
1

When the energy of

the charge of the target nucleus of

mass A 3

the cross-sections for the scattering of
the incidcnt nucleon N by a free neutron
and a free proton respectively,

a factor wanich reduces the magnitudes of
these cross-sections inside nuclear
matter, through the restrictions of the
Pauli Exclusion Principle,

the incident nucleon is high, the de

Broglie wavelength is swmall compared te nuclear dimensions,

It is sufficient then to determine the amplitude and phase of the

emittied wave for one pa

rticular path through the nucleus, Thus

the cross-sections for absorption and elastic (diffraction)

scattering were obtaine
quantities over all pos
The previocus consi
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a by integration of the appropriate
sible paths through the nucleus,
derations are equivalent to assuming

3} that the effect of the nucleus upon

the incident nucleon may be represented by an attractive

potential, V(r} s Such

V(ﬂ =

where

il

N =

\

that

- [Vo-\-LV,] (I.15)

© [k? ) Q»;«‘X‘)]

(1.16)
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4 phase shift analysis can be performed using a potential
of this form, The summation over all possible values of the
angular womenta involved will give just the cross-sections
derived by Fernbach, Serber and Taylor (loc,cit,.).

§.4, THE INTBRACLION OF WUCLLUNS UF LOW and INIERMBUIATL
SENERGIES W1ld NUCLLl,

(a) Introduction,

The discussicons contained in the previous sections
indicate that the initial mode of interaction of nucleons of
high energy with nuclei is completely different from that
assumed in the model of the compound nucleus, The two models
are generically related since absorption of the nucleons of
low energy proauced in the nuclieon cascade, initiated by an
incident nucliecn, would lead to. tne formation of an excited
nucleus, The evidence obtained by Morrison, Muirhead and
Rosser (loc.,cit.) suggests that such absorption may not occur
until the energy of the nucleons is too low for escape from
the nucleus to be possible, In recent years experimental
results on the interaction of nucleons of low and intermediate
energies have suggested also that iumediate absorption of o
nucleon does not occur at these energies, Indecd, theoretical
investigations have shown that tne optical wodel way be used
successfully in this energy region which for many years had
been thought to be the domain of the model of the compound

nucleus,



(bj The use of the optical wodel at _low and intermediate

eneraies.

It has been shown by Barschall (1952) that the energy
dependence of the total cross-sections for the scattering of
neutrons with energies in the range O - 4 MeV does not show
the simple behaviour predicted by equatien (I,7). It is
apperent (Friedmen and Weisskopf 1956), when these cross-
sections are plotted in three dimensions against the energy of
the incident neutron and the atowmic weight of the target
nucleus, that there are large scale maxima and wminima at
positions predicted by the siuple potential well model
( § 2 (a) ), and under high resolution in energy the narrow
and closely spaced resonances which led to the Bohr theory
are present,

Veasurements of the ratio ¢f the neutron width to the
level spacing for isolated resonances have shown that the
concept-of the imuediate absorption of a neutron of low energy
is nct correct, It has been shown by Bollinger, Cote and
Le Blanc (1955) and by Carter, Harvey, Hughes and Pilcher (1954L
that there are peak values of this ratio for nuclei of
A ~ 50 and A ~ 160, The strong coupling theory does not
explain such phenomena,

These experimental results have been explained successfully
on the basis of an optical wodel by Feshbach, Porter and
Weisskopf (1954). In using this model at low energies it is

necessary to use a potential of the form given in equation (1,15)
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and to perform a phase shift analysis by fitting wave functions
and their derivatives at the nuclear boundary,

The optical model has alsc been used by Culler, Fernbach
and Sherman (1956) to calculate the total and inelastic cross-
sections for the scattering of neutrons with an energy of 14 MeV
by nuclei, The cross-sections calculated frowm this theory were
found to agree with those measurements of Amaldi et. al., (loc,
cit.), Phillips et, al, (loc.,cit,) and Sherr (loc,cit.). This
indicates that it is not necessary to assume the imumediate
formation of a compound nucleus io explain these results,

Finally it has been shown by Woods and Saxon (1954) that
the experimental data on the elastic scattering of 20 eV
protons by nuclei may be predictea using the optical model,

The value of the mean free path for a neutron of low energy
in nuclear matier was estimated by Feshbach, Porter and
Weisskopf (loc.cit.), This value was in good agreement with
that obtained by Morrison, Muirhead and Reosser (loc.cit.) in
their calculations on the development of a nucleon cascade in
nuclear matter, In view of this, cilculations were made by
Morrison, Muirhead and Murdoch (1955) and by others (Clementel
and Villi, 1955; Lane and Wandel, 1955;) of the wagnitude of
the imaginary potentials which have been used in these optical
model analyses at low and intermediate energies, It was assumed
by Morrison, Muirhead and Murdoch (loc,cit,) that since the real

potential was deep ( ~ 40 MeV), even a slow neutron on



entering the nucleus had a.wavelength of approximately inter-
nucleon aimensions, and could be treated as a free particle
within the nucleus, It was assuued that the nucleons of a
nucleus could be represented as two independent Fermi gases,
and that reactions took place by single nucleon-nucleon
collisions for which the Pauli Exclusion Principle was not
violated, The value of the mean free path of nucleons in
nuclear matter was calculated using this model, and the values
obtained were inserted into equation (I.16) to obtain the
magnitude oi the imaginary potentials, Trie values of these
potentials were in agreeuwent with those which had been found
necessary by Feshbach, Porter and Weisskopf (loc.cit.); by
Culler, Fernbach and Sherman (loc,cit.); and by Woods and
Saxon (loc.cits ).

The success of the optical model at these energies, and
this interpretation in terms of semi-classical mechanics, leads
to the possibility of calculating the yields of nuclear
reactions at interweaiate energies, Such calculations have
not been perforuwed, In the absence of such an application, a
comparison of the experimental results with the predictions of
the optical model can be made only in a qualitative manner,

(c) Ihe experimental investigations of the nuclear reactions
induced by nucleons of intermediate energies (10 - 30 MeV).

The optical and compound nucleus models predict different
angular and energy distributions for the products of nuclear

reactions, The angular distribution of the nucleons emitted
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from a compound nucleus is symmetrical about 90o provided the
contributions from many levels of the residual nucleus are
considerea, while that of the nucleons emitted as a result
of the type of collisions envisaged in the optical model is
peaked in the direciion of the incident nucleon, The average
kinetic eneryy available for the emission of a nucleon from a
compound nucleus is approximately 1 or 2 MeV, because of the
larzge number of nucleons among which the energy of excitation
is shared, Thus because of the coulomb barrier the emission
of protons is sericusly inhibited, However few nucleons
are involved in the single nucleon-nucleon collisions envisaged
in the optical wodel, and thus the majority of the proions
produced in these collisions have energies approxiwately equal
to the magnitude of the cculomb barrier, Consequently a
higher ratio of the probability for emission of protons to
that for neutrons is expected on the basis of an optical model
than on the ccmpound nucleus model,

Experimental investigations of the validity of the two
models have proceeded along two lines:-

\1) measuremwents of tie relative probabilities of

ewission of proions and neutrons, and
(2) measurewents of the angular and energy distributions
of the products of disintegration,
leasurements of the ratio of the cross-sections for the

processes induced in WN;{®® by alpha-particles and that for those
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incuced in QCu by protcns have been made by Ghoshal (1550).
He has concluded that the alpha-particles and protons were
\ . = oW

captured To procuce the cougoundu nuc.leus " .

The first observation that thne proobaebility of emission
of protons in a nuclear reaction was higher than that predicted

! s n

by the compound nucleus model was made by Hirzel and Waffler
(1947). They found that the ratio of the cross-sections for

L

.LNQ (‘, n) -..N induced

p)

. ) a-l
the processes ,N (“,P) NN an
- . . . : 1 2L . 1
in nuclei with £% 50 was of the order of 10" times thsat
predicted by the statistical model, Subsequently measurements
"
were made by Waffler (1950) of the cross-sections for the
a . . , :

processes N (“,P)zﬂ induced by neutrons produced by the
bombarament of Lithiwa and Boron wiih deuterons, The
experimental cross-sectiovns were found to be higher than those
predicted by statistical theory by factors between 3 and 14,
Paul and Clarke (1953) observed that the ratio of the
experimental cross-sections for these processes, induced by 14
MeV neutrons, tc those predicted by the statistical model
increases from a value of 1 for the lightest elements to a valué

oA L £ B i :
of 10" for lead, The inadequuey of the statistical theory
was demonstirated further by Cohen, Newman, Charpie and Handley
(1954, in studies of the cross-sections for the processes

a A . ) o
N (t,\m) ,N inducea by 22 MeV protons,
The reactions induced in many nuclei of different charge

by protons have been studied in detail by Gugelot (1951, 1954),



He has shown that the energy spectra of the neutrons emitted
from nuclei bombarded with 16 MeV protons and of the protons
produced in reactions with 18 MeV protons, do not show the
simple behaviour predicted by the statistical model, It was
found that too many nucleons of high energy were emitted,
loreover the angular distributions of the protons inelastically
scattered by nuclei were found to be anisotropic, Similar
observations were made by Zisberg and Igo (1954) in a study
of the inelastic scattering of 31 MeV protons, It has been
suggested by EBisberg (1954) that all these observations
indicate that a direct interaction occurs between the incident
nucleon and one of those forming the surface of the nucleus,
Recently measurements have been made by Rosen and Stewart
(1956) of the angular distributions of the neutrons emitted
from Bismuth as a result of the interaction of 14 MeV neutrons.
It was found that the neuirons with energies less than 4 MeV
were emitted in an isotropic wanner; those with energies
between 4 and 12 MeV were found to be emitted predominantly at
angles less than 50°, These experimental results seem to
suggest that the conditions necessary for both the optical and

compound nucleus models might be present,

§ 5, CONCLUSION
It appears from the previcus discussion that models based
on the hypothesis of iummecaiate absorption of an incident

nucleon on entering a nucleus, are insufficient at low and



intermediate energies, The applications of the optical

model at these energies have not been considered fully, In
particular no complete analysis of the experimental data on

the yields of nuclear reactions has been made, and the analysis
of the cross-sections for the interaction of neutrons of low
energy with nuclei, performed by ¥eshbach, Porter and Weisskopf
(loc,cit, ), is sowmewhat unsatisfactory., To assist in a more
complete assessment of the mode of interaction of nucleons

with nuclei, it would be desirable to obtain further information
on the angular distribution of the products of nuclear
reactions at intermediate energies,

In Chapter II an analysis of the yields of nuclear
reactions at intermediate enerpies will be reported, This
analysis has been based on a very simple model of the nucleus,
and has been confined to an analysis of the resultis obtained in
experimental investigations performed by others,

In Chapter III some measurements of the angular distri-
butions of the protons emitted in processes of the type
zN“ (“'\’)z.”“ will be reported, These results will be
compared with the predictions of the model discussed in Chapter
1I,

Finally an account is given in Chapter IV of an attempt
which has been made to resolve the discrepancies between the
calculations of Feshbach, Porter and Weisskopf (loc.cit.) and

experimental data,



Charlen 11,

Al ANaLYoIo OF THE REACTIONS INDUCED IN COMEPLEAL NUCLEI

LY WUCLEONS WITH BUNBAGISES LETWEEN 10 aib 20 MEV,

§ 1,  INTRODUCTION,

The discussion contained in the previous chapter
indicates that the model of the compound nucleus is
insufricient to explain the experimental results on the
interaction of aucleons c¢f interwmediate energies with
nuclei, In this chapter an account will be given of an
extension of the approach suygested by Morrison,

Muirhead and Murdoch (loc.cit,), to the calculation of

the yields of nuclear reactions at intermediate energies,
The calculations to be given here have shown for the

first time that it is possible to calculate satisfactorily

the cross-sections for wost of the following processes: -
(1) zN“ (‘\,\b) z}\\‘“ for neutrons with an energy
of 14,5 MeV,
(2} The excitation functions for the reactions:
g (o, p) N, AT (o, b8) M, S () n
nC\“ (n, \’K) uasu sl 3%3'“ (., p¥) 37‘“’%‘%

(3) The angular distribution of the neutrons

emitted with energies between 4 and 12



MeV, following the interaction of 14 MeV
neutrons with Bismuth,

(4) The energy spectrum of the protons emitted at
60° and 150° from Iron, Silver and Flatinum

when bombarded by 18 MeV protons,

§ 2., ErROCELURE,

It has been assuned, for simplicity of mathematical
argument and physical description, that the nucleons
contained in a nucleus may be represented as two
independent Fermi gases of nucleons, This concept has
been proved by many workers to be useful, and there
appears to be some Jjustification for considering it as an
approximate physical description of the normal and excited
states of a nucleus, Thus an assembly of non-interacting
particles should approximate reasonably to the requirements
of the shell model of the nucleus, in which definite
physical states occur for considerable periods of nuclear
tine,

It has been assuumed that a nuclear reaction proceeds
in three stages:-

(L) an initial collision between the incident
nucleon and an individual nucleon of the target
nucleus (direct collision),

(2) the formation of an excited nucleus,

and (3) the decay of this excited nucleus,



It has been assumed that the excited nucleus is
formed by the 'capture'! of nucleons, produced in single
nucleon-nucleon collisions, whose energy is too small
to escape from the nucleus, The ewmission of nucleons
by direct collisions takes place within a period of

aboyt. 16757

seconds after the nucleon enters the nucleus,
whilst that by the decay of an excited nucleus may occur
in times which are many orders of magnitude larger than

this, Thus it is reasonable to consider the two processes

separately,

§ Ja THE CRUSS-oECILIUno 20K The EMIOCIUN OF WNUCLEONS
BY DIRECT COLLISIONS,

(a) The total cross-sections for the emission of
nucleons,

The derivation of the formula for this cross-section
will be given, to simplify the nomenclature, for a
reaction of the type ,_N“(a,\;)t_?l“ . The formulae to be
given are applicable, of course, to any other type of
reaction,

It has been assumed that the incident neutron
interacts with either neutrons or protons in the target
nucleus, Assuming that the neutrons and protons in a
nucleus may be represented as two independent Fermi gases,
the cross-section, Opp , for the collision of the incident

neutron with a proton may be written as
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where Oy = lhe cross-section Ior the interaction of the

Ore (I1.1)
incident neutron wilh the target nucleus,
X(PQ==the cross~section for the collision of a neutron
of momentuu P\ with a free nucleon,
& =32 factor which reduces the magnitude of X(®))
inside the nucleus through the operation of
the Fauli Exclusion Principle,
f-zthe density of the nucleons inside the nucleus,
[he subscripis » and ? refer to neutrons and protens
respectively; an expression for o has been calculated by
Goldbergzer (loc.cit,) for nucleons whose energies are twice
the maximum Fermi energy. This calculation has been
extended to cover the collisions of nuclecns of lower energy
and te include correction factors for the differences in
binding energy of the last neutron and proton in a nucleus,
On crossing the nuclear surface the enerygy of the
incideni neutron has been assuned to be increased by an
awount equal to thne cepth of tne nuclear potential well,

v° ? b[lus

Po= /2M(V,+E)

where M = the mass of the nucleon,
and E‘ = the energy cf the incident nucleon,

The magnitude of the nuclear potential was assumed to

)
D

e given by the sum of the maximum Fermi energy, €

{ ?



of the neutrons in the target nucleus and the binding energy
of the last neutron in that nucleus, The magnitude of E;
was calculated by assuming that the neutrons were contained
within a sphere of radius 137 A% »\0cm. (A is the atomic
weight of the nucleus), It was assumed that V, for the
protons was equal to that of the neutrons, and that the
meximum Fermi energy of the protons, & , was given by the
difference between V;cum.the binaing energy of the last
proton, The values of the binding energies were obtained
from the tables of Feather (1953).

