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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 investigations of the mode of interaction of 
nucleons witn nuclei. It is concluaea that many experimental 
results, on tne nuclear reactions inauced in nuclei by 
nucleons with intermediate ener̂ ^̂ ies, might be interpreted 
using a nuclear model 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 II. It is shov/n that it is possible to 
calculate these cross-sections using a simple nuclear model 
which is basically similar 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 Permi gas of nucleons, given in ^ 3 (a), 
was performed by Dr. H. Muirhead with assistance from the 

author. The responsibility for all other calculations, 
naiiiely those of the angular distribution of the nucleons 
resulting from this collision ,̂ rocess, of the level densities



of excited nuclei and of the a^j^lic.^tions of this model, is 

equally that of Jr. h, muirhead ^nd tne author,

eXj^erimental investigation of the angular distribution 
of the protons emitted in reactions of the type 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 
scannin^ of tnese emulsions ana the measurements involved has 
oeen performed by ^̂ hysicists. Tne aĵ j-̂ ratus wrxich has been 
used in these investigations was designed in collaboration 
with hr. G.C, Morrison. The measurements laade for the protons 
emitted in the reaction F̂e and an initial
analysis of this data were also the res^^onsibility of Mr. G.C. 
Morrison and the author. A satisfactory analysis of this 
data was not .̂,ossible until a method of correction for the loss 
in energy of the protons produced in a semi-thick target had 
been devised, meonea vf coriection was suggested and
â ĵ lied by the author. The fur tne r analyse^ of (n,y) reactions, 
namely tnose of ( n , ana ( n, were

performed solely by the author. The cross-sections for the 
emission of protons in these reactions have been determined, 
and these values have been compared with the ^predictions of the 
model discussed in Châ pter II. In this work the author was



assisted by Mr. W.T. Morten,
In Chapter IV the calculation of the cross-sections for 

the interaction 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 compared with those obtained using a square well 
potential. These calculations were performed solely by the 
author,

Finally the information which has been derived from this 
research is discussed in Chaĵ ter V, Suggestions are made for 
its extension.
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JunvBY ÜJ' IfiB üSu-iSrtlKxûVi’xL iuO IHEtriBX'IGxu li’t'VüüïIÜ^XlOi'id

Oii Tn£ kCBB Qj;‘ IBIERACIIOn OY iX0Ci.BCI1S WITH BUGBBI.

& 1. InThOBuOTIOn.

Many attempts have been made to interpret the results of 
experiments on the scattering of nucleons by nuclei in terms 
of the strength of the interaction between nucleons in nuclear 
matter. Mathematical treatments of tne interaction of a small 
nuiuber of nucleons have been reasonably successful, 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 tlie first theoretical attempts to 
interpret experimental results was based upon the assumption 
that the interaction between nucleons inside a nucleus was very 
weak. When it appeared that tne predictions of this model 
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 a 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 individual 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:-
(a) 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. TfiB
(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 assumed to be described by an attractive 
potential, V (r), such that

V(t') = —  Vo r<R

= O r>R. II.1)

where R is the radius of the nucleus. The magnitude of Vq
was a few tens of MeV,

This model was used to explain the occurrence of resonances 
in the reactions initiated by slow neutrons and to predict that 

at these resonances both capture and scattering of the slow 
neutrons would be equally strong. The experiments of Bjerge 

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



Fermi and Amaldi (1935) and others, showed, however, that the 
strong absorption which took place at resonance was not 
accompanied by strong scattering. This major weakness of the 
model led to its replacement in 1936.
(b) The model of a compound nucleus.

It was suggested by Bohr (1936) that a model 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 system. 
He suggested that a neutron incident upon a nucleus would be 
subject to a very strong interaction and would be absorbed 
immediately on enterin̂  ̂the nucleus, to produce a compound state 
in which aim nucaeons participated collectively. This is 
equivalent to assut&ing 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 predominance of the capture 
process over that of scattering.

It was suggested by Bohr that a nuclear reaction proceeds 

in two distinct stagesj 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 formea. The conditions necessary for this 
hypothesis are tnat the energy of the inciatnt nucleon is 
snared among all the nucleons contained in the nucleus, and 
that the average energy possessed by a nucleon is less than 
that required 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 \ may be written as

lY. U.2)

where — the cross-section for the formation of the
compound system by particle a ,

=: the probability that the compound system 
will decay by the emission of the particle
t .

The calculation of the quantities involved in equation 
(1,2) will be considered in detail in the follov/ing two sections

(c) The cross-sections for the formation of a compound nucleus.
The calculation of chese cross-sec cions on the continuum 

theory for nuclear reaction^, described 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, ix was assuuxea unat

(1j The nucleus naa a welx aefinea 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) Many different modes of decu.y of che compound nucleus 
were possible, i.e. the émission of the incident 
nucleon with ixs original energy was assumed xo be 
very improbable.

Because of ohis last assumption, xhe xheory was only 
applicable for fairly he.*vy target nuclei 50) and for
incident neutrons with an energy greater than 3 MeV, As a 
consequence of xnese assujuptions, the radial wave function,

, of a subwave of orbital angular momentum 4!. was written 
in the form of an ingoing wave only:-

~ i.Ky j (1,3)

where ^ _ [zM(€ •»>>/)]

= the wave number of the incident nucleon, of 
energy E, inside the nucleus.



The problem of aexerminiag cross-secxiooswas merely 
one of calculating the phase and amplixude of the wave 
function for ^ r e l a t i v e  to the wave funcxion for r<R ̂ for 
each possible value of the angular momentum ^ . This
was achieved by matching the wave functions and their logarithmic 
derivatives, , at the nuclear surface.

; 4Âr/ vxe (1.4)

Integration over all possible values of the angular
momentum was xhen performed.

Thus xhe onlj informaxion about the nucleus which was 
used in this xheory was contained 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, 

, for the elastic scattering of the incident nucleon 
and the cross-secxion, cr̂_ , for the capxure of the incident 
nucleon were given by

'Vv ~ ^ ^ R (1,5)CT

The total cross-section, , was given by

CT̂  < R

where — tne de Broglie wavelength of the
relcitive motion divided by 2.1V .

(1.6)



ïo deteriuine xhe behaviour of these cross-sections when 

the enert_̂ y of the incident neutron v/as low the resonance 
theory oi Feshbacn, x-easlee ana «i,eissjiô i 1̂947; was used.
In this xneory assuiu^tion 3̂; was not made ana thus the raaial 
wave function insiae xhe nucleus incluaea a xerm representing 
an outgoing wave. The cross-secxions were obtained from this 
theory in the same way as before except that the new form of 
the radial wave function was used. It was found that for 
incident neutrons of low energies the magnitude of the total 
cross-section when averaged over resonances was

~ (1.7)

where k = Xhe wave nuiaber of the incident neutron
outside Lhe nucleus

Feshoach and Weisskopf (loc.cit.) used the continuum 
theory 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 KeV and of 
Sherr (1943) at 25 MeV, Using these values of the nuclear 
radius they computed xhe values of the cross-sections for the 
formation of a compound nucleus by neuxrons witn an energy of 
14 MeV, These values were oonsisxenx wixh xne cross-secxions 
for xhe inelastic scattering of 14 MeV neutrons by nuclei, 

measured by Yimaldi et, al, ^loc.cit,) and ihillips et, al,

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



of 14 MeV were iruuiedlately 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
ana Weisskopf (loc.cit,). They observed that there was
agreement between these values and those .measured oy Barschall
et, al, (1948) ana by Bockelmann et. al, (1949).
(a) The statistical theory for the decay of the compound 

nucleus.
Weisskopf (1937) and Weisskopf and Ewing (1940) applied 

statistical methods to the decay of the compound nucleus. The 
probability, (equation 1,2), that the compound system
decayed by the emission of the particle was written as

y
(1.8)

where = the probability that the compound state
decayed by the emission of the particle
k .

The suiiiiuation is over all possible modes of decay of the 
compound system.

The probability, W^(e ) AE , of decay of the compound 
system by the emission of the particle with an energy 
between E and E+AE was derived from the principle of detailed 
balancin̂  ̂to be

“ consV. (1.5)



where ^ — the energy of the emitted particle \> ,

of mass W and spin s ,
E = the maximum energy of the emitted particle, 

nvL#''= the number of levels of the residual nucleus 
with an excitation energy between -E
and -&E ,

ô (jÊ  ~ the cross-section for tne capture of the
particle t , with an energy E. , by the
residual nucleus with an excitation energy 

of ^

This probability has no meaning unless the interval of 
energy «àE. is chosen sufficiently large that many levels of the 
residual nucleus are included. It is usual to assume under 
tnese conditions that the angular distribution of the particles 
emitted wi th ener̂ îes oetween E andE is syimnetrical about

90°.
The total probability, , for the emission of particle

k was obtained by the integration of equation (1.9) over all
possible values for the energy of the emitted particle.

n v a u K ÀE (1,10)

Thus the probability of emission of a particle is strongly 
dependent upon tne magnitudes of both the cross-sections for 
the capture of tnat particle by an excited nucleus and the level 

density of xhe residual nucleus.



lO

The magnitudes of 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
dependence of tne level density, , of an excited nucleus
upon its energy of excitation, VI , mi^ht be ^iven by the
f 0 rmula

(I.11)

where and d are constants.
The values of ^ and ^ were determined 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 tne nucleus, and that d also depended on 
v/hetner the number of neutrons and protons in the target nucleus 
was even or odd. The latter variation in C was found to be

_ Cc-g _ (1.12)
V ■ 2. "

More recently Lang and Le Gouteur (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 weî ĥt of the nucleus.



Il

& 3. Tnlii inF IGN üPTjtxlnjiiJ FrOm iHFlHIIulL'iTB ÜN THL
liMTBRAÜTIOiM OF NüCaLONJ OF HIGH ÜÆHGY ( ^  100 MHVj
WITH HUGLHI.

(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 
enerp,ies. He pointed out that for nucleons of high energy

(1) the de Broglie wavelength of the incident nucleon 
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 hi^h energies the mean free patn of a nucleon in 
nuclear matter mi^ht be of tne order of nuclear dimensions, 
and nuclear reactions might take place as a result of collisions 
of the incident nucleon with sii%le 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 based.
Goldberger (1948), following these ideas of Serber (loc.cit), 

has made quantitative estimates of xhe 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 one type suggested by Serber (loc.cit,;; this method has 
become known as tne 'Monte Carlo' metnoa. It was assumed by 
Goldberger (loc.cit.; that tne neutrons and protons of the 
nucleus could be represented separately as non-interacting 
Fermi gases, and that the collision of the incident nucleon 
with one of ohese nucleons 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-section for scattering of the 
incident nucleon by a nucleon inside tne nucleus under these 
conditions.

The method of calculating the characteristics of nuclear 
disintegrations consisted of tracing the path of an incident 
nucleon and those of its collision partners, which arose in 
collisions for which the Pauli Exclusion Principle v/as 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 sucn collisions were reproduced. The characteristics 
of tne nuclear disintegrations produced by nucleons of high 
energy nave been explained successfully in this way by several 

authors (Bernadini, 1952; Morrison, kuirhead 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 forv/ard peak in the angular distribution 
of the reaction ^roaucts, ana the energy spectra of these 
nucleons contain a lar^e proportion of nucleons of high energy.

When tne energy of a nucleon decreases its ae Broglie 
wavelength and the cross-sections for the scattering of this 
nucleon by free nucleons increase. Thus the assumption that a 
particle of intermediate energies ( < 30 MeV outside the
nucleus) interacts with a nucleus through single nucleon- 
nucleon collisions m%ht be wrong. Indeed it was suggested 
by leaslee (1952j that when the energy of an incident nucleon is 
less than 30 MeV outside the nucleus, that it will be captured 
on entering the nucleus uo form a compound state. This 
hypothesis was tested by Morrison, Muirhead and Rosser (loc.cit.) 
They calculated the energy spectra and the angular distributions 
of 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 
( Vq = 30 MeV) were captured to form a compound nucleus, 
which was assumed to decay according to the statistical theory. 
The second was that only nucleons whose enei'gy was below the 

height of the assumed potential well were captured to produce 

an excited nucleus. A comparison of the energy spectra and



of the ratio of the number of protons emitted in the forv/ard 
hemisphere to those emitted 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 tnat the nucleon cascade 
continued until the energy of the nucleons inside the 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.