A nucleon can escape frow the nucleus only if its
energy € is greater then VY,. Thus it is necessary to
calculate the probability for the proton to possess an
energy between € and E+44d€ inside the nucleus after the
collision, such that &>V, .

Consider the collision of a neutron of energy E|
with a proton of energy Ezand momentum.ﬂlmmving in a
direction qS with respect to thu.t of the incident particle.
It will be assumed that the cross-section for scattering
in the centre of womentum system is isotropic, Physically
this assumption is not correct but the error involved is
small (d“Pﬁvﬁsxnu see appendix la,), The value of the
measured cross-section for the scattering of free neutrons
and protons varies inversely as the energy available in

the centre of momentum systeu, 4 similar assumption will
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Figure II.l. The distribution in energy of the
particles produced by the scattering of two nucleons
of energies €, and €, . The shaded area
represents those collisions which are allowed by the
Pauli Exclusion Principle.



be made here, The cross-section for scattering between the

limits and E+4d® is given by

( P X(R) % - %l : e (11..2)
A€ | (\?‘—E’Jy P, ‘ +?\
between the limits

JRAR A?.’-'ﬁ\‘kl 2 e 2R T\ R-RY
P

outside these limits.

The subscript in /@. refers to fixed values of P, and
¢> . For convenience the operation of the Pauli Exclusion
Principle will be ignored at present, Integration of equation
(II.2) over all possible values of ¢> yields the following
expression for the cross-section for the collision with a

nucleon of fixed momentum P, ,

L) “_¢
do\ _ M XL?‘) \ P4 Pl 19\'1¢“¢Y‘+H (9}* ?3"-
(\E) - 1 p e P4 P+ 20,0, cond)t - JT (P4 P"){
b, 203 8, (P PV (Pl 80+ 20 Pcomng) - JT (P4 By

(T145)

¢

The form of % , for protons, as a function of &
is displayed in figure II.1l,

At this stage it is convenient to introduce the
restrictions of the Pauli Exclusion Principle, For the
collision of a neutron of energy E‘ with a protcn of energy

€, the Pauli Exclusion Principle is satisfied only in a

s = ) a . !

reaction of the type ,N (ﬂ,v)zjﬁ if the energy of the

proton is raised to a value such that

€ $E £ (E+8y) - (& -Q)



>

where (P is the normal definition of the term represent-
. - *

ing the release of energy in a nuclear process and EF

is the maximum energy of the protons in the Fermi gas,

It follows that the protons which can participate in

such collisions must possess energies which lie between
the limits

Evl-Q- & §¢

The total cross-section for the production of a proton

with an energy between &€ and €4d4tf is finally obtained by

perforuing the integration

|
(), rrae,

3 (II.4)
[ e2de
where .., & aMe
€
AL
This integration yields the expression
3
(d_c) - 3MKCERD (e ) b 2 ZERR) - 207 P bk By / (11.5)
¢/ e Rte 362 .
L3¢ B
* Foctnote

In the nomenclature of this scattering problem the
term [€+8)- (-9 ) implies that the neutron is left with
sufficient energy that the exclusion principle is not
violated for the neutron gas in the product nucleus qu

In the scattering of a neutron by a neutron in the target
nucleus =0 ,



It follows that the cross-section for producing a proton
inside the target nucleus with kinetic energy between € and

€ +dt is given by

(T-) = Ope —)/E(;:)AE (II.6)

The subscript N refers to the target nucleus,

The entire term in the denominator of equation (II.6) is
equal to the expression Y_*XO’.)]“P of equation (II.1). The
integrated expression is unwieldy but a numerically equivalent

expression is ' y
(P"*")’i(P +P1-60 + eNGQ) Vomln” 204 2 (2 +8Y)
‘) = X(P\) '| + 3?"

22 B+ ORI -3Me ) WA B 2 e, R (I1.7)
i 2

where gz = J2M(28.-€,-Q)
A proton produced in direct collisions can escape from

the nucleus if its energy g is greater than Vg * The cross-

dq
\3

collisions with kinetic energy between E and E + 4E (E-:E—Vo)’

section, ( ) , for the emission of protons produced in direct
i

is then
o) (% € :
dE)n\, Af Ncb( ) (I11.8)
where(ﬁLe)repredents the probability of escape from the nucleus,
lhe total cross-section,gpldiv) , for the direct ejection of
protons from the nucleus as a result of the first collision of
a neulron with a prcton can be obtained by numerical integration

of equation (I1I.8).
ExQ

o, (dw) = é_ dE 9
pl&+) oj &y (11.9)



A rough numerical calculation showed that the
probability for the direct emission of particles from
second collisions is negligible, if the incident nucleon
possesses an energy of less than 20 MeV,

The total croso‘-section,c“(&'\r.), for the emission of

neutrons by direct collisions is given by

E, ,
mllin) = J (:x\“g)“:e B J (ﬁ)‘:’e (I1.10)

The factor two appears in the second term because
it represents the collision of identical particles, The
calculation of the individual terms of equation (II,10)
is as already described,

(b) The daifferential cross-section for the emission
of nucleons produced in direct collisions,

A calculation of the differential cross-section for
the scattering of a nucleon by a Fermi gas of nucleons
has been given by Hayakawa, Kawai and Kikuchi (1955).

The wethod of calculation is basically correct, but there
is an error in one of their equations, This mistake has
been corrected and the calculation has been extended to
include that for the scattering of non-identical particles,
The details of their calculations will not be given here,
instead the basic equations will be quoted and the error
indicated, The nomenclature used will be as far as
possible that of Hayakawa, Kawai and Kikuchi (loc.cit.).

The equations given here differ occasionally by factors of



2 from those given by these autliors,
For the collision of & nucleon of momentum @,
with a nucleon of womentum P, the cross-section,
<6 -
c'(?;_) A?g , for scattering such that the scattered
- - -
nucleon has a final momentuw between Py and P +d®

is given by

sl - >
2y = L |ReEPaen &, & j

i SRS
where Pawvd P! the momenta of the nucleons in the

I

centre of womentuw system before and
after collision,

cf;:;j L ?;:X(§51
W0 LA

i

= the differential cross-section for
scattering of the nucleons in the

centre of womentum system,

1

and §(°-9) 20 §( P -p"

A cylinarical co-ordinate system QZ)S,Cb) is
introuuced whose polar axis lies along the direction of

-
the moumientun transfer vector %’

= 0 =P
i &= M (11.12)
It then follows that
§(P-pM)= L &(z-30) (I1.13)
q,
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Figure 1I.2., The co-ordinate system used for the
computation of |¥ ~F|?
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where

o by (eg*f-e,‘) | (11.14)

Equation (II,13) may now be written as

s(%) aF; YT TN ct,g(zﬂ(,)ja&r dz 4¢ A—PZ (II.15)
R Tq
where
o(f,f') = St
T

The energy dependence of this cross-section is

introduced at this point
_2on
2
\P_l\

Thus in the nowenclature used in § 3@), & is given by

S. = L;(P—‘) (13.17)

The mistake made by Hayakawa, Kawaili and Kikuchi
(loc,cit,) was in the derivation of the magnitude of the
i <Al &
quantity (e, —P] . The correct expression for this

quantity can be seen from figure 1I.2 to be given by
=3 =W, X % LY a . \
l?‘ -?11 =P +=2 te 4+, (2con § - YS\N\SQG':¢) (II.18)
When these quantities are inserted into equation

(II,15) and the integration over 2 and ¢> performed, we

have

off)ak - S ‘ Pl c\?_‘_ (11.19)
W DR g ) et




where now the quantities b and < are given by

b = Plaz2y .l?‘tvgmj ~202aulS = 2, q: & ?+1
(11.20)
c = kp\‘l * 11;1 * 1?‘1Qm S)L

(B aqr -2

The limits of integration are determined by the
condition that before collision the target nucleon must
have a momentum €, 1less than that of the Fermi maximum,
after collision it must have a momentum such that the
Pauli Exclusion Principle is not violated, Thus in the
scattering of non-identical particles

P2 < P2 B2 et - 29 (I11.21)

and the limits of integration are

P = P -2 (I1I.22)
,P\l =z P4 P_gl—').Q- Pi-20"

The integration of equation (II.19) over $ then yields

>, = S?' /“ (e o e
olff)afy = —2ou_. S |\, /P +7bea +e rpi+h (11.23)
?‘@)PE y /},‘*+2\;f.‘+c -\-?.1-\'\)
)

Thus the differential cross-section, (d's ) ; for
Atdw

the production of a nucleon of energy & at an angle ©

as a result of single nucleon-nucleon collisions may be

written as

Q2 & MP, P, e o2 ' 2
( ::A) — PgPX(;P,! ‘\/.f’ * ANps :"9 +b (11.24)
at M‘-CFFF /Pu"‘+9~b?,‘+c +9,"+b

—_—

AdBdw )
production of a proton of energy € at an angle ©® inside

The differential cross-section, (6‘5- ® , for the



the nucleus, in the case of an (p,?) reaction, is then

@ \) o . ) Y (11,25
Taw [oxco] g+[.tx(o.)] K3 “““ ~p e

where ( is calculated from equaticn (II,24),
d€dw np

(c) The probability of emission of nucleons produced in
direct collisions,

The magnitude of the mean free path of a nucleon in
nuclear matter is at the energies under consideration

quite large in comparison to the dimensions of the

nucleus, This allows the possibility of the emission of
nucleons produced in direct collisions, The probability
of emission of & neutron is completely different from that

for a proton, because of the inhibition to the emission of
protcns produced by the coulowb barrier,

It has been shown (Ferkins 1949) that the average
distance which a particle traverses, in &« nucleus of radius
R, before reaching the surface of the nucleus is O TS R |
when the direction cf motion of the particles is random,

In order tc satisfy the principles of conservation of energy
and wcmentum, the particles produced in the collision of

two nucleons must move in the direction of the primary
particle, A numerical computaticn showed that the average
distance traversed by these nucleons is still about OISR,

Tne difficult problewms associated with nucleons crossing
the nuclear boundary have been avoided, It has been

assumed thatl the nuclear boundary is sharp and that the



probability, P , that a nucleon crosses this boundary
is given by
(11.26)

where op and Oy represent the cross-sections for the interaction
of protons and neutrons respectively with nuclei, The
values of Opused were those given by Shapiro (loc.cit,)
for o nuclear radius R= \WSR% x\!)"“cw\.',these cross-sections are
in goocd agreement with the measurements of Tendam and Bradt
(1947) and of Blaser and his co-workers (1951). The
values of 0, used were those measured by Beyster, Henkel and
Nobles (1955) for neutrons with an energy of 4 MeV,

Thus the probability, ? , that a nucleon of energy &
may reach the surface of the nucleus and escape in the first

encounter with this surface is given by

b= Poxp. [°)‘7(5;;°‘] (11.27)

The value of the mean free path, M€), of a nucleon

7_ of energy © in nuclear matter was calculated from the

formuls

\() [&X(\’\)] SH- [&X("\) ]’l 0y (1I.28)

Since P is less than unity for protons and the mean
free path for a nucleon in nuclear matter is much larger

than the diameter of the nucleus, it is possible for

protons to be emitted after more than one traversal of the
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nucleus, The problem of calculating the relative
probabilities of escape of protons from a nucleus, at
specific angles with respect to the direction of the
incident particle is difficult; the procedure which has
been adopted can be regarded only as qualitative,

Since the protons move in the direction of the incident
particle (forward) following the initial collision, it has
been assumed tnat they move backwurd after the first, third,
fifth etc,, reflections and forward after the second,
fourth etc,, reflections, The average distance traversed
by a proton in crossing the nucleus after such a reflection
is 1-33R.

The probabilities, ¢‘ and ¢,_ , for emission of
reflected protons in the forward and backward hemispgheres,
respectively, are then

q)\ = kx"-\- kx" + e¥e. = --hi (I1.29)

-x?

. (11.30)

\—-x*

C’)z-_- ?x + ?:& + <\e.

where = =(-") Qx‘._[\;(ag ]

The direction of emission of these protons emitted
after multiple reflections will be assumed to be isotropic

over forward and backward directions,
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The total probability of escape, qi , &s required in
equation (II,8) is then obtained from equations (II.27),

(II.29) and (II.30).

¢ =p }”' & pt L ‘IT30)

T y-x* \=-x

The quantities ¢ and ¢, are required for the
computation of the angular distributions of protons which
are emitted as a result of direct collisions, When the
angle of emission ® is less than 90° the differential
cross-section, AEEL\ , for the emission of protons is
composed of two terms, that for emission as a result of
the first encounter with the nuclear surface and that for

emission following multiple reflections

)
- b o), btV (de) <Y\ (I1I.32)
At Aw \-x* W AE)

When thne a_néle © is greater than 90 the protons emitted
are only those which have been reflected at the surface of

the nucleus, Thus

8
(iz_ = b (&) 8>%0" (11.33)
dEdw \-x2 2w \QdE [y

The magnitude of qN is usually negligible,however
the magnitude of d),. may be appreciable ( ¢, ~ 0'3¢
for protons with an energy of approximately 5 MeV, for a

nucleus of A ~ 50),
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§4, Ths LuIooION OF NUCLEUNS £nOM AN BACITEL NUCLLUS,

(a) The formation and decay of an excited nucleus,

According to the wmodel which has been used in these
calculations, the nuclear excitation is initially concen-
trated in two nucleons, When these nucleons move through
the nucleus their energy sometimes becomes degraded in
further collisions until it is below the height of the
nuclear potential well, These nucleons cannot escape from
the nucleus and thererfore as a result of the direct collision
process an excited nucleus may be produced, This excited
nucleus wmay exist in various states of excitation, but may
easily be classified as being one of two types:-
(1) those nuclei which are left after the emission
of nucleons by direct collisions does occur,
These nuclei may have any value for the energy
of excitation between O and E, ,

(2) those nuclei which are produced when the emission
of nucleons by direct collisions does not occur,
These nuclei have an energy of excitation, W ,
given by

U= E +B

where B is the binding energy of the last nucleon
in the excited nucleus, The cross-section, . ,

for the formation of an excited nucleus with this

energy of excitation is given by



O, = op - [c‘,wv) + Oy (‘“v-\] (11.34)

The value of this cross-section is approximately
% @3 for nuclei of R ~ 5O .,

Detailed considerations of the mode of disintegration
of the excited nuclei produced when the emission of nucleons
by direct collisions occurs have not been made, It has
been assumed at all times that if the energy of excitation
is sufficiently high for the emission of a neutron to be
energetically possible, then this process takes place;
otherwise these excited nuclei have been assumed to decay
by the emission of ¥ — radiation,

Those nuclei which are produced when the emission of
nucleons by direct collisions does occur, have been
considered in detail, Since the energy of excitation of
these nuclei is high ( > 20 MeV), there will probably be
several vacancies in the levels in the Fermi well, Thus the
mean free path of the nucleons inside the nucleus may be
reduced, and the conditions necessary for the maintenance
of a statistical eneryy distribution with the gradual
boiling off of particles might be established, Consequently
it has been assumed that these nuclei decay according to the
statistical theory of Weisskopf and BEwing (loc.cit,).

The cross-section, G],(comp.), for the emission of a



particle, b , by the decay of this excited nucleus may be
written then, X1 §\@) ,88

c,,(cm\:.) = O —\‘—_‘_‘h—-— (II,35)
bl

where the term ‘L may be Qeflneq as
Ty = conih. “@“‘WE oo() wa (B4Q-E) &€ (II.36)

The terms in these expressions have the wmeanings given in

T 1)

In all calculations it has been assumed that particles
of all energies, emitted in the decay of this excited nucleus,
are emitted isotropically, Thus the differential cross-
section for the emission of the particle b by decay of

the excited nucleus has been assumed to be given by

(% °(“‘ (II.37)

¥Yor the value of cb(E) for protons and alpha-

particles the values given by Shapiro (loc.cit,), for

v = 'S x \0%cm. have been used, For neutrons this

quantity has been assumed to be equal to the cross-section

for the inelastic scattering of neutrons with an energy of

4 MeV; thus the values of this cross-section measured by

Beyster, Henkel and Nobles (1955) have been used (appendix 1b,),
The probability of emission of a particle in the decay

of an excited nucleus is strongly dependent on the level

density of the residual nucleus, To compute the relative



probabilities of the wodes of decay of the excited nucleus
satisfactorily, a sewi-ewpirical determination of tihe
possible variations in the level densities of excited nuclei
has been made, This will be considered in the next section,

(b) The determination of the density of levels of an
excited nucleus,

Lang and Le Couteur (loc.cit,) have made an extensive
study of the spacings of nuclear levels, D , of excited
nuclei, They have shown that the application of the
thiermoaynaumic properties of a Fermi gas to the nucleons of
a nucleus yields the following equation for the spacing of
nuclear levels of zero spin, D° » in a nucleus of atomic

weight A and excitation energy U .-
¢ %
¢
Do = Ol A* (U4t) "exp [& (—‘}\l) + 2 v ] (11.38)

where .

= (lSw) )i W s &
A A

The spacing of nuclear levels of spin 5, 4 DI y is

assumed to be given by

@Tv)0; = D (11.39)

Since the analysis of Lang and Le Couteur (loc.cit.) was
made,a considerable amount of experimental data has been
obtained concerning the density, (where ®D =\ ) of
levels of many nuclei al excitation energies of approximately

8 MeV, This region of excitation energy is relevant to the
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present calculations since for wmost of the reactions consid-
ered the nuclei left after the emission of a charged particle
have approximately this energy of excitation, Thus a
comparison has been made cf the predictions of the formula of
Lang and Le Couteur (loc.cit,) with these experimental results,

The data on the level spacings in light nuclei have been
taken from the tables of Endt and Kluyver (1954) and from
recent publications by Buechner et.,al, (1956), Paris et,al,
(1955, and Paul et.2al, (1956). Those on the scattering of
slow neutrons frow heavy nuclei have been taken from the work
of Harvey, Hughes, Carter and Filcher (1955). In the selecticn
of tnese data on level spacings only those derived in the
most reliable exgeriments have been used, Thus fcr the
light nuclei the results of experiments on the scattering of
neutrons by nuclei have not been considered,

An average cuantum nuwber of spin has been assigned to
each group of levels, the assignuents were made either from the
information obltained in the indivicual experiments, or from
reascnable assumptions concerning the magnitude of the initial
and product nuclei invelved in the individual reactions and the
energy of the incident particles, These assignments are
probably most reliable for the heavy nuclei with T  greater
than | .

The ccuparisons between the predictions of the formula

of Lang and Le Couteur (loc.cit,) are shown in tables 1,2 and 3,
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Odd-odd nuclei,-
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Table 2.

Even-odd, odd-even nuclei.




. ° P . &
6°T g0T X 0°2 2 0T X ¢ (0 wwmw 2) (dp) 6275
8°2 mOH X @°2 N\m. .vOH X L Am.wﬂ.m.wv (*d) \..qu...ﬁ
B3 o X om'mo Qag ﬂ.—.-
£°T @oa X G°T 4 mOH 13 (€ e 2) (¢ ) ¢z TV
° * é NH
8°0 OT X &°T 2 OT x ¢ (9°¥—0°2) (d¢p) N
9 S €oc 62
r1 ©OT X §°T T PTX S [E0rEe) | (300) oo
. . . . AH-Q HH
7 Al moa X0°'T N\m moa X G*2 (& mMm £) ﬁ. ) Hmaz
‘A9 UT
Futoeds
MMoboH
Axosyy Ad ur I 93eI9AB ol U uo0T2089 gnaTOoN
*9dxy a(t + 12) omﬁno>L peaInsesy X sw ¥ e g =R

*TeTONU USAS—=PPO ‘pPpoO-UsAF

*2 9Tq®l




L*0 (v ¥o0)| 2/ 2 ¥ 81 6°¥ ‘ PO

. S == a 05
6°0 ZO0T(¥ + OT) g/1| O0T(2 + &) T°9 s PR

° e s ° Om
§*0 z01(2 + ¥) g/1| LOUT +2) 9*9 " 6TTYS
L*0 LOT(P T ¥ €) 2/ |,OT(L°0 ¥ §°D) €L . L pus0s
ik - OT(9°T ¥ €) 2/; |LOT(8%0 + &°T) 0°8 ’ cpus©8
G*0 OT(€ + OT) 2/ LOT(S°T + §) 6°9 HpLeais osmv

v * ‘ : uoxan

2 TE N reLees

Y ° . O Cam ° é ON
8°0 g0T X 0°T /¢ cOT ¥ 6°2 |(s6 w.mm T) (d*p) 452

L) L ] L4 @H
9°0 OT X 8 2/¢ OT * 2 (2 «um 2) (w*D) ceS

o . . [\ ® m.ﬁ
0°2 QOT X 2°T 2 ,OT X 6°2 (9 m.m 6) (p¢d) 1cd
pT orxoz| oz | orxiy |(eree) | (ae) AL




Table 3.

Even—-even nuclei.
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The agyrecuent between the experimental and theoretical
aata in table 2 is remarkable in view of the variation of
the level spacing by a factor of \O% é The tables show
thnat there is a very pronounced aifference between the
spacings of levels in even-even nuclei and that of other nuclei,
the difierence between even-oda and oda-odd nuclei is not
so certain, It is found, by taking an average of the
final columns of the tables, that for nuclei of the same mass
and excitation energy the average level densities are given
by

Wowo - _Wowe _ wee ‘
2 & S (11,40}

These variations in the level densities are much larger
than those obtained by Weisskopf (loc.cit,) in the analysis
of the data of Bardeen and rFeenberg (1938). It is possible
that,due to the lack of resolving power in the existing
experimental investigations,some of the levels of excited
nuclei have not been observed, If this is the case it is
possible that the factors of 12 and 5 could be higher,

These factors of 12 and 5 have been used at all times
when the emission oi nucleons from an excited nucleus has been

considered,
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A ]
(1) The cross-sections for the processes =N (n,yﬁﬁkbl

A-l ]
and zrﬂﬁj n,kltqu induced by neutrons with ai energy

of 14,5 MeV,

N\\*

The crcss-sections for the process z_N“ (n, \)X)z_‘

have been measured by Paul and Clarke (loc,cit,) and by
Forbes (1952}, Tc make coumparisons with this data it has
been assumed that it is notl possible for an excited nucleus
to emit ¥ - raciation if it possesses sufficient energy to
ewit a neutron, It follows that the permitted limits of
energy for the emission of a proton such that a radiocactive
nucleus is left are ( B, + Q@ ) and ( E\-H:p ) where ‘1,
represents the binding energy of the last proton in the
target nucleus,

Thus the cross-sections op(dir.) for the emission of
protons as a result of cirect collisions, and cb@gmk) for
the emission of protuns in the decay of the nuclei with
excitation energy \W , have been calculated by numerical
integration of equations (I1.,9) and (II.35) between the
appropriate limits, The results of these calculations are

Zgiven in table 4,

* Footnote

The terminology Q\,‘:K) and Q\,\m\ used here means that a
proton is emitted first followed at a later stage either by
the emissiocn of ¥- radiation or a neutron,



Table 4.

Element Q MeV = C“) P*&) k.
Opleomp)| Faul
Oplcomp.) [op (ir) c",tcl\r.) C?ggke Forbes
oo 9.4 15 | 5 | 20 | 49+25
plo =3.7| 15 |25 | 40 |135+45
Na23 -3.4 | 15 |30 | 45 | 34415
Mg -4.7]1160 |45 |205 [190+20
Mg’ -2.9| 60 | 60 |120 | 45+18
a127 -1.9| 25 |40 | 65 | 52+10 | 80+5
g1 28 -3.8| 215 |45 |260 [220+50
5129 -3.0| 45 |55 |100 |100+30
p31 ~0.7| 30 |35 | 65 | 64+10 | g0+10
532 ~0.9|170 |50 |220 |370+50
s34 -4.3| 70 |30 |100 | 85+45
c137 -3.5| 10 |30 | 40 | 3346
g+l -1.8| 10 |35 | 45 | 80+30
17148 -3.1]100 |30 |130 | 93+30
vol -1.4| 10 |30 | 40 | 27+4
cr2? -3.0| 75 |30 |105 | 78+11
re’® | -2.9| 60 |30 | 90 | 97+12 124412
Ni61 -0.5| 30 |45 | 75 [182+30




Table 4. (Contd.)

Element |Q MeV S (“)\;6) -
& (comp) [ Faul
Op comp) |op(dir) OPZ:,“_‘; Cﬁgke Forbes

cub> -1.3| 5 |30 | 35 19+4
7nb4 +0.2 [ 110 |45 [155 [386+60
7n®0 -1.9| 45 |30 | 75 [100+17
Gab9 -0.1| 5 |25 | 30 | 24+18
Ge 10 -1.0| 60 |30 | 90 [130+65
GeT2 -3.21 10 {20 | 30 | 65+30
Ge 2 ~0.6| 6 |30 | 36 |[137+68
AsT? —0.4| 3 |30 | 33 | 12#2
seT7 0.0 5 |20 | 25 45+23
5r88 4.4 2 | 9 | 11 | 18+3
7720 -1.4| 20 |20 | 40 |250+100
zrt -4.6|0.3 | 6 6 |10.5+5
Mo27 -1.3| 2 |20 | 22 |108+54
rutOl | —0.7| 3 [22 | 25 2+1
pal04 | —1.5| 6 |17 | 23 |132+66
Pal0> | +0.2| 4 |25 | 29 |740+520
1127 0.0 1 |16 | 17 [230+140
pal3® | 41| o | 3 3 6+2
Lal39 -1.5 0 9 9 6+2.5
71205 -140 0 3 3 izl.s
2% | 42| o [0.3 |o0.3 1+1




It can be seen that the calculations follow closely
the trend of lne experimental results, The large fluctuations
in the calculated cross-sections are produced by the variations
in the Q-values for the processes ,N“(n,\f‘)z,‘“a and zN“ (m\:a)z_“\“-‘
and also by the variations in the level densities of excited
nuclei, It should be noted that in addition to the
fluctuations resulting from the even-even, even-odd and odd-odd
characteristics of nuclei, deviations from the formula of Lang
and Le Couteur wmight arise from tne dctailed structure of an
individual nucleus, These rluctuations should only affect the
magnitude of o‘,(comk-).

It can be seen that the mechanism of direct collisions is
responsible for the agreement obtained for the heaviest nuclei,
It was found by Paul and Clarke (loc,.,cit,) that the cross-
section obtained using merely statistical thecry was too small
by a factor of |O% for lead.

The total cross-sections for the emission of protons as
a result of tne interaciion of neutrons with an energy of 14 MeV
with some nuclei have been weasured by Allan (1956) and by
Arustrong and Hosen (1956), To make a comparison with these
measurements the cross-sections for the processes zN“(h,\:ﬁ)z?}“

'Y Lo
and N (n,\:n)z_‘N have been calculated, Unfortunately for
some of the nuclei considered the cross-section for the process

™ -\
N (n,n\)z_‘“ is not negligible, This occurs when it is not

energetically possible for the emission of two neutrons to take



Table 5.