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

-12path of approximately 10 cm.
(b) The mathematical formulation of the 'Optical Model'.

Cook, McMillan, Peterson and Sev/ell (1947, 1949) have 
found that the total cross-sections of heavy elements for 
83 MeV neutrons are approximately equal to the values given by 
equation (1,6), but those for light elements are considerably 
below this value. These results have been interpreted by 
Fernbach, Berber and Taylor (1949) in terms of the optical or 

transparent model of the nucleus. The basic assumptions made 
in this calculation are just those discussed in the previous



section; namely, that the mean free path of a nucleon of high 
energy in nuclear matter is long, and that its interaction with 
Lne nucleus is by single nucleon-nucleon collisions with the 
nucleons contained in the nucleus.

The wave number of tne incidc;nt nucleon insiae the nucleus, 

W , was written as

W  = V-v V, (1.13)

where k - the wave number of the incident nucleon,

of energy E. , outside the nucleus,

Vq = the magnitude of the assumed potential
wela insidd the nucleus (usually taken as 

30 MeV),
and K - the absorption coefficient.

The absorption of the incident nucleon was assumed to 
tiGike ^lace by the mechanism 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

wnere

I (1.14)A
the mean free path of the incident 
nucleon inside the nucleus of radius K .

ft
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with Z = the char̂ ê of the target nucleus of
mass ,

— the cross-sections for the scattering of 
the incidc,nt nucleon N by a free neutron 
ana a free ^roton respectively,

% a factor wnicn reuuces tne magnituaes of 
tnese cross-sections inside nuclear 
matter, through the restrictions of the 
rauli Exclusion Principle.

When the energy of the incident nucleon is high, the de 

BrOj^lie wavelength is Siuall compared to nuclear dimensions.

It is sufficient then to determine the amplitude and phase of the 
emittea wave for one particular path through the nucleus. Thus 
tne cross-sections for absorption and elastic (aiffraction) 
scattering were obtainea by integration of the appropriate 
quantities over all possible paths through the nucleus.

The previous considerations are equivalent to assuming 
(Erancis and Watson 1953> that the effect of the nucleus upon 
the incident nucleon may be represented by an attractive 
potential, V(r") , such that

- - [ ' ' o (1.15)

where

j
ana (1.16)

- A —  (.E-v'Jo)'
\Jm



phase shift analysis can be performed using a potential

of this form. The summation over all possible values of the

angular womenLa involved will ^ive just the cross-sections

derived by Aernbach, oerber ana Taylor (loc,cit,y.

^ 1 • ThE lî TEiruiOTlun OE nuCuAunJ 01 uOW iu>iJü IniErl̂ AiiiUliiTE 
ilLMükiCj XE3 yy 1 Tn n U Cluj 1,

(a) Introduction,

The discussions contained in the previous sections 

indicate that the initial mode of interaction of nucleons of 

high energy with nuclei is completely different from that 

assuined in the model of the compound nucleus. The two models 

are generically related since absorption of the nucleons of 

low ener^ÿ produced in ohe nucieon cascaae, initiated by an 

incident nucaeon, woula lead to. tne formation of an excited 

nucleus. The eviaence obtained by Korrison, Kuirhead and 

Rosser (loc.cit.j 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 immediate absorption of a 

nucleon does not occur at these energies. Indeed, theoretical 

invesoigacions have shown that tne Optical wodel may be used 

successfully in this energy region which for many years had 

been thought to be the aomain of the model of the compound 

nucleus.
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(b] The use of the optical moael at low and intermediate
energies.
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 0 - 4  MeV does not show 
the simple behaviour predicted by equation (1,7). It is 
apparent (Eriedman and Weisskopf 1956), when these cross- 
sections are plotted in three dimensions against the energy of 
the inciaent neutron ana the atomic weight of the target 
nucleus, that tnere are lar̂ ê scale maxima ana minima at 
positions predicted by the simple potential well model 
( ^ 2 (a/ ), and under hi^h resolution in energy the narrow 
and closely spacea resonances which led to the Bohr theory 
are present.

Measurements of the ratio of the neutron width to the 
level spacing for isolated resonances have shown that the 
concept'of the iimaediate absorption of a neutron of low energy 
is not correct. It has oeen shown by Bollinger, Cote and 

Le BIclUc (1955; ana by Carter, Harvey, Hû ĥes and Pilcher (1954), 
that there are peak values of this ratio for nuclei of 
A ^ 50 and A 150, The strong coupling theory does not 
explain such phenomena.

These experimental results have been explained successfully 
on the basis of an optical luodel by Eeshbach, Porter and 
Weisskopf il954). In using this model at low energies it is

necessary to use a potential of the form ^iven in equation (1,15)



and to perform a phase shift analysis by fitting wave functions 
and their derivatives at the nuclear boundary.

The optical model has also been usea by Culler, Eernbach 
and Cherman (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 from 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 iimaediate 
formation of a compound nucleus to explain these results,

Einally it has been snown by Woods and Saxon (1954) that 
the experimental data on une elastic scattering of 20 MeV 
protons by nuclei may be preaictea using the optical model.

The value of the mean free path for a neutron of low ener̂ ŷ 
in nuclear matter was estimated by Eeshbach, Porter and 
Weisskopf (loc,cit.). This value was in good agreement with 
that obtained by Morrison, Muirhead and Rosser (loc,cit.) in 
their calculations on the development of a nucleon cascade in 
nuclear matter. In view of this, calculations were made by 
Morrison, Muirhead ana Murdoch (1955) and by others (Clementel 
and Villi, 1955; Lane ana Wanael, 1955;j of the magnitude of 
the imaginary potentials wnich 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 ( ^  4C MeV), even a slow neutron on
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entering the nucleus had a wavelength of approximately inter
nucleon dimensions, and coula be treated as a free particle 
within the nucleus. It was assumea tnat the nucleons of a 

nucleus could be represented as two independent Eermi 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 insertea into equation (1,16) to obtain the 
magnituae of the imaginary potentials, Tne values of these 
potentials were in â r̂eeiuent witn those which had been found 
necessaxy by Eeshbach, Porter and Weisskopf (loc.cit.); by 
Culler, Eernbach and gherman (loc.cit,); and by Woods and 
Saxon (loc.cit,),

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 intermeaiate energies. Such calculations have
not been performea. In tne absence of such an application, a

comparison of tne experimental results with the predictions of 
the optical model can be made only in a qualitative manner,
(c.; The 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 symruetrical about 90° provided the 
contributions from many levels of the residual nucleus are 
considered, while tnat of the nucleons emitted as a result, 
of the type of collisions envisaged in the optical model is 
peaked in the direction of the incident nucleon. The average 
kinetic energy available for the emission of a nucleon from a 
compound nucleus is approximately 1 or 2 MeV, because of the 
large nuiuber of nucleons among which the energy of excitation 
is shared. Thus because of the coulomb barrier the emission 
of protons is seriously inhibited. However few nucleons 
are involved in the single nucleon-nucleon collisions envisaged 
in the Oĵ tical model, and thus the majority of the protons 
proaucea in these collisions have energies approximately equal 
to the magnitude of the coulomb 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 compound nucleus model.

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

(1 ) measurements of tae relative probabilities of 
emission of protons and neutrons, and

(2 ) measurements of the angular and energy distributions 

of the products of disintegration.
Measurements of the ratio of the cross-sections for the 

processes induced in by alpha-partides and that for those



induced in by protons have been made by Ghoshal (19 50).
he has concluded tnat the alpha-paroi des and j,. rotons were

~7captured to produce tne compound nucleus An. .
The first ooservation tn a t  tne prooabiaity of emission 

of protons in a nuclear reaction was hi^ner than that predicted
n

by the compound nucleus model was made by Kirzel ana Waff1er 
(1947). They found that the ratio of the cross-sections for 
the processes ( %, |)) ̂  N  and n) induced
in nuclei with Z 50 was of the order of times that
predicted by the statistical model, Subsequently measurements 
were maue b̂  V̂ afiler (1950y of the cross-sections for the 
processes induced oy neutrons .̂roduced by the
bombardment of xjithituii and Boron witn ueuteruns. The 
exj^erimental cross-sections *ere found co oe higher than those 
predicted by ota.tistical theory by factors between 3 and 14. 
raul and Clarke (1953) observed that the ratio of the 
experimental cross-sections for these processes, induced by 14 
LeV neutrons, to those predicted by the statistical model 
increases from a value of 1 for the lightest elements to a value 
of lO for lead. The inadequacy of the statistical theory 
was demonstrated further b̂  Cohen, newman. Charpie and Handleys 
(1954,, in studieo of the croso-sections for tne processes

induced by 22 keV protons.
The reacLions induced in iuany 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 KeV 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. 
Moreover the angular distributions of the protons inelastically 
scattered by nuclei were found to be anisotropic. Similar 
observations were maue by Eisberg and Igo (1954) in a study 
of the inelastic scattering of 31 MeV protons. It has been 
suggested by Eisberg (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 neutrons with energies less than 4 MeV 
were emitted in an isotropic manner; those with energies 
between 4 and 12 MeV were found to be emitted predominantly at 
angles less than So*. These experimental results seem to 
suggest that the conditions necessary for both the optical and 
compound nucleus models might be present,
& 5. COi\iüi,UdIOW

It appears from the previous discussion that models based 
on the hypothesis of immediate absorption of an incident 

nucleon on entering a nucleus, are insufficient at low and
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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 Eeshbach, Porter and Weisskopf 
(loc.cit,), is somewhat 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 ener̂ îes will be reported. This 
analysis has been based on a very simple model of the nucleus, 
and has been confined to an ojrialysis of the results 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 
2^^ will be reported. These results will be
compared with the predictions of the model discussed in Chapter 
II.

Einally an account is ^iven in Chapter IV of an attempt 
which has been made to resolve the discrepancies between the 

calculations of Eeshbach, Porter and Weisskopf (loc.cit,) and 
experimental data.
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Ciiaj- xion 11,
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BY a UCjjEOHb  w i l ’xi E.&4E1 iLrlB o jüElVii’E L n  1 0  2 0  i''E V ,

£ 1 . Ii<IriODIjCTIùi..

The discussion contained in the previous chapter 
indicates that the model of the compound nucleus is 
insufIicient to explain the experimental results on the 
interaction of nucleons of intermediate energies with 
nuclei. In tiiis chapter an account wilr be ^iven of an 
extension of tne approach suj,̂ ested by korrison, 
kuirhead 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 most of the following processes:-

(1) 2̂  2^ for neutrons with an energy
of 14.5 MeV.

(2> The excitation functions for the reactions:

.."r u . H i  J''?

(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, Bilver and Platinum 
when bombarded by 18 MeV protons,

6 2. rHOUKuLKK.
It has been assuiued, for simplicity of mathematical 

argument and physical description, that the nucleons 
contained in a nucleus may be represented as two 
independent Eermi gases of nucleons. This concept has 
been proved by many workers to be useful, and there 
appears to be some justification 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 requirement: 
of the shell model of the nucleus, in which definite 
physical states occur for considerable periods of nuclear 
t ime,

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

(1) 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.
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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 emission of nucleons

by direct collisions takes place within a period of 
—23about 10~ 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.

BY BixtciOT ü ü u L lb lU n J ,

(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 . 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 Eermi gases, 

the cross-section, , for the collision of the incident

neutron with a proton may be written as



whei e = Lixti crosb-oec bioii for Liie interaction of the
incident neutron witn the tar̂ êt nucleus.

= the cross-section for the collision of a neutron
of luomenttuü with a free nucleon,

06 — a factor v/hich reduces the magnitude of X(?»)
inside the nucleus through the ô :eration of 
the i.auli Exclusion i-rinciple. 

j) - the density of the nucleons insiae the nucleus.
The subscripts n ana  ̂ refer to neutrons and ^rotons 

respectively; an expression for oC nas oeen calculated by
Golubeiger (loc.cit.y for nucleons whose energies are twice
the maximum Eermi energy. Thio calculation has been
extended to cover the collisions of nucleons of lower energy
and to include correction factors for the differences in 
binding ener̂ ŷ of the last neutron and proton in a nucleus.

On crossing the nucxear surface the energy of the 
inciuent neutron has been assumed to be increased by an 
awount equal to tne uepth of tne nuclear potential well,
Vo , Lhus

p, =yzM(v+E.)
where M - the mass of the nucleon,

Suhd - the energy of the incident nucleon.

The wâ n̂itude of the nuclear potential was assumed to 
be given by the sum of the maximum Eermi energy, ,



of the neutrons in the target nucleus and the binding energy 
of tne last neutron in tnat nucleus. The magnitude of 
was calculated by assuiuing that the neutrons were contained 

within a sphere of radius jfVO“‘̂ctni. (A is the atomic
weight of the nucleus). It was assumed that for the 
protons was equal to that of the neutrons, and that the 
maximum Eermi energy of the protons, Ep , was given by the 
difference between Vq ̂ nd the binding energy of the last 
proton. The values of the binding energies were obtained 
from tne tables of Eeather (1953;,

A nucleon can escape from the nucleus only if its 
energy E is greater than V©. Thus it is necessary to 
calculate the probability for the proton to possess an 
energy between 8 and inside the nucleus after the
collision, such that 8> .

Consider the collision of a neutron of energy E| 
with a proton of energy 8̂  ̂and momentum moving in a 
direction (j> with respect to that of the incident particle.
It will be assumed tiiat the cross-section for scattering 
in the centre of momentum system is isotropic, Ehysically 
this assumption is not correct but the error involved is 

small ( o t n j > s e e  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 system, A similar assumption will
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Figure II.1* 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.
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be made here. The cross-section for scattering between the 
limits E and E-vdE is given by
/ _  Pî xĈ 'V III.2 )

0 ^ - K i y  p. ■

between the limits

= o
2.outsiae tnese limits.

The subscript in refers to fixed values of and
(p , For convenience tne operation of the Pauli Exclusion 

Principle will be ignored at present. Integration of equation 
(II.2) over all possible values of 0  yields the following 
expression for the cross-section for the collision with a 
nucleon of fixed momentum P,

(?} * pj-1 H Çf.S
iK'-+ -  J?

The form of , for ^rotons, as a function of £

(II.3)

is aisplayea in figure II.1.
At this stage it is convenient to introduce the 

restrictions of the Pauli Exclusion Principle. For the 
collision of a neutron of energy with a proton of energy 

the Pauli Exclusion Principle is satisfied only in a 
reaction of the type the energy of the
^roton is raised to a value sucn that

Ep s e s (E,̂  ê ) - Up -q>)
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where Q  is the normal definition of the term represent-
^ cing the release of energy in a nuclear process ana Cp 

is the aiaximuiû 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

The total cross-section for the production of a proton
with an energy between £ and is finally obtained by
performing the integration

.‘1

wnere
j

/ m ë ^

* - J  ̂M (s+Ep -î.-qJ

This integration yields the expression

- 2l7P,hv.ir’̂  
p,' + ÏPJ P,

(II.4)

(II.5)

* Footnote
In the nomenclature of this scattering problem the 

term implies that the neutron is left with
sufficient energy that the exclusion principle is not  ̂
violated for the neutron gas in the product nucleus 
In the scattering of a neutron by a neutron in the target 
nucleus Q = o
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It follows that the cross-section for producing a proton 
inside the target nucleus with kinetic energy between £ and 
E t &SL is ê iven by

The subscript U refers to the target nucleus.
The entire term in the denominator of equation (11,6) is 

equal to the expression ^ c L X o f  equation (II.1). The 
integrated expression is unwieldy but a nuiuerically equivalent 
expression is ,—  ----^  _y

(II.7)

^ proton proaucea in airect collisions can escape from 
tne nucleus if its energy E is greater than Vq . The cross- 
section, î \ , for the emission of protons produced in direct
collisions with kinetic energy between E and E ->t àE ^
is then

( ^ P  ( - ^ „  (II.8)
where (f>(£) represents the probability of escape from the nucleus. 

The total cross-sect i o n , , for tne direct ejection of 
protons from the nucleus as a result of the first collision of 
a neutron witn a proton can be obtained by nuiaerical integ^ration 

of equation (I1.6).

CTp(à:xt.) ^ Jdl) (II.9)
o "?
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A rough numerical calculation showed that the 
probability for the uirect emission of particles from 
secona collisions is neĝ ligible, if the incident nucleon 

possesses an energy of less than 20 MeV.
The total cross-section, for tiie emission of

neutrons by direct collisions is given by

o r  o
The factor two appears in the second term because

it represents tne collision of ideiitical particles. The 
calculation of the inuividual terms of equation (II.10) 
is as already u^scribeu.
(b) The aifferential cross-section for the emission

of nucleons produced in direct collisions.
À 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 method of calculation is basically correct, but there
is an error in one of their equations. This mistake has
been coriectea ana the calculation has been extended to
include that for the scattering, of non-iaentical 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
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2 from txiose g,iven by tnese authors.
For the collision of a nucleon of momentum 

with a nucleon of momentum P,. the cross-section,
AP^ , for scattering such that the scattered 

nucleon has a final momenturii between and
is given by

2P<r(P,P*)MnL) (11.11)
p-

where P ?' = the momenta of the nucleons in the
centre of momentum system before and 
after collision,

■ 8 T
- the differential cross-section for 

scattering of the nucleons in the 
centre of momentum system.

and &(.P-P') - IP

A cylinurical co-ordinate system (ẑ  p,cj)) is 
introuucea whose polar axis lies along the direction of
the momentum transfer vector %

'V ^  (11.12)
It then follows that

& =  _L -z.) (11.13)'V



u

Figure II.2. The co-ordinate system used for the 
computation of
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where

\
Equation (11*13) may now be written as
<5C^) APt >  !_ f ^ P  A9r (11.15)

wnere
a(SX) =

iv-TT
The energy de^enaence of this cross-section is 

introduced at this point

= v?'-7a*
Thus in the nomenclature used in § 3  ̂CTŷ is given by

C5̂ - -?l2SÇ£l) (11*17)
2

The mistake made by Hayakawa, Kawai and Kikuchi 
(loc.cit,) was in the derivation of the magnitude of the 
quantity | 9̂ — P - * , , The correct expression for this 
quantity can be seen from figure 11,2 to be given by

'-P-i.l “ "t p (11.18)

When these quantities are inserted into equation 
(11.15) and the integration over % and ^ performed, we 
have

^ (11.19)



where now the quantities k and c. are given by

C =: -V -V 3 ) — “ ô )
(11.20)

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

PJ" 6 ?F ^ - iq» (11.21)

and the limits of integration are
K" " (11.22)

y  - iĉ -
The integration of equation (11,19) over ^ then yields

\ yp^+%kç»i * +p̂ -̂ k
—  1  ̂—

2\>yî + c 4-pĵ -vk

the production of a nucleon of energy 8 at an angle ^

I
Thus the differential cross-section, (s

(11.23) 

, for

as a result of single nucleon-nucleon collisions may be 
written as

,0 _  3MP̂ P.XCP.) h
The differential cross-section.

/ p,*** +. +c ' 4. + k

Y
(11.24)

, for the
production of a proton of energy E at an angle G inside



the nucleus, in the case of an ( n , r e a c t i o n ,  is then 
v6 ^ .e

(11.25)

where /d̂ cr\ is calculated from equation (11,24).
(c) The orobabilitv of emission of nucleons produced in

airect 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 L.. neutron is completely aifferent from that
for a proton, because of the inhibition to the emission of
^rotons ^roauced by one coulomb barrier.

It has been ohown (Perkins 1949j that the average
aistance which a particle traverses, in c*, nucleus of radius

R, before reaching the surface of the nucleus is 0*‘75‘K ,
w’hen the direction of motion of the particles is random.

In order to satisfy the principles of conservation of energy

and momentum, the particles .̂reduced in the collision of
two nucleons must move in the direction of the primary
jjarticle. a numerical com̂ ûtcLtj.on showed that the average
aistance traversea by these nucleons is still about oisR. ,

Tne difficult problems associated with nucleons crossing

the nuclear boundary have been avoided. It has been

assumed that the nuclear boundary is sharp and that the
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probability, P , that a nucleon crosses this boundary 

is given by
? ■= \ ôr T\̂oA*rot\s
P « r V, V (11.26)r = Vc»r proVotvs

CTn
where and 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 a nuclear radius t5 x Vo'ct»\.-,these cross-sections are 
in good agreement v;ith the measurements of Tendarn and Bradt 
(1947) and of Blaser ana his co-workers (1951), The 
values of used were those measured by Beyster, Henkel and 
Hobles (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

. X(6)
The value of the mean free path, X(ç.) , of a nucleon 

of energy ^ in nuclear matter was calculated from the 

formula

(11.28)

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

(11.27)
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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 backward 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 f .

The probabilities, and , for emission of

reflected protons in the forward and backward hemispheres, 

respectively, are then

3C

-V- . •= — ^

(11.29)

(11.30)

where

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, (f) , as required in
equation (II.8) is then obtained from equations (11.27),

(11.29) and (II.30).

4> = Y V ■ —  (11.31)\ - V - x"*- \ - X-
The quantities and cj)̂ are required for the 

computation of the angular distributions of protons which 
are emitcea as a result of direct collisions. When the 

angle of emission 0 is less than 90^ the differential 
cross-section, \ , 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

(11.32)

emission following multiple reflections

(^<3-'].____________________ ____

When the angle 6  is greater than 90^ the protons emitted 
are only those whicn have been reflected at the surface of 
the nucleus. Thus

~  —  ( - ^  0'>'^O‘(11.33)

The magnitude of is usually negligible,however
the magnitude of may be appreciable ( -v- 0-3 ̂
for protons with an energy of approximately 5 HeV, for a 
nucleus of A 50).
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(a) The formation and, aecay of an excited nucleus.
According to the model which has been used in these 

calculations, the nuclear excitation is initially concen
trated in two nucleons. V/hen 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 therefore as a result of the direct collision 
process an excited nucleus may be produced. This excited 
nucleus may 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, IL , 
given by

U  =  4 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



(11.34)

The value of this cross-section is approxiiaately 

0̂1" nuclei of R ^ 5*0 •
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, ana the conditions necessary for the maintenance 
of a statistical energy 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 V/eisskopf and Ewing (loc.cit.).

The cross-section, or̂  (comp.), for the emission of a
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particle, b , by the decay of this excited nucleus may be

written then, l^\.(i^^as
y
 ' (11.35)

v'w
where the term may be defined as

Tk - ^ IE (ŷ(s) -t) &E (II, 36)
O

The terms in these expressions have the meanings given in 

X  ^ I (.À) .

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

For the value of for protons and alpha-
particles the values given by Shapiro (loc.cit.), for 
To -  ̂  ̂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 lb,).

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 moaes of decay of the excited nucleus
satisfactorily, a semi-em^irical determination of the
possible variations in the level densities of excited nuclei

has been made. This will be considereu in the next section.
(b) The determination of the aensity 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 
tnermouynamic properties of a Fermi gas to the nucleons of 
a nucleus yields the following equation for the spacing of 
nuclear levels of zero ŝ ln, , in a nucleus of atomic
weight A  and excitation ener̂ ŷ ^

(11.38)

where
t Tz - 2 1 .

I ft

The spacing of nuclear levels of spin X  

asoumed to be given by
IS

(11.39)

dince xne anally sis of Lang ana Le (Jouteur (loc.cit.) was 
maae,a consiaerable aiuount of experimental data has been 
obtained concerning the density, to (where ui D "=■ \ ), of
levels of many nuclei at excitation energies of approximately 

8 MeV. This region of excitation energy is relevant to the



present calculations since lor most of the reactions consid
ereu the nuclei left after the emission of a charged particle 

have aĵ proxirnately this energy of excitation. Thus a 
comparison has been made of 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), Laris et.al.
(1955; ana raul et.al. (1956). Those on the scattering of 
slow neutrons frou. heavy nuca.ei nave been taken from the work 
of Harvey, Hushes, Carter o,na filcner (1955). In the selection 
of these data on level spacings only those derived in tne 
most reliable exĵ eriments have been used. Thus for the 
light nuclei the results of exj êriments on the scattering of 
neutrons by nuclei have not been considered.

aU average quantum number of spin has been assigned to 
each ^roup of levels, the assigniiients were made either from the 
information ootained in the inaividual experiments, or from 
reasonable assumptions concerning the magnitude of the initial 
and product nuclei involved in the inaividual reactions and the 
energy of the inciaent particles. These assignments are 

probably most reliable for the heavy nuclei with X greater 
than I .