Experimental results

Element | Q MeV c(n,\fé) + G‘(h,\)h) wb. in mb.
oplcemp)] Total
°i>(‘°‘“‘?~) c"(&‘) + vl Cog'xe.ct ed
cpic) | gection (&, np)
et -1.9| 75 |100| 175| 140+ 70
Fe t +0.3| 540 | 55| 595| 580% 460
pe’® -2.9| 80 | 30| 110| 190% 190
Nio8 +0.6 | 470 | 60| s530| 530% 310
Ni60 -2.0 | 115 30| 145 300% 240
cub3 +0.7| 80 65 | 145 250% 120
cu®? .3 | as 45 60| < 80% | < 40
zn%% +0.2 [ 360 | 55| 415| s90% 200
pat® | Lo0.2| 6 | 24 30 10t 10
*Allan

YArmstrong and

Rosen.




place, No attempt has been made to calculate the cro ss-
section for this process since it involves the calculation
of the relative probabilities of the emission of protons and

¥ - radiation; sufficient information concerning these
relative probabilities is not available, However the protons
arising in this process are readily distinguished from those
arising in the processes _I_N“ (n,}l)i.“‘lﬁ and zNa(h,\:n)z_\:l“-i
(Allan, private communication), and corrections for this effect
have been made by the experimental investigators,

The comparison given in table 5 shows that the overall
wgreement between the calculated and experimental cross-sections
is reasonably good, in view of the wide range of mass values,
1t should be pointed out that in the experiments performed by
allan (loc,cit,) only the protons emitted at forward dngles were
cbserved, Ihe cross-seclicns were obtainea by assuming that
thie angular distributicns were isotropic; thus the cross-
sections quoted by Allan (loc.cit,) might be overestimates when
the cross-section for the ewissicn of prctons by direct
collisions is the predominant one, A more satisfacltory test

of the wodel could be made by cbservations of the angular

distributions c¢f the grotons emitted in these reactions,

(2) The excitation functions for the reactions
21 28 ad
\,.N * (o }.‘)\\ \ ( \’K)\Lﬁ 2 \\LS_‘ (“' Fd) \i“\ 2

33
1P (n,rr)J,,:S" and 35 ¥ (n, pX) RV

, I 2
The excitation function for A" has been measured by

workers at Los Alowos (Hughes and Harvey 1955), while those for
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Y . 8
\,_M\“', \é‘ ,\$\n ana HSrg have been measured by Cohen and
White (1956, The latter workers have measured all cross-
sections for a particular nucleus relative to the cross-

sections wmeasured for neutrons of 14.5 MeV by Paul and Clarke

{loc.edita)s

The calculatiocns have been made in exactly the way
discussed in (1). To calculate the excitation function for
BRPJ a value of o1 used was 0,8 barns; in calculating

the other excitation functions the value of O3 was assumed
to be equal to the cross-sections for the inelastic scattering
of a neutron with an energy of 14 MeV, measured by Amaldi et al
(loc.cit,) and Fhillips et al (loc.cit. ). (The measureuments
of Taylor, Lansja and Bonner, 1955, show that this cross-section
daoes not vary appreciably for neutrons with enerygies between
10 and 15 MeV),

The results of these calculations are compared in figures
II,3 - II,7 with the experimental data.

The reactions uM%“ (h,\:‘&)\}\\a"\', \3“\11 (“)‘?K) \,_M%’n and
\éi“ (n,“a“&\ \3“\‘% are similar in that Op (comp,) is the
dowinating cross-section, while for 3‘3\-“(%\;6)3\1\\:“, erP(A‘w.) is
dominant, There appears (o be no simple explanation why the
excitation function for ‘_'Q\'-“ k“.?“\ \,}“ should rise with

increasing neutron energy,



(3) Thc ansular gistripution of thne neutrons emitted, with
ener_ies between 4 and 12 keV, after the interaction of
neutrons of 14 MeV with Biswuth,

The experimental data with which a coumparison has been
made was obtained by Rosen and Stewart (loc.cit,).

. . . o)
differential cross-section, CIEK;J s for the
N

production of a neutron of energy € and in a direction ©

my

Llne

inside the target nucleus as a result of direct collisions may

be writuven as

(——wz" o e (é 3" (d S’ (1I.41)
d€dw] " [ax(@)] e +[«x(e) fdw Edwydn ’
N e :

where tne uiftferential cross-section
A‘E Aw gf,}

equation (II.24). For simplicity in calculating this latter

is given by

cross-secticon it was asswued that E; = EF'= 30;er and
VN, = 36 MeV; the errors introduced into this calculation by
this simplification are negligible, The value of T used
was taken from the data of Amaldi et.al. (loc.cit.) and
Phillips et.als (loe,cit, ).
2 e
fhe difrerential cross-section, (—41—) » focr the emission
dEdwl, :
of a neutron of eneryy E at an angle © to the direction of
the incident 1tutrou is given by
o
i o

dEdw), \d8aw) A (€)

The x,uul@r distributicn ¢f the neutrons emitted with
energies between 4 and 12 MeV was obtained by the numerical

integration of equation (II.42), The cross-section for the

emission cf neutrons with an energy greater than 4 MeV by the
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decay of a compound nucleus was found to be negligible, A
comparison is wadc in figure 11,8 of the results of the

calculation with the experimental data,

(4) The euersy _ﬁectrum of the Erotona emitted at 60o and 1§0o

pro LOHS .

The expression for the differential cross-section,

d’c

AEA»J » for the proauction of a proton of energy € and in a
N

direction © is the sawe as that given in equation (II.41) with
a suitable alteration in the subscripts. The differential

60°
dEc\w
protons at 60° and 150° were calculdted using the equations

cross-sections, and (\&E&w , for the emission of
(11.32) end (I1,33) given in § 3 (¢).  In the calculation of
these quantities it was assumed that € = €g = 30 MeV and
that Vg = 38 MeV, lhe values of o used were those given by
Shapiro (loc.cit.) for the value fo= VS x\0™ cw.

The differential cross-section for the emission of a
prcton, of energy © , by the decay of an excited nucleus has
also been calculated, The sum of this cross-section and that
for emission as a result of direct collisions, appropriate to
the angle considered, is compared in figures II.9, II,10 and
II,11 to the data of Gugelot (loc.cit.).

The ratio of the cross-section observed by Gugelot (loc,
cit,) to thal obtained in these calculations is 2 fdr Iron, 3
for Silver and 20 for Platinum, It is difficult to observe

any reasonable explanation for this seriocus discrepancy.
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It is interesting to plot the ratio of the cross-section for

the emission of protons at 60° to that for emission at 1500.
This ratio which is less sensitive to the magnitudes of the
penetrability of the coulomb barrier is shown in figure 1I,12,
The agreement between tne experimental ratios and the calculated
ratios is satisfactory, but the discrepancy between the
magnitudes of the cross-sections for Platinum is so large,that
it cannot be attributed to the use of wrong values for the
penetrability of the coulomb barrier,

§ 6, DISCUSSION

The wodel which has been used in these calculations is
basically lhe same as that used in the interpretation of the
nuclear reactions inuuced in heavy nuclei by nucleons with
energies greater than 100 MeV (Bernadini et al. loc,cit.,
Goldberger, loc.cit.and Morrison et al.loc.cit,)., It does
not seew possible to achieve a satisfactory comparison with
the experimental data'by assuming the immediate formation of
a compound nucleus, However the uodel suggested here does not
abandon the concept of the compound nucleus, it merely defines
the conditions which appear necessary for its formation, The
calculations which have been performed using this model have
shown that surprisingly satisfactory results may be obtzined
at an energy, for the primary nucleon, at which more formal

treatments wmight be necessary,

During the course of the work reported here, a somewhat



similar type of analysis was suggested by Hayakawa, Kawai

and Kikuchi (loc.cit.). In the later stages of the
investigations, their analysis of the angular distribution

of the nucleons produced as a result of the collision of two
nucleons inside a nucleus was considered ( § 3 (b) ). These
authors considered only the inelastic scattering of 31 MeV
protons by Tin, and of 18 MeV protons by Iron, They cbserved
that a satisfactory analysis of the scattering of 31 MeV
protons by Tin is possible, but not for 18 MeV protons by
Iron, The value of Cp (d'w.) quoted by these authors for the
scattering of 18 MeV protons by Iron is not consistent with

that founa in the calculaticns described here,
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Charlin 111,

alN BAPBRIMENTAL INVESTIGATICON COF THE anGULart DISTRIBUTION OF

THE PRUT oo EnliTED SRUM aLUMINIUM, IRON AND RHCDIUM, FOLLOWING

Lok INTEAAULION UF NoULHUNo wllid ad SNERGY OF 13,2 * 0,2 MeV

WILTH THhol NUCLeI,

§ 1, IwTRUUDUCTICON,

The work which will be discussed in this Chapter was
undertaken before the calculations presented in Chapter II were
perforued, Frior to this work the high cross-sections for

. A &
reactions of the type zN (n,P 3)1_!* induced by 14 MeV neutrons
has been re.crted by Paul and Clarke (loc.,cit,). It had been
suggested by Austern, Butler and McManus (1953) that these high
cross-sections are a consequence of sowe wode of interaction,
of the incident neutron with the target nucleus, other than the
formation c¢f a cowmpound nucleus, lioreover, it had been
cbserved by Morrison, Muirhead and Rosser (loc.cit,) that it
might be possible for nucleons with intermediate energies to move
comparatively freely in nuclear natter, These considerations
suggested that the model of the compound nucleus might not be
applicable to the rezctions induced by nucleons with such
energies and thus tnese experiments were undertaken to provide
wore definite inicrmation concerning this possibility,

In these experiments on the angular distributicns of the
protcns emitted in (p,r) reactions, nuclear emulsions have

been used to detect the protons, These particular experiments
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were chosen rather than others because of the high cross-
sections which were regorted by raul and Clarke (loescital)s

and vecause it was possible to obtain wmonoenergetic neutrons
from tihe reaction T(4,n)He", It wes decided to study the
angular distributions of the protons, because the predictions
of the compound nucleus and optical models are vastly different
for these distributions,

Since these experiments were commenced, other investigations
of the angular and energy distributicns of protons emitted in
(n,p) reacticns have been made., Thus Allan (1956,private
comuunication) has investigated the ener.y spectra of the
protons ewitted in these reactions, Rosen and armstrong (1956,
private cowmunication) have measured both the angular and
energy aistribution of the protons ewitted as a result of the
interaction of 14 MeV neutrons with Za°" .

§2, BEAPERIMENTAL PROCEDURE,

(a) Experimental arrangement.

There are two different methods which can be used to
investioate the protcns emitted in(en,p) reactions using nuclear
emulsiocns as the detector oi the protons, The elewent to be
used as the targetl can either be placed external to the
emulsion, or it might be introduced into the emulsion in the
form of a wire,

An investigation was made first into the possibility of

introducing metals in the form ¢f wires into an emulsion. In



the first atteupts to do this it was found that it was not
possible to use wires sufficiently thin that the loss in energ
of the protons proauced in (n,?) reactions was swall, This
was not possible because the wires had to be sufficiently strong
for thew to be rigidly attached to a metal frame while a
nuclear emulsicn was formed around them, Bnulsions containing
wires of nickel, 25 micrcns in diameter, were obtained,
however on development of these emulsicns an intolerable amount
of distortion of the tracks originating inside the emulsion
was produced, Attempts were made to reduce this distortion by
treating the ewulsions such that after development they
Jossessea their original thickness, After development the
nuclear emwulsions were placed in several soluticns of water and
methyl alcohol of increasing concentrations of wmethyl alcohol,
They were placed then in scluticns of methyl alcohol and ether
of increasing concentrations of ether. Finally they were
placed in a soclution of ether and resin, These attempts
to introduce resin intc the emulsion after development were
unsuccessful, Thus since it was not found possible to
eliminate this distortion, to use sufficiently thin wires and
because oI tne limitations of the technique, produced by the
corrosion of certain metals when placed inside an emulsion,
these investigations were abandoned,

When the target is external to the nuclear emulsions, the

ideal experimental arrangement is one which has been used by



FigureIII.l. The collimator and multiplate camera
used by Frye (1953).
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Allreu, Armstrong wna Rosen (1953 ). This arrangeuent was used
by these authors to study the interaction oi 14 MeV neutrons
with protouns and deuterons, A s8lightly modiried form, shown
in figurellIl.l, was used by Frye (1954) to investigate the
.6 ot

interaction of 14 MeV neutrons with Li and L4 . In
the investigaticn performed by Resen and Armstrong (loc.cit.)
this apparatus was used also, In this arrangement the
neutrcons are cecllimated by ap.roximately eighteen inches of lead
and eight inches of paraffin wax; +the diameter of the hole used
for collimation is approximately % in, The nuclear emulsions,
which are arrangea arouna ihe target, are thus shieldea from
the 1ncident beaw ¢f neutrons, The advantage of this
arrancewent is thatl there are few protons recorded by the
emulsions which are not produced in the target. The
disadvantage of introducing the collimator is that the flux of
neutrons at the target is considerably reduced by the small
solid angle subtended by the target tc the source cof neutrons,
4 furtner aisadvantage of this arrangement is that few of the
rrotons produced in the larget are recorded by the nuclear
ewulsions,

Tne Tritium-Zirconium target obtained from Harwell for use

in these experiments was 1 willigram per square cm, thick, and

contained 0,054 cc, of tritium per square cm, It was
calculated thal a maximuu yield of neutrons of | x |01 per

micrccoulomb of deutercns would be obtained when the incident



Figure III.2. The apparatus used in the experimental
investigations reported here.



deuterons have an energy of 300 KeV, Unfortunately with the
Glasgow H,T, set operating at this voltage it was possible to
obtain a current of only ~ 20 microamperes, Thus the maXimum
flux of neutrons which could be obtained was v»\Gﬁ neutrons
per second, No increase in this flux could be obtained with
this target even though higher currents could be produced at
higher accelerating voltages, because of the rapid decrease

in the cross-section for the T (d,n) Re* reaction at
higher energies of the deuterons,

Using this flux oI neutrons and fhe experimental
arrangement of Allred, Armstrong and Rosen (loc.cit.z,long
exposure times ( %» 100 hours) would have been necessary, so
that a sufficiently large number of protons would be recorded by
the nuclear emulsions, In view of this consideration the
plate holder shown in figure 11I.,2 was designed, This
apparatus was built so that it could be fitted on to the end of
the accelerating column of the H,T, set, This necessitates
the exposure of nuclear eumulsions under vacuum condaitions,

Only a small amount of the tritium target, 1/16" in diameter,
is exposed to the incident beam of deuterons; thus the

neutrons may be considered to arise from a point source,
Collimation of the beam of deuterons above the plate holder
ensures that the deuterons are incident upon the exposed portion
of the tritium target. The scattering chamber is insulated

from the rest of the accelerator, so that an estimate of the



current of deuterons incident upon the target can be made,

The plate holder itself consists of twe small hexagonal pieces

of brass separated by six supporting struts, this ensures

that a minimum amount of material is near the nuclear emulsions,

The advantages of this arrangement are

(1) a nuclear emulsicn is placed close to the element (foil
of metal) in which the protons originate, Thus a large
fraction of the protons produced in the foil will be
recorded by the nuclear emulsion,

(2) the angle of incidence of the neutrons at any point
along a nuclear emulsion is well defined, Thus, by
making wmeasurementis on the protons arising from a small
area of the foil, it should be possible to determine the
angular distribution of these protons over a large range
of angle,

The disadvantage of this arrangement is that the nuclear
ewwulsions are exposed to the source of neutrons, Consequently
there is a limit to the tiwe for which the nuclear ewulsions
may be exposed, This is reached when the number of recoil
protons produced inside the emulsion is so large that the
emulsion is blackened and measuremenis of individual tracks
become impossible, The flux of neutrons which may be incident
upon an emulsion before this occurs is approximately \CP per
square cm,

As a result of this limitation in the time of exposure,



there is a restricticn imgosed ugon the minimum thickness of
the foils which may be placed before the nuclear emulsions,
It is necessary to use foils sufficiently thick that the number
¢f proticns recorded by the nuclear emulsion is not so low for
a. subsequent ;naiysis tc be too laborious, It was found that
this number of protons was sufficiently high when for
Aluminium the thickness of the fcils used was 6 milligrams per
square cm,, and for both Iron and Rhodium the thickness was
13 milligrams per square ciu,
\b) EBExposure,

The wmethnod of expcocsure Ior the three elements was the
same and thus the procedure will be discussed in a general
manner,

Ilford C.2. emulsions, 4" x 1" and 400 microns thick,
were used to detect the protons produced in the foils, A foil,
attached to a gold strip 4" x 1" and 400 microns thick, was
placed parallel to and in contact with the surface of an
emulsion, Three foils of the same element were placed between
a gold strip and a nuclear ewulsicn in this manner, Three
similer pieces of _old strip were placed also directly in
contact with an emulsion, These six nuclear emulsions were
then attached symmetrically to the hexagonal plate holder so
that the emulsicns in contact with the foils were alternate
plates, The gold, which has 2 negligible cross-section for

the Q\,\a) process, was present to shield the emulsions from



external sources of protons, The three emulsions covered
only by gold were included so that allowance could be made

for any protons arising in the gold strip to which the foils
were attached, With the foils of Aluminium it was necessary
to separate the foil and the surface of the emulsion -to prevent
any undesirable interaction of the foil with the surface of the
emulsion, This was achieved by placing thin platinum wires at
the top and bottom of the emulsion,

When handling these emulsions care was taken not to
scratch the surface of the emulsions, This was necessary so
that in the subsequent analysis of the emulsions the difficult-
ies associated with deciding whether a proton entered the
emulsion from ocutside would be minimised,

Cne exposure was made for each element and for each an
unused portion of the tritium target was used, Foils of
natural iron, aluminium and rhodium were used, The Cockroft-
Walton accelerator was operated always at a voltage of 300 KeV,
With the collimation used in the apparatus, it was found that
a current of approximately one microampere was incident upon
the exposed portion of the tritium target. This corresponds
to a flux of neutrcns of ~Wwx \O' per second at the tritium
target, 50 that the emulsions would not be blackened, all
exposures were restricted tc twe hours with this flux of

neutrons,

The nuclear emulsions were exposed under conditions of



vacuun and, for the subsequent analysis of the protons

recorded by these emulsions, it was necessary to know the
thickness of the emulsion at the time of exposure, Consequently
measurewents of this thickness were made immediately after all
exposures, before the emulsions had time to absorb an

appreciable amount of moisture,

Imnediately after the exposure of the nuclear emulsions,
each eumulsion was covered by a thin piece of glass and the
thickness of this assembly was measured in several places,
along the edges of the emulsion, using a micrometer screw gauge,
These measurements gave the total thickness of (1) the glass
to which the emulsicn was attached, (2) the ewulsion - under
conditions nearly identical to those of exposure - plus (3) the
thickness ¢f the glass cover, After development of the
emulsions these measurewents were repeated, in the same positions,
using again the micrometer screw gauge and the same glass cover,
Measurementis were made then of the thickness of the emulsion
at these positions using a microscope, From these measurements
consistent values for the thickness of the emulsions
immediately after exposure were obtained,

(c) The development of the emulsions.,

cince the object of the analysis of the emulsions was to

exXamine protons which entered an emulsion from ocutside, it was
necessary to develop the nuclear emulsions such that a minimum
amount cf silver or other materials was deposited upon their

surface, It was not possible to remove such deposits in the



usual manner, i.e, by cleaning the surface of an emulsion
during the fixing stage of development, since this removes

a thickness of several microns of emulsion, The removal

of such a layer of emulsion would have caused not only an
error in subsequent measurements of the energy of the protons,
but would have meant also that many protons which did not
enter the emulsicn from outside would appear to do so. The
procedure given below was used successfully to prevent the
depositiocon of silver or other materials upon the surface of
the emulsion,

The two temperature methoa of development, suggestied by
Dilworth, Occhialini and Payne (1948), was used; amidol
developer of normal strength was used but the solution was
filtered to remove any amidol which had not dissolved, During
the presoaking of the nuclear emulsions, successively in water
and the developer for two hours, the temperature was kept
constant at 2° Centigrade, The nuclear emulsions were then
remwoved and excess developing solution was carefully dried
from the surface of the emulsiocns with filter paper, The
temperature of the emulsions was then raised to 22° Centigrade
and kept constant for 30 minutes; it is at this stage that
development takes place, The emulsions were placed then in a
15> solution of acetic acid for 30 minutes and finally in a
fixing solution, The fixing scolution was changed frequently
during the time of fixation, to prevent the deposition of

silver on the surface of the emulsions during this process,



$3. ANALYSIS,

(a) Selection of data.

For each exposure equal areas, Q:bem X O-Okm*, in the
centre of all six ewulsions corresponaing to an angle of
incidence for the neutrons of 30t 2° were examined, The energy
of the neutrons incident in this region of the emulsions, as
calculated from the dynamics of the reaction T(d,n) We' |, the
energy of the incident deuterons and the thickness of the
Tritium-Zirconium target used, was 13:2%0-& MeV, The emulsions
were examined under x45 oil immersion objectives, using x10
eyepieces, for all tracks s}arting at the surface of the
emulsion; the final decision of whether these tracks did start
at the surface of the emulsion was made using x90 oil immersion
objectives, Three measurements were made on each track which
thus appeared to enter the emulsion from outside: (1) the
projected length i,e, the length of the track in the plane of
the emulsion, (2) the dip angle of the track with respect to the
surface of the ewulsion, and (3) the angle between the track
and the long axis of thg emulsion, The thickness of the
emulsion was also measured with the microscope at the same

time as thnese wmeasurewents were made,

* Footnote

For the exposure with Rhodium foils, it has been

necessary to examine twice this area to obtain reasonably good
statistical accuracy,
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It was assumed that the tracks of unit charge starting
at the surface of the emulsions were protons, It is possible
that deuterons of low energies may be emitted as a result of
the interaction of 13 MeV neutrons with the elements chosen,
However, it is not possible to distinguish between protons and
deutercns of low energies by grain counting in Ilford C.Z2,
emulsions and thus no allowance for this could be made, The
measurements made for each track, together with the knowledge
of the thickness of the emulsion at the time of these
measurements and its thickness at the time of exposure, were
used to determine the energy of the proton and its spatial
angle with respect to the direction of the incident neutron,
The range-energy relationships which were used were those
determined by Rotblat (1951) for protons recorded in nuclear
emulsions exposed under vacuum conditions,

In the experiment with iron foils, protons with dip angles
greater than 300 were not included in the analysis; in the
other experiments this upper limit was extended to 450. This
limitation ensured that the majority ( ~ 95%) of all tracks
selected for measurement stopped within the emulsion, and also
simplified the problem of the determination of the direction
of motion of the ioniging particle responsible for a given

track,

Not all the protons, which were cobserved to start at the

surface of an emulsion, originate&in the elements in contact



with the emulsion, Frotons which start in the emulsion
within a distance of ~ 1 or 2 microns from the surface
cannot be resolved optically from those entering the emulsion
from outside, These protons may be easily divided into two
groups. -

(1) recoil protons, which are produced in elastic
collisions of the incident neutrons with hydrogen
atoms present in the emulsion, and

(2) protons which might be produced as a result of the
interaction of the incident neutrons with the nuclei
of the emulsion, or as a result of the collisions of
neutrons of lower energy with hydrogen atoms, These
protons will be called background protons,

The recoil protons were adistinguished by using the equation

EP = E“coa'ze |
where E‘, and Ex = the energies of the recoil proton and
the incident neutron respectively,
and © = the spatial angle between the direction

of the recoil proton and the incident

neutron,
Frotons for which the relationship between energy and
angle was given by this formula, when all possible errors in
the quantities involved were considered, were in the first
instance assumed to be recoil protons, The angular distribution

of these protons is shown in figure III.3; the full curve
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Figure III.3. The angular distribution of the recoil
protons which start at the surface of the emulsions
in contact with the foils and the gold strip.



indicates the angular distribution of the recoil protons
calculated from considerations of the solid angle available

at different angles in the geometrical considerations employed
in these experiments, It was found that the angular
distribution of the recoil protons observed to start at the
surface of the emulsion in contact with gold was consistent
with the full curve, That of those observed to start at the
surface of the emulsion in contact with the foils indicated
many more protons at angles greater than ~ 400. _These protons
were assumed to be those which criginated in the foils, but
which had an energy and spatial angle such that they appeared
to be recoil protons, Thus the number of recoil protons

were subtracted from the protons observed to start at the
surface of the emulsions according to the full curve,

The correction for background protons was obtained from
measurements of the protons occurring inside the emulsion,
Measurements were made, for each exposure, of the protons
originating between the surface and the half depth of the
emulsion; a volume of @ «x \O *ec. of one emulsion being
scanned for each exposure, Only protons which possessed an
angle of dip of less than 450, with respect to the surface
of the emulsion, were measured, The angular distribution of
the recoil prectons which were observed in these measureuments
was that given by the full curve of figure III,.3. This

indicates that in the scanning for the protons starting at



Ch

the surface of the emulsions in contact with the foils,
there was no bias towards the observation of recoil protons
with angles > 40°., Of the background protons which were
observed, 80% possessed energies below 3 MeV, Since the
ratio of the background to recoil protons should be the same
both at the surface and inside the emulsion, the number of
protons discarded as being background protons was made
proportional to that number removed as recoils, The
subtracticns were made in intervals of energy and angle,
according to the relative numbers observed in these intervals
inside the emulsion,

The remaining surface protcns were thea assumed to have
arisen in the materials in contact with the photographic
emulsion, The effect of the protcons originating in the
gold strip upon the protons starting at the surface of the
emulsions in contact with a foil was found by considering the
numbers cf protons observed to originate, after these
subtractions, in the gold strip, Allowance was made for
the reduction in energy of these protons in passing through
the foil «nd the protons were subtracted in intervals of
energy and spatial angle,

The number of protons entering those various

categories is given in table 1,



Table 1.

Element |frotons Recoils back- Gold rFrotons
observed ground from
with dip protons foil
angleg

> 10

Aluminium| 1600 220 30 70 1280

Iron 1190 200 25 50 3885

Rhodium 1140 450 60 90 500

The effect cf these subiractions was different for all

the elements studied, After the subtraction of the
background for Rhodium there were few protons remaining with
energies less than 4 MeV, For Iron the subtraction for
energies less than 4 MeV was 25% of the cobserved data, and
for Aluminium it was 10% of the observed data,

(b)

The_correction for the_loss _in energy of protons produced
in the foils.

The thicknesses of the foils used in these investigations
were 6, 13 and 13 milligrams per square cum, for Aluminium,

Iron and Rhodium respectively, Since the protons which were
accepted for analysis traversed the foil obliquely, the
effective thicknesses of the foils were much larger than these

values, The effect of trnese semi-thick foils can be seen



more clearly by considering the loss in energy of a proton
with an energy of 5 MeV which originates in the top layer of
these foils, When the angle of this proton is 60° to the
normal, i.,e, it would have an angle of dip of 30° with respect
to the surface of the ewulsion, the less in energy is 0.7,
1.2 and 1.0 leV for aluminium, Iron and Rhodium respectively.
Thus the energy spectrum of protons produced in these foils
may be wodified considerably at low energies, The loss in
energy for protons with angles of dip < 10° is exceptionally
high; consequently these protons have been omitted from the
analysis,

A sinple method of correcticn for the leoss in energy for
protons with angles of dip > 10° has been devised, This
correction was not apglied to the observed energy spectrum for
Rhodium, because after the subtraction of background few
protons with energies less than 4 MeV were observed to
originate in tne [hodiuwu foil, It has been applied to the
observea energy spectra for Aluminium and Iron, The effect
of this correcticn to the observed enerygy spectrum for
Aluninium was small because the foil was relatively thin,
and because the majority cf the protons observed had angles
of dip > 20°. The method of correction for the loss in
energy will be discussed in the following paragraphs.