The comparisons between the predictions of the formula 

of Lang and Le Couteur (loc.cit.) are shown in tables 1,2 and 5.
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Even-odd, odd—even nuclei.

I I



>>• M
+> O o OO rn 00 en
A #) • • • • • •
X d rH rH * O rH CM rH

W H

M
A

VO ITS VÛ sO LTl VÛ
H  > O O O O O O

#) rH rH rH rH rH rH
4

d X X X X X X
M •H
CM O ir \ l f \ ir \ 00 o

• • • • # •
rH rH rH rH CM CM

«
t5Û
(d CM

• M h~i \ «H CM CM CM
•H o> m m
« î?

'S
d
d

i f \ l f \ l f \
d •d o o O O o O

• o> 0) t> M rH rH rH H rH rH
OJ > U ^  d  •

e d CdH H  î> X X X X X X
€> 1 m M «> O 4)
fH cd 4) >  Cd irv m rO rn C-- H*
d T) €> t> 4) A d •
Cd O s  cd iH  en 'H CM

EH

TJ rn
9 > • VO ro ir \ O
T 4) • o • • • •
d 8 vo 00 rH rO H - rH un O  en O  VD
#) A m  1 •  1 • 1 • 1 •  1 • 1

> d IT\ CT>rn r n O H" en e n iA ^  O
pq H • • • • • •

rn en CM CM 00 CM
V—<» v_^

d
o
r i
+» " A "ro A " A V3 A
O #» #* #» #» #»
Cd A A A A 'd
4)
«

00 rH m irv un en
d CM CM CM CM CM CM
4> Cd (d % rH •H ri
rH % % S < co
O rH H CM rn rO
d rH rH rH rH rH rH
%



w- O VO 00 m A r - m cn 00 t -
* • • • • • • • • • •

rH CM o o o rH o O o A o

A A
O O

A rH rH A A A
O O O O

VO ir \ lf> VO rH VO H" rH rH rH
O O o o X—V • # s.
r4 rH rH rH m rH rH A iH

X X X X + 1 + 1 + 1 + 1 + 1 41 4 |
o CM 00 o o m m O A VO

• • « rH rH m
CM rH rH

A A A A A A A A A
CM CM \ \ \ \ \ \ \ \

m m rH rH H rH rH rH rH

CM A A A
O O O o
rH rH iH A A rH

O O
ITv H" m ITV m CO M rH rH m

o O O O • • # •
iH rH rH rH rH o O rH A o A

X X X X + 1 + 1 4 | + 1 + 1 41 41
A m m m m A m rH 00

• • • • rH
CM A rH cL

ir\
VO A cn

* # • •
rn H- men h h * o m cn o m VO rH rH en

• 1 • 1 • 1 • 1 • • • • • • *
rn m cno m o m m VO CO c- VO VO VO

• • • en
CM en A •

rH

Jd *H
A i A O M•> U 4)

A TJ i f  4> r : r
d -p
4) cd
ÎZ t>

y  ^ mo
rH rH

g m r - <n m OO
rH

H rH rH iH rH Pi en
rn rH m m rH rH rH •> en m

•H m m od d d d H CM
CO A CO O mrr\ CO CO CO rH

IT\ VO o ^  o o o o "^d y A
rH rH rH A S m m m CO en

A



Table 3* ,
Even-even nuclei*
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The agreement between the experimental and theoretical 
aata in table 2 is remarkable in view of the variation of 
the revel spacing by a factor of \0''’ . The tables show
that there is a very j^ronouncea uifference between the 
Sĵ acin̂ s of levels in even-even nuclei and that of other nuclei; 
the difference between even-oda and oaa-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

^0-0 _ g:5 (II.40i

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 Feenberg (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 ana 5 have been used at all times 
when rhe emission of nucleons from an excited nucleus has been 
consiaered.
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( 1 ) The cross-sections for the processes ^ ^  ̂)z-%N____

and n j |> * inuuced by neutrons with an energy

of 14.5 MeV,

The cross-sections for the process ( n, ̂   ̂N
have been measured by laul and Clarke (loc,cit,) and by 
Forbes (1952), To make comparisons with this data it has 
been assumeu rhat it is not possible for an excited nucleus 
to emit ï-raaiation if it possesses sufficient energy to 
emit a neutron. It follows that the permitted limits of 
energy for the emission of a proton such that a radioactive 
nucleus is left are ( E ̂ p Q  ) and ( E ̂ 4 (y ) where 
represents the binding energy of the last proton in the 
target nucleus.

Thus the cross-sections for the emission of
protons as a result of uirect collisions, and Op for
the emission of protons in the aecay of the nuclei with 
excitation energy \Ji , have been calculatea by numerical 
integration of equations (II.9) and (11.55) between the 
appropriate limits. The results of these calculations are 
^iven in table 4.

^ Footnote
The terminology (n, and used here means that a

proton is emitted first followed at a later stage either by 
the emission of radiation or a neutron.



Table 4•

Element Q MeV O' mb.

Ok(çori\b.)OpCAvi-.) +
<Tp

Paul
and
Clarke

Forbes

-9.4 15 5 20 49+25
-3.7 15 25 40 135+45
-3.4 15 30 45 34+15
-4.7 160 45 205 190+20

Mg^^ -2.9 60 60 120 45+18
Ai27 -1.9 25 40 65 52+10 80+5
Si^® -3.8 215 45 260 220+50
Si29 -3.0 45 55 100 100+30
p31 -0.7 30 35 65 64+10 90+10
g32 —0 .9 170 50 220 370+50

-4.3 70 30 100 85+45
Cl37 -3.5 10 30 40 33+6

-1.8 10 35 45 80+30
tF ® -3.1 100 30 130 93+30
V51 -1.4 10 30 40 27+4
Cr®2 —3.0 75 30 105 78+11
Fe®® -2.9 60 30 90 97+12 124+12
Ni®^ -0.5 30 45 75 182+30



Table 4. (Contd.)

Element Q MeV

Op CÀir.')
Paul
and

Clarke
Portes

-1.3 5 30 35 19+4
+0.2 110 45 155 386+60

Zn^^ -1.9 45 30 75 100+17
Ga69 —0 « 1 5 25 30 24+18
Ge'70 —1 • 0 60 30 90 130+65
Ge72 -3.2 10 20 30 65+30
Ge73 “C • 6 6 30 36 137+68
AS?® -0.4 3 30 33 12+2
Se?7 0.0 5 20 25 45+23
Sr88 -4.4 2 9 11 18+3
Zr90 -1.4 20 20 40 250+100
Zp94 -4.6 0.3 6 6 10.5+5
M o97 -1.3 2 20 22 108+54
RulOl —0.7 3 22 25 2+1
Pdl04 -1.5 6 17 23 132+66
Pdl05 +0.2 4 25 29 740+520
pl27 0.0 1 16 17 230+140
Ba^38 -4.1 0 3 3 6+2
la3-39 -1.5 0 9 9 6+2.5
]̂_205 -1.0 0 3 3 3+1.5
p-b208 -4.2 0 0.3 0.3 1+1
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It can be seen i.hat une cdcularicns follow closely 

uhe trena of une experimental resulus. The large fluctuations 
in uhe calculated croso-sections are produceo. by the variations 
in the %-values for the processes and (n, ̂
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 mi^hr arise from tne detailed structure of an 
individual nucleuo. These fluctuations should only affect the 

magnitude of (̂ cônvYO*
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 theory was too small 
by a factor of IO''’ for lead.

The total cross-sections for the emission of protons as 
a result of tne interaction of neutrons with an energy of 14 MeV 
witn some nuclei have been measured by Lilian (1956) and by 
armstron^̂  ana Hosen (1956). To make a comparison with these 
measurements the cross-sections for the processes 

and have been calculated. Unfortunately for

some of the nuclei considered the cross-section for the process
is not negligible. This occurs when it is not 

energetically posoible for the emission of two neutrons to take



Table 5.

Element Q MeV + o'('i,bW) a. Experimental results 
in mb.

/  V \ OplA;,.")
O" Total Corrected+ cross- f or0̂p(_dJr.] section

Ai 2? -1.9 75 100 175 140* 70
Fe®'̂ +0.3 540 55 595 580* 460
Pe®^ -2.9 80 30 110 190* 190
Ni®® +0 . 6 470 60 530 530* 310
pfl60 —2 . 0 115 30 145 300* 240
Cu63 +0.7 80 65 145 250* 120
c L ® -1.3 15 45 60 < 80* < 40

+0.2 360 55 415 590+ 200
Pdio® —0 *2 6 24 30 10+ 10

*Allan
“̂ Armstrong and

Hosen.



ĵ lace. No attempt has been made to calculate the cio ss- 
section for this process since it involves the calculation 
of the relative probabilities of the emission cf protons and 
^ - radiation; sufficient information concerning these 

relative prooabilities is not available. However the protons 
arising in tnis ^rocess are reauily distinguished from those 
arising in tne ĵ rocesses ^ ana  ̂  ̂ ^N
(Allan, ĵ rivate comiuunicatien), and corrections for this effect 
have been made by the exj^erimental investigators.

The comparison ^iven in t..;.ble 5 shows that the overall 
agreeiaent between the calculated and experimental cross-sections 
is reasonably ^ood, in view cf the wide range of mass values.
It should be pointed out that in the experiments performed by 
TilIan (loc.cit,; only tne proteim emitted at forward angles were 
observed. Tne cross-sections were ootained by assuming that 
the angular distributions were isotrOĵ ic; thus the cross- 
sectioiio quoted by .illan ^loc.cit.) mi^ht be overestimates when 
the cross-section for tne emission of protons by direct 
collisions is the predominant one. A more satisfactory test 
of the ii.odel could be made by observations of the angular 
distribution^ of the ^rotons emitted in these reactions,
(2) The excitation funccions for the reactions______

nCV" (.............................................. ....... ...

The excitation ftuiction for has been m e a s u re d  by

workers at î os alamos (Hughes and Harvey 1955), while those for
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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 measured for neutrons of 14.5 MeV by laul and Clarke 
(loc.cit,}.

The calculations have been made in exactly the way 
discussed in (1), To calculate tne excitation function for

a value of used was 0.8 barns; in calculating
the other excitation functions the value of CT3. was assumed 
to be equal to the cross-sections for the inelastic scattering 
of a neutron with an energy of 14 keV, measured by Amaldi et al 
(loc.cit. ) ana rhillî jS et al ^loc.cit,;. (The measurements 
of Taylor, uonsjo ana Bonner, 1955, show that this cross-section 
aoes not vary appreciably for neutrons with energies between 
10 and 15 MeV),

The results of these calculations are compared in figures 
II.5 - II.7 with the experimental data.

The reactions g, y and.

similar in that Œp (comp.) is the 
dowinatin^ cross-section, while for o-pĈ v̂ -) is
aominant. There appears 00 be no simple explanation why the 
excitation function for should rise with
increasing neutron energy.



01

(5) The aii;-,ular ais tri out ion of one neutrons emitted, with 
enei- les between 4 ana 12 keV, after the interaction of 
neutrons of l4 meV witn Bismuth,

The experimental data with which a comparison has been 
made was obtained by Rosen and Btewart (loc.cit.).

The differential cross-section, t for the
production of a neutron of energy £ and in a direction © 
inside the target nucleus as a result of airect collisions may 
be writ oen as

HI.41)

where une aifferential cross-section 1-77-T— 1 is aiven bv
equation ;II.24;. Bor simplicity in calculating this latter 
cross-section it was assumed tnat  ̂4 “ - 30 keV and
Vq = ^6 MeV; the errors introduced into this calculation by 
this simplification are negligible. The value of 0^ used 
was taken from the data of .nualdi et.al, (loc.cit.; and 
ihillipS et.al. (loc.cit.).

Tne aifferential cross-section, (-̂ — l , for the emission
of a neutron of energy E at an an^le © to the direction of
the incident neutron is ^iven oy 

v6 , _ .e/ ^ \
WEml heiwi ' 0-7 5 R ill.42)

m  ̂ 'N
The angular distribution of the neutrons emitted with

energies between 4 and 12 MeV was obtained by the numerical 
integration of equation (11.42). The cro^s-section for the 
emission of neutrons with an energy greater than 4 MeV by the
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Figure II.8. The angular distribution of the neutrons 
emitted from Bismuth with energies between 4 and 12
MeV.



decay of a compound nucleus was found to be negligible. A
comparison is madv. in figure II.8 of the results of the 
calculation with the experimental data.
14) The energy spectrum of the protons emitted at 60^ o,nd 150^

from iron , silver and platinum when bombarded bv 16 MeV
j^rotons.
The expression for the aifferential cross-section,

I c, for tne proauction of a proton of ener̂ ŷ C and in a
direction 0 is the same as that given in equation (11.41) with
a suitable alteration in the subscripts. The differential 
cross-sections. ( \ and I \ . for the emission of
protons at 60° and 150° were calculated using the equations 
(11.52) and (11.53) given in ^ 5 (c). In the calculation of 
these quantities it was assumed that ~ “ 50 MeV and
that %: 58 MeV. The values of usea were those given by
Shapiro ^loc.cit,; for tne value \ 5 % cvn.

The differential cross-section for the emission of a 
proton, of energy E , by the decay of an excited nucleus has 

also been calculated. The suit 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, 11.10 and 
II.11 to the data of Gugelot (loc.cit.).

The ratio of the cross-section observed by Gugelot (loc. 
cit.) to that obtainea in these calculations is 2 for Iron, 5 
for oilver ana 20 for llatinum. It is aifficult to observe 

any reasonable explanation for this serious discrepancy.
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It is interesting to plot the ratio of the cross-section for 
the emission of protons at 60̂  to that for emission at 150^*
This ratio which is less sensitive to the magnitudes of the 
penetrability of the coulomb barrier is shown in figure 11.12. 
The agreement between tne experimental ratios and the calculated 
ratios is satisfactory, but the discrepancy between the 
magnitudes of the cross-sections for llatinum is so large,that 
it cannot be attributed to the use of wrong values for the 
penetrability of the coulomb barrier.
£ 6. DiauJSIQj

The uiodel which has been used in these calculations is 
basically the same as that used in the interpretation of the 
nuclear reactions inuuced in heavy nuclei by nucleons with 
energies greater than 100 meV (dernaaini et al. loc.cit., 
Goldberger, loc.cit.ana korrison et al.loc.cit.}. It does 
not seem possible to achieve a satisfactory comparison with 
the experimental data by assuming the immediate formation of 
a compound nucleus. However the ,.iOdel 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 obtained 
at an energy, for the primary nucleon, at which more formal 
treatments might be necessary.

during the course of the work reported here, a somewhat
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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 scatterin^^ of 31 KeV 
protons by Tin, ana of 18 MeV protons by Iron, They observed 
that a satisfactory analysis of ohe scattering of 31 MeV 
protons by Tin is possible, but not for 18 MeV protons by 
Iron. The value of cr̂ (diri) quoted by these authors for the 
scattering of 18 MeV protons by Iron is not consistent with 
that founa in the calculations described here.
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The work which v/ill be discussed in this Chapter was 
undertaken before the calculations presented in Chapter II were 
performed. Trior to this work the high cross-sections for 
reactions of the ty^e N induced by 14 MeV neutrons
has been reported by laul and Clarke (loc.cit.;. It had been 
suggested by x̂ ustern, Butler and kci-.anus (1933 ) that these hi^h 
cross-sections are a consequence of some mode of interaction, 
of the inciaen'c neutron wix.n the target nucleus, other than the 
formation of a compound nucleus. x.oreover, it had been
observed by Morrison, kuirhead and Rosser (loc.cit.) that it 
might be possible for nucleons with intermedi .ute ener̂ îes to move 
comparatively freely in nuclear matter. These considerations 
suggested that the model of the compound nucleus might not be 
cLĵ plicable to the reactions induced by nucleons v/ith such 
ener.̂ ies and chus these experimenos were undertaken to provide 
more uefinite information concerning this possioility.

In these experiments on une angular distributions of the 

pi'o tons emit red in ĵ) reactions, nuclear emulsions have 

been used to detect the protons. These particular experiments



S6

were chosen rather than others because of the high cross- 
sections which were repOrtea by raul and Clarke (loc.cit,), 
ana cecause it was pOSoible to obtain luonoenergetic neutrons 
from tne r e a c x i o n H e \  It was aecided to study the
angular distributions of the ^rotons, because the predictions 
of xhe compound nucleus and optical models are vastly different 
for these distributions.

Since these experiments were comroenced, other investigations 
of tne angular and energy distributions of protons emitted in 
(n,̂>) reactions have been maae. Thus allan (1^56^private 
com.*-unicationj has investigated tne energy Spectra of the 
protons emitted in tnese reactions, nosen o,nd x^rmstrong (1̂ 36, 
private coimuunication) have measured both the angular and 
energy distribution of the protons emitted as a result of tne 
interaction of 14 keV neutrons with Z 
^ 2 . nAj mirt I nàiM TxUj _ r RO C xU U JrOb.

(a) Experimental arrangement.
There are two different methods which can oe used to 

investigate the protons emitted in(n̂ y) reactions using nuclear 
emulsions as tne detector of the protons. The element to be 
used as the target can eitner be placed external to tne 
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 of wires into an emulsion. In
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the first attempts to qo tnis it was found that it was not 

j^ossibie to use wires sufficiently thin that the loss in energy

of Che ^.rotons prouuced in reactions was small. This

was not possible because the wires haa to be sufiiciently strong

for them to be ri^iuly attached to a metal frame while a

nuclear emulsion was formed around them, Emulsiuns containing 

wires of nickel, 25 microns in dieimeter, were obtained; 

however on development of these emulsions an intolerable aiuount 

of distortion of the tracks originating inside the emulsion 

was proccuced, xittempts were made to reduce this distortion by 

treating the emulsions such that after develOj^ment they 

possessed their original thickness, After development the 

nuclear emulsions were placed in se'veral solutions of water and 

methyl alcohor of increasing concentrations of methyl alcohol. 

They were placed then in solutions of methyl alcohol and ether 

of increasing concentrations of ether. Finally they were 

placed in a solution of ether and resin. These attempts 

to introduce resin into the emulsion after development were 

unsuccessful. Thus since it was not found possible to

eliminate this distortion, to use sufficiently thin wires and

because of tne limitations of the technique, reduced 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
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Allreu, x̂ riiiscron̂  u h l. Hooen This arrangeaient was used

by tnese aû i-iors tu s uuuy tne interaction of 14 KeV neutrons 

witn ^rotuns u,na aeuturons. ^ sli^^ntly aiodifiea form, shown 

in f i^ui-e 111, 1, was used by Frye ^ly54) to investigate the 

intei\^ction of 14 KeV neutrons with Ll and L\ , In 

the investigation performed by hosen and Armstrong (loc.cit.) 

this apparatus was used also. In this arrangement the 
neutrons are collimated by a^^^roximately eighteen inches of lead 
and ei^ht inches of par-uffin wax; the diameter of the hole used 

for collimation is a^^ro^imcxtex^ ^ in. The nuclear emulsions, 
wdiich are u,rr xn^ea arouiiu one carpet, are chus snieidea from 
tne incioent bea*a of neutrons. The advonita^e of this 

arrangeaient is that tnere are few ^rotons lecorded by the 
emulsions which are not proouced in the target. The 

uisadvantat^e of introducing the collimator is that the flux of 

neutrons at the target is considerably ieduced by the small 
solid angle subtended by the target to the source cf neutrons.
^ furtner disadvantage of this arrangement is that few of the 
rotons roaucea in tne tnr^et are recoraeu by the nuclear 

emulsions.

Tne Tritiuiii-Zirconiuiu target obtainea from Harwell for use 

in these eXj^eriiuents was 1 milli^raia per square cm. thick, and 

contained C.C54 cc. of tritiuiu per square cm. It was 

calculated that a maximum yield of neutrons of I4 x 10*^ per 

microcoulomb cf douterons would be obtained when the incident
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Figure III.2. The apparatus used in the experimental 
investigations reported here.
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deuterons have an energy of 30U KeV. Unfortunately with the 
Glasgow H.T. set operating at this voltage it v/as possible to 
obtain a current of only 20 microamperes. Thus the maximum 
flux of neutrons which could be obtained was ^ \0 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 ahe T ( à, reaction at
higher energies of the deuterons.

using this flux of neutrons and the experimental 
arrangement of Allred, Armstrong and Rosen (loc.cit, long 
exposure times ( ^ ICO 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 III.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 emulsions unaer vacuum conditions.
Only a small amount of the tritium target, ^/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 tne accelerator, so that an estimate of the
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current of deuterons incident upon the target can be made.

The plate holder itself consists of two 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 emulsion 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 ccngle of incidence of the neutrons at any point 
along a nuclear emulsion is well defined. Thus, by 

making measurements on the protons arising from a small 
area of the foil, it should be possible to determine the 
angular distribution cf these protons over a large range 
of angle.
The disadvantage of this arrangement is that the nuclear 

emulsions are exposed to the source of neutrons. Consequently 
tnere is a limit to the time for which the nuclear emulsions 
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 measurements of individual tracks 
become impossible. The flux of neutrons which may be incident 
upon an emulsion before this occurs is approximately \Ç̂ per 
square cm.

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



there is a restriction imposed upon 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 
cf protons recorded by the nuclear emulsion is not so low for 
a subsequent analysis to be too laborious. It was found that 
this nuiiiber of protons was sufficiently high when for 
Alutiinium the thickness of the foils used was 6 milligrams per 
squo.re cm., and for both Iron and Rhodium the thickness was 
13 milligrams per square cm.
 ̂h j Exposure.

The metnod of ex^Ooure for the three elements was the 
same vUia thus the ^̂ roceaure will be discussed in a general 
manner.

Ilford C.2. emulsions, 4” x 1” and 4CG microns thick, 
were used to detect the protons reduced 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 ^old strip ana a nuclea,r emulsion in this manner. Three 
similar pieces of ^old strip were placed also directly in 
contact with an emulsion. These six nuclear emulsions were 
then attached symiuetrically to the hexagonal plate holder so 
that the emulsions in contact with the foils were alternate 
ĵ lates. The gold, which has a negligible cross-section for 
the (Hjprocess, was present to shield the emulsions from



external sources of protons. The three emulsions covered 
only by ^old were included so that allowance could be made 
for any protons arisin^ in the ^ola strip to which the foils 

were attached. With tne 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 tne subsequent analysis of the emulsions the difficult
ies associated with deciding wnether a proton entered the 
emulsion from outside would be minimised.

One 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 voQtage 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 tne tritium target. This corresponds 
to a flux of neutrons of \\_x per second at the tritium
target. oo uhat the emulsions would not be blackened, all 
exposures were restricted to two hours with this flux of 
neutrons.

The nuclear emulsions were exposed under conditions of
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vacuum 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 
measureuients of this tnickness were made immediately after all 
exposures, before the emulsions haa time to absorb an 
appreciable amount of moisture.

Immediately after the exposure of the nuclear emulsions, 
each emulsion 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 (l) the glass 
to which the emulsion was attached, (2) the emulsion - under 
conditions nearly iaentical to those of exposure - plus (3) the 
thickness of tne glass cover. ^fter development of the 
emulsions these measureiuents were repeated, in the same positions, 
using again the micrometer screw gauge and the same glass cover. 
Measurements 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.
Ic) The development of the emulsions.

dince the object of the analysis of the emulsions was to 
examine protons which entered an emulsion from outside, it was 

necessary to develop the nuclear emulsions such that a minimum 

amount of silver or other materials was deposited upon their 

surface. It was not possible to remove such deposits in the
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usual manner, i.e. oy cleaning the surface of an emulsion 
aurin^ tne 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 emulsion from outside would appear to do so. The 
procedure given below was used successfully to prevent the 
deposition of silver or other materials upon the surface of 
the emulsion.