The protons observed t¢ originate in a foil were

o}

separated into the regions of dip angles: 10° - 20 >



0 ;
200 - 30 and 30°_ 450. lieasurements of the protons with

angles of dip in this last region had not been made for
; trst

Iron, The analysis was (perforuwed in each case for the interval
with the highest angle of dip.,

An energy spectrwu of protons, which will be called the
'source spectrum', was chosen say of the form ¥l(Eﬁ dE .,
The semi-thick target was then replaced by six thin targets
and it was assuned that the source spectrum for the protons
starting in each of these sections was the saume, The number
of protons, hl(Eﬂ) AE , Which would then emerge from the

thick target is given by
6
N(E')&E. = ZN\\(E*I\AQE (III.1)
R=1

whiere xy is the loss in energy of a prcton which starts in
section W\ , with an energy E & Xy in traversing the
remainder of the thick target,

The energy spectrum of the protons obtained from this
choice of source sgectrum was compared with that observed
experimentally; a relaxation method was then applied to find
the scurce spectrum which gave a spectrum consistent with
that observea experimentally, after the allowance for the energy
loss, This calculation was performed for all intervals; the
specira obtained in tnese intervals were in excellent
agreement,

It was assumed that there was no scattering through very

large angles for the protons originating in these thick foils,




L r
Thus it is possible to relate the angular distribution of the
protons observed experimentally with the energy of the protons
in the 'source! spectrum,
It follows from the previcus considerations that the
nusber of protons, Ng(€E)dE , in the source spectrum, with

energies between E and E4dE can be expressed in terms of the

enerygy spectrum observed experimentally as
NG(EYAE = X N (E))AE + YN (E)AE' « ZN(E)AE sexe.  (171.2)

where X is that fraction of the total observed number,

N (E.') 6E"cf protons of energy E,' which have an energy after
correction for energy loss of E , The other terms have the
same meanings,

It then follows that the angular distribution, .Y(e) 49,

of the protons of eneryy E in the source spectrum is

|

f@)de = X{i(e)de + Y L{,.(940 + 2 {;(ORD « <. (111.3

—

where {‘(e)‘se etc., is the angular distribution of the
]
protons of energy €, etc,

§4. THEZ DETERMINATION OF THE CROSS-SECTIONS FOR THE EMISSION
CF FROTONS IN (n,b) REACTIONS.

(2) Experimental determination,

The flux of neutrons incident upon the nuclear emulsions
was not measured at the time of exposure, Consequently it
hes been necessary Lo estimate this flux by measuring the number
of recoil proitons arising within a certain volume of a nuclear

emulsion,



L
The differential cross-section, '%Ei , for the

elastic scattering, in the laboratory system of coordinates,

of an incident neutron by a hydrogen atom is given by

(i‘*_) = T O (III.4)
dw L\

where & = the total cross-section for elastic
scattering,
and © = the angle between the direction of

the incident neutron and the recoil
preton,
The solid angle available for acceptance of a proton
arising at an angle © was restricted in these experiments
by the limitations imposed upon the protcns selected for
measurewent, Thus the number, N (6.) 40, y of recoil protons
observed between ungles @, and ©, +d©, with respect to the

directiion of the incident neutrons, is given by

N(SJ &e| == _%_ CMS\.AWS‘. F. S\NV (I1X.5)
where dwe‘= the solid angle of acceptance for

the protons scattered at an angle QP
¥ = the flux of neutrons incident upon one

square cm, of the emulsion,

1]

j& the density of hydrogen atoms within
the nuclear ewulsion,
¥V = the volume of ewulsion in which these

protons were observed,

- N avogadro's number,
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It follows that the flux of neutrons incident upon one

square cm, of the emulsion is given by

Fo— _N®©Yde, w
we‘AW.e‘ o va

(III.6)

L
i.e, - R L \
o “N\l
where R is a quantity easily obtained from the

measuremwent of the angular distribution of the recoil protons

produced inside an emulsion,

The number, N'? (®,) 48, , of protons cbserved to
originate in the foil in contact with the ewulsion may be

written as ”

Np(8,) 48, = F.(iﬂ)s\w,.z_gsm_“- (1I1.7)

du:el A
where (%ﬁﬁL = the differential cross-section for
* the emission of protons, at an angle
62 , from the nuclei of the foil,
Awgl: the sclid angle of acceptance for

the protons emitted at an angle ©, ,

1

jh the density of the foil of thickness

€ cu, and atomic weight A

and Q = the area of the foil from which these
protons have originated,

Thus the differential cross-section for the emission of

protons is given by
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&T‘;)e_ Awg, R 4

2
It is important, when using this method, that

corrections are made for the efficienéy of detection of the
protons, When the emulsions were being scanned for protons
starting at the surface, there were very few tracks crossing
any one field of view and thus the efficiency for detection
of these tracks was very high, However in the scanning
perfofmea for protons originating within the emulsion, there
was a very large nuwanber of tracks crossing one field of view
and there was thus a possibility that the beginning of some
tracks starting in this field of view was obscured,
Consequently the efficiency of detection is lower for these
observations, The efficiency of the observer has been
determined by examination of the same volume of emulsion made
by two different observers to be B0 % 0% . The error in
the determination of the flux ¢f neutrons which was introduced
in this manner was taken into account only in the calculation
oi tne total cross-section for the emission of protons in
(p)?} reactions, This error has not been considered in the
aetermination of the differential cross-sections because it
does not affect relative values,
The differential cross-sections have been determined

only for angles 0° to 140°, This limitation is introduced

because ¢of the position in which the emulsions were examined,
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and because protons with angles of dip < 10  were discarded
in the analysis,

(b) Theoretical calculations,

The cross-sections for the emission of protons in the
reactions an (“,\sx)ub\“ and zN“(“»\’“)-,_.\N e with the
nuclei under consideration<have been calculated on the basis
of the simple model discussed in Chapter 1I, Thus the
equatiocns necessary for these calculations will be given here,

When the angle of emission of the protons is less than
9OC, the differential cross-section for the emissicn of protons
is composed of three terms.

(1} that for the emission of protons, produced in direct
collisions, as a result of the first encounter with
the surface of the nucleus,

(2) that for the emission of protons which have
encountered the nuclear surface more than once, and

(3) that for the emission of protons in the decay of an
excited nucleus,

When the angle of emission of the protons is less than 900,
the differential cross-section is composed of only the latter
two terus,

Thus 1t is possible to write the differential cross-

2 ]
s d c 1 4 e . .
section, ) , for the emission of protons with an
tdw b
energy £ at an angle © as

8 ®
Yo ) oy (e\’a\ i =] .(Aa\ v Sleomb) <30 (111.9)
dEdw/, adwly  V-x* 2w Q€L R
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) [5)
i, _\’f__‘_.(ég_) 4 Oleomp) ®>%Q  (III.10)
dEdw\, \=x* 21 4B/ Wi
where
(d’o- )e - oy ez \)9 f
AR dw/y ‘_e(, X(P,)]“ J.a [dX(P.)]“Yr d€dw b P
o(cemy) = the total cross-section for the

emission of a proton of energy E
in the decay of an excited nucleus
and all other terms have the meanings given in Chapter I1I.
The methecd of calculation of the quantities involved was
the same as those discussed in Chapter 11,

§ 5e LHE HBACTION lJ“zn (“)FbrS«%?

The energy spectra of the protons emitied in the reactions
induced in Aluminiwu by the incident neutrons are shown, for
various ranges of the spatial angle, in figure 11I.4. It can
be seen frowm this figure that the maximum in the energy spectra
occurs at an energy rather lower than that expected from
considerations of the penetrabilities of the Coulomb barrier,
for protons of low enersiés. This result is in agreement with
the experimental investigations of Allan (private communication),

The angular distributions of the protons emitted in these
reactions are shown in figure III1,.5, These distributions for
the protons emitted with energies greater than 4 MeV show that
there is preferential emission of protons in the forward

direction, That for the emission of protons with energies less
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Figure 11I.4. The energy spectra of the protons
emitted from Aluminium as a result of the interaction
of 13.2 MeV neutrons with this nucleus.
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Figure III1.5. The angular distributions of the
protons emitted from Aluminium.
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than 4 MeV does not show such a marked tendency, The
anisotropy which is observed in the angular distributions of
the protons emitted with energies greater than 4 MeV is not
consistent with the assumption that a compound nucleus is
formed when an incident neutron enters thne nucleus, Thus it
is of interest to compare these experimental results with the
predictions of the simple model discussed in Chapter 1I,

The reactions which are energetically possible, and which

lead to the emission of protons are

Bﬂ\ﬂ * = \1M‘327 +\> + X - 8 Mev )
uM%zb +p +n — 33 Mev (b
= u_M%u‘ +* n + ? -— 83 MQ.V (C\

The cross-sections for the emission of protons in the
reactions (a) and (b) have been calculated on the basis of
this model, It is found that a‘,@ar_\ is 80 millibarns and
0y(ﬁ°Mk) is 70 millibarns, thus giving a total cross-section
for the emission of protons in these reactions of 150 millibarns,
A comparison of these calculations and the experimental results
is made alsc in figures 11i.4 and 5, The full curve in
figures I1I1.4 and 5 represents the sum of the cross-sections
for the ewission oi protons as a result of the direct collisions
and the decay of an excited nucleus, The dotted curve
regresents the cress-section for the emission of protons from

the decay of an excited nucleus, The agreement between the



calculated and experiwental cross-sections is poor,

The high cross-section for the emission of protons with
energies less than 5 MeV is not predicted by these calculations,
The possible explanation for this discrepancy may be observed
by a consideraticn of the poszsible modes of decay of the
excited nuclei which are left after the emissicn of one neutron,
The ~Q- values for the reactions uﬂ\“ (“,'ln) \3‘“'“ and
uﬁ\u (n,'\\ﬁ \.t‘\o:" are -13,0 MeV and -8,3 MeV respectively,
Thus after the emission of cone neutron, only the emission of a
proton or ¥— radiation is possible, The probability of
emission of ¥- radiation from excited nuclei is generally
assumed to be small when the emission of nucleons is
energetically possible, Consequently the cross-section for
the emission of protons with energies less than 5 MeV might be
expected tc be high,

The angular distributicn of the protons emitted with
energies greater than 7 MeV is in qualitative agreement with
the predictions of the model, Those for the proteons emitted
witin energies less than 7 MeV do not have the shape predicted
by the modcl, In fact that for the energy range 4 - 7 MeV
appears to have o maximum at approximately 300, and that for
energies less than 4 MeV is nearly isotropic,

The experimental results of this investigation are in
agreement with the results of other workers., The total cross-

. o L3 s . o 3 o
section for the emission of protons with angles between O and
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180° may be obtained by assuming that the angular distribution
of the protons emittea with angles > 140° is isctropic and
eqgual in magnituce to thnat for angles between 900 and 1400.

The error which may be introduced by this assumption is not
large since the solid angle factors are reascnably small for
angles greater than 1400. The value of the total cross-section
of 140 % 30 millibarns is in agreement with a similar value of
140 millibarns obtained by Allan (loc.cit.,) from measurements of
the energy spectra of the protcns emitted, at angles o- 34+ 20°,
in these reactions, The cross-section for the emission of
protons in the reaction‘J“rj(n,ri)éﬂgnnwy also be obtained from
the experiwental results, if it is assumed that neutron

emission always cccurs when it is energetically possible,

The cross-section for emission of protons in the @5?3) reaction
is then obtained by the addition of the cross-sections for

the emissicn of protons with energies greater than 5 MeV,

The value obtained is §5 % IS millibarns; the value

of this cross-section measured for neutrons with an energy

of 14 MeV was found by Paul and Clarke (loc.cit.,) to be

§2*t 10 willibarns and by Forbes (loc.cit,) to be 82 8§
willibarns, Tne calculated value was found to be &S
millibarns,

: 56 56
§6. Lo ReaCTION ggFe (“»b);sm“ .

The energy and angular distributions of the protons

emitted in this reaction are shown in figures III,6 and 7.
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Figure III.6. The energy spectra of the protons
emitted from Iron.

Figure III.7. The angular distributions of the protons
emitted from Iron.
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The position of the maximum in the energy spectra of the
protons emitted in this reaction is in that position expected
from coulomb barrier considerations, The experimental results
for the angular distributions are similar to those observed in
the experiment with Aluwminium; i.e. that for the protons
emitted with energies between 4 and 7 MeV appears to possess a
maximun at approximately 300, while that for protons with
energies greater than 7 MeV does not,

Since foils of natural iron were -used in these
investigations it is necessary to consider the emission of
protons in the reactions ,N® {v\,\ﬂ'&)‘!‘!‘and 1N“(h,‘>h) 1_\\\“-‘
for both Fe®% and Fe® , For Fe®* it is found that
op(dir) is 50 millibarns and ep(wwh) is 500 millibarns; for
Ff%tne values are 25 and 70 millibarns respectively, To
achieve a comparison with the experimental results, these
cross-sections have been added according to the composition of
the isotopes in natural iron, The cress-section for the
emission of protons as a result of direct collisions for Fésg
has been neglected; the contribution from this process is
only 3 millibarns, since this isotope is present to only 6% in
natural iron, The results of these calculations are shown
also in figures I111.,6 and 7.