The two temperature mewnoa of development, suggested by 
Dilworth, Occhialini and layne (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 
removed and excess developing solution was carefully dried 
from the surface of the emulsions 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
1/̂ solution of acetic acid for 30 minutes and finally in a 
fixing solution. The fixing solution was changed frequently 
during the time of fixation, to prevent the deposition of 
silver on the surface of the emulsions during this process.
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id) Selection of data,

For eacn exposure equal areas, O ' 6 cm x O*05cvt\ , in the 
centre of all six emulsions corresponain^^ to an angle of 
incidence for the neutrons of 3o”± were examined. The energy 
of the neutrons incident in this region of the emulsions, as 
calculated from the dynamics of the reaction T (Alt') We'*’ j  the 
energy of the incident deuterons and the thickness of the 
Tritium-Zirconium target used, was Z ±(3-̂  MeV. The emulsions 
were examined under x45 oil immersion objectives, using xlO 
eyepieces, for all tracks starting at the surface of the 
emulsion; the final decision of whether these tracks did start 
at the surface of the emulsion was made usin^ x9Ü 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 tr'dck in the plane of 
the emulsion, (2 ) the dip angle of the track with respect to the 
surface of the emulsion, and (3) the angle between the track 
and the long axis of thq emulsion. The thickness of the 
emulsion was also measured with the microscope at the same 
time as tnese measureuients 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 
deuterons of low energies by grain counting in Ilford 0.2. 
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 Hotblat (1931) for protons recorded in nuclear 
emulsions exposed under vacuum conditions.

In the experiment with iron foils, protons with dip angles 
;reater than 3C^ were not included in the analysis ; in the

other experiments this upper limit was extended to 45^. 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 ionizing particle responsible for a given 

track.

Not all the protons, which were observed to start at the 
surface of an emulsion, originate^in the elements in contact
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with the emulsion, 1 rotons 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 distinguished by using the equation

where and E ̂ = the energies of the recoil proton and
the incident neutron respectively, 

and Q — the spatial angle between the direction
of the recoil proton and the incident 
neutron.

rrotons 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.
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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 cf those observed to start at the 
surface of the emulsion in contact with the foils indicated 
many more protons at angles greater than 40^. These protons 
were assumed to be those which originated 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 of one emulsion being
scanned for each exposure. Only protons which possessed an 
angle of dip of less than 45 ,̂ with respect to the surface 
of the emulsion, were measured. The angular distribution of 
the recoil protons which were observed in these measurements 
was that given by the full curve of figure III,3. This 
indicates that in the scanning for the protons starting at



the surface of the emulsions in contact v/ith the foils, 
there was no bias towards the observation of recoil protons 
with angles > 40^• Of the background protons which were

observed, QQ% 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 
subtractions were made in intervals of energy and angle, 
according to the relative numbers observed in these intervals 
inside the emulsion.

The remaining surface protons were then assuraed to have 
arisen in the materials in contact with the photographic 
emulsion. The effect of the protons 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 of 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 cvnd 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.

7 0

Element i- rotons 
observed 
witn di^ 
angles 
> 10

Recoils back
ground
protons

Gold Irotons
from
foil

Aluminium 1600 220 30 70 1280

Iron 1190 200 55 50 885

Rhodium 1140 490 60 90 500

The eî’lect cf these subtractions was different for all
the elements studied. ^fter the subtraction of the
background for Rhodium there were few protons remaining with
energies less than 4 heV. l’or Iron the subtraction for
energies less than 4 MeV was 25/t- of the observed 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 cm. 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 these semi-thick foils can be seen
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more clearly by considering the loss in energy of a proton 
with an energy of 5 KeV which originates in the top layer of 
these foils, When the angle cf this proton is 60^ to the 
normal, i.e. it would have an angle of dip of 30  ̂with respect 
to the surface cf the emulsion, the loss in energy is 0 .7,
1.2 and l.C heV for .aluminium. Iron and Rhodium respectively. 
Thus the energy Spectrum of protons produced in these foils 
may oe moaii'ied considerably cut low energies. The loss in 
energy lor ^rotons wiun cingles of dip < 10  ̂ is exceptionally 
hi^h; consequently tnese protons have been omitted from the 
analysis.

a simple method of ccrrecticn for the loss in energy for 
protons with angles of dip > 10^ has been devised. This 
correction was not applied to the observed energy spectrum for 
Rhodium, because after the subtraction of background fev; 
protons with energies less th^n 4 KeV were observed to 
originate in tne Rhoditmi foil. It has been applied to the 
observed energy spectra for îluiainium and Iron. The effect 

of this correction to the observed energy spectrum for 
aluikinium was small because the foil was relatively thin, 
and because the majority of the protons observed had angles 
of dip > 20̂ . The method of correction for the loss in 
energy will be discusseu in the following paragraphs.

The protons observed to originate in a foil were 
separated into the regions of dip angles: 10  ̂ - 20 \̂



20̂  - 3g" and 3 0 4 5 ^ .  Measurements of the protons with 

angleo of dip in this last region had not been made for 

Iron, Tne analysis was^performea in each case for the interval 

with tne hignest angle of dip.

an energy spectruiu of protons, which will be called the

* source spectrum^, was chosen say of the form H ÂE

The semi-thick target was then replaced by six thin targets

and it was assumed that the source spectrum for the protons

starting in each of these sections was the same. The number

of protons, N (^') &E* , which would then emerge from the

thick target is ^iven by
6

where is the loss in energy of a proton which starts in

section \ > with an ener^^y ^  , in traversing the

remainder of the thick target.

The energy spectrtuu of the protons obtained from this 

choice of source Spectruro was compared with that observed 

experimentally; a relaxation method was then applied to find 

the source Spectruiu wnicn ^ave a spectruiu consistent with 

that oDserved experimentally, after the allowance for the energy 

loss. Tnis calculation was performed for all intervals; the 

spectra obtained in these 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.



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 previous considerations that the 
nuiiiuer of protons, , in tne source spectrum, with
energies oetween E and E-»-ciE can be expressed in terms of the 
energy spectrum observed experimentally as

=  X H (s;) AE' V Y N (q) &E' ^̂ V<. (ill.2)

where X is that fraction of the total observed number,
M (Ej) AE' jOf protons of energy E/ which have an energy after 
correction for energy loss of E , The other terms have the
same meanings.

Tt then follows that the an̂ ûlar distribution, (o) ,
of the protons of energy E in tne source Spectrum is

= X -Çj (,ô)d0 t- ̂  ^ - V  . (III.3)

where etc., is tne angular distribution of the

protons of energy E,' etc.
(£ 4. Tnb jJbTEia-.Ii..xTiCxN[ Ü1 TnS CRuSo^oECTIGho TOR Tnb hinlbioIGh 

rnOTOn j In (n , ^  REACT ICRS.

(a) Experimental determination.
The flux cf neutrons incident Upon the nuclear emulsions

was not measured at the time of exposure. Consequently it

has been necessary to estimate this flux by measuring the number 

cf recoil protons arising within a certain volume of a nuclear 

emulsion.
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The differential cross-secticn, , for the

elastic scattering, in the laboratory system of coordinates, 
of an incident neutron by a hydrogen atom is given by

= -2—  (III.4)
ÏÏ

where (r = the total cross-section for elastic
scattering,

and 0 = the an^le between the direction of
the incident neutron and the recoil 
proton.

The solid angle available for acceptance of a proton 
arising at an angle 0 was restricted in these experiments 
by the limitations imposed upon the protons selected for 
measurement. Thus tne nuiiiber, M (,0|) d 0 \ , of recoil protons
observed between angles and -v- d0^ with respect to the
direction of the inciaent neutrons, is ^iven by

H (ô») F. (III.5)

where = the solid angle of acceptance for
the protons scattered at an angle 0j.

^ =• the flux of neutrons incident upon one
square cm. of the emulsion,

— the density of hydrogen atoms within 
tne nuclear emulsion,

V = the volume of emulsion in which these

protons were observed, 

and ^ — Avogadro’s number.
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It follows that the flux cf neutrons incident upon one 
square cm, of the emulsion is ^iven by

F - nCe.Ue, V  _̂_

I.e.

ccrt.6, <T |>,

= R X..J.

NV
(III.6)

a

where R is a quantity easily obtained from the 

measurement of the angular distribution of the recoil protons 
produced inside an emulsion.

The number,  ̂ > of protons observed to
orî înate in the foil in contact with the emulsion may be 
written as ,

= F . f M H  UII.7)\dw I  ̂ A
U  ‘

the emission of protons, at an angle
v/here ( =  the differential cross-section for

0^ , from the nuclei of the foil,
rr the solid angle of acceptance for 

the protons emitted at an angle 0^ ,
= the density of the foil of thickness 

^  Cm. 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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(M  ^  .£ kV >111.3)
TV ^ ŷ t <x

It is important, when using this method, that 

corrections are made for the efficiency 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 v/as very hi^h. However in the scanning 
performed for proouns originating within tne emulsion, there 
was a very lar^e numoer of tracks crossin,̂  one field of view 
ana 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 ± . The error in
tne determination of the flux of neutrons which was introduced 
in tnis manner was taken into account only in the calculation 
of tne total cross-section for the emission of protons in

reactions. This error has not been considered in the 

determination of the differential cross-sections because it 
does not affect relative values.

The differential cross-sections have been determined 
o 0only for angles 0 to 14C , This limitation is introduced 

because of the position in which the emulsions v/ere 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 tne emission of protons in the 
reactions and 2!̂  ̂ with the
nuclei unuer consideration^have been calculated on the basis 
of the simple model discussed in Chapter II. Thus the 
equations necessary for these calculations will be given here.

When the an^le of emission of the protons is less than 
90̂ , the differential cross-section for the emission of protons 
is composed of three terms :

(Ij that for the emission of protons, produced in direct 
collisions, as a result of tne first encounter v/ith 
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 90̂ , 
the differential cross-section is composed of only the latter 
two terms.

Thus it is possible to write the differential cross- 

section, Iv~~7" 1 » for the emission of protons with anf i R . y’ vE&v.q
energy E at an angle 0 as

.8 . _

\dEAv-/̂  \-x̂  2.TV Wll
(III.9)
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A R A  - _bl_.J + o-(co;̂.) % (III.10)
ÂEA\»ŷ  l-x̂  2T\ \ WÛ

wnere

~. _______ ^ _________ (Ü2_f P
VAt  ̂ Vde Au>T̂  j p

C T ( c o = 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 II.

The .method of calculation of the quantities involved was 
the same as those discussed in Chapter II.
§ 5. ïlil. ru>.̂ 0TIOn ___ .

The energy SpCctra of the protons emitted in the reactions 
induced in üluiainitua oy ohe incident neutrons are shown, for 
various ranges of the spatial angle, in figure III.4. It can 
be seen from 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 energies. 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 III.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 III.4. The energy spectra of the protons 
emitted from Aluminium as a result of the interaction 
of 13.2 MeV neutrons with this nucleus.

5

Figure III.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 v/hich 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 incidĉ nt neutron enters tne nucleus. Thus it 
is of interest to compare these experimental results with the 
predictions of the simple model discussed in Chapter II.

The reactions which are energetically possible, and which 
lead to the emission of protons are

-V- n - -4 Y ^ Mtv

=  y  -V- T\ — & % M tV  (jb'i

The cross-sections for tne emission of protons in the 
reactions (a) ^nd (b) have been calculated on the basis of 
this model. It is found that is 80 millibarns and

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 also in figures III.4 and 5. The full curve in 
figures III.4 and 5 represents the sum of the cross-sections 
for the emission of ^rotons as a result of the direct collisions 
ana the decay of an excited nucleus. The dotted curve 
reĵ resents the cross-section for the emission of protons from 

the decay of an excited nucleus. The agreement between the
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calculated and experimental cross-sections is poor.
The hi^h 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 consideration of the possible modes of decay of the 
excited nuclei which are left after the emission of one neutron. 
The Q - values for the reactions and

are -15.0 MeV and -8.3 MeV respectively.
Thus after the emission of one 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 to be hi^h.