It can be seen that the agreement between the calculated
and experimental resulis is good for the protons emitted with

energies greater than 7 MeV, The agreement for energies less



than this is poor. The experimental results appear to indicate
that there are slightly more protons emitted with energies less
than 4 eV than expected, This is not as certain as the
results for Aluminium, because the background subtractions were
of more importance for protons witn energies less than 4 MeV in
this experiment, However it is interesting to note that a high
cross-section for the emission of protons of low energy in the
reaction 2J:esl'“(w\,np)"(“h\ﬂ" has been observed by Allan (loc.cit.);
the emission of protons in this reaction is again enhanced
because the emission of two neutrons is not energetically
possible ( Q= -13.8 MeV),

The total cross-section 1of the ewission of protons in
the reacticns inauced in the two isotopes of‘ircn is found
from this experimental data, to be 1SO 230 willibarns, The
subtraction of the cross-section for the emission of protons
from Fesh yields the value of 120 £ 30 millibarns for Fe®¢,
A sma2ll correction to this value is necessary to obtain the
cross-section for the reaction uFts‘ (n,F U)“Mns‘ , Since the
maximun energy of the protons emitted in this reaction is
3 MeV, This value of WO x 30 millibarns compares favourably
with the values for 14 MeV neutrcns of 97+ |2 millibarns
cbtained by Paul and Clarke (loc.cit,) and 124 ¢ 12 millibarns
obtained by Forbes (loc.cit,.),

The value of 190 millibarns quoted by Allan (loc.cit,) is

higher than that found here presumably becasuse only protons
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Figure III.8. The energy distribution of the protons
emitted from Rhodium.,
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Figure III.9. The angular distribution of the protons
emitted from Rhodium.



emitted at forward angles were observed in that experiment,

TH
§7, fns RuaACTION o f W (njk)&* u‘°3,

The energy and angular distributions of the protons
emitted in this reaction are shown in figures I11I1,8 and 9,
Because of the small cross-section for this reaction, the
statistical accuracy of the results is not sufiiciently good
to allow any comparison oi the angular distributions in two
intervals of energy. The values of the calculated cross-—
sections for the emission of protons in the reactions
‘g\kw’ (n,t‘) MR“"’; and “SRLM(n,Pn)HRum are shown in figures
II1I.8 and 9. It can be seen from these compariscns that the
cross—-secticn for the emissicn of protcns by the decay of an
excited nucleus is very swall and insufiicient to explain the
experimental results, The wvalue of G?(ﬁomk) is 5 millibarns,
while that of GP(AWJ is 20 willibarns, The total cross-
section cbtained frou tne expgerimental results for the emission
of protons witnh zngles between 0° and 180° is 2§+ § millibarns,
For this reaction there is no other experimental data with which
a comparison may be made,

The agreement between the predictions of the model and
the experimental results is very good, It agpears that the
cross-section for the emission of protons with energies less
than 7 eV is slightly higher than that predicted, This
might be ex.lained by considering the emission of protons in

. . o2 .
the reaction ks\\\\‘“ (“'“P)...B“ . The maxiwum energy of the



protons which may be emitted in this reaction is 6,7 MeV,
The nuclei which may emit protons with energies between 4 and
6.7 MeV must possess excitation energies between 10.5 and
13,2 MeV after the ewission of the first neutron. This is
equivalent to saying that the energy oi the first neutron
must lie obetween O and 2,7 MeV, The cross-section for the
emission of neutrons with energies in this range is high, but
when a neutron is emitted with such an energy it is possible
also for a second neutron to be emitted (the Q-value for the
. o3 Wk >
reaction | Rh (n,2n) “R\\ is -9,4 MeV), Consequently the
cross-section for the emission of protons in the reaction
“R\‘os(n,n )WR‘.\‘“ is not expected to be very hizh, The

experimental resulis are in agreewent with this,

§ 5. LISCUSSION

The total cross-sections for the emission oI protons
in the reacticns which have been considered here, are in
satisfactory agreement with the results of other investigations,
The observation of preferential emission of protons in the
forward direction is in agreement with a similar observation,

ln“ by

for the protons emitied in.@hﬁ) reactions induced in .o

14 KeV neutrons, which has been reported recently by Rosen and
Armstrong (loc.cit, ).
The emission of deuteruns his been neglected in these

analyses, However the cross-section for the emission of

deuterons is expected tc be small, because of the large
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negative @ - values and the low coulomb barrier penetrabilities
involved, and thus should not contribute significantly to

these results,
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CHAPTER IV

Al ANALYSIo OF THE CROSS-SECTIONS FOR THE INTERACTION OF

NEUTRUNS OF LOW ENERGY (< 4 MEV) WITH NUCLEI.

§ 1, INTRCDUCTION

For the calculations which have been reported in the
previous chapters, & knowledge of the cross-sections for the
interaction of nucleons with nuclei and their variation with
the energy of the incident nucleon was required, Therefore
an examination was made of the experimental data available
on these cross-sections, and the extent to which this data
could be reproduced by the various nuclear models which have
been proposed,

The experimental data published for charged particles are
reproduced very well by the calculations of Shapiro (loc.cit,).
These calculations yield cross-sections which are in good
agreement with the results of Tendam and Bradt (loc,.,cit,), who
investigated the cross-sections for (o,n) and («, 2w) reactions,
and those of Blaser znd his co-workers (loc.,cit.) for UP,“)
reactions, The model which was used was that of strong
absorption, This model has recently been shown to be
incorrect, but these calculations should not be in serious
error since the cross-sections are for charged particles
mainly determined by the probability that the particle
traverses the coulomb barrier,

Calculaticns of these cross-sections for 4 MeV neutrons



which were made with the wodel suggested by Feshbach, FPorter
and Weisskopf (loc.cit.), were nct in agreement with the
measurements of Beyster, Henkel and Nobles (loc.cit.). The
observation of this discrepancy has led to an attempt to
improve upon this by modifying slightly the model of

Feshbach, Forter and Weisskopf (loc.cit,.).

§2g THE NUCLEZAR RADIUS AND NUCLEAR FCORCES,

In recent years many experiments have been performed
to determine the radius of the distribution of charged particles
within nuclei, The experiments on the elastic scattering of
electrons of high energy by nuclei (Hofstadter et,al, 1954,
Pidd et,al, 1953, 1955) and those on the X-rays emitted from
M -mesonic atoms (Fitch and Rainwater, 1953) have shown that
this radius is given approximately by Laf% x o cm,
The radius of the distribution of neutrons inside the nucleus
is known with less certainty, It has been suggested by
Johnson and Teller (1954, by Hess and Moyer (1954) and by
Swiatecki (1955) that this radius is larger than that for
protons, Estimates wmade of the value required in optical
model analyses to obtain agreeument with the total cross-
sections for scattering cf nucleons of high energy by nuclei
suggest that this value is approximately 1\-W A%« o cm,

Thus the mass distribution of nuclecns in nuclei appears
to increase from zero at a distance of approximately

Y -\3
‘.4 A2 x 10 cm,, from the centre of the nucleus, to a maximum



at a distance of zpproximately |-

_a
2 A% x \O : cm, Consequently

the attractive forces between an incident nucleon and a target

nucleus, which are represented by a potential well, might be

expected to exhibit the same type of behaviour,

These considerations were not taken into account in the

calculations of Feshbach, Forter
They found that the experimental
cross-secticns for neutrcns with

(Barschall, 1952; Millar et.,al,

and Weisskopf (loc.cit.).
measurements of the total
energies between C and 3 MeV

1952; Walt et,al, 1953;

and Ckazaki et.al, 1954) could be reproduced excellently

using a square well potential with the parameters

No =
003 £ £ < 008
; N = O

V‘d’i trl

w2 (1 +1§) Mev

v <R (IV.1)

v >R

R = s 0.

A more recent calculation by Hawerich (1955) has indicated

that better-agreement is obtainea using this uodel with a

radius given by

R =(1-26 0%+ o7)

X \O-ch.

However, discrepancies other than those observed in the

present investigation of the cross-sections for the interaction

of neutrons with nuclei,§]q were apparent,

that the predictions of this model for

width to level spacing, ;43 , were not

It was found

the reduced neutron

in good agreement with
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experimental results; the wodel predicts values of this
ratio which are too nigh at the maxima ana too low at the
minima, This discrepancy might be removed by using a higher
valiue of f , or it wight be in part attributeble to the fact
tuat the shape oi the nuclear potential well is badly
approximated by & square well, Furthermore, it has been
shown by Walt and Barschall (1954) that the angular
aistributicn of 1 MeV neutrons which are elastically scattered
by nuclei, is not consistent with the predictions of the model
euwploying a square well potential,

Extensive calculations of the differential cross-section
for the elastic scattering of protons by nuclei have been
uade, It has been shown by Dayton (1954) and by Burge,
Fujimotd ana Hossain (1955, that the experimental data on the
elastic scattering of protons by light nuclei are consistent
with the predictions of the square well potential model, The
heaviest nucleus for which this apyears to be true is
Aluminium, However Chase and Rohrlich (1954) and Woods and
Saxon (loce,cit,; have shown that this is not the case for
heavy eleuments, In particular, Woods and Saxon (loc,cit.)
have shown that by using a potential well which is rounded,
it is possible to reproduce the experimental data for the
elastic scattering of 20 MeV protons by Nickel and Platinum,

The potential which was used was of the form

V() = _V+iW (1v.2)
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% -13
with R = toA” x 1077 em.
-3
o ® OuWl x \00 cwm.
The parameter 'o' is interpreted as a measure of the

diffuseness of the nuclear surface; it agpears that this

quantity way increase slightly with increasing atomic weight
of the target nucleus,

Furthermore it has been shown by Culler, Fernbach and
Sherman (loc.cit.) that it is also necessary to use potentials
which are not square, to predict the differential cross-sections
for the elastic scattering of 14 MeV neutrons by nuclei,

Thus it is of interest to examine the predictions of the
optical mecdel using non-square gpotentials, when the energy
of the incident neutrons is low, The solution of the wave
equation using a potential cf the type suggested by Woods
and Saxon (loc.cit,) is exceedingly difficult for neutrons
with angular momentum greater than zero, and is usually
performed using computing machines, However an analytical
solution of the wave equutidn is possible if a potential of
step form, as suggested by Culler, Fernbach and Serber (loc,cit),
is used, 4 potential of step form should approximate
reasonably to one which is roundaed,

The calculations which are reported here have been
performed using a step well potential, The form of this
potentiazl is shown in figure IV,1, For simplicity it was

assumed that the imaginary potential may be located within
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| 72222727,

r=C

s

l Vi= 50(1+ig) ey r<o = 117A% 10 2m
V. = 30 Mev acreh =(|v|7A’3074)x|6"cm,
Vi= 1O Mev berce = 1458 1G%m

Figure IV.1l, The form of the potential well which
has been used in the calculations reported here.
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a radius of approxiumately |-2 A? x o™ "? cm,, this does not
take intc account any possible abscrption due to the presence
of neutrons at distances greater than this from the centre of
the nucleus, The third step of the potential was found
necessary to reproduce the magnitudes of the total cross-

sections for the heaviest nuclei,

§ 3, METHOLD OF CalCubLaTlIUN

a) The theory of average cross-secticns

—_—

The treatment of this problem, proposed by rKeshbach,
rorter and Weisskopf (loc.cit,)] will be summarized briefly.
When the energy of an incident nucleon is such that
resonances are not cbserved the cross-sections for elastic
and inelastic scattering of nucleons by nuclei are smooth
functions of the energy of the incident particle, These
cross-secticns may be determined by considering the scattering
of a plane wave by a nucleus, This scattering changes the
amplitude of the outgoing wave, of the plane wave, by a
complex reflection factor, Th , which is related to the
complex phase shift, (b , by the equation

", = Q)(‘:.[21¢?] (1V.3)
The subscript R refers to = wave of orbital angular
momentum Q o

In terms'of this complex reflection facter the cross-

sections, G, , for elastic scattering by and , 6y , for

interacticn of the incident nuclecn with the target nucleus
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are given by

oy = “i }-_ (2R41) |~w\qi
(IV.4)
op = B% f (R4 (1 —\n.?)
where X = the de Broglie wavelength of the incident

nucleon divided by 20 ,

When the energy of an incident nuclecn is low, the
reflecticon factor is a complicated function of this energy
and exhibits fluctuations due to closely spaced resonances,

It has been shown by Feshbach, Forter and Weisskopf (loc,cit,)
that it is possible to define a new reflection factor, ﬁ; ’
which is averaged over resonances, In terms of this factor
they have defined cross-sections which are similar in form

to those given in equation 1IV,.4,
o - AR
e = “xx ZOQQ-\-\)\\ —"\Q\

T,
Of = Ceet0y = TR i U&u)(\— \i‘\x) (IV.5)

In this formulation the cross-section for elastic
scattering is divided intc two parts, that which appears as
absorption from the incident beam with subsequent emission
frcm the proauct nucleus, and that which }egresents elastic
scattering as usually defined, The former is termed

*
compound-elastic, ©C. , and the latter shape-elastic,

J

Cge o

As a result of this definition, the cross-section, o, , for

* Footnocte,

. The terwm 'compouna' does not imply the imuediate absorpiion
of a nucleon on entering a nucleus,
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the formation of a compound nucleus should be greater than
the experimentally measured cross-secticn, O3 , for the
interaction of an incident neutron with a nucleus,when compound-
elastic scattering is of importance, This is expected to
occcur when the energy of the incident nuclecon is approximately
1 or 2 MeV,

The replacewent of M, by the average value RQ defines

a new continuum problem, It is assumed that in the

neighbourhocd of rescnances Mg 1is given by a Breit-Wigner

formula
"IQ = Qx\:.‘[?\(&Q] \ - \T‘\ .Y  (1IV.6)
-+ \/?. ?
where §¢ = the phase of the-ingoing part of the radiel
wave function cutside the nucleus with
respect to the outgoing part, at v~ =R
Y; = the partial width of the resonance for
emission c¢f the incident particle, In
this case only neutrons are considered,
' =the total width of the resonance,
and & and €g = the energy of the incident neutron near

and at a resonance,
If the distance between levels is D , then the average value
"1 is given by

:;l.‘l = Q.xv'[?\igt] Y o= “D-“\ + 'LG‘Q (IV.7)
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n

The magnitude of the term G is T}b , all terms of
magnitude ‘jsi are neglected,

The expression for i; may be related to the logarithmic
aerivative, {Q , of the wave function at lhe nuclear boundary

T = exp- [2189] . e RSy o (1v.8)
-&"AQ—{.S!

where the gquantities A{ and Sg are determined by the

conditions cutside the nucleus,

Mg+ isg = | + (&) .\\‘\_;%_g (IV.9)
R

| : A 2 . “ g R . 1
wnere “Wo(x) is the derivative of the Hankel function, of the

first kinda, helx) .

Equation (IV.8) may be written in tne forw

_ (Iv,10)
Te = wpfuk] |l - _M'ZiQT
LR

mere fyo= Re(f) + Wnmlg)
Ng = — B¢ + Re(f)
and MQ = S — %“‘("Q\ '

Using equations (IV,7) and (IV.9) the relationship
petween }6 and the logarithmic derivative may be cbtained,
The experimental quantity which has been plotted as a function

of the atomic weight of the target nucleus is the reduced

o o
neutron width to level spacing [N 0 ( N = 1 wvhere Ey.

EJ*
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is the energy of the incident neutron),. fhus it is only
necessary to calculate thne logarithmic dgerivative for =0,
Since Se is small ana A, =0, it is found that

T,‘f’ = - 25. Q&\ (&ol
0 [fe@] + [=6]

The total cross-section for scattering and that for the

(IV,11)

formation of a compound nucleus may be written as

ob ob

Oy = Z o& = Z\{“ X1(2Q+\) -M'ngq ¥ sq Mgcon 28e — N swnlde
Q=0 ) MQ’« + Ne‘l
(Iv.12)
o ob
o = 2 0-3 = 2\;-'“53 (2R+\)s :i(_;i\_
R=0 o

Mg+ Ne'

where SQ is given in terms of the spherical Bessel and

Neumann functiocns, \\Q and “Q respectively, as

S = tot |
‘ ne(WR)

(b) Ihe_calculation of the-logarithmic derivative.

I'ne shape of the potential used is that shown in
figure IV.1l, Ihe radlal wave equation in these regions

may be written in the form

Tae & | R+ %i\io(\nrs)} - W ug = ©  T<R
vt

Ayt

dhag  +| k% - QR e = >R
‘.1
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The mwost general solution of these equations is

Ve = r[(\&@u—) + 1P hd*")] (IV.14)

where and are constants
/m 1 E 4\ (\m}
anc = the energy of the incident neutron, outside the

nucleus,

The radial wave function in region 1 consists of only
+ Bessel functicn since the Neumann function has an infinite
value for =0 , and is thus physically unacceptable, In
other regicns the wave function is a combinaticn of the Bessel

nd Heumann functions,

To derive the coefficicnts A and B for the wave functions
in the different regions, it is necessary tc watch these
functions wna tneir logarithmic derivatives at the various
boundaries, Using, thnese bouncary conditicns, it is found

t;: .U

“QLVB - ".A{QQ &! Lu.,_\-) * 0 Lu.-,_\')} s Wl o (\3 (1‘1.15)

(@)
-
O}

d - SQ L& \Q\
Ceie (a9 + g o)

and & = () “g (229 el — @) ne () LS-L\Q
L“Q\ XQ L‘*\Q) SQL*‘L\) Q‘a'\) lQ (di\\ \QL‘(\Q.)

where &;(33 represents the derivative with respect to
poof \eLS)
W) = g {§ i) + s} b<r<R (1V.16)
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with
alseielead) + telx®)
(‘. e (%) + we k&,\)}
(%20) neley) [og 1 (%) 4l @] — @D g (N \-Se'\q(-l B + b))
) (eab) \{ (o) [Qe \Q (@) + v\thx\on - QY Xt\"%“ [St '\3 CRY) *"{Q“\‘“
the value of ithe logarithmic derivative, XQ , at r=R

15 tnen

¥Q = \a (&3?\) [j_:sé("“a“) * “Q‘ (“3‘“]
L5 1e GaR) + ng (48]

These equations way be simplified by use of the

CIVLAT)

relationships between the derivatives of the spherical Bessel

LoNeunann iunciuicns na tvnese ifunctuions, DCTNn tne

spherical Bessel and Neumann functions obey the relationships

b (9 = e+ W) (1v.18)

W - K

<o |-o

Using these relationships it way be shown that

Se = &) - (@:¥) _[Sf pala® ~ \eule®) (IV.19)
s © GeR) v neaB)]

where

[c, Leu (a8) & Neuy(s2¥) ]
Se\e (529 + ne (229)

— ¥

; Ce e (#2b) + veun(ad) - o \ S
© (‘;\‘)[‘Q 12 () 4 ny (2,1) Zz Yot s

S A Rl

aric
‘ \ “Q (ﬂzq)

CQ - z' ————— 5
@‘1“)1['\0.@5’)] [}Fu(“;‘) _ s lew (-hﬂ)] \e (CELN

"Q(.L'u) d’l ig (-(‘Q)



It can be seen that the calculation of the logarithmic
derivative ¥g is not too complex when only o, is imaginary.
The calculation of ¥t if other quantities were also assumed
to be imaginary, would be very laborious and for this reason

has noct been ccnsidered,

§ 4, DISCUSSION

Calculations have been made of the ratio of the reduced
width to level spacing, and of the total and interaction
cross-sections for neutrcns of 1 and 4 MeV, The results of
these calculations and those perfcrmed using a square well
potentiul are shown in figures 1V.2 - 6. The experimental
data for-rgyb has been taken from the cowpilation of Carter,
Harvey, Hughes and Pilcher (loc.cit.), those for the total
cross-sections from the compilation of Hughes and Harvey
(loc.cit,) and those cross-sections for the interaction of
neutrons with nuclei from the data of Beyster, Henkel and
Nobles (loc.cit.)e.

freliminary calculations of ‘1>b indicated that with
the potential used here it was necessary to use a value of V|
of apyroximately 50 MeV, to ensure that the maximum was in
that position determined experimentally, Consequently a
value of 50 MeV was chosen and the value of 'o'!' found
necessary was \-\7 F\y3 x\ddzcm. This depth of potential is in
agreement with the similar value found necessary by Melkanoff,

haszkowski, Nodvik and Saxon (private communication), in an
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optical model analysis of the elastic scattering of 5 MeV
protons by nuclei, Freliminary calculations also indicated
that it was necessary to use the third step of the potential
to obtain agreement with the total cross-sections measured

for nuclei of high atomic weizght, = The potentials Y, = 30 MeV
and Vz = 10 MeV were chosen somewhat arbitrarily,

There is very little difference beiween the results of
the calculations using the two different potentials when the
eneryy of the incident neutrons is 1 MeV or less, The
results of the calculaticns of 1:3“; depend very little on
the shape of the potentizal well used but are strongly
dependent ugon the magnitude of § which is used, The
results of calculations with a square well potential and

S = 0,10 are in as gocd agreement with the experimental
d.ta as those based on the stepy well potential, A good fit
to the total cross-secticns of nuclei for 1 MeV neutrons
may ove obtained using the square well potential with § =0,03
- 0,03, Using such values for the step well potential
procduces rapid fluctuations in the variation of oL with
atomic weight, which bear no resemblance to the experimental
results, The results of these calculations are not shown
in figure IV,3; instead the results of calculations using

§ = C.10 are shown, this value gives the best fit to the
overall trend of the results, Furthermore this value of §

glves cross-gections ior tne interaction of 1 MeV neutrons
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with nuclei which are consistent with those measured
experimentally, The requirement that the calculated values
should be greater than those measured experimentally is

always fulfilled,

It can be seen from tnese results that improvement upon
the model suggested by Feshbach, Porter and Weisskopf (loc.,cit,)
cannot be obtzained when the energy of the incident neutron is
1 MeV or less., Thus the results of these caiculations are
unsatisfactory, since it is not possible to fit all the
experinental data with one value of S using either shape of
potential,

The importance of a rounding of the potential well can be
seen from the results of calculations for the cross-sections
for the interaction of 4 MeV neutrons with nuclei, Because
of the nigh value of § which appeared necessary at lower
energies, its value was taken to be 0,14 for neutrons with an
energy of 4 MeV, The values of the total cross-sections
obtained using a square well potential are in no better
agreement with the experimental results than those obtained
using the step well potential, and are therefore not shown,
Agreement with the cross-sections for the interaction of
neutrons with nuclel way be obtained using the step well
potential, It is not possible to achieve this with the
square well potential by merely increasing the value of §,
since increasing this value produces small changes in the

calculated values ¢f the cross-sections,
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These calculations show that it is necessary to use
potential wells which are rounded in shape to obtain
agreement with the high values of Oy for neutrons with an
energy of 4 MeV, This has recently been confirmed by Walt
and Barschall (private communication), They have used a
potential of the type suggested by Woods and Saxon (loc.cit,)
and have found it necessary to use values of § similar to

those used here,



CHAPTER V

A DISCUSSION Ok Thlo RESEARCH AND SUGGESTIONS FOR FURTHER

RESEARCH,

It is apparent from the research reported in this thesis
that the optical model is particularly suited to the description
of the interaction of nucleons of low and intermediate energies
with nuclei, However it has not been possible to obtain a
completely satisfaciory analysis of the experimental data
available, and it is the purpose of this Chapter to discuss the
experiments which may assist in further clarifications,

The model which has been used to determine the yields of
nuclear reactions al intermediate energies is crude, It is
an extension to lower energies of that model used for nucleons
of high energy, and thus considers only the obvious quantities,
such as @ values and coulomb barrier penetrabilities, which
become c¢i importance at ihese energies, Thus it has been
assumed that only the conservation laws of wmomentwu and energy
are important, and that the momentum distributiocn of nucleons
inside a nucleus is that of a Fermi gas of nucleons, This is
an oversimplificatiocn, and it might be shown in future work
that it is necessary tc consider more detailed structure of
nuclei, Moreover it has been assuued that the direct collision
process takes place throughout the nuclear volume, and that there
is no enhancement of interactions between an incident nucleon and

those at tne surface of nuclei, This type of interaction,
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suggested by Eisberg (lec.cit.) and by Austern, Butler and
McManus (loc.cit,), might be of wore importance in the case

of proton ewmission, when the coulomb barrier severely inhibits
the emission ¢f protons produced throughout the nuclear volume,
It might therefore be of interest to examine further the

common characteristics of the angular distributions of neutrons
and protons emitted in nuclear reactions, It is necessary to
appeal to experiment for further information, since the
experimental evidence is as yet still very scant,

The model used here secms adequate for the interpretation
of the angular distribution of the nucleons emitted in the
reactions “R\Am (n,\b) “3“‘“ and MB.'”‘ (ﬂ, n)g;‘iqm but not for
that of the protons emitted, with energies between 4 and 7 MeV,
inég?)reactions with lighter nuclei, It would be of interest
to examine whether the features observed in the angular
distributions of protons emitted in@pr reactions with lighter
nuclei, are also present in the angular distributions of the
neutrons emitted in(yﬂq reactions with these nuclei. -uch
an investigation might show whether this effect is peculiar to
QN?) reucpions and thus possibly associated with the coulomb
barrier, or whetner common to both types of reactions and thus
probably dependent on detailed nuclear properties, Furthermore,
investigations of the angular distributions of the protons

emitted in reactions of the type ’_N“(\;,P') .,_N“ would also be of

assistance in this, Certainly the discrepancies observed for
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these reactions with nuclei of high charge, do not appear to

be present for the reactions zN“(t\})zﬂa . Thus further
stuaies of the inelastic scattering of protons by nuclei are
warranted tc determine why the considerations used here are
apparently inadequate,

The experimental data onl the level density of excited
nuclei is still very scant, but it does appear that there is a
strong dependence upon the character of the nucleus, Thus the
cross-section for the emission of nucleons in a nuclear
reaction is expected to be strongly dependent on the particular
target nucleus usedq, The experimental résults on the cross-
sections for the emissicn of nucleons in Q\,\Q reactions do tend
to substantiate this, but it would be desirable to obtain more
information, Many experiments coculd be chosen to establish
this effect more conclusively; for example, further information
may be obtained by studying the angular distribution of the
protons emitted in the reaction ml:e"""(w\, 9] ”l}'\n"". It would be
of considerable interest to determine whether the cross-section
for the emission of protons from an excited nucleus is
important for this reaction,

It should be noted that there is no experimental data on
the angular distribution of nucleons emitted in Q\,n) and Q\,\:)
reactions which take place through discrete levels, such
information is of importance in the development of a theory

for nuclear reactions,
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It has been suggested by Paul and Clarke (loc.cit.) that
A -2

the crcss-sections for the processes zN (v\,oqz_’\-‘\ may be
larger than those calculated on the basis of the statistical
theory, During the course of the work discussed in Chapter 1II,
caleculations of these cross-sections were made by assuming that
alpha-particles coula be emitted onliy in the decay of an
excited nucleus, The calculated values were found to vary
rapidly with small changes in the @ - value for the process,
Since these Q—values for nuclei with < & 20 are not
sufficiently accurately known, it was not possible tc draw any
reliable cconclusions from a comparison of these cross-sections
and those measured by Paul and Clarke (loc.cit.) and by Blosser
and his colleagues (private communication) for the heaviest
nuclei, It would be of interest to obtain information on the
angular aistribution of the alpgha-particles emitted in these
reactions and the inverse reactions, particularly any variation
with the character of the target nucleus,

The results of the calculations reported in Chapter IV are
promising, It has been shown that it is possible tc calculate
satisfactorily the cross-sections for the interaction of neutrons
with nuclei, i.e, the guantities which are necessary for the
determination of the magnitudes of the cross-sections for
particular nuclear reactions, The analysis is not entirely
satisfactory, and might be considered further, It may be

possible to achieve a more satisfactory analysis by using a
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smoother form of potential, and by smoothing and extending
radially the imaginary part of the potential, To achieve
further comparisons with experimental results, it would be
desirable to calculate the differential cross-section for the
elastic scattering of neutrons using a rounded potential well,
such extensive calculations would not be possible without the
use ¢f computing machines,

The further investigaticns suggested here,might yield
additional information concerning the nuclear parameters which
are important for the description of the interaction of

nucleons of low and intermediate energies with nuclei,
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Aff&&“-)lll l.

(2) A CORRECTION FOR WUN-ISOTRORIC SCATTERING IN ThHL CENTRHE

Of MOMENTUM SYSTEM,

The measured values of Hadley and his co-workers (1949),
for the differential cross-section for the scattering of
neutrons with an energy ¢f 40 MeV from protons may be
representea by tne expression

ds L (Bate)  wbster
dw

where Y = the angle cf scattering in the centre
of momentum system,

This energy is of a similar magnitude tc that considered
in these calculations,

Numerical calculations show that collisions with a
Fermi gas of nucleons are virtually forbidden for‘¥'< 50°.
oince the term involving cn? W quoted above only makes a
significant contribution at angles less than 500, it may be

assuned that

W
oj\3<&n

J'\? ~N . d““

1)
\[03 +'80»1N£ﬁh»
o
~v 0:8dnn = 0-8 *?\’

(b) THE CROSS-SECTION FOR THE CAFTURE OF A PARTICLE BY AN

L‘LCIT.EJ‘-U NUCLaUD °

Thesecross-sections cannot be evaluated at present by
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experimental methods, and in all theoretical treatments it
has been assumed that they are independent of the excitation
energy of the nucleus, This assumption is probably correct
for charged particles but not for neutrons,

At the energies considered in these calculaticns, the
probability that a charged particle will traverse the coulomb

arrier is small for heavy nuclei, Thus, despite a weak
interaction between it and the nucleus, the probability of
emission before it is incorporated into the compound system
is small, Therefore the cross-secticn for capture should be
independent of the excitaticn energy of the target nucleus,
Consequently for charged particles, the cross-sections
calculated by Shapiro (loc.cit,.,) have been used,

For neutrons the barrier penetrability is approximately
unity, and as a result the cross-section for compound-elastic
scattering is not negligible for neutrons of low energy. When
a nucleus possesses excitation energy, this type of scattering
should be reduced and thus the term.oLG%in equation (1I,36)
should include the magnitude c¢i this cross-section, It has
been assumed that oy(¥)does not vary with the energy of the
incident neutron, and that it is equal tc the cross-section
for interaction of a neutron with a nucleus in its ground state
when compecund-elastic scattering is not important, Thus the
values of these cross-sections for 4 MeV neutrons measured by

Beyster, Henkel and Nobles (loc.cit,) have been used.,
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