The angular distribution of the protons emitted with 
ener̂ îes ^reater than 7 MeV is in qualitative agreement with 
the j^redictions of the model. Those for the protons emitted 
with energies less than 7 MeV do not have the shape predicted 
by the model. In fact that for the energy range 4 - 7  MeV 
appears to have a maximum at approximately 30̂ , 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- 
section for the emission of protons with angles between 0°and
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180^ may be obtained by assuming that the angular distribution 

of the ĵ rotcns emitted with an̂ îes > 140^ is isotropic and 
equal in magnitude to tuat for angles between and 140^,
The error which may be introduced by this assuin̂ jtion is not 
l^r^e since tne solid angle factors are reasonably small for 
angles greater than 140^. The value of the total cross-section 
of 14C i 30 millibarns is in agreement \jlth  a similar value of 
14C millibarns obtained by Allan (loc.cit.) from measurements of 
the energy spectra of the protons emitted, at angles 
in tnese reactions. The cross-section for the emission of 
^rotons in tne reaction may also be obtained from
tne experimental results, if it is assuiaed tnat neutron 
emission always occurs when it is energetically possible.
The cross-section for emission of protons in the reaction
is then obtained by the addition of the cross-sections for 
the emission of protons with energies ^reater than 5 MeV.
The value obtained is 5*5 ± IS millibarns; the value 
of this cross-section measured for neutrons with an energy 
of 14 meV was found by jraul and Clarke (loc.cit.; to be 
52 t to millioarns and by Icrbes ^loc.cit.y to oe 8 2 2: S’ 
iiiillibarns. Tne calculated value was found to oe 
millibarns.
^ 6 .  iii.a id-1̂ 4.01 C ,

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 positicn 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 distribu’oions are similar lo Lhose observed in 
the experiment with Aluminium; i.e. that for the protons 
emitted with energies between 4 and 7 MeV appears to possess a 
maximum at approximately 30̂ , 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 (̂ î̂ TŜ N̂̂ and ^ ^ C » V '
for both ana . lor it is found that
OpCd.vT.') is 50 millibarns and çr̂(cûyv>̂.') is 500 millibarns; for 
Ft̂ t̂ne values are 25 and 70 millibarns resj^ectively. 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 cross-section for the 
emission of protons as a result of direct collisions for 
has been neglected; the contribution from this process is 
only 3 millibarns, since this isotope is .̂resent to only 6/o in 
natural iron. The results of x-hese calculations are shown 
also in figures 111,6 and 7.

It can be seen tnat the agreement between the calculated 
and experimental results 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 MeV than expected. This is not as certain as the 

results for aluiainium, because the bacK^round subtractions were 

of more iiuportance for ^jroton^ witn energies less than 4 meV in 

this experiiuent. However it is interesting to note that a hî ĥ 

cross-section for the emission of protons of low energy in the 

reaction n ̂  has been observed by Allan (loc. cit. j ;

the emission of protons in this reaction is again enhanced 

because the emission of two neutrons is not energetically 

possible ( Ç = -13.8 keVj.

The total cross-section lor tne euiission of protons in 

the reactions inuuceo. in the two isotopes of iron is found 

from this exj^erimental uata, to be 150 ± 30 millibarns. The 

subtraction of the cross-section for the emission of ^.rotons 

from yields the value of \ZO ±30 millibarns for .

A small correction to this value is necessary to obtain the 

cross-section for the reaction >f > since the

maximum energy of the protons emitted in this reaction is 

3 keV. This value of UO ± millibarns compares favourably 

with the values for 14 MeV neutrons of S 7 ±  12. millibarns 

obtained by haul and Clarke ^loc.cit.} and I2U. t iz millibarns 

obtaineu by i?orbes (loc. cit.}.

The value of 19C millibarns quoted by Allan (loo.cit.) is 

higher than that found here presumably because 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.
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emitted at forward angles were observed in that exj^eriment.

^ 7.   •
The energy and angular distributions of the protons 

emitted in this reaction are shown in figures III,8 and 9. 
Because of rhe small cross-section for this reaction, the 
statistical accuracy of the results is not sufficiently good 
to allow ^ny coiùĵ arison oi rhe angular distributions in two 
intervals of energy. The values of the calculated cross- 
sections for one emission of protons in the reactions

and RL' ̂ (n,bn) Ru  ̂are shown in figures 
III.8 and 9. It can be seen froia these comparisons that the 
cross-section for the emission of protons by the decay of an 
excited nucleus is very s.aall and insufficient to explain the
experimental results. The value of (comy) is 5 millibarns,
while that of is 20 millibarns. The total cross-
section obtained froü. tme ex^.er±mental results for the emission 
of ĵ rotons witn angles between 0^ ana 160^ is IS ± S' millibarns. 
lor this reaction there is no other experimental data with which 
a comparison may be made.

The agreement between tlie ^predictions of the model and 
the experimental results is very good. It appears that the 
cross-section for the emission of protons with energies less 
than 7 heV is slightly higher than that predicted. This 
mi^ht be ex̂ .lained oy considering the emission of protons in
the reaction Tfie maximum energy of the



protons which may be emitted in this reaction is 6,7 heV.
The nuclei which may emit protons with energies between 4 and 
6.7 KeV must possess excitation energies between 10.5 and 
13.2 heV after the emission of dhe first neutron. This is 
equivalent to sa;yin̂  that the energy of the first neutron 
must lie oetween 0 and 2.7 heV. The cross-section for the 
emission of neutrons with energies in this rau^e 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 
reaction RV''" is -9.4 MeV). Consequently the
cross-section for the eiuission of protons in the reaction 

n, n̂ ) is not expected to be very hiji. The
experimental reoults are in agreement witn this, 
ÿ  8 .  iJ lo C ü û k jlo n

The total cross-sections for tne emission of ^rotons 
in the reactions 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, 
for the protons emitted in reactions inauced in by
14 KcV neutrons, which has been reported recently by Rosen and
Armstrong ^loc.cit.;.

The emission of aeuoerons has been nê lecceo. in ohese 

analyses. Howê v er the cross-section for the emission of 

douterons is expected to be small, because of the large
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negative Q - values and the low coulomb barrier penetrabilities 
involved, and thus should not contribute significantly to 
these results.



»7

üiiarimi IV
AriALYSIo Qj' 'I'iiB CROoS-CdTIOixlo I'OR XK3 IHTüiiHiiCIIùM Qj

x-<x.UTRo.Jo Cj 1,0W JwdiGY ( 6  4 i“lEV) WITH WUGdl.
& 1. li'iTHCDUGTIuH

lor the calculations which have been reported in the 
previous chapter^^ a 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 dhapiro (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 (oc, r\) and (̂4, reactions, 
and those of Blaser and his co-workers (loc.cit.) for (^,n) 
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.

Calculations of these oross-sections for 4 MeV neutrons
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which were made with the luoaei suggested by Feshbach, Porter 
and Weicskopf (loc.cit,), were not 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, Porter and IVeisskopf (loc.cit.).

^  2 . l i d li n UL>l-ia-iA ii id ^JjlUd i'i.l'tjJ NBCIjU ix Î FOi'iüNo .

In recent years many experiments have been performed 
to determine ohe rauius of the distribution of charged particles 
within nuclei. The experiments on the elastic scattering of 
electrons of hi^h energy by nuclei (Hofstadter et.al. 1954,
Piad et.al. 1953, 1955) and those on the X-rays emitted from 

-mesonic atoms (Fitch and Rainwater, 1953} have shown that 
this radius is given approximately by x  cm.
The radius of the distribution of neutrons inside the nucleus 
is known with less certainty. It has been suggested by 
Johnson anu Teller (1954/, by Hess ana Moyer (1954) and by 
owiatecki (1955) that this raaius is larger than that for 
protons. Estimates maae of the value required in optical 
model analyses to obtain agreement with the total cross- 
sections for scattering cf nucleons of high energy by nuclei 
suggest that this value is approximately \ x cm.

Thus the mass distribution of nucleons in nuclei appears 
to increase from zero at a dist ..nee of approximately 
\. U. H Î X \0 cm. , from the centre of the nucleus, to a maximum
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at a distance cf approximately 1-2 x \0 cm. Consequently 
the attractive forces between an incident nucleon and a target 

nucleus, which arc 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, Porter and V/eisskopf (loc.cit.).
They found that the experimental measurements of the total 
cross-secticnS for neutrons with energies between C and 3 MeV 
(Barschall, 1932; miliar et.al. 1952; Walt et.al. 1933; 
and Okazaki et.al. 1934j coula be reproduced excellently 
using a square well potential with the parameters

M<v
O O'i $ f ^ O-OS ' (IV.1)

Vo = O v>R '

with R - ' WS X

A more recent calculation by Emmerich (1933; has indicated 
that better"agreement is obtainea usin^ this model with a 
radius given by

cm.R = O + Ol) X \ù

However, discrepancies other than those observed in the 
present investigation of the cross-sections for the interaction 
of neutrons with nuclei,^ 1, were apparent. It was found 
that the predictions of this model for the reduced neutron

yo
width to level Spacin^, , were not in good agreement with
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experimental results; the model predicts values of this 
ratio which are too nigh at the maxima and too low at the 
minima. This discrepancy might be removed by usin^ a higher 
value of  ̂ , or it mi^nt be in purr atoributaole to the fact
Lnat the snapS of one nuclear  ̂otenoial well is baaly 
approximated by a square well. Furthermore, it has been 
shown by walo and Barschall (1934) that the angular 
uistribution of 1 MeV neutrons which are elastically scattered 
by nuclei, is not consistent with the predictions of the model 
employing a square well potential.

Extensive calculations of the differential cross-section 
for the elastic scattering of protons by nuclei have been 
made. It has been shown by Dayton (1934) and by Burge, 
Fujimotb ana Hossain (1933; that the experimental data on the 
elastic scattering of protons by light nuclei are consistent 
v/ith the predictions of the square well potential model. The 
heaviest nucleus for which this &p̂  ei_rs to be true is 
Aluminium. However Chase and Rohrlich (1934) and Woods and 
Saxon (loc.cit./ have shown that this is not the case for 
heavy elements. In particular, 'Woods and Saxon (loc.cit.) 
have shown that by usin^ a potential well which is rounded, 
it is possible to reproauce the experimental aata for the 
elastic scattering of 20 MeV protons by Nickel and Platinum.
The potential which was used was of the form

y m  = —  (IV.2)
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with K =. X  '0  ̂c - m .

ot ^  0-U4 X cort.
The parameter * a* î  interpreted as a measure of the 
diffuseness of the nuclear surface; it aĵ pears that this 
quantity may increase slightly with increasing atomic weight 

of the target nucleus.
fur thermo re it has been shown by Culler, I'ernbach and 

ûherman (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 model using non-square potentials, when the energy 
of me incident neutrons is low. The solution of the wave 
equation using a potential of 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 equation is possible if a potential of 
step form, as suggested by Culler, i’ernbach and Serber (loc.cit), 
is used. ^ potential of step form should approximate 
reasonaoly to one which is rounded.

The calculdtiorio which are rê ôrted here have been 
performed usin^ a step well potential. The form of this 

potential is shown in figure IV.1. lor simplicity it was 

assumed that the imaginary potential may be located within



r = b

V, = 5 0 ( u » { ) m «v r<o = l-l7A^KlO*cm  

V = 3 0  Mev o < r< b =(l I 7 A ^ 0 7 4 )x  IO 'cm .

^3= IO M ? v b < r < c = 1-4 5 Â  IC5'̂ c m

Figure IV. 1, The form of the potential well which 
has been used in the calculations reported here.
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a radius of approximately \ Z F\ ̂ x 10 cm., this does not
take into account any possible absor^^tion aue to the presence 
of neutrons at distances ^̂ reater 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 .  i^üTilQ jJ d  ÜxüjC uiJxxTIOn

Va) The theory of average cross-sections
The treatment of this ĵ roblem, proĵ osed by Feshbach, 

rorter anu W’eisskOpf (loc.cit. j will oe summarized briefly.
When the energy of an incident nucleon is such that 
resonances are not observed the cross-sections for elastic 
and inelastic scattering of nucleons by nuclei are smooth 
functions of the energy of the incident particle. These 
cross-sections 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, , whicn is related to the
com_̂ lex phase shift, , by the equation

\  (IV. 3)

The subscript (. refers to a wave of orbital angular 
momentum

In terms of this complex reflection factor the cross- 
sections, , for elastic scattering by and  ̂ , for
interaction jf che incident nucleon with the target nucleus
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are given by

= r  11

Cr̂ = "K f  (' -

where ^ c the de Broglie wavelength of the incident
nucleon divided by 21\

When the energy of an incident nucleon is low, the 
reflection factor is a coiiiĵ licated function of this energy 
and exhibits fluctuations due to closely spaced resonances.
It has been shown by i?esnbach, lorter cuiu .̂ eisskopf ^loc.cit.) 
that it is possible to define a new reflection factor, '*1̂ ,
which is averaged over resonances. In terms of this factor 

they have defined cross-sections which are similar in form 
to those ^iven in equation IV.4.

oL

In this formulation trie cross-section for elastic 
scattering is aividea into two parts, that which appears as 
absorption from the incident beam with subsequent emission 
from the product nucleus, and that which represents elastic 
scattering as usually defined. The former is termed 
compound-elastic, , and the latter shape-elastic, .
As a result of this definition, the cross-section, , for

Footnote.
The term ’compound* does not im^ly the inunediate absorption of a nucleon on enterin.̂  a nucleus.
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the formation of a compound nucleus should be greater than 
the experimentally measured cross-section, , for the
interaction of an incident neutron with a nucleus^when compound- 
elastic scattering is of importance. This is expected to 
occur when the energy of the incident nucleon is approximately 
1 or 2 KeV.

The replacement of *>1̂ by the average value defines
a new continuum problem. It is assumed that in the 
neighbourhood of resonances is given by a Breit-Wigner
formula

—  ( \ - UV.6)

where
e-£s +

= the phase of the '-ingoing part of the radial 
wave function outside the nucleus with 
respect to the outgoing part, at =:R 

^  ■= the partial width of the resonance for 
emission of the incident particle. In 
tnis case only neutrons are considered.

T = the total v/idth of the resonance, 
and £ and - the energy of the incident neutron near

and at a resonance.

If the distance between levels is D , then the average value 
is given by

%  = (IV.7)
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The magnitude of the term is , all terms of
mâ ^nitude are neglected.

The expression for ^  may be related to the logarithmic 
derivative, ^ , of tne wave function at tne nuclear boundary

\ + UV.8J
vSi

where the quantities A^ and are determined by the
conditions outside the nucleus.

(IV.9)

wnere Kç Ĉ ) is the derivative of the Hankel function, of the 

first Kind, .

Equation (IV.6; may oe wi’itten in tne Idrm

I -
2  s, (IV.10)

where

Li'id

- H-Q -V

H ̂ ■= — A^ "t

bsin^ equations (IV.7) ana ^IV.y; the relationship 
oetween and tne logarithmic derivative may be obtained.
The experimental quantity which has been plotted as a function 

of the atomic weight of the target nucleus is the reduced 
neutron width to level spacing  ̂ ^   ̂ where H»v
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is tne energy of the incident neutron;. Thus it is only 
necessary to calculate tne logarithmic derivative for O . 
Jince is small etna -o, it is found that

— %So
(,1V. 11)

The total cross-section for scattering and that for the 
formation of a compound nucleus may be written as

oO

 ̂= 0 C

(IV.12)

where is given in terms of the spherical Bessel and
heumann functions, and fv̂ respectively, as

-I
CVR)

Ib ) The calculation of the - lo^<arithmic derivative.
The Shape of the potential used is that shown in 

figure IV. 1, Tiie radial wave equation in these regions 
iiiay be written in the form

'Ir’- \Xt - o

and IIV.13;

-= o >R
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The most general solution of these equations is

(IV.14)
where A and 6> are constants

and E rr the energy of the incident neutron, outside the

nucleus.

The radial wave function in region 1 consists of only 
a Bessel function since the Neumann function has an infinite 
value for r=: o , and is thus physically unacceptable. In 
other regions the wove function is a combination of the Bessel 
and I-eUi.iann functions.

To derive the coefficients A and B for the v/ave functions 
in the different regions, it is necessary to match tnese 
functions -.mid tneir lo;,aritnmic derivatives at tne various
boundaries. 

that

n O)

where

Usin^ these boundary conditions, it is found

=  ̂ a< r (IV. 15)

and

where represents the derivative with respect to

~ t < r (IV, 16)



with

and
Ç __ (sÇzX̂ — (̂ 3̂  ̂  V5r\̂C**»̂) ̂

the value of the logarithmic derivative, , at r r: R
13 tnen

s \ 4. C-.,̂') ^bC»<3«h
h  ''t l<3«)] I ' '

These equations may be simplified by use of the 
relationships between the derivi^tives of the spherical Bessel 
and Neumann functions and these functions, Beth the 
spherical Bessel and Neumann functions obey the relationships

Wl?^~ + y q )  (IV. 18)

and

j
Usin^ these relationships it may be shown that

=. -̂vv) - [j- ^
UsK)]

(IV.19)
where

and
Co n
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It can be seen that the calculation of the logarithmic 
derivative is not too complex when only 06  ̂ is imaginary.
The calculation of if other quantities were also assumed

to be imaginary, would be very laborious and for this reason 

he,s not been considered.

§ 4. ildCUdolON
Calculations have been made of the ratio of the reduced 

width to level spacing, and of the total and interaction 
cross-sections for neutrons of 1 and 4 KeV. The results of 
tnese calculations and those performed using a square well 
potential are snown in figures IV.2 - 6. The experimental 
data for V o  has been taken from the compilation of Garter, 
Harvey, Hughes and lilcher (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.).

r®/rreliminary calculations of Vo indicated that with 
the potential used here it was necessary to use a value of V, 
of approximately 5C KeV, to ensure that the maximuiu was in 
that position determined experimentally. Consequently a 

value of 50 MeV was chosen and the value of * a* found
k -linecessary was A % '0 cm. This depth of potential is in

agreement with the similar value found necessary by Kelkanoff, 
Kaszkowski, Nodvik and Saxon (private communication), in an
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Figure IV.2. The ratio, , of the neutron width
to xhe level spacing.
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Figure IV.3. The total cross-sections for the scatter
ing of 1 MeY neutrons "by nuclei.
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Figure IV.4. The cross-sections for the interaction 
of 1 MeV neutrons with nuclei.
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Figure IV.6, The cross-sections for the interaction 
of 4 IvIeV neutrons with nuclei •
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optical uiodel analysis oi the elastic scattering of 5 MeV 
protons by nuclei. preliminary 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 hi^h atomic weight. The potentials Vj. - 30 MeV
ana = 10 MeV were chosen somewhat arbitrarily.

There is very little aifTerence between one results of 
the calculations using the two different potentials when the 
energy of tne incident neutrons is 1 MeV or less. The 
results of the calculations of depend very little on
the shape of the potential well used but are strongly 
dependent u^on the magnitude of  ̂ which is used. The 
results of calculations with a square v;ell potential and 

 ̂ = C.lo are in as gcod agreement with the experimental 
d .ta as those baseu on tne ^te^ well potential. good fit
to the total cro^s-sections of nuclei for 1 heV neutrons
may oe obtained using the square well potential with 5 - 0.03
- C.C5. Using such values for the step well potential 
produces rapid fluctuations in the variation of 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 
Ç r 0.10 are shown, this value gives the best fit to the 

overall trenu of che results. Furthermore this value of  ̂

_ives cross-sections for cne interaction of 1 MeV neutrons
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v;ith nuclei which are consistent with those measured 
experimentally. The requirement that the calculated values 
should be greater than those measurea experimentally is 
always fulfilled.

It can be seen from tnese results tnat improvement upon 
the model suggested by Feshbach, Porter and Weisskopf (loc,cit,) 
cannot be obtained when the energy of the incident neutron is 
1 MeV or less. Thus the results of these calculations are 
unsatisfactory, since it is not possible to fit all the 
experimental data v/ith one value of ^ using either shape of 
jvOtential,

The importance of a rounding of the ^^otential well can be 
seen from the results of calculations for the cross-sections 
for tne interaction of 4 heV neutrons with nuclei. Because 
of the high 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 che ste^ well potential, and are therefore not shov/n. 
Agreement with the cross-sections for the interaction of 
neutrons with nuclei may be obtained usin,̂  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 of the cross-sections.



lOZ.

These calculations show th^t it is necessary to use 
potential wells which are rounded in shape to obtain 
agreement with the high values of for neutrons with an

energy of 4 MeV. This has recently been confirmed by V/alt
and Barschall (private communicationj. 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.
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GIuutTa.. V
A DISCUSSION OF Tiilo hDSFAlICn Ai4D 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 satisfacuory analysis of the exj^erimental 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 at 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 Q values ana coulomb barrier penetrabilities, which 
become of importance at these energies. Thus it has been 
assumed that only the conservation laws of momentum ana energy 
are important, and that the momentum distribution of nucleons 
inside a nucleus is that of a Fermi gas of nucleons. This is 
an oversimplification, and it might be shown in future work 
that it is necessary to consider more detailed structure of 
nuclei, Moreover it has been assuiued that the direct collision 
process takes place throughout the nuclear voluijue, and that there 
is no enhancement of interactions between an incident nucleon and 
those at the surface of nuclei. This type of interaction.
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suggested by Eisberg (loc.cit.) and by Austern, Butler and 

hckanus ^loc.cit.), might be oi more importance in the case 
of prooon emission, wnen the coulomb barrier severely inhibits 

the emission of protons proauced 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 seems adequate for the interpretation 
of the angular distribution of one nucleons emitted in the 
reactions and but not for
that of ohe protons emitted, with energies between 4 and 7 MeV, 
in(n,y) reactions with lighter nuclei. It would be of interest 
to examine whether the features observed in the angular 
distributions of protons emitted in(î,|j>) reactions with lighter 
nuclei, are also present in the angular distributions of the 
neutrons emitted in reactions with these nuclei. Juch
an investigation might show whether this effect is peculiar to 

reactions ana thus possibly associated with the coulomb 
barrier, or whether common to Doth 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 CV'W 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 • Thus further
studies of the inelastic scattering of .̂rotons by nuclei are 
warranted to determine why the considerations usea here are 
apparently inadequate.

The experimental data oa 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 useu. The ex^vOrimental results on the cross- 
sections for the emission of nucleons in (n,reactions do tend 
to substantiate this, but it would oe Uusirable to obtain more 
information. kany experiments could 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 * It would be
of considerable interest to determine whether the cross-seotion 
for the emission of protons from an excited nucleus is 
important for this reaction.

It should be noteu that there is no experimental data on 
the angular aistribution of nucleons emitted in (ĵ,n.) and

reactions which take place through discrete levels, Juch 
information is of importance in the development of a theory 
for nuclear reactions.
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It has been suggested by laul and Clarke ^loc.cit.) that 
the crcss-sections for the processes ^N^ ^ itay be
larger than those calculated on the basis of the statistical 
theory, During the course of the work discussed in Chapter II, 
calculations of tnese croso-sections were made by assuming that 
alj^ha-particles coula be emitted only in the decay of an 
excited nucleus. The calculated values were found to vary 
râ -idly with small changes in the _ value for the process.
Since these Q — values for nuclei with ^  -^2.0 are not 
sufficiently accurately known, it was not possible to draw any 
reliable conclusions from a comparison of these cross-sections 
and those me ensured by iaul and Clarke (loc.cit.) and by Blosser 
and his colleagues ^private coümiunication) for the heaviest 
nuclei. It woula be of interest to obtain information on the 
angular aistribution of tne al^na-partides emitted in these 
reactions ana the inverse reactions, particularly any variation 
v/ith 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 to calculate 
satisfactorily the cross-sections for the interaction of neutrons 
with nuclei, i.e. the quantities v/hich are necessary for the 
dotermination of the magnitudes of the cross-sections for 
particular nuclear reactions. The analysis is not entirely 
satisfactory, ana might oe considered further. It may be 

possible to acnieve a more satisfactory analysis by using a



107

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, 
Jucn extensive calculations would not be possible without the 
use of computing machines.

The further investigations 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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Q j '  K C I' -a i ' iT U i - ' .  S Y û i a . .
The measured values of Hadley and his co-workers (1949), 

for the differential cross-section for the scattering of 
neutrons v;itn an energy of 40 MeV from ĵ rotons may be 
represented by the expression

Ag ^  . 9 _ %,\L \ L -Kd'

where qfj = tne angle of scattering in the centre

of momentum system.
This energy is of a similar ma.gnitude to that considered 

in these calculations.
Nuiiierical calculations show that collisions with a 

Fermi gas of nucleons are virtually forbiduen for < 50̂ . 
oince the term involving quoted above only makes a

significant contribution at angles less tiian 50°, it may be
assumed tnat

*vi ---- — ------------------- -

o ' & A Y \v \

(b) THE OROJJ-JZOTION FOR TiiE CdTURE OF IaHTICLH BY aN 
^CITEuiJ n 0 Û-Lii b J,

These cross-sections cannot be evaluated at present by
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experimental metnods, 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 calculations, the 

probability that a charged particle will traverse the coulomb 
barrier 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-section for capture should be 
independent of the excitation 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 anu thus the term Oĵ (H)in equation (11,36) 
should include the magnitude of this cross-section. It has 
been assuued that does not vary ŵ ith the energy of the
incident neutron, and that it is equal to the cross-section 
for interaction of a neutron with a nucleus in its ground state 

when compound-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